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Photographs illustrating momentary distribution of the cathode spots and presence of an inter-
electrode (gap 10 mm) plasma, which is detected after 45 s (left) and 70 s (right) of 200-A vacuum
arc ignition with Zn cathode and Mo anode. In the left image, the glass of the observation window
is weakly deposited and the plasma is observed better, whereas in the right image the window is
strongly deposited and the plasma is more shielded
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Preface

…and you will hear it, and investigate thoroughly,
and behold, the matter will be found true

(Deuteronomy—Chap. 17)

The electrical arc is commonly defined as an electrical discharge with relatively
high current density and low gap voltage. Electrical arcs occur in vacuum, as well
as in low- and high-pressure gases. An important issue is the origin of a conductive
medium in the electrode gap. In vacuum, the conductive medium is generated by
vaporization of electrode material during arcing. This arc may also be called an
electrode vapor discharge. Even in most cases where a gas is present, electrode
vaporization is the plasma source process in the near-electrode region. Many
phenomena in these arcs are similar to those in vacuum arcs.

The electrical arc was first reported in the nineteenth century after the obser-
vation of a continuous arc between carbon electrodes while measuring carbon
resistance by Petrov in 1802 in Petersburg and by Humphry Davy in 1808 in
London, while experimenting with pulsed discharges. After some applications,
preliminary investigations of the arc were conducted even in nineteenth century and
systematic research was conducted from the beginning of twentieth century, firstly
with graphite and then with metallic electrodes.

Different phenomena were observed in the arcs. Strongly constricted and highly
mobile luminous forms appeared near the electrodes, later called cathode and anode
“spots.” In these regions, the electrical conductivity transits from very high in the
metal to low in the plasma. Curious phenomena were observed, including frag-
mentation of the plasma in at the arc roots, plasma jet formation, and retrograde arc
spot motion in a transverse magnetic field. Retrograde cathode spot motion in
magnetic fields, supersonic plasma jet flow, extremely high electron emission
density at the cathode, and the high current density in the arc root plasma could not
be explained using earlier existing physical models. This was a consequence of the
then limited knowledge of the plasma processes, leading to inadequate assumptions
for the calculated models. Therefore, the behavior of the arc cathode region was
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considered mysterious for the long even though it was intensively studied. With
time, experimental and theoretical investigations contributed knowledge that
improved our understanding of some of these phenomena.

Improved diagnostic techniques were applied to the near-electrode region pro-
vided new information, but also required further explanations. Numerous investi-
gators contributed experimental and theoretical knowledge. In the second half of
nineteenth century, electrode repulsion, plasma fluxes, and the arc force on the
electrodes were detected and studied by Dewar, Schuster, Hemsalech, Duffield
Tyndall, and Sellerio. Langmuir, Tonks, and Compton developed the theory of the
space charge sheath, and volt–current and plasma characteristics in the arcs in the
first decades of twentieth century. Stark, and then Tanberg, Cobine, Gallagher,
Slepian, Finkelnburg, Maecker, Gunterschulze, Holm, Smith, Froom, Reece, Ecker,
Lee, Greenwood, Robson, Engel, Kesaev, Plyutto, Hermoch, Davies, Miller,
Rakhovsky, Kimblin, Daalder, Juttner, Hantsche, Anders, Goldsmith, Boxman, the
Mesyats group, the Shenli Jia group and many others significantly contributed to
different aspects of the electrode and plasma characteristics of electrical arcs. The
understanding of observed arc behavior, its characteristics in different regions of the
electrode gap expanded with the progress of plasma science, especially after 1960
in low-temperature plasma, plasma fusion, and astrophysics.

This book consists of four main parts that describe progress in study of cathodic
arc phenomena. It began with the early separate hypotheses of charged particle
generation in the cathode region up to the present time including our own inves-
tigations extending over more than 50 years. The first introductory part contains
five chapters and characterizes the basic plasma and electrode processes needed to
study cathodic arc. Plasma concepts and particle interactions in the plasma volume
and at the surface are presented in Chap. 1. Chapter 2 presents the kinetics of
cathode vaporization and mechanisms of electron emissions. The mathematical
formulation of heat conduction for different cathode geometries subjected to local
moving heat sources are considered in Chap. 3. Chapter 4 presents the transport
equations and mathematical formulation of particle diffusion, and mass and heat
transfer phenomena in a multi-component plasma. The plasma–wall transition
including cathode sheath formation is described in Chap. 5.

Part II presents a review of experimental studies of electrode phenomena in
vacuum arcs. Chapter 6 describes the electrical breakdown of a vacuum gap and the
methods of vacuum arc ignition. Chapter 7 reviews cathode spot dynamics, dif-
ferent spot types, and the problem of current density in the cathode spot. The spot
types are described by their physical characteristics as determined experimentally in
contrast to the previous confused numerical classification. The total eroded cathode
mass loss is considered in Chap. 8, and cathode erosion in the form of macropar-
ticles is considered in Chap. 9. Chapter 10 presents data concerning electrode
energy losses and the effective voltage measured during the arc operation. The
repulsive effect in the arc gap discovered in the second half of nineteenth century as
a plasma flow reaction and the further measurements of the electrode force phe-
nomena in vacuum arcs is reviewed in Chap. 11. Chapter 12 describes experimental
investigation of the cathode jets, including jet velocity and ion current. Chapter 13

x Preface



presents the state of the art of observations of spot motion in transverse and oblique
magnetic fields. Current continuity in the anode region and the conditions for anode
spot formation are described in Chap. 14.

Theory of the cathodic arc is presented in Part III. The evolution of cathode spot
theory starting from the beginning of the twentieth century up to present time is
described in Chap. 15. The progress and weakness of the developed theories are
analyzed. The reason why the cathode spot was considered mysterious is discussed.
The key issue is electrical current continuity from the metallic cathode to the
plasma. In order to explain continuity, charge-exchange ion–atom interactions were
examined, and it was shown that the ion current to the cathode is determined by the
collisions in the dense near-cathode plasma. Consequently, a gasdynamic theory
was advanced (Chap. 16), which consistently considers the cathode and
multi-component plasma processes and determines the cathode spot parameters
using a mathematically closed formulation. This approach describes the parameters
and current continuity at cathode plasma region as functions of the cathode
potential drop using measured cathode erosion rate and current per spot.

The cathode spot parameters for materials with a wide range of thermophysical
properties were investigated. This study includes the cathode spot characteristics for
three groups of materials. (1) Cathode materials with intermediate thermal prop-
erties (e.g., Cu, Al, Ni, and Ti). In cathodic arcs with these materials, the electron
emission flux is comparable to the evaporated atom flux for a wide region of
cathode temperatures. (2) Cathodes with refractory materials are characterized by
larger flux of emitted electrons than the flux of evaporated atoms over a wide range
of cathode temperatures. A modified model using a “virtual plasma cathode” allows
obtaining an electron emission current density lower than the saturated density.
(3) Volatile cathode material (e.g., Hg) forms an opposite case, which is charac-
terized by an electron emission flux much lower than the vapor flux. The modified
model considers an additional plasma layer adjacent to the cathode sheath, which
serves as a “plasma cathode” supplying electrons for self-sustained arc operation.

A general physically closed approach is advanced considering the kinetics of
cathode vaporization and gasdynamic of plasma expansion, which described as a
kinetic theory in Chap. 17. The kinetic theory simultaneously considered atom and
electron evaporation, taking into account conservation laws for particle density,
flux, momentum, and energy in a non-equilibrium Knudsen layer. In the rarefied
collisional Knudsen layer, the heavy particle return flux is formed at a length of few
mean free paths from the cathode surface. A relatively high atom ionization rate is
due to large energy dissipation which produced the high ion fraction in the back
flux. The difference between direct evaporated atom flux and the returned flux of
atom and ions determines the cathode mass loss, i.e., the cathode erosion rate Gk. It
was obtained that the plasma velocity at external boundary of Knudsen layer is
significantly lower than the sound speed. This very important result indicated that
cathode spots operate self-sufficiently only when plasma velocity is lower than the
sound speed, i.e., when the plasma flow near the cathode is impeded.
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The cathode potential drop uc was determined by considering the kinetics for
emitted and plasma electrons. Electron emission was considered as electron
evaporation. The electron beam relaxation zone (analogous to the Knudsen layer for
atoms) depends on the electron beam energy, which is increased in the cathode
sheath by euc. The returned electron flux depends on the plasma density and by the
potential barrier in the sheath (uc). Conservation of electron momentum and elec-
tron energy and the quasineutrality condition on the boundary of Knudsen layer
allow determine uc directly. Two principle rules based on necessity of impeded
plasma flow near the cathode and satisfaction to a positive cathode energy balance
at low spot current, which determine conditions of the cathode spot ignition and
spot development. Chapter 18 describes formation of the cathode plasma jet. The jet
begins as a relatively slow plasma flow, initially produced due to difference of
plasma parameters (plasma velocity formation) in Knudsen layer. The plasma is
further accelerated up to supersonic speed, determined by the cathode dense
plasma, and the energy dissipated by electron beam relaxation due to gasdynamic
mechanisms to the expansion region. The calculated plasma velocity agreed well
with the measurements. The potential distribution is not monotonic, but rather has a
hump with a height of the electron temperature.

Transient cathode spots were studied on the protrusions and bulk cathodes. The
nanolife spot parameters, the mechanism of spot operation on film cathodes,
specific spot parameters at large rate of current rise, and the nature of high voltage
arc initiation were also studied.

Cathode spot motion in magnetic fields is studied in Chap. 19. Three important
experimental phenomena are described: (1) cathode spot grouping and (2) cathode
spot retrograde motion, i.e., in the anti-Amperian direction, when the arc runs in a
transverse magnetic field, and (3) cathode spot motion in oblique magnetic fields.
The retrograde spot motion model takes in account the kinetic principle rules of
impeded plasma flow in the non-symmetric total pressure (gas−kinetic+magnetic) in
the near-cathode plasma. The current per group spot was calculated taking into
account that the plasma kinetic pressure is comparable to the self-magnetic pressure
in the cathode plasma jet. The theory showed that the current per group spot and spot
velocity increase linearly with the magnetic field and arc current, and these depen-
dencies agree with experimental observations. Retrograde cathode spot motion in
short electrode gaps and in atmospheric pressure as well as reversed motion in strong
magnetic fields (>1 T) observed by Robson and Engel is described. The observed
acute angle effect and spot splitting in oblique magnetic fields are explained.
Robson’s experimentally obtained dependencies of the drift angle on magnetic field
and on the acute angle are described by this theory by using kinetic principle rules.

Chapter 20 presents a theoretical study of anode spots. An anode spot theory was
developed using a kinetic treatment of anode evaporation and modeling the plasma
flow in the plasma acceleration region. The plasma energy balance was described
considering the Joule energy in the anode plasma, the energy dissipation caused by
ionization of atoms, energy convection by the electric current, and the energy
required for anode plasma acceleration. The anode surface temperature, current
density, plasma density, plasma temperature, and plasma velocity were calculated
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self-consistently. The main result is a significantly lower degree of anode plasma
ionization (10−3 to 5 � 10−2) than in the cathode plasma, due to mobility of
electrons higher than the ions, which both supports current continuity in the anode
and cathode regions, respectively.

The applications of cathode spot theory are discussed in Part IV. Chapter 21
describes unipolar arcs on the metal elements in fusion devices. The results of
experimental and theoretical investigation (including details of the primary work of
Robson and Thonenmann) are reviewed, beginning from the first reported data. The
specifics of unipolar arcs on nanostructured surfaces in tokamaks are analyzed. Our
own experimental results for a tokamak wall with a thin tungsten coating on carbon
demonstrate the spot motion mechanism which is similar to spots on film cathodes.

Chapter 22 presents the application of vacuum arc plasma sources for thin film
deposition. Novel arc plasma sources were developed in the last decades at Tel
Aviv University. Low macroparticle density in the films was reached by converting
cathode droplets to plasma through their re-evaporations on a hot refractory anode
surface. Arc characteristics (plasma density, temperature) and deposition rate as
functions of the distances to the substrate from the arc axis, gap distance, electrode
configuration, and electrode materials are discussed. A theory was developed to
describe self-consistently transient anode heating and anode plasma generation. The
advantages of the method are compared with traditional deposition approaches.

Another vacuum arc application is microthrusters for spacecraft. Chapter 23
presents the general problems of vacuum arc plasma thrusters, their main charac-
teristics, and their efficiency. Phenomena in arcs with small electrode gaps are
considered, and processes in very short cathodic arcs relevant to thrusters are
modeled. Simulation produced thrust efficiency results. Microthruster devices
operating in space in the last decade are analyzed.

Chapter 24 applies cathode spot theory to laser–metal interaction and laser
plasma generation. Experiments and previously developed theories of laser–target
interaction are analyzed. It is shown that the plasma generated near the target by
laser and the plasma generated in the cathode region of a vacuum arc have similar
characteristics. Both plasmas are very dense and appear in a minute region, known
as the laser spot and the cathode spot, respectively. The plasma interactions with
matter in both cases are also similar. Taking into account a detailed analysis of the
features of the laser spot, a physical model based on a previously presented kinetic
approach of the cathode spot is described by modifying it for the particular features
of laser-generated plasma. The model considers that the net electrical current is zero
in the laser spot, in contrast to the current carried in a vacuum arc cathode spot. The
specifics of target vaporization, breakdown of neutral vapor, near-target electrical
sheath, electron emission from the hot area of the target, plasma heating, and
plasma acceleration mechanism are detailed. The mathematical description and
simulation for different target materials show an unusual new result. The laser
power absorbed in the plasma is converted into kinetic and potential energy of the
plasma particles and is returned to the target and the target surface temperature
calculated, taking into account the plasma energy flux is significantly larger than
that without this flux.
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Finally, Chap. 25 reports about application of cathode spot theory to arcs formed
in different technical devices: low-temperature plasma generators, plasma acceler-
ators, devices using plasma of combustion products, and rail guns that accelerate the
solid bodies. Cathode spots on the electrodes of these devices are explained using
spot theory for film cathodes and considering a plasma flow consisting of lightly
ionized dopants. Transition from a diffuse to an arc mode was modeled, considering
electrode overheating instability with an exponential dependence of the electrical
conductivity on temperature. Plasma accelerator experiments are discussed: A sig-
nificantly larger electron emission current density than that described by the
Richardson law was detected, and the models are analyzed. The contribution of ion
current is demonstrated using the gasdynamic model of the cathode spot, taking into
account the experimentally observed plasma expansion from the spot.
A mathematical approach described the long-time problem of plasma column con-
striction in atmospheric pressure arcs, without recourse to Steinbeck’s minimal
principle. The arc mechanism and the observed arc parameters in rail gun are
explained using cathode and anode spot models. Experimental reduction of the rate
of solid body acceleration can be explained by the calculated arc velocity depen-
dence on applied electrical power, which tends to saturate when the power increases,
due to increasing arc plasma mass needed to support increasing arc current.

The text includes not only the cathode current continuity mechanism usually
published in the spot theories, but also various ideas to understand many different
spot aspects. The studies presented here cannot address all observed arc discharge
phenomena—they cannot be completely explained by the developed theories.
Nevertheless, I hope that the developed models systematically lead to further
research, increase our understanding of different arc spot mechanisms, and reduce
the mystery surrounding them. I hope this book will be useful for researchers in the
physics of low temperature plasma and gas discharges, practicing engineers and
students learning electrical engineering, plasma physics, and gas discharge physics.

I gratefully acknowledge colleagues for useful discussion, help, and support at
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of my spot study. I am grateful to Gregory Lyubimov for discussions and nice joint
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experiments and the difficulties in my way by choosing this confused problem.
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and physics of gas discharges), and Sergey Anisimov (kinetics of solid vaporiza-
tion). I appreciate Oleg Firsov, which noticed about the charge-exchange process
during the discussions and to Boris Smirnov (elementary collisions of plasma par-
ticles), Alexey Morosov and Askold Zharinov (mechanisms of plasma acceleration).
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Part I
Plasma, Particle Interactions, Mass

and Heat Phenomena



Chapter 1
Base Plasma Particle Phenomena
at the Surface and in Plasma Volume

The plasma phenomena are widely described in the literature focused on general
plasma physics and on specific applications [1–3]. More recent book [4] described
the plasma and particle collision effects that is relevant to some emerging applications
in aerospace, nanotechnology, and medical applications. This Chapter presents some
details of plasma characteristics and determines the elementary particle processes
in plasma volume and at the plasma–surface interface, which mainly related to
understand the specifics of metallic plasmas formed in low pressure or vacuum arcs.

1.1 Plasma

In order to understand the fundamentals, the main plasma characteristics will be
defined briefly, and state of the art of the experimental and theoretical studies will
be described.

1.1.1 Quasineutrality

The ionized gas consists of charge particles having density ne and neutral atoms
having density na. Such gas can be low ionized when ne/na ≤ 10−3–10−2 or highly
ionized when ne/na ≥ 10−2. Each charge induces an electric field that influences the
neighboring particle field, and therefore, the positive charge is always surrounded by
the negative charges. Therefore, an electric field can be localized at some radius rD
supporting the charges shielding and gas neutrality. Let us define rD using Poisson
equation for potential ϕ distribution

�ϕ = −4πe(ni − ne) (1.1)
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Boltzmann distribution can be used for electrons density ne distribution and ion
density ni with, respectively, temperatures Te and Ti (e is the electron charge)

ne = n exp

(
eϕ

kTe

)
and ni = n exp

(
eϕ

kTi

)
(1.2)

Assuming Te = Ti = T and ne = ni = n and eϕ � kT, (1.1) can be reduced to:

ne − ni = 2en

kT
ϕ �ϕ = −2πe2n

kT
ϕ (1.3)

Equation (1.3) in spherical coordinates is

d2ϕ

dr2
+ 2

r

dϕ

dr
− ϕ

rD
= 0 (1.4)

Using the condition ϕ = 0 for r → ∝, the solution of (1.4) is

ϕ = e

r
exp

(
− r

rD

)
(1.5)

where rD =
√

kT
4πe2n was named as Debye radius and (1.5) indicated that the potential

decreases by exponentially at radius r = rD. This characteristic lengthwas introduced
by Langmuir [5] as analogy to the phenomena described in Debye and Huckel [6]
work in which the behavior of the charge particles in an electrolytes was studied.
When Te > Ti, Debye radius is

rD =
√

kTi
4πe2n

= 6.9

√
Ti K

n(cm−3)
, cm

The ionized gas with characteristic size L > rD is quasineutral and has been named
as “plasma” by Langmuir [5]. The conductivity media in a vacuum arc gap were
produced from the vapor of electrode material, and therefore, the plasma consists of
heavy particles that are mostly the ions and neutrals of the same electrode atoms as
well as electrons.

1.1.2 Plasma Oscillations

Due to some local fluctuation of the charge particle density or by particle separation
in the plasma, a local volume charge can be formed. In such case, the force appears
that acts in the direction leading to recover the previous quasineutral state. According
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to the conservation law, the charge changes in time with induced current density j is

dq

dt
= −div j; j = env (1.6)

The momentum equation of charge with mass m and velocity v in the induced
electric field E is

m
dv

dt
= −eE (1.7)

By differentiation of (1.6) and using (1.7), the following can be obtained:

d2q

dt2
= −ne2

m
divE (1.8)

Taking into account the Poisson equation in form divE = −4πq, (1.8) can be
written as

d2q

dt2
= −ω2

pq (1.9)

On the other hand, the charge separation canbe considered as a capacitor formation
that in the planar configuration has capacity C = S/4πx for cross section areas S and
distance x between planes. As the charge q = Snex and the voltage is U = q/C =
4πenx, then the electric field will be E = U/x, and the equation of charge motion is

d2x

dt2
= −eE

m
= ω2

px (1.10)

The solutions of (1.9) and (1.10) indicate harmonic oscillations of the charge
and charge separation in the plasma with ωp frequency. The expression ω2

p = 4πne2

m
was introduced and described by Langmuir and named as frequency of plasma or
Langmuir oscillation [5]. For electrons, ωp = 5.6 × 104(ne)0.5, where ωp is in s-1

and electron density ne is in cm−3. The time charge separation is τ = 1/ωp, and the
characteristic scale is d = v/ωp. For thermal velocity, v = (kT/m)0.5 is d = rD. The
plasma oscillations are important phenomena because of its influence on the plasma
wave formation and wave expansion as well as on the relaxation processes of some
plasma perturbations caused by the electromagnetic or particle beam injection [7].

1.1.3 Interaction of Electron Beam with Plasma

When an energetic electron beam is injected into the plasma volume, a plasma insta-
bility appears due to energy transfer from the beam to the plasma [7–9]. As result,
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the experiments showed strong increase of the electric field in the vicinity of plasma
boundary in the discharges (including arcs) [4]. In case of electron beam, electron
velocity vb is significantly larger than the average thermal velocity vth of the plasma
electrons. As a result, the energy exchange occurs between beam electrons and reso-
nance wave of plasma oscillation. Thus, a particular wave from the entire spectrum
of plasma oscillation with phase velocity in vicinity of vb will be pumped by the
beam electron energy. When the velocity associated with plasma oscillation trans-
port, denoted as vg, is much lower than vb, the increment of the plasma oscillation
amplitude is increased. A development of the mono-energetic electron beam insta-
bility can occur in two stages [8]. At initial linear stage, the oscillation amplitude
increases exponentially with an increment γ lin and can be described in the frame-
work of hydrodynamic approximation. At the next stage (named as kinetic stage),
nonlinear effects appear limiting the amplitude increase of the excited waves with
an increment γ n−lin and the plasma beam system relaxed to a new state. The total
relaxation time consists of τ rel = τ lin + τ n−lin and can be described as [7, 8]:

τlin = 1

γlin
=

3
√
n/nb
ωp

(1.11)

According to (1.11), the beam energy loss is relatively low (n/nb)1/3 at the linear
stage, where the mono-kinetic beam was characterized by spread distribution of the
velocities.

τn−lin = 1

γn−lin
= n

ωpnb
(1.12)

At the kinetic stage, the beam energy was significantly transferred to the plasma
electrons, and the velocity dispersion in the beam is approximately equal to the
plasma electron velocity. The characteristic length of the beam relaxation will be
determined as Lb = vbτ rel. The beam relaxation in dense cathode spot plasma can be
also occurred due to collisions with plasma particles (see Chapter 16).

1.1.4 Plasma State

Plasma can be considered as ideal gas or non-ideal gas dependent on the plasma
state. The plasma state is determined by the relation between a kinetic energy Ek

of particles dependent on the particle temperature T and the potential energy Ep

that depends on the mutual charge particle interaction via Coulomb force. When the
distance between charge particles defined by L = (n)1/3, the condition for plasma
state as ideal was determined by parameter [10]

γid = Ep

Ek
<

e2

LkT
= e2 3

√
n

kT
(1.13)
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The distance between charge particles can be also defined as L = rD, and then,
the condition for plasma state as ideal gas was determined as

e2

rDkT
= e3

√
4πn

kT 3
< 1, or γid = 4πe6n

kT 3
< 1 (1.14)

Another condition of plasma treatment as ideal gas indicates that the total number
of charge particle ND in a Debye sphere should relatively large (>1):

ND = 4π

3
nrD =

√
4πn

9kT e2
> 1 (1.15)

1.2 Particle Collisions with Surfaces

Different effects arise during the particle collisions with the surface. The ion and
atoms might transfer their kinetic energy during the collisions. The fraction of the
transferred energy is characterized by coefficient of energy accommodation an. The
particles can be absorbed (or condensed) or reflected from the surface, and the fraction
of particles remained on the surface is characterized by coefficient of condensation
ac. The ion charge can be neutralized during ion collision with surface, and the
probability of this effect is described by a coefficient of ion neutralization ai. Ion
spattering coefficient as illustrates how much ejected atoms from the surface per one
ion bombarded the cathode surface. The ratio of de-excited atomflux from the surface
to the excited atom flux toward the electrode surface is characterized by coefficient
of atom de-excitation a*s.

Analysis of the experimental data [11–14] shows that the kinetic and potential
energy transfer and the ion neutralization have high probability by ion incident with
low ion energy (10–20 eV) on the surface of the same material. The mechanism of
ion neutralization consists of two steps via Auger effect. Hagstrum investigated this
effect in general cases of different ions and body materials [15, 16]. When the low
energy ion approaches to the surface, first the high-level energy electron from solid
body neutralizes the ion producing an excited atom. At the next step, the excitation
energy transferred to the solid body electrons causing or their heating or Auger
electron emission (see below).

The ratio of the probability pi of reflection of the incident ion as ion to probability
pa of reflection the incident ion as neutral atom is determined by

pi
pa

= exp

(
ϕ − ui
kTs

)
(1.16)
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where ϕ is the surface work function, ui is the ionization potential, k is the Botzmann
constant and Ts is the surface temperature. As example, for Cu ϕ = 4.5 eV, ui =
7.7 eV, kTs = 0.5 eV, and therefore pi � pa. The theory predicts a critical distance
from the metal surface outside which resonance neutralization was possible [17].
The high probability of ions neutralization is due to very small distance from the
surface (about few angstroms), at which the process occurred.

In general, when distribution function of the incident particles reaches a thermal
equilibrium with the wall temperature, the coefficient of the energy accommodation
is an = 1. For individual ion-wall collisionwith relatively high ion energywith respect
to the wall temperature, the large an also indicate that the ions have probability to be
condensed on the surface. In this case, the probability is [12]:

an = 4M1M2

M2
1 + M2

2

exp

(
Tcom
Ts

)
(1.17)

whereM1 andM2 are the mass of incident and wall atoms, T com is the characteristic
Compton temperature that determined by the solid body heat capacity and is about
150 K. According to (1.17) for M1 � M2, the coefficient an is significantly smaller
than unit. However, forM1 =M2 atoms and for sufficiently hot arc electrodes mostly
all energy of the incident ionwill be transferred to thewall and an = 1. This coefficient
will be also larger in case of ion collisionswith rough surface as comparewith smooth
mirror-like surfaces.

The values of ion sputtering coefficient as vary in awide range depending onmate-
rial combination of ion-wall systems. The threshold energy was defined as energy of
incident ions when the sputtered atoms were observed in the experiment [12]. The
threshold energy of incident ions is determined by energy of lattice atom shift which
is about 20–25 eV. This coefficient is significantly larger for ions of noble gas than for
metal ions striking the metallic targets. For example, an = 2 × 10−3 for system Cr–
Ar+, while an= 6 × 10−5 for system Cr–Hg+ and an ~ 10−5 for system Ni–Hg+ [12,
13]. Hayward and Wolter [18] measured the self-sputtering yields versus ion energy
for Ag, Au, Cu, Al, and Cr. The self-sputtering yields of all five metals increased
with energy over the used energy range (10–500 eV) and the yields varied almost
linearly with energy above 50 eV. At 50 eV, as is about 0.05 for Al and Cr, while as
is in range 0.1–0.25 for Cu, Au, and Ag. At 100 eV, as is about 0.2 for Al and Cr,
while as is in range 0.8–0.5 for Cu, Au, and Ag. The spatter coefficient approaches
to zero with ion energy decreasing below 50 eV.

Several models were developed to describe the atom sputtering. The models can
be classified as thermal and collisional dominated. The thermal model [19] assumes
that the energy of the incident ion was dissipated in a small region on the metal
surface near the impact point. As a result, the atoms were evaporated due to increase
of the temperature of this region. This approach describes the atom sputtering by
energetic ions from thin foils, but it is not suitable for understanding the phenomena
when the size of local heating is smaller than the characteristic mean free path and
the heating time is comparable with the time of lattice atom oscillations.
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The collisional model involves momentum change between surface atom and
incident ion using the shielding Coulomb potential. Mainly, the theory describes the
sputtering caused by relatively high energy ions (>1 keV). Harrison developed a
semi-quantitative model indicating that the sputtering coefficient as can be obtained
by determine four atomic parameters included ratio of mass (incident ion to the target
atom), trapping parameter (dependent on penetrate of incident ion in lattice of the
target), ion mean free path and sputtering threshold energy [20]. Rol et al. [20] and
then Almen and Bruce [21] consider the collisional model assuming that the energy
dissipated by the impinging particle in the first atomic layers and as is proportional
to the mass M1 and M2 in form:

as = K
E

λ(E) cosϕ

M1M2

M2
1 + M2

2

(1.18)

where K is a constant depending on the target material, E is the energy of impinging
particle, ϕ is the angle between the normal on the target surface and the direction of
incidence,λ is themean free path, whichwas determined by the collision radiusR and
by the number of lattice atoms per unit volume. R was calculated by assuming that
the slowing down of an ion takes place in a screened coulomb field of a type proposed
by Bohr. Almen and Bruce [21] measured the sputtering yields for different metals in
the noble ion energy >1 keV, and showed good correlation of their experimental data
with the momentum-exchange model [20]. Hayward and Wolter [18] studied this
model in order to compare the theory with their measurements in the range of low
energy ions. It was shown that the momentum-exchange model, which was verified
primarily for higher ion energies, might also apply to very low ion energies and the
dependence implied by the model on the mass of the impinging ion can be used to
approximate some self-sputtering results.

The sputtering coefficient weakly depends on the target temperature when it is
smaller than about 1000 K [12, 21]. The small changes in as at higher tempera-
ture were due to phase transition (Fe) or with target vaporization (Ag). Miller [22]
calculated the effective condensation coefficient for the ion flux coming from the Cu
cathode spot region of a vacuum arc and impinging upon the anode. It was used the
multi-charged ion velocity distributions produced in plasma jet. Miller assumed that
(i) sputtering data for argon ions on a copper surface can be applied to the sputtering
of copper by copper ions, (ii) the charge state of the incoming copper ion does not
affect its sputtering ability, only its kinetic energy (momentum) being important (E
of Cu2+ ion was treated as a 2E of Cu+ ion), and (iii) normal incidence of the ion
flux upon a smooth surface. Using experimental values for ion flux and sputtering
coefficients, a sputtered flux of 6% the incident ion flux was found for the anode in
a copper vacuum arc. The sputtered flux is significantly greater, 20%, for a surface
at cathode potential. Miller shows that for a copper vacuum arc, the sputtering alone
will limit the effective ion condensation coefficient to, atmost, 0.94 or 0.80 for copper
surfaces at anode or cathode potential, respectively.
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In conclusion, the sputtering effect produced by ion impinging the anode of a
vacuum arc is not zero but relatively weak for ion energy equal or smaller than 50 eV
for typical ions as Cu, Al, and Cr. In condition of plasma cathode interface in the
arc spot, this effect can be neglected due to low ion energy (~20) and high cathode
temperature (~4000 K).

1.3 Plasma Particle Collisions

The near-electrode plasma in a vacuum arc is produced by ionization of the electrode
vapor and therefore consists of atom and ions of electrode material and electrons.
The collisions that occur in this region are between charge particles as ion-ion,
electron-electron, and electron–ion that are elastic resulting in change of the particle
momentum or charge. The collision between electron and neutral atom can be elastic
or non-elastic resulting in atom excitation or ionization. The process of particle colli-
sions can be occurred in the direct and opposite directions, i.e., as electron-excited
atom (de-excitation) or electron–ion (recombination). The principle of detailed equi-
librium was characterized by the case when the frequency of direct and opposite
collisions is equal. All type of collisions was characterized by a cross section that
indicated a probability of the collision in plasma with density n.

1.3.1 Charged Particle Collisions

A Coulomb force that decreases with distance as r−2 characterizes the interaction
between the charged particles. The differential cross section indicated the particle
scattering in an angle θ is described by Rutherford’s formula (see in [11]).

Q(E, θ) =
(
Z1Z2e2

4E2

)2

sin−4 θ (1.19)

As the velocity v changes in course of each interaction of the particles with charge
number Z1 and Z2, the velocity component relative to the initial direction changed as
v(1−cosθ ). The transport cross section can be obtained by the integral of the cross
sections varied in range of different θ.

Q(E, θ) =
∫

(1 − cos θ)dQ(θ) (1.20)

In the case of Coulomb interaction, the mentioned integral diverges due to Q(θ )
= →∝ when θ → 0. Therefore, the expression (1.20) integrated taking into account
that the scattering is determined by the Coulomb electric field at distance lower
than Debye radius rD, while at the large distance, the scattering is due to a field
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decreased exponentially. As a result, the scattering interaction determined by two
impact parameters:maximal bmax = rD andminimal bmin = e2/E, and the electron–ion
cross section Qei can be presented in form:

Qei = Ze4Ln(bmax/bmin)

16ε0πE2
= 2.07 × 10−14ZΛ

E2(eV)
(cm2) (1.21)

where Λ = Ln(bmax/bmin) is the Coulomb logarithm. According to [23]:

Λ = ln(1.55 × 1010
T 1.5
e (eV)√
ne(cm−3)

) (1.22)

For relatively large plasma density >1017 cm−3 and electron temperature Te ~
1–5 eV, is Λ ~ 5 [23, 24].

Another approach [11] is based on the assumption that themaximal impact param-
eter is determined by the distance between the charge particles, i.e., bmax = n−1/3,
and in this case, the transport cross section was obtained in form

Qei = 4π

(
e2

2E

)2

Ln

(
2E
3
√
ne2

)
= 6.5 × 10−14

E2
Ln

(
1.4 × 107E

3
√
n

)
(1.23)

For electron–electron collisions, E should replace 2E in Formula (1.23).

1.3.2 Electron Scattering on Atoms

The electron energy loss by the collision is proportional to 2me/m, with electron
me and atom m mass, respectively. This type of collisions was mostly studied for
hydrogen, nitrogen, oxygen, and noble gases at low electron energy <10 eV where
a non-monotonic dependence (with a minimum) of scatter cross section on elec-
tron energy (0.1–1 eV) was detected [11, 13, 25]. The non-monotonic dependence
was explained in frame of quantum mechanics as a change between impact and
inside atom electrons depended on electron de Broglie wave. The electron–atom
scatter cross sectionQea increase with electron energy (>1 eV) passingQea through a
maximum and then weakly decreased with the energy. The literature review showed
that Qea changed mostly between 10−15 and 10−16 cm−2 [11, 13, 23]. The scattering
was anisotropy with small angles preferable [11, 26].

The electron impact cross section Qea with molecule H2O was calculated and
measured in range (5–3)× 10−15 cm−2 when the temperature increases from 2500 to
4000K [27]. Using kinetic Boltzmann equationmethod andMonte Carlo simulation,
the cross section Qea ~ 10−15 cm−2 was calculated for electron scattering on SF6
molecule [28].While the experimentswith noble gaseswerewidely studied, a limited
data are present for electron sputtering on metallic atoms. McDaniel [29] reported
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that Qea = 1.8 × 10−15 cm−2 (Hg), 2.3 × 10−15 cm−2 (Zn), and 3.5 × 10−15 cm−2

(Cd) when the electron energywas in range 10–60 eV. The relatively larger scattering
cross sectionwasmeasured for alkaline atoms [30, 31]. Perel et al. [32]measured this
cross section for alkaline atoms at electron energy in region from 0.25 to 13 eV, and
for 13 V, the results show that Qea = (1.5–2) × 10−14 cm−2 (K), 1.3 × 10−14 cm−2

(Na), and 2.5 × 10−14 cm−2 (Cs). Romanyuk et al. [33] reported the scattering cross
section for alkaline-earth metals Ca, Sr, and Ba. According to this measurement for
all materials, Qea decreased from about 3 × 10−14 cm−2 to about 7 × 10−15 cm−2

with electron energy in region of 0.1–10 eV.

1.3.3 Charge-Exchange Collisions

This type of collisions is related to a non-elastic heavy particle interaction because
a neutral atom can be ionized by electron exchange with an ion. In the vacuum arc
cathodeplasma, the ions andneutral atoms are from the samecathodematerial. There-
fore, there the ion–atom interaction is determined by a resonance charge-exchange
collision with a cross section of one order of magnitude larger than that for different
ion and atom materials [29, 31]. The main transfer mechanism of electron from
atom to the ion is due to potential barrier decreasing tunneling effect when the ion
approaches the atom. The larger particle velocity is determined by a condition that
the time of ion residence at distance r of order of atom radius will be much larger
than the electron rotation time in the atom. As potential barrier for the electron in
the atom (ionization potential ui) changes with distance as Wia = eui−(4e2/r), then
in the first approximation ofWia = 0, the cross section is [34]:

Qia = 8πe2

u2i
(cm2) (1.24)

Equation (1.24) was improved taking into account the ion velocity and the barrier
transparence for a case ofWia �=0. The result showed thatQia approaches to that given
by (1.24) with ion velocity increase. The charge-exchange cross section estimation
of multi-charge ions was proposed in [35]

Qia = πa20 Z
Ry2

e2u2i
(cm2) (1.25)

where πa20 = 0.88 × 1016 cm2, Ry = 13.6 eV, and Z-ion charge number. The reso-
nance charge-exchange cross section weekly depends on ion velocity vi. A simple
expression for resonance charge-exchange cross section depended on vi was obtained
from Firsov’s work [36]
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Qia(vi ) = h2

16πmeui
AchLn

(
2 × 1010

vi

)
(1.26)

where h is the Planck constant, me is the electron mass. The dependence on vi was
also indicated in work [37]:

Qia(vi ) = AchLn
2 vch
vi

(1.27)

where Ach and vch are some constants. The calculated [37] data of resonance Qia for
different materials and ion energy were presented in Table 1.1. The results show that
Qia moderately decreases when ion energy (i.e., velocity) grows from 0.1 to 10 eV,
and it is in range (1–2) × 10−14 cm−2 for metallic atoms.

1.3.4 Excitation and Ionization Collisions

This type of collisions named as non-elastic particle interactions, in which kinetic
energy is redistributed between the particles in bounded and free states. The atom
or ion (A) will be excited when the inside electron shifted from a lower to a higher
energy level (A*):

A + e → A* + e

or ionized when the inside electron passed from the ground state to a free state due
to interaction with an external electron.

A + e → A+ + 2e
Ionization can arise by electron impact with previously excited atom (stepwise

ionization).
Excitation: A + e → A* + e; and then ionization: A* + e → A+ + 2e
Or by photon impact (photoionization):
A* + hν → A+ + e
Or by collisions energetic heavy particle Bener in which its kinetic energy was

transferred leading to slow particle Bslow.
A + Bener → A++ Bslow + e
The energy which is necessary to move atom to excited or ionized state named

as potential of excitation u* or ionization ui. The excitation or ionization probability
was characterized by the heavy particle density and a cross section [29, 35]. The
cross section σ was determined by reducing a particle beam (e.g., electron flux Ne)
interacted with a background assembly of atoms with density density na. The change
of the particle flux dNe in the beam along x-axis will be proportional by σ in form:

dNe(x) = −σNenadx
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Table 1.1 Resonance
charge-exchange cross section
(in 10−15, cm2) of positive
ion in fixed atoms [37]

Material Ion energy, eV

0.1 1 10

H 6.2 5.0 3.8

He 3.5 2.8 2.1

Li 26 22 18

Be 13 11 19

B 9.6 7.4 5.8

C 5.3 4.3 3.2

N 5.0 3.8 3.0

O 4.8 3.5 2.8

F 3.1 2.5 1.9

Ne 3.2 2.5 1.9

Na 31 26 22

Mg 19 16 13

Al 16.1 12.9 10

Si 8.7 6.5 4.9

P 8.1 6.5 5.0

S 8.5 6.8 5.3

Cl 4.9 3.9 3.0

Ar 5.5 4.5 3.6

K 41 35 29

Ca 19 16 13

Ti 22 19 15

V 23 19 16

Cr 21 18 14

Mn 20 16 13

Fe 21 18 15

Co 22 18 15

Ni 19 16 13

Cu 19 16 13

Zn 16 13 11

Ga 17 14 11

Ge 9.4 7.6 6.1

As 9.8 8.0 6.3

Se 9.3 7.3 5.7

Br 5.9 4.6 3.7

Kr 7.3 5.9 4.6

Rb 45 39 32

(continued)
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Table 1.1 (continued) Material Ion energy, eV

0.1 1 10

Sr 30 35 21

Zr 24 20 16

Nb 22 19 15

Mo 21 17 14

Ag 20 17 14

Cd 17 14 12

In 19.5 16 13

Sn 10.7 8.7 6.9

Sb 11.4 9.1 7.2

Te 10.6 8.6 6.8

I 7.0 5.6 4.4

Xe 9.1 7.5 6.0

Cs 5.3 45 38

Ba 35 30 25

Ta 19 16 13

W 18 15 13

Re 21 17 14

Pt 17 16 13

Au 15 14 11

Tl 15 12 10

Hg 18.6 15.1 12.1

Pb 11.0 9.2 7.3

Bi 15.4 12.7 10.3

The reduction of the particle flux can be obtained integrating the expression:

dNe

Ne
= −naσdx

and the flux dependence on distance x will be obtained as:

Ne(x) = Ne0 exp(−naσ x) (1.28)

The effective cross section σ can be calculated from (1.28) by given the measured
Ne(x) for known initial Ne0 at distance x = 0 and na of the background gas. The
characteristic length λ = (naσ )−1 named mean free path between two collisions.
The cross section depends on the impacted particle energy Ep. Theoretically, the
excitation or ionization cross section function on Ep was obtained using classical or
quantum mechanics approaches.
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1.3.4.1 Classical Approach

Thomson [38] first developed amethod of cross section calculation using the classical
descriptionof the electron–atom interaction. Itwas assumedpair interactionof impact
electron with valence electron in the atom, which was considered as free. It was taken
in account that the transferred energy ε by interaction of two particles with mass m1

and m2 and impact particle energy Ep is follows for sputtered angle θ [30, 39]:

ε = 4m1m2

(m1 + m2)2
Ep sin

2 θ (1.29)

For two electrons, the following relation was obtained [38]:

sin2 θ =
(
1 + p2

e4
Ep

)−1

where e is the electron charge, p is an interaction parameter indicating a length of
perpendicular to a direct line between scattered and moved particles. In this case,
the cross section was expressed as σ = πp2. Assuming then that the neutral atom
was ionized when the transferred energy was equal to ionization potential ui, the
respective cross section for atoms with N valence electrons was obtained in form:

σi = Nπe4

Ep

(
1

ui
− 1

Ep

)
(1.30)

Although that Formula (1.30) qualitatively well describes the experiment, in the
case of low energy of the impact electron, the calculated value of σ significantly
exceeds the one predicted by Formula (1.30). When the energy of impact electrons
is large, the cross section predicted by Formula (1.30) is lower than that measured
experimentally. A very simplest model was proposed by Devis [40] by considering
the impact of hard elastic spheres. One of these was the cathode ray, the other one
something like the atom were equivalent to taking the mass of the atomic sphere as
that of an electron. The atom ionizationwould occur according to classicalmechanics
when transfer of energy was as great as the ionization energy, and the cross section
with arbitrary const is:

σi = const

(
1 − ui

Ep

)
(1.31)

Rosseland [41] approach was similar to Davis’s except that the spheres were
electrons with the classical inverse-square repulsion. He predicted:

σi = 2
πe2

u2i

(
1 − ui

Ep

)
ui
Ep

(1.32)
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Similar simple formula was introduced by Killian [42] to describe the initial part
of ionization function in amercury vapor of positive column of an electrical discharge
when Ep is lower than 3ui:

σi = c(Ep − ui )

The value of c was defined as being proportional to the ratio of vapor pressure
to the temperature. In order to consider the orbital atom electron motion, the next
development was conducted by Thomas [43, 44], and by Vebster et al. [45] taking
into account that electron has a speed greater than it had before entering the atom,
because it has been attracted by the nucleus. Vebster et al. developed Thomas result
and was presented the following expression

σi = 2
πe2

u2i

1 −U−1 + 2
3T (1 −U−2)

U + T + 1
(1.33)

where U = Ep/ui and T are the ratio of the orbital kinetic energy to the ionization
energy, which as example for silver is 1.278. They improve expression (1.33) by
introducing innovation, which take into account the deflection of the impact electron
by nuclear attraction within an atom, before it reaches the valence electron ionize as
follows.

σi = 2
πe2

u2i

1 −U−1 + 2
3T (1 −U−2)

U
(1.34)

A wide range of experimental data for cross section of atom ionization (number
of gases, Ag, Ni, etc.) as dependences on impact electron energy was analyzed by
Drawin [46]. As a result, an empirical analytical expression for the ionization cross
sections is given in the following form:

σi = 2.66πa20

(
uH
i

ui

)2

f1
U − 1

U 2
Ln(1.25 f2U ) (1.35)

It was indicated that using f 1 in range of 0.7–1.3 and f 2 in range 0.8–3 for different
atoms, Formula (1.35) very good approximates the measured cross sections and
which is able to give a large part of tile ionization curves as a function of the energy
of the impacting electrons. Usually, Formula (1.35) was used with f 1 = f 2 = 1.

The most extended development of the classical theory was suggested by
Gryzinski [47–50] considering the pair interaction of impact electron of velocity
v1, energy E1 with orbital electron of velocity v2, energy E2. According to Gryzinski
theory, the transferred energy ε depends on few parameters: (i) the angle θ between
the two vectors v1 and v2, (ii) the azimuthal angle ϕ referred to a system of coordi-
nates, in which the z-axis coincides with the direction of v2, (iii) the impact parameter
p, and (iv) the angle between the orbital plane and the fundamental plane containing
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the vectors v1 and v2. In this case, the energy transferred to the atom electron is

ε =
(
1 + p2V 2m2

4e4

)−1(
E2 − E1 + pV 2v1v2m2

2e2
sin θ cosΘ

)
(1.36)

where V 2 = v21+v22. Integrating (1.36) over thementioned parameters, the ionization
cross section for a collision in which particle 2 undergoes a change in energy equal
to ionization potential is obtained as follows:

σ = σ0

u21

(
U − 1

U + 1

)3/2

×

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

2T

3U
+ 1

U

(
1 − T

U

)
− 1

U 2
− − − − − − − − − − − − → U > 1 + T

2

3

[
1

U
+ 1

U

(
1 − T

U

)
− 1

U 2

]√(
1 − 1

U

)(
1 + 1

T

)
− − → U ≤ 1 + T

⎫⎪⎪⎪⎬
⎪⎪⎪⎭

(1.37)

σ0 = πe4 = 6.56 × 10−14 eV cm2

The later improving of the classical theory by comparing with a number of
experimental data Gryzinski [51] obtains a simpler expression:

σ = σ0

u21

1

U

(
U − 1

U + 1

)3/2{
1 + 2

3

(
1 − 1

2U

)
Ln(2.72 + (U − 1)0.5)

}
(1.38)

Ochkur and Petrun’kin [52] developed the classical theory more precise and still
within the framework of the two-body problem by taking into account the velocity
of the atomic electron but assuming it to be free as before. The suggestions were
applied to cross section calculations of atom excitation and ionization. In case of
excitation, the expression is:

σn =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

N
πe4

Ep

1

U

(
1

Un
− T

Ep

)
− −− → Un ≤ Ep ≤ Un+1

N
πe4

Ep

(
1

Un
− T

Un+1

)
− − − − − − → Un ≤ Ep

⎫⎪⎪⎪⎬
⎪⎪⎪⎭

(1.39)

where Un and Un+1 are the excitation energies of the n-th and (n + 1)th levels,
respectively, and N is the number of valence electrons. In contrast to Gryzinski,
the atom ionization considered by Ochkur and Petrun’kin more accurately take into
account the relative velocity as V 2 = v21 + v22 − 2v1v2 cosϑ . The expression for
ionization cross section, presented in [52], ismore complicated and canbe solvedonly
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Fig. 1.1 Excitation of He
atom. 1—Calculating
according to Formula (1.39),
2—numerical calculation,
3—calculating according to
Drawin’s Formula (1.35),
4—calculating according to
Gryzinski’s Formula (1.38).
5—experiment [52]
Permission 4776030484766

Fig. 1.2 Ionization of Hg
atom. 1—Calculating
according to Tomson
Formula (1.30),
2—numerical calculation,
3—calculating according to
Drawin’s Formula (1.35),
4—calculating according to
Gryzinski’s Formula (1.38).
5—experiment [52]
Permission 4776030484766

numerically. The solution for He atom excitation (Fig. 1.1) and Hg atom ionization
(Fig. 1.2) showed that, although the more accurately of this model, the result was
worse agreed with the experiment than that agreement proposed by Gyzinski. This
result can be attributed to limited applicability of the classical approach of free
electrons in general.

1.3.4.2 Quantum Mechanical Approach

According to the quantum approach, the problem can be solved when the energy and
the angular distributions of scattering particles can be determined after the electron–
atom interaction. The problem of atom ionization is similar to that for the atom
excitation. However, it is necessary to use continuous spectrum functions. Also,
in case of atom ionization, a three-body problem should be analyzed considering
Schrödinger equation. As the exact solution is impossible, different approximations
were used. For this reason, the Born theory [53, 54] is most often utilized. There two
main assumption were made (i) the kinetic energy of impact electron is significantly
larger than the bounded energyof atom’s electron, (ii) the distortionof impact electron
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wave function by the atom electrical field is weak. In this case, the solution can be
obtained using the perturbation theory.

Also, in quantum theory, the impact particle beam was assumed as a plane wave
in the form of Ceikx with k = 2π /λ = 2πmv/h, and λ is the wavelength. Constant
C was determined by particle flux A flowing per unit area and per second as C =
A/v. Taking into account an atom potential field U(r), Schrödinger equation can be
formulated as

∇2Ψ + (k2 −U (r))Ψ = 0 (1.40)

where � is the wave function. Using Green function, (1.40) will have a solution as
[30]:

Ψ (r) = Ψ0(r) − 1

4π

∫
U (r ′)Ψ (r ′) + eik|r−r ′|

|r − r ′| dr
′ = 0 (1.41)

where �0(r) is solution of following equation:

∇2Ψ + k2Ψ = 0 (1.42)

The solution of (1.42) before impact can be presented as �0eikz. This solution
was used in (1.41) instead function Ψ (r′) in Born approximation. As a result, the
cross section of excitations for optical transition from level E0 to En including atom
ionization was obtained in form [30]

σ ≈ 4πm2
ee

4

k2h4
|z0n|2Ln 2mev2e

En − E0
(1.43)

where z0n is the matrix element. For threshold energy, an electron exchange
phenomena (due to indecomposability of impact and atom electrons) could influence
the probability of the excitation and to change of multiplicity. The effect of multi-
plicity change was considered by Oppenheimer [55], which corrected an expression
for wave amplitude of the scattering electron. However, the cross section calculated
in framework of Born–Oppenheimer theory indicates larger result in comparison
with that obtained by Born approximation. Later, this problem was considered by
Peterkop [56] and Ochkur [57]. Ochkur indicates that Born–Oppenheimer theory
described the scattered electron by plane wave, and it is correct when k �1 and k′
�1. Only the first term of the series was remained in this case that not available at
low energy by exchange scattering. Ochkur obtained an improved formula for cross
section of the transition from the state m to state n based on quantum mechanical
analysis in form:
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σ ≈ 24π

k2

qmax∫
qmin

∣∣〈n∣∣eiqr ∣∣α〉∣∣2qdq (1.44)

where q = k−k′. Ochkur showed also an important point indicating an analogy
between expressions for cross section of exchange scattering obtained using quantum
and classical mechanics. The following classical expression for cross section of the
transition from the state m to state n was derived [57]:

σ ≈ π

Ep + �

{
(Ep +Un+1)

−1 − (Ep +Un)
−1 →→→ Ep ≥ Um −Un+1

U−1
m − (Ep +Un)

−1 →→→→→ Um −Un+1 ≥ Ep ≥ Um −Un

}

(1.45)

where � is the certain constant, which is at least equal to excitation or ionization
potential.

According to Fisher et al. [58], the electron impact excitation cross sections for
allowed transitions in atoms are

Q∗
ea = 8π√

3
πa20 fi j

Ry2

U 2
i j

Gi j (ε)

ε
(cm2) (1.46)

Here, Q∗
ea is the electron–atom excitation cross section for transition from the lower

state i into the upper state j; ε =U/Eij is the kinetic energy of relativemotion between
electron and atom (or ion), Eij is the transition energy, a0 is the Bohr radius, Ry =
13.6 eV is the Rydberg constant, f ij is the absorption oscillator strength, andGij(ε) is
the Gaunt factor which may be treated as a fitting function of order unity. In case of
direct ionization, most of the data for the cross sections were retrieved via the Atomic
Database of the National Institute of Fusion Science (NIFS), Nagoya, Japan, and for
the cross section of the direct transition, an analysis resulted in the expression [59]:

Qion
zqq = Cl

(
Ry

Izqq′

)2−δl

ξzqq′bzqq′
ln(Izqq′)
ε/Izqq′

(cm2) (1.47)

where Izqq′ is the minimal energy required for ionization from state q into state q′,
bzqq is the branching ratio [58], i.e., the probability that the removal of an electron
from a proper nl-subshell generates the q′ state out of a few possible ones (say,
removal of a 1 s electron from the 1s22s configuration may result in 1s2s 1S and 1s2s
3S terms with branching ratios 1/4 and 3/4, respectively). CoefficientsCl and δl were
chosen from the best fitting of expression (1.47) to the known direct ionization cross
sections explained in work of [58].

Recently, Gupta et al. [60] calculated electron impact total and ionization cross
sections for Sr, Y, Ru, Pd, and Ag atoms. The cross sections were computed in the
energy range from ionization threshold to 2000 eV. The results obtained are compared
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with other theories and measurements wherever available and were found to be quite
consistent and uniform (Table 1.2). The total cross section QT was defined as the
sum of elasticQel and inelasticQinel cross sections. The inelastic interaction included
excitation and total ionization cross section Qion.

1.3.4.3 Experimental Data

Most of experimental data of energy-dependent cross sections were obtained for
different gas atoms. However, the important issue is the knowledge of the cross
sections dependence on electron energy for metallic atoms in order to describe the
phenomena in a vacuum arc operated in an electrode vapor. Let us consider such
data from limited number of publications. Most extensive data were presented for
ionizations of Hg, Ni, and alkali atoms [26, 29, 30, 61].

The electron impact ionization function for lead atoms was measured over an
energy range extending from the ionization threshold to 150 eV [62, 63]. The result
(Fig. 1.3) showed relatively small initial section of the ionization function that has a
slope 0.7 × 10−16 cm2/V.

At themaximum of the ionization function, which corresponds to energy of 55 eV,
the cross section is 8 × 10−16 cm2, and at 150 eV, this value was 6.5 × 10−16

cm2. Figure 1.3 also presents the cross sections of the ionization function calculated
in according to Gryzinski and Drawin by classical theory and to Born’s quantum
mechanics approximations (using Vainshtein’s model [35]). The calculated results
show that the better agreement was reached by Drawin’s formula, while the cross
sections calculated by Gryzinski and Born approximations exceed the measured
maximum value by about 30–60%. For electron energy larger than 60–80 eV, the
calculations are lower than measured data, and at 150 eV, the calculated values were
about 60–70% of that measured. It was indicated that the mentioned discrepancy was
due the multiple atom ionizations.

The electron impact multiple ionization function for lead atoms (from Pb+ to
Pb5+) was measured over an energy range extending from the ionization threshold to
400 eV [64]. Figure 1.4 shows each cross sections in scale according to nσ n+, where
n = 1, 2, 3, 4, 5. The maximal values of σ n+ were 1.4, 0.32, 0.056, 0.011 x 10-16 cm2

at electron energy 100, 215, 260, and 400 eV for σ 2+,σ 3+ σ 4+, σ 5+, respectively. The
total cross section was determined as stot = ∑n=5

n=1 nσn .
The electron impact ionization function for magnesium, calcium, strontium, and

barium atoms was measured over an energy range extending from the ionization
threshold to 200 eV (Fig. 1.5) [65, 66].

The ratio of cross sections for electron impact ionization of Fe, Co, Ni to the
cross section for Ag has been measured by Cooper et al. [67]. These data obtained
for ionizing electron voltage of 60 eV that was chosen to be approximately at the
maximum ionization probability for all four species and can be considered in the
cited work. The measured ratios for each species were about unit. The electron
impact ionization cross sections for Ag, Ge, Sn, and Pb have been measured relative
to Ag by Lin and Stafford [68]. For 60-eV impacting electrons, the relative single
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Table 1.2 Qion and QT for all the atoms studied in 10−16 cm2 [60]

Ei(eV) Sr Y Ru Pd Ag

Qion QT Qion QT Qion QT Qion QT Qion QT

6 0.004 93.47 – – – – – – – –

7 0.323 91.94 0.042 90.31 – – – – – –

8 1.237 90.00 0.365 85.02 0.008 56.94 – – 0.003 50.35

9 2.517 87.25 0.990 80.36 0.107 51.73 0.004 39.58 0.078 43.45

10 3.905 84.372 1.793 76.903 0.331 46.87 0.055 35.13 0.284 38.47

11 5.238 81.621 2.659 73.90 0.647 42.75 0.175 31.98 0.592 34.69

12 6.430 78.69 3.509 71.33 1.011 40.00 0.353 31.80 0.955 31.76

13 7.451 75.832 4.310 68.78 1.392 38.35 0.569 30.53 1.338 29.39

14 8.297 73.25 5.011 66.48 1.765 37.04 0.806 29.04 1.715 27.56

15 8.982 70.63 5.635 64.20 2.119 35.88 1.050 27.64 2.073 26.68

18 10.268 63.76 7.016 58.17 3.01 33.08 1.750 24.32 2.974 25.03

20 10.673 59.89 7.603 54.71 3.461 31.57 2.155 22.72 3.428 24.14

25 10.871 52.19 8.337 47.57 4.205 28.5 2.913 19.87 4.163 22.30

30 10.581 46.55 8.513 42.33 4.598 26.10 3.382 18.03 4.533 20.81

40 9.737 39.04 8.302 35.24 4.898 22.48 3.819 15.73 4.768 18.49

50 8.976 34.34 7.919 30.77 4.938 19.84 3.941 14.30 4.746 16.75

60 8.354 31.10 7.539 27.75 4.887 17.82 3.939 13.23 4.646 15.35

70 7.844 28.61 7.193 25.54 4.802 16.28 3.887 12.37 4.526 14.13

80 7.419 26.58 6.884 23.75 4.705 15.05 3.817 11.57 4.405 13.16

90 7.056 24.86 6.607 22.28 4.606 14.05 3.741 10.85 4.29 12.33

100 6.741 23.40 6.358 21.02 4.508 13.31 3.665 10.20 4.182 11.66

120 6.218 21.00 5.926 18.96 4.321 12.11 3.521 9.34 3.989 10.59

200 4.885 15.31 4.745 13.95 3.724 9.05 3.079 7.11 3.430 8.07

250 4.363 13.28 4.262 12.16 3.444 7.98 2.878 6.29 3.183 7.13

300 3.966 11.82 3.886 10.85 3.214 7.21 2.711 5.72 2.984 6.44

400 3.389 9.83 3.335 9.08 2.854 6.16 2.448 4.92 2.672 5.53

500 2.984 8.49 2.944 7.89 2.585 5.47 2.246 4.40 2.437 4.92

600 2.584 7.52 2.604 7.02 2.375 4.96 2.082 4.02 2.249 4.47

700 2.302 6.78 2.295 6.36 2.204 4.56 1.946 3.73 2.096 4.13

800 2.106 6.19 2.096 5.82 2.061 4.24 1.832 3.48 1.969 3.85

900 1.946 5.71 1.934 5.39 1.937 3.97 1.734 3.28 1.860 3.62

1000 1.81 5.312 1.798 5.02 1.835 3.74 1.650 3.11 1.769 3.42

2000 1.21 3.24 1.096 3.118 1.234 2.51 1.142 2.15 1.218 2.33
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Fig. 1.3 Cross sections of
Pb atom measured by Pavlov
et al. [62, 63] compared with
that calculated by Gryzinski
[48], Drawin [46], and Born
approximations [35]
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Fig. 1.4 Measured multiple
ionization cross sections for
Pb atom from Pb+ to Pb5+,
including σ tot [64]
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Fig. 1.5 Measured cross
sections of Ba, Sr, Cs, and
Mg atoms [65, 66]
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ionization cross sections are found to be (1.00), 1.46 ± 0.3, 1.46 ± 0.16, and 1.43 ±
0.1, respectively. The absolute cross section for silver Ag+ there indicated as 5.6 ×
10−16 cm2.
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Fig. 1.6 Measured cross sections of Ag (left) and Cu (right) atoms and compared with that
calculated by approximations developed by Gryzinski and Drawin [63]

Fig. 1.7 Dependence of
ionization cross sections for
σ+ on electron impact
energy [71]
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The absolute value of cross sections of the electron impact ionization has been
measured for silver by Crawford [69]. The measured values at 75 eV are (4.65
± 1.0) × 10−16 cm2 for the production of Ag+ (agree with result [68]) and (4.75 ±
3.0)× 10−17 cm2 for the Ag2+. Pavlov et al. [63] havemeasured the cross sections for
electron impact ionization of Ag and Cu. The results illustrated in Fig. 1.6 compared
with calculations by Gryzinski [48] classical approximation and Drawin’s semi-
empirical approach [46]. Themaximal ionization cross section obtained byGryzinski
approximation is lower by 25% for Cu and 15% for Ag than measured data. The
calculation according to Drawin’s formula is lower by about 30% for both Cu and
Ar than measured data in [63].

The cross section for production of Cs+ has been determined from threshold to
100 eV [70].At threshold, the slope of the cross section versus energy curvemeasured
to be 2.7 × 10−16 cm2/eV. Two maximums near 1 × 10−15 cm2 were observed at
about 12 and 30 eV, respectively.

Relative and absolute electron impact multiple ionization cross sections were
measured for Au, Cr, and Fe by Nelson [71]. The results of ionization cross sections
for σ +, σ 2+, σ 3+ are presented in Figs. 1.7, 1.8, 1.9 and 1.10. Total cross section
results on the elements are also presented as stot = ∑n=3

n=1 nσn , where n = 1, 2, 3.
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Fig. 1.8 Dependence of
ionization cross sections for
σ++ on electron impact
energy [71]
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Fig. 1.9 Dependence of
ionization cross sections for
σ+++ on electron impact
energy [71]
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Fig. 1.10 Dependence of
total ionization cross sections
(stot = ∑n=3

n=1 nσn) on
electron impact energy [71]
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Boivin andSrivastava [72]measured the cross sections of single, double, and triple
ionization of magnesium over the 0–700 eV range of electron energy using a crossed
beam technique. They indicated that the measurements are in good agreement with
theory of McGuire [73] and Peach [74] using Born approximation.
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Their results are presented in Table 1.3. These measurements of the single ioniza-
tion cross section as dependence on electron energy Boivin and Srivastava [72]
compared with the other experiments showed in Fig. 1.11 indicating agreements and
differences with their data depended on electron energy. The details discussed in
[72].

1.3.5 Electron–Ion Recombination

This is a process, which is inverse to the ionization. As result, a neutral atoms or
molecules are formed during collisions of free electrons with positive ions, which
in general can be also in an excited state. The charge density decreases during the
recombination according to equation

dn

dt
= −R (1.48)

where R is the recombination rate in cm−3/s. Two main types of electron–ion recom-
bination were determined the expression forR. In relatively low dense plasmamainly
by a radiative recombination, when one electron was captured by the ion and released
energy is radiated in form of a quantum, while the atom remains in neutral or exited
state:

A+ + e ↔ A (or A*) + hν
The radiative recombination is a process reverse to the photo ionization. When

an addition electron captured the released energy, the ion recombination occurs as
three-body process

A+ +e ↔ A+ + 2e or
A+ + e ↔ A+ + e + e(hν)

where A+ is a singly charged ion, e is an electron, h is Planck’s constant, ν is the
frequency of the radiation. For radiative case,

R = βn+n
and for in three-body recombination
R = βn+n2

Coefficient β characterized the recombination rate, i.e., decrease rate of the charge
particle density. Recombination coefficient can be obtained from (1.48) when the
electron density decaying known from an experiment [13, 29, 30]. Probe methods
and optical techniques used to determine β from observations of the (optically thin)
plasma. In the dense plasma of high current discharges, mainly three-body recombi-
nation was occurred. In general, β was determined by a recombination cross section
σ r and electron velocity v function distribution f (v) as:
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Table 1.3 Cross sections for
single σ 1, double σ 2, and
triple σ 3 ionization of Mg by
electron impact [72]

Electron
energy (eV)

σ 1 10−16 cm2 σ 2 10−17 cm2 σ 3 10−18 cm2

5.0 0.000 – –

10.0 2.100 – –

15.0 4.566 – –

20.0 5.080 0.000 –

25 4.926 0.049 –

30.0 4.731 0.124 –

35.0 4.499 0.236 –

40.0 4.232 0.324 –

45.0 3.972 0.364 –

50.0 3.733 0.385 –

55.0 3.513 0.436 –

60.0 3.312 0.538 –

65.0 3.128 0.643 –

70.0 2.959 0.745 –

75.0 2.804 0.846 –

80.0 2.663 0.944 –

85.0 2.534 1.039 –

90.0 2.416 1.131 –

95.0 2.308 1.220 –

100.0 2.209 1.306 0.000

110.0 2.037 1.467 0.011

120.0 1.893 1.614 0.030

130.0 1.771 1.747 0.057

140.0 1.669 1.865 0.089

150.0 1.582 1.969 0.126

160.0 1.507 2.059 0.169

170.0 1.441 2.136 0.216

180.0 1.383 2.202 0.267

190.0 1.330 2.256 0.321

200.0 1.282 2.301 0.376

225.0 1.175 2.374 0.519

250.0 1.080 2.406 0.657

275.0 0.994 2.411 0.781

300.0 0.916 2.400 0.885

325.0 0.848 2.382 0.966

350.0 0.792 2.360 1.022

(continued)



1.3 Plasma Particle Collisions 29

Table 1.3 (continued) Electron
energy (eV)

σ 1 10−16 cm2 σ 2 10−17 cm2 σ 3 10−18 cm2

375.0 0.748 2.337 1.055

400.0 0.716 2.313 1.070

425.0 0.693 2.286 1.071

450.0 0.677 2.255 1.064

475.0 0.664 2.219 1.052

500.0 0.650 2.178 1.038

525.0 0.633 2.132 1.023

550.0 0.612 2.085 1.008

575.0 0.587 2.039 0.990

600.0 0.560 1.997 0.967

625.0 0.535 1.959 0.937

650.0 0.518 1.919 0.904

675.0 0.513 1.862 0.877
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Fig. 1.11 Single ionization cross section of Mg by electron impact measured by Boivin and Srivas-
tava (▬) [72] and comparison with other experiments: (♦) Karstensen and Schneider 1978 [75];
(�) McCallion et al. 1992 [76]; (�) Freund et al. 1990 [77]; (∇) Vainshtein et al. 1972 [66]; (�)
Okudaira et al. 1970 [78]
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β =
∞∫
0

vσr (v) f (v)dv (1.49)

As example, the function distribution in energy space f (ε) was obtained using
Fokker–Planck equation, and assuming that the atom temperature is much lower
than the ionization potential, the recombination coefficient was [31]

β ∼ σel Na

T 2.5

More extensive theory of three-body recombinationwas considered in collisional–
radiative approximation when the transitions between exited states in the atom were
determined by collisions with electrons and also by the radiations [29, 30]. Using
Gryzinski cross sections for the transitions between exited states and assumption that
the atoms in ground state the coefficient of collisional–radiative recombination was
calculated by Bates et al. [79, 80]. The data of β were presented in Table 1.4.

A simple approach assuming collisions in an ideal plasma was developed in [31]
resulting in the following formula that very good approximates the data of Table 1.4.

β = e4

3�2

(m
T

)0.5 e10Ni

T 5
(1.50)

As canbe seen,β sharply decreasedwith plasma temperature.WhenTe �=T,β was
determined by Te. It was indicated that for collisional electron–ion recombination
in low-temperature plasma, the captured electron mainly takes place at high exited
levels and recombination was determined by frequencies of non-elastic transitions
of high exited atom, and therefore, β weakly depends on the ion type [31].

1.3.6 Ionization–Recombination Equilibrium

For the single ionization–recombination reaction of atomic gas (A), the equilibrium
constant was defined as K = neni/na which can be determined by Saha equation

neni
na

= GeGi

Ga

(
2πmekT

h

)3/2

exp

(
− Ei

kT

)
(1.51)

whereas T is the equilibrium plasma temperature, me, k, and h are the electron mass,
the Boltzmann constant, and the Planck constant, respectively. Ei is the ionization
energy,Ga andGi are the internal partition functions of atoms and ions, respectively,
expressed as
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Ga =
∑
k

ga,k exp

(
− Ea,k

kT

)

Gi =
∑
k

gi,k exp

(
− Ei,k

kT

)

whereas ga,k or gi,k is the degree of degeneracy, Ea,k or Ei,k is the energy difference
between the kth energy state and the ground state of the atoms or ions, respectively.
Usually, for Ga calculation, the first two terms and for Gi only the first term were
used and Ge = 2. The degree of degeneracy was defined as g = (2S + 1)(2L + 1),
where S is the spin a L orbital quantum numbers that determined the spin and orbital
moment of the state. When the plasma temperature is high relatively to the multiple
energy the partition functions were determined mainly by degree of degeneracy g .

Inmany cases, the state of discharge plasmaswas not in a total equilibriumbecause
the energy loss fraction of the electrons is relatively small due to the elastic collisions
between them and the heavy particles and transferred kinetic energy is proportional
to me/m. Therefore, the local electron temperature Te of a plasma is higher than the
heavy particle temperatureT [81].Anumber of improved approacheswere developed
taking into account that Te �= T.

Chen andHan [82] reviewed these approaches, and they proposed an original ther-
modynamic derivation of the two-temperature Saha equation. The model considered
for small plasma region in which all parameters were assumed uniform. The plasma
system was divided into two parts, i.e., subsystem 1 and subsystem 2. Subsystem 1
includes all the free electrons and all the internal excited energy states of the atoms,
the ions, while all the translational degrees of freedom of the atoms and the ions are
grouped into subsystem 2. Subsystem 1 and subsystem 2 were assumed to be adia-
batic to each other due to the extreme weakness of the translational kinetic energy
coupling between the electrons and heavy particles, as mentioned above, but work or
particle transfer may take place between the two subsystems due to the ionization and
recombination (by three-body collision) reactions. Subsystem 1 is characterized by
the electron temperature. The average translational kinetic energy of atoms and ions
in subsystem 2was correspondent the heavy particle temperatureT. It is assumed that
the free electrons and the heavy particles satisfy the Maxwellian velocity distribu-
tions at Te and T, respectively, while the population densities of the different excited
states of atoms or ions satisfy the Boltzmann distribution with the characteristic
excitation temperature Tex = Te. Equilibrium condition was used as Σ jν jμj /T j =
0 (ν j and μj are the stoichiometric coefficient and the chemical potential of the j-th
species in the reaction). With these assumptions and using the basic thermodynamic
principle, expressed that the entropy of an isolated system will reach its maximum
at the equilibrium state, and the modified Saha equation was derived in form [82]

neni
na

= 2Gi (Te)

Ga(Ta)

(
2πmekTe

h

)3/2

exp

(
− Ei

kTe

)
(1.52)
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Equation (1.52) is identical to (1.51) using instead T the electron temperature Te

and to obtained that previously derived by using the kinetic theory. The expression
for multiple ionization can be written as (j = 1, 2, 3…)

neni j
ni j−1

= 2Gi j (Te)

Gij−1(Te)

(
2πmekTe

h

)3/2

exp

(
− Ei j

kTe

)
(1.53)
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Chapter 2
Atom Vaporization and Electron
Emission from a Metal Surface

Two important phenomena at electrode surfaces occurred during the plasma forma-
tion in the arcs. These processes will be described in this chapter. When the electrode
is heated, the neutral atoms evaporate from the hot surface, a vapor plume is gener-
ated, and due to its expansion, it has a pressure lower than saturated pressure. The
rarefied collisions determine the kinetics of the plume flow immediately near the
surface. Vaporization of the heated electrode material will be analyzed using the
kinetic approach. Simultaneously, the electrons are also emitted from the hot elec-
trode surface. The current of electron emission is enhanced by the electric field
produced at the surface in case of cathode plasma generation. In this Chapter, we
will describe the electron emission caused by different mechanisms due to high body
temperature and electric field at the surface as well as the influence of an individual
field and explosive phenomena.

2.1 Kinetics of Material Vaporization

Two regimes could describe the material vaporization and its expansion: (i) kinetic-
rarefied flow and (ii) continue hydrodynamic flow. Below the first region will be
considered.

2.1.1 Non-equilibrium (Kinetic) Region

In 1982, Hertz [1] studied the rate of mercury evaporation by its condensation on a
cooled substrate and measuring the vapor pressure. As a result, Hertz concluded that
the maximal rate of material evaporation determined by the following flux density:
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WH = 1

4
nv, (2.1.1)

where n is the equilibrium vapor density at the surface and v is the average atom
velocity. Langmuir [2] considered a metal surface in equilibrium with its satu-
rated vapor when the rate of evaporation and condensation is balanced. In general,
this balance depends on surface phenomena—condensation, evaporation, and atom
reflection [3]. Assuming that the rates of evaporation and condensate are equal, Lang-
muir proposed that the rate relation between material evaporation WL (atom/cm2/s)
into vacuum and the equilibrium vapor pressure p0 can be described as [4]:

WL = p0√
2πmkT0

(2.1.2)

where m is the atom mass, k is Boltzmann’s constant, and T0 is the surface tempera-
ture. Equation (2.1.2) is applicable for relatively low temperatures when p0 ≤ 1 torr
when the evaporated material flows into surrounding space without collisions. With
the surrounding pressure increase, the rate of evaporation is reduced. Langmuir
hypothesized that in some gas pressure, the evaporated atom diffuses through the
gas before they leave the surface.

The character of the mass flow depends on relation between atom mean free path
λ and the chamber size L, and it is determined by the Knudsen number Kn = λ/L [5,
6]. The molecular flow is produced when Kn > 1, while the flow as continue media
occurred whenKn� 1. Knudsen [7] showed that for strong evaporation, the returned
atom flux is required to be considered due to rarefied collisions in a near wall non-
equilibrium layer (Kn < 1). It was proposed that the returned flux was determined
by the vapor temperature T and pressure p, and these values were different from the
surface temperature T 0 and saturated pressure p0. The atom evaporation rate was
described by so-called Hertz–Knudsen formula [1, 7] that can be expressed using
relation (2.1.2) in form:

WHK = p0√
2πmkT0

− p√
2πmkT

(2.1.3)

Fonda [8, 9]measured the evaporation rate of tungsten filament. Themeasurement
showed that the evaporation ratewas reduced at a gas pressure presence in comparison
with that in vacuum. The results were described in the framework of Langmuir atom
diffusion hypothesis by the following model. The filament is surrounded by tungsten
vapor at same pressure. The atoms of this vapor, however, instead of being projected
directly from the filament, as in a vacuum, were pictured as diffusing through the
stationary layer of gas. Once an atom reached the outer boundary of the layer, it
would be carried away in the convection current of gas and would be lost to the
filament. The path within the film was so irregular that an atom might return to the
filament and be deposited on it. As result, the rate of evaporation was reduced as
compared with that in a vacuum.
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To determine the returned flux, a kinetic treatment of atoms in the vapor is
requested. Thus, with increasing T 0, some atoms flow back to the surface due to
collisions, and therefore, the net rate of material evaporation is less than that given
by (2.1.1). While a dense vapor flow can be treated hydrodynamically for rela-
tively large distances from the surface, within an atom mean free path of the surface
collisions are rare, and a non-equilibrium layer of several mean free path lengths
forms, through which atoms are returned back to the surface. The particle velocity
distribution function approaches equilibrium in this “Knudsen layer” or atom relax-
ation zone. Collisions in the vapor relax the velocity distribution function (VDF)
toward a Maxwellian form. Thus, two regions appear near the surface: (i) a non-
equilibrium (kinetic) region with rare collisions and (ii) a collision dominated region
with hydrodynamic vapor flow.

2.1.2 Kinetic Approaches. Atom Evaporations

Granovsky [10] studied in 1951 these two regions in order to describe the steady
material vaporization in form close to (2.1.3). The atom flux density at the external
Knudsen boundarywas calculated as a difference between evaporatedmΓev as (2.1.3)
and the returned (condensed) mass fluxes density in form:

ρkvk = mΓev − ρvkm/4 (2.1.4)

where ρk is the mass density and vk is the vapor velocity at the external Knudsen
boundary, ρ is the mass density, v is the atom thermal velocity at the surface and
km is the coefficient that takes in account a non-Maxwellian velocity DF due to
the presence of the evaporated direct flux. To describe the hydrodynamic region, the
Bernoulli and mass continuity equations were used. Granovsky considered two cases
for (a) constant temperature and (b) adiabatic process, which the relation between
expanding velocity v and density ρ obtained in form.

(a) Isothermal process:

v − vk = 2RT

m
ln

ρk

ρ
(2.1.5)

(b) Adiabatic process:

v − vk = γ

1 − γ

2RTk
m

[
1 −

(
ρ

ρk

)γ−1
]

(2.1.6)

The above simple approach showed that the vapor velocity at the Knudsen layer
is significantly lower than the sound speed and that the vapor expansion was close
for spherical and plane flows.
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Afanas’ev and Krokhin [11] considered the solid body vaporization by the laser
power irradiation. The vapor expansion was studied in framework of one-dimension
gasdynamic system of equations. The fact of strong laser power absorption mainly
in a thin layer on the surface of the condensed body was used. The conservation
laws of mass flow, momentum, and energy within this layer with sharp variation
of all gasdynamic quantities were used to describe the boundary condition for the
gasdynamic problem. Analytical solutions of the gasdynamic equations were derived
to describe the process of vaporization and heating of matter for broad range of
the radiation flux density and the parameters of condensed matter. The equilibrium
between solid and vapor phase temperatures was assumed, and in a general case, the
exact relation between the temperatures of the vapor and the condensed phase should
be established by analyzing the kinetics of vapor flow at the vaporized surface.

In general, the kinetics of metal vaporization studied by solving the Boltzmann
equation [12]. This study determines the flow parameters (density n, temperature
T, and velocity v) in the non-equilibrium (Knudsen) layer. These parameters at
the external boundary of the Knudsen layer served as boundary condition for the
hydrodynamic region, for flowalong apath from the surface. TheBoltzmann equation
in general case of atom flow is

∂ f

∂t
+ v

∂ f

∂r
=

(
d f

dt

)
col

(2.1.7)

where v is the velocity vector, r is a spatial coordinate, and f is the distribution
function. Bhatnagar et al. (BGK) [13] modeled the collision term, and their approach
is the simplest for the present case of sharp variation of the vapor parameters near
the wall: (

d f

dt

)
col

= f0 − f

τ
(2.1.8)

where f 0 is the local equilibrium distribution function, and τ is a constant collision
time. The approach using (2.1.8) is called the relaxation model. In most practical
cases, the characteristic time of the hydrodynamic parameter set is smaller than the
characteristic time of the heat flux change to the surface [12]. This allows formulation
of a steady-state one-dimension equation:

v
∂ f

∂x
= f0 − f

τ
(2.1.9)

the following boundary conditions must be imposed to (2.1.9):

f0 = n0

(
m

π2kT0

)3/2

exp

[
− mv2

2kT0

]
vx > 0 at x = 0 (2.1.10)
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f∞ = n∞
(

m

π2kT∞

)3/2

exp

[
− m

2kT∞

(
(vx − u)2 + v2y + v2z

)]
on the equilibrium side.

The evaporated atoms have a half-Maxwellian DF (f 0) characterized by T 0 and a
given atom density n0 previously shown in [14, 15]. Later, the measurements [16] by
time of flight (TOF) showed that when low density particles were vaporized due to a
pulsed heat source, the flow was characterized by collisionless regime. The particle
emission was truly thermal and a half-Maxwellian DF, i.e., a Maxwellian with only
positive velocities normal to the target (f 0), will then describe the velocities. For
intense emitted particle flux, the near-surface collisions occurred, and a Knudsen
layer was formed, i.e., there is a layer within a few mean free paths of the target
surface in which the velocity distribution function evolves to a full Maxwellian (f∝)
at the external boundary.

Equation (2.1.10) for f 0 served as the boundary condition at the evaporated
surface, i.e., at x = 0. The conservation laws in the non-equilibrium layer should
be fulfilled taking into account the velocity distribution function in the following
form [12, 17]: ∫

vx f (x, v)dv = C1 (2.1.11)

∫
v2x f (x, v)dv = C2 (2.1.12)

∫
vxv

2 f (x, v)dv = C3 (2.1.13)

Equations (2.1.9), (2.1.11)–(2.1.13) with boundary conditions (2.1.9) were solved
using different approaches. Let us consider the different attempts to study the kinetics
of the vaporizations.

Kucherov and Rikenglaz [18] developed a simple model of temperature and
density jump at the boundary with a solid surface. Method of moments with a
test distribution function close to the locally equilibrium function was used. The
approach corresponded to small variation of the gas parameters in the layer, and the
result is satisfactory for a case of low flow velocity in comparison with sonic velocity
[12]. Anisimov considered more appropriate method consisting in the solution of the
kinetic equation [12, 17]. He studied (see [17]) the Knudsen layer as a discontinuity
surface in the hydrodynamic treatment of the vapor expanding from laser irradiation
of a solid, using bimodal approximation of DF similar to earlier treatments of the
shock wave problem [19]. Three equations of continuity, momentum, and energy
conservations included four unknown vapor parameters with velocity at the external
boundary of the Knudsen layer. Assuming that this velocity is the sonic velocity u
= usn (i.e., Mach number M = 1, evaporation in vacuum), Anisimov [17] obtained
that the evaporated atom flux fraction is about 0.82 WL. The dependence between
the rate of propagation of the evaporation front and the heat flux was also studied
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showing that the evaporation front velocity is directly proportional to the specific
heat flux [20]. Anisimov and Rakhmatulina [21] studied the transition of material
vaporization into vacuum from the free molecular in the initial stage to a regime of
continuity vapor expansion. Later Fisher [22] solved the kinetic problem using the
BGK approach and obtained that the rate of evaporation into an infinite half-space
is about 0.85WL. The system of (2.1.7)–(2.1.8) was solved numerically by iteration
method and the regimewhen the bulk vapor flow that can be described by gasdynamic
approach was obtained. It was indicated that the returned flux was finally formed at
the time of ~10 times of mean free path.

Kogan and Makashev studied the Knudsen layer structure [23], boundary condi-
tions for the vapor flow [24], and recondensation phenomena with arbitrary Knudsen
number [25] considering material evaporation in the presence of chemical reactions
at the surface. The Knudsen layer was investigated using the Hamel’s model [26]
of kinetic Boltzmann equation where the collision integral in right side of (2.1.7)
replaced by collisional transfer of the momentum and energy for Maxwell molecules
in a binary mixture.

Knight [27] also considers evaporation into vacuum from cylindrical surface
extending Bhatnagar et al. approach [13] in assuming ellipsoidal approximation
for the function distribution with different temperatures in radial, polar, and axial
directions and using an expression for entropy production. The numerical solution
was obtained for different Reynolds number, which reflected the vapor velocity indi-
cating that the flow starts as a subsonic in non-equilibrium layer and becomes super-
sonic in future hydrodynamic expansion as condition of an entropy production. The
asymptotic solution for large Reynolds number is in agreement with previous results.
Knight [28] studied the vaporization into ambient gas using Anisimow’s approach.
The ambient pressure was considered in range from air 1 atm down to vacuum for
laser interaction with an aluminum surface. It was concluded that the flow is subsonic
and Mach numberM < 1 at the layer edge. The temperature profile between parallel
evaporated and condensate plates was discussed [29]. It was showed that the temper-
ature jump is mostly appeared in a small boundary layer, which can be much lower
or comparable with the distance between the plates. Baker [30] performed analysis
of the Knudsen layer in order to predict the jump conditions across the layer for
polyatomic gas as a function of the specific heat ratio γ and the Mach number M at
the layer edge as parameters. It was shown that the jump of particle temperature and
density increases with γ and M.

The kinetic aspects of arbitrary vaporization in boundary Knudsen layer were
studied by Ytrehus and Ostmo [31] solving the stationary Boltzmann equation with
the collision integral using the moments method for a single component system.
The solution [17] was extended to arbitrary Mach number below 1 and calculated
the structure of the Knudsen layer for Maxwell distribution function for molecules.
The ratios of the gasdynamic parameters at the surface and at the external edge of
the Knudsen layer were obtained as function external Mach number. The simulation
showed that forM = 1, the returned net flow is about 18% of the emitted fluxWL in
agreement with [17]. The evaporated flux rate dependence on M strongly deviated
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from that obtained according classical Hertz–Knudsen formula which neglects the
mass velocity at the external boundary.

Mach number at theKnudsen external boundary is a parameter of the kinetic evap-
oration problem and depends on the flow conditions. In addition to the conservation
laws, a condition for kinetics of the evaporation can be obtained using Boltzmann
H-theorem [32]. The thermodynamic aspects of the vaporization characterized the
entropy production was considered in [31, 33]. Previously, Muratova and Labuntsov
[34] developed a kinetic analysis to study the solids vaporization using momentum
method solving the Boltzmann equation, and then, Labuntsov andKryukov [35] used
the Boltzmann H-theorem as additional information to check the validity of approx-
imate methods for the study of Knudsen problem. The authors of this work solved
the Euler flow in hydrodynamic region together with equations for Knudsen layer
obtained using approximation on the distribution function and conservation laws in
a way similarly to that used in [17]. The parameters of Knudsen layer edge were
obtained using the atom temperature as parameter, and the returned atom flux is 18%
of the flux WL at M close to 1.

Later, Rebhan considered the principle of entropy production to equilibrium
system (Navier–Stokes flow) [36] and non-equilibrium system (shock wave,
boundary layer) [37]. The entropy production was evaluated as parameter ignoring
one of three conservation laws. The important point indicated that the maximal
entropy change is appeared for strong shock wave as that obtained in the simulation
approach used all three conservation laws. This result showed that the principle of
maximum entropy production could be used to characterize the flow regime as one
of conservation laws. It was concluded that the far from equilibrium flow regime was
characterized by maximum entropy production, while the flow close to equilibrium
was characterized by minimum entropy production.

It was shown above that Mach number is small (M < 1) in the case of material
vaporization in an ambient media with arbitrary pressure. In this case, the velocity at
the external boundary of the Knudsen layer varied as parameter solving three equa-
tions of continuity, momentum, and energy conservations included four unknown
vapor parameters. Ford and Lee [38] extended the model [17] closing the system
of equations by fourth condition and determined the range of Mach numbers at
the boundary for the flow using Boltzmann H-theorem. Different types of velocity
distribution function [17, 31] for particles incident onto the evaporating surface were
assumed calculating the rate of entropy production as dependence on Mach number.
It was concluded that the condition of M = 1 describing the material vaporization
in vacuum can be justified by principle of maximum entropy production. And at the
lower rate, the conditionM < 1 was fulfilled. The range of gasdynamic parameters at
the external boundary layer of Knudsen layer for arbitrary evaporation and conden-
sation of one or multi-component particles was described considering the boundary
problem and Boltzmann H-theorem [39].

Sibold and Urbassek [40] studied the kinetics of strong evaporation using Monte
Carlo simulations in a one-dimensional approachof particle flowbetween a desorbing
and a condensing surfaces. The numerical study used the Boltzmann equation solu-
tion taking into account a collision term. The boundary condition at the desorbing
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surface takes in account the half-Maxwellian distribution with the surface body
temperature. The particle velocity distribution and Knudsen layer formation for one
or binary light and a heavy species were studied as dependence on distance from the
surface. It was indicated that at the end of the Knudsen layer, the calculated velocity
distributions reached the equilibration process, while at the surface, however, the
velocity cannot be fitted by a Maxwell distribution. In this case, a kinetic treatment
should be used, and the present result deviates from that obtained by Ytrehus [31],
which employed an ansatz distribution function. The distance at which the overall
equilibrium is established is around 10–20λ.

The non-equilibrium evaporation and condensation phenomena in a Knudsen
layer were considered by using gas kineticmomentsmethod andmolecular dynamics
method (MD) in [41, 42] to study the layer structure as dependence on distance
from the evaporating surface for different M at the external boundary. The velocity
distribution functions for evaporation and reflection modes at various edges of Mach
numbers as well as comparison of DSMC,MD, andBGK solutionswere presented. It
was shown that for strong evaporation, the main change of gas parameters (velocity,
temperature components) occurred at few mean free path λ and then saturated after
about 10λ.

2.1.3 Kinetic Approaches. Evaporations Into Plasma

According to the above brief survey, it can be emphasized that the intensive solid body
vaporization has been widely studied considering mainly the kinetics of neutral atom
flow in the Knudsen layer and consequent gasdynamic expansion. Such phenomena
occur in a relatively low power density of the laser irradiation (<108 W/cm2). In the
case of a larger power density, the electron emission, laser plasma, and electric field
near the target are formed. The electron emission can be supported by two mech-
anisms: multi-photon photoelectric effect and thermionic emission due to intensive
target heating. The experimental investigation pointed out that the mechanism of
electron emission is determined by incident energy fluence and laser pulse time [43].
Rhim and Hwang [44] studied Knudsen gas flow under an external potential field but
without wall ablation. The Boltzmann equation in the relaxation form was solved for
flow through parallel slit in which the particle collisions were occurred under given
specific potential function. The diffusive reflection of gas molecule at the wall was
assumed. The calculated result indicated larger gas flow velocity near the walls than
that in the bulk flow. This result was explained by “surface diffusion” effect.

The vaporization phenomena become more complex when the intense local heat
flux leads to the near-surface plasma generation. Such cases occur in the vacuum
arc cathode spot in which the extremely high current density (106–108 A/cm2) was
formed in aminute area or by intense laser power density larger 107–108 W/cm2. The
kinetic model of complicated electrode vaporization in a vacuum arc spot plasma
was developed by Beilis [45–47] taking into account the near-cathode electrical
sheath and cathode electron emission. It was found that the plasma flowwas strongly
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impeded and it is characterized byM <1. The impededmass flowwas due to electrical
current and energy dissipation in the dense cathodic vapor plasma, and it was found
that the vapor flux into current carrying plasma differs from the flux WL calculated
with Langmuir’s formula (2.1.2). The spot kinetic model, system of equation, and the
results of simulation will be described below (Chap. 17). The condition of impeded
plasma flow was also studied in the case of Teflon propellant in thrusters [48, 49].

A number of researchers studied the plasma production by high intense laser–
target interaction theoretically [50]. A numerical model was developed by Bogaerts
et al. [51] and Chen and Bogaerts [52] for Cu target. The target heating and the
plasma formation was considered near the target surface. The ions and electrons
emission from the heated surface was described by the Langmuir–Saha model, and
in the vapor volume, the Cu atom ionization by the Saha–Eggert equations was
calculated, assuming common temperature for the electrons, ions, and neutrals. This
temperature was determined by the laser energy beam absorption in plasma, which
was accelerated during its expansion. The plasma expansion was calculated using an
equilibrium condition for the pressure and vapor density, and thermal atom velocity
and WL for surface evaporation rate as boundary condition [51]. The range of laser
power density 108–1010 W/cm2 was considered. The stage of heating, melting, and
vaporization of the target material was studied. The expansion of the evaporated
material plume in vacuum, the plasma formation, generating electrons, Cu+ and Cu2+

ions, beside the Cu atoms was described, and the plasma shielding of the incoming
laser light was indicated.

A 3D combined model of the laser induced plasma plume expansion in a vacuum
or into a background gas was proposed by Itina et al. [53]. The model takes into
account themass diffusion and energy exchange between the ablated and background
species, as well as the collective motion of the ablated species, and the background
gas particles. Anisimov’s result [17] was used as a boundary condition, including
the Mach number M = 1 at the Knudsen layer for one-atomic vapor. Only singly
charged ions were assumed. It was found that the temperature of electrons deviates
from that of ions and neutrals. However, no information about the data of electron
temperature as a boundary condition and in the expanding plasma was presented.

Recently, Gusarov and Aoki [54] considered the thermionic electron emission
from Cu and Al targets, kinetics of ions and neutrals, and an electrostatic sheath
that was formed at the surface. The temperature equilibrium for the plasma particles
and weakly ionized vapor were assumed. The problem was solved for given plasma
pressure at the external boundary of the Knudsen layer, as a parameter. The potential
drop in the electrostatic sheathwas determined taking into account the electron fluxes
from the target and plasma.

The common weakness can be emphasis while considering the previously devel-
oped different approaches of modeling the laser plasma generation. As a rule, it
was assumed an equilibrium boundary condition for plasma expansion and thermal
equilibrium in the plasma. The weakly ionized vapor is described, neglecting the
collisions between charged particles. The local vapor flow at the external boundary
of the Knudsen layer was assumed at the sound speed. At the same time, the previous
calculation indicated a relatively large particle temperature and a large degree of



46 2 Atom Vaporization and Electron Emission from a Metal Surface

ionization of the vapor. Therefore, a space charge region with high potential drop
and large electrical field at the surface, and as a result, large ion and electron emission
currents at the target can be expected.

An extensive physical model and a mathematical formulation describing the laser
generated plasma interaction with a target was developed by Beilis [55] using previ-
ously validated approaches developed for cathode spot description [45, 46, 56]. The
kinetics of target ablation due to laser irradiation and the plasma energy flux of ions
and electrons, the space charge sheath, as well as the adjacent plasma heating by
emitted electron beam and plasma expansion into a vacuum were considered. The
review of experimental study of laser plasmas and plasma acceleration was presented
[57] (see details in Chap. 24).

2.2 Electron Emission

2.2.1 Work Function. Electron Function Distribution

Similarly, to free electrons that must acquire energy at the level of atom ionization to
overcome the force of attraction, the electrons in solids must also acquire energy to
leave the solid bulk due to presence on its border of a potential barrier, i.e., retarding
forces. These forces have different origins. Firstly, when the electron is removed from
a metal, some positive charge was induced in the body near its boundary (Fig. 2.1).
The force of the interaction between the electron and the induced charge was called
as the force of the mirror image and is constant at distance a of lattice constant
F = e2/4a2 while depends on distance x as F = e2/4x2 for x > a, e-electron charge.

In addition, the electrons coming out from the metal form the electron cloud near
the surface. This leads to formation at the boundary of a negative electrical layer
retarding the output of electrons from the metal and contributing to formation of
the potential barrier (Fig. 2.1). Thus, the transition of electrons from the metal in
a vacuum requires certain energy to overcome such barrier. This energy is called
the electron work function ϕ that is the difference between the energy states of the
metal before and after electron transition per electron ϕ = −(∂ε/∂N)T at constant
temperature T.
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Electron energy εe in metals (with a temperature T ) is distributed according to
quantum statistics, which take into account Pauli principle, and described by Fermi–
Dirac function distribution f :

f (ε) = 1

exp
(

εe−ε0
kT

) + 1
(2.2.1)

2.2.2 Thermionic or T-Emission

For the case ofT → 0 and for Fermi energy level ε0 > εe, the function f = f 0 = 1.With
increasing temperature (T > 0), the edge of the distribution function becomes blurred,
and electrons are distributed by classical statistics with Maxwellian distribution.
Thus, the electron with energy εe > ε0 from the tail of the Maxwellian distribution
can be able to escape the metal surface. Let us consider the electron flux in direction
Nx (normal to the surface) through the metal edge per unit area with any velocities
vy and vz but having velocity component vx lying within dvz using (2.1.1) [58]

dNx = 2mvx
h3

∞∫
−∞

∞∫
−∞

dvy dvz

e
1
kT

(
m(v2x+v2y+v2z )

2 −ε0

) (2.2.2)

Integration of (2.2.2) leads to the following expression

dNx (εx , T ) = 4πmkT

h3
ln

(
1 + e

−
(

εx−ε0
kT

))
dεx (2.2.3)

When a metal is hot, the electron cloud at the surface is in thermodynamically
equilibriumwith the electron inside the metal. This means that the electron flux from
the metal is equal to the electron back flux to the metal. Taking into account this
specific condition, the electron current density j was obtained in accordance with the
kinetic theory integrating (2.2.3) in form

j = AT 2(1 − R)e− ϕ

kT ; A = 4πemk2

�3
= 120

A

cm2 grad2
(2.2.4)

where A is the universal constant and R is the coefficient of electron reflection from
the edge. The mathematical form of emission law (2.2.4) based on kinetic theory
of electron emission from a metal was developed by Richardson in 1911–1915 that
discussed in [59, 60] and also by Dushman [61] and Nordheim [62]. Equation (2.2.4)
describes early experimentally deduced exponential dependence of electron emission
current fromhot platinumon the temperature in 1901 and known asRichardson effect
[63].
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2.2.3 Schottky Effect. Field or F-Emission

Considering the classical statistics, electrons having energy larger than ≥ϕ able to
leave themetal,while according to the quantum theory, such electrons can be reflected
from the metal edge.

Therefore, the edgemetal,where a potential barrier is formed, can be characterized
by a transmission coefficientD of this barrier. To understand this phenomenon, let us
consider behavior of the electron potential energy at the edge of the metal (Fig. 2.2).
When passing through the metal border, the potential increases from –W (bottom of
conduction band) to zero in the absence of external forces. However, in the presence
of an electric field E, and by taking into account the image forces, the work function
ϕ(x) passes through a maximum and then decreases linearly. Integrating the force
dependence, it can be obtained that

ϕ(x) = ϕ(0) −
∞∫

x0

(
eEx − e2

4x2

)
dx (2.2.5)

At the distance x= x0 is e3E = e2/4x0 (Fig. 2.2) and then x0 = (e/E)0.5. Taking into
account this expression for x0, a reduction of the potential barrier can be obtained as
ϕ(x0) = ϕ(0) − �ϕ = ϕ(0) − (e3E)0.5 that is known as Schottky effect [64, 65]. In
this case, the thermal emission in presence of an electric field is

j = AT 2e− ϕ−
√

e3E
kT (2.2.6)

According to this effect, E should be about 108 V/cm to reach �ϕ ~ ϕ. However,
significant electron emission was observed by E = 106 V/cm [65, 66]. This exper-
imental evidence was studied within the framework of wave mechanics for which
the electron can be emitted even for jump barrier by tunneling mechanism. Let us
determine the probability of an electron passing through the barrier characterized by
the wave function Ψ satisfies to Schrodinger equation [67]
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εΨ + 8π2m

�

(
ε + eEx + e2

4x

)
Ψ = 0 (2.2.7)

The transmission coefficientDwas defined as D = |a f |2−|ar |2
|a f |2 , where af , ar are the

amplitudes of incoming and reflected waves, respectively. The solution is searched
for x1 < x < x2 outside the metal and x < 0 inside the metal. So, the transmission
coefficient was obtained in form [67]:

D = 1 − R = 1 −
(
1 − e−2K /4

)2(
1 + e−2K /4

)2 = e−2K(
1 + e−2K /4

)2 ≈ e−2K (2.2.8)

K =
√
2m

�

x2∫
x1

√(
|ε| + eEx + e2

4x

)
dx (2.2.9)

Expression (2.2.9) is an elliptical integral that was calculated by Nordheim as

K = 4π
√
2m

3�

|ε|3/2
eE

θ(y) y =
√
e3E

|ε| (2.2.10)

where y is the ratio of Schottky work function reduction to the work func-
tion with given electron energy. θ (y) is the Nordheim function indicating that
θ (y) = 1 for y = 0 and θ (y) = 0 for y = 1. So, the transmission coefficient is

D(εx , E) = Exp

{
−8π

√
2m

3�

|εx |3/2
eE

θ(y)

}
(2.2.11)

The electron emission current density je canbe obtained taking into account (2.2.3)
and (2.2.11) by

je = 4πmkT

h3

∞∫
0

Ln
(
1 + e− εx−ε0

kT )
)
D(εx , E)dεx (2.2.12)

When electron emission was only under electric field, a condition T → 0 was

considered. In this case, ln

(
1 + e

−
(

εx−ε0
kT

))
→ − εx−ε0

kT for εx − ε0 < 0 and is equal

to 0 for εx − ε0 > 0. Taking into account that the electrons emitted from Fermi level
and from levels close to ε0, the emission is [68]

j = e3E2

8πhϕ
Exp

{
−8π

√
2m

3�

ϕ3/2

eE
θ

(√
e3E

ϕ

)}
(2.2.13)
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Expression (2.2.13) describes the current density by field emission mechanism
(F-emission) that also known as Fowler–Nordheim formula in form

j = 1.55 × 10−6 E
2

ϕ
Exp

{
−6.85 × 106ϕ3/2

E
θ

(
3.72 × 10−4

√
E

ϕ

)}
(2.2.14)

Function θ (y) was calculated and tabulated by Nordheim. The table of θ (y) was
approximated by the following expression [69]

θ(y) = 1 − y2
{
1 + 0.85 sin

(
1 − y

2

)}
(2.2.15)

Expression (2.2.15) indicates that θ (y) = 1 for y = 0 and θ (y) = 0 for y = 1.

2.2.4 Combination of Thermionic and Field Emission Named
TF-Emission

When electron emission is under both electric field and temperature, conditions
T �= 0 and E �= 0must be considered. In this case, the electron emission is caused by
solid heating and by electric field influence. As a result, the electrons can be emitted
by tunneling through the potential barrier as well as by energetic electrons with
energy larger than Schottky barrier. This type of emission called thermal field, T-F
electron emission. Different analytical approaches were developed assuming that the
electrons leaved the metal from energetic levels in zones closed to the Fermi level,
or to the Schottky level or to zone with levels between these [70–72]. The obtained
analytical approximations were limited by the need of their use for determining the
current of electrons emission froma specific energy bands,which correspond to given
T and E. However, in practice, the necessity for calculating T-F electron emission
occurs in a much broader range of temperatures and electrical fields than those that
can be investigated by the limited analytical expressions. A review of these early
published works was conducted in [73].

A more accurate calculation of the emission current j can be carried out by taking
into account that electrons can be emitted from any energy level in the conducted
band. Such general equation has the form

j = e

∞∫
−∞

Nx (εe, T )D(εe, E)dεe (2.2.16)

Fermi–Dirac statistic for the electron population can be employed, and thus, the
main issue is to obtain an accurate expression for transmission coefficient D. The
one-dimensional model of the electron transmission gives several different approxi-
mations for D depending on additional assumptions used in the derivations [62, 67].
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As noted by Elinson Vasil’ev [74] and Itskovich [75], the results of calculating by
these approximations differ by a factor of about 2.

Based on generalized by WKB (Wentzel [76]–Kramers [77]–Brillouin) method,
Kemble [78] obtains an expression forD, which differs from these mentioned above,
in that, it describes the emission by one relation for both tunneling electrons and for
electrons above the barrier. However, it is precisely near the summit of the barrier, the
features of which were taken into account by Kemble, that the potential distribution
used by Kemble is invalid [75]. As noted by Itskovich [75], any refinement in the
calculation of D within framework of the free-electron model, which does not allow
account an arbitrary dispersion law, cannot increase the accuracy of results deriving
by this model itself. Itskovich [75] constructed a theory of electron emission for the
case of an arbitrary dispersion law. The obtained results show that allowing for the
dispersion law in theory of electron emission leads to the familiar relations obtained
early but with a slightly increase of thework functionϕ. Thus, allowing for a complex
of dispersion law is equivalent to making a certain correction to the value of ϕ, which
is for most materials is relatively small.

Thus, Sommerfield theory [67] holds for the one-dimensional case and is based
on the free-electron model. This approach was used for the explanation of different
phenomena of emission electronics obtained experimentally [74]. The advancement
of the free-electron theorywas so successful that it was used as example for approving
the base of quantummechanics. Taking into account the above-mentioned arguments,
let us consider the electron emission from the cathode of a vacuum arc caused by
high temperatures and high electrical fields appearing in the spots. Below the elec-
tron emission will be analyzed utilizing the simplest and most frequently employed
expression for transmission coefficient in form proposed by Sommerfeld [67]

D(ε, E) = Exp

{
−6.85 × 106(ϕ − ε)3/2

E
θ

(
3.72 × 10−4

√
E

|ϕ − ε|

)}

ε = εx − ε0 (2.2.17)

Utilizing (2.2.3), (2.2.16), and (2.2.17) different mechanisms the electron emis-
sion can be describedwhichwere determined by corresponding distribution in energy
of the emitted electrons. To study of the effect of varying T and E, it is important to
analyze how the energy distribution of the emitted electrons varies as a function of
two aforementioned parameters, i.e., T and E. Such distribution was determined for
relatively low temperatures (<3000 K) by Dolan and Dyke [79]. This approach [79]
was used to describe the emitted electron distribution for wide range of variables T
and E characterized for the vacuum arc at the cathode region [80]. An expression for
the emission current density je(ε), in A/(cm2 eV), as a function of electron energy
distribution using the product Ne(ε, T ) D(ε, E), can be expressed as

je(ε) = 4πemkT

h3
Ln

(
1 + exp

(− ε
kT

))
Exp

{
− 6.85×106(ϕ−ε)3/2

E θ
(
3.72×10−4

√
E

|ϕ−ε|
)} (2.2.18)
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Fig. 2.3 Emission current density as function on energy of emitted electrons relatively Fermi level
(ε = 0) for various cathode temperatures and electrical fields

The calculated results very obtained for ranges of T = 3500 − 6000 K and
E = 106 − 108 V/cm, ϕ = 4.5 eV and presented in Fig. 2.3 as series of dependences.
For each section, the captions cite the respective electric field and reducedbySchottky
effect the work function ϕs = ϕ − (e3/E)0.5.

It can be seen that increase of the electric field shifts the curves into a region of
negative values of ε, indicating the increasing role of field emission. With increasing
temperature, the number of electrons excited to higher levels increases leading to
more clear indication of theT-F character of the emission. These features quite clearly
demonstrate the transition from one type of emission to other. A characteristic of the
dependences is that the position of the maximum of each of temperature curves
corresponds to electron energy equal to ϕs.

An exception of this rule occurs at E = 108 V/cm and T < 5000 K in electron
energy distribution displaced toward smaller electron energy. For fields E < 107

V/cm, the number of emitted electrons with energy less than ϕs is negligible for any
temperature in the investigated range of E and T. When E = 5×106 V/cm and T =
4000 K, the current density je can reach a value of 105 A/cm2 per eV. An interesting
and very evident fact that follows from the calculations of Fig. 2.3 is that the presence
of Nottingham effect, i.e., heating of the cathode through the emission of electrons
with energy less than the energy at the Fermi level. This effect begins when E = 5×
106 V/cm (small contribution) and becomes significant when E = 108 V/cm. It turns
out that the Nottingham effect shows up in the investigated range of T only when the
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height of the potential barrier is small (ϕs ~ 0.7 eV; Fig. 2.3). The emission current
je can exceed a value of 109 A/cm2 in such case.

In general, the above calculation allows to conclude that the role of Nottingham
effect is weak at the arc stage (dI/dt ≤ 107 A/s) and therefore can be negligible in
the thermal balance of the cathodes. Nevertheless, this effect manifests itself mainly
under conditions, characterized the prebreakdown and spark stages with large rate of
current I rise (E ≥ 108 V/cm, dI/dt ≥ 108 A/s). At the same time, in calculating the
effect of cooling of the cathode through the emission of excited electrons, one can
assume that the electrons carry away from the cathode an energy of about ϕs when
E ≤ 2×107 V/cm. The contribution from tunneling electrons to the total emission
flux, as follows from Fig. 2.3, is possibly not large.

2.2.5 Threshold Approximation

An original attempt to develop the theory of electron emission free from the essen-
tially classical approach (e.g., existence of a potential barrier at metal–vacuum
boundary, free-electron model, [62, 67, 74]) was performed by Brodskii and Gure-
vich [81, 82]. They use a threshold approximation that depends on existence of small
parameter determined by a relatively small range of energies of emitted electrons. The
developed concepts are based on the theory of potential scattering. A clear explana-
tion was given on the electron emission phenomena at large transmission coefficient
(D ~ 1) based on a comparison of thewavelength of emitted electronswith the charac-
teristic thickness of the potential barrier. It turns out that the emission process in this
case does not depend on the shape of the potential barrier and that the expression for
D was specified solely by classical model. Accordingly, varying the specific form of
this expression cannot have a decisive effect on the results of emission calculations.
The most advance of the threshold theory [82] consists in possibility of derivation of
expressions for the electron thermionic and field emissions by different ways. This
allows to support the conclusion about universality of the formulas describing these
emission mechanisms on the one hand. At the other hand, it also allows to study
the possible deviations from the universal approach associated with strong electric
fields, specifics of internal structure of the metals, boundary between two bodies and
emission by photoelectron effect, etc.

2.2.6 Individual Electron Emission

Ecker andMuller [83, 84]werefirst to propose yet another typeof emission, so-called,
individual electron emission. This mechanism of electron emission was suggested to
explain the nature of the cathode electron current in a vacuum arc without extremely
large electric field, which necessary to use F-emission. The authors took into account
that at the cathode plasma boundary, an ion approaching to the negatively charged



54 2 Atom Vaporization and Electron Emission from a Metal Surface

surface induces a local field, which may influence the electron emission due to local
fluctuation of the field E against its average value in the electric layer at the cathode.
Using statistical methods of probability theory, it was obtained an expression for the
probability distribution W (E) of the ion density in space near the cathode surface.
The current density of individual electron emission was proposed to calculate using
Fowler–Nordheim dependence (2.2.14) of emitted electrons on electric field as

j =
∞∫
0

W (E) j(E)dE (2.2.19)

Integration of (2.2.19) can be performed by taking into account the lower limit
for ion neutralization distance, the average electric field at the surface Eev, the field
distribution from the individual ions Ein, and the material work function ϕ. The
numerical calculations were conducted for work function of 3.5–4.5 eV and for Eev,
used as parameter in range of (0.4 − 4) × 107 V/cm. The result showed that the
current density due to individual emission significantly exceeds that obtained using
only average electric field. The role of individual emissionwas considered calculating
the transmission coefficient for the potential barrier in approximation of (2.2.5) with
adding the forces due to ion presence and its mirror image [85]. According to the
model in works [83, 84], the potential barrier consists of two parts. The first part is
usual and depends on electric field and electron image forces, while the second part
determinedby the potential distribution induceddue to ion approaches the surface.An
expression for probability distributionW (E) of the ion density similar to one obtained
in [83]was used. The calculation showed the relatively large electron emission caused
by fields from separated ions, but the emission current was significantly lower than
that obtained by Ecker and Muller [83], which is not real as indicated in [84].

The nonlinear behavior of the electric field at the cathode caused by approaching
to the surface of the individual ions was considered in order to study the electron
emission from the cathode of an electrical arc [86, 87]. The model predicts different
result dependent on relation between cathode potential in the electrical sheath uc and
material work function ϕ. Thus, when uc < ϕ (low voltage discharge), the role of
the individual ions can be considered, while for uc > ϕ (vacuum arc), the current
density calculated taking into account the individual ions can be even lower than that
obtained due to average electric field action. An influence of discrete ion fields on the
electron emission fromheated cathode to a temperatureT was considered for electron
emitted over the reduced barrier (by Schottky effect), named I-T-F-emission, and for
tunneling electrons, named I-F-T-emission [88]. An analysis of the early published
and recent (last decade) works indicates ambiguous effect of individual ions on field
emission [89]. However, the general result of the above-mentioned works is that the
electric field generated due to individual ion approaching to the emitting surface can
influence only when the average field Eev exceeds some critical value, which is about
(5–7) × 107 V/cm. But at such large values of Eev, the cathode electron emission
problem can be explained in frame of usual F-emission mechanism.
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2.2.7 Fowler–Northeim-Type Equations and Their
Correction for Measured Plot Analysis

As it was mentioned above, the standard Fowler–Northeim equation was derived for
the case of a free-electron model and for a planar metal surfaces. Usually, the only
simple type of test was conducted for consistency of field emission data with theory,
i.e., by checking whether an experimental Fowler–Northeim plot in the logarithmic
scale corresponds to a straight line. However, the described emission phenomena can
be different from the emission in a real physical situation. According to Forbes [90],
it should be taking into account significant effects resulting from: voltage drop in the
measuring circuit, leakage currents; patch fields; field-emitted vacuum space charge,
current-induced changes in emitter temperature; field penetration and band-bending;
strong field fall-off, quantum confinement associated with small-apex-radius emit-
ters, and field-related changes in emitter geometry or emission area or local work
function. The metal can be with rough surface, including sharp emitters at which the
field Eloc can be enhanced by geometric factor β0 (which can be changed during the
emission process) where β0 = Eloc/E and E is the field in the cathode–anode gap.

It was proposed [90] that the correlation between theoretical results and experi-
mental data can be presented inways, involving different choices of independent vari-
able (e.g., barrier field, FC ; macroscopic field, FM ; device voltage, Vd ; or measured
voltage, Vm) and of dependent variable (e.g., characteristic local current density, JC ;
macroscopic current density, JM ; device current id ; or measured current, im). The
need to distinguish between device parameters (id , Vd) and measured parameters
(im, Vm) arises because measurement circuits may, in principle, have resistance in
series and in parallel with the field emitter. In practice, parallel resistance can usually
be made effectively infinite by improved system design, but, in some cases, it may be
impossible to eliminate the series resistance. A quantitative test of Fowler–Northeim
theory and theory related to Fowler–Northeim plotswas developed in [91–93]. Refor-
mulation of Fowler–Northeim theory presented in the cited papers makes it easier
to generalize standard theory to treat the more realistic tunneling barriers and others
leading to derive some universal Fowler–Northeim type equation by assumptions
discussed in [90].

Fursey and Glazanov [94] modify the Fowler–Nordheim theory of field emission,
for nanoscale emitters, considering the case when the protrusion apex curvature
radius can become comparable or even less than the width of the potential barrier
on the metal–vacuum boundary. In such case, the electric field near the surface is
not homogeneous, and the barrier shape deviates from the traditional plane model.
A numerical solution of Schrödinger equation for electron tunneling conducted, and
the emission current density and energy distribution of emitted electrons for arbitrary
barrier shape were calculated. Comparison of the obtained results with the prediction
of conventional Fowler–Nordheim theorywas discussed [68]. Itwas indicated that the
traditional theoretical models such as “solid state,” “free electrons,” “band structure”
need to be additionally thoroughly analyzed.
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Recently also Kyritsakis and Xanthakis [95] derive analytically a generalized
Fowler–Nordheim-type equation taking into account the curvature of a nanoscale
emitter, so such solution is generally applicable to any emitter shape provided that
the emitter is a good conductor and no field-dependent changes in emitter geometry
occur. The ellipsoidal geometry was chosen for testing, where the beam width of
electron beams emitted from the tip as a function of the tip-anode distance was
calculated [96]. The developed approach allows to obtain the local field at the tip and
the radius of curvature of the emitting surface.

It is well known that a protrusion growth takes place under high electric field
applied to the metal surface. Zadin et al. [97] showed that nanoscale voids, presum-
ably forming in the surface layers of metals during the technological processing, can
be responsible for the onset of the growth of a surface protrusion. Finite element simu-
lationswere used to study the evolution of annealed copper, single crystal copper, and
stainless steel surfaces that contain a void under high electric fields. The mechanical
stress applied to the surface of each sample due to the electric field is calculated
by using the Maxwell stress tensor for the electrostatic field equal ε0E2

n/2 where, ε0
the vacuum permittivity, and En is the electric field at the surface. According to the
results, the stainless steel and single crystal copper surfaces demonstrate the forma-
tion of well-defined protrusions, when the external electric field reaches a certain
critical value about (3–4) × 107 V/cm. The protrusion growth depends on the aspect
ratio, defined as a ratio of depth to void radius (h = r), in the range from 0.2 to 2.
Among the threematerials, annealed copper surface starts yielding at the lowest elec-
tric fields due to the lowest Young’s modulus and yield stress. However, it produces
the smallest protrusions due to a significant strain-hardening characteristic for this
material.

Timko et al. [98] determined the enhanced geometric factor β0 measuring the
electron field emission current as a function of external field E. Factor β0 is then
determined by a least-squares fit to the current deduced from Fowler–Nordheim
equation corresponding to E. The local field Eloc was defined as Eloc = β0E. The
results indicated that for Cu the local field weakly depends on energy and the average
of the local field was 96 MV/cm at breakdown, while the field enhancement factor
increased from 50 to 80 with increasing energy in range 5–90 mJ. For Mo, the local
field increased with increasing energy, while the field enhancement factor remained
constant at 34. According to Descoeudres et al. [99] with copper electrodes, the local
breakdown field is around 110 MV/cm, independent of the gap distance and β0 was
determined in range of 50–150 depending on surface modifications induced by the
sparks result.

2.2.8 Explosive Electron Emission

This emission type initiated by rise of an electron current due to F-emission during
high-voltage application to a needle-shaped emitter (cathode) at which the field Eet

can be enhanced by geometric factor β0. The emission was associated with Joule
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overheating of the emitter and its destruction. Dyke and Trolan [100] first reported
the emitter overheating, explosion and transition phenomena to an arc discharge.
Experimentally, it was shown that the time of vacuum arc formation was less than
5 × 10−8 s. During the formation of the arc, the current density j increased by
approximately, two orders of magnitude. The observed current increase required
either that j was considerably greater than current density, for which the space charge
was necessarily neutralized, or that the effective emitting area was correspondingly
increased, or both. The positive ions required by the former may have been supplied
by the heated emitter whose surface material was evaporated as ions or as neutral
atoms, whichwere ionized near the emitter surface in the high-density electron beam.

The follow-up study indicated that when the field current density from a tungsten
emitter is continuously increased, the normal emission is terminated by an explosive
vacuum arc [101]. The vacuum arc was initiated at a critical value of the field current
density of the order of 108 A/cm2. It was indicated that the current densities below
the critical value supported by an electron emission, which apparently involved both
by high electric fields and high temperatures. Dolan, Dyke and Trolan [102] provided
an analysis of the transient heat conduction problem with resistively heating of used
in experiments cone tungsten emitter whose half-angle was in the range 2.75°–
15.5°, with a hemispherical tip of radius between 0.15 and 1.5 μm. Heat radiation
is supposed to be negligible. Boundary conditions are based on the assumptions of
zero temperature at a relatively great distance from the apex of the emitter, and no
heat flow through the apex. The maximum steady-state temperature was obtained by
the relation

Tmax(deg C) = 9.5 × 10−4 j2r2

where j is current density in A/cm2, and r is emitter radius in cm. If Tmax is to be
held at less than 1000 °C, an arbitrary value used for illustration, it is clear that the
product j2r2 must not exceed 106. Thus, in the range of radii from 10−4 to 10−5 cm, j
for direct current operation may reach corresponding values from 107 to 108 A/cm2

under the conditions here described in [102].
Flynn [103] studied interestingphenomena.He showed that after applyingvoltage,

an intense field emission leads in a very short time to the initiation of the triggering
arc, which causes a jet of vapor extended at high velocity from the cathode into
the space between the anode and cathode. Flynn guessed that the vapor produced
by the triggering arc is already ionized and that the jet actually consists of mixture
of electrons and positive ions. Therefore, during the expansion from the cathode,
advancing jet is effectively electrically conductive, and the applied voltage appears
between the advancing ionized vapor front and anode. The limitation on the current
will be set by electron space charge in the vacuum region. It proposed that this
current could be drawn from the advancing plasma front. Flynn [103] indicates that
the conducting plasma begins to traveling toward the anode with velocity v and the
effective gap at any time will be d − vt, where d is the cathode–anode distance. Thus,
the equation for the current density was obtained in frame of electron space charge
limitation approach as [103]
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j = kspAU
3/2(d − vt)−2 (2.2.20)

where ksp = 2.34 AV−2/3 and A is the parameter described the plasma edge are
expansion approximated function on vt. Using a value for v of 106 cm/s, measured
previously by Easton et al. [104], the calculation conducted by Flynn showed that the
predicted current grows agree well with measured current and voltage waveforms.

Considering the early works mentioned above, it can be noted that the phenomena
studied with relatively low resolution in time for electrical pulses of about 1 μs.
The improvement in experimental diagnostic systems with the highest resolution
of about 10−10–10−9s happens in 60th and 70th decades of the last Century. This
development led to new nanosecond pulse techniques [105–107]. The nanosecond
experiments were conducted with a needle-shaped emitters and with a configuration
of half-sphere disk. Approximately, 4–6 ns after applying of the voltage, a local
luminescence at the cathode was observed that indicated the explosion points and
that a plasma was formed. At the next few ns, the luminous region was extended
showing plasma expansion in a vacuum. At this period, significant current rise was
detected. The plasma velocity was determined as (2–3) × 106 cm/s (as by Easton
et al. [104]) by measuring the displacement of the front of the plasma luminescence
consistently during the breakdown development with nanosecond time resolution. It
was shown that the electron emission from the cathode during an explosive transition
of the metal into a plasma determines the rise of the electron current in the gap. This
phenomenon was named as explosive electron emission (EEE), which was in detail
investigated and widely presented since then [108–114]. Summarized results of EEE
investigations were described in [115].

The results showed that the explosion phenomenon characterized by some delay
time td between voltage application and themoment of tip explosion. Experimentally,
for tungsten tip, a relationship was established as

t∫
0

j2
(
t ′
)
dt ′ = j2td = 4 × 109

A2s

cm4
(2.2.21)

It was shown that the determined value of j2td was constant in a large range of
the current densities and the time delays for tungsten tip. The relationship (2.2.21)
can be understood considering the tip heating by equation

γ c
dT

dt
= ∇(λ∇T ) + j2ρ (2.2.22)

where γ , c, λ, ρ are the specific density, heat capacity, heat conductivity, and specific
resistivity of a metal, respectively. Taking into account linear dependence ρ = ρ0T
and neglecting the conductivity term due to very small time td is

dT
T = j2ρ

γ c dt , and then after integration, the following relation can be obtained
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Table 2.1 Parameter j2t for different materials

Metal Cu Au Al Ag Ni Fe

j2td × 10–9 4.1 1.8 1.8 2.8 1.9 1.4

j2td = γ c

ρ0
Ln

(
Tcr
To

)
(2.2.23)

where T 0 and T cr are the initial and critical for the explosion temperatures, respec-
tively. Calculation according to (2.2.23) generally indicates agreement with the
measurement for the tungsten. It is also indicated that the calculated results depend
on the tip geometry (cylinder, cone, radius of the cone apex curvature, Nottingham
effect) [112, 114, 115]. Calculation using (2.2.23) for tungsten yields j2td = 2×109

A2s/cm4, when T cr equals the liquid temperature, and it is 2.7 × 109 A2s/cm4, when
T cr equals the boiling temperature [108, 115].

As the measured time td ~ 10−9 s, then j ~ 109 A/cm2 and such current density
was supported by tunneling emission from a tip with strong electric field ~108 V/cm.
Since an average fieldwas applied, the requested field can be reached by enhancement
factor worked when the electrode gap is significantly larger than the tip radius of
sub-microscale size.

It should be noted that earlier, the results of a calculation of resistance of explosion
gold wire as a function of similar variable

∫ t
0 I 2

(
t ′
)
dt ′ was called an action and it

was reported by Tucker [116]. The thermal instability of resistivity heated micropro-
trusion was studied in [117] where the applicability of the instability mechanism for
different cathode materials to the time delay calculation was discussed. Parameter
j2td as presented in Table 2.1 according to [115].

After explosion event, the electron flux is produced by emission from the
expanding plasma-vacuumboundary at distance from the surface vt with gap distance
d. Assuming that the plasma–surface at the shape of expanding boundary is πr2 =
πv2t2, the expression for current density was obtained in form similarly to Flynn’s
work of [103]

j(t) = Aexp lU
3/2(t)

π(vt)2

(d − vt)2
(2.2.24)

The specifics of dependence (2.2.24) consist in that it was established experimen-
tally. In a nanosecond time range and for half-sphere surface on the plane cathode, the
constant wasmeasured to beAexpl = 4.44× 10−6 A/V3/2 [112]. The electrons emitted
from the extended explosion plasma characterized the sharply discharge current rise
due to effect of explosion emission. The explosion depends onmany factors including
destruction of the local emitter, and therefore, the current–voltage waveform cannot
be reproduced as it was produced by tunneling mechanism at field emission. The
phenomenon is enough complicated due to different physical processes appeared
during the explosion and transition from the solid state to the highly velocity plasma
flow.
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Computer simulation of metal protrusion explosion was performed in quasitwo-
dimensional [118] and in 2D [119] approximations. The numerical investigation of
the protrusion thermal state was conducted in [120]. The later investigation was
related to develop different heat model and to determine the critical temperature for
protrusion explosion [115].

An attempt to describe the complex protrusion explosive processeswas performed
in work of [121]. A generalized model was developed considering transient and
spatial inhomogeneity of the electromagnetic, thermal, gasdynamic, and the material
properties arising during the energy dissipation due to field emission current in the
protrusion. The model accounted the phenomena associated with the quick variation
of inducedmagnetic field due to high rate of current rise (see below) by the explosion.
The electrical current can be converged in the vicinity of the protrusion apex, and
therefore, the non-uniform heating and metal destruction created.

Short time character of intensive energy deposition in the small volume causes
formation of local regions with high pressure and abrupt dispersion of the substance,
requiring the thermophysical data for the material, peculiarities of transport coeffi-
cients and equation of state for the metal in different phases. The main equations of
electrodynamics of the protrusion explosion can be derived from equations of plasma
motion, Maxwell’s equations, and generalized Ohm’s law [121]:

∂ �H
∂t

= rot
[ �V , �H

]
− rot

(
νm, rot �H

)
(2.2.25)

∂ �j
∂t

= νmσ�

{
j

σ
− 1

eN
(∇P) + RT

eNe
− 1

c

[ �V , �H
]

+ 1

eNc

[ �j, �H
]

− 4π grad ρe

}
(2.2.26)

where �V is the velocity vector, σ is the electrical conductivity, νm = c2/4πσ is the
magnetic viscosity, RT is the thermoelectric force, ρe is the space charge, Pe and Ne

are the electron pressure and density, respectively. In contrast to work in [118], there
the effects of electron pressure and proper magnetic field were taken into account
when Ohm’s law is used. The “displacement current” can be neglected when 4πστ

1, τ = 0.1–1 ns is the characteristic time scale. It is possible to neglect the terms
1
c

[ �V , �H
]
and 1

eNc

[ �j, �H
]
in (2.2.26) when

v

c
�

{
c

4πσr0
, r ≥ vτ

(4πστ)−0.5 vτ > r0

}
(2.2.27)

where r0 is the emitting region radius, v is the hydrodynamic velocity. The boundary
conditions included the equation of electron T-F-emission in general form (2.2.16).
The total current from the emitter is

j = e
∫

j(T, E) dS (2.2.28)



2.2 Electron Emission 61

The solid protrusion heating regime was studied by heat conduction equation in
the following nonlinear form

ρc(T )
∂T

∂t
= ∇[λ(ρ, T )∇T ]

+ j2

σ
+ KT (T )

( �j,∇T
)

(2.2.29)

In the right side of (2.2.29), the second term is Joule, and the third term is Thomson
effects, whereKT , λ(T ), c(T ), and ρ(T ) are the Thomson coefficient, heat conduction
coefficient, heat capacity, and density of the substance.

Boundary conditions:

λ(ρ, T )
∂T

∂n
= j

e
Wn + σSBT

4

Wn is the mean energy carried out by a single electron. The explosion phase and
material properties were simulated in non-viscous 2D gas flow approximation [121]:

∂ρ

∂t
+ div(ρ �w) = 0

∂ρu

∂t
+ div(ρu × �w) + ∂P

∂z
= 0 (2.2.30)

∂ρv

∂t
+ div(ρv × �w) + ∂(Pr)

r∂z
= 0

∂ρ
(
Ei + w2

2

)
∂t

+ div

[
ρ �w

(
Ei + w2

2

)
+ P �w

]
+ divQT − ρ

j2

σ
= 0

Here, �w is the velocity vector of expanding phase with components v and u. P and
Ei pressure and internal energy.

The above system of equations was solved in cylindrical coordinates with axial
symmetry. The protrusion was modeled as revolution-ellipsoid-like body with given
long semi-axis “a” and short “b”, placedon the surface of the planemassive aluminum
cathode. Interelectrodegapwas 25μm, anodevoltage 40kV, curvature radius 0.1μm.
Thenumerical solution electrodynamic andheat conduction equationswas conducted
using not-implicit finite differential method with iterations. Hydrodynamic system
of equations was numerically solved by the PIC code with artificial viscosity [121].

The simulations showed that the currentmoderately increasedbefore the explosion
while strongly raised with rate of 1010–1011 A/s at the explosion moment (Fig. 2.4).
The heating time until time of explosion depends on protrusion size, and this time
reduced byNottingham’s effect. Maximum of the current density as calculated inside
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Fig. 2.4 Time dependence
of the total current from the
protrusion for short semi axis
of 0.5 μm. Different sizes
a of the long semi axis were
shown near the graphs
calculated with
(index-“Not”) and without
Nottingham effect
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near the apexof the protrusionbody.At the same locationwas determined the pressure
(200 kbar) and velocity (1–2 × 106 cm/s) maximums for protrusions of 1.6–0.4 μm.
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Chapter 3
Heat Conduction in a Solid Body. Local
Heat Sources

In this chapter, the electrode heat regime under energy flux dissipation in the solid
froma vacuumarcwas analyzed. Specifics of electrode heat conduction and electrode
heating by concentrate heat sources are studied. The local power density from the
minute area arc spot is modeled. The mathematical formulation and methodology of
solutions of heat conduction equation for different target configurations (plate, film,
and bulk) are presented; as well, analytical expressions are derived.

3.1 Brief State-of-the-Art Description

Arc spot is a highly concentrated and intense heat source. The temperature distri-
bution in the electrode arises as result from the spot energy action, which produced
due to the processes of mass and charge generation necessary for operation of the
arc. Therefore, the description of electrode and plasma phenomena primary related
to the study of the thermal regime of the electrode and to the creation of the correct
mathematical approach of its calculation.

In earlyworks [1–6], thermal processeswere studied using one-dimensional equa-
tions of heat conduction and sometimes with assumed surface temperature at the
electrode surface, which correspond to temperature of the phase transition (melting
or boiling point) of the electrode material. The transient electrode temperature was
also calculated using heat flux density as boundary condition taking into account
the energy losses by radiation and evaporation of the material [7–14]. These works
made possible to get a general understanding of the temperature distribution in the
electrodes and the scale of the thermal effect propagation by the arc heat flux. In
spite of such studies of limited by the heat conduction equation in one-dimensional
formulation, nevertheless the obtained results allow to estimate the contribution of
separate thermal effects and to understand the temperature distribution over time in
case of exposed the energy of a pulsed discharge to the electrode.

© Springer Nature Switzerland AG 2020
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The extensive use of the arc in technology for welding, EDM, arc plasma [15–
19], electron beam [20], and laser [21, 22] treatment of the solid targets also led
to appearance of works related to two- and three-dimensional solutions of the heat
conduction equation. The main approach was developed by Rykalin [15, 16] who
used experimental data indicating that current density (power density) in spot of
the welding arc can be approximated by Gauss law. The temperature distribution
was studied solving the equation of heat conduction using method of sources and
source–sink method [15, 16, 23]. As a result, the temperature distribution in solids
caused by moving arc spot and temperature behavior in vicinity of the spot in which
the heat source was modeled as point, linear, and normally distributed source of the
power was obtained. In the following, we will discuss several limited cases relevant
to analysis of the cathode spot in vacuum arc.

3.2 Thermal Regime of a Semi-finite Body. Methods
of Solution in Linear Approximation

Below we consider some examples of solutions of the heat conduction equation for
different types of heat sources. In order to further analysis of electrode thermal regime
in vacuum arcs, the solutions developed by Rykalin [16] are derived and using his
approach our own studies of the thermal regime for specific finite body cases are
described.

3.2.1 Point Source. Continuous Heating

In general, the power in a heat sourcewas distributed either at a surface or in a volume.
In case when this volume is significantly smaller than the area of the heat expansion,
the temperature distribution can be determined using point source approximation.
Let us consider the power density of such heat source as q(W), which continuously
heats an infinite initially cold body during time t. At each elementary time t′, the
element of heat is dQ = q(t′)dt′. Element of heat dQ diffuses into the body and causes
at moment t an elemental temperature rise:

dT
(
R, t − t ′) = dQ

cγ [4πa(t − t ′)]3/2
e− R2

4a(t−t ′) ,

R2 = x2 + y2; (3.1)

where c is the heat capacity, γ is the mass density, a is the thermal diffusivity, x and
y are coordinates in the system with center of the source, and R is the radius vector.
According to the principle of superposition, the following expression can be used:
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T (R, t) =
∫ t

0

(
R, t − t ′)dT (3.2)

Using the above element of heat dQ and (3.1) for the elemental temperature rise,
(3.2) can be represented in form

T (R, t) =
t∫

0

q
(
t ′)dt ′

cγ [4πa(t − t ′)]3/2
e− R2

4a(t−t ′) (3.3)

After integration of (3.3), the temperature distribution caused from action of the
heat point source with constant power q in the infinite body is

T (R, t) = q

4πλR

[
1 + Φ

(
R√
4at

)]
(3.4)

where λ is the heat conductivity and Φ is the Gaussian probability function. At R
= 0, the T → ∞ indicating the approximation of heat flux by point source cannot
describe the heat regime in the region immediately close to the source. However, with
t → ∞, the temperature tends to a steady state at which it is inversely proportional
to the distance from the source R:

T (R, t → ∞) = q

4πλR
(3.5)

3.2.2 Normal Circular Heat Source on a Body Surface

In the case of such source, the heat flux density q(r) is given by

q(r) = qme
−kr2 (3.6)

where r is the distance of a point from the source axis (Fig. 3.1), qm is the maximal
heat flux density (W/cm2) on the axis of the source, and k (cm−2) is the coefficient
characterizing the concentration of the normal distribution. To determine k, let us
obtain the total source power q in form

q =
∞∫

0

qme
−kr22πrdr (3.7)

Integrating (3.7), the total power q is
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Fig. 3.1 Heat sources with
equivalent total power and
different distributions. One
with normal circular
distribution of heat flux and
concentration coefficient, k,
and the other with uniform
heat flux within a circle of
radius r0

2ro

qm

0
r

q = π

k
qm (3.8)

In order to evaluate k, let us introduce an equivalent heat source with maximal
power density qm but distributed uniformly over a spot of radius r0, and therefore,
the total power flux is q = qmπr20 . Comparing this expression with expression (3.8),
the concentration coefficient is k = r−2

0 .

3.2.3 Instantaneous Normal Circular Heat Source
on Semi-infinity Body

Instantaneous normal circular heat source with power q and concentration k acts
upon the surface of semi-infinity body at moment t = 0. The source center was
placed at the center 0 of rectangular system of coordinate x, y, z (Fig. 3.2). The heat
distribution in the body at time t will be

q(r)dt = qm dt e−kr2 (3.9)

Using source method and element of surface dx′dy′, the process of heat expansion
in the body can be expressed as

dT (x, y, z, t) = 2q
(
r ′)dx ′dy′dt

cγ [4πat]3/2
e− R′2

4at ,

R′2 = (
x − x ′)2 + (

y − y′)2 + z2 (3.10)

R′2 = is the distance to some point in the body from a point (x′, y′, 0) and r′2 =
(x − x′)2 + (y − y′)2.
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Fig. 3.2 Heating a
semi-infinity body by a flat
normal circular heat source
(spot radius rs = r0)
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BULK
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circular 
heat flux

Y

0

Z

qm
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Taking into account (3.9) and expressions for R′2 and r′2, integration of (3.10)
can be provided at the all body surface in form

T (r, z, t) = 2qmdt

cγ (4πat)3/2

∞∫

−∞

∞∫

−∞
dx ′dy′e

[

− (x−x ′2)+(y−y′2)
2+z2

4at − x ′2+y′2
4at0

]

(3.11)

where t0 = (4ak)−1 is the constant time that depends not only on the heat distribution
of the source, but also on the metal properties.

Taking into account that q = 4πat0qm, after integrating of (3.11), the temperature
distribution in the semi-infinity body from a normal circular heat source is

T (r, z, t) = 2qdt

cγ

Exp
(
− z2

4at

)

(4πat)1/2

Exp
(
− r2

4a(t+t0)

)

4πa(t + t0)
(3.12)

3.2.4 Moving Normal Circular Heat Source
on a Semi-infinity Body

Let us consider a continuous normal circular heat source with power q and concen-
tration k moving at surface of semi-infinite body with velocity v. The time t during
which the continuously moving source is divided into element dt′. The heating of
the semi-infinite body from such source will be considered as superposition of the
heat dqdt′ acted by instantaneous normal circular heat source (3.12) applied at time
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t′ at distance vt′ from initial location of the source center (x0, y0, z0) and during time
t′′ = t − t′:

dT
(
r ′, z, t ′′) = 2qdt ′

cγ

Exp
(
− z2

4at ′′

)

(4πat ′′)1/2
Exp

(
− r ′2

4a(t ′′+t0)

)

4πa(t ′′ + t0)
(3.13)

r2 = r ′2 = (
x0 − vt ′2) + y20 ;

Before integration of expression (3.13), a moving coordinate system x, y, z with
center at point 0 placed on moving axis 00x0 at distance vt0 is used, and therefore,
the variables are:

x0 = v(t + t0) + x; y0 = y; z0 = z;
x0 − vt ′ = x + v

(
t0 + t ′′); r2 = x2 + y2;

Taking into account the above definitions after integration of expression (3.13),
the temperature distribution caused by continuously moving normal circular heat
source at surface of the semi-infinite body is

T (x, y, z, t) = 2q

cγ (4πa)3/2
Exp

(
−vx

2a

) t∫

0

dt ′′
√

t ′′(t0 + t ′′)

Exp

[
z2

4at ′′ − r2

4a(t0 + t ′′)
− v2

4a

(
t0 + t ′′)

]
(3.14)

Assuming v = 0 and x = y = z = 0, the temperature of the center of a fixed source
will be:

T (0, 0, 0, t) = 2q

cγ (4πa)3/2

t∫

0

dt ′′
√

t ′′(t0 + t ′′)
(3.15)

The integral (3.15) can be expressed as [16]:

T (0, 0, 0, t) = q

2λ(4πat0)
1/2

2

π
arctg

√
t

t0
(3.16)

The temperature distribution in a bulk can be obtained solving the equations for
normal circular heat source.
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3.3 Heating of a Thin Plate

3.3.1 Instantaneous Normal Circular Heat Source on a Plate

A normal circular heat source with power q and concentration coefficient k is applied
to the surface of a plate of thickness δ. The center C of the source coincides with the
origin O of the coordinate system (Fig. 3.3)

As the plate is thin, the heat introduced through an element of area dF is almost
instantaneously diffused through the thickness δ andheats uniformly the element δdF.
Using the source power distribution (3.6), the instantaneous temperature increasewill
be obtained as

dT (r, t) = qmdt

cγ δ
e−kr2 (3.17)

Taking into account that k = (4at0)−1 and source heat Q = 4πat0qmdt according
the model [16], the temperature distribution of (3.17) can be obtained using an
imaginary concentrated source with heat Q expanded in the plate during time t0
in form

T (r, t0) = Q/δ

cγ (4πat0)
e− r2

4at0 (3.18)

Thus, the heat (Q = qdt) diffusion in a plate of an instantaneous normal circular
source which is equivalent of heat diffusion of concentrated linear source during time
to t > t0 will be expressed as

Fig. 3.3 Heating a thin plate
by a flat normal circular heat
source
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heat flux

Y0
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R

δ
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T (r, t) = qdt

cγ δ4πa(t0 + t)
exp

(
− r2

4a(t0 + t)

)
(3.19)

3.3.2 Moving Normal Circular Heat Source on a Plate

The heat diffusion from a continuously acting source will be considered using super-
position principle, as a summation of an infinity number of superposed elemen-
tary heat diffusion process of corresponding instantaneous sources acting during an
element of time dt. A continuous normal circular source of an effective power q
and concentration coefficient k acts on the plate surface of thickness δ. According to
Rykalin’s [16] heatingmodel (Fig. 3.4) the centerC of the source, which is coincident
with the initial time moment t = 0 and with the origin O0 of the coordinate system
x0y0z0, moves along the x0-axis on the plate surface with velocity v. The values of q,
k, and v are assumed constant. At time t, the distance of the C from the origin is vt.

The time interval t will be considered as sum of element dt′ and the corresponding
distance as sum of elements vdt′. An instantaneous normal circular source dQ = qdt′
with its center O′ is introduced at time t′ at distance vt′ from initial location point O0,
and the heat expands in the plate during t′′ = t − t′ and rises an element’s temperature
at some point A according to (3.19)

dT
(
r, t ′′) = qdt ′

cγ δ4πa(t0 + t ′′)
exp

(
− r ′2

4a(t0 + t ′′)

)
(3.20)

Here, r′2 = (AO′)2, r′2 = (x0 − vt′)2 + y0′2.
According to superposition principle, the temperature source produced by the

continuous normal circular moving source can be obtained by integration (3.20):

2rs2rs

X0
V(t+t0)

Vt
A

q2

Vt’ XV(t+t’)
Vdt’ Vt0

X,X00
r

r’

δ

q2

Fig. 3.4 Schema of a normal circular heat source action on the surface of a thin plate
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T (x0, y0, t) =
t∫

0

qdt ′

cγ δ4πa(t − t ′ + t0)
exp

[(
x0 − vt ′)2 + y20
4a(t − t ′ + t0)

]

(3.21)

Now can be taking into account a moving coordinate system xOy with origin at
point O which is located on O0x0-axis at distance vt0 ahead of the center C and that
x0 = v(t + t0) + x; y0 = y; z0 = z, and it can be finally obtained:

T (x, y, t) = q

4πλδ
exp

(
−vx

2a

)

t+t0∫

t0

dt ′

(t − t ′ + t0)
exp

[
− r2

4a(t − t ′ + t0)
− v2

4a

(
t − t ′ + t0

)
]

(3.22)

Here, r2 = x2 + y2 is the radius vector of point A related to the origin of the
moving coordinate system, O. The temperature on the central axis of the plate Oz
can be obtained from (3.22) when r = 0 and x = 0:

T (0, t) = q

4πλδ

t+t0∫

t0

dt ′

(t − t ′ + t0)
exp

[
− v2

4a

(
t − t ′ + t0

)]
(3.23)

3.4 A Normal Distributed Heat Source Moving on Lateral
Side of a Thin Semi-infinite Plate

Different plasma systems consist of current carrying designs that used thin plate
wheremoving arcswere occurred.Below the expressions for temperature distribution
will be derived when an instantaneous or continuously moving normally distributed
heat source acts on the lateral side of such thin plates (see also [24, 25]).

3.4.1 Instantaneous Normally Distributed Heat Source
on Side of a Thin Semi-infinite Plate

Let us consider an instantaneous normal heat sourcewithmaximal power qm, concen-
tration k, and normally distributed power on side of a thin semi-infinite plate in
form:

q(y0) = qme
−ky20 (3.24)
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qm

0

0’

00

x0

y0
y

xy

δ

z0
c

A

Fig. 3.5 Schema of later side of the plate with a moving normally distributed in y-direction over
the plate thickness δ heat source

The maximum power is coincident with the origin O0 of the coordinate system x,
y0, z0 (Fig. 3.5). The plate was assumed thin that the heat from the source instanta-
neously was distributed uniformly through the plate thickness δ (i.e., in x-direction
the width of source x0 = δ), and the temperature is constant in the x-direction. In
this case, the heat diffuses in y0- and z0-directions. In accordance with superposition
principle, the heat diffusion process in semi-infinite plate from normally distributed
source will be considered as sum of numerous elementary instantaneous sources with
heat per unit length dQl:

dT (y0, z0, t) = dQl

cγ δ4πat
exp

(
− y20 + z20

4at

)
(3.25)

The source heat evolved in a surface element δdy during elementary time dt is:

dQl = qm dydt exp
(−ky′2

0

)
(3.26)

Here, q = qmδ(π /k)0.5 is the heat per unit time and Ql = qdt/δ. Substitute (3.26)
in (3.25) and taking into account that plate is semi-infinity:

dT (y0, z0, t) = 2qmdy′
0dt

cγ 4πat
exp

[

−ky′2
0 −

(
y0 − y′2

0

) + z20
4at

]

(3.27)

Taking k = (4at0)0.5 and after integrating on y0′ from−∞ to+∞, the expression,
described the temperature distribution in a thin plate caused by fixed instantaneous
normal heat source, is obtained in form:
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T (y0, z0, t) = Ql

2πλ

exp
(
− y20

4a(t+t0)

)

√
t + t0

exp
(
− z20

4at

)

√
t

(3.28)

3.4.2 Moving Continuous Normally Distributed Heat Source
on Thin Plate of Thickness δ

A continuous normal distributed in y-direction heat source of an effective power q
and concentration coefficient k moves on lateral side of the thin plate surface of
thickness δ. The width of source x0 is equal to the plate thickness δ. The center C of
the source (Fig. 3.5), which coincides with the initial time moment t = 0 and with
the origin O0 of the coordinate system x0, y0, z0, moves along the y0-axis on the plate
surface with velocity v. The values of q, k, and v are assumed to be constant. At time
t, the distance of the C from the origin is vt.

The time interval t will be considered as sum of element dt′ and the corresponding
distance as sum of elements vdt′. An instantaneous normal circular sourceQl = qdt/δ
with its center O′ is introduced at time t′ at distance vt′ from initial location point O0,
and the heat expands in the plate during t′′ = t − t′ and rises an element’s temperature
at some point A(x0, y0) according to (3.28):

dT
(
y0, z0, t ′′) = qdt ′

2πδλ

exp

(
− (y0−vt ′)

2

4a(t ′′+t0)

)

√
t ′′ + t0

exp
(
− z20

4at ′′

)

√
t ′′ (3.29)

Let us introduce a moving coordinate system with origin at point O which is
located on O0y0-axis at distance vt0 ahead of the center C and that yo = v(t + t0) + y
or y0 − vt′ = y + v(t′′ + t0); z0 = z, dt′′ = −dt′, and the time-dependent temperature
distribution can be finally obtained by integrating (3.29) in the following form:

T (y, z, t) = q

2πδλ
exp

(
−vy

2a

) t∫

0

dt ′′
√

t ′′(t ′′ + t0)

exp

[

− y2

4a(t ′′ + t0)
− z2

4at ′′ − v2
(
t ′′ + t0

)

4a

]

(3.30)
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3.4.3 Fixed Normal-Strip Heat Source with Thickness X0
on Semi-infinite Body

Consider a semi-infinity body with surface z = 0. Instantaneous normal-strip heat
source with concentrate kc and with strip thickness x0 acts upon the surface. At the
surface element dF = dxdy, the elementary heat source dq = q(y)dxdydt in a point
A = (x − x′)2 − (y − y′)2 − z2 increases the body temperature by

dT (x, y, z) = 2qmdx ′dy′dt ′

cγ (4πat ′)3/2
exp

[

−
(
x − x ′)2 + (

y − y′)2 + z2

4at ′ − kc y′2
]

(3.31)

3.4.4 Fixed Normal-Strip Heat Source with Thickness X0
on Semi-infinite Body Limited by Plane X = −δ/2

Let us consider a body limited by plane z = 0 and by plane x = −δ/2. To this
end, we introduce a new coordinate system x1 − δ/2 = x, y = y1, z = z1 in which
origin O is placed on the adiabatic body boundary z = 0 (Fig. 3.6). Using the image
principle [16], the body temperature will be increased with instantaneous acting of
the normal-strip heat source with thickness x0 by

Fig. 3.6 Illustration of the image method to temperature field determination in a plate of finite
thickness [25 Permission 4777140922619]
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dT (x1, y1, z1) = 2qmdx ′
1dy′

1dt ′

cγ (4πat ′)3/2

{

exp

[

−
(
x − x ′2

1

) + (
y − y′

1

)2 + z21
4at ′ − kc y′2

1

]

+ exp

[

−
(
x + x ′2

1

) + (
y + y′2

1

) + z21
4at ′ − kc y′2

1

]}

(3.33)

Integrating (3.33) in ranges (δ/2)± (x0/2), (−δ/2)± (x0/2), and−∞ < y1 <∞ and
using the previous coordinate systemwith origin in the source center, the temperature
distribution caused by continuous normal-strip heat source with strip width x0 at
moment t is

T (x, y, z, t) = q

4πλx0

t∫

0

dt ′
√

t ′(t ′ + t0)

exp

(
− y2

4a(t ′ + t0)
− z2

4at ′

)
⎡

⎢
⎢
⎣

Φ

(
x + (x0/2)√

4at ′

)
− Φ

(
x − (x0/2)√

4at ′

)

+Φ

(
x + δ + (x0/2)√

4at ′

)
− Φ

(
x + δ − (x0/2)√

4at ′

)

⎤

⎥
⎥
⎦

(3.34)

Expression (3.34) describes the temperature distribution in the finite body, which
contacted with thermal isolated bodies caused by normal-strip heat source which
center placed at distance (δ/2) from contact with the isolated bodies.

3.4.5 Fixed Normal-Strip Heat Source with Thickness X0
on Lateral Side of Finite Plate (X0 < δ)

Let us consider a body limited by plane z = 0 and by two adiabatic planes x =±δ/2.
Fixed normal-strip heat source of thickness x0 acts the lateral plate side with thick-
nessδ for condition of x0 < δ. For this casewill be also used the new coordinate system
x1 − δ/2= x, y = y1, z = z1 in which origin O placed on the adiabatic body boundary
z = 0 (Fig. 3.6). Considering the expressions from paragraphs 3.4.3 and 3.4.4 and the
image principle the sum of elementary sources taking into account influence of the
reflected sources due to the body limited by two surfaces, the following temperature
field will be

dT (x1, y1, z1) = qdt ′

cγ x0

Exp
(
− y2

4at ′

)

√
4πa(t ′ + t0)

Exp
(
− z2

4at ′

)

(4πat ′)3/2
X
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∫

⎡

⎢⎢⎢⎢⎢
⎣

∞∑

−∞

exp

((
x1 − x ′

1 − 2iδ
)2

4at ′

)

+
∞∑

−∞
exp

(

−
(
x1 + x ′

1 − 2iδ
)2

4at ′

)

⎤

⎥⎥⎥⎥⎥
⎦

dx ′
1 (3.35)

Here, (x1 − 2iδ) and −(x1 + 2iδ) are the distances to the image sources, and i is
the positive and negative numbers including zero. After integration (3.35) and using
the previous coordinate system, the expression for temperature field can be obtained
as

T (x, y, z, t) = q

4πλx0

t∫

0

dt ′
√

t ′(t ′ + t0)
exp

(
− y2

4a(t ′ + t0)
− z2

4at ′

)
M

(
t ′) (3.36)

M
(
t ′) =

∞∑

−∞

⎡

⎢
⎢
⎣

Φ

(
x − 2iδ + (x0/2)√

4at ′

)
− Φ

(
x − 2iδ − (x0/2)√

4at ′

)

+ Φ

(
x + δ(2i − 1) + (x0/2)√

4at ′

)
− Φ

(
x + δ(2i − 1) − (x0/2)√

4at ′

)

⎤

⎥
⎥
⎦

3.4.6 Moving Normal-Strip Heat Source on a Later Plate
Side of Limited Thickness (X0 < δ)

A continuous normal-strip (thickness x0) source of an effective power q and concen-
tration coefficient k moves on lateral side of the finite plate surface when condition
x0 < δ is fulfilled.

The center C of the source, which is coincident with the initial time moment t =
0 and with the origin O of the coordinate system x, y, z, moves along the y-axis on
the plate surface with velocity v (Fig. 3.7). The values of q, k, and v are assumed
constant. At time t, the distance of the C from the origin is vt.

The time interval t will be considered as sum of element dt′ and the corresponding
distance as sum of elements vdt′. An instantaneous normal-strip source Q = qdt′/x0
with its center O′ is introduced at time t′ at distance vt′ from initial location point O,
and the heat expands in the plate during t′′ = t − t′ and rises an element’s temperature
at some point:

dT (x, y, z) = q M
(
t ′′)

4πλx0

dt ′
√

t ′′(t ′′ + t0)
exp

[

−
(
y − vt ′)2

4a(t ′′ + t0)
− z2

4at ′′

]

(3.37)

Let us introduce a moving coordinate system with origin at point Om which is
located on y-axis at distance vt0 ahead of the heat source center and that y = v(t +
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Fig. 3.7 Schema of later side of the plate with a moving normally distributed heat source [25
Permission 4777140922619]

t0) + ym or y − vt′ = ym + v(t′′ + t0); z = zm, dt′′ = −dt′. According to the principle
of superposition, using (3.37) in the moving coordinate system, the temperature
distribution in the finite plate will be increased with continuous normal-strip heat
source action by the following expression:

T (x, y, z, t) = q

4πλx0
exp

(
−vym

2a

)

t∫

0

dt ′′
√

t ′′(t ′′ + t0)
exp

[

− y2m
4a(t ′′ + t0)

− z2m
4at ′′ − v2

(
t ′′ + t0

)

4a

]

M
(
t ′′) (3.38)

3.5 Temperature Field Calculations. Normal Circular Heat
Source on a Semi-infinite Body

One of most important issues relevant to arc heat transfer is to study the temperature
fields in the case of three-dimensional heat regime of the electrode taking into account
the transient, nonlinear phenomena caused by heat flux from the cathode spot. Such
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case can be treated as action of moving concentrated heat source. Previously, it
was not clear to what degree of heat concentration of the source its heat action can
be considered as point source or as distributed with normally circularly symmetry.
The existing data about influence of the source velocity were limited by relatively
low values (~1 cm/s), while the observed cathode spot velocity can reach 103–104

cm/s below the thermal regime of a body will be considered at different stages. The
problem is considered for semi-infinite body with respect to arc spot in which its
size is significantly small, i.e., 10–100 μm. Also, for simplicity, the thermophysical
properties will be taken constant and not dependent on the temperature. The later
calculations in the cathode spot theory show that this effect is not critical at spot
current of about ~100 A.

The heat flux q = Iuef , current I, time, velocity, and t0 are determined by current
density t0 = (4ak)−1 = (4aπ j/I)−1 chosen by values related to themoving arc cathode
spot. The calculations demonstrate the temperature field for tungsten (uef = 15 V)
and copper (uef = 10 V). The results were presented for relatively large current of
heat source to obtain details of the field of the temperature distribution.

3.5.1 Temperature Field in a Tungsten Body

The calculations for tungsten were conducted according to (3.14) [26]. 3D configura-
tion of isotherm curve of 3000K temperature (close to tungstenmelting temperature)
is illustrated in Fig. 3.8. The result shows that the maximal values of the length (b)
along the x-axis are larger than the width (a, y-axis) and depth (h, z-axis) of the
isotherm configuration even at relatively low source velocity, v = 10 cm/s.

The temperature field as dependence on the source time action in x-y plane of the
body surface for different temperatures of the isotherms is shown in Fig. 3.9. It can
be seen that the sizes of the isotherms decreased with the temperature for constant

Fig. 3.8 Distribution of isotherm curve of 3000 K temperature at 5 ms after beginning of the heat
source action. I = 1000 A; j = 106A/cm2; v = 50 cm/s [26]
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Fig. 3.9 Temperature field
at surface of a semi-infinity
body caused by moving spot
with velocity 100 cm/s after
time t = 1, 2, 3, and 5 ms
from beginning source action
for isotherm curves with
3000, 4000, 5000, and
6000 K temperatures,
respectively, I = 1000 A; j =
105 A/cm2

-0.05 0.00 0.05 0.10 0.15

-0.10

-0.05

0.00

0.05

0.10 4000K

t=1ms
6000K

5000K3000K
y, cm

x, cm

0.0 0.1 0.2

-0.10

-0.05

0.00

0.05

0.10

t=2ms
6000K

5000K4000K3000K
y, cm

x, cm

0.0 0.1 0.2 0.3

-0.10

-0.05

0.00

0.05

0.10

t=3ms
6000K

5000K4000K3000K

y, cm

x, cm

0.0 0.1 0.2 0.3 0.4

-0.10

-0.05

0.00

0.05

0.10

6000K4000K
t=4ms

5000K
3000K

y, cm

x, cm

0.0 0.1 0.2 0.3 0.4 0.5

-0.10

-0.05

0.00

0.05

0.10

6000K4000K

t=5ms
5000K

3000K
y, cm

x, cm



86 3 Heat Conduction in a Solid Body. Local Heat Sources

Fig. 3.10 Isotherm (3000 K)
length (b) as dependence on
the heat source velocity
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time. The isotherm length significantly increases with time in range of 1–5 ms, but
its width changes weakly; the temperature field acquires elliptical (tear-shaped) form
after 3 ms, and this field moves after the heat source.

The isotherm length (b) is presented in Fig. 3.10 as dependence on velocity v in
wide range of v for 3000 K. The important issue is that this dependence passed a
maximum at relatively low v ~ 100 cm/s and decreased to value lower than 0.01 cm
at v larger of about 2000 cm/s. The calculations show that the sizes a and h decreased
to about 0.01 cm at v = 1500 cm.

3D temperature field of the isotherms with temperature in range 3000–7000 K
is presented in Fig. 3.11 for W in plane x-y (isotherms on the body surface) and in
plane x-z (isotherms on the body depth). It can be seen that isotherms in both planes
are mostly equal while their sizes lower than the isotherm length.

The half width (a/2) of the isotherms is presented in Fig. 3.12 as dependences on
current density inwide range of j. Thewidthmostly of all curves in these dependences
increased with j and passed a maximum at in range of j = 2×104–105 A/cm2. After
that, the width decreased to level that is independent on j. This is an important result
indicating that the heat source acts as a point source. Isotherm depth (h) in range of
T = 3000–6000 K (Fig. 3.13) increased with j reaching a level of (h) that after about
5 × 105 A/cm2 also independent on j.

3.5.2 Temperature Field in a Copper

3D temperature field of the isotherms with temperature in range 500–2500 K is
presented in Fig. 3.14 for Cu in plane x-y (isotherms on the body surface, a/2) and
in plane x-z (isotherms on the body depth, h). It can be seen that isotherm’s sizes
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Fig. 3.11 3D temperature
field in a semi-infinity W
body caused by heat flux
from moving spot with
velocity 10 cm/s after 5 ms
from beginning source
action. I = 1000 A; j = 105

A/cm2; isotherm curve with
T = 3000, 4000, 5000, 6000,
7000, and 9000 K
temperatures placed which
sizes decreasing with T,
respectively [From 26]

Fig. 3.12 Half width (a/2)
of isotherm in range of T =
3000–6000 K as
dependences on current
density, v = 10–150 cm/s
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Fig. 3.13 Isotherm depth
(h) in range of T =
3000–6000 K as
dependences on current
density, v = 10–150 cm/s
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Fig. 3.14 3D temperature
field in a semi-infinity Cu
body caused by heat flux
from fixed spot after 1 ms
from beginning source
action. I = 30 A; j = 5 ×
105 A/cm2; isotherm curve
with T = 500, 1000, 2000,
and 2500 K temperatures
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are symmetric in each planes, while they are not equal between the both planes, (h
< a/2) except isotherm with T = 500 K.

The isotherms with temperatures T = 1000 and 3000 K were calculated.
According to the results presented in Fig. 3.15, the half width (a/2) and depth (h)
for these isotherms show dependences similar to that obtained for tungsten. The half
width passed the maximal value of a/2 in range of j = 2 × 104–105 A/cm2 and then
the sizes mostly independent on j.

Dependence of the isotherm sizes with I is presented in Fig. 3.16 for moving spot
with v = 10 cm/s, t = 1 ms, and j = 105 A/cm2. The half width (a/2) and depth (h)
increased with current relatively strongly at I = 300 A, and then, this dependence

Fig. 3.15 Half width (a/2)
and depth (h) for isotherm T
= 1000 and 3000 K as
dependences on current
density, v = 10 cm/s
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Fig. 3.16 Half width (a/2)
and depth (h) for isotherm T
= 1000 and 3000 K as
dependences on current
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indicates weaker increase of the isotherm sizes with I. Dependence of the isotherm
sizes with heating time is presented in Fig. 3.17 for I = 200 A, and conditions are
indicated in Fig. 3.16. It can be seen that the strongest increase of half width is in
range of 10−5–10−1s and of depth is in range of 10−4–10−2s.

Fig. 3.17 Half width (a/2)
and depth (h) for isotherm T
= 1000 and 3000 K as
dependences on spot time, I
= 200 A
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3.5.3 Temperature Field Calculations. Normal Heat Source
on a Later Side of Thin Plate and Plate with Limited
Thickness [25]

In order to generalize the calculation, let us introduce the following dimensionless
parameters:

ω = t/t0, n = y2m/4at0, t0 = (4ak)−1,

m = z2m/4at0, p = v2t0/4a, k2
0 = x2

0/4at0,

D2 = δ2/4at0, l = x2/4at0, l1 = l − 2i D,

l = x2/4at0, l1 = l − 2(i − 1)D,

Ψ (n, m, p, ω) = T (x, y, v, t)2πλδ/q,

Ψ1(n, m, p, ω) = T (x, y, v, t)2πλx0/q

In this case, (3.30) for temperature distribution in the thin plate (x0 = δ) can be
presented as:

Ψ (n, m, p, ω) = exp
(−2

√
np

)

ω∫

0

dω′
√(

1 + ω′2)
exp

[

− n
(
1 + ω′2) − m

ω′2 − p
(
1 + ω′2

)]

(3.39)

Equation (3.38) for temperature distribution in the plate of finite thickness (x0
< δ) can be presented as:

Ψ1(n, m, p, ω) = exp
(−2

√
np

)

ω∫

0

dω′
√(

1 + ω′2)
exp

[

− n
(
1 + ω′2) − m

ω′2 − p
(
1 + ω′2)

]

M
(
ω′) (3.40)

M
(
ω′) =

∞∑

−∞

{
Φ

[
(l1 + (k0/2))/ω

′] − Φ
[
(l2 − (k0/2))/ω

′]

+ Φ
[
(l2 + (k0/2))/ω

′] + Φ
[
(l2 − (k0/2))/ω

′]

}

The transition from thin plate to plate of finite thickness was characterized by
parameter N = δ/x0 which determines the relation between the degrees of concen-
tration in y- and x-directions. Figure 3.18 shows dependence of 	 on coordinate n
for thin plate. It can be that relatively high level of heating (	 ≈ 1) can be reached
even on distance enough larger than the size y0 (n �1) at ω2 ≥ 10 (this is time of
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Fig. 3.18 Dependence of dimensionless temperature on coordinate n for thin plate, p = 0, m = 0; 1
−ω2 = 1, 2–10, 3–25, 4–102, 5–103, and 6–104. Figure taken from [25 Permission 4777140922619]

about 1 ms for y0 = 10−2 cm). For ω2 = 103–104, function 	 increased by factor
3–4 when n = 1–10 and by factor up to 2 when n = 10–100.

The calculations showed that 	 weakly depend on coordinate m for thin plate
up to m = 10−1, and at larger m, the dimensionless temperature sharply decreased
depending on ω and n. The time-dependent 	 was similar to the 	 dependence on
n, while for long time source action ω2 = 103, the most heating of the thin plate
remained near y0.

The heat source velocity (p) influence is illustrated in Fig. 3.19. In the range of
p from 0 to1 (v = 0–5 × 102 cm/s), the plate surface temperature (m = 0) can be
significantly decreased depending on coordinate n (about by order of magnitude).
The obtained result shows that the influence of the source motion is significantly
mostly on the distance that is comparable with the size of y0.

The calculations for plate finite size when the heat source x0 is lower than the
plate thickness δ were conducted in order to determine the temperature of the source
center for p = 0. The results are presented in Fig. 3.20 as dependence on k0. This
temperature is higher for lower source concentration in x-direction in comparison
with its concentration in y-direction and decreases with parameter N = δ/x0, and the
rise of the decreasing depends on k0. However, for certain k0, depending on ω =
1 and 10, the temperature is weakly changed (see Fig. 3.20). With furthermore k0
increasing, the surface temperature is equal to the temperature calculated according
to the thin plate regime (N = 1).
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Fig. 3.19 Dependence of dimensionless temperature on velocity p for thin plate, m = 0; a − ω =
1; b − ω = 10; 1 − n = 1, 2–0.5, 3–0.1, and 4–0. [25 Permission 4777140922619]

Fig. 3.20 Dependence of
dimensionless temperature in
the center of fixed source on
coefficient k0 for plate finite
size, I − ω2 = 1; II − 10, III
− 102; 1 − N = 10, 2–5,
3–3. The horizontal dotted
lines indicate the calculation
using thin plate
approximation. [25
Permission 4777140922619]
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3.5.4 Concluding Remarks to the Linear Heat Conduction
Regime

In general, the obtained results show that the temperature field configuration signifi-
cantly depends on source parameters, allows indicate the limit values of j and v, the
isotherm size of melting temperature which can be compared with size of the crater
formed after the spot. In case of v ≤ 10 cm/s, the configuration of this isothermal
surface is spherical and can be similar to the crater form. In case of v ≥ 100 cm/s, the
elliptical configuration of the isotherms indicate that character of the spot motion is
not continuous when the observed craters have spherical the form.

Considering the calculated temperature fields, it can be seen that the isotherm sizes
relatively lower for metals like copper than for refractory materials like tungsten (see
Figs. 3.11 and 3.16, I = 1000 A). The 3D temperature fields are mostly symmetric
in both x-y and x-z planes for W, while it is not the case for Cu. For v ≤ 10 cm/s
and t = 5 ms, the isotherm of melting temperature is spherical form, while for
T ≥ 2000 K, the isotherm depth is lower than their width. The isotherm sizes of
melting temperature exceed sizes of the boiling temperature by factor near two and
significantly decreased with current and time. This difference decreased with the
source power and its velocity increase. The size of a/2 is lower than 20 μm for Cu
boiling temperature when I = 30 A and t = 1 ms.

The most important result is the dependence of the temperature field on spot
current density. This dependence indicates that the isotherm width is maximal at j =
105 A/cm2 and remain constantwhen the current density reaches about j = 106 A/cm2

andmore for bothmaterials. Thismeans that action of the heat source passed from the
form of normal circular distribution of the heat to an action of a point heat source. In
this case, the size of isotherm (e.g., melting temperature) is ambiguous function of j,
i.e., it is impossible to determine the spot size from the comparisonwith experimental
size of melting crater using autograph method. As example part of current can be
collected at the surface around the spot size determined by it brightness.

The calculations of the temperature field for moving heat source showed that the
isotherm changed their form from symmetric to tear-shaped (elliptical) depending on
time and velocity of the heat source action. Although the maximal isotherm length
is at v ~ 100 cm/s, the length size (as well the width and debt) strongly decreased
at v ~ 2000 cm/s, as it was observed [16]. This result indicates that at some critical
large value of the velocity or at some short time, the heat source action is weak, metal
heating is not sufficiently high, and the arc spot cannot be supported self-consistently.

Regarding to the plate heating, as expected, the temperature distribution depends
on the relation between the heat source and plate sizes. At relatively prolonged
action of the heat source, the heating of the thin plate occurs primarily in the longi-
tudinal direction (as opposed to the heating a semi-infinite body) and on sufficiently
large distance compared with plate thickness and hence with the source size. The
calculation for relatively large k0 allowing use of the simple approach of N = 1
is important in case of a conjugated problem that is necessary to describe the self-
consistent phenomena in the plasma–electrode systems. In general, it can be noted
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that although the relative level of heating of the plate finite thickness is lower than
that heating level for a thin plate (Figs. 3.18 and 3.20), the absolute temperature value
of the plate finite thickness is larger by factor N. The influence of k0 increased with
time rise of the heat source action.

3.6 Nonlinear Heat Conduction

The considered nonlinear process the solid heat conduction mainly include the loss
heat due to the surface evaporation and radiation.

3.6.1 Heat Conduction Problems Related to the Cathode
Thermal Regime in Vacuum Arcs

The heat conduction problems related to the thermal regime of electrodes, used in a
developed technology, requested new simple engineering approaches. It also should
be taking into account that the energetic parameters of the arc depend on the arc
conditions due to interconnected phenomena between the electrode temperature and
power dissipated in the arc spot. Thus, the spot problem is associated with a strong
nonlinear heat conduction regime of the electrode. These circumstances stimulated
use a heat balance assuming that the temperature uniformly distributed in the spot at
the electrode surface and equal to the temperature in the spot center. The heat balance
approach allows to study a simple formof the arc–electrode interaction usingdifferent
theoretical models [27–30]. The method of heat balance, in essence, is similar to the
channel approach for air arc with that difference that the arc current is concentrated
on the electrode area named cathode spot and not in cross section of arc column,
and the arc power dissipated in the electrode body and not in the surrounding gas.
Although the indicated progress in 60th of the 20th century, approaches developed at
that time did not consider three dimensionality, non-stationarity, and nonlinearity of
the heat conduction processes simultaneously. Also, the information about temper-
ature distribution inside the spot was absent, and therefore, the assumption about
temperature uniformity in the spot was not verified and justified.

3.6.2 Normal Circular Heat Source Action on a Semi-infinity
Body with Nonlinear Boundary Condition

A model which takes in account a general mathematical formulation of the heat
conductionproblemwith nonlinear boundary conditionwasdeveloped, and the calcu-
lation was presented for tungsten cathode [31]. This model used an assumption that
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the maximal temperature caused by normal circular heat source action cannot exceed
the temperature T c calculated from the energy balance, and the temperature below Tc

can be obtained by linear heat conduction approach from (3.14). The temperature Tc

was obtained using the heat conduction loss at center of the heat source. The question
is how the temperature T can be different from Tc inside the source area far from
the center and what is the deformation of temperature distribution comparing to that
given by (3.14) in the transition region of low temperatures where the evaporation
flux is also relatively weakly.

To understand the questions, the heat conduction problem should be formulated
in general form (in differential form with nonlinear boundary condition), and result
of the solution should be compared with the solution obtained from above described
approximation [31]. Let us describe the details and some new study for copper
cathode. This problem was considered for semi-infinity body because the spot size
(10–100 μm) is much smaller than the electrode size (≥1 cm). The normal circular
source with power q having distribution is approximated by Gauss law with concen-
tration coefficient k = r−2

0 , where r0 = rs is the spot radius. The energy losses for
metal melting qmelt were neglected comparing to the vaporization energy qs for the
case of copper group spot current I = 100 A, spot current density ~106 A/cm2,
erosion rate 10−2 g/s, depth ~10−3 cm, t = 5 ms, and λmelt, λs, γ are the specifics
weight, melting heat, and evaporation heat, respectively, due to condition

qmelt

qev
= I hγ λmelt

jqevGλs
< 1

Coinciding origin of the coordinate system (r2 = x2 + y2, z = zero, Fig. 3.2) with
the source center anddirectionof theheat sourcemotionwith x-axis, themathematical
formulation of the problem includes the transient heat conduction equation with
nonlinear boundary condition that is:

∂T

∂t
= a∇2T + v

∂T

∂x
(3.41)

Boundary condition:

λT
∂T

∂z

∣∣∣∣
z=0

= −qm exp
[−k

(
x2 + y2

)]

+ λs W (T ) + σst T
4 + Φ(T ) (3.42)

Initial condition:

T |t=0 = T0(x, y, z)

where λT , a are the heat conductivity and heat diffusivity, respectively, σ st is the
Stefan–Boltzmann coefficient of black-body radiation. Φ(T ) is the energy loss by



96 3 Heat Conduction in a Solid Body. Local Heat Sources

the macroparticle (MP) ejection which can be neglected according to the estima-
tions taking into account the low rate of MP mass loss (relatively low MP velocity)
comparing to the energy due to evaporation rate W (T ). In (3.42), a relation expressed
as a function of evaporation rate on surface temperature the rate W (T ) was taken in
form of Langmuir–Dushman:

LgW (T ) = C − B

T
− 0.5LgT (3.43)

C and B are empirical constants [32]. Formula (3.42) for evaporation mass rate
describes the material evaporation into vacuum [33] and not applicable to determine
the mass loss in vacuum arc from dense plasma of the cathode spot due to returned
mass flux [34] (see Chap. 2). Themeasured cathode erosion rate was used to describe
the rate of mass loss in vacuum arc [34]. However, the electrode erosion measure-
ments are the result of some integral process over the eroded cathode areas and over
the arc time and, consequently, cannot be used in form of a dependence on surface
temperature as boundary condition. Therefore, below formula (3.43) was used to
estimate the maximal rate in order to understand the effect of the material vaporiza-
tion dependence on the temperature. In the same time, the obtained results can be
useful for systemswith the concentrate heat sources like low-power lasers or electron
beams, where the returnedmass flux to the heating area can be neglected. Some result
obtained under electron beam action and consisting with the experiment, as example,
can be seen in [35]. Equations (3.41)–(3.43) were solved for tungsten by heat source
action with j = 104 A/cm2, t = 5 ms, and v = 10 cm/s [31]. The result showed that
the numerically obtained temperature distribution inside the source weakly changed
and was like a plateau and near the value calculated from energy balance for the
center, which is in form:

I uef = (Tc − 300)cγ (4πa)3/2

t∫

0

Exp
[

v2
4a (t0+t ′)

]

√
t ′(t0+t ′)

dt ′
+ λs W (T ) + σsbT 4 (3.44)

The above model was extended for calculations of the temperature field for a
copper cathode [36]. The time-dependent 3D heat conduction (3.41)–(3.43) and
(3.44) for fixed heat source were solved for a Gaussian distributed heat influx at
the cathode surface with the characteristic Gaussian radius parameter equal to the
effective spot radius rs, Fig. 3.2. The nonlinear heat losses due to evaporation and
radiation from the surface were taken into account in form of Langmuir–Dushman
[32] and by Stefan–Boltzmann law.
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3.6.3 Numerical Solution of 3D Heat Conduction Equation
with Nonlinear Boundary Condition

3D heat conduction (3.41)–(3.43) together with the energy balance (3.44) for fixed
heat source were solved numerically using finite difference approximation of the
derivatives of (3.41)–(3.42) in explicit form and with variable mesh step.

The used numerical approach allowed to obtain the solution in the source region
where the power rise was enhanced in direction to the spot center and is larger
when the spot radius rs is smaller. The process convergence and accuracy were
controlled by variation of the mesh step and by comparison of the numerical solution
in linear approximationwith result calculatedusing the analytical expression (3.16) as
dependence on time for source center. The results of the calculations are presented in
Fig. 3.21 (t = 150μs, rs = 150μm), Fig. 3.22 (t = 37μs, rs = 150μm), and Fig. 3.23
(t = 2.3 μs, rs = 67 μm). Non-stationary radial (r/rs) temperature distribution on a

Fig. 3.21 Radially surface
temperature distribution on a
Cu cathode for t = 150 μs,
rs = 150 μm
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Fig. 3.22 Radially surface
temperature distribution on a
Cu cathode for t = 37 μs, rs
= 150 μm
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Fig. 3.23 Radially surface
temperature distribution on a
Cu cathode for t = 2.3 μs, rs
= 67 μm
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Cu cathode under a heat source with spot power 1.7 kW is obtained in a linear and
nonlinear approximation. t is the time elapsed from the start of heating.

The dotted line indicates the temperature T c obtained from the cathode energy
balancewritten for the spot center. As the heat source is fixed, the surface temperature
is distributed symmetrically. As can be seen from the present results for different
conditions of the heat source and time of its action, that there is a nearly flat portion of
the temperature profile near the center, which is close to the temperatureTc calculated
from the time-dependent energy balance written for the spot center (3.44). According
to the calculation (Figs. 3.21 and 3.23), the temperature distribution is flattened more
with decreasing spot radius and spot lifetime t.

3.6.4 Concluding Remarks to the Nonlinear Heat
Conduction Regime

The temperature distribution significantly changed at the surface near the center
of the heat source due to vaporization and radiation. The temperature profile is
flattened due to the intense evaporative cooling, which varies exponentially with the
temperature. The flattened effect increases with the power of the source because
the larger evaporation heat loss is larger at the location of larger temperature at the
surface.

It should be noted that the assumed in the above study exponential dependence of
the metal evaporation rate with the temperature is acceptable also for the condition of
dense plasma of the cathode spot. The observed lower electrode erosion rate is result
of large returned flux of the heavy particles, which of course return their enthalpy to
the surface and naturally enhance uniformity of the temperature distribution at the
surface.

Thus, the simplified approach to description of the thermal processes as conse-
quence of a uniform surface temperature in vicinity of the source center appears
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profitable, in view of the complexity of study of the self-consistent problems
with nonlinear energy dissipation of the strongly heated solid. The complexity of
the problem was discussed previously [36] indicating some difficulties related to
appearance of radial plasma gradients by 2D study of the spot development.
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Chapter 4
The Transport Equations and Diffusion
Phenomena in Multicomponent Plasma

This chapter considers transport phenomena of the plasma particle, and their fluxes
produced due to contact of highly ionized dense plasmawith the electrodes and study
the hydrodynamic flow of the mass and energy of different plasma components.

4.1 The Problem

In general, a part of vaporized atoms from the electrode can be in an ionized state.
At ion move to the cathode, they neutralize their charge at the cathode surface.
Therefore, near the surface the plasma region is depleted by ions and an ion flux
from the plasma volume to surface arises. Moreover, in a multicomponent plasma
the particles flow arise due to their different gradients determined by different types
of elementary collisions. The cathodic problem is how correctly determine the ion
flux to the cathode taking into account the influence of other particles flow in the
multi-component plasma environment. Early the transport and diffusion phenomena
in multi-component plasma were studied in works of [1–5]. We use these results to
describe the multicomponent phenomena for the condition of near-electrode plasma
in a vacuum arc.

4.2 Transport Phenomena in a Plasma. General Equations

A layer near a wall exists in which a density gradient is produced due to ion and
atom diffusion in the partially ionized gas. In general, the plasma components α are
the different types of atoms, ions, and electrons, for which the fluxes of particles
Iα , their enthalpy hα, and diffusion coefficients Dαβ should be obtained. For each
of components, the transport equations in general form were derived using kinetic
equations by the Grad method with 13-momentum approach [2, 3, 5]. The collision
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integrals were taken in Landau’s form for Coulomb particles and in Boltzmann form
for other interactions. General expressions for α particle mass fluxes of the particles
J α neglecting the terms for thermodiffusion, viscosity, and without magnetic field
were presented as sum of mass fluxes due to the gradients of particle densities Jα

c
and mass flux caused by electric field Jα

E in the following form:

Jα = Jα
c + Jα

E ;
Jα
c =

∑

β

ρβ

mαTβ

mβTα

Gαβ∇(
ln ρβ

);

Jα
E = ραμα

mobE0 (4.1)

The expression for heat fluxes of the particles is obtained in the form:

hα = −
∑

β

λαβ∇Tαβ +
∑

β

μαβ J
β; (4.2)

where Jα = ρα

(
vα
0 − v0

)
; v0 = ∑

β cαvα
0 ; ρα = mαnα; ρ = ∑

α ρα; pα = nαkTα;
p = ∑

α pα; cα = ρα

ρ
.

The expression for energy equations is in the form:

3

2
cα

dTα

dt
= −cαTα div(v) − mα

kρ
div hα − Tα

ρ
divJ α + mα

kρ2
Jα∇P

− 5

2ρ
J α∇T + J α

kρ

⎛

⎝eα −
∑

β

mα

mβ

eβcβ

⎞

⎠E

+
∑

β

3cαmαmβ
(
mα + mβ

)2
ταβ

(
Tα − Tβ

)
(4.3)

Diffusion coefficients and mobility

Dαβ = kTα

mα

|a|βα − |a|αα

|a| ; Gαβ = Dαβ −
∑

γ

cγ Dαγ

μα
mob =

∑

β

nβ

nαkTα

(
eβ −

∑

γ

mβ

mγ

cγ eγ

)
Dαβ (4.4)

|a|-nth order determinant with elements (αβ) expressed as:

aαβ − aαα +
∑

γ

bαγ

(
μγβ − μγα

);μαβ =
∑

γ

λαγ dγβτ ∗
γ

λγ

; λαβ = λβ |c|βα

|c|
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|c| is the determinant with elements cαβ and |c|βα is the algebraic appending of
elements (αβ) to this determinant.

The coefficients aαβ and bαβ , and characteristic collision times ταβ are obtained
in the form:

aαα = −
∑

β �=α

mβ

mα + mβ

1

ταβ

; aαβ = mβ

mα + mβ

1

τβα

α �= β

bαα = 0.6
∑

β �=α

mβγαβ

mα + mβ

1

ταβ

; aαβ = −0.6mβγαβ

mα + mβ

1

τβα

α �= β

1

ταβ

= 16

3
nβ

(
1

2πγαβ

)0.5

σαβ; 1

τβα

= nα

nβ

1

ταβ

; γαβ = γαγβ

γα + γβ

Cross sections for Coulomb particle and for coefficients cαβ , dαβ :

σαβ = π

2

[
eαeβγαβ

(
mα + mβ

)

mαmβ

]2

ln Λαβ; γα = mα

kTα

;

lnΛαβ-Coulomb logarithm.

cαβ = 1; cαβ = − 0.9mαγ 2
β

(
3 + 2δαβ

)
τ ∗
α

(
mα + mβ

)(
γα + γβ

)2
τβ

α �= β

dαβ = −1.5mαγαβ

(
1 + 2δαβ

)
τ ∗
α(

mα + mβ

)
γ 2

α τβα

α �= β δαβ = 1 − Tβ/Tα

1 + mβ/mα

For other types of collisions, the cross sections were expressed through Chapmen
integrals Ωαβ [2]:

σαβ = (
2πγαβ

)0.5
Ωαβ

Here α, β, γ are each of the indexes listed the atoms “a”, “i”, and electrons “e”,
v0 mass velocity.

4.2.1 Three-Component Cathode Plasma. General Equations

The abovemathematical system describes the plasma for arbitrary number of compo-
nents. In the case of vacuum arc, the discharge operates in vapor of the electrodes
and density gradients were produced near the surface mainly in three-component
plasma due to the diffusion of the ions, electrons, and atoms in the partially ionized
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metallic plasma. Let us derive the particle, energy fluxes, and diffusion coefficients,
assuming only singly ionized atoms in the dense cathode plasma consisted of three
components α that are ions, electrons, and atoms. Note that multiple ionized particles
are formed in vacuum arc as well, and these issues will be addressed in Chaps. 5, 16
and 17.

The required system of equations was derived using above (4.1)–(4.4) and condi-
tions that heavy particle’s temperatures Ta = Ti = T, mass ma = mi = m, electron
temperature Te > T, and ε/θ � 1, where ε = me/m, θ = Te/T.

The analysis brings to the following expressions for the particle fluxes:

Ii = −Dia
dni
dx

− θ(Dia − Die)
dne
dx

+ αDia
dna
dx

+ Die
eni
kT

Ep (4.5)

Ie = −1

θ
Dea

dni
dx

− (Dei − Dea)
dne
dx

+ 1

θ
Dei

dna
dx

+ Dei
ene
kTe

Ep (4.6)

Ia = θ(Dae − Dai )
dne
dx

− Dai
dna
dx

(4.7)

Coefficients of diffusion of the particles after calculations of |a|-three-order
determinant with elements (αβ) for three-component plasma are expressed as:

Dae = δkT

m

(
a1
2τia

+ a2
τei

)
; Dea = δkTe

me

(
a1

2ατai
+ εa4

τie

)

Die = δkT

m

(
a1
2τai

+ a3
τea

)
; Dei = δkTe

me

(
a1

2ατai
+ εa5

τae

)

Dai = Dia = kT

m

2aτai

a1
; δ = 2ατaiτ0

a1a0
; α = ne

ne + na
1

τ0
= 1

τei
+ 1

τea
; a1 − a5 ≈ 1 − 0.5; (4.8)

Characteristic times of particle collisions for three-component plasma [3]:

τ−1
ea = R01

(
kTe
2πme

)0.5

σea; τ−1
ei = R02

(
kTe
2πme

)0.5

σei ;

τ−1
ia = R01

(
kT

πm

)0.5

σia; τ−1
ee = R02

(
kTe
πme

)0.5

σee;

τ−1
aa = R01

(
kT

πm

)0.5

σaa; τ−1
i i = R03

(
kT

πm

)0.5

σi i ;

τ−1
ai = ni

na
τ−1
ia ; τ−1

ae = ne
na

τ−1
ea ; τ−1

ie = ne
ni

τ−1
ei ;

R01 = 16

3
na

(
k

π

)0.5

; R02 = 16

3
ni

(
k

π

)0.5

; R03 = 16

3
ne

(
k

π

)0.5

; (4.9)
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Cross sections for the charge particle’s interactions [3]:

σee = π

2

e4

kTe
lnΛee; σei = π

2

z2e4

(kTe)
2 lnΛei ; σi i = π

2

z4e4

(kTe)
2 lnΛi i ; (4.10)

The expressions like (4.10)were analyzed in [11] inChap. 1, and the cross sections
of electron–ion interactions were presented by Granovsky formulas (1.23), which in
simple form can be presented as

σei = 6.5 × 10−14T−2
e (eV) ln

(
1.4 × 107Te(eV)n−1/3

)

σee = 2.6 × 10−13T−2
e (eV) ln

(
6.94 × 106Te(eV)n−1/3

)
(4.11)

The cross sections for charge-exchange collisions were calculated by Firsov
expression (1.26), and atom excitations by electron impact were calculated byDravin
formula (1.35) from Chap. 1.

4.2.2 Three-Component Cathode Plasma. Simplified Version
of Transport Equations

Nevertheless the above system of (4.5)–(4.9) is still complex, and to simplify the
mathematical approach, let us calculated the main characteristics of plasma particle
collisions. The results of calculations were presented in Table 4.1.

Then let us consider the following conditions

σk

σai

(
Tem

Tme

)0.5

� 1

ni
na

≤ 10−2

niσk

naσai
≥ 1

ni
Ne0

(
2euc
me

)0.5

� 1

where σ k is denoted as Coulomb cross sections, uc cathode potential drop in the
cathode sheath (see below chapter), and Ne0 is the maximal electron emission flux at
the cathode surface. Taking into account these conditions and the data of Table 4.1,
the system (4.5)–(4.9) will be simplified as [6]:

Ii = (θDie − (1 + θ)Dia)
dni
dx

+ Die

kT

(
nieEp − fi

) + αDiaΨ (4.12)
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Ie = 1

θ
(Dei − (1 + θ)Dea)

dni
dx

− Dei

kTe

(
nieEp − fe

) + α

θ
(Dea − Dei )Ψ (4.13)

Ia = (Dai + θDae)
dni
dx

− αDaiΨ (4.14)

Iα = Γα − nav0 (4.15)

Ψ = 1

kT

[
dp

dx
− ni

d(kTe)

dx
− (na + ni )

d(kTe)

dx

]

Here p and v0 are the pressure and velocity of flow, Ep is the electrical field in the
plasma, and f α is the volume force on α-component by the emitted electron beam
from the cathode Ne(x).

It was used the equation of plasma quasineutrality in the form

ni = ne + Ne(x)

(
2euc
me

)−0.5

For above-mentioned conditions, the diffusion coefficients are:

Dai = Dea; Dea = Dei ; Die/Dei ∼ ε; Dia � Die (4.16)

Eliminating the electrical field from (4.12) by (4.13) and consider (4.16) the
expression for the ion flux Γ i toward the cathode can be obtained in the form

Γi = −(1 + θ)Dia
dni
dx

+ niv + αDiaΨ

Dia = 0.4
viT

(na + ni )σai
; viT =

(
8kT

πm

)0.5

(4.17)

Equation of electron energy:

5

2
Ie
dkTe
dx

= −nekTe
dv

dx
− dhe

dx
− kTe

dIe
dx

+ eIeEp

+ 3neme

τeim
k(Te − T ) + dQ∗

dx
+ euc

dNe(x)

dx
(4.18)

Electron heat flux: he = −λe
dTe
dx + ∑

β μeβ I β

Energy flux:

qe = he + 2.5kTe Ie

Electron specific heat conductivity:
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λe = 5k2neτee
Te
me

where Q* is the losses with inelastic collisions (ionization, recombination, excita-
tion), radiation, and the last term in (4.18) is the energy influx from the emitted
electron beam.

Equation of heavy particle energy:

V (ni + ne)
5

2

d
(
kT + mv20

2

)

dx
= −d(hi + ha)

dx
− kT

d(Ii + Ie)

dx

+ m

ρ
(Ii + Ie)

dp

dx
− 5k

2
(Ii + Ie)

dT

dx

+ eIi E p + 3mek(Te − T )

τeim

(
na
τae

+ ni
τie

)
(4.19)

(hi + ha) = −(λi + λa)
dT

dx
+

∑

β

μiβ Iβ +
∑

β

μaβ Iβ

Taking into account that the heavy particle thermal velocity vT is significantly
larger than the direct velocity V of plasma flow near the cathode surface and that
the term with electrical field can be negligible due to low ion current, (4.19) can be
simplified to

5k

2

dT

dx
v(ni + na) = − d

dx

(
−λa

dT

dx
+ μai Ii

)
− 3ε(Te + T )

τ
(4.20)

When (4.20) was obtained the following relations which were used:

ρv
dv

dx
= −dp

dx
, τ = n

n
τae + τie,

∑

α

Iα = 0

Calculations of the contributions of the cross-terms bring to expressions

for electrons:

μee ≈ 0.5
kTe
me

;

for ions:

μai ≈ 0.17
kTi
me

The mathematical approach and the above system of equations describe the
phenomena of the particle and energy transfer in ionized metallic vapor taking
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into account the difference between electron and heavy particle temperatures.
The boundary conditions requested for numerical analysis should be formulated
considering the spot model and cathode processes.

4.2.3 Transport Equations for Five-Component Cathode
Plasma

When the arc with cathode spot operated in a surrounding gas, the additional parti-
cles except the vapor of cathode material should be also considered. One example is
related to use an easy-to-ionized impurity in order to increase the electrical conduc-
tivity of the plasma. Such case was originated in systems for direct converting the
gas enthalpy into electrical energy. In the similar systems, the plasma flow consists
of ionized potassium or cesium impurities [7, 8]. As result, at least, additional two
components (atom and ion) should be taken into account together with metallic
neutrals and ions.

In order to understand the impurity role, let us consider plasma consisting from
copper atom and ions, potassium atom and ions as well as from electrons with
densities nam, nim, nap, nip, and ne, index m-metal and p-potassium respectively. The
phenomena in such plasma were analyzed and considering the mechanism of current
continuity in cathode spots appeared at the electrodes of MHD generators [9]. Below
the transport equations for this, five-component plasma will be derived.

First of all, let us consider the elementary characteristics for the particle colli-
sions for conditions of electron temperature Te ~ 1 eV different from heavy particle
temperature and for nam/nap ~ 102 [9]. Different collision groups can be denoted:

(i) Coulomb collisions with cross sections: σ eim ~ σ eip ~ σ ee ~ σ iim ~ σ iip ~ σ ipim

~ 10−14 cm2;
(ii) polarized particle interactions: σ eap ~ σ imap ~ σ amap ~ σ apap ~ 10−14 cm2;
(iii) exchange particle interactions characterized by charge exchange cross sections:

σ imam ~ σ ipap ~ σ amip ~ σ ipam ~ 10−14 cm2;
(iv) elastic collisions for plasma particle and for emitted electrons with cross

sections σ eam ~ σ ipam ~ σ amam ~ 10−15 cm2;
(v) ionizations by emitted electrons with energy ~10–15 eV with cross

sections ~10−14 cm2; for potassium atom and ~10−16 cm2 for copper atom;

Considering the above conditions, the analysis of diffusion equations for five-
component plasma brings to the following expressions for the particle fluxes:

Ie = 1

θ

{
[Deim − (1 + θ)De] dnedx + (Deam − De) dnadx + (

Deap + Deam
) dnap

dx

− eθEp

kTe

(
nipDeip + nimDeim

)

(4.21)

Iip = [
θDipe − (1 + θ)Dip

]dne
dx

+ Dipim
dnim
dx

+ (
Dipam − Dip

)dna
dx



110 4 The Transport Equations and Diffusion Phenomena …

+ (
Dipap − Dipam

)dnap
dx

− eEp

kT

(
neDipe − nimDipim

)
(4.22)

Iim = [
θDipe − (1 + θ)Dim

]dne
dx

+ Dimip
dnip
dx

+ (
Dimam − Dim

)dna
dx

+ (
Dimap − Dimam

)dnap
dx

− eEp

kT

(
neDime − nimDimip

)
(4.23)

Iap = [
θDape − (1 + θ)Dap

]dne
dx

+ Dapim
dnip
dx

+ Dapip
dnim
dx

+ (
Dapam − Dap

)dna
dx

− Dapam
dnap
dx

(4.24)

Iam = [
θDame − (1 + θ)Dam

]dne
dx

+ Damim
dnim
dx

+ Damip
dnip
dx

− Dam dna
dx

+ Damap
dnap
dx

(4.25)

The flux with convective term is

Γα = Iam + nαv

Here was taken in account na = nam + nap, ne = nim + nip and

Dα =
∑

β

cβDαβ ρ =
∑

α

ρα; cα = ρα/ρ; ρα = nαmα;

α, β → e, ip, im, ap, am; α �= β.
The general form of coefficients of particle diffusion is

Dαβ = kTα

mα

|a|βα − |a|αα

|a| ; (4.26)

Coefficients of diffusion (4.26) of the particles after calculations of |a|-five-order
determinant with elements (αβ) for five-component plasma are expressed as:

Deβ = 0.3
(
1 − 0.6θ−1

)
veT

nipσeip
K (1)

β ;

Dipβ = 0.42viT
(
1 − 0.6θ−1

)

neσi pim + namσimam
K (2)

β

Dimβ = 0.42viT
neσi pim + namσimam

K (3)
β ;
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Dapβ = 0.42viT
nipσapip + namσapam

K (4)
β ;

Damβ = 0.42viT
(nam + nim)σimam

K (5)
β (4.27)

where veT and viT are the thermal velocities of electrons and heavy particles,
respectively. Coefficients K (n)

β are functions of arguments consisting of nα/nβ and
nασαβ /nβσβα . These corresponding expressions are very complicated and therefore
are not presented here. Their estimation brings to the following relations:

K (1)
β ∼ 0.1; K (2)

β ∼ 1; K (3)
β ∼ 0.1; K (4)

β ∼ 0.1; K (5)
β �=im ∼ 1; K (5)

im ∼ 0.1; (4.28)

Analysis of expressions (4.27) and (4.28) allowed deducing the relations between
diffusion coefficients of different particles in the form:

Deip ∼ Deim ∼ Deap ∼ Deam >> Dame ∼ Damip ∼ Damap

∼ Dipe ∼ Dipim ∼ Dipap ∼ Dipam > Dape ∼ Dapip ∼ Dapim

∼ Dapam ∼ Dime ∼ Dimip ∼ Dimap ∼ Dimam ∼ Damim; (4.29)

Equation of electron energy:

dqe
dx

= eIeEp + 3neme

m
k(Te − T )

∑

β

τ−1
eβ + dQ∗

dx
+ euc

dNe(x)

dx
(4.30)

qe = μee Ie + 2.5kTe Ie; μee = 0.5R;
R = 1 + R1

1 + 1.3R1/3
; R1 = napσeap + namσeam

neσee

Energy losses due to fluxes of ionized atoms with potential ionization uip and uim
for potassium and metallic atoms, respectively:

Q∗ = uip

[
dIp
dx

+ d
(
vnip

)

dx

]
+ uim

[
dIm
dx

+ d(vnim)

dx

]

Estimations showed that R ~ 2–2.3 andμ ~ 1–1.15. The energy (4.30) was derived
for simplicity without heat conduction term.

The above system of equations for five-component plasma together with added
equations described the cathode processes allows to calculate the cathode spot param-
eters in a complicating case of arc discharge originating at the cathode potassium
film, which deposited from mixed plasma flow [10].
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Chapter 5
Basics of Cathode-Plasma Transition.
Application to the Vacuum Arc

Since the cathode is negatively charged with respect to the adjacent dense plasma,
the electrons were repelled from the cathode, while a high-density ion flux toward the
cathode is produced. As a result, a relatively large positive space charge in the vicinity
of the cathode arises leading to cathode potential drop uc formation and to occur-
rence of a strong electric field E at the cathode surface. The positive space charge
formed in a layer is named as “electrical sheath.” The sheath plays an important role
in determining the heat and particle fluxes and supporting the cathode plasma gener-
ation. Therefore, the cathode is an active element of the electrical circuit providing
the current continuity in the vacuum arc. Consequently, a proper determination of the
electric field E at cathode surface is an important issue of the theory. This problem
related to phenomena of plasma–wall transition which was reviewed in resent book
[1] andwhere reported themain references to theworks described this subject. Below
the problem of cathode sheath and its electrical parameters are analyzed with respect
to conditions of the cathode spot in a vacuum arc. However, firstly let us consider
some early Langmuir studies of the current formation at the cathode plasma contact
in order to understand the sheath problem in vacuum arcs for different cathode
materials.

5.1 Cathode Sheath

The earliest works studied the characteristics of electrical discharges, including the
electric field, potential distribution in the space charge regions, and voltage–current
characteristics. The cathode region in a dischargewith a hot CaO cathodewas studied
by Child in 1911 [2] taking into account that the space charge was produced only
solely by positive ions. Langmuir studied the space charge due to electron current
in order to understand the difference between measured thermionic current in a high
vacuum and Richardson’s saturated electron current [3]. As a result, the dependence
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Fig. 5.1 Schematic potential
distribution and voltage ud
between two parallel
planes (A and B) with gap
distance d

A B

d

ud

0

between current density, gap voltage, and gap distance was obtained solving the
Poisson equation for two infinite parallel planes (Fig. 5.1):

∂2ϕ

dx2
= 4πρ (5.1)

where x is the distance, ϕ is the potential and ρ is the space charge. Taking the relation
between ion velocity and potential as mv2/2 = eϕ (e and m are the electron charge
and ion mass, respectively) and current density as j = ρv, (5.1) will be:

d2ϕ

dx2
= 2π

√
2m

eϕ
j (5.2)

After multiplying (5.2) by 2dϕ/dx and integrating one arrives to

(
dϕ

dx

)2

−
(
dϕ

dx

)2

0

= 8π j

√
2mϕ

e
(5.3)

Assuming the electric field at the external boundary (dϕ/dx) = 0, voltage ud and
gap distance d, second integrating the expression known asChild–Langmuir formula:

ji =
√
e

9π

(
2

m

)0.5 u3/2d

d2
(5.4)

For electron current density such expression is:

je = 2.34 × 10−6 u
3/2
d

d2,
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Fig. 5.2 Schematic potential
distribution ϕ between two
parallel planes with gap
distance d and initial charge
particle velocity

dm
0

ϕ

d
-ϕm

and for ion current density

ji = 5.46 × 10−8 u
3/2
d

d2

Langmuir [4] investigated the effect of the initial electron velocity on the poten-
tial distribution and thermionic current assuming that the normal components of
the velocities of the emitted electrons have the Maxwell distribution with cathode
temperature Tc. In this case, the integration of Poisson equation between proper
limits leads to

je =
√
e

9π

(
2

m

)0.5
(ϕ − ϕm)3/2

(d − dm)2
(5.5)

where ϕm is the minimal potential formed at distance dm from the cathode surface
due to own space charge of the emitted electrons. Figure 5.2 shows the potential
distribution between the electrodes with the minimal potential close to the cathode.
This potential distribution named also as distribution with “virtual cathode,” which
indicates that part of the emitted electrons with energies lower than eϕm ~ kT c (k is
the Boltzmann constant) are repelled back to the cathode. This effect explains the
emission current limited by the space charge. Equation (5.4) can be obtained from
(5.5) when ϕ = ud � ϕm. Thermionic current limited by the space charge was also
investigated for coaxial cylinders [5] and concentric spheres [6].

The above results related to the case when the space charge region length was
comparable to the interelectrode gap distance. However, when a relatively small elec-
trode (also for large electron density) is immersed in an ionized gas, then the size of
space charge region surrounded the electrode is significantly smaller than the size of
interelectrode gap filled with the ionized gas. Such space charge region surrounding
closely to the electrode, Langmuir called as “sheath.” He developed a method to
investigate distribution of the potential, temperature, and density in the ionized gas
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of electrical discharges. The method consists in measure of a voltage–current char-
acteristic of a small “collector” electrode (planar, cylindrical, or spherical) immersed
in a gas discharge, interpretation of different parts of this characteristic and using the
sheath theory [7, 8].

Langmuir [9] as well as Tonks and Langmuir [10] developed a theory of electron
and positive ion space charge in the cathode sheath of an arc. To that end, the sheath
edge and sheath structure were considered. Poisson equation solved considering
that the plasma electrons have a Maxwellian velocity distribution corresponding to
a temperature Te. For ions having no initial velocity from plasma into sheath of
thickness d, the current density ji was taken from (5.4). The solution was obtained
usingBoltzmanndistribution for plasma electron density and ion density fromcurrent
density ji as:

dη/dλ = 4/3
{
η0.5 − π0.5αm

[
KE − exp(−η)

]}0.5
(5.6)

Here λ = x
d ;η = − eϕ

Te
; αm = jeT 0

ji

(me
m

)0.5
, e-is the electron charge, x is the distance,

ϕ is the potential, jeT0 is the plasma electron random current, KE is the constant of
integration which is equal to 1 with condition dη/dλ = 0 when η = 0 at the sheath
boundary.The solutionof (5.6) showsmonotonic changeof the potential in the sheath,
when the parameter of currents ratio αm increased in range from 0 to 0.88407 while
for larger αm this potential fluctuated, i.e., the sheath became unstable (see Fig. 5.2
in [9]). Studying the transition from plasma to sheath Langmuir first concluded [9]
that the ion motion in the plasma cannot be arbitrary and should be determined by the
electron temperature (this phenomenon was later studied by Bohm, see below) and
by geometry of the ion source. The source of ion generation affects the sheath by the
average velocity of the ions, which enter the sheath. The initial particle temperatures
are also considered [10]. It was indicated that introducing the finite ion temperature
is the only of the order of T/Te, a very small quantity in most cases.

5.2 Space Charge Zone at the Sheath Boundary
and the Sheath Stability

The role of particles temperature on the sheath stability expressing the ion current
as ji = en0vi (n0 is the plasma density at the sheath edge, vi is the initial ion velocity
determined by plasma potential at the sheath edge) was studied by Bohm [11]. The
potential ϕ0 in this work was assumed at the sheath edge. The Boltzmann distribution
for plasma electron density and the simple form of ion density distribution as ni=
n0(ϕ0/ϕ)0.5 in the sheath were taken in account. The Poisson equation was in form:

∂2ϕ

dx2
= 4πen0

[√
ϕ0

ϕ
− exp

(
−e(ϕ − ϕ0)

kTe

)]
(5.7)
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The solution obtained for condition ∂ϕ/∂x = 0 when ϕ = ϕ0:

(
∂ϕ

dx

)2

= 8πen0

[
2ϕ0

(√
ϕ0

ϕ
− 1

)
+ kTe

e

[
exp

(
−e(ϕ − ϕ0)

kTe

)
− 1

]]
(5.8)

Using expansion as a power series in (ϕ = ϕ0) when ϕ is close to ϕ0 (in the space
charge zone at the sheath boundary), the following expression can be derived from
(5.8):

∂ϕ

dx
=
[
4πen0

(
e

kTe
− 1

2ϕ0

)]0.5
(ϕ − ϕ0) (5.9)

As follows from (5.9), the monotonic potential distribution in the sheath (stable
sheath) can be obtained when ∂ϕ/dx > 0, i.e., when ϕ0 ≥ kTe/2e and which was
known as Bohm criterion for ion initial ion velocity at the sheath entrance:

vi =
(
kTe
m

)0.5

(5.8)

This criterion is a consequence of different rates of decrease electron (according
Boltzmann law) and ion (acceleration at constant current density) densities at zero
boundary conditions for potential and electric field.

Ecker [12] continued the study of the influence of the plasma electron on the
space charge zone at the sheath boundary. Considering the vacuum arc, he used
the ion current density (constant) ji of ion flux from the cathode plasma into the
sheath. The ion density distribution was determined using the equation of current
continuity conservation with ion velocity depended on the potential distribution in
the sheath. Boltzmann distribution was assumed for returned to the cathode plasma
electrons density (ne0 at the sheath edge). The problemwas considered for the case of
isothermal plasma with temperature T. The mathematical formulation of the Poisson
equation is in form:

∂2ϕ

dx2
= 4πe

ε0

⎡
⎣ ji

e
√

2(kT/2−eϕ)

m

− ne0 exp
(
− eϕ

kT

)⎤⎦ (5.10)

Twice integrating of (5.10) from ϕ = 0 to ϕ = ϕd at x = 0 to x = d and taking
into account ne0 = ni0 = ji

e

√ m
kT , the sheath thickness is expressed as

d =
∫ ϕd

0

dϕ√
8π ji
eε0

√
kTm

(√
1 − 2eϕ

kT − 1

)
+
(
e

2eϕ
kT − 1

)
+ E2

0

(5.11)

And the total current density j defined by [12]
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j = ji − ene0
2

√
kT

m
exp
(eϕd

kT

)
(5.12)

As condition j > 0 and ji > 0 are fulfilled and taken the above formula for plasma
density ne0, a minimal voltage at the sheath can be obtained for as

eϕmin ≥ kT

[
−Ln

(
1

2

√
m

me

)]
(5.13)

The future study of the space charge region was conducted by analysis of the
solution of (5.11) writing in dimensionless form. The requested input data for d, j, T,
and E0 were taken as assuming that d is equal to the mean free path of the ion, j from
the experiments, and E0 as varied parameter. It was indicated the sheath voltage ϕd

was obtained significantly lower than that calculated by Child–Langmuir formula,
(5.4). This result was explained by influence of the negative space charge produced
due to returned cathode plasma electrons. It should be noted that the calculated
minimal voltage from (5.13) is about 1.6 V.

Later, Ecker [13] also determined the potential distribution through sheath and
studied the influence of the boundary condition at sheath edge in case of Te > T on
the sheath stability. The problem was formulated using (5.10) with dimensionless
parameters as

∂2φ

dx2
= 1

e
√
1 + αφ

− exp(−φ) (5.14)

Dimensionless distance x, potential φ, Debye length rD, and are: x = z
rD
; φ =

− eϕ
kTe

; α = 2kTe
mv20

, rD = ( kTe
4πn0e2

)1/2 and the boundary conditions

φ(x = 0) = φ0 = 0 ; dφ

dxe
(x = 0) = φ′

0

where v0 is the initial ion velocity. The solution of (5.14) was obtained varying α and
φ′
0.
The calculations of potential distribution in the sheath for a copper cathode is

presented in Fig. 5.3. Note, that Langmuir obtained a similar potential distribution
previously (Fig. 5.2 in [9]). According to the calculations, a critical field φ′

0 = φ′
cr is

exists which indicate a solution that asymptotically approaches a constant φcr for
this field φ′

cr when x → ∝. When the entrance field φ′
0 < φ′

cr , the solution shows a
potential fluctuations in the sheath indicating that the Boltzmann distribution for the
returned plasma electrons was no longer available. For fields φ′

0 > φcr
′
and close to

φcr
′
, the potential distribution continues to be constant at some distance xc and then

approaches the commonly known ϕ3/2 law. The distance xc decreases with φ′
0 and

xc= 0 for φ′
0 > 0.15. The future analysis showed that the critical values of φcr and φ′

cr
increases with parameter α (both to about 0.6 for α = 9), while φcr = φ′

cr = 0 when
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Fig. 5.3 Distribution of the potential φ in the sheath (solid lines) as function of the distance x from
the plasma toward the cathode for different field φ0’ at the edge of the plasma (Cu, α = 3). The
dotted lines shows the calculations by Child–Langmuir formula (5.4) as found without returned
plasma electrons [14]. (The figure is from [13] Ecker, G., Unified analysis of the metal vapour arc.
Z. Naturf. 28a, 417–428, (1973). Used under a creative Commons 4.0 Attribution License https://
creativecommons.org/licenses/by/4.0/legalcode.)

α = 2kTe/mv20 = 2, which is the above-mentioned Bohm condition (5.8) for sheath
stability. Thus, the above results show that the plasma near the cathode consists of
two regions:

(i) the first, collisionless region, that closely adjacent to the surface in which
potential distributed by Langmuir law ϕ3/2;

(ii) the second region where the ion velocity and electrical field are formed in order
to stable transition from the undisturbed collisional quasineutral plasma to the
first region entrance.

Therefore, a correct study of the sheath can be provided using adequate boundary
conditions.

https://creativecommons.org/licenses/by/4.0/legalcode
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5.3 Two Regions. Boundary Conditions

Thus, the major issue is how a solution of quasineutral plasma and sheath can be
patched. Baksht et al. [15, 16] developed a two-region model of the plasma contacted
with negative charged electrode.While the first is the collisionless region, the second
region was considered as quasineutrality and collisional plasma. The ion current and
ion velocity are studied in the second region to obtain the condition at the interface
between two mentioned regions. Boltzmann distribution for the electrons is used in
both regions. The x-axis beginning (zero) at the electrode surface is directed to the
plasma.

The electric field increases in direction to the collisionless region and the ions
move in the direction of the field. The flux depends on the ion mean free path
li as exp[(x

′
-x)/li], where x

′
is the point with charge-exchange ion collision. The

ion density was determined from the ion current density divided by ion velocity
{2e[ϕ(x)−ϕ(x

′
)]}0.5. Using the quasineutrality condition, the future integration on

x
′
gives the following equation for the second region:

exp[(−φ(ς)] = γ0

∞∫
ς

exp[−(ς ′ − ς)]dς√
φ(ς ′) − φ(ς)

(5.15)

ς = x

li
; φ = − eϕ

kTe
; γ0 = vi√

2kTe
m

Parameter γ0 was defined as the ratio of the directed ion velocity vi to the ion
velocity determinedbyTe at pointwhere assumed thepotentialφ =0.Equation (5.15)
was solved numerically. The result shows that the electric field and d2φ/d/ζ2 sharply
increased when approaching to the collisionless region and at some point becomes
infinite. This result indicates that the collisions are requested to support quasineu-
trality condition in the plasma. The potential distribution in the collisionless region is
determined by the space charge and, therefore, this distribution should be described
by Poisson equation. Taking into account the Boltzmann electron distribution and
the above ion density, the potential distribution is

r2D(n0, Te)

l2i

d2φ

dς2
= γ0

∞∫
ς

exp[−(ς ′ − ς0)]dς√
φ(ς) − φ(ς ′) − exp(−φ) (5.16)

Since parameter (rD/li)2 	 1, the contribution of the term in left side of (5.16)
becomes large near the electrode where d2φ/d/ζ2 �1. At larger distance from the
electrode, the potential is determined only by right side of (5.16). Therefore, (5.16)
describes the potential distribution in both regions. The boundary conditions were
chosen for φ and dφ/d/ζ at some distance where the space charge is relatively small
and which can be determined by (5.15).
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Thus, the above-described approach allows to solve the sheath problem and obtain
monotonic potential distribution when the ion collisions with neutral atoms and the
quasineutrality condition were taken in account in the plasma adjacent to the space
charge region. In this case, the monotonic potential can be obtained for ion velocity
at the entrance of the space charge region, which may not coincide with Bohm
condition. This same conclusion regarding to the Bohm condition was reported by
Valentini [17] considering collisions using hydrodynamic approach in order solving
the sheath problem. Valentini and Herrmann [18] indicated that the Bohm condi-
tion was obtained from the solution for potential distribution and cannot be given as
boundary condition. Scheuer and Emmert [19] investigated the plasma sheath tran-
sition for collisionless plasma with arbitrary ion temperature self-consistently. The
Maxwellian velocity distribution of the ions in the absence of a potential gradient
(far from the wall) was taken in account.

Franklin [20] reported a review that considered the problem of joining plasma and
sheath solution over a wide range of physical conditions. Different approximations
were considered.Amethod based onmatched asymptotic approximations of different
regions near thewall was analyzed [20–25]. It was shown that the asymptotic solution
in the transition layer between plasma and sheath is suitable to match smoothly the
plasma and sheath solutions. The relationship between the electric field and velocity
at the plasma–sheath interface in the broad range of plasma parameters considered
in [1, 26]. The plasma–wall transition in an oblique magnetic field was modeled in
[27–30]. On another hand, kinetic approaches were developed to understand how
the collisions in the adjacent plasma influence the sheath parameters. The results are
considered in the next section.

5.4 Kinetic Approach

The feature of potential distribution in the plasma adjacent to the collisionless
Langmuir region was solved considering different kinetic approaches. Harrison and
Thomson [31] obtained an analytic solution with the kinetic model valid in the
quasineutrality region. Simple expressions were obtained for the mean velocity and
the mean square velocity of the ions, and for the wall potential with respect to the
plasma. The conditions for the formation of a stable plasma–sheath boundary briefly
examined and a general criterion is obtained without considering any specific mech-
anism of ion transport. No assumptions made regarding the energy distribution of
the ions, and the result is therefore a refinement on Bohm’s original criterion, which
derived by assuming a monoenergetic ion flux. The equation for plasma–sheath tran-
sition was solved numerically with no separation into sheath and plasma [32]. It
was deduced that the model of plasma region with sharply transition to a sheath is
justified.

Using charge-exchange collisions in the plasma was considered by Petrov [33]
and by Scherbinin [34,35]. The mathematical problem was formulated by kinetic
equation with collision term St as



122 5 Basics of Cathode-Plasma Transition. Application …

v
d f

dx
+ eE

m

d f

dv
= St (5.17)

Different typical collision St terms were used. As by Petrov [33]:

(i) St = σiana[ve f + δ(|v|) j/e] (5.18)

Here, ve is the electron velocity, f is the ion function distribution, N is the neutral
atom density, σ ia is the charge exchange cross section, E is the electric field, j is
the ion current density, and δ(|v|) is delta function. The first term in right part of
(5.17) takes the ion disappearing as result of charge exchange and the second term
describes the new ion generation with zero velocity. Since the total number of ions
not changed then the integral on St equal zero. The method of characteristics was
used to find solution of (5.17) [34, 35].

(ii) St = n f0 − f

τ
f0 =

√
m

2kTπ
exp

(
mv2

2kT

)
(5.19)

Here, τ is the characteristic timedeterminedby the atomdensity and charge-exchange
cross section. The following momentum n = ∫ f dv and j =∫ vdv were determined
and used for consistently solution of Poisson equation. The zero potential was given
and small electric field (relatively to field at the electrode surface) was determined
at the boundary with quasineutral plasma. The calculations [34, 35] allow obtaining
the ion flux and ions and the ion energy flux. It was shown that these fluxes weakly
different from that calculated using Maxwellian function when eEpli/4kT ≤ 0.1.
According to work [33], the sheath thickness decreased when the rarefied charge
exchange collisions were taken in account.

Riemann [36] developed a kinetic theory of boundary layer for weakly ionized
gas discharge. The electron Boltzmann distribution (Te > T ) and negative charged
absorbing wall were considered. The kinetic equation similar to (5.17–5.18) was
studied to obtain in the sheath and in the plasma at sheath edge (named as presheath)
solutions. The charge exchange collisions in the presheath were considered for cases
with constant cross section andwith constant collision frequency as well as collision-
free case. Riemann also show that the monotonic potential distribution in the sheath-
presheath system can be obtained taken in account the collision dominated case.

Later, Riemann reviewed the problem [37]. A rigorous kinetic analysis of the
plasma in the vicinity of the presheath allows one to generalize Bohm’s criterion
according not only for arbitrary ion and electron distributions, but also for general
boundary conditions at the wall. He showed that the obtained sheath condition
marginally fulfilled and related to field singularity at sheath edge. Therefore, the
smooth matching of the presheath and sheath solutions requires an additional transi-
tion layer.Basedon this conclusion,Riemann [38] analyzed the influenceof collisions
on the plasma sheath transition using two-scale approach. A smooth matching of the
presheath and sheath solutions was performed on an intermediate scale accounting
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as well for collisions and for space charge. This characteristic scale was given by a
relation between the Debye length and mean free path length.

Scheuer and Emmert [39] developed a kinetic model for the collisional plasma
presheath considering the ion temperature and Boltzmann distribution for the elec-
trons. The ion collisions were taken in account by BGK approach [40]. An equa-
tion for potential distribution was obtained considering the ion–ion and ion–atom
collisions. The calculated results showed the potential variation, wall potential, ion
distribution function, and ion particle and energy fluxes into the sheath.

Procassini et al. [41] studied a bounded plasma by a particle-in-cell technique as
a tool for examine a collisionless plasma using a distributed or volumetric particle
source. The particle simulations of the plasma–sheath region with partial-width-
distributed source indicate that there is no electric field present in the source-free
region. The self-consistent description of the plasma-sheath region, which does not
require the use of particle refluxing or the assumption of Boltzmann electrons, is
possible if one includes the effects of Coulomb collisions.

Sternovsky [42] developed a kinetic model of the sheath and presheath that
includes the effects of charge exchange and ionization collisions. In this treat-
ment, accelerated ions disappear as result of charge-exchange collisions forming
also cold ions. The electron density is modeled by the Boltzmann relation. Solutions
are obtained by numerical integration of Poisson equation from a point near the
plasma midplane to the wall. The collisions are found to reduce the current density
at the wall to a value significantly below the usual ion saturation current. Solutions
also found for the energy distribution of ions hitting the wall. The calculated results
(plasma density, plasma electric field, etc.) were compared with that presented in
other works [20, 35] indicating the agreement for similar conditions. The ion flux is
reduced by approximately a factor of 2 when there are ten mean free paths from the
plasma midplane to the wall.

Analysis of the above works show that, when the wall potential ϕ0 � kTe the
Langmuir collisionless region weakly depends on boundary condition and the Bohm
condition or plasma collisions mainly determine the plasma presheath parameters
depending on the model of the boundary conditions. However, the thickness of the
volume space charge region can be shortened depending on ratio of the Debye length
rD to the ion mean free path sc = rD/lia. This important issue is detailed by Beilis
et al. [43] considering the charge exchange collision. To this end, the kinetic equation
was studied in form (5.17–5.18) for velocity function distribution f i for the ions with
a boundary condition (Fig. 5.4) as

fi (v, 0) = ji
e

m

kT
exp

(
−mv2

2kT

)
v ≥ 0 (5.20)

The neutral atom velocity was assumed significantly lower than the ion velocity.
The corresponding ion function distribution was in form:
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Fig. 5.4 Schematic potential
distribution in the near
cathode layer

Cathode

d

uc

0

-ϕ

Plasma
x

fi (v, x) =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ji
e

m
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m )

2kT
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exp(−σianax) f or v ≥

√
−2eϕ(x)

m

ji
e

σiana
m

eE(x ′) exp
[−σiana(x − x ′)
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ϕ(x) = ϕ(x ′) − mv2

2e
f or 0 < v <

√
−2eϕ(x)

m
dx ′

dϕ(x ′) = − 1

E(x ′)

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

(5.21)

Here, x is the axis directed to the cathodewith zero at the plasma boundary, x
′
is the

coordinate dependent on the electric field E(x
′
). The electron’s function distribution

f e was taken as

fe(v, x) = je
e

m

kTe
exp

[
−m(v2 − 2eϕ(x)

m )

2kTe

]
exp(−σianax)

f or v ≥
√
2e[uc + ϕ(x)]

m

(5.22)

Hereuc is the cathode potential drop,σ ia is the cross section of the charge exchange
collision, je is the electron current density flowing from the plasma, and na is the
neutral atom density. Taking (5.21) and (5.22), the Poisson equation will be:

∂2ϕ

dx2
= 4πe

ε0

[∫
fe(x, v)dv −

∫
fi (x, v)dv

]
(5.23)
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Using the following dimensionless variables

φ = −eϕ(x)

kT
; φc = −euc

kT
; θ = Te

T
y = x

rD
; y′ = x ′

rD
sc = rD

li
= σianarD

Poisson (5.23) can be written as

∂2φ

dy2
= exp(φ − sc y)

[
1 − �(

√
φ)
]

+ sc√
π

y∫
0

exp
[−sc(y − y′)

]
dy′

√
φ(y) − φ(y′)

− exp(−φ

θ
)

1 + �(

√
φc

θ
)

[
1 + �(

√
φc − φ

θ
)

]

�(z0) = 2√
π

z0∫
0

exp(z)dz (5.24)

Equation (5.24) solved by Runge–Kutta method. It was used iteration procedure
with method of successive approximations. As for zero approximation, the (5.24) at
sc = 0 (collisionless case) was considered in form:

y =
φ(y)∫
0

dφ{
E2 + 2[D(φ, K ) + C(θ, φcφ)]

}0.5
were :

D(φ) + 1

1 − �(
√
K )

[
eφ − 1 − �(

√
K + φ)eφ + �(

√
K ) + 2

π
(
√
K + φ − √

K )e−φ

]

C(θ, φcφ) = θ

1 + �(

√
φc
θ

)

{
1 − e− φ

θ + �(

√
φc

θ
) − �(

√
φc − φ

θ
)e− φ

θ + 2e− φ
θ

π

[√
φc − φ

θ
−
√

φc

θ

]}

(5.25)

Here, K is the parameter (order of unit) introduced for correcting the boundary

ion function distribution at v ≥
√

2kT
m K (like Bohm condition) needed to obtain the

solution in the collisionless case.
The results of calculations are presented as two dependencies [43]: (i) dimen-

sionless electric field at the cathode eEcrD/kT and near-cathode layer (sheath and
presheath) thickness d/rD (d is the x when ϕ = uc) as function on sc= rD/lia (Fig. 5.5)
and (ii) dimensionless potential drop euc/kT as function on d/rD (Fig. 5.6).

The calculations show that during the transition from collisionless regime to colli-
sional, the layer thickness decreased but the electric field is increased (Fig. 5.5). These
results coincide with that obtained in [16] and it can be explained by presence of the
charge-exchange collisions, which decrease the ion velocity and therefore increase
the ion density.



126 5 Basics of Cathode-Plasma Transition. Application …

Fig. 5.5 Dependence of the
near-cathode layer d and
cathode electric field on the
parameter indicated the
collisional regime
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Fig. 5.6 Dependence of the
cathode potential drop on
thickness of the near cathode
layer with the collisional
regime as parameter
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The dependence of the dimensionless cathode potential drop on dimensionless
thickness of the near-cathode layer with the collisional regime as parameter is shown
in Fig. 5.6. It can be seen that the dependence for collisionless case was shifted to
larger values of d/rD. For all cases the cathode potential drop have tendency to some
saturation at larger d relatively rD. The calculations also indicate that influence of
the difference between electron and ion temperatures in the plasma was larger for
collisionless regime in comparison with the collisional regime. When the parameter
sc increased from 1 (mostly collisionless regime) to 3 (collisional regime) the electric
field increases only by factor two. This fact indicates that zero approach is a good
approximation to describe the cathode electric field.

5.5 Electrical Field

Different approaches used to determine the electric field at the cathode surface are
considered below.
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5.5.1 Collisionless Approach

McKeown [44] studied the electrical field E at the cathode surface in the sheath.
The positive space charge in the sheath is due to ion current density ji originated
from the plasma and the negative charge is due to electron emission current density
jem from the cathode. Plasma electrons and initial velocities were not considered.
Poisson equation in this case has the following form:

∂2ϕ

dx2
= 4πe

ε0

⎡
⎣ ji√

2eϕ
m

− je√
2e(uc−ϕ)

me

⎤
⎦ (5.26)

After integration the electrical field E at the cathode surface can be obtained in
form

E2 = 16ε−1
0 (

ucme

2e
)1/2
[
ji (

m

me
)1/2 − jem

]
+ E2

0 (5.27)

where ε0 is the dielectric permittivity of vacuum, me and m are the electron and ion
mass, respectively, and E0 is the electric field at the sheath boundary on, plasma
side. Equation (5.27) is named in the literature as McKeown’s equation and obtained
assuming that the mean free path li is larger than the sheath thickness d in which the
cathode potential drop is uc. The last assumption is analyzed for cathode sheath in a
vacuum arc neglecting the small contribution from the emitted electrons [45]. It was
shown that the condition li/d > 1 fulfilled with current density j ≥ 5×104 A/cm2.

5.5.2 Electric Field. Plasma Electrons. Particle Temperatures

According to analysis of the sheath (Sects. 5.2–5.4), the velocity of the ions
ejected from non-disturbed quasineutral plasma increased in the presheath before ion
entering in the sheath. Let us consider a case, which takes in account ionMaxwellian
velocity distribution and the initial ion velocity is equal to mean velocity determined
by this distribution. The density of the returned plasma electrons to the cathode is
distributed according to the Boltzmann law (Te > T ). The potential drop is uc. The
space charge in Poisson equation is determined by ion density ni (Z = 1), electron
density nem from the electron emission current density jem and by Boltzmann electron
density ne. The mentioned densities of the charged particles are determined by the
continuity and motion equations. In this case, Poisson equation is [46, 47]:
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∂2ϕ

dx2
= 4π

⎡
⎢⎣ ji√

kT
2πm

[
1 + 4πe(uc−ϕ)

kT

]0.5 − jem√
kTc
2πm

[
1 + 4πeϕ)

kTc

]0.5 − ji√
kT
2πm

exp(− eϕ

kT
)

⎤
⎥⎦

(5.28)

Integrating (5.28) from ϕ = 0 to ϕ = uc and E = E0 at the external boundary,
the electric field at the cathode surface E is

E2 − E2
0 = AE

√
uc

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

ji (
m

me
)0.5

[
(1 + kT

4πeuc
)0.5 −

√
kT

4πeuc
−

√
πkTe√
euckT

(1 − exp(− euc
kTe

))

]

− jem

[
(1 + kTc

4πeuc
)0.5 −

√
kTc

4πeuc

]

⎫⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎭

(5.28)

Here AE = 16π
√

me
2e = 7.57 × 105 V/cm, Tc-cathode temperature. According

to (5.28) the sheath will be stable when T > π(kTe)2

uc
and with this condition, the

monotonic potential distribution can be obtained near the sheath entrance. When the
	uc � (kT, kTe), the cathode surface field is given by McKeown (5.27). Taking
the initial ion velocity according to the Bohm condition, i.e., (kTe/m)0.5, the cathode
electric field can be obtained in form:

E2 − E2
0 = AE

√
uc

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

ji (
m

me
)0.5 exp(0.5)

[
(1 + kTe

2euc
)0.5 −

√
kTe
2euc

− kTe√
euc

(1 − exp(− euc
kTe

)

]

− jem

[
(1 + kTc

4πeuc
)0.5 −

√
kTc

4πeuc

]

⎫⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎭

(5.29)

5.5.3 Refractory Cathode. Virtual Cathode

The rate of atom evaporation from cathodes of refractory materials is significantly
lower than the rate of electron emission. Therefore, the ionized atom density can
be lower than the electron density near the cathode surface. In addition, the ions
accelerate toward the surface in the sheath and the emitted electrons are of low
temperature equal to the cathode temperature. As result, a not compensated negative
electron space charge is formed near the cathode surface. In this case, a minimum
potential ϕ = ϕm appears at distance x = xm producing so called virtualcathode
(determined by Langmuir [4], Sect. 5.1) and the electron current will be limited by
own space charge (Fig. 5.7) [48–50].

Let us consider the regime of virtual cathode studying Poisson equation following
the approach developed in [48]:
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Fig. 5.7 Schematic
presentation of the potential
distribution in the cathode
sheath for refractory
material. At the distance x =
xm, a virtual cathode is
produced due to negative
space charge with minimal
potential
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Δϕ

d

ε0
∂E

dx
= e[ni (ϕ) − ner (ϕ) − ne(ϕ)] (5.30)

Here, ni(ϕ) is the potential dependent density of ions flowed from the plasma
toward the cathode, ner(ϕ) is the Boltzmann distributed density of returned electron
from the plasma, and ne(ϕ) is the electron density determined by the electron emission
current jem reduced due to retarding potential �ϕ.

5.5.3.1 Single Charged Ions

Let us define the particle densities taking into account the simple case of single-
charged ion current extracted from the plasma boundary toward the cathode.

ner (ϕ) = ner0 exp(− ϕ

ϕe
); ne(ϕ) = nm exp(

ϕ − ϕm

ϕc
)�∗(

ϕ − ϕm

ϕc
);

ni (ϕ) = ji

e
√

2e(ϕi−ϕ)

m

= ni0√
1 − ϕ

ϕi

; ni0 = ji

e
√

2eϕi

m

; nm = √
π

jeb

e
√

2eϕc

me

jeb = jem exp(−�ϕ

ϕc
); ne0(ϕ) = ne(0) = nm exp(

ϕm

ϕc
)�∗(

ϕm

ϕc
); (5.31)

where �∗(ξ) = (1 − �(ξ)), Φ(ξ) is the probability integral, eϕi = kT. eϕe = kTe

and eϕc= kTc, Tc is the cathode temperature, ne0 is the electron density of emitted
from the cathode at x = d. Substitution (5.31) in (5.30) and taking into account E(x
= xm) = 0 and E(x = d) = E0 the following expression is obtained:

e

0∫
ϕm

⎡
⎣ ni0√

1 − ϕ

ϕi

− ner0 exp

(
− ϕ

ϕe

)
− nm exp

(
ϕ − ϕm

ϕc

)
�∗
(√

ϕ − ϕm

ϕc

)⎤⎦ = ε0E0

2

(5.32)

Integrating (5.31) from ϕ = ϕm to ϕ = 0 the following expression is obtained:
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ε0E
2
o = 4eni0

√
ϕm

ϕi
eϕi

⎡
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(√

1 + ϕi

ϕm
−
√

ϕi

ϕm

)
− √

πsr

√
ϕe

ϕm
(1 − e− ϕm
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−√
πse

(
1 + exp(

ϕm

ϕc
)

)
�∗
(√

ϕm

ϕc

)
−
√

πϕm

4ϕc

⎤
⎥⎥⎦

(5.33)

where jeT is the current density of the returned electrons from the plasma and

se = je
ji

ε; sr = ε jeT exp(−uc/ϕe); jeT = ner0

√
eϕe

2πme
; ε =

√
me

m
; (5.34)

5.5.3.2 Multiple Charged Ions. Quasineutrality

According to the study of the cathode spot parameters [49, 50], relatively large elec-
tron temperature occurred in the case of refractory cathode materials, like tungsten.
In this case, a number of highly charged (Z) ions are produced. Taking into account
this fact, other relation between parameters se and sr is obtained taking into account
the quasineutrality at the sheath–plasma boundary. Although that the electric field
at this boundary E �= 0 nevertheless the condition (ni-ne)/ne< <1 is fulfilled. Below
these phenomena are studies by considering the sheath structure in the spot on the
refractory cathode.

Poisson equation reads as:

ε0
∂E

dx
= e

[∑
Z

Zni Z (ϕ) − ner (ϕ) − ne(ϕ)

]
(5.35)

The densities ner(ϕ) and ne(ϕ) were determined by formulas (5.31). The density
of multi-charged ions:

nizv = niz0v0; mv2

2
= mv20

2
+ eZϕ; v20 = Te

m
; v2 = Te

m
(1 + 2eZϕ

Te
)

(5.36)

Using (5.35) and (5.36) and taking into account E(x = xm) = 0 and E(x = d) =
E0 the following expression can be obtained:

e

0∫
ϕm

⎡
⎣∑

Z

Zni Z0√
1 − 2Zϕ

ϕe

− ner0 exp(− ϕ

ϕe
) − nm exp(

ϕ − ϕm

ϕc
)�∗(

√
ϕ − ϕm

ϕc
)

⎤
⎦ = ε0E0

2

(5.37)
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Integrating (5.37) from ϕ = ϕm to ϕ = 0 and denoting fi z = Zni Z0∑
Z
Zni Z0

, the following

expression is obtained:

ε0E
2
o = e

∑
Z

Zni Z0eϕe

[∑
Z

fiz
Z

(

√
1 + 2

Zϕm

ϕe
− 1)

]
− ner0eϕe(1 − e− ϕm

ϕe )−

−nmeϕc

[
exp(

ϕm

ϕe
)Φ∗(

√
ϕm

ϕc
) − 1 +

√
4ϕm

πϕc

]

(5.38)

Assuming that all charged ions move with velocity v0 the ion current density is
ji = e−0.5

N

∑
Z
eZni Z0v0.

Passing
√

4ϕm

πϕc
, the last brackets in (5.38) and taken nm, nir0 and v0 from (5.31)

and (5.36) equation for the boundary electric field is:
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√
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(5.39)

Now, the quasineutrality at the sheath–plasma boundary is considered in form.

e
∑
Z

Zni Z0 = ne(0) + ner0

e0.5N ji√
eϕe

m

= jeb√
2eϕc

πme

exp(
ϕm

ϕc
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√
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ϕc
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(5.40)

After division of (5.40) by ji
√

m
eϕe

:

e0.5N = βe

√
πϕe

2ϕc
exp(

ϕm

ϕc
)�∗(

√
ϕm

ϕc
) + √

2πβer (5.41)

or after multiply both sides of (5.41) by
√

2ϕm

ϕe
:

e0.5N

√
2ϕm

ϕe
= βe

√
πϕm

ϕc
exp

(
ϕm

ϕc

)
�∗(
√

ϕm

ϕc
) + βer2

√
πϕm

ϕe
(5.42)
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Let us denote:

b =
√

πϕe

ϕm
(1 − e− ϕm

ϕe ); C�1 =
∑
Z

fZ√
Z

√
1 + ϕe

2Zϕm
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∑
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√
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)

and then (5.39) and (5.42) are
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(5.43)

e0.5N

√
2ϕm

ϕe
= βeF + βer2

√
πϕm

ϕe
; (5.44)

5.6 Electrical Double Layer in Plasmas

Until now,we considered a positive volume charge formed in a single sheath between
plasma and insulating or conducting wall. However, in certain plasma configura-
tions or for non-uniform parameters of the plasma (sharply changed geometry of the
plasma flow, or plasma properties) a space charge layer can be produced between two
separate plasma regions. Such layer is named as “double layer” or “double sheath.”
Double layers consist of two adjacent charge plasma layers of opposite charge. This
double sheath produced at the junction between two plasmas with different param-
eters (densities, temperatures) similar to potential barrier between to solid materials
with different conductivity. Themechanism of double layer operation is an important
issue as a possible similar layer support the current continuity at the cathode plasma
region in some specific vacuum arc discussed below. Let us discuss, therefore, the
published works in order to study the knowledge of this subject.

A double layer in a high-voltage discharge with a low concentration of charged
particles is observed experimentally [51]. The potential profile of expanding colli-
sionless plasma is obtained experimentally [52]. Plasma potential structures are
measured by emissive probes. The results showed that the quasineutrality condition
breaks and the ions accelerated by the charge separation into the plasma.

A review of double-layer experiments was presented by Hershkowitz [53, 54].
The formation and stability of double layers are analyzed for different potential
steps eϕ/Te- ~ 1, < 10, or > 10, and �10. Double layers differ from sheaths in that
they are removal from the plasma boundaries. Generally, the thickness of the plasma
double layer is on the order of the mean free path. Free ions can enter from the right
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Fig. 5.8 Example of
potential distribution with
two step double layers
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plasma side and be accelerated by the potential and electrons can be accelerated
from the left plasma side by the potential of the double layer. It was indicated that
multiple double layers occurred. Two- and three-dimensional structures including
multiple double layers were described according to Hershkowitz [53], which can be
shown by Fig. 5.8.

The laser-induced fluorescence was used for measuring the ion accelerations
in helicon plasma devices. Spatially resolved non-invasive measurements were
conducted of supersonic ion flows created in helicon-wave-heated plasmas without
the use of accelerator or auxiliary-heating techniques. These studies include a range
of plasma parameter in which double layers can be appeared [55]. Themeasurements
of ion velocities were made along the axis of a helicon-generated Ar plasma column
with radius changed by spatially separated mechanical and magnetic apertures. Ion
acceleration to supersonic speeds was observed for both aperture types, simulta-
neously generating two steady-state double layers [56]. The electron populations
in a magnetic nozzle were measured by electric probe and spectroscopic methods
were used to determine the electron energy. It was indicated that the measured super
thermal electrons are suggested to be as a source for the large potential drop of a
double layer, which accelerates the ions [57].

Charles and Boswell [58] experimentally studied an electric double layer with
eϕ/kTe~3 and a thickness of less than 50Debye lengths in an expanding, high-density
helicon sustained rf discharge. It was observed that the plasma itself self-consistently
generates the potentials, and there is no current flowing through an external circuit.
The plasma electrons are heated by the rf fields in the source, provide the power to
maintain the double layer, and hence ions were accelerated. Charles [59] reviewed
the developments of double layers from the late 1980s to the spring of 2007. The
double layer devices and properties are presented with an emphasis on current-free
double layers. Applications of double layers are discussed for the field of plasma
processing and for electric propulsion.

Andrews and Allen [60, 61] presented the early theoretical description of the
double layer. They considered a double sheath between two plasmas when sharp
changes of the discharge channel cross section occur in form represented in Fig. 5.9.
The model was presented for gas discharge tube in which the double sheath develop
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Fig. 5.9 Double sheath at a constriction in gas discharge tube

over the cathode side of a constriction in the tube and influences the flow of electrons
and ions through the constriction. The electric field inside the double sheath accel-
erates electrons from the cathode plasma into the plasma sac that is a bright blob of
the second plasma protruding out of the cathode region of the discharge tube. Ions
from the second plasma are accelerated in opposite direction into cathode plasma.

The model takes into account the initial velocities and reflected particles. Four
groups of charged particles in the double sheath were taken in account. There are the
mentioned accelerated ions and electrons as well also returned thermal ions emitted
from the cathode plasma and returned thermal electrons emitted from the second
plasma. The thermal particles have Botzmann distribution in the sheath. The charge
density of thermal ions with temperature T i in the cathode plasma 1 is given by

eni1 = a exp(− ϕ

kTi
) (5.45)

The chargedensity of ions emitted from theplasma2 is obtained fromconservation
of mass and energy assuming absence of collisions and ionization in the sheath with
potential drop ϕs and is given by

eni2 = b

[
1 + 2e(ϕs − ϕ)

mv2i

]−0.5

(5.46)

The charge density of electrons emitted from the plasma 1 is given by

ene2 = c

[
1 + 2eϕ

mv2e

]−0.5

(5.47)
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The charge density of thermal electronswith temperatureT 1 in the cathode plasma
2 is given by

ene2 = d exp(− (ϕs − ϕ)

kT2
) (5.48)

Using (5.45–5.48) and following denotes:

Ψe = mv2e
2eϕs

Ψi = mv2i
2eϕs

τe = kTe
eϕs

τi = kTi
eϕs

η = ϕ

ϕs

The total charge density for study Poisson equation is given by

ench = a exp(− η

τi
) + b

[
1 + (

1 − η

Ψi
)

]−0.5

+ c

[
1 + η

Ψe

]−0.5

+ d exp(− (1 − η)

τe
)

(5.49)

where a, b, c, and d are the constants.
The boundary conditions assumed ionization in the plasma and a case where the

sheath thickness was vanishingly small compared with the dimensions of plasmas.
The plasma quasineutrality at both sides of the sheath is given

ench = ρ = 0; dρ

dη
= 0 (5.50)

Substituting (5.49) into (5.50) the coupling relations were obtained for double
sheath and the above problem was solved numerically. As a result, the dependencies
of Ψ i on τ e and Ψ e on τ I were calculated. It was obtained that mv2i > kTe and mv2e >
kT i. It implies that ion gains initial kinetic energy in the plasma sac before the sheath
boundary with velocity, which is in excess of the Bohm velocity. Another important
results is the ratio of the current densities of the electrons and ions accelerated across
the double sheath

je
ji

= αd

√
m

me
; αd ∼ Ψe

Ψi
(5.51)

According to the authors [61], αd can be significantly lower than 1 shown in
Fig. 5.10. The authors [61] compared this result with that obtained by Langmuir for
a simple case (other Langmuir’s approaches were not considered) of a double sheath
studied assuming zero initial particle velocity, no reflected particles and zero electric
field at both sides of the double sheath [9]. It was concluded that in the developed
model, the ions from the plasma sac and electrons from the cathode plasma arriving at
the two plasma–sheath boundaries must satisfy certain condition in order to support
monotonic potential distribution (like Bohm condition).
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Fig. 5.10 Dependence of αd
on normalized electron
temperature τe = kTe
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Torven [62] solved Poisson equation considering the double layer as small shock
amplitude. The ions were assumed to have a vanishingly small temperature, and
the motion is considered on the ion acoustic time scale. The electron distribution
function was approximated by a steady-state distribution function. As calculated for
different time, the potential profiles give a spatial scaling of the shock wave. It was
noted that these profiles equal roughly the experimentally observed steepening of
initially monotonic profiles.

Several explanations for double layers are mentioned by Chen and co-authors
[52]. In steady state, they can be explained in frame of BGK solutions, which depend
entirely on the distribution functions of both ions and electrons at boundaries far from
potential profile of the double layer. Instabilities and turbulence can play an important
role in the formation of the double layers. Another possibility is due to ionization
of plasma on the high-potential side, which can be enhanced by the energy gain that
electrons receive. An attempt to understand the physical mechanism of current-free
double layers observed in plasmas expanding along magnetic fields considered by
Chen [63]. It was shown that the diverging magnetic field lines cause the presheath
acceleration of ions, producing a potential jump resembling that of a double layer.
The process stops when it runs out of energy.

Themodels considered above indicate that, in spite of extensive studyof the double
layers, the general mechanisms of different processes for double-layer formation are
still unclear. However, experimental and theoretical studies of widely character-
izing plasma double layers allow using these events to understand the mechanism
of continuous electrical current in the cathode spot of a vacuum arc with mercury
cathode.

The main problem of the arc with mercury is the small temperature at which
the electron emission is negligible, while the vapor density is considerably large. As
result, no electronbeamwas from the cathode for vapor ionization and therefore no re-
production of the plasma as with a usual case of copper cathode [64]. This problem is
well known frombeginning of twentieth century and numerous unsuccessful attempts
to explain the mechanism were previously developed using classical approaches to
explain the electron emission from the mercury. Therefore, the idea of a double layer
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arises which separates the cathode plasma in two regions, and the first adjacent to the
cathode surface serves as plasma cathode from which the necessity electron beam
emitted.

Beilis [65–67] developed the double sheath model for mercury arc which allows
to understand the observed mercury cathode spots dynamics and unusual specifics of
the arc with measured two step of cathode potential drop. The corresponding model
is described in Chap. 16, in which the cathode spot theory is presented for different
cathode materials.
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Part II
Vacuum Arc. Electrode Phenomena.

Experiment



Chapter 6
Vacuum Arc Ignition. Electrical
Breakdown

Before an electrical discharge occurs, two electrodes are insulated by the vacuum
from each other. In a vacuum, an arc can ignited when a conducting material will
be appeared in the electrode gap, to which a voltage is applied. Various methods
are possible to excite the conducting media in the gap [1, 2]. Three main methods
can be indicated such as: (i) triggering of the arc using additional trigger electrode;
(ii) initiation of the arc by contact breaking of the main electrodes; (iii) by electrical
breakdown using of high-voltage supply. The first method can use the additional
electrode as contacting mechanical trigger or as high-voltage trigger; the second
is the contact method, while the third method supports the plasma excitation by
influence of the strong electric field at electrode surface.

6.1 Contact Triggering of the Arc

6.1.1 Triggering of the Arc Using Additional Trigger
Electrode

When an additional electrode is used, a local contact with one of main electrodes is
occurred. As example, the arc can be initiated by momentarily touching the cathode
with a mechanical trigger a tungsten electrode, attached electrically to the anode
through a current limiting resistor [3]. This local contacting current bring to the
cathode surface modification and arc ignition between the main electrodes. In addi-
tion, an explosion of a Cu wire placed between the cathode and the anode can trigger
the arc [4]. Thewire explosion occurswhen the voltage applied to themain electrodes.
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Fig. 6.1 Schematic
presentation of the contact of
not ideally smooth surfaces

6.1.2 Initiation of the Arc by Contact Breaking of the Main
Electrodes

The contact area of two bodies depends on state of their surfaces. The surface state is
determined by the surface roughness. Since the electrode surfaces cannot be ideally
smooth, the contacting area is significantly lower than the electrode area. Schemati-
cally, the contact of roughness surfaces indicated in Fig. 6.1.When a local contacting
current appeared, the current action brings to the cathode surface modification and
resulting in an arc ignition between the main electrodes.

6.1.3 Contact Phenomena

Different phenomena (by bridging) appeared by contact closure or by contact
breaking. It is heating, melting, bridging, evaporation, compression, restitution, and
arcing at bouncing. The details of bridging phenomena can found in [1, 5, 6]. The
parameter that usually characterized the contacting surfaces is “constriction resis-
tance.” According to Holm [1], a spherical model of the constriction resistance can
be developed.

A circular contact surface with some semi-infinity contact materials was assumed
(Fig. 6.2). The radius of the contact surface is bwhich is significantly smaller than the
radius of the contact materials, B. Considering the constriction resistance of one of
the materials (resistivity ρ), the resistance dR between the hemispheres with radius
r and r + dr is

dR = ρdr

2πr2
(6.1)

The constriction resistance can be obtained by integrating (6.1) taking into account
two hemispheres and that b � B:

R = ρ

2π

∞∫

b

2dr

r2
= ρ

πb
(6.2)
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Fig. 6.2 Schematic
illustration of the parallel
current flow and of the
spherical model of the
constriction resistance

2b

B

Using power I2R dissipated in the constriction resistance with electrical current
I, the following energy balance determines the temperature �T increasing:

I 2Rt = m Rc�T (6.3)

Considering ideal spherical symmetry of the constriction volume (4πb3/3) with
material heat capacity c, mass density γ and (6.2) for R the heating time t of the
constriction material is:

t = 4cγπ2b4

3I 2ρ
�T (6.4)

Taking for Cu γ = 8.9 g/cm3, ρ = 1.6 μOhm cm, c = 0.38 W/g/grad, b =
10 μm, I = 10 A the time is 2.8 × 10−5�T /I2. When I = 10 A and the melting
temperature 103C is reached through t of about 0.3 ms. Since the contact material is
deformable during the heating, in reality the contact surface is more complicated by
contact closure or breaking. The liquid metal and a metallic bridge were produced at
the contact breaking. The bridge diameter, length, surface geometry, and the lifetime
depend on power heating, rate of the contact breaking, and liquid material properties.

According to the review of [5], the bridge diameter obtained for Pt by high-speed
photo registration in range 20–80 μm when the current increased from 20 to 80 A.
The length is in range 10–100 μm and 0.2 cm for breaking velocity 20 cm/s and
0.1 cm/s, respectively. The liquid metal was transferred from one to other electrode
by contact breaking.

Slade andNahemow [7] investigated an initial separation of high current of rapidly
opening contacts. Four pure metals, namely, Cu, Ag, W, and Ni, were investigated
in air at atmospheric pressure and close to maximal arc current of 1 kA. Effect of
the magnitude of the current on the formation time of the bridge investigated at 4,
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310, 550, 790, and 900 A for Ni electrodes. Three voltage-time characteristics were
observed, two of which show bridge formation and the third showed a rapid transition
from contact to arc. The used image-converter camera with the exposure time of each
frame varied from 0.1 to 10 μs (Fig. 6.3). In these experiments, the electrodes had
a velocity of between 30 and 50 cm/s when the molten bridge formed and between
75 and 100 cm/s when it ruptured and an arc formed. It was shown that the melting
voltage for Ni and W is generally much greater than the quasistatic regime.

Another important effect is associated with electrodynamic repulsion in
symmetric contacts. The electrodynamic mechanism produces mechanical force

Fig. 6.3 Molten-metal
bridge between Cu, Ni, and
Ag electrodes. Figure taken
from [7] with permission
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generated by the interaction of the electric current with its own magnetic field which
lines are concentric circles around the electrode cylinder axis [1]

H ∼ I

2πr
(6.5)

The force change d f r of an element chosen at an angle with respect to cylinder
axis is proportional to magnetic permeability μ0:

d fr ∼ μ0 I 2

2πr
dr (6.6)

After integration (6.6) at constriction region, the force was obtained by Holm [1]
is:

fc ∼ 10−7 I 2 ln
B

b
(N ) = 10−8 I 2 ln

B

b
(kG) (6.7)

The electrodynamic force reaches significant value for relatively large current
at the contact point increasing up to about 5 kg when the current increased up to
5 kA [5]. This force decreased with number of contact points at the electrode surface
because the circuit current distributedbetween the contact points. The electrodynamic
force also depends on the mechanical contact load due to change of the number and
geometry of the contact points at the surface.

According to Holm [1] in most cases for relatively long bridges, the hottest part of
the bridge displaced toward the cathode leading to reversing the current. Therefore,
the metal transfer was found to be directed from cathode to the anode. The bridging
metal transfer is due to asymmetrical heating caused by three main effects including
Thomson, Peltier, and Kohler effects discussed qualitative and quantitative by Holm
[1].

Thomson effect means that heat is given off by current carriers coming from
warmer to cooler regions (positive effect) of the current path in a conductor. The heat
is proportional to the current and to the temperature difference as σ T I�T, where σ T

is Thomson coefficient that is determined experimentally.
Kohler effect associated with current by tunnel electron penetration through thin

film at the contact surface. The electrons do not alter their energy level by tunneling.
Since they land in an anode with a lower negative potential than the cathode the
electrons have a surplus kinetic energy there. As result, the kinetic energy is given
off as heat in the anode. In case of bridging, Kohler process was associated with
assumption that an oxygen film deposits and chemisorbs on the contact material
are remain in the closed contacts. As such during a subsequent opening the current
density becomes high in the last contact area, the Kohler effect develops heat in the
anode.

Peltier effect produces a heat at junction of different metals by thermoelectric
process due to electrical current through two junctions and depends on the direction of
current. The produced heat power is proportional to the current by Peltier coefficient,
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which is an effective voltage. In case of the liquid bridge, an opening contact has
one boundary (1) against solid metal where the current enters the bridge and another
boundary (2) where the current leaves the bridge. If Peltier effect positive, then (2) is
heated and (1) is cooled. This means that the cathodic side becomes hotter than the
anode side. A contribution of mentioned above different effects in the bridge thermal
regime was discussed in [1, 5].

The experimental and theoretical studyof the dynamicof arc phenomena including
touch compression and bridging was presented at closure contacts in [8] and at
opening contacts in [9–11]. Different initial stages of contact opening were described
by the mathematical model considering the contacts before the melting, as well as
evolution, and rupture of the liquid metal bridge, the arc ignition, and spreading in
the bridge metallic vapors until the transformation of the metallic arc phase. The
mathematical formulation was extended concerning the non-stationary phenomena
and non-ideal electrical contact, when the contact opening is so rapid that the above
Holm relationship will no longer be valid. Also a modification of approach is asso-
ciated with a filament or roughness between the electrodes, connecting the contact
with the filament resistance Rf = 2ρl/πr2, where 2l is the length of filament, that
has to be added to the constriction resistance R. Further heating of this filament leads
to its melting, creation of molten bridge, and arc ignition after bridge boiling. The
lifetime, energy of each stage, contact voltage, and temperature were calculated. It
is shown, that arc duration depends on opening velocity, contact scale roughness,
energy, and length of liquid bridge.

Electrical contact at closure can appear due to breakdown when a strong electric
field was produced at the electrode surface (gap width of 1–100 μm [6]) or due to
touch and thermal destruction of a microspike and thermal atom ionization. One or
other contact mechanism depends on the speed of closure electrodes. In experiment
[8], the breakdown mechanism (gap voltage < 400 V) was observed for slow contact
speed <0.1 m/s while at contact speed 0.5 m/s and greater the electrical contact was
occurred by the mechanical touch of molten microspikes on the surface.

6.2 Electrical Breakdown

Electrical breakdown is an irreversible process, since a high-voltage gap will sharply
drop to amuch lower voltage and the insulating vacuum sharply changed to relatively
high conductive medium in the interelectrode gap while current increasing. Despite
that, the developed electrical arc is a relatively high-current discharge,which operates
at low voltage, arc initiation requires much higher initial voltage, and an appropriate
power supplywill be required [12]. The required voltage is determined by phenomena
of the trigger gap breakdown. Three main ways of triggered vacuum arc by electrical
breakdown can be indicated as: i) electrical breakdown of the gap between the main
electrodes; ii) electrical breakdown of the gap using additional triggered electrode;
(iii) electrical breakdown at an insulator surface used in a triggered electrode. In
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essence, the first two ways have similar mechanisms of arc triggering while the last
should be analyzed separately.

6.2.1 Electrical Breakdown Conditions

The presence of a gas in the gap is an important condition allowing the electrical
breakdown development. When a voltage is applied such gas can be appeared due to
the atom desorption. If the cathode is under an electric field and it is warm, the atom
evaporation and electron emission take place also.When the gap pressure approaches
a value so that the mean free path of electrons becomes less than the electrode gap
distance d the conditions were created for avalanche ionization development. At
the initial stage, when the gas is relatively cold the charged particle increase can
be occur according to classical mechanism by the atom ionization due to electron
acceleration in the applied voltage. The condition of breakdown development was
obtained in following form [13].

Ned = Ned exp(αd)

1 − γ
[
exp(αd) − 1

] (6.8)

whereNe0 is the initial electron flux at the cathode surface, α is the coefficient charac-
terized the charge particle generation in the volume, γ is the coefficient characterized
the charge particle generation at the cathode surface, Ned is the amplified electron
flux in direction to the anode. The electrical field of breakdown and transition to
a spark in presence of a residual gas with pressure p depends on gap product pd
according to Paschen law and the details can be found in [13].

In vacuum the breakdown development depends critically on specifics of the
abovementioned coefficients, which characterize also the generation of a conducting
vapor and maintaining a hot area located at the electrodes. The mechanism of elec-
trical breakdown in a vacuum is determined by mechanism of the charged particles
generation in the electrode gaps.

6.2.2 General Mechanisms of Electrical Breakdown
in a Vacuum

The most studies of electrical breakdown for a fixed gap showed that the discharge
could be initiated by the charged particle generation either at cathode or at the anode
or by particles in the interelectrode gap. A review of the breakdown phenomena and
historic review of the study development can be found in [2, 5, 14–17]. Below the
main points of developed theories will be indicated.
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The surface condition of the electrodes has important influence on vacuum break-
down. The surface microroughness is determined by mechanical treatment of the
surface, it is heating or cooling. The surface microrelief can be significantly changed
by prolonged application of a voltage as well as during the breakdown process.
As result, a number of microirregularities including microprotrusions, whiskers,
metal and dielectric particles, grooves, cracks and craters, characterizes the electrode
surface microstructure.

The presence of the surface irregularities caused enhance of the local electric
field El compared to the averaged field E determined by an applied voltage U to gap
distance asU/d. The field enhancement is characterized by coefficientβ = El/E. This
coefficient depends on the protrusion geometry, electrode gap and is proportional to
the ratio hp/rp, where hp and rp are the protrusion height and radius, respectively [16,
18, 19] and see Chap. 2.

The presence a strong electric field at the cathode surface stimulates use the field
electron emission (F-emission) to explain the breakdown phenomena in a vacuum
[20] and that the breakdown is determined primarily by conditions at the cathode. It
was suggested [21] that breakdown involves a rupturing of the cathode surface under
the action of local heating and mechanical strain associated with the electric field.
Also, it was indicated that the highest electric field that could be applied to a tungsten
cathode without breakdown occurring was about 4.7 × 106 V/cm. However, Chiles
[22] observed for a number ofmetals that the luminosity always appeared at the anode
before it appeared at the cathode. His evidence is given to show that positive ions
from the anode with velocity in range from 5× 105 to 8.9× 105 cm/s have sufficient
time to cross the gap during the average observed time intervals. This experimental
result continues the existing problem related to the location of breakdown initiation.
The problem was clarified using methods with high sensitivity measurements of
the radiation brightness from the gap indicating that the observed brightness at the
cathode side rather weaker than at the anode side [17].

Amodel developed using the secondary ion and electron emission suggestedweak
effect due to low coefficients of these processes. Another approach used weakly
coupled and charged macroparticles at the cathode surface. These particles can be
removed from the surface due to force of the strong electric field ~E2/8π or under
heat action of the emitted electrons from the cathode. The model based on their
acceleration in the gap with further transfer the surface energy Wsf = σ sU (where σ s

= U/d) to the anode, heating it and causes the surface vaporization. This approachwas
applicable to relatively long time of breakdown and cannot explain the phenomena
occurred at short time (<10 ns).

Themechanism of breakdown initiation by field electron emission from the single
crystal tungsten cathode was further demonstrated by experiments of Dyke with co-
authors [23–25]. The following results can be summarized using suggested by the
authors’ experiments and the theoretical study (see also Chap. 2). The experiment
showed effects of bright ring appearance and spontaneous growth of the emission
current in time. The breakdown was initiated at a critical value of the field current
density of the order of 108 A/cm2 due to significant field enhancement by geometry
factor. Above this limit value, an explosive vacuum arc [23–25] occurred between
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electrodes. At current density below the critical value, an electron emission was
observed which apparently involved both high temperature and high electric field.
The emitter temperature increased due to resistive heating of the microemitters.
Electron micrographs of the surface microprofiles were used to obtain the emitter
geometry, which allows calculating both the electric field and current density taking
into account the temperature increasing. The volumetric electron space charge was
taken in account and this effect found to be effective at a current density of the order
of 107 A/cm2. Evaporated emitter material appeared to be the source of the positive
ions, which are required to neutralize space charge during the large increase in current
accompanying the transition from field emission to vacuum arc. It was indicated that
the bombardment of the cathode by ions formed at the anode or in the residual gas
was judged negligible during an arc initiation.

In contrary, Chatterton’s [26, 27] calculations of the critical fields for anode or
cathode primarymelting (and surface processes which become important at tempera-
tures lower than themelting point) showed that both cathodic and anodicmechanisms
of breakdown are possible. The work presents the results of calculations for different
metals on the onset of breakdown due to field emission from an arbitrary protru-
sion at the cathode in an attempt to resolve the dilemma presented by the above
work. The calculations take into account the effects of high-field intensification at
the protrusions, Nottingham heating, electron backscattering and space charge. The
anode temperature was calculated taking into account the extent electron beam at the
anode, the radius of the bombarded area that depends on the electron velocity due to
field emission, the shape of the field lines near the emitting protrusion at high-current
densities, the space charge effects. The model gives the critical cathode field, which
will cause melting at the cathode or anode. The anode or cathode melting can occur
when fields exceed (3 − 5) × 107 V/cm, which was in agreement with the experi-
mental evidence. The differences between predicted fields for primary cathode and
anode melting are small.

The further studies of the cathodic-anodic breakdown initiation dilemma were
provided theoretically by Charbonnier et al. [28] and experimentally tested by
Bennette et al. [29]. The experiments conducted for gap distances varied from a few
tenths to a few thousandths of a centimeter at gap voltages up to 30 kV applied either
continuously or in single pulses of 1–100μsec duration. The breakdownmechanisms
studied considering thermal processes initiated at both the anode and the cathode by
the prebreakdown field-emitted electron current. The electric field was enhanced at
the tip of microscopic cathode protrusions. Also, it was analyzed the mechanical
processes resulting from yield of one of the electrode surfaces under the action of
electrostatic stress produced by the electric field in the gap. In the case of thermal
breakdown initiation, a numerical parameter γ B was obtained. This parameter is a
ratio where the numerator depends only on conditions at the protrusion tip and the
denominator only on conditions at the anode. γ B can indicate either an anode or a
cathode-initiated arc depending on their thermal conditions.

The experiments [29] showed that for all electrodes (W, Mo, Cu), except
aluminum, breakdown is caused by excessive field emission from the sharpest protru-
sion and consequent thermal instabilities. For aluminum, the electrostatic stresses
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induce irreversible changes at lower gap voltages than a voltage would be required
for thermal instability, and it is cause the primary electrical breakdown. Joule heating
in prebreakdown stage usually more localized at the cathode than at the anode. In
case of pulsed gap voltages, short pulses tend to favor cathode initiation while long
pulses favor anode initiation. The theoretical predictions [28] were in agreement with
the results of the measurements.

Williams and Williams [30, 31] reported results of measurements of prebreak-
down current as a function of electric field applied for molybdenum electrodes in a
vacuum (10−9 Torr) for a fixed gap separation (0.05 cm). Two sets of electrodes were
used: unpolished anode, polished cathode; and polished anode, unpolished cathode.
The results indicate that the state of the anode surface governs the breakdown voltage
and influence themicrogeometry of the cathode surface. At fixed cathode surface, the
surface finish of the anode plays an important part in determining the type of micro-
geometry obtained on the cathode after repeated sparking. Amplification factor with
sparking indicates that the anode surface finish has a greater effect on breakdown
voltage than the cathode surface finish. When the anode is either polished or unpol-
ished, the protrusions for the first few breakdowns are conical at the polished cathode
and the dischargewas cathode initiated for the first fewbreakdowns.With a number of
breakdowns, the cathode geometry eventually becomes cylindrical, indicating anode
breakdown. Also, in a conditioned gap, both anode and cathode are involved in the
discharge initiation. Anode initiation was obtained for a certain set of electrodes.

According to Lafferty [12] as the voltage across the gap is increased, a small
current produced by F-emission begins to flow. When these electrons bombarded
the anode, additional charged particles and radiation were produced. These in turn
produce enhanced electron emission on the cathode. When the applied voltage
exceeds a critical value, these effects become cumulative and breakdown occurs
with the release of vapor from the electrodes. The breakdown then develops into a
metal-vapor arc with the formation of a discharge. It indicated that the presence of
both electrons and ions is an essential requirement for producing complete break-
down of the vacuum gap. This mechanism, however, difficult to applied for relatively
large gaps when U/d can be low for enough electron emission.

To understand the breakdown evaluation, a luminescence of the interelectrode
gap at the anode, cathode, and in the center of the gap was determined by means of
a photomultiplier [32]. An apparatus with high resolution of ~1 ns was used, which
allows establish a correspondence between the rise in current and the output of the
radiation in the spark stage of breakdown. The luminescence location and the onset
of the rise in current were compared during a DC spark vacuum breakdown.

The copper or molybdenum electrodes were used. The cathode made in the form
of a hemisphere 10 mm in radius and the anode was a plane disk 20 mm in diameter
with rounded edges and used a sharp needle as cathode and a plane as anode. It was
reported that the luminescence at the cathode started at exactly the same moment as
the rise in current. The luminescence at the anode appears on average 10 ns after the
onset of the rise in current. This fact also agrees with the results of electron-optical
investigations into the pulsed breakdown, which showed that evaporation from the
anode takes place under the influence of bombardment by electron fluxes emitted
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from the cathode jets, this being a secondary process relative to the act of breakdown
initiation. The influence of the anode material generation on the breakdown voltage
increase was shown in different other experiments [5, 16].

6.2.3 Mechanisms of Breakdown Based on Explosive
Cathode Protrusions

Basic principles of theDyke’smodel [23–25] of cathodicfield emission thermal insta-
bility and explosive destruction of cathodic microprotrusion creating the medium
necessary for the subsequent development of the dischargewere further developed by
Fursey et al. [33–37] andMesyats et al. [38–42]. They took in account that the plasma
expands from the explosive protrusion. An intense critical field at the pointed cathode
leads to critical field emission and to the cathode microinhomogeneity explosive
destruction.

According to Fursey and Coworkers [34, 36], upon explosive destruction of the
point (like to wire electrical exploding), a dense plasma sphere is formed which
expands into the vacuum. This dense plasma also formed a positive space charge
(in polarized plasmoid with minus in direction to the anode) providing a strong
field at surface vicinity of the cathode points. The stronger field increased the field
emission from the protrusion and this may lead to their destruction initiating new
plasmoid. The process may be repeated several times, expanding in width around
the surface and forming a plasma cloud near the cathode. As result, a melting layer
on the cathode surface was produced and an extraction of new points occurs (under
the action of ponderomotive forces) with their subsequent destruction on attaining a
critical current density. Extraction and destruction cause of the electron emission and
regeneration of the interelectrodemedium necessary to the discharge development. It
showed that the explosive emission current density distribution on the anode surface
(obtained by field emission microscope) reflected the structure of the electron beam.
The beam has a shape of symmetric spot in the form of rings. A similar form of the
anode erosion was observed.

According to Mesyats group [16, 38–41] the mechanism of breakdown initiation
was based on the electron explosive emission (see Chap. 2). The current increase in
the beginning was observed by local luminescence, which is a plasma cloud named
also cathodic flare. During the development current grows sharply and plasma flame
expands at a high speed (~2 × 106 cm/s) in direction to the anode. The experiments
and the models of Mesyats group concluded that in the sequence of the processes
involved in a pulsed breakdown, the explosion of microprotrusions accompanied by
the generation of cathode plasma and by the appearance of intense electron emission
from the cathode that should be treated as a breakdown initiation. The local field was
108 V/cm and the local current density was over 108 A/cm2.

The electrons emitted by the cathode plasma were accelerated in the vacuum gap
and their energy passed to the anode surface (about 109 W/cm2 during ~14 ns) [17].
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As result, the energy was accumulated in the anode producing a flux of the anode
material plasma, which can be in form of anodic flare. This flare was several order
larger than expanding cathodic flare and therefore the anode luminescence larger.
So, at the final stage of a discharge, the anode may be the principal supplier of the
conducting material requested for the gap breakdown and discharge development
[16, 17]. In the first stage of current increase (short time), an anode mass gain was
observed due to a deposit from the cathode plasma fluxes [39]. The difference of
breakdown at steady voltage from pulse breakdown is in the processes leading to
cathode surface variation and its emission properties. The anode material transfer
to the cathode in prebreakdown stage suggested to be considered as one of such
processes.

In essence, the role of the anode plasma in the cathode–anode breakdown mech-
anism was published in the literature (see above). However, this mechanism and the
field emissionmechanism in thementionedworkswere studiedwithmore detail inter-
pretation considering the different stages of breakdown by use the high-voltage tech-
nique of nanosecond pulse, high-speed oscilloscopic registration and electron-optical
imaging [35]. The used technique and corresponding experimental results allowed
develop a physical model for better understanding the evolution of the breakdown
and transition to the vacuum arc.

Other investigations of vacuum electrical breakdown showed different mecha-
nisms of gap triggering by critical vapor density that generated by the detachment of
an anode macroparticle from the hottest region on the anode surface and its subse-
quent evaporation during its transit to the cathode [43] and by additional plasma
injection of a hydrogen density [12]. The electrode polarity influence was considered
where indicate support theories of electrical breakdown in vacuum which postulate
that the initiating event occurs at the cathode [44].

6.2.4 Mechanism of Anode Thermal Instability

Thus, the above considered publications indicate two main mechanisms of electrical
breakdown. One mechanism is limited by the material supply due the protrusion
explosion. This mechanism is confirmed by the observation of the light emission
from the cathode material vapor prior to the anode vapor in narrow gaps formed by
electrodes of dissimilar metals with short impulse voltage. The second mechanism
was supported by the directly anode evaporation due to anode local heating with the
energy of accelerated cathode electrons in the gap. There is important parameter the
time delay of the breakdown onset.

A study of vapor time evolution into the gap was carried out in the work of [45].
Measurements of the breakdown delay time following the application of the impulse
in the range 1–200 μs for an electrode separation of 0.1 cm have been correlated
with the optical resonance radiation, characteristic of each electrodematerial, emitted
from the gap during the early stages of breakdown. The data have been obtained from
three spatial regions: near the cathode, middle of the gap, and near the anode. The
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time delays of the breakdowns at was obtained for various overvoltages values that
characterized by a coefficient Kov which is a ratio of the impulse voltage amplitude
to the DC breakdown voltage.

The results show that, when high overvoltages were applied (Kov > 1.3), the
breakdown delay times <20 μs are characterized by the initial emission of cathode
vapor radiation, whereas for times 20–200μs and Kov < 1.2, anode vapor radiation is
emitted prior to cathode vapor radiation. It concluded that a transition in the impulse
breakdown mechanism occurs from one involving initiation in anode vapor to one in
which initiation takes place in cathode vapor, as the magnitude of the applied voltage
is increased above the DC breakdown value.

So, the cathode material generation was correlated with short-time delays of the
breakdown, is in agreement with the model of explosive electron emission, whereas
the anodematerial generation and longtime delayswas proposed to understand on the
basis of the thermal anode phenomena [46]. It is important to study the phenomena
occurring at relatively large delay times, especially when also the impurity materials
in the gap can be produced due to gas desorption from the anode surface.

A model of the anode thermal instability, which caused by local heating of the
anode by beam of the field emission electrons and by the following exchange of ions
and electrons between cathode and anode has been suggested [47–49]. It is shown
that uncontrolled growth of the anode temperature Ta is possible in the case of the
electron beam bombardment when simultaneous action of the above two processes
is taken into account. It was also taken into account that ions are formed due to
ionization of vapor of the anode material and desorption products [50]. The local
anode temperature grows because of an additional heating of the anode due to an
increase in the electron current, caused by the vapor ionization, and due to secondary
processes on the cathode. Taking into account electro-ion exchange processes the
heat flux density q(T a) was approximated by following expression [47]:

q(Ta) = qa0[
1 − αγ

Ta
exp(− La

Ta
)
]

where α, γ are the coefficients of ionization by electron impact and secondary ion-
electron emission of the cathode material, respectively, qa0 is the heat flux density
without anode vapor ionization, La is the specific heat of the anode vaporization. The
heat model considers the anode as semi-infinite body and the heat flux distributed
uniformly on the circular anode area with a given radius Ra. The appearance of
thermal instability is controlled, on the one hand, by the ionization of the anode vapor
and desorption material and the intensity of secondary processes on the cathode, and
on the other hand, by heating and cooling of the anode. The temperature of the
instability onset is close to the melting point of the anode material, which is in good
agreement with experimental data [29].

A relation between αγ and qa0Ra/λLa determined the onset of anode thermal
instability. The time delay was determined as duration between the moment of flux
qa0 applied and the onset of the sharply temperature increase. This time for Cu anode
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and qa0 in typical range 104 − 105 W/cm2 [29] is indicated as 10−5 − 10−3 s and it
is depends on an overvoltage, i.e., on the depth of beam penetration.

An experimental study of gas evaporation from the electrode surface and the
decisive effect of these processes on prebreakdown characteristics of the gap and
the vacuum breakdown initiation was demonstrated in [48, 50]. The total pressure
before the beginning of the experiments was 8 × 10−10 Torr. The gap consisted of
a molybdenum single-crystalline cathode and interchangeable cylindrical anodes:
single-crystalline copper and molybdenum and polycrystalline nickel. The content
of impurities in the materials employed was less than 10−5%. The cathode made
in the form of a rounded cone with a half-angle of 30°. The cathode diameter was
4.65 mm. The gap between the electrodes varied from 0.05 to 1.5 mm. A DC voltage
up to 100 kV in 10 kV steps was applied across the vacuum gap.

According to mass-spectrometric data, an increase of the pressure in the chamber
was caused by the growth of the concentration of all the components of residual gases,
the growth of H2, CO/N2, CO2, and water group dominating. Molecular hydrogen
was dominated in the spectrum of residual gases. Experimental dependences UB

= f (d), obtained for three anode materials are shown in Fig. 6.4. Thus, there is a
clear tendency to the saturation of the curve UB = f (d) associated with decrease
in the mean field intensity E0, on the cathode surface with the increasing d. The
dependence of E0(d) is obtained by simulating the electrical field [48]. As shown
in Fig. 6.4 the dependences UB = f (d) for gaps, whose anodes are made of various
materials, coincide almost completely. This coincidence was explained by the fact
that impurities are desorbed from the surface of anodes of various materials with
approximately the same intensity, rather than to the fact that the breakdown initiation
is determined by the electrode material properties (ultimate tensile strength of Cu
and Mo).

Fig. 6.4 To the total voltage effect. 1 experimental dependence UB = f (d), 2 electric field at the
cathode, E0 versus interelectrode gap d, 3 breakdown voltages reduced to plane parallel electrodes,
x—Mo anode, �—Ni anode, o—Cu anode. Figures taken from [48] with permission 501550145
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The authors [48] indicate that behavior of the dependence UB on distance d is
due to the fact that the anode local heating and thermodesorption are determined by
the total energy of bombarding electrons, that is, by the total voltage and applied
across the gap. It should be noted, if the thermal effects were important then the
anode material properties should influence the breakdown phenomena because the
heat- and thermoconductivity significantly different for such metals as Cu and Mo.
However, this point was not discussed.

6.2.5 Electrical Breakdown at an Insulator Surface

The breakdown voltage of a vacuum gap is reduced by the presence of solid dielectric
inclusion in the gap and it decreases with increase of the permittivity of the material.
The electrical breakdown of a vacuum gap with a solid insulating material between
the electrodes (flashover discharges) has been extensively investigated by various
workers [2, 5, 17]. The initiation of the electrical breakdown at an insulator surface
always takes place in the cathode in contact with the insulator [42, 51, 52]. The
electric field strength was amplified because of the microroughness of the metal
and dielectric surface in the contact area. The field amplification is proportional to
dielectric permittivity ε. According to Bugaev [53] the amplified field is

E = − εE0[
εδ0
δ

+ 1
]

where E0, δ are the applied field and the dielectric thickness, δ0 is the gap between
dielectric and cathode. For conditions of the work [53], the field E at smooth surface
is about 106 V/cm. For real cathode surfacewith roughness presence, the electric field
reaches significant value, which causes explosion electrons emission. The results of
spectral studies in the initial stage of discharge (up to 10 ns) showed protrusion
explosion due to Joule heating and plasma producing with simultaneously heating
of dielectric under electron bombardment, desorption of adsorbed gases, and evapo-
ration of the ceramic material. The plasma propagates along the dielectric surface in
the thin gas layer under the action of the tangential component of the electric field
with subsequent ionization of the gas and vapor-like propagation of the streamer [13].
Therefore, for insulators with the large dielectric constant, the breakdown electric
field was relatively low (~103 V/cm) in comparison with the vacuum gap breakdown.

Boxman [54] studied the mechanism of arc ignition depending on polarity of the
main electrode. Themain electrodes were 7 cm diameter copper disks. The gap could
be varied using movable upper (independent) main electrode, while the lower main
electrode was attached mechanically and electrically to the stainless steel chamber.
The trigger gap consisted of two hollow copper cylinders insulated from each other
by a ceramic disk. The upper cylinder connected electrically and mechanically to
the lower main electrode. The lower cylinder used as the trigger anode (the trigger



158 6 Vacuum Arc Ignition. Electrical Breakdown

electrode) and was connected electrically to the trigger circuit. The trigger operated
by applying a high potential across the ceramic disk causing a metal triggering arc.
For positive polarity of the independent electrode, the trigger arc establishes its own
cathode spots, which then supply current to the main discharge, dividing to form new
spots as needed. For negative polarity of the independent electrode, the breakdown
occurred due to high electric field in the thin sheath adjacent to the surface of this
electrode due to plasma produced by the trigger arc and because all the potential
difference dropped across the positive sheath.

GovindaRaju et al. investigated the triggering and breakdownproperties including
the timedelay to thefiring of a triggered vacuumgap containing dielectricmaterials of
different resistance. The trigger gap as dependencies on the main gap voltage, main
gap length, trigger pulse duration, trigger current, and trigger voltage determined
for electrode materials as silicon carbide, steatite ceramic, boron nitride [55], and
barium titanate dielectric [56]. Three electrodes used from copper for triggering the
gap. The main electrodes were of 25 mm in diameter. Increasing either the trigger
voltage or trigger current decreases the time delay. Variations of the main gap length
and main gap voltage affect the time delay only slightly. Two groups of time delays,
long (>100 μs) and short (<10 μs), were observed simultaneously before electrode
“conditioning” while only short-time delays was present after conditioning. The
presence of dielectric significantly decreases the triggering voltage. For example, for
a fixed trigger voltage of 1 kV and trigger current of 28 A, the time delay decreases
from 1.4 μs to 0.6 and then to 0.4 μs with increasing anode voltage, respectively,
from 10 to 15 and 23 kV. The resistance of the dielectric is found to decrease with
increasing trigger current and this is attributed to the deposition of metal vapor on
the surface.

Kamakshaiah and Rau [57] studied a triggered vacuum gap for diameter of the
main electrodes of copper in 45 mm with a dielectric gap (trigger gap) of 0.5 mm
between the trigger electrode and the cathode. They noted that use a zirconated
titanate as dielectric material has an extended life of 2000 firings without much
noticeable deterioration of the electrical properties for main discharge currents up to
3 kA and is much superior to these made with silicon carbide used in the previous
work. It was shown that probability of firing (determined as the ratio of the number of
successful firings of the main gap to the total number of pulses applied to the trigger
gap) increases with increase of trigger pulse energy, trigger pulse duration, main gap
voltage and aging, but it decreases with increase of the main gap separation.

The threshold trigger voltage required for reliable firing appears to decrease with
increase of the permittivity of the materials. It is 1.2 kV for zirconated titanate with
ε = 1750, whereas this value is lower 0.725 kV for silicon carbide with lower
ε = 285. Nevertheless, other investigators [57] also observed (in magnetic field
or with polymer dielectrics) a reduction in breakdown voltage with increase of the
permittivity of some insulators. In view of these results, the authors of work [57]
conclude that it is difficult to say positively that permittivity has a dominant control
over the trigger voltage.

Anders et al. [58] showed that the arc initiation can be provided by applying
the relatively low voltage of the arc power supply to the cathode–anode-separating
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Fig. 6.5 Schematic
presentation of the film
deposited at the insulator on
the vacuum arc triggering.
Figure taken from [59]

Cathode Anode

Insulator film

insulator was coated with a conducting layer. This “triggerless” principle has been
tested successfully with a large number of cathode materials.

Zolotuchin and Keidar [59], Teel et al. [60] demonstrated a pulsed microcathode
triggering vacuumarc consisting of two rectangular electrodes on an alumina ceramic
plate with a variable interelectrode gap. The insulator covered by a conductive film
of carbon paint shown in Fig. 6.5. The effect of dielectric material, microroughness,
gap and magnetic field on number of ignition was investigated. Overall over million
pulses can be achieved as result of optimizing the interelectrode gap, the electrical
power and the value of the magnetic field parallel to the film surface.

The coated boron nitride insulator was used for ignition of a vacuum arc with
black body electrode assembly in [61, 62]. Material eroded by the arc from cathode
spots (metallic plasma and MPs) was reflected from the hot anode, and the metallic
plasma was generated in the vessel (Fig. 6.6). The closed vessel operated as a black
body for the MPs while the plasma will be emitted through the anode apertures.

However, when the arc extinguished the plasma deposits the boron nitride (BN)
shield. For first, an explosion of a Cu wire placed between the cathode and the anode
triggered the arc and then the next arc ignition was triggered by explosion of the
cathode material condensed on the BN insulator from the previous arcing.

Miller [63, 64] presented a review of flashover of insulators in vacuum. The
voltage breakdown along the surface of insulators in vacuum and the theories relating
to surface flashover and related experimental results were discussed. It concluded

Fig. 6.6 Schematic
presentation of cathode
material deposited on the BN
insulator (from previously
burning of the arc), which
serve for triggering the next
arc in a vacuum

Cathode

Anode
BN

Deposit
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that the surface flashover of insulators in vacuum is generally initiated by the emis-
sion of electrons from the cathode in the junction of electrode-insulator in vacuum.
These electrons then usually multiply as they traverse the insulator surface, either
as a surface secondary electron emission avalanche, or as an electron cascade in a
thin surface layer, causing desorption of gas, which had been adsorbed on the insu-
lator surface. This desorbed gas is then ionized and the ionized gas leads to surface
flashover of the insulator.

A dynamic model that computes the flashover voltages of polluted insulators
energizedwithDCvoltagewas presented [65]. The salient feature of thismodel is that
it takes into account the configuration of the insulator profile at every instant, which
plays an important role in the flashover process of the DC polluted insulators. The
relatively recent investigations of surface flashover discharges along an insulators can
be considered in [66–68] including insulator high-voltage flashover with electrons
produced by laser interaction [69].

6.3 Conclusions

Cathode mechanism explained pulse voltage breakdown initiation with short-time
delay (~10−9 s) when anode cannot be heated. In some conditions (relatively long
time), the amount of the material due to protrusion explosion is not enough for
discharge development. Therefore, the authors of cathode mechanism initiation
considered the further stagewhen the anodewas heated by the electron beam from the
explosion plasma supporting the necessary density of the medium for the discharge.
The anode mechanism of breakdown initiation explained the breakdown with long-
time delay and for statically applied voltage in gaps of d ~ 1 mm. The anode mech-
anism occurred by current density on the cathode protrusion lower than for cathode
explosion emission mechanism. However, for all cases, the current density and the
electric field at the surface should be >108 − 109 A/cm2 and ~108 V/cm in order
to support the cathode thermal instability leading to explosion of the protrusion and
explosive electron emission. These conditions were required also in case of flashover
breakdown along the insulator surface. Nevertheless, the necessary voltage can be
significantly lower due to thin space layer at the contact cathode-dielectric and due
to breakdown development in the desorbed material. When a dielectric was used to
arc initiation also the properties of electrode metal deposit on the insulator surface
were import as well as the permittivity for increasing the firing probability.
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Chapter 7
Arc and Cathode Spot Dynamics
and Current Density

In this chapter, the arc definition and the experimental data characterizing the cathode
spot including arc voltage, cathode voltage, threshold (minimal) arc current, spot
definition, and problem of spot dynamics and the current density are described.

7.1 Characteristics of the Electrical Arc

7.1.1 Arc Definition

Usually, the electrical discharge is defined by volt–current characteristics changed at
arc stage by transition from glow discharge. The electrode gap voltage was dropped
from about 400–600 V and mA’s for current range (glow) to about 20–30 V and
currents >1 A in 1 Torr argon discharge. In addition, local luminous hot areas were
observed. The last fact indicates that production of the charged particles changed
from the sputtering in glow discharge (large voltage) at whole cathode surface to
the phenomena arising at localized cathode areas. As it was described below, these
phenomena include the electron emission and plasma generation due to intense local
cathode heating by the energy flux produced by the plasma interaction with the
cathode, and therefore, the arc can be supported by low gap voltage.

The methods of direct electrical arc initiation in a deep vacuum were described
in Chap. 6: (i) high-voltage electrical breakdown, (ii) arcing contacts, and iii)
by momentary contact of an additional small triggering electrode. The contact
phenomena were studied by Holm [1] (see Chap. 6). There the main point is signif-
icantly lower contact area with respect to the real contact area due to surface irreg-
ularities. Therefore, the constriction resistance was located in the immediate neigh-
borhood of small spikes. Under electrical current, the electrode’s locally constricted
areas were heated forming metallic bridges that melt and vaporize electrode material
[2]. The bridging phenomena were the transient stage for arc initiation in breaking
contact producing the metallic plasma. The main purpose of the listed methods is
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producing the primary plasma from the cathode material in order to initiate arc and
then develop it. Therefore, the vacuum arc was operated in an electrode vapor, and
it discharges high current (relative to glow). Thus, the vacuum arc was defined as a
relatively high-current discharge with low gap voltage, local heating of the cathode,
and which is operated in vapor from the electrode material. The oscillated voltage
and the arc stability depend on the current.

7.1.2 Arc Instability

Usually, the arc is an unstable discharge, and the arc voltage fluctuates. Kesaev [3]
widely investigated the arc stability, i.e., arc duration that is limited due to its spon-
taneous extinguish for mercury in detail [4] and for low-melting cathode materials
(Bi, Pb, Zn, In, Sn, Ga, Al, and Cu) [3, 5, 6]. The relatively large number of the
experiments showed stochastic character of the arc duration, which is described by
following function

Nt = Nϑ exp(−t/θ) (7.1)

where Nt is the number of readings with arc time larger than t and θ is the mean
arc duration. It was obtained that the arc stability (the mean arc duration θ in (7.1))
increased with arc current, magnetic field, and surrounding gas pressure. The arc
stability for a solid cathode at moderate currents (10–50 A) was significantly higher
than the stability of a liquid cathode arc (exceptAl cathode). The results of arc stability
were explained in frame of proposed so-called “internal instability of metallic arcs”
[7, 8]. According to the internal instability, the stationary arc operation was consid-
ered as a number of old disappeared and new regenerating of a cathode spots, when
dI/dt < 107 A/s.

Figure 7.1 demonstrates amplitude of the oscillations which significantly
decreased when current rise from 2 to 10 A for cathodes from Ag, Cu, and Au
[3]. Some larger oscillations for current 25 A were measured also by Nazarov et al.
[9]. The result [9] was obtained for plane Cu cathode (25 × 40 mm) and 1 mm W
anode separated by 1 mm.

The fluctuations of the arc current, ion current, light intensity, and arc voltage
of a single cathode spot in a vacuum arc were investigated by [10, 11]. Cleaned Cu
cathode and anode with diameter of 10 mm [10] and 30 mm in diameter and 3 mm
thickness [11] were used. A circular current probe of 10 mm in diameter was placed
at distance of 36 mm from cathode. DC arc initiated after electrode separation, when
an electrode distance of 5 mm was reached. Measurements of light intensity were
carried by observation of the cathode spot in a direction, normal to the cathode.
Time integrated spectroscopy used to determine the spectral composition of the light
emitted by the cathode spot.

The spontaneous fluctuations of interelectrode voltage at arc current 50 A and rate
of current rise in the order of dI/dt = 5 × 106 A/s were observed showing relatively
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Fig. 7.1 Waveform of arc
oscillations for Au electrodes
at different arc current. The
scale of marks (down)
indicates amplitude of 50 V
and frequency of 10 kHz [3]

stable discharge with variations of only some volts. However, lower currents (<40 A)
and voltage peaks of some hundreds of volts characterize the occurrence of instabil-
ities. It has shown that voltage fluctuations occur simultaneously with an excess of
mass production at the cathode spot causing a synchronous increase in light intensity
and an increase in probe ion current.

So, the amplitude and frequency of the oscillation for low currents can depend
on discharge conditions that follow considering the results of above different exper-
iments and presented in Fig. 7.1. The arc stability and amplitude of oscillations
depend also on the rate of current rise dI/dt. The oscillation amplitude increases
with the rate of current rise and decreases with arc current. At dI/dt about of 108

A/s (characterized a spark discharge), a spontaneous formation of new spots was
observed.

Paulus et al. [12] investigated the transition of a vacuum arc from one steady state
to another by superposition of current step for cylindrical cathodes from Cu, Al, Pb,
and Zn of 25 mm diameter and 5 mm electrode gap. It was observed that at low
rate of current rise (dI/dt = 5 × 106 A/s), the magnitude of oscillations is relatively
weak and the arcing voltage slightly increased. At high rate of current rise (dI/dt >
108 A/s), a significant increase in the interelectrode voltage can be produced. This
voltage depends on initial arc current I in, current step�I, and transition time�t. The
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Table 7.1 Transient arc
voltage Udi as function on
initial arc current Iin [12]

I in (A) �I (A) Udi (V) dI/dt × 108 A/s

28 150 235 7.5

28 100 180 5.0

28 50 40 2.5

32 150 70 7.5

32 100 63 5.0

37 150 70 7.5

37 100 40 5.0

37 50 29 2.5

42 150 42 7.5

42 100 33 5.0

45 150 40 7.5

45 100 34 5.0

50 150 37 7.5

50 100 30 5.0

50 50 25 2.5

80 200 40 10

80 150 32 7.5

120 50 25 2.5

transient arc voltage Udi dependence for Cu cathode and �t = 0.2 µs was presented
in Table 7.1. As follows from the results, the value of Udi decreases with I in, while
Udi increases with larger values of dI/dt. Also the value ofUdi increases with melting
temperature of cathode material, Al (350 V, 15 A), Pb (500 V, 5 A), and Zn (2100 V,
5 A) for dI/dt = 7.5 × 108 A/s.

7.1.3 Arc Voltage

The electric field in the electrode gap of an arc was not distributed uniform and is
substantially large at the cathode surface, while it is relatively low in the expanding
cathode plasma. The potential distribution is schematically shown in Fig. 7.2. The

Fig. 7.2 Schematic potential
distribution between cathode
and anode in an arc
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large part of the arc voltage is dropped in the adjacent to the cathode sheath named
cathode potential drop uc [3, 13, 14]. A small part of potential drop is in the conduc-
tive gap plasma and small positive or negative anode potential drop ua (depends on
arc current and plasma density and gap distance) in the anode region.

Early Duddell 1904 [15] showed that when the arc is maintained at constant
current I, the potential difference uarc between electrodes can be represented by an
equation uarc= e + RI, where e is the ponderomotive force and R is the resistance.
Duddell studied experimentally the arc resistance and electromotive force and found
that the arc parameters had a statistical character even at constant conditions.

During last few decades, in general, the total arc voltage uarc wasmeasured consid-
ering the minimal level at the oscillogram of voltage oscillations [3, 4]. This voltage
consists of several parts, one of which corresponds to the space charge sheath uc
and determines the main cathode processes (heat, ionization, etc.). The other parts
corresponds to the potential drop in the near-cathode dense plasma upl (short region
that is not shown in Fig. 7.2) and in the anode region ua. So, it is:

uarc = uc + upl ± ua (7.2)

The voltage uarc significantly depends on the arc current I at its threshold level, in
moderate range (10–100V) and at high-current level of few kA and higher. Figure 7.3
illustrates the voltage uarc dependence inwide range of arc current I shownbyMitchel
[16].

According toMitchel [16], the voltage uarc is practically weakly changed up to arc
current of about 1 kA. The voltage uarc in this current range is largely independent of
separation and electrode geometry, and is determined by the cathode material. For
copper, the mean value is 20 V, and oscillations of 1–2 V peak to peak at frequencies
from a few kilohertz to a few megahertz have been observed on this mean value.
From 1 to 6.5 kA, significant increases are apparent, and the arcing voltage rises
linearly with current from 20 to about 40 V at 6.5 kA. For currents in excess of
7 kA, a grossly unstable voltage occurs; the mean value of this voltage is almost
proportional to the current and may give arcing voltages in excess of 120 V.

Fig. 7.3 Arc voltage as
function on arc current for
25 mm diameter Cu
electrodes at 5 mm
separation
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Fig. 7.4 Arc voltage as
function on arc current
measured in experiments by
Davis and Miller [18]. The
data from Reece [19] are
marked separately
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The arc voltage uarc was widely investigated, see [17] as an example. Figure 7.4
demonstrates the relatively weak dependence on arc current in range lower than
250 A measured by Davis and Miller [18] and by Reece [19]. It can be seen that uarc
linearly increased with logarithm of current I. The measurements for current range
I ≤ 1 kA are presented in Table 7.2. Some dispersion of the value of uarc obtained
in different experiments was observed. It could be understood taking into account
that different conditions of arc burning can be occurred including arc time, cathode
surface state, current, etc.

The arc voltage dependence on current for high-current arcs is presented in Fig. 7.5
[22]. It can be seen that uarc mostly linearly increased with current up to 6–7 kA for
different cathode materials.

7.1.4 Cathode Potential Drop

The voltage–current characteristic was used to study the cathode potential drop.
The experiment showed that at low arc currents (I < 10 A), the arc voltage weakly
oscillates and peaked above the some minimal value. The minimal arc voltage was
defined as the cathode potential drop [3]. This value was obtained by measuring the
arc voltage for very short gaps when the potential drop in the plasma and in the anode
region can be neglected. The details of the experimental methods can be found in
[4, 5], and the results of measurements were presented in Table 7.3. In the case of
copper bulk cathode, the cathode potential drop [3] uc= 15–16 V.
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Fig. 7.5 Arc voltage as
function on arc current in
range of I from 10 A to about
7 kA
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7.1.5 Threshold Arc Current

Theminimal arc current at which the arc exist was defined as threshold current I0. As
follows from Table 7.3, I0= 1.6 A for often used Cu cathode. The measurements of
the threshold arc current [3] showed that I0 is linearly dependent on the combination
of boiling temperature T b and heat conductivity λT of the cathode materials in form:

I0 = 0.52 × 10−3Tb
√

λT (7.3)

As it was explained in [3], the dependence (7.3) directly indicated the preferable
role of the cathode vaporization process to characterize the threshold arc current.

7.2 Cathode Spots Dynamics. Spot Velocity

When an arc of a relatively moderate current was ignited, very small local luminous
regions were observed. The observed luminous cathode area traditionally called “the
cathode spots.” The spot dynamics is determined by their current, velocity, lifetime,
and size. The methods used to determine the spot parameters and the results of the
observations are analyzed and discussed below.

7.2.1 Spot Definition

The cathode spots move along the cathode producing characteristic erosion trace
on the surface. The trace indicates that the cathode was sufficiently hot and eroded
under the luminous area, which in essence is a plasma radiation due to local electrical
energy dissipation. Thus, the cathode spot can be defined as an arc-constricted region
included the local hot cathode body and a dense plasma clot supported the current
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Table 7.3 Cathode potential drop measured on body cathodes uc, on film cathodes ucf, and the
threshold arc current I0 (ui is the ionization potential)

Cathode
element

ui (eV) uc (V) [3] I0 (A) [3] uc (V) [14] ucf (V)
[29]

Substrate
[29]Air Vacuum

Li 5.39 15.0 11.1–11.7

Na 5.14 8.7–9.0

K 4.34 6.7–7.4

Cs 3.89 6.2 6.2

Cu 7.72 16.0 16.0 1.6 14.7–15.4 11.2 Cu

Ag 7.57 15.3 13.0 1.2 12.1–13.6 9.1 W

Au 9.22 15.5 15.0 1.4 13.1–14.8 9.7 Au, W

Be 9.32 14.4 17.0 0.9 18.6–19.2 14.0 W

Mg 7.64 12.5 11.6–13.0 8.8 Mg

Ca 6.11 10.8–11.4 10.3 W

Sr 5.69 8.4–9.2 8.8 W

Zn 9.39 10.0 10.0 0.3 9.8–11.1 9.6 W

Cd 8.99 9.8 11.0 0.19 8.6–10.2 8.3 W

Hg 10.4 8–9.5; 19 0.04–0.07 8.0–9.5

Er 6.20 13.1–14.0 8.6 W

Al 5.98 14.4 15.5 1.0 17.2–18.6 4.2

Ga 6.00 12.8 15.0 0.45 15.0

In 5.78 11.8 13.0 0.45 9.5–11.9 4.1 W

Tl 6.11 10.5–11.5(L) 10.5–11.5

Ti 6.82 14.3 2.0 16.8–17.6 4.0 Ti

Zr 6.84 17.7–18.5

Hf 6.8 16.9–17.4 3.5 Hf

C 11.26 15.2–18.9

Sn 7.34 12.0 12.5 0.6 10.6–13.0 4.3 W

Pb 7.42 8.8–10.2

V 6.74 17.3–18

Nb 6.88 19.9–21.6

Ta 7.88 13.5 1.5 16.8–21.4 4.1 Ta

Bi 7.29 12.3 9.0–12.5 0.27 8.4–8.7 4.4 W

Cr 6.76 14.8 2.5 16.7–17.4 4.6 Cr

Mo 7.10 16.0 1.5 16.6–17.2 4.4 Mo

W 7.98 16.1 1.6 16.2–22.6 4.5 W

Te 9.01 11.0–12.4 5.0 W

Fe 7.87 15.1 17.0 1.5 17.1–18.0 4.7 W

(continued)



176 7 Arc and Cathode Spot Dynamics and Current Density

Table 7.3 (continued)

Cathode
element

ui (eV) uc (V) [3] I0 (A) [3] uc (V) [14] ucf (V)
[29]

Substrate
[29]Air Vacuum

Co 7.86 15.2 16.0 3.2 16.8–17.7 4.2 Co

Ni 7.63 15.0 18.0 2.36 16.3–17.3 4.9 Ni

Pt 5.3 Pt

continuity at the cathode region. Below, the cathode spot parameters for different
metals was considered and was preferable for Cu as that of the most studied and
typical case.

7.2.2 Study of the Cathode Spots. General Experimental
Methods

Twogeneral experimentalmethodswere used to study the cathode spot characteristics
and spot behavior: (i) study the luminous area and (ii) autograph method—study the
traces on the cathode surface. The first approach is widely used for study of spots
appeared in the arc with bulk cathodes while the second was used for spots appeared
in the arc with bulk [30] and film cathodes [3]. The luminous regions of chaotic
moving spots were observed mainly by high-speed optical photography, see [30,
31], where some spot behavior was reported. Below, the main characteristics and the
spot dynamics based on the literature data are summarized.

7.2.3 Method of High-Speed Images

Kesaev [3, 4] studied the spot behavior on solid and liquid mercury cathodes using
mirror scanning of the spot images. This approach allowed observing the chaotic spot
motion and spot splitting by generating new sub-spots named cells which carried
certain current Icell. The new cells were produced from an old cell when its current
increased to 2Icell. The arc current equal to minimal Icell was named as threshold
current of the arc. This result obtained for mercury cathodes nevertheless was used
for understanding the observed similar spot dynamics by other investigators for
different cathode materials, which was not considered by Kesaev.

Different types of cathode spots were detected by the experimental study of
the cathode surface luminosity in vacuum arcs [30, 31]. Spot types were classi-
fied according to the spot velocity vsp, the spot lifetime ts, and the spot current
Is. The spot behavior depends on cathode surface state (irregularities, oxide film
impurities, etc.), arc current, arc duration, gap plasma density, and gap length. The
experimental investigation indicates that the cathode spot can disappear and again
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appear with a characteristic spot lifetime ts on bulk or film cathodes [3, 4, 31]. Let us
consider the main literature data regarding to the spot dynamics and then summarize
the experimental results of the published works.

7.2.3.1 Early Observations of Spots on Different Cathodes

Ashort duration arcs between variousmetals (Cu, Al, Sn, Cd) in air have been studied
by Somerville et al. [32] by means of a Kerr cell camera and by microscopically
observing the tracks left on the electrodes. The arc was usually struck by moving the
electrodes together until sparking occurred. The transient arcs with durations ranging
from one microsecond to one millisecond were considered with currents ranging up
to 200 A. It was indicated that the cathode spot becomes multiple soon after the
initiation of the arc at relatively large rate of current rise of 107–108 A/s, and the
increase in track area is due to an outward motion of the spots. The spot appearance
depends somewhat on the electrode material and on the distance of the anode from
the cathode.

Froome [33–35] studied the spot behavior with arc current in range 40–450 A
(duration up to 100 µs) on cathodes from Hg in air and sodium–potassium alloy in
argon under 10−2 Torr pressure considering the photographs obtained by means of
the Kerr cell shutter with exposition 100 ns. The spots expanding with velocity up to
104 cm/s radially away from the initiated point was observed when the rate of current
rise was reached 108 A/s. For lower rate and a given current, the spots location takes
the form of a line, or broken line of total length proportional to the current.

Reece [19] studied near-electrode plasma brightness in high-current vacuum arcs
of switching devices during separation of the electrodes. The investigations showed
two types of dischargeswithCuelectrodes.Thefirst (named typeA)occurs at currents
of below 10 kA that consists of group of entirely separate cathode spots each carrying
about 100 A. The cathode spots split up, and the arcing spreads across the whole
cathode surface with velocity of ~1 m/s. The observed relatively small electrode
damage was caused by type A since the spot power input was over small period
of milliseconds. At higher currents (12 kA), the arc (named type B) was appeared
similar to high-pressure arc indicating cathode and anode melting. The brightness of
the arc is much greater than in the type A and does not split into multi-spot regime
but spreads on the surface.

Initially, the spots are classified on two types as fast-speed and low-speed spots
given by Grakov and Hermoch [36]. The pulse arc was ignited in air of atmosphere
pressure with current 400 A in maximum and duration 180µs. The spot images were
obtained with exposition of 8 µs.

It was observed that the spots are produced initially at the minimal distance from
the anode, and then, they move at the cathode surface with different velocities (fast
or slow moving) depending on the cathode materials and arc duration. During the
spots motion, their splitting changes the number of spots. Therefore, the motion trace
was branching which can be seen in Fig. 7.6 indicating the erosion tracks leaving on
the Al cathode surface after extinguishing the arc.
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Fig. 7.6 Erosion tracks
leaving on the Al cathode
surface after extinguishing
the arc. Figures are taken
from [36]. Used with
permission

The fast-moving (speed) spots (named as type 1) are produced on cathodes of
relatively low volatile frommetals (Ni, Cu, Al) while the both fast and slowly (named
type 2) moving spots exist at metals of relatively high volatile (Cd, Sn, Zn). No data
about velocity values were reported. The behavior of spots of type 1 was similar
for all cathode materials, and these spots were appeared from the arc beginning and
preferable at scratch with abrasion on the surface. The spot of type 2 represents a
group spot, which consisted of a number of sub-spots located closely to each other.
They were always produced at the location where previously the spots of type 1 were
located, and their lifetime can reach 100 µs. Although the experiments [36] were
conducted in air, the results of spot dynamics indicate a behavior that was observed
in vacuum mentioned above by Kesaev [3, 4] and will consider below.

The more extended study with fast-speed image camera of the spot behavior was
conducted (for Sn, Zn, Ag, Cu, W) in experiments [37–39]. The cathode surface was
polished with diameter 6–10 mm for I ≤ 100 A and 20–24 mm for I > 100 A. The
pointed anode was used placed at distance of 2.5 mm from the cathode center. The
arc duration (with rate dI/t = 5 × 106 A/s) was continued up to 25 ms. Different
spot types were observed at different time stage of arc development. In the beginning
(<100µs) of 100 A arc only, fast-speed spots (also named type 1) that radially (a ring
shape) expanded from the initiated point at the cathode surface were detected. These
spots were characterized by velocity of (1–5) × 103 cm/s, current per spot of Is= 5–
20 A, and lifetime ts= 5–20µs. After about 100µs, the low-speed spots (also named
type 2) with velocity <100 cm/s, Is= 10–30 A, and ts= 50 µs were occurred. These
spots exist separately when low pressure of an external gas (0.1–1 Torr) presented in
the arc gap.

In high vacuum, several spots (type 2) moved together on the cathode surface
(velocity ~10 cm/s and ts= 1–10 ms) with distance between them equal or smaller
than the overall spot size. This collection of spots is called a “group spot.” The
velocity of spots (fragments) was significantly larger inside the group than velocity
of the group spot. For arc currents ≤1000 A, the group spot current was in the range
of 100–1300 A with current per spot inside of the group 10–120 A depending on
cathode materials like Cu, Ag. Sometimes the group spots can be appeared for I ≤
100 A, especially for volatile cathode materials like Sn.
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Similar spot behavior at the cathode surface was observed by W, Mo, Cu, Ni,
Al, and Sn contacts separation or its closing with current in range of 0.2–14.5 kA
in an experimental system modeling an interrupter [40]. The contact out-gassing
was conducted by their heating to 800–1900 °C and then cleaning by many time of
arcing with current 500 A. The experiment showed two arc types with fast-moving
arc channels (named type 1) and practically stable channels (named type 2) that
corresponded high-speed and weakly moving group spots (with current 200–1500 A
as example for W), respectively. The fast-moving spot (type 1) was detected for
relatively large contact gap while the low-moving spot (type 2) appeared when the
contacts approached closely one to other in relatively short gaps. The last effect
indicates that low-speed spots were produced when a relatively large vapor pressure
arise in a short arc gap. The lifetime of spots type 2 increased with current by power
law with exponent equal to 1.2 for W (40 µs at 400 A), to 1 for Mo (60 µs at 400 A),
and to 0.7 for Al (20 µs at 400 A), i.e., by most linear dependence.

Djakov and Holmes [41] investigated the distribution of spot numbers depending
on arc current (5–150 A, arc duration of few ms) for different metals (Bi, Zn, Pb,
Al, Cu) using an image converter camera. The cylindrical cathode with diameter
25 mm and from 25 to 50 mm long and annual anode with an inner diameter of
40 mm (outer diameter 60 mm) separated by 20 mm were used. The exposure time
was 0.21 µs, and the time interval between exposures was in range 0.1–1 ms. It
was shown that the spot moves randomly with spot displacement of 0.5-1.5 mm in
1 ms. This displacement indicates that the spot velocity was in range 50–100 cm/s.
At small arc current, the average spot number is more often than not equal to one
while the average spot number increased linearly with arc current. The spot current
changed from about 5 A for Bi to about 75–100 A for Cu cathodes.

In their follow-up work [42] the cathode spot named as fragments in a copper
vacuum arcs has been studied using a high-magnification optical system. The cathode
was 2 mm thick copper strip sandwiched between two 1 mm molybdenum sheets.
The experiment showed that the spot usually remained on copper insert. The anode
consists of two flat parallel copper strips, and the gap distance was varied up to
30 mm. The arc current was used in range 25–100 A and being maintained constant
over periods of about 10ms. The authors showed that the observed spots were a group
of fragments and the number of fragments increased from 1 to 4 with arc current.
The arc consists of two spot types that are defined by their current density. The spot
with current density (0.5–1) × 106 A/cm2 named as type 1, while for spot type 2 it
was 5 × 106 A/cm2 (there the type was defined according to different spot current
density). The number and size of fragments fluctuated, and a transition from one
spot type to second spot type and vice versa occurs on an average of every 100 µs
according to their type definition [42].

Cooper arcs were photographed during separation of a 1.3 cm radius anode from a
1.7 cm radius cathode to a spacing of 2.5 cm in time 150ms using high-speed camera
at 5000 frames/s [43]. The arc currentswere 30, 100, and 350A, and nitrogen pressure
in the range 10−3–200 torr was used. The measurements showed that at pressures
below 0.5 torr, the arcs were similar to vacuum arcs with a multiplicity of mobile
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cathode spots with spot current of about 100 A. At higher pressures in range 0.5–
200 torr, the current of each individual spot decreased to 15 A. The specific spot
behavior was investigated in high-current vacuum arcs (few kAs). A ring shape
expansion of the spots was indicated as common main result of the high-current
experiments. Persky et al. [44] observed a ring expansion of the group spots in
vacuum arc with current in range of 1–10 kA and duration up to 4 ms. Molybdenum
cathodes with diameters 25–50 mm were cleaned by a number of pulse arcs before
the measurements with time resolution of 50 ns. The spot velocities were measured
in range of 103–104 cm/s. The ring shape expansion of the spots on the cleaned
cathodes for different metals by the pulse arcs with current 7–10 kA was observed
by Sherman et al. [45] and Agraval et al. [46]. The spots were formed in a group spot
(named here “cluster”) with current per spot of 100 A. The spot velocity was varied
in range of (1–2.5) × 103 cm/s, and this velocity was not changed significantly on
the gap length in range 5-20 mm.

Siemroth et al. [47, 48] observed the spot structure in a vacuum arcwith sinusoidal
current pulse (peak 3–5 kA, duration 0.5–1 ms) using image-converting high-speed
framing camera. It was indicated that a single cathode spot size was about 100 µm
and consists of a number of simultaneously existing sub-spots, each with a diameter
of about 10 µm and a mean distance of 30–50 µm between them. The lifetime of
the sub-spot on cathodes from Ti, Cu, and C was in the range from 100 ns to several
µs. For Cu, this time was about 3 µs.

7.2.3.2 Spot Types on Fresh and Cleaned Cathode Surfaces

Achtert et al. [49] observed extremely fast-moving cathode spots (named type 1)
in experiments with DC arcs ignited between different metallic electrodes in the
arc beginning on fresh cathodes. After cathode surface cleaning by the discharges
of themselves also fast-moving spots were detected but slower than that on fresh
cathodes (named spots of type 2). The arcs with contaminated cathode surfaces
(fresh) and arcs with clean surfaces were studied by Juttner [50] and Bushik et al.
[51–53]. Two kinds of experiments were conducted (i) with current 20–60 A DC and
(ii) with current 8–20 kA pulse duration about 1 ms. The cathode consisted of two
adjacent cylinders from Cu and Mo and another from Mo stripe which was covered
by 10 µm Cu or Al film.

A fast-moving spots of type 1 with branch-like structure were observed in DC arc.
The velocities of these spots changed in range of (0.5–1) × 105 cm/s and lifetime of
about 4 µs. The spot type 1 burns mainly in desorbed contamination and on oxide
films [54]. They ignited again when air was exposed in the system after previously
discharges cleaned the surface. No cathode erosion was observed, and the character-
istic trace depth was about 0.1 µm. The velocities of spot type 1 appeared at Cu and
Mo are different when the arc burn on two adjacent cathodes from Cu and Mo [55].

At large arc current with one cathode material, the spot appeared in form of
expanding ring. During some discharge time, the density of the branches decreases
until the spot type 1 changed to the type 2 with velocities of about (0.4–1)× 104 cm/s
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and lifetime of larger than 10µs. It was also indicated that at 200µs, the low-velocity
spots type 2 were detected inside of the expanding ring. The spot type 2 appeared
immediately after arc ignition with velocity 3 × 103 cm/s in case of clean cathode
surface by preliminary arcing. The spot type 2 moves randomly as a bright single
spot which caused a macroscopically visible erosion. The motion of this spot type
was characterized by spot association, splitting, conjugation, and extinguish. The
current per spot 2 can be larger by factor 2–4 than for spot 1. The spot 2 preferably
appeared at the boundary line when the arc burn on two adjacent Cu and Mo cathode
materials. Thus, the spot velocities on fresh and cleaned cathode surfaces remained
relatively large, and the spot named by type 2 exceeds the velocity of spots named
as type 2 and defined in [37–39].

The group spot (like defined in [37–41]) behavior was observed by Beilis, Djakov,
and Juttner [56] in a 40–1500 A vacuum arc for Cu (65 mm diameter) and CuCr
(50 mm diameter) separated electrodes. At initial stage with a non-arced cathode, it
was found about 8 A per spot. After some arcing, this value significantly increased.
At stage of arc time larger than 3 ms after arc ignition, the group spot was observed
and the number was found to increase linearly with current. The average current per
resolvable spot amounted to 100± 30 A for CuCr and 150± 70 A for Cu. The group
spot consists of fragments that conduct currents <10 A. A random spot displacement
R was observed, having mean square values of R2/Δt ≈ 1 × 10−3 m2/s for Cu and
R2/Δt ≈ 4 × 10−4 m2/s for CuCr. For characteristic displacement time 25 µs, the
spot velocity for Cu can be calculated as 5 × 102 cm/s. This velocity is larger than
obtained in experiments [37] and [40] due to their very short gap distance (<2.5 mm)
and electrode configuration (point anode [37]) in comparison with the ones used here
(10 mm). The observation also showed that the Cu spots brightness fluctuated with
intervals of 17 ± 3 µs.

The above random spot motion [56] was in accordance with such results obtained
by Daalder [57]. He studied the spot displacement using a framing camera recorded
224 frames of cathode spot movement at 20–10 µs exposure time. Interframe times
were 90 or 180µs. The cathode wasmovable, and an arc was struck by separating the
cathode 1 mm from the mesh anode. The cathode surface was slightly curved so that
the arc was always ignited at the cathode center. The anode was a grid of stainless
steel, which had an optical transparency of 46%. The cathode surface contaminants
were removed by arcing prior to each experiment. A laser beam, projected on the film,
was produced a datum from which spot coordinates were measured with a spatial
resolution of 50 µm.

The random walk was studied assuming that during each time interval Δt, there
is an equal probability of the spot displacement at a step ±s along the x- and the
y-axis. After n sets of displacements, the spot position is (x, y) and will take time t
= nΔt. For a one-dimensional random walk, the probability after n steps at time t at
the spot position was given by the normal density function:

p(x) = 1

(2πDt)0.5
Exp(− x2

2Dt
)
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or in two-dimensional random walk, the probability is

p(x, y) = 1

2πDt
Exp

(
− x2 + y2

2Dt

)

where D = (s2/Δt). Taking into account that R2= (x2+ y2), x = R cosϕ, and y = R
sinϕ, after integration over the domain of the angle ϕ, the probability will be

p(R) = R

Dt
Exp

(
− R2

2Dt

)

It follows that the mean value is

Rev = (
π

2
Dt)1/2

The most probable value of R is

Rm = (Dt)1/2

The parameter D has the same dimensions (m2/s) as the classical diffusion
coefficient.

Taking into account the above probability of random spot walk, the parameter
Rev was determined measuring the average distances between cathode craters, which
were 2–3 times of the crater diameter by Daalder’s [57]. Table 7.4 gives the values of
D and the calculated average distance Rev for different cathode metals. For copper D
was found to be independent of current, and for cadmium, D increased with current.
The difference between 7.9 and 4.6 A is relatively small. It was noted that according
to data in Table 7.4 for cathode metals with a wide range of different thermophysical
properties, the D values do not differ much (by about a factor two).

Table 7.4 Parameter D and
Rev for different cathode
metals [57]

Metal Current (A) D (m2/s) Rev/t0.5 (m/s0.5)

Copper 45 6.5 × 10−4 3.2 × 10−2

18 6.5 × 10−4 3.2 × 10−2

9 6.5 × 10−4 3.2 × 10−2

Aluminum 21.6 1.4 × 10−3 4.7 × 10−2

Molybdenum 59.5 7.4 × 10−4 3.4 × 10−2

Cadmium 7.9 5.9 × 10−4 3 × 10−2

4.5 5.1 × 10−4 2.8 × 10−2

1.8 8.3 × 10−4 3.6 × 10−2
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Table 7.5 Average spot
velocities on different cathode
metals as a function of time
[57]

Metal vev (m/s) (t =
0.1 ms)

vev (m/s) (t =
1 ms)

vev (m/s) (t =
10 ms)

Copper 3.2 1 0.32

Aluminum 4.7 1.5 0.47

Molybdenum 3.4 1.1 0.34

Cadmium
(4.5)

2.8 0.89 0.28

Using the average distance travelled by the spot and the crater formation times
derived from the random walk data (see Table 7.4), the spot average velocity v =
(Rev/t) was calculated in range from 0.3 to about 5 m/s for Cu, Cd, Al, and Mo
cathodes, for arc time in range of 10–0.1 ms (Table 7.5).

The cathode spot dynamics on 30 mm diameter Cu, CuCr, and stainless steel
contacts were studied in 1–5 kA, with duration 0.5–5 ms vacuum arc using by high-
speed photography camera by Chaly et al. [58]. The results show that after arc
initiation by contact opening, the fast-moving spots expand on clean cathodes in a
ring form with radius increased with arc time and are dependent on arc current. In
contrary, at the composite cathodes (CuCr), a slowlymoving group spot were formed
in short gaps. The group spot diameter depends on arc current and the contact gap.

7.2.3.3 High Temporal and Spatial Resolution of Spots on Arc-Cleaned
Cathodes

Anders et al. studied the cathode spots on arc-cleaned copper and molybdenum
electrodes in vacuum by fast image converter framing and streak camera photog-
raphy with high temporal and spatial resolution [59], the discharge ignition in break-
down stage and the future arc phase with high time resolution using laser absorption
photography [60], and the brightness distribution of vacuum arc cathode spots [61].

The electrode gap in range 20–100 µm, needle Cu cathode of 280 µm diameter,
and rod Cu anode were used with arc duration of 800 ns and current 50–150 A. The
current rise time was 5 ns [61]. The authors indicate that the plasma of a vacuum-
arc cathode spot emits continuum radiation from its small central region, while the
line radiation at larger distances from the spot center. This experimental result was
explained by assuming a possible spot structure with sub-spots (fragments).

Itwas found that the ignition phase is about 50ns, and in arc phase, the spot consists
of fragments with current 20-40 A. The authors indicate that the fragment size up to
10 µm and that the size of the brightness structure can be obtained between 20 and
40 µm for spots 232 ns and 360 ns after arc ignition, respectively [60]. Figure 7.7
is selection of streaks at different sweeps times, which demonstrate fluctuations
depending on time scale [62]. Figure 7.8 demonstrates photographic picture of lumi-
nescence brightness through the spot [63]. This distribution seems like to Gauss
distribution and, respectively, current density distribution, which was assumed by
calculation of the electrode thermal regime [64].
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Fig. 7.7 Nanoseconds brightness fluctuations and displacements in streaks by using the UV-optics
with different time intervals [62]

Fig. 7.8 Luminescence brightness distribution through the spot [63]

Cathode spots of vacuum arcs (duration 2–20ms) on cleaned electrodes have been
studied by Djakov [65, 66] using image convertor photographs providing 0.5–10 µs
exposures separated by 0.5 ms in frame mode or 200µs exposure in the streak mode.
The electrode surfaces were cleaned by repeated vacuum arcing up to state when the
transition from fast-moving spots to only slowly moving cathode spots with velocity
about or less 100 cm/s was observed. The experimental setup and conditions were
used as it was described in [42]. The observation showed that spherical spot plasma
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was generated on fresh (oxidized) surfaces. The slowly moving spots on cleaned
surfaces, at which two groups of spots with areas different by factor about 2 were
observed, generated the conical plasma shape. The last result agrees with the spot
modes reported in experiment of [41]. By using space and time resolution (>100 ns),
the continuousmotion or jump-like spot fragments displacement and immobile single
fragment spot existing for about 10–50µs or longer (do not show significant changes
for several µs) and radius 10–30 µm have been detected. The cleaning procedure
changes the initially smooth cathode surface into randomly rough surface having
pits with dimensions 10–100µm. The thermal analysis provided in the work showed
that the local cathode surface relief with the irregularities strongly affects the cathode
spot size and velocity of motion. It was indicated that a furthermore study also with
nanosecond resolution like work of [59] is needed.

The dynamics of spot brightness using streak camera for arc current waveform
1, 15 ns, and about 3 µs with amplitude 90 A was studied by Juttner [67] with the
cathode cleaned by the prior arcing. The cathode was Ti wire of 300 µm diameter
facing anode of 10 mm diameter at distance <100 µm. At first 400 ns, several spots
with current 20–40 A, mean time for spot disappearance of 14 ns, and size in range
5–10 µm were observed. Several types of long time fluctuations were observed at
34 µs after arc beginning with periods 154 ns, 1.4 µs, and about 11 µs. These long
time fluctuations were interpreted as result of random spot displacement and spot
back to its origin location.

The further detailed experiments using high-speed framing camera “IMACON
468” were conducted by Juttner [68] for cathodes from Cu and Ti wires 470 and
300 µm, respectively, with arc current 70 A and gap distance of 100–300 µm. Other
Juttner’s experiments [69] used cathode with the rounded end of a Cu wire of 0.5 mm
diameter and experiments with cathode from Cu wire 0.4-0.8 mm at arc current 30-
70 A [70]. The results were reviewed [71]. Arc spots were ignited at the apex of
the cathode by electrical breakdown. The pictures of the spots were chosen being
delayed with respect to arc ignition by 3–100 µs. Prior to the measurements, the
cathode surface was cleaned by numerous arcs, so that it was completely covered by
protrusions and craters.

The high-speed observations of spot dynamics for different time after arc ignition
and with different exposure time were presented in Figs. 7.9, 7.10, 7.11a, b. The
results show that the spots were structured (spot splitting) consisting of a number of
fragments, and spotmotion is random.However, the total spot dimension can be about
or even exceeds 50 µm for all the above experiments indicating weak dependence
on time after arc ignition when the observations were initiated. The displacement of
the spots were obtained as 2 × 10−3 m2/s for time >100 ns (in accordance with such
results obtained by Daalder [57]). The brightness changes were detected in all ranges
of used exposure times. Luminous circles with diameter 30–60 µm and non-circles
of sizes 50–100 µm with fragment sizes up to 20 µm were observed. In 70 A, arcs
can be detected up to seven fragments. The fragments seem periodically to attract and
repel one another with different range of velocities <10 m/s or >100 m/s depending
on the surface relief. When the fragments attain their smallest mutual distance, the
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Fig. 7.9 Frames and streak
taken three 3 µs after
ignition with frame exposure
time 50 ns. No pause
between the frames. Streak
sweep 350 ns and indicate
upward motion of the spot
with velocity reaching up to
104 cm/s [62]

luminous seems as whole spot. This effect was used by the author to explain various
periodical fluctuation times (1–3 and 10–20 µs) obtained in [67] and reported in the
literature.

At currents of 30–70 A and sufficiently long time after ignition in range of 3–
300 µs, the spots consist of fragments with diameters of 10–20 µm [70]. These
fragments appear and then disappear with formation time of 50 ns and residence time
of 100 ns. Consecutive fragment formation appears as displacement with momentary
velocities up to 1000 m/s. The fragment dynamics leads to random displacement of
the spot center with a ratio of mean square displacement <R2> to the observation time
t of <R2>/t = (2.3± 0.6)× 103 m2/s. This holds down to t = 0.1µs. Juttner indicated
that the components of the spot could be distributed over the whole crater rim, but
the spot center changes its position from frame to frame (Fig. 7.11a), resulting in a
net motion around the crater with velocity even larger than 1000 m/s.
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Fig. 7.10 Six frames taken
with the glass optics10 µs
after ignition. Exposure time
20 ns. No pause between
frames [62]

The diffusion character of the motion of cathode spot fragment with 10–50 ns
exposure timescale was observed at 200–300 µs after arc ignition with current 30–
40 A on Cu strip cathode of size 1× 5 cm2 [73]. The distance between fragments (or
spot size) was 50–100 µm with fragment size ~20 µm and sub-fragments <20 µm.
The probability of spot with one fragment was large ~70%, and while finding two
fragments, the probability was about 20%, and for 3 fragments, it was low, 4–5%.
The experiment [74] showed that in gases, the fragments were more separated than
in a vacuum which was similarly to that observation in [37].
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Fig. 7.11 High-speed photographs of an arc current 30 A started 300 μs after arc ignition, a with
10 ns exposure time per frame and b with 1 ms exposure time per frame. No time break between
the frames [72]

7.2.4 Autograph Observation. Crater Sizes

The approach employs with the erosion tracks produced by spot heat action on the
cathode surface. In frame of this approach, the track or crater sizes on bulk cathodes
and tracks on thin film cathodes leaving after arc extinction were studied. Cobine and
Gallagher [75], one of first researches, measured the width of tracks left by a moving
spots on oxidized Cu, Al, andW cathodes in air at atmosphere pressure with currents
2.6, 10, and 140 A. The motion in a straight line was supported by applied external
magnetic field. The single tracks were detected at relatively low arc current (≤5 A),
while for larger currents the overlapping or multi-branching tracks were observed.
The appearance of the track suggests that the oxide film was removed from the base
metal under the spot action by direct evaporation, and therefore, the track indicated
pure cathode material. The time passed a track was about 5 µs.
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Table 7.6 Width of tracks as
function on cathode materials
and arc current [75]

Metal Current (A) Width of tracks
(µm)

Current density
(kA/cm2)

W 2.6 67 73.75

5.0 83 92.41

10 164 47.34

Pb 5 156 26.16

Al 2.6 105 30.03

Cu 2.6 54 113.53

Cu–Hg 2.6 127 20.5

5.0 172 21.52

10 275 16.84

It was indicated for Al multiple spots formed at currents as low as 2 A, while for
W there was apparently but a single spot at currents up to at least 10 A. Assuming
circular geometry, the results ofmeasurements are illustrated in Table 7.6 for currents
where mostly single spot was appeared. The lower width was observed for Cu and
W cathodes at 2.6 A arc, while for 140 A arcs the tracks like branching tree were
observed.

Daalder [76] observed a crater size distribution on copper cathode surfaces in
breaker. The average opening speed of the breaker was 1.5 ms. The anode was acted
as the movable contact. The cleaning process of the electrodes was by an etching
with acids degreasing in vacuum at 700 C. The maximal length of the gap between
contacts in a breaker reached was 6 mm. After polishing, an emery paper was used
to obtain a surface with unidirectional ridges in order to investigate a large discharge
area that increases with increasing of the cathode surface roughness. After arcing, the
cathode surfacewas studied bymicroscopic photographswithmagnification 50–250.

The observations indicate thatmost of craterswere almost circular in cross section,
and the single crates were detected at low arc current about 4–100 A. The crater
diameter distributions were determined for different current in range 4–230 A. The
results [76] illustrated dependence of the crater number on crater sizes with current
as parameter. Figure 7.12 indicates that the most probable crater diameter increased
with the arc current. The total number of craters was in range of 170–440 depending
on current. The crater sizes (at maxim number) increased from 4 to 12 µm, and
the maximal number (pick in the distribution) of craters was decreased from about
40 to 7% when arc current increased from 4 to 105 A. The multi-sport arc regime
was observed in current range of 120–230 A when spot splitting in the discharge
occurred. A small fraction of larger craters up to 30 µm also observed. The results
showed asymmetrical distribution with respect to peak of crater number and have a
character, which presumably is due to the overlapping of the two traces observed.

Using scanningmicroscope, Guile and Hitchcock [77–80] widely investigated the
damage regions on 2.5–340 nm thickness copper oxide films in atmospheric-pressure
air arc with duration from few ns to 40 µs. The cathode surface was flat end of a
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Fig. 7.12 Most probable
crater diameter as function
on the current

0 20 40 60 80 100 120
2

4

6

8

10

12

14

C
ra

te
r s

iz
e,

 µ
m

Arc current, A

cylindrical rod of 3–6 mm diameter. The arc was initiated by breakdown of 30 µm
electrode gap at voltage 600 V. After 4–14 A arcing, it was found that a patch of
the oxide layer was stripped from the underlying metal, and within the stripped area,
multiply craters were formed. The crater numbers was proportional to arc current and
only approximately proportional to time of the arc duration. At 25 ns arc, the most
common crater diameter was 0.1 µm, and for larger time, it was 0.16 µm for current
4.5 A. The crater numbers increased from 103 to 104 when arc duration increased
from 10 to 100 ns, while the total stripped (damage) area (also in form of a crater)
increased from about 6 µm at 4 ns to about 60 µm at 300 ns of arc duration for 4.5 A
arc.

The research of Cu cathode craters was extended by Guile and Hitchcock [81]
for reduced air and nitrogen pressures up to 1 torr, arc currents up to 1.1 kA, and Cu
cathode with two oxide (Cu2O) films thicknesses 2.5 and 100 nm. The experiments
were conducted with 1.5–2.5 mm gap distance for 100 nm film thickness and mainly
2mmgap (separately with 7mmgap) for 2.5 nmfilm thicknesses. Themeasurements
showed that the cathode crater diameters and surface densities have been similar to
those obtained previously for low arc current in atmosphere pressure. This result [81]
partially demonstrated in Fig. 7.13, which shows crater diameter distribution for arcs
of different currents in different pressures of air and nitrogen with 100 nm oxide
film thickness. This same similarity has been observed for crater rate production on
2.5 nm film in arcs ignited at reduced nitrogen.

The dependencies of cathode track width on arc velocity and on current have been
studied for 2.5 nm oxide thickness and were shown a difference from that for thicker
films. For moving arcs, the cell arc and cell lifetime were obtained using data for
arc velocity, crater density, arc current, and cathode track width obtained by optical
microscopy. According to [80, 81], the arc cell was 6–10 mA and cell lifetime was
10–16 ns for 100 nm Cu oxide film. Mau [82] also observed spot tracks on Cu oxide
film produced on rotating disk cathode in an arc with current of 15–60 A and spot
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Fig. 7.13 Dependence of
the crater density at the
cathode surface on crater
diameter at Cu oxide films
with thickness of 100 nm
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lifetime of ~10 µs. The tracks has branching form with width of about 2 µm and
current of about 0.1 A.

Guile and Hitchcock [81] indicated that the previous optical investigations, for
example in [37, 43], cannot describe the arc root structure since the crater sizes was
about 0.1 µm. They also stated that the cells are so close together (1 µm) that they
could not to be separately resolved by high-speed photography. Therefore, the optical
method could only see groups of cells, and these groups can be detected separately.
According to and Hitchcock [81], such groups named cathode spots were observed
in [37], and the cathode area engaged by first type of spots with lifetime of 5–20 µs
spreads with velocity 1–50 m/s at first time after arc ignition. The measured area in
[81] containing all cells expanded during arcing and the radial velocity was reduced
from about 800 m/s (100 nm) and 300 m/s (2.5 nm) at 15 ns to range 10–40 m/s at
~1 µs similarly to what indicated in [37].

Kesaev [3] studied the spots (cells) behavior in an arc burning on cathodes from
thinCufilms deposited on a glass andBi films deposited on a glass andMo substrates.
The spot moved and left a clear erosion track in which all the metal thin film was
removed which is shown in Fig. 7.14a–c. The branch tracks in Fig. 7.14a for Al film
and in Fig. 7.14b for Cu film indicated the spot splitting process when the arc current
exceeds the value of spot current. For thin films (<0.6 µm for Cu), the spots leave
continuous tracks, and width of the tracks can be increased before the spot division.
However, for tick films >1 µm, the spots leave discontinuous tracks (Fig. 7.14c). It
was obtained that the number of spots increased proportionally to the arc current.

The thickness of copper thin films was varied in the range of df ~0.01–0.1 µm
and arc duration up to 100 µs. From observation of the Cu tracks, the following
parameters were determined: spot velocity vs ~103–104 cm/s, erosion rate Gf ~46–
64 mg/, spot current If ~0.1–0.9 A, and track width δ ~2–15 µm for df <0.14 µm
(Table 7.7) [3]). The similar data (from [3]) for Bismuth films deposited on glasswere
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Fig. 7.14 Tracks on thin Al film (a), tracks on thin Cu film (0.6µm) on glass (b) and track on thick
Cu film (2.5 µm) on glass (c) [3]

Table 7.7 Copper films on glass substrate [3]

Film
thickness
df (µm)

Cells velocity
vs (103 cm/s)

Cells current If
(A)

Track width δ

(µm)
Erosion rate
Gf (mg/s)

Erosion rate
Gf (mg/C)

0.017 13.0 0.1 2.5 0.046 0.46

0.025 10.1 0.15 4.0 0.085 0.56

0.034 8.0 0.3 6.0 0.137 0.46

0.06 5.7 0.4 9.0 0.26 0.64

0.12 3.4 0.9 16 0.56 0.62

0.12 3.8 0.9 15 0.58 0.64

0.14 3.4 1.2 20 0.82 0.68

0.60 – 3.0 32 – –

0.66 2.4 3.2 70 9.33 2.9

presented in Table 7.8 and on molybdenum substrate were presented in Table 7.9.
The data in Tables 7.7–7.9 show that Bi films have the spot current If ~0.05–

0.25 A and track width δ ~5–17 µm for df <0.6 µm. The measured average erosion
rate for Cu (0.58 mg/C) is lower by factor 6 lower than for Bi film on glass substrate
(3.34 mg/C), and the erosion rate sharply decreased for Bi on metallic substrate
(1 mg/C). It was due to relatively low boiling temperature for Bi in comparison with
that for Cu and by larger energy dissipation in metallic in comparison with that in
glass substrate.

Zykova et al. [37] indicated that the track depth on the cathode surface after the
high-speed spots varied from 2 µm on refractory to 20 µm on low*temperature
melting metals. The total damage surface area corresponded to the expanding image
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Table 7.8 Bismuth films on glass substrate [3]

Film
thickness
df (µm)

Cells velocity,
vs (103 cm/s)

Cells current If
(A)

Track width δ

(µm)
Erosion rate
Gf (mg/s)

Erosion rate
Gf (mg/C)

0.055 3.7 0.05 5 0.1 2.00

0.068 3.2 0.06 6.0 0.135 2.14

0.11 2.7 0.08 8.0 0.23 2.90

0.15 2.65 0.10 10.0 0.39 3.90

0.19 2.15 0.10 10.0 0.40 4.00

0.23 2.0 0.14 12 0.54 3.86

0.34 1.57 0.2 15 0.78 3.90

0.45 1.21 0.25 17 0.90 3.60

0.52 1.3 0.3 17.0 1.16 3.87

Table 7.9 Bismuth films on Mo substrate [3]

Film
thickness
df (µm)

Cells velocity,
vs (103 cm/s)

Cells current If
(A)

Track width δ

(µm)
Erosion rate
Gf (mg/s)

Erosion rate
Gf (mg/C)

0.027 4.0 0.07 5.0 0.053 0.76

0.034 4.0 0.07 5.0 0.066 0.94

0.041 3.0 0.07 5.0 0.06 0.86

0.048 2.5 0.07 5.0 0.059 0.84

0.068 3.0 0.09 6.0 0.12 1.33

0.12 1.5 0.12 7.5 0.13 1.08

0.11 1.5 0.12 7.5 0.123 1.00

0.20 1.0 0.15 10 0.20 1.30

0.59 0.5 0.25 10 0.46 1.85

area is 10−2–10−1 cm2 after the high-speed spots. After slow-speed spot type 2
(defined in [37]), the crater size was 5 × 10−3 cm; after slow speed group spot, the
crater area was in range of 10−3–10−2 cm, and their depth was in range of 10−3–10−2

cm that depended on surrounding gas pressure.
Juttner [50, 83] observed that craters size was increasing from 5 to 20 µm on

copper and molybdenum cathode surfaces when current increased from 10 to 130 A
of nanosecond arcs. It was indicated that pulse and DC arcs produce similar crater
forms. Juttner [69] indicated a large craters size of diameters up to 100 µm for Ti
and up to 50 µm for Cu produced by few spot fragments.

The crater size can be changed when a new spot ignited on previously hot cathode
surface. Reece [19] indicated that individuallymelted area on Cu cathodewas greater
than 10−5 cm2 (considering micrographs of cathode 30 A arcing surface) and which
can grow with cathode background temperature. According to [84] with increasing
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Al cathode temperature in range 300–770K, the sizes of craters increased by a factors
in range of 2–4.

The arc craters and traces on virgin tungsten cathode wires of 0.1–0.2 mm in
diameter were studied [85]. The cathode spot was initiated by a trigger pulse of 30 ns
duration with current about 3 A. Rectangular arc pulse with duration of 1.2 ns in
the current range of 2–50 A was applied. The cathode–anode distance was small
0.1–0.2 mm. To identify the track width, the cathode spot motion was directed by
the magnetic field varied in the range 0.1–0.7 T. The cathode was cleaned prior to
the experiment by heating at 2000 K.

Varying the magnetic field in used range does not really affect the mean crater
diameter or the track width. It was indicated that cathode spot division and the
simultaneous existence of several cathode spots could explain the increase in the
track width as compared with the mean crater size. The cathode spot has been found
to start dividing at a current of a few amperes. For currents of 20–50 A, two parallel
tracks are observed. Track splitting was also observed on a hot cathode (1800 K) at a
current of 45 A. The crater diameter weakly depends (5–8 µmwith lifetime of about
30–50 ns) on arc current (2–50 A) and increases to about 40µm and lifetime to about
200 ns at 1800 K heated cathode [85]. Figure 7.15 shows the traces for different arc
currents [86].

In the absence of amagnetic field, the spotmoves randomly. For themost probable
crater radius, the ratio r2/t increases slowly (1.2–4)× 10−4 m2/s with current in range
5–45 A. For the maximal radius, the ratio r2/t increases (2.5–25) × 10−4 m2/s with
current for a cold cathode, and the ratio r2/t increases (3.6–30) × 10−4 m2/s with
current for a hot cathode. The cathode spot division [85] could explain this ratio
difference.

7.2.5 Summary of the Spot Types Studies

Let us summarize the above cathode spot’s high-speed image dynamics and the data
of craters and tracks at the cathode surface left during the spots action.

7.2.5.1 Spot Image Dynamics

The most of experiments were conducted with cathodes treated before the cathode
spot study by the arc in order to clean them from the surface oxide films or impurities.
Also some experiments were conducted with cathodes not treated by the arcing. In
essence, two main kinds of experiments can be distinguished:

(i) Observations in arcs with relatively large electrode diameters (~1 cm), durations
in range of 1–103 µs, with current from 100 to 1000 A and up to few kA.
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Fig. 7.15 Craters and track
on tungsten cathode from
vacuum arc of 1250 ns
duration and H = 0.75T,
a 45 A, b 23 A, and c 10 A
[86]
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(ii) Observations in arcs with relatively low electrode diameters (about 300–
500 µm) and arc current ≤70–150 A with high space and nanosecond time
resolution.

The spot parameters were tested at few ns and up to few hundred µs after arc
initiation. Considering the spot dynamics in vacuum arcs, the results of first kind
of experiments indicated that fast speed spot motion was observed always in the
arc beginning (>103 cm/s). The spot velocity at treated cathode surfaces can be
lower by order of magnitude than at the not treated surfaces remaining at enough
high level (up to 103 cm/s). The low-speed spots (<100 cm/s) were observed after
some characteristic time of arcing in a short electrode gaps when the cathode can be
heated and the plasma pressure was increased in the gap and also in a low pressure
of a surrounding gas. The low-velocity (≤10 cm/s) group spots were appeared in
good vacuum (≤10−4 Torr) and arc current ≤1 fkA while the velocity of group spot
significantly increased to order of 103 cm/s for high-current arcs (~10 kA).

The results of second kind of experiments indicated that mostly all fast-moving
spots and spots appeared after ~1-100 µs consist of moving fragments similar to
group spotswhich consists of a sub-spots number.A fragment size of about 10–20µm
with minimal lifetime 10 ns and lower, and current per fragment of about 10-20 A
were found. The total spot size can be about or even exceeds 50 µm (Juttner’s exper-
iment) indicating weak dependence on time after arc ignition when the observations
were initiated.

It should be noted that another point is the cathode cleaning bypreliminary cathode
surface treatment by the arcing related to both kind of above-mentioned experi-
ments. As a result, the local cathode surface relief substantially changed producing
different sizes of protrusion including sub-micron spikes. The produced irregulari-
ties strongly affect the cathode spot size, lifetime of the fragments, and velocity of
motion possible to observe as a distribution of cathode surface luminosity with high
space and nanosecond resolutions.

7.2.5.2 Summary of the Autographs Study

Observations of the autograph showed very wide range of craters and tracks sizes
(from 0.1 to 30 µm). The crater characteristic (the number, size distribution, and
lifetime) depends on cathode type (films or bulk), arc currents, arc duration, and time
of observation during the arcing. While for oxide film cathode having ns lifetime of
the cells (spots), the most probable crater size is relatively small (~0.1 µm) and
weakly depends on arc current [81], and the most probable crater diameter of 12 µm
was measured in millisecond (100 A) arcs and for cleaned cathodes [76]. Separately,
craters can be obtained for relatively small arc current and arc time that characterized
only low-life and fast-speed type of spots according to image observation. Kesaev’s
data in experiments with film deposited on substrates (using the magnetic field to
obtain separately tracks) can give a possibility to describe the spot mechanism on
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film cathodes as a self-sustained object. The respective approach will be described
below in Chaps. 16 and 17.

7.2.5.3 Comparison of Imaging and Autograph Results

The above description of the spot behavior showed different spot sizes when it was
studied by high-speed imaging and by autograph method. Thus, the high-speed
photographs of emission from the arc plasmas yield rs= 10-100 µm in vacuum
and more in the presence of ambient low-pressure gases [39, 87, 88]. The absorption
photographs of short duration vacuum-arc spots yielded rs≤ 10 µm [58]. The obser-
vation of the craters size at the cathode surface after the arc indicates small radii
0.1-1 µm for film of an oxide cathodes and is increasing from 5 to 20 µm (Cu and
Mo cathode) for DC arcs and for nanosecond arcs [37, 71, 76, 83, 85]. Hence, the
image observation sizes during the spot emission cannot agree with the damage sizes
observed on the cathode surface after arcing. This difference in the results indicates
different specifics of the mentioned experimental methods, which cannot adequately
reflect the active main electro-conductive plasma zone which supported the current
continuity at plasma–solid cathode interface and interpreted as the “spot area.”

According to Hantzsche et al. [89], the craters do not constitute a direct image
of the active spot. The active spot zone is characterized by strong electron emission
and evaporation. This zone may be surrounded by a less active area of plasma–
surface interaction, ionization, and radiation, especially in an ambient gas. Harris
(see in [30]) indicated that the image size could be enlarged up to 100 µm due to
motion of an excited ion at the length of his relaxation in active zone. This same size
can be estimated considering the length of luminous plasma expansion (by particle
excitations andde-excitations)with velocity 106 cm/s at time10ns (rs=vt=100µm)
after the spot initiation. For spot lifetime 1 µs at certain location, the spot luminous
size can reach 100 µm at plasma expansion velocity of 104 cm/s. In general, the
ejected plasma velocity depends on spot current and heavy particle density in the
expanding region. For heavy particle density ~1020 cm−3, the plasma velocity of
active zone can be low ~103 cm/s with following acceleration by future expansion
where the density and therefore the plasma brightness significantly decreased [90].
Also, the plasma expansion was influenced by the background gas pressure [91]
and by background plasma in a short gap arcs. Thus, the spot imaging depends on
expansion of dense active zone that in turn determined on the spot plasma parameters.

The research and assumptions in works [61] conclude that the brightness distri-
bution of a single cathode spot at rest is a superposition of continuum radiation from
the spot core plasma and line radiation from ions and mainly atoms. The diameter
of the continuum radiation is related to the current carrying area at the cathode since
the very dense plasma in the spot center transfers the largest part of the current.
The line radiation not reflected the cathodic current area and is mainly depended on
the density distribution of radiating particles. The emission photographs reflect the
process of plasma expansion rather than the active spot zone where electrons are
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emitted, atoms are evaporated, and the plasma is formed [88]. Emission photographs
can enlarge the spot size. According to research in [92], the absorption photographs
refer directly to the dense plasma in the spot.

On the other hand using the autographmethod at large current, the cathode surface
observation showed that the tracks and crater were superimposed. It can be noted
about somedifficulties to find a correspondence between the damage zone and current
carried area (cathode spot) as well about a time of their appearing and lifetime.
Another weak point is related to fact that the cathode surface studied after the arcing
(without magnetic field) indicates an integral picture of the crater number produced
during all arc time, and the time-dependent number distribution remained unknown.
Therefore, the mentioned problems limit the autograph approach to use it for under-
standing the structure of cathode current continuity and mechanism of transient spot
operation on a bulk cathode. So, the existing approaches of the spot observation do
not reflect unambiguous data on its size in spite of the importance of this size to
determine the active spot area.

7.2.5.4 An Argument Against the Numerical Classification of Spot
Types

Nevertheless, the high-speed imaging determines the transient spot behavior, the
influence of the low external gas pressure, magnetic field action of the cathode
geometry, cathode treatments, and the rate of current rise. As mentioned above,
different types of local brightness areas, named as cathode spot, were observed
depending on the listed conditions. Mainly they differ by the velocity, numbers, or
current local spot, and lifetime. So, the dynamics of different spots available is to
be classified and determined by their types, which at present is characterized by the
classification published in the literature described in Sect. 7.2.3.

However, some misunderstanding was occurred in the literature using the Arabic
numerals (1, 2 …) in order to recognize the different spot types. While some of the
literature labels the spot types by the numbers 1, 2, 3, this characterization confusingly
groups together spots with very different characteristics, and the numerical names
do not convey any meaning. A few such examples can be listed as:

(1) Fast velocity spots (104–103 cm/s) were named as type “1” in [35, 36, 38], while
the spots with similar velocity (~103 cm/s) appeared at cathode and cleaned by
arcing were named as type “2” in [49, 50];

(2) The spots occurred on fresh (with impurities or oxide films) cathodes named as
type “1” in works [49, 50];

(3) Spot type “2” was identified in works of [35, 36, 38] with relatively low velocity
(10–100 cm/s), such spots appeared separately after some arcing time under low
pressure of external gas. At same time, the fast-moving spot appeared on clean
cathodes according to works [49, 50] also named as type “2” while in [36] the
spot of type 2 represents a group spot.
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(4) The fast spot occurred at the film cathodes [3] also named by type “1,” while
this definition cannot be related to the spot at a bulk cathode.

(5) The spot types with different large velocities in [30] were denoted by Roman
numerals (I, II). The references are mentioned as examples, while numerous
other works used the type number mixing the real spot type characteristics.

Thus, different characteristics, moreover, different spot mechanisms related to the
types are defined by same spot number. Such above-mentioned definitions confused
understanding the object’s physical state and properties. It should be noted that even
on cleaned cathode after surface treatment with arcs duration more than 10–100 ns,
the produced irregularities influence the type of high-speed spots appearing.Different
other definitions such as “emission site (ES)” and “emission center (EC)” (appeared
under external high-voltage source (Chap. 6), which is absent in low-voltage arc
discharges) at the cathode are also named historically as cathode spot. Thus, it is
important to distinguish the spots by different form of their appearing in order to
study in further the mechanism taking into account the common properties obtained
experimentally. Therefore, below it is presented an attempt to classify the spot types
by observations of their typical properties and conditions of appearing.

7.2.6 Classification of the Spot Types by Their Characteristics

It is established that the prevalence of different types of spots depended on arc
current, cathode material, and cathode surface characteristics (e.g., oxide film and
roughness). Also, it is commonly accepted that for relatively low current (100–300A)
in the initial stage of an arc, superfast, fast-moving (up to 103–104 cm/s, depending
on surface cleaning), and short life (<1 µs) cathode spots appear on all metals. With
higher current, higher vapor or gas pressure, and longer arc pulse duration, the spot
velocity is less, and the spot lifetime is longer.

Under some arc conditions, a few spots can be located close to one another,
producing a low-velocity “group spot.” A high-velocity group spot was observed in
presence of a magnetic field. The special type of spot appeared on metallic films
deposited on a substrate which occurred at very low current ~0.1 A due to operation
at low-ionized metal atoms (in comparison with oxide films) and very low energy
due to film heat conduction.

Therefore, it is preferable to spot types distinguished by their adequate parameters.
In general, the spot parameters are velocity vsp, spot current Is, lifetime ts, and their
disposition which mainly depends on the state of cathode surface. For clarity, the
spot classification can be defined directly by parameters which characterized their
appearance. For example, all fast-moving spots can be distinguished as superfast
spot-SFS (at surface with impurity, oxides and roughness), moderate fast-moving
spot-MFS (cleaned and flat surface), and film cathodes-FiS (metal films on glass
or metals). There is also the separated slowly independent (or individual) spots-SIS
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and group spots-GS, which represent association of sub-spots, fragments, or cells.
The main spot types classified by such manner with their main characteristics are
presented in Table 7.10. The data are mostly related for Cu cathode. Note that, some
types of spot depend on gap distance or on the self- or applied magnetic field. For
example, the usually slow group spot can be appeared as fast-moving group (vsp~103

cm/s) at roof-shaped cathode in transverse magnetic field [93].

Table 7.10 Classification of the spot types by their characteristics and conditions of appearance

Abbreviated
name

Extended
name*

Spot motion Conditions of
appearance

Spot parameters

vsp (cm/s) Is (A) ts (µs)

SFS Superfast
spot,
(including
fragments)

Fast On surface
with impurity,
oxides, and
no uniformity

103–104 ≤10 0.01–10

MFS Moderate fast
spot
(including
fragments)

Cathode
surface
cleaned by
preliminary
arc
(roughness)
or by cathode
heating

103 ≤10 <10

FiS Film cathode
spot

Metal films
deposited on
glass or
metals
substrates

≥103 ~0.1 1–100

GS Fast group
spot

Usually under
magnetic field

up to 103 Few of ten 1–10

Slowly group
spot

Slow In a vacuum
for relatively
high arc
current

≤10 100–300 102–103

SIS Slowly
independent
spots

Electrode gap
filled by an
electrode
vapor or
low-pressure
gas

10–100 10 ~100

*All above-listed spot types change their motion from random displacement to the direct motion in
presence of a magnetic field
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7.3 Cathode Spot Current Density

Let us take in account the above data of spot dynamics to consider the spot current
density problem in vacuum arcs.

7.3.1 Spot Current Density Determination

The spot current density cannot bemeasured directly in the spot determining the elec-
trical current distribution (e.g., by electrical or another probe type) due to extremely
small spot size. The generally accepted approach consists of its study by determining
the spot radius rs and spot current Is. Assuming that, the current was distributed
uniformly in the spot, and the current density j was calculated as

j = Is
πr2s

Usually, the parameters rs and Is were detected from the dynamics of spot
luminous or studying the cathode surface damage.

7.3.2 Image Sizes with Optical Observation

It has been commonly accepted that in the initial stage of a discharge, fast-moving
cathode spots appeared on all metals. Also, this type of spots wasmainly investigated
optically with high time and space resolution for a numbers of years [70]. Most
of such results (in ns and µs time intervals) reported relatively small spot sizes
(≤10µm) indicating a large spot current density of 107–108 A/cm2 [59–61, 67–71,
91]. According to Juttner [64], the probability of spot changes in some time interval τ
due to disappearance of spots which increases from 0.2 to about 0.9 when τ increase
from 10 to 100 ns, respectively, at spot current of 20–40 A. This means that the rate
of current rise during the spot life decreased in range (2–0.2) × 109 A/s and (4–0.4)
× 109 A/s for currents 20 and 40 A, respectively.

The large spot current density was also obtained by less commonly used methods.
The characteristic spot size was obtained considering region of the line splitting by
the Zeeman effect and assuming that the radiation screening was determined by the
surface roughness with dimension comparable with the size of a crater [94].The
obtained current density was 108 A/cm2. The Cu cathode was used with gap distance
about 0.5 mm. Also, the spot current density was proposed to determine measuring a
rate of current rise and spot velocity at crossing of the arc spot over a slit, which divide
the cathode into two electrically insulated sections. The spot radiuswas obtained from
2rs= vs�t, and the time �t was determined by the time of current change behind
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the slit [95, 96]. The obtained current density was 108 A/cm2. It can be seen in the
above-mentioned studies a tendency to explain the large values of current density by
explosion electron emission.

On the other hand, the low-current density in fast-moving cathode spots on
polished copper, obtained bymeasuring the luminous regions, have been reported for
rates of current rise of 5 × 105, 5 × 105, and 6 × 105 in vacuum arc of 400 µs dura-
tion [97]. The results indicate 4 × 104, 4.4 × 104, and 5 × 104 A/cm2, spot velocity
4 × 103, 3 × 103, and 2 × 103cm/s for arc current 100, 50, and 24 A, respectively.
The maximum current density ~105 A/cm2 was observed usually immediately after
division of a spot, and the minimum value immediately before division.

Another similar research was conducted by Smith et al. [98] for arc current 700 A
with dI/dt = 3.6 × 106 A/s using 12 framing photograph at arc beginning from 12.5
up to 40 µs with 2.5 µs of each frame. The data from this experiment indicate area
of 2 × 10−4 cm2 for single spot, current per spot of 17.5 A with current density from
1.3 × 105 to 7.8 × 104 A/cm2. The spot velocity was reported as 5 × 10−3 cm in
30 µs, i.e., about 1.7 × 102 cm/s. The relatively lower current density of (0.5–5) ×
106 A/cm2 was also reported by Djakov [41] and of 106–107 A/cm2 by Simroth [47,
48, 99]

7.3.3 Crater Sizes Observation

Cobine and Gallagher [75] reported about cathode spot area measurements from the
width of tracks left onmetals by the cathode spot of an arc burned in air. The obtained
current densities were 1.24 × 105 A/cm2 for Cu, 3 × 104 A/cm2 for Al, and 7.4 ×
104 A/cm2 for W.

The large current density 2×107–108 A/cm2 were obtained considering the craters
dimensions indicated in [76, 77]. From these measurements, Fig. 7.16 shows that the
current density increases with current up to 50 A, then passes throughmaximum, and

Fig. 7.16 Spot current
density as function on arc
current determined by
Daalder using the observed
crater sizes
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decreases with larger arc current. The future decreasing of current density with arc
current can be expected due to increase of the crater size and spot current decreasing.

Puchkarev and Murzakayev [85] used the autograph method to investigate the arc
spot over a virgin tungsten cathode under a magnetic field of 0.1–0.7 T in the current
range 2–50 A. They demonstrate the dependence of spot current density on discharge
condition. The cathode spot has been found to start dividing at a current of a few
amperes. The current density measured at the moment of cathode spot death is 1.2
× 107 A/cm2 for a cold cathode and 3 × 106 A/cm2 for a hot one. The cathode spot
lifetime is 25–50 ns for a cold cathode, and it increases to 150–200 ns for a heated
one. Neither the current density nor the cathode spot lifetime depends on current. For
extremely short arc (10 µm) at closure gold electrical contacts, the current density
obtained using the crater sizes (5–10 µm) was reported about (2–6) × 106 A/cm2

[100]. The current density in arcs with oxide films and metallic films on the glass
and metallic substrate using the craters and traces sizes was obtained also in large
range of 106–108 A/cm2 [3, 80–82].

7.3.4 Influence of the Conditions. Uncertainty

Considering the published data, the spot current density obtained by size measure-
ments of the optical images, and the crater size of the arc varied in wide range of
105–108 A/cm2 on bulk cathodes and about 105–106 A/cm2 on thin film cathodes.
The problem of determination of the spot current density arises with significant
uncertainties that stimulate large number of investigations and publications cited
above.

The results of optical experiments depend on time and space resolutions of the
amplification factor of the light and used spectral region. The different experimental
data were both due to the results characterized different spot types and by the disper-
sion of the measurement characterized similar spot types, in particular, fast-moving
spot. The dispersion of the measurement also can be due to used significant values
of rate of current rise >108 A/s that is related to the case of a spark rather than of an
arc. Sometimes, the current density was reported, but no values for spot current were
presented, and therefore, value of the current density cannot be directly approved by
the data on the luminous or crater characteristic sizes.

Using the autograph method, the question is what crater area is related exactly
to the current carrying area. To determine the current Is even in a single discharge
at the cathode, one has to know if there are one or more current active areas at the
same time [76]. As an example, here it is relevant to mention the experiment [39]
which reported the result of surface observation after the arcing. A detailed study of
the trail by means of scanning and conventional microscopy proved that it consisted
of single craters. In general, these craters accumulated in areas less in size than the
area of a single spot (optical size). According to analysis of the experiment [101],
the area occupied by the craters amounts only to about 1% of the area of the cathode
spot before extinction or splitting (Fig. 7.17).
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Fig. 7.17 Photograph of the
surface trace of a
fast-moving cathode spot
[101]

Another misunderstanding is the discrepancy between sizes of macroparticles and
corresponding craters. Thus, Daalder [76] observed macroparticles whose diameter
exceed by one order of magnitude of the diameter of craters. This point also requests
to study the relation between macroparticles production and the process of crater
formation [102].

7.3.5 Interpretation of Luminous Image Observations

The most important question is the interpretation of the measured luminous objects.
According to works [59–61], the current density was determined by spot area where
the plasma emits continuum radiation, i.e., by spot central region, at which the plasma
is optically thick in the visible region. The main argument to base the measured
current density of 108 A/cm2 is to satisfy this value to the model of explosive elec-
tron emission as a mechanism of a cathode spot, according to which the plasma is
significantly dense to support the observed if optically thick. It further stated that, in
contrary, the evaporation–ionizationmodel is associatedwith a relatively low-current
density and a low plasma density.

The last statement is a simple misunderstanding conclusion because the
evaporation-ionization approach reported also this result (large plasma density
possible to be as optically thick) without any explosion. It follows from study of
the structure of high-current arc cathode spots in vacuum as dependence on spot
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Fig. 7.18 Plasma density as
a function of spot lifetime
with cathode potential drop
as a parameter for Cr and Cu
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time [56]. The results [56] of time-dependent density calculation for Cu and Cr cath-
odes are demonstrated in Fig. 7.18. Besides, the calculated current density is about
(5–7) × 106 A/cm2 when the time approaches 10–100 ns. The electron temperature
for nanosecond cathode spot operation can exceed 5 eV in case of cathode potential
fluctuation (see [103]). So, there is no necessary to use the explosion emission to reach
the plasma parameters indicated in [60, 61, 67] and to obtain the continuum radiation
from the explosive plasma. The recently developed new similar models applied to
spots burning on microprotrusion and on the bulk cathodes will be presented in the
theoretical part of this description [104, 105]. The advantages of these theoretical
approaches will be discussed, and the measuring continuum radiation area [59–61]
that interpreted as active spot radius, which amounts to 5–10 µm, can be understood
according to the mentioned models.

In addition, the interpretation luminous areas as sharply active spot radius should
be conductedwith enough degree of discretion and accuracy. For example, the section
results of [60] reported “These structures, having a size of about 5–10 µm, can be
called microspots or cathode spot fragments,” and then, “we can deduce a maximum
current per microspot of 20–40 A.” Taking the reported data, the current density is
calculated as 2.5 × 107 A/cm2 using current 20 A and the size 10 µm. Also, it was
stated that “can appear and disappear within one or several nanoseconds; their typical
residence time is a few nanoseconds.” If it is true, the rate of current rise is ~1010

A/s. At this condition, the discharge was similar to spark, and the current density is
possible to be significantly large as described for nanosecond cathode spot in [103].
Note that, the observed luminous fragments located very close one to the other are
influencing the current distribution and an effective area.

As it was indicated in [89], the plasma particles are excited at the edge of the
dense spot core, but they radiate at some distance due to the finite lifetime of the
excited levels and the plasma expansion. It should be noted that the high-speed plasma
expansion was occurred in the direction normal to the cathode surface. The radial
expansion is less than the normal, and the velocity of dense plasma is significantly
smaller than in the developed jet [90]. The expanding exited particles are also of
ions and electrons, which contribute the spot current increasing and the active area.



206 7 Arc and Cathode Spot Dynamics and Current Density

The question arise is how the current was distributed and what is integral over this
distribution taking into account the expanding plasma area (transition region) before
it was optically thin for possibility of line radiation?

Juttner [66] concludes that high-speed pictures insight into the cathode spots
using continuum radiation indicate a small size of the spot plasma also for discharge
times >1 µs. However, generally highly non-stationary spot nature is periodically
interrupted by more stationary phases with increased brightness by their average
period Tn, approximated by (Tn)n= const. Although that it was explained as an
effect of accumulated heat at the surface during the random walking of the spots as
a hypothesis, nevertheless this effect can be related to the sizes determined by the
current density.

7.3.6 Effects of Small Cathode and Low-Current Density.
Heating Estimations

It should be noted that the discussed experiments were conducted with small Ti
cathode diameter (2R = 300 µm) for 90 A arc and very low gap distance <100 µm
in [57] and with copper cathode in form a thin wire (diameter 280 µm) separated
20–50µm from the copper anode in [60]. As the heat conductivity for Ti is relatively
low (λT = 0.155 W/cm), this cathode can be sufficiently heated. Assuming that heat
flux (due to very short gap) is formed by the used arc current and an uef cathode-
effective voltage is 10 V (can be larger due to fluctuations in the transient process)
the average cathode surface temperature Ts can be estimated from

Ts = I uef
√
at

λT S
,

where a is the thermal diffusivity, t is the time after arc ignition, and S = πR2 is the
cathode surface area.

The estimation shows that Ts for 90 A arc and Ti cathode can reach ~1600 K
for arc time 400 ns and ~3900 K for arc time 3 µs. For large Cu heat conductivity
cathode [68–70] with uef = 10 V, I = 100 A, and R = (1.5–4) × 10−2 cm, the
temperature reaches Ts~103 C when t increased up to ≥100 µs. These temperatures
can be larger taking into account non-uniform current distribution in the arc. Thus,
the background temperature of the surface relatively small cathodes and gaps can
reach a value that influences the spot ignition and its development and therefore the
current density. Indeed, according to Juttner [67, 71], the brightness increases when
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a fragment is formed at a location that is still hot due to the action of a predecessor.
Also, there the rate of current rise can sufficiently be larger than 108 A/s.

The above-mentioned low-current density (4 × 104 A/cm2) obtained by the
measurements done by taking the pictures of a spot in the light of atomic and ion
emission lines [96] is problematic due to their limited heat regime. At the velocity 4
× 103 cm/s and spot diameter 0.015 cm, the time of spot residence is ~3.75 µs. For
these conditions and uef= 10 V in 3D heat conduction approximation, the cathode
temperature in the spot reached of about 600 K assuming that the ion heat flux
was determined even by the measured value of spot current density. So, the spot
operation cannot be supported self-consistently. According to Daalder [76] the main
reason for the differences in the current density reported in [97] and the values found
in other studies can be ascribed to the difference of arc regions observed which
directly follows from the different used measuring techniques. Another interpreta-
tion of detected the large luminous area with radius of about 100 µm [97] can be
understandable taking into account the accelerating plasma expansion with velocity
2 × 106 cm/s during 10 ns [101].

7.3.7 Concluding Remarks

Thus, the above consideration of the experimental study of the spot current density
indicates unclear and questionable points, and the results meet some vagueness and
complications to construe of the measurements. In order to obtain an adequate inter-
pretation of the spot experiment in different conditions, it is preferable to understand
the main spot phenomena by interconnection with the measurements.

An attempt to explain the spot nature by electron explosion emission indicates only
a single action with duration of a few nanoseconds, and then, the plasma disappears
by high-velocity expansion, i.e., only cyclic regime.As itwas shown, in somevacuum
discharges, the fast cathode processes were developed without explosive emission
[106]. The spot lifetime can be significantly larger than the nanoseconds explosion
and plasma expansion times. For example, to reach a few amperes per spot in case of
current rise of about 107A/s (characterized the arc type discharge) the spot lifetime,
which sometime appeared during the arc pulse (not on DC current), should be at
least in range of 0.1 µs [97]. Obviously, negligible current reached at nanoseconds
for such rate of current rise. In addition, the spots leave continuous tracks on thin
film cathodes indicating complete evaporation of the metal from the glass substrate
without any signs of an explosion process.

Therefore, in general the cathode spot operation should consider the intercon-
nected processes in a self-sustained object by a closed model used minimal number
of input parameters. The analysis shows that it available also at DC arc when spot
life is in range of 10–100 ns. This means that in case of electrical breakdown of the
gap (e.g., by explosions of a protrusion), the further development of the spot should
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describe the phenomena occurring in the cathode body and in the initial near-cathode
plasma in order to continue to generate the plasma to support the current continuity.
Chapter 15 presents a reviewof the developeddifferent theoretical approacheswith an
analysis of the existing cathode spot mechanisms. The explosion model and models
based on the traditional approaches [107, 108] were considered. Also, the author’s
approaches are systematized below by spot modeling and theoretical description of
the surface and plasma phenomena by taking into account the modern plasma theory.
In this framework, the spot initiation and development occurs by arising the amount
of preliminary plasma as will be described later (Chaps. 16 and 17).
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Chapter 8
Electrode Erosion. Total Mass Losses

Vacuum arc is a discharge of relatively high current (>1 A for bulks) where the
conductive material in the interelectrode gap arises in course of mass loss from
the electrodes during the arcing. Different phenomena of the electrode degradation
occurred due to the local and high intensive electrical energy dissipation in the arc
gap and at the electrode surfaces. The experiments [1–5] showed that total mass loss
of the electrodes (cathode or anode) occurs in the form of plasma (neutral atoms,
ions, and electrons), liquid droplets, and solid particles.

The observed cathode surface after arcing was represented by damage pattern
including small craters, traces, and relatively large cavities depending on arc current.
The craters about 300µmwere observed even for graphite cathodes [6]. The erosion
mass and erosion rate significantly depend on the arc current, gap distance, and arc
duration. On the other hand, during the electrode erosion, a high pressure near the
electrodes was produced and therefore causing macroparticle ejection.

8.1 Erosion Phenomena

8.1.1 General Overview

The phenomena of electrical erosion are an extremely important issue in a number of
practical applications of the arc. On one hand, it plays harmful role leading to intense
damage in different devices like high-voltage switchgears, relay contacts, contacts
in electrical apparatus, and other discharge. At the same time, the positive role of
the erosion phenomenon is extensively used for cutting, drilling, electrical discharge
machining (electrospark treatment) of metals, thin film deposition, coating, and ion
beam generation and ion implantation.

Duffield [7] reported about first experiments studied the electrode erosions in the
electrical arcs. According to his brief review, some interesting results were obtained
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already in nineteenth century. Silliman in 1825 found that the lost weight from posi-
tive electrode is more rapid than from the negative carbon electrode. The same result
reported by Matteucci in the “Comptes Rendus, vol. 30, p. 201 (1850)”, concluding
from his experiments. (1) The loss is chiefly dependent upon elevation of tempera-
ture by other factors being constant. (2) For carbon and iron, the positive electrode
mass loses more than the negative, the ratio of the losses varying according to the arc
length from 2:1 to 5:1 for carbon, the ratio being smaller for iron. For zinc, copper,
tin, lead, brass, and gold, the negative loses more than the positive. (3) For electrodes
that are more refractory, the quantity of mass lost was less. W. S. Weedon (Trans.
Electrochem. Soc, vol. 5, p. 171 1904) has measured the losses from the electrodes
of certain metallic arcs. For copper electrodes, he found that, if the current increased
by 2.5 times, the cathode loss was five times as great. When an iron arc burned in
hydrogen using water-cooled electrodes, the anode lost and the cathode gained.

In the mentioned review [7] Duffield also described his early experiments, which
have been carried out to determine the amount ofmaterial lost by carbon electrodes of
a continuous current of an arc under different arc current and length. The experiments
dealt with arcs whose lengths varied from 0.5 to 15 mm or more and the current from
1 to 10 A. The carbons employed were initially all of the same diameter (10 mm.),
but, after having been burnt to shape, their diameters in the neighborhood of the arc
gap were much smaller, the electrodes having so adjusted themselves that there was
a characteristic contour for each value of the current strength and arc length.

Twomethods were used to assess the erosion rate. In one, the carbons were held in
special clips, which could be removed and weighed. The second method uses some
arrangement, which obviated the necessity for touching the electrode at all when the
weighing made. Table 8.1 presents the results.

The measurements show that the mass loss per coulomb for a given current
increases with increasing arc length until a nearly constant value is reached at about
8 mm. This is true for both the anode and cathode, but there is a difference in the
initial rates of grows. The anode loss per coulomb is at first gradual and then increases
more rapidly as the electrodes are further separated, whereas the cathode slope is
very steep at the outset and shows no point of change. The obtained dependences
explained by the increasing oxidation of the hot electrodes in the air with increase of
the arc length. The greater anode loss than the loss from the cathode under similar
conditions of arc length and current suggested to explain by the observed larger of a
crater on the anode.

While the cathode absolute mass loss increases with the current, the loss of mate-
rial per coulomb for long arcs decreases with increasing current. For long arcs, the
rate of loss at first decreases rapidly with increasing current but subsequently more
slowly until some minimum value is reached for large currents. For short arcs, the
cathode loss of material per coulomb is practically constant. The author has not
presented any reasonable explanation of the dependence for long arcs. However, it is
possible to understand this dependence taking into account the specifics of returned
heavy particles at atmosphere of air arc with current increasing. This specific also
follows from the data at short arcs indicated constant erosion per coulomb.
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Table 8.1 Rate of carbon electrode mass loss as dependences on arc length and arc current [7]

Anode erosion rate (µg/C) Cathode erosion rate (µg/C)

Current (A)

Length (mm) 2 4 8 10 100 1 2 4 6 8 10 100

0.1 89.0 77 31.2 32

0.2 165 132 92 33.4 33.8 34.2 31.6

0.5 10 102 71 48 45 41

1 253 176 128 110 202 92 65 55 54

2 266 181 131 120 270 192 107 77 61 59

3 276 194 351 136

4 296 200 138 374 217 145 103 74

5 213 377 155

6 346 152 363 239 157 114 101 85

7 214 158

8 345 225 155 351 246 157 120 97 85

10 222 166 251 161 121 89

12 228 159 160 123

17 258 163 101

30 132 102

The electrode erosion widely studied by Ragnar Holm and colleagues in period
of 30–50 years of the twentieth century for understanding the processes in electrical
contacts in light of development of automatic and telemechanic devices. These early
investigations described in last edition of his book [8]. Important results obtained
including effect of electrode polarity, mass transfer from one electrode to another, the
role of thermophysical, mechanical, and chemical properties in erosion processes.

The investigation of the erosion of contacts showed a possibility to use this
phenomenon for machining of a metallic targets in order to hardening, deposition
of a protective layer, change the surface properties or geometry [9]. The machining,
which is used in practice, includes processes of doping, deposition or piece treat-
ment using repeated current pulsed electrical arcs to melt and evaporate material
from an anode and to transport it to the workpiece, which is held in close prox-
imity. The workpiece serves as the cathode, and the electrical discharge action at
its surface removes surface contaminants so that, for example, a coating forms. The
applications of the contact systems known also as “electroerosion”, “electrospark-
ing”, or “electrical discharge machining (EDM)” systems were operated usually in
gas atmosphere or in liquids to minimize the erosion rate. When a part of electrode
material should be removed due to electrical erosion, the dielectric liquids were used
for workpiece treatment. The gas media was used for electrospark doping or coat-
ings when a material transferred from one electrode to other. The contact erosion
phenomena occur at very short electrode gaps and can be significant both on the
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anode and on the cathode. The short distance between the electrodes together with
the high pressure of the generated metallic plasma excludes the used media from the
electrode gap and allows to minimize its influence on the arc. Below the electrode
erosion will be considered for the arcing in different media and at both electrodes in
order to understand the phenomena with respect to the erosion rate in vacuum arcs.

8.1.2 Electroerosion Phenomena in Air

An electric arc arises at closure or breaking contacts. According to early work of
Germer and Haworth [10], the vaporization of anode metal is one of the major
factors in the erosion of telephone relay contacts. The observed crater of about 5 µm
at positive platinum electrode was produced by discharge of energy 11 g cm2 s−2,
while on the negative electrode surface was showed the presence of metal spattered.
The crater formed on the anode is result of themelting and boiling of themetal caused
by electron bombardment before the electrodes touch. The mass transfer in closure
and breaking contact systemswith very small arc current around 1A and in extremely
short gap (0.1µm)was studied by Germer and Haworth [11] and with arc current (1–
7) A by Boyle and Germer [12]. The measurements were conducted by microscopic
observation of the electrode surfaces and by the optical method of the mound metal,
which develops on negative electrode. The electrode surfaces were observed after
the discharges. It was found that craters were developed in the positive and mound
on negative electrodes. The metal was transferred from anode to the cathode. It was
reported that the measured transferred metal volume was proportional the discharge
energy and the values for palladium and platinum contacts were 4.5 × 10−14 and 4.0
× 10−14 cm3/erg, respectively, at 105 closures. Germer and Boyle [13] studied the
transfer of cathode or anode material from one to other electrode.

The following erosion mechanism was proposed [10]. When an arc occurs at
the metal surface, the energy from charged condenser is dissipated almost entirely
upon the positive electrode and melts the metal forming a crater from which then the
metal can be vaporized. Part of the melted metal landed on the negative electrode
and, with repeated operation, results in a mound of metal transferred from anode
to the cathode. It was also noted that bridge erosion can be also as a mechanism of
the transfer of metal from one electrode to the other which occurs when an electric
current is broken in a low voltage circuit [14]. It is resistive metal heating at some
local contacts when the electrodes were pulled apart, and amolten bridge was formed
between the electrodes before the contact is finally broken.

Mandel’shtam andRayskiy [15] presented an experimental research of the erosion
mechanism of metals in a spark discharge. Accordingly, the authors determine the
fundamental difference of a spark discharge, high voltage or low voltage, from an
arc discharge. The key difference lies in the fact that in a spark the discharge channel
does not expand due to the short duration of the current pulses. Due to this fact, the
current density in a spark discharge channel reaches significantly higher values, than
that in an arc discharge. This property of a spark discharge forms the specific features
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of the high temperature discharge channel, leading to excitation of “spark lines,” and
the specific features of the discharge on the electrode. These features result in the
extremely large energy dissipated at the electrode surface, and it does not propagate
over large distance in the metal body due to the short discharge duration. As result,
the energy was passed into a thin subsurface layer of the metal, and an intensive
vaporization arises. It is known from studies of the spark discharge that the formation
of electrode metal vapors occurs in the form of plasma flares escaping perpendicular
to the electrode surfaces at a high velocity.

Experiments [15] with copper and other electrodes showed that the magnitude of
erosion with a large electrode gap (4 mm) was significantly less than with a small gap
(0.1 mm). With a small gap, the anode undergoes considerably more severe damage
than the cathode. With a large gap, the cathode was damaged due to formation of the
flare, while a cathode material was deposited locally at the anode center.

It was concluded that the mechanism of electric spark erosion of metals as a
secondary process conditioned by the destructive effect of the plasma flares ejected
from the opposite electrode. Movement of the flares at a supercritical velocity is an
essential condition for realization of this mechanism. It follows from the fact that
the flares expand to the sides immediately after electrode damage that attests to the
presence of great pressures in the flare. The damage of the electrode itself ejected
the plasma was significantly less in intense damage to the opposite electrode. The
explanation for this phenomenon apparently lies in the fact that the buildup of the
plasma generation on the electrode occurs more slowly than stopping of moving
flares by the opposite electrode.

Pravoverov and Struchkov [16] investigated the erosion rate of a number of elec-
trode materials. The arc was initiated in air of atmosphere pressure by high voltage
breakdown with 3 ms pulse and pick current of 9.5 A, gap distance of 0.3 mm. Each
experiment uses 104 pulses with frequency of 1Hz of arc between electrodes of 6mm
diameter and 3 mm thickness. The erosion mass was determined by weight method.
The total amount of the charge per pulse was obtained as 1.94 × 10−2 C taking into
account effective pulse duration of 2.5 ms. The measured erosion rate G in µg/s and
erosion rate Gr in µg/C (named also as erosion coefficient) data of different metals
are presented in Table 8.2 using the mentioned total charge value. The erosion rate
is relatively low except the mass loss for low melting materials such as Zn, In, Sn,
and Pb.

Zhouy and Heberlein [17] developed a specially designed thermal plasma reactor
system for the investigation of arc cathode erosion. Argon gas and mixtures of argon
and hydrogen gases have been used in this investigation. The cathode materials
used include pure tungsten and 2% thoriated tungsten. Experiments with cathodes
of various shapes and sizes have been performed (cone shape and truncated cone
shape with 1 mm diameter of the truncated surface, both with 60º included angle).
Cathode diameters have been 6.4 and 3.2 mm. The chamber pressures have been
340 and 760 Torr, and the current levels have been in the range 80–350 A. Observa-
tion of cathode spot behavior has been carried out simultaneously by employing a
microscope and a high-speed vision system. Cathodes have been examined by SEM
and EDX after arcing. For pure tungsten cathodes, the initial cathode geometry has
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Table 8.2 Erosion rate in µg/C of different metals according to data of [16]. The gain mass on Ag,
Pd, Sn, and Pb anodes is indicated by “+”

Material Erosion rate (µg/s) Erosion rate (µg/C)

Cathode Anode Cathode Anode

Ag 9.2 +4 1.186 +0.515

Cu 18 17 2.32 2.19

W 30 <1 3.866 <0.129

Nb 36 −31 4.639 4.00

Pd 56 +36 7.216 4.639

Ni 61 2.4 7.861 0.31

Zr 4 62 0.515 8.00

Al 32 68 4.124 8.763

Fe 108 76 13.92 9.794

Cr 84 110 10.825 14.175

Y 220 28.350

Zn 440 120 56.70 15.464

In 520 800 67.0 103.0

Sn 1800 +240 231.96 +30.93

Pb 6000 +8000 773.2 +1031

almost no effect on the cathode spot’s behavior due to the molten state of the metal
under the cathode spot.

Various mechanisms of arc cathode erosion were presented, and the factors
affecting the cathodes erosion were discussed. The major erosion mechanism is
the ejection of liquid droplets from the cathode spot. The erosion rate is dependent
not only on the cathode tip’s condition, namely its temperature and the depth of the
molten state, but also on the fluid dynamics of the plasma gas flowing along the
cathode. Turbulent pressure fluctuations lead to oscillations of the molten metal and
the formation of smaller droplets. However, the initial cathode geometry has a certain
influence on the cathode’s erosion for 2% thoriated tungsten cathodes. This influence
and relatively low erosion rate are demonstrated in Table 8.3. A non-uniform erosion
pattern will occur if the cathode is overcooled, probably due to ion bombardment in
the low-temperature regions of the arc attachment spot.

Peters et al. [18] reported on erosion studies of a cathode as used in a plasma
torch operating at of 200 A. A hafnium insert in a water-cooled copper sleeve serves
as the cathode. The experiments allowed the measurement of material loss from the
cathode during different phases of an operating cycle. The first phase is the plasma
start phase. This phase begins with arc ignition (by high voltage), continues with
the arc transfer to the anode and with the gas flow change. The second phase is the
steady running phase beginswith the change in gas flows and continues until the arc is
shutdown. Arc shutdown is the final phase of operation. It used two different current
stop mechanisms on the power supply. During the controlled ramp-down process,
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Table 8.3 Cathode’s weight loss for thoriated tungsten cathodes under various operating conditions
at 200 A arc current [17]

Cathode diameter (mm) Electrode shape Gas Weight loss (µg/s)

5 min of arcing 60 min of arcing

3.2 Cone shape Ar 5.33 0.778

3.2 Cone shape Ar:H2 (1:1) 8.33

3.2 Truncated cone Ar 1.53

6.4 Cone shape Ar 0.556

6.4 Truncated cone Ar 0.0278

the arc current operates from its steady value to zero over a period of ~150 ms. For
the rapid current shutdown, this drop occurs in ~1 ms. Erosion has been found [18]
to be predominantly due to ejection of molten material droplets.

The erosion rate significantly increases when an arc with relatively large current.
Essiptchouk et al. [19] showed this increase in experiment with arc current in range
of 100–500 A. The measurements were conducted in a system, which was equipped
with water-cooled commercial copper-ring electrodes placed in an axial magnetic
field. The cathode was isolated from the adjacent parts of the setup by thermal- and
electro-insulating spacers. The working gas was axial flow air in the interelectrode
gap with velocity of 7.6 m/s. Most of the experiments were made with a cathode ring
thickness of 10 mm (outer ring diameter of 2R = 60 mm). The water-cooling flow
rate was maintained constant. In order to increase the cathode surface temperature,
some experiments were carried out with a different cathode ring, with 2R= 120 mm.
After each 10 min arc experiment, the cathode ring insert was extracted and weighed
to obtain the average mass erosion rate. The results of erosion measurement showed
two main characters in the dependence of erosion rate on the arc current. These
regimes are determined by the magnetic field, namely (i) regime with relatively low
increasing erosion rate and (ii) regime with relatively large increasing erosion rate.
The dependencies [19] can be illustrated in the form of Fig. 8.1.

Erosion measurements on a copper cathode were reported in works of [20, 21].
The 100A arc, driven by amagnetic field, runs continuously for up to 30min between
two concentric cylindrical electrodes having an interelectrode gap of 4 mm. Argon–
nitrogen gasmixtures in various proportions are blown through the electrode gap. The
erosion rate in argon is drastically reduced by the addition of only 1% nitrogen and is
further reduced as the nitrogen content increases in the gas mixture. The decrease in
erosion rate is found to be correlated to an increase in arc velocity. The erosion rates
dropped from 9.0 to 1 µg/C as the arc velocity was increased from 15 to 135 m/s.

The electroerosion phenomena of gas discharges occurring in technological
devices for different applications such as machining of target, electrical interrupters,
electrosparking treatment, between contacts in electrical apparatuses were investi-
gated by Namitokov [22]. The contact surface properties, erosion mechanisms in
closure and breaking contacts, of safety fuses, and erosion processes that appeared
at different discharge stages were reviewed and analyzed. Theoretical investigations
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Fig. 8.1 Erosion rate of a
copper cathode as function
on current I, for a cathode
with inner diameter 2R =
40 mm, outer diameter 2R =
60 mm and for four different
magnetic field values. Lines
are linear approximations of
the experimental points for
each value of B. The
half-painted points relate to
the relatively low increasing
erosion regime. Stars mark
the transition points from
low increasing to a large
increasing erosion regime
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were presented,which concentrated onmodels developed to understand the dynamics
of the electroerosion processes in spark and pulse arc discharges.

Electrode erosion has been considered in a number of works in relation to electro-
spark treatment or also named as electro-discharge machining [23–27]. Parkansky
et al. [28] reviewed the applications of electrosparking technique (named there as
pulsed air arc deposition (PAAD)), and then, experiments related to the influence
of stress on the maximum coating thickness were presented. It was indicated that is
a process of coatings which use a chain of high current (10–100 A) short-duration
(1–100 µs) pulsed electrical arcs. The melted and evaporated material from a source
anode is transported to the workpiece served as cathode, which is held in vicinity
to the anode. This coating method has the advantageous characteristics as superior
adhesion, high coating density, ability to apply alloy coatings, simple facilitation of
selective coatings, minimal workpiece heating and thus no heat deformation nor loss
of prior heat treatments, and no need some specific chamber to place the workpiece.

Problemswere studied, which related to the hard coatings, heat-resistant coatings,
corrosion resistance, reduction in contact resistance, residual tensile stress, effect
of mechanical stress applied for the electrodes during the deposition [28]. It was
concluded that themaximum coating thickness, which can be applied, about 100µm,
is limited by residual tensile stress, which ultimately causes surface damage and
material loss.

The erosion of contact electrodes can be reduced and controlled, by injecting
parallel to the contact surface an additional transverse electrical currentwith a density
less than 1 A/mm2 [29]. In addition to the reduction of electrode erosion, the addi-
tional current affects the localization of the arc root on the cathode and affects the
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morphology of the electrodes surface left after extinguishing the arc. The effect
reported here may be applied in real systems to prolong the life of electrical contacts
but also to increase the erosion in some other cases.

The main issue at the electroerosion treatment of the metals is the mass transfer
from one electrode to another. The electrode mass loss depends on the thermophys-
ical characteristics of the electrode materials. Palatnik [30] proposed a criterion in
which the electrode temperature reaches a destruction temperature in an estimated
characteristic time. The model assumed that the anodic and cathodic heat fluxes are
equal. Taking into account that the cathode and anode spot mechanisms are different,
a general criterion was developed, and the heat losses into an infinitely long electrode
body (required to reach a certain phase temperature T of the electrode surface) were
determined as [31]:

q = √
at(T − T0)cρ (8.1)

where the temperature T can be as themelting Tm or boiling Tb, T 0 is the background
temperature, a is the thermal diffusivity of the electrode, c is the heat capacity, ρ is
the mass density, and t is the time. The erosion process was determined by a ratio
of the heat losses into the electrodes of the same geometry. In case anode qa and
cathode qc heat losses, the ratio is

Cr = qa
qc

= (Ta − T0)

(Tc − T0)

√
λaccρc

λccaρa
(8.2)

According to (8.2), the mentioned ratio described by parameter Cr depends only
on the thermophysical constants of the electrode materials, and Cr can be estimated
without consideration of complicated plasma phenomena. In order to understand the
dependence of anode erosion, the heat losses expressed by (8.1) were considered for
pure Al, Ti, Cu, Fe, W, and WC-based hard alloys contacts with respect to that loss
for W material [31]. The calculations using the anode material thermal constants
indicated good correlation with the measured series of anode erosion rate.

8.1.3 Electroerosion Phenomena in Liquid Dielectric Media

Kimoto et al. [32] measured the anode and cathode erosion rate in kerosene as
dependence on discharge long time 100–700 µs, arc current 10–200 A electrode
distance < 0.1 mm by weight method. Anode—hollow Cu tube 20 mm OD and
5 mm ID. The carbon steel cathode was 60 mm diameter and 5 mm thick. The effect
of arc time on the erosion rate was determined for time range of 10–100 µs. Also,
the experiments were conducted in tap water with gap 0.01 and 0.03 mm for pairs:
carbon steel anode–Cu cathode and tungsten carbide anode–soft steel cathode. The
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cathode crater areas were determined as function on time for arc currents 18, 35, and
50 A.

The obtained results showed that crater areas increase in range (2–9) × 10−4

cm2 when the time increased from 3 to 500 µs, respectively. The current density
was obtained using arc current and the crater sizes in range 5 × 104–106 A/cm2.
The measured copper anode erosion rate Ga was much smaller than that for carbon
steel cathode Gc. Ga increases from 1.33 to 500 µg/s, and Gc increases from 170 to
1300 µg/s when current rises from 20 to 200 A for 500 µs arc. Similar result was
obtained for 700 µs arc. Thus, the anode erosion rate increases with current by more
than 100 times. However, in range of time 10–100 µs, the rate Ga decreases more
100 times with time but still remains smaller thanGc. When the discharge takes place
in pure water or in dilute electrolyte solution, the increase in time results in decrease
in erosion rate of the copper cathode comparing to the steel anode. The influence the
electrode polarity on the erosion rate was explained by the difference of the current
density, which depends on the electrode materials of corresponding pairs.

Zolotykh [33] studied the electrode erosion in kerosene by a single discharge
pulse with maximal current 1000 A and maximal voltage 200 V, space 30 µm, and
energy 2.5 J. Anode is Cu plate—0.1 mm thick, cathode Cu wire 1 mm diameter. The
optical observation was conducted by high-speed camera. The photograph showed
calm evaporation and gas bubble is being formed after first 80 µs. The following
dynamics was observed of the erosion mass evacuation. After 180 µs, the metal was
evaporated in shape of flares, and about 85–90% of the metal remained in the crater.
After 240 µs ejected vapor cool off, the shape of flares was stopped, and a growing
cone was started. After 320 µs, a stream of metal particles or droplets was ejected
from the crater, and after 450–500 µs, the crater was cleaned out.

A hydrodynamic model was developed to compare with the observed dynamics
of metal evacuation from the crater. The obtained agreement allows to conclude that
hydrodynamic nature of forces plays important role formetal ejection that determined
the mechanism of electrode erosion.

Zingerman and Kaplan investigated the anode [34] and cathode [35] erosion as
dependence on short gap distance in range of 3–500 µm in an oil with initial voltage
of 1 kV and relatively high arc current 2 kA. The electrode materials were steel,
copper, aluminum, and brass. A 30 × 45 mm plate 2 mm thick was used as anode,
and the cathode was a rod 4 mm in diameter in [34], while polarity vice versa was
used in [35].

As the arc power Iuarc was enough large, the crater sizes were observed in mm
ranges. In general, the measurements showed that for increasing distances d (µm)
between electrodes, the diameter L of the craters increased for electrodes of the
different materials and polarity. In semilogarithmic coordinates, these dependences
become a straight line except steel for cathode (Fig. 8.2a) and brass for anode
(Fig. 8.2b). The brass anode diameter remained constant up to d = 100µm, and then,
its value increased with d. The degree of the lines inclination kd can be obtained from
dependence L(d) = L0 + kd × Log (d/din) taking into account the initial L0 (mm),
initial din (mm), and maximal dmax distances (in µm), respectively, from Fig. 8.2a
and Fig. 8.2b.
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Fig. 8.2 Crater diameter on the cathode (a) [34] and on the anode (b) [35] as function on
interelectrode distance for different materials
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Fig. 8.3 Crater depth on the cathode (a) [34] and on the anode (b) [35] as function on interelectrode
distance for different materials

The crater depths h as function on electrode distances presented for cathode in
Fig. 8.3a and for anode Fig. 8.3b for different electrode materials. The figures show
that these dependences of h in semilogarithmic coordinates mostly constant up to L
= 75 µm for anodes and 100 µm for cathodes, and then, h decreased with distance
more significant for anodes than for cathodes. Simultaneously, the voltage for arc
burning in oil was measured. Figure 8.4 indicates that the voltages are relatively
low, mostly constant for all used cathode materials up to d = 100 µm. The voltage
increases with d for larger gap distances and exceeds that values measured for arcs
in vacuum that can be explained by the oil media and relatively large arc current.

A comparison of the electrode damages showed that the calculated volume of the
craters for cathode and anode was close one to other for all considered materials. It
was indicated that the difference between the diameters of the craters in the anode
and in the cathode does not exceed 15%. Also, the difference between arc voltages
for positive and negative polarity of the flat electrodes was small, within 3–5%.
Taking into account these results, the authors [34, 35] concluded that the erosion
phenomena are similar for cathode and anode for high current short discharge, and
erosion mechanism was determined by the electrode heat regime. This conclusion
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Fig. 8.4 Short arc voltage in
oil as dependence on
interelectrode distance [35]
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agrees with experimental results of [36]. In that work [36], themeasurements showed
that tin cathode tracks and cadmium anode tracks have much the same diameter and
the same depth ofmelting. It was indicated that the average temperatures of the tracks
on each electrode were approximately equal and that the observed melting tracks are
of heat nature.

The electroerosion treatment of metals and its connection with near-electrode
phenomena was investigated experimentally for pulse discharges in air, vacuum,
and dielectric liquids [37]. The optical high-speed camera was used to study the
important processes at the treatment, which occurred by the interaction of the active
plasma with melted area of the electrode surface (erosion mass removal) and with
surrounding liquid (limited the plasma expansion). The main pulse discharge was
studied as result of its initiation by an additional triggered discharge. It was observed
that the main discharge developed in previously created gas cavity by the triggering
discharge. The electrode erosion was in form of melted metal and as metallic vapor.
The erosion productswere cooled penetrating deep in themoving surrounding liquids
due to the hydrodynamic phenomena. The characteristic time of discharge processes
(microseconds) was significantly shorter than the processes determined by hydro-
dynamic (millisecond) forces. This fact determines the parameters of the discharges
during their repetitions with some frequency.

Parkansky et al. [38] studied the erosion of the anode and cathode dependence on
material combination of the electrode pairs, i.e., on the thermophysical properties of
the electrode materials for submerged arc. Low voltage, low energy pulsed arcs with
a pulse repetition rate of 100 Hz, energy of 48 mJ and duration of 20 µs were tested
to determine the electrode erosion rate during treatment of 10 mg/l methylene blue
dissolved in 40 ml of deionized water, with and without the addition of 0.5% H2O2.
A wide kind of material properties was used for formation of the anode/cathode pairs
of Fe/Fe, Ti/Ti, Cu/Cu, Cu/Fe, Fe/Cu, Ti/Fe, Fe/Ti, Cu/Ti, and Ti/Cu.

The anode Ga and cathode Gc erosion rate sequences were measured. In general,
the cathode erosion obtained in the treated solutionwithout adding ofH2O2 increased
from 0.0053 to 0.0212 g/C for a certain sequence. The anode erosion obtained in
the same conditions increased from 0.0021 to 0.0237 g/C. Smaller cathode erosion
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was measured in the solutions with copper cathodes than with other cathodes. The
largest anode erosion was observed for a Cu anode.

The decrease of the Ga is opposite to the increase of Gc with heat flux change.
The correlations of measured anode/cathode erosion ratio Ga/Gc with ratio of heat
losses qa/qc (using criterion of (8.2)) for various electrode materials were found.
The experimental result [38] shows in form presented in Fig. 8.5. The correlations
as dependences of ratio Ga/Gc on heat fluxes qa/qc (related to melting temperature)
for various anode (qa) and cathode (qc) materials were illustrated in Fig. 8.5a for
submerged arc in water with H2O2 and in Fig. 8.5b without H2O2 [38]. Ga/Gc was
obtained for the three groups of electrode pairs with one of the three (Ti, Fe, and
Cu) anodes in each group noted by 1, 2, and 3. For each group, the pairs were used
with different cathodes. Four points of Ga/Gc in each group changed from largest to
smallest using, respectively, the cathodes Cu, Fe, Al, and Ti.

The obtained results are important for application of the submerged arc, in partic-
ular, in the electro-discharge machining of pieces in a liquid. The piece was usually
an anode. In this case, the anode erosion should be larger for its effective treatment,
but the cathode (instrument) erosion should be lower in order to increase the cathode
lifetime. The electrode pair can be chosen considering change of ratio qa/qc for a

Fig. 8.5 a Dependences of
Ga/Gc versus qa/qc obtained
by using four materials of
cathodes (Cu, Fe, Al, and Ti)
with each of the Ti, Fe, Cu
anodes for submerged arc in
water with addition of the
0.5% H2O2. b Dependences
of Ga/Gc versus qa/qc
obtained by using four
materials of cathodes (Cu,
Fe, Al, and Ti) with each of
Ti, Fe, Cu anodes for
submerged arc in water
without H2O2 [38]
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number of electrodematerial pairs. The lower heat flux ratio corresponds to the larger
anode erosion, but the larger heat flux ratio corresponds to large cathode erosion.

8.2 Erosion Phenomena in Vacuum Arcs

The above- described electrode mass loss was related to specific condition of rela-
tively short vacuum arc interelectrode distance and at times submerged in liquids
when the plasma generation was influenced by the gap and surrounding media, for
example, reducing the spot mobility at the electrode surface. In case of vacuum
arc, the gap distance is not limited by the arc application, for particular, for plasma
deposition, coatings, ion source, and vacuum interrupters, etc. In these cases, plasma
expands relatively free especially in vacuum arcs with ring anodes. Therefore, the
electrode erosion ismainly related to the cathode and depends on processes including
heating and plasma continuity mechanisms in the spot for moderate arc currents.

The investigations have shown that many factors such as geometry of the cathode,
vacuum level, interelectrode distance and gas, surface chemistry and electrode
microstructure, surface microrelief affect the nature and rate of cathode erosion [1–
5]. The main parameter that determines degree of the cathode heating and therefore
substantially influences the amount of the electrode erosion is the arc current.

According to Kimblin [39], the electrode erosion dependence influenced by arc
current is presented in Fig. 8.6. Thus, the experiment show that the cathode erosion
significantly different for two main ranges of the electric current: (i) moderate
currents (<few kA) and (ii) high current vacuum arcs of few kA and larger.

Fig. 8.6 Erosion rate
dependence on arc current
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8.2.1 Moderate Current of the Vacuum Arcs

According to Kesaev’s review [40], the first study of the cathode erosion (from
1910 upwards) was related to rate of vaporization and liquid metal spraying of the
mercury cathode. When the liquid metal spraying was detected separate, the erosion
rate of Hg was close to that determined later in period 1928–1938 for solid cathodes
like Cu in range of 0.015–0.007 mg/C [40]. The measured total erosion rate (with
macroparticles, MP’s) for Hg cathode presented Kesaev [40] weakly depends on
arc current (1–18 A) and was 4 mg/C for moving and 0.6 mg/C for fixed (at Ni rod)
cathode spot. It was indicated that the difference in the data determined by difference
of theMP’s fractions. We think that it can be caused also by difference of the cathode
temperatures measured for both cases. The MP’s fraction significantly depends on
the cathodematerial properties and on conditioning of themetal, amount of the gas or
impurities in its volume. Robertson [41] has observed about 87 µg/C for Cu cathode
in 15 A arc of 15 s duration, 10 mm electrode gap and in 1 Torr pressure of nitrogen.

Reece [42] has reported an erosion rate on copper of about 80µg/C and cadmium
of about 400 µg/C at a current of 5 A (see Tables 8.7 and 8.8). The erosion rate was
measured by Plyutto et al. [43] for different cathode metals by weighing and analysis
of the condensed materials for arc currents in range of 100–300 A. The results with
and without MPs are presented below in Tables 8.7 and 8.8. It was observed that no
MP’s were observed for brass and Mg cathodes at currents up to 100 A and for arc
time below 5 s, while the large MP’s fraction was detected in case of Al, Cu, and Ag
cathodes.

Klyarfeld et al. [44] studied the cathode erosion components in a vacuum arc
by separating of the mass loss by the droplets and by evaporation using centrifugal
force generated in rotation of a cylindrical cathode around its axis. Depending on
the direction of this force, the droplets were whether ejected or were prevented from
the expansion, but the vaporized mass remained unchanged. The erosion of fixed
cathode (32 mm diameter) for a number of metals was measured also by weighing
method. The cylindrical anode material was used from steel. The initial pressure of
the residual gas was 10−4 Torr. Two groups of metals were tested that characterized
by (i) lowmelting temperature Zn, Cd, Sn, Pb, and Bi studied for arc current in range
10–60 A and (ii) higher melting temperature Mg, Be, Ti, Fe, and Cu studied for arc
current in range 20–130 A.

The measurements demonstrated the weak dependence of the erosion rate on
current used and relatively high erosion rate for metals of first group that was about
1000 µg/C for Bi, Sn, Pb and about 2–6 µg/C for Cd, and Zn. The metals of second
group were characterized by lower level of mass loss, and it was in range of 40–
100 µg/C for Cu, Fe and 30–50 µg/C for Ti, Mg and close 10 µg/C for Be. The
comparison erosion data obtained under fixed or rotating cathode was presented
in Table 8.4. The cathode erosion products consist mainly of ejection of droplets
of liquid metal for first group of the cathodes (see data for Sn in Table 8.4). For
this group, an increase of the cathode mass was obtained due to the radial mass
acceleration directed normally to the cathode surface and outward.
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Table 8.4 Erosion rate measured under different condition of spot location and cathode state
depending on arc current [44]

Cathode spot location Cathode state Erosion rate (µg/C)

Tin Copper Magnesium

40 (A) 80 (A) 40 (A) 80 (A) 40 (A) 80 (A)

On external surface of
cylinder

Fixed 1200 1500 77 120 24 28

Rotating 3700 47 78 120 23 26

On internal surface of
cylinder

Fixed 600 650 35 38 10 12

Rotating 390 410 31 38 12 13

With reverse of this direction, the cathode mass loss decreased by factor one
and a half. The metals of the second group do not change the erosion mass with a
radial mass acceleration regardless of whether this acceleration is directed outward
or toward the metal indicating that the cathode mass loss consists mainly of material
evaporated by the cathode spot. A small amount of droplet was detected, and this
mass constituted low fraction of the total cathode mass loss.

Kutzner and Zalucki [45] measured the electrode erosion rate in a chamber with
pressure 10−5–10−6 Torr for current range of 30–450 A and gap distance in range of
1–7mm.The arcwas initiated by electrode separatingwith velocity of 1–2m/s. Plane-
parallel electrodes were investigated with cathode diameter of 20 mm and anode of
30 mm for metals Cu, Ag, Ti, and Ta. The results showed that the dependence of
cathode erosion rate (in µg/C) on arc current I was not monotonic (Cu, Ag, Ti). For
example of Cu, the erosion increased from 40 µg/C at I = 30 A, passed a maximum
of 90–130 µg/C at I = 100–130 A, and then, decreased with arc current up to 70–
90 µg/C at 400 A depending on gap distance. For Ag and Ti metals, this dependence
was nonlinear and more complicated, and erosion rate was in range of 25–100 µg/C
for Ti and in range of 60–220 µg/C for Ag. In case of Ta, the erosion rate increased
monotonic from 10 to 60 µg/C.

The erosion rate decreased with the increase of gap distance, and the smallest
change was for high melting metal. A ratio of mass changed at the anode to that
mass at the cathode �ma/�mc was measured as function on the gap distance. The
following principal conclusions were made: (i) �ma/�mc < 1 indicating that some
material from the cathode was condensed on the shield, (ii)�ma/�mc decreases with
the increase of gap of electrodes for all the applied metals and arc currents, (iii) the
tested metals, except Ta, were characterized by decrease�ma/�mc in the function of
arc current, (iv) with the increase of gap of electrodes, values �ma/�mc were higher
for high melting metals (Ta, Ti), in comparison with the results for Ag and Cu.

The measured cathode erosion dependencies were explained by the cathode spot
dynamics, their location at the surface, increase of the spot numbers, and increase of
the arc plasma pressure by a force induced due to the self-magnetic field. It was also
shown that the measured anode mass produced due to condensation of the metallic
plasma ejected from the cathode decrease with increase of the gap distance. The ratio
of the anode mass gain to the cathode mass loss decreased from 0.6 to 0.2 with gap
increase from 1 to 7 mm, for Cu and Ag.
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According to the [2], the erosion rate of Cu, Ni, and W cathodes significantly
decreased in the presence of transverse magnetic field up to 0.08 T. This reduction
can be by the factor of six in comparison with the erosion rate measured without
magnetic field for arc currents up to 4 kA. The MPs fraction also decreased. This
effect was explained by increase of the spot velocity and lower time life at the spot
location due to thermal character of the erosion mechanism.

During the arcing, the heated gases stimulate spraying of the liquid metal. In order
to measure the cathode erosion rate mainly in vapor phase in work of [46, 47], the
electrodes were degassed in vacuum system by strong and prolonged heating and by
continuing of the pumping.

The erosion rate was determined by cathode weighing before and after a number
of arcing (10–20 ms of each arc time [2]). The experiments were conducted in range
of currents from 200 to 700 A detecting a nonlinear dependence of G on the arc
current. The erosion products were condensed on probe plates located around the
cylindrical electrodes. The observation of the deposited probes showed structureless
films indicating that the cathode erosion was in general as metal vapor. Figure 8.7
shows the erosion rate (in mg/s) in semilogarithmic scale measured for Cu, Ni, and
W cathodes in mentioned range of current.

The erosion rate for Fe, Nb, and Mo cathodes was measured only for arc current
of 700 A, but the corresponding lines were extrapolated like to the curves for Cu, Ni,
and W. The measured dependencies were approximated by following equation [47]

G = Aer10
Ber I (8.3)

where Ber is the constant indicated a slope of the curves which is equal 1.95 × 10−3

for all cathode materials and Aer is the constant indicated the metal properties which
is equal 8.6, 4.7, and 2.6 for Cu, Ni, and W cathodes. Constant Aer was determined
from the extrapolated dependencies as 2.444, 138, and 0.777 for Fe, Nb, and Mo,
respectively.

Study of cathode erosion by Zykova et al. 1971 [48] in the presence of a
surrounding gas pressure demonstrated that the erosion rate depends significantly

Fig. 8.7 Dependence of the
cathode erosion rate (mg/s)
on arc current for different
materials [47]
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Fig. 8.8 Damaged cathode
volume as function of
surrounding He pressure.
The data below 10 Torr are
presented quality, and they
should be continued up to
pressure 10−4 Torr (not
shown) at which the volume
is about 4 × 10−5 cm3 [48]
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on the type of cathode spot. The spot type and therefore the erosion rate changed
with gas pressure observed by change of the cathode damaged state. The dependence
of the crater volume on He gas pressure is presented in Fig. 8.8.

As follows from this experiment, the volume passed a minimum at 100 Torr. The
result of Fig. 8.8 was explained by the fact that in range of pressure from 400 to
100 Torr, only slowly independent spots (SIS) with current of 10 A were detected,
which of short time and relatively lower damaged the cathode. In comparison with
low pressure of 10−4 Torr, a slowly group spot (SGS) with current of 200 A was
appeared, and the large cathode damage occurred, (see Table 7.10 of Chap. 7).

The erosion rate for Cu cathode was reported by Rakhovsky [49] for arcs operated
at relatively small current (I < 100 A). In this case, only super fast spot (SFS) or
moderate fast spots (MFS) with low current per spot of 5–10 A with large velocity
were observed [50] (Chap. 7). The cathode was polished (but not cleaned), and
after pulse arc, the erosion mass was determined from the crater volume, which was
obtained by studying the crater area from a photography by raster and conventional
electron microscopes as well as by determining the crater depth by profilometry [49,
51]. The typical crater diameter was about 1 µm with this same size of the depth
crater. The cathode surface is between cratersmostly not damaged. The average value
of the electric transfer rate for copper and spots of the fast-moving type was found
to be 0.45 µg/C. According to the experiment, the number of spots grows linearly
with the current. When the arc current increased, keeping dI/dt constant, then the
current per spot and the current density stay constant. As result, the erosion per spot
is also constant, and therefore, the erosion rate per Coulomb is a constant for constant
dI/dt in the whole range of existence of fast-moving spots. It was also indicated that
erosion rate could be increased with dI/dt.

Juttner [52] presented erosion results for electrodes that were cleaned by about
104 pulse discharges in ultra-high vacuum (UHV) before the measurements. The
cathodes were in form of wires from W with diameters 20 and 40 µm, Cu with
diameters 50 µm, and strips of Al foil of 10 × 400 µm. The gap distance was
varied from 2 to 20 mm. The pulse duration was 10, 40, 80, 120, 500, and 1000 ns.
The maximum current varied between 20 and 100 A. It was indicated that within
the accuracy of the measurements (about 20%), the erosion rate did not depend
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on current, pulse duration number of discharges, pulse voltage gap distance and
depend only on pure material constant. The results are presented below in Tables 8.7
and 8.8.

The cathodic erosion of Cu, Cr, andCd has beenmeasured byRondeel [53] for DC
arc. The material loss or gain of the electrodes measured by weighing the electrodes.
The contacts separated with a velocity of approximately 1 m/s in a chamber with a
pressure of about 10−6 Torr. Two types of copper were used, one containing about
100–200 ppm gas-forming impurities (OFHC), the other about 10 ppm. Cr and Cd
contained about 10 ppmand50 ppmgas-forming impurities, respectively. Cylindrical
electrodes with a diameter of 15 mm were used. The contact gap was about 1 mm
during the erosion measurements.

Somemeasurements were carried out at other contact separations, giving the same
results for the cathodic erosion rate as long as the arc voltage remained at the specific
value of that metal. The influence of the oxide layer and gross heating of the contacts
on the erosion rate were thoroughly checked. With a total charge through the arc of
about 300 C for each measurement, and for maximum arc duration of 20 ms, the
mentioned effects were of no influence on the erosion rate.

The cathodic erosion rates (µg/C) of the metals Cu, Cr, and Cd as a function of
the arc current in the current range 300–2000 A were presented in Fig. 8.9. As can
be seen, the erosion rate is only slightly dependent on the arc current. A somewhat
higher increase observed for Cd than for copper and chromium. The observed erosion
rates were 76, 22, and 400 µg/C for Cu, Cr, and Cd, respectively, for 500 A arc.
Measurements on different kinds of copper indicate that the crystal grain size is of
influence on the erosion rate. The marked difference between the erosion rates of Cu
and Cr compared with that of Cd was explained by the fact that the boiling point of
Cd is much lower than that of the Cu and Cr. It seems justified to assume that a high
boiling point is one of the properties connected with a low erosion rate.

Kimblin [54] demonstrated measurements indicating that the cathode erosion
rate dependent on different variables, such as arc current, arcing time, and cathode
size. The erosion rate was determined by weighing the cathode prior to installation

Fig. 8.9 Erosion rate as a
function of the arc current
for arc time of 20 ms [53]
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in vacuum chamber and after the arc. The cathode was repeatedly arced for with
duration 3–5 s for total time between 10 and 250 s and arc current of 100 A. The
total charge passed through the arcing was detected. The arc was unstable in case
of W cathode, and therefore, the erosion was measured at current of 250 A for total
time arcing of 10 s. The arc initiated by separation of the current carrying electrodes.
Since the average arc duration was relative large, the mass loss due to the bridge
phenomena was negligibly small (<1%). The measured rate of erosion for a number
of cathode metals is presented below in Tables 8.6 and 8.7 were results could be
compared with other published data.

At future Kimblin’s study [38], the cathode erosion was measured as a function
of ambient gas pressure in range 10−3–100 Torr for 100 A arc. A Cu cathode radius
of 1.7 cm was drawn to spacing of 2.5 cm from 1.3 cm radius Cu anode during 2 s of
maximum separation. The cathode was repeatedly arced for an arced time of about
100 s. The measurements show that the cathode erosion rate of about 190 µg/C was
remained constant up to 10−2 Torr in nitrogen, while this erosion value saved up to
about 10−1 Torr in helium.

It is important to make a note about an analogy study presented by Meunier and
Drouet [55]. Their experiments were performed in a spherical vacuum chamber,
25 cm in diameter, which was pre-evacuated at a residual pressure of 10−6 torr then
filled with He, Ar, at pressures from 10−3 to 760 torr. The arc, 2–10 mm long,
was ignited using a laser pulse focused on the anode surface. For the erosion rate
measurements, a commercial copper cathode 1 cm in diameter with a conical tip
was used, while the anode consisted of a flat copper disk, 2 cm in diameter. The arc
current I = 300 A remained constant during the discharge, which lasted less than
10 ms for the cathode erosion rate study. Each arcing period consisted of 100–500
short arcs with 20 s intervals between the pulses, which gave a cumulative arcing
time of up to 5 s. The measurements showed that the erosion rate is not affected
by the gas pressure in the chamber from 10−6 Torr to the 0.1–10-torr, indicating a
constant value at 70 µg/C.

Daalder [56] presented an interesting and detail investigation. Similarly, to work
in [54], he showed that the erosion rate is dependent on arc current, arcing time, and
cathode size. The experimental study offers an explanation of the large variation in
erosion rate values as found by earlier experiments. An analysis showed the variation
in erosion to be caused by changes in the output of neutral species.

Below the description of the erosion data and its analysis will be done as it was
presented by Daalder [56] in order to exactly understand the interpretations. The
erosion measurements on copper cathodes were conducted with an experimental
system, inwhich amechanical device imparting themovable contact an average speed
of 1.5 m/s separated the contacts. The chamber was evacuated prior to an experiment
at pressures of 5 × 10−7 Torr or less. The electrode material was manufactured
from high purity copper having a gas content of less than 10 ppm. Its geometry
was cylindrical (3–4 mm height), having a slightly convex end surface to achieve
mid-contact separation.

These contactswere brazedon stainless steel studs so that they could bemounted in
the breaker by a clamping system. Thismethod ensured a negligible change ofweight
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by fastening or releasing the electrodes. Throughout the range of measurements, a
cathode mass loss of about 10 mg was achieved by choosing an appropriate number
of arcing sequences in each experiment at a fixed current and a specific discharge
time.

Themass loss due to arcing was measured by weighing. Two cathode sizes having
a diameter D of 25 mm and 10 mm were used. In both cases, the anode diameter
was 25 mm and the gap distance 1.5 mm. The current values were chosen from 33
to 200 A. For a fixed current of 200 A was found the erosion rate to vary from less
than 50 µg/C to about 190 µg/C, i.e., a variation of about a factor four, by choosing
increasing values of the discharge time from few 2–3 ms to 2 s (Fig. 8.10). The
dependencies are similar for other currents, but the erosion rate being less for lower
currents. Also, the average slopes of the curves become less for diminishing currents.

Figure 8.11 shows the data of a 25 mm cathode as a function of the number of
arcing coulombs (It) together with the results obtained with a 10 mm cathode. In

Fig. 8.10 Erosion rate of
copper as a function of
arcing time for 25 mm
diameter electrodes [56]
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Fig. 8.11 Erosion rate of
copper as a function of
charge transfer by the arc for
two cathode sizes [56]
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the case of a 25 mm cathode, two curves indicate the erosion rate dependency of
approximately 50–120 and 160–220 A. For high values of charge transfer, there is a
divergence of these curves, while for lower charge transfer, the curves merge into one
within the accuracy of the measurements. The fact that the current range investigated
actually is a transition region from a single to a multiple cathode spot discharge
probably explains why the erosion rate is not solely dependent on charge transfer.
The dependence of the erosion rate on the size of the cathode is clearly demonstrated
when comparing 10 and 25 mm cathodes. The small cathode shows a much stronger
increase in erosion rate for values of charge transfer, while the 25 mm cathode only
has amoderate gain, again indicating the importance of the electrode geometry under
arcing in erosion rate measurements.

The velocity of the discharge and itsmanner ofmovement over the cathode surface
are of importance for the resulting erosion. It was revealed experimentally that some-
times the discharge movement was concentrated in a relatively small part of the total
available cathode area. It was observed that the arc, when initiated on the cathode
edge (25mmcathode), had a preference to burn here for prolonged times. The erosion
rate then found was distinctly higher than it would be under “normal” conditions,
i.e., with an arc moving over larger parts of the surface. For a 200 A, 20 ms arc,
an erosion rate of 72 µg/C was found for a freely moving arc, while in case of a
discharge burning on the cathode edge, a value of 90 µg/C was observed. At an
arcing time of 100 ms, the values were 77 and 100 µg/C, respectively.

For low values of charge transfer, there is a convergence of data obtained at
different current values and cathode sizes. There is a tendency of a continuing
decrease of erosion rate with a decreasing charge transfer. The few data collected at
33 A indicate a more or less constant and minimum value of about 40 µg/C. These
results were analyzed in [56] in an interesting way taking into account that generally
the erosion coefficient represents the cathode mass loss �Mi in form of ions erosion
Gri and mass loss�Mn as neutrals (MP’s+ atoms) erosionGrm. So, the total erosion
rate Gr is

Gr = �Mi

I�t
+ �Mn

I�t
(8.4)

As �mi determined by ion current ion charge state Z and atom mass mi then the
erosion rate in ion form

Gri = Iimi

I Zef e
= fmi

eZef
(8.5)

According to (8.5),Gri that represents a minimal cathode erosion rate depends on
constants indicated ionmass, electron charge e, effective ion charge state Zef , and the
ion fraction that measured in small range of f = 0.8–1.2 for different cathode metals
by in [56, 57]. This means that the erosion rate represented by the ions is constant
and thus independent of the discharge time or cathode size for arc currents up to at
least a few hundred amperes. For large currents, the variation of the total erosion rate
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should entirely be due to the neutrals leaving the cathode either as neutral vapor or
as droplets. The ion erosion rate therefore is a lower limit of the total erosion rate,
which will be reached in case no neutral matter is leaving the cathode. For copper,
the value of the ion erosion rate is found by inserting the numerical values obtained
in (8.5) from which can be found Gri= 38 µg/C. Figure 8.11 shows that this limit is
about reached for small charge transfers, i.e., for a low energy input into the cathode.
Table 8.5 shows the calculated results of ion erosion rate and the minimal erosion
rate measured in the literature. The comparison of the calculated Gri with directly
measured minimal erosion rate obtained by weight measurements shows reasonable
agreement.

Table 8.5 Cathode erosion rate data by ion flux using f = 1.1 and experimental data of minimal
erosion rates for different metals [58]

Metal Calculated ion erosion rate
(µg/C)

Zef [42, 56, 57] Measured minimal erosion
rates (µg/C)

References

Pb 236 1

Bi 238 1

Cd 128 1 130 [59]

Sn 135 1

Zn 74.5 1 76 [59]

Be 10 1 14.8 [59]

C 13.2 1.04 16–17 [39]

Ag 90.4 1.36 108 [59]

Al 22 1.4

19.5 1.58 25 [59]

Mg 19 1.45 25 [44, 58]

Ca 31 1.47

Ni 43.7 1.53

48.9 1.37 49 [59]

Fe 40 1.6

42.5 1.5 50 [42]

Cu 39.2 1.85 37–59 [56]

42.7 1.7 35–40 [44, 58]

Ti 30.4 1.8 45 [44, 58]

52 [39]

Cr 29.7 2 22 [58]

Zr 47.9 2.2

Mo 55 1.99

37.8 2.9 47 [39]

Ta 72 2.87 62 [39]

W 90 2.3 50–100 [58]
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For moderate arc currents and arcing times, the erosion loss of the refractory
metals is predominantly in ionized form, whereas for similar conditions, the low
melting metals largely produce droplets. It was noted that ions and neutrals differ
in origin of generation, the cathode spots being the centers of fully ionized metal
vapor, while neutrals are formed in surrounding areas. An increase of the energy input
means an increase of the erosion rate of neutral mass for wide range of investigated
currents. This increase is also determined by cathode geometry and the velocity and
way of movement of the arc spots.

Therefore, conditions of energy input per unit cathode area and heat loss by
conduction into the electrode metal will have an important effect on the local surface
temperature, which determines the ensuing evaporation of atoms and/or freeing of
particles frommelted areas. The wide range of electrode size influence on the erosion
rate was measured. Table 8.6 shows the erosion rates measured for degassed small
cathode sizes, and these values are compared with data obtained for similar condition
using larger cathodes.

Thus, the erosion rate consists of two major particle fluxes: that due to ions and
that due to neutrals. The ion erosion rate is independent of arcing time, cathode size,
or arc movement, whereas the erosion rate of neutrals depends on these (external)
parameters. We conclude that the origin and the mechanism of emission of these
species are not the same. For sufficiently short arcing times, mass loss in the form of
ions is dominant. For large arcing times, neutral mass is also eroded. These specific
variables should be accounted mainly for the different values of erosion rate found
in the literature.

Table 8.6 Cathode erosion rate of different metals and varying cathode sizes [58]

Metal Diameter
cathode (mm)

Arc current (A) Arc time (ms) Total erosion
rate (µg/C)

Erosion rate by
ion flux (8.5)
(µg/C)

Cu 0.5 130 7 3600 39

1 195 65 51.30 39

1 200 28 4780 39

10 140 20 150 39

25 200 20 70 39

Al 1 200 23 2060 20

1 200 27 2390 20

2 215 19 1320 20

3 390 6.4 400 20

12 300 20 40 20

Pb 2 170 16 15900 236

2 230 20 17300 236

30 221 31 500 236
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Daalder [60] has made an analysis of cathode surfaces eroded by vacuum arcs
carrying currents up to a few hundred amps. A variety of structural changes was
observed on Cd, Cu, Mo, andW cathodes. The different erosion structures have been
interpreted as representing a number of stages with different degrees of erosion. The
type of erosion pattern generated is dependent upon local conditions of energy input.
The droplet production is mainly due to the heat flow, which is equivalent with the
ion flow incident on the cathode surface. This process is a surface heating effect in
which the properties of the cathode metal, spot lifetime, the velocity of the spots, and
the character of their moving over the surfaces are essential parameters determining
the cathode surface melting and mass loss.

Tuma [61] experimentally investigated the erosion products ejected from Cu
cathode spot in an 80 A arc of 2 s duration. The optical and spectroscopic measure-
ments have been used to determine the total ion, macroparticle (MP) fluxes, and flux
of neutral atoms. It was shown that the erosion material consists mainly of ions and
MPs. The emission flux of the neutrals from the cathode was less than 1% of total
erosion flux. The total flux distribution was observed peaked in the direction of the
cathode plane, while the ion flux distribution was forward peaked. The MP’s sizes
were detected as 9 µm and less, while most of the particle number per cm2 was in
range of 1–2 µm. The measured data indicate a collisional character of the cathode
plasma flow. An analysis showed that the neutral atom flux was generated by the
MP’s vaporization. The main mass distribution was presented as function on volume
angle.

The erosion yields by vacuum arcs of 16.6 A in a magnetic field of 0.05 T have
been measured by Nurnberg et al. [62] as a function of temperature for Al, Al +
3%Mg, and TiC which was deposited by chemical vapor deposition in a 5 µm thick
layer on Mo and stainless steel. The tokamak condition was simulated using plasma
as anode. After inserting a new cathode material, the chamber was generally baked
at 550 K for 6 h, and a vacuum of 10−8 mbar was reached after cooling down. The
different cathode materials were heated to temperatures up to 770 K. The erosion
after being subjected to about 30 to 200 arcs was determined by weight loss. The
observed values for Al + 3%Mg are the same as for Al, and there is no difference
within the experimental errors. Similarly, it was concluded between the erosion for
TiC deposited on Mo and on stainless steel.

For Al and TiC (also for SS-316), the erosion rate was increased from 50 to
200 µg/C and from 55 to 110 µg/C, respectively, with cathode temperature. For Al,
the erosion increases steeply above 0.8 ofmelting temperature, arc velocity decreases
with temperature, and the arc craters become larger. The data for Cu are in Table 8.7.
Additional experiments have been conducted in a vacuum arc apparatus for stainless
steel SS-316 and Ti cathode, and the anode was pure graphite [63]. The vacuum arc
was ignited by contacting and separating the electrodes. The interelectrode distance
was from 2 to 4 mm. Arc current was 11.6 A. For SS-316, and for Ti cathodes, the
erosion was 60 and 42.5 µg/C, respectively.

Aksenov et al. [64, 65] studied the erosion rate for a number of cathode materials
in stationary vacuum arcs for cathode diameter 64 mm and length about 15 mm
(except 50 mm for Ti). The arc current for all metals was 110 A, but it was 160 A
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for Mo and Nb. The results were presented in Table 8.8. For electrolytic copper, the
erosion rate was measured as 65 µg/C. When a surrounding gas was presented, the
erosion rate not decreased up to 10−2–10−1 Pa for Ti and Zr, 1 Pa for Cu and Cr and
up to 10 Pa for Mo.

Brown [66] has measured the erosion rates of cathode materials in vacuum arcs
for a number of different cathode elements. The cathodes are in the form of 6.35-
mm diameter rods of a length of about 5 cm. The flat face of one end of the rod is
used as the cathode surface. Those experiments employed a source that operated in
a pulsed mode, with a pulse length of typically about 250 µs and repetition rate in
the range 1–100 pps. The arc current was 100 A. The cathode mass was measured
using an accurate beam balance before and after operating the source for a known
number of discharges, typically several thousand. The results are presented in
Tables 8.7 and 8.8.

Table 8.8 Erosion rate measured in different works

Cathode
element

Erosion rate (µg/C)

Reece
[41]
5/30 A

Plyutto
[42] I =
100 and
300 A

Kantsel’
[46] I =
200–700
A

Kimblin
[53] I =
100 A

Daalder
[55] I =
200 A

Aksenov
[63, 64]
110–160
A

Juttner
[51] I =
100 A

Brown
[65] I =
100 A

Total/as
ions

Ag 35 140/72

Au 150 78

Mg 40/70 36/25 17 31

Y 45

Zn 230 32/16 215 68

Cd 400 62/31 655

Hg

Al 120/60 19 110 100 28

Ti 52 39 30

Zr 51 53

Gd 55

Tb 217

C 16 27

Sn 123 295

Pb 1100 215 510

Nb 21–45 38

Ta 65 56

Bi 218

Cr 40 22–27 36 20

(continued)
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Table 8.8 (continued)

Cathode
element

Erosion rate (µg/C)

Reece
[41]
5/30 A

Plyutto
[42] I =
100 and
300 A

Kantsel’
[46] I =
200–700
A

Kimblin
[53] I =
100 A

Daalder
[55] I =
200 A

Aksenov
[63, 64]
110–160
A

Juttner
[51] I =
100 A

Brown
[65] I =
100 A

Mo 15–26 47 50 52 36

W 35–85 62 64 136 55

Ir

Fe 28–71 73 48

Co 44

Ni 100/50 50–130 44 47

LS-59 84/78

Vacuum arc of 50–400 A and duration controlled from 1 to 20 ms have been
studied [67] on Cu–Cr electrodes used in commercial interrupters in a vacuum of
10−7 Torr. Thousands arcs between flat-surface electrodes of 26 mm diameter and
4 mm gap distance were used for weighing the mass loss. The results showed that
the erosion rate weakly depends on the arc current and the duration. The average
erosion rate for Cu-Cr was measured as 36 µg/C.

Shulman et al. [68] studied erosion rates for contacts from vacuum interrupters
used for low voltage contactors for contact materials, Ag–WC, Cu–Cr and Cu–Cr–
Bi. The specifics of the erosion rates were considered for two gap distances 2.2 and
8.5 mm. The contacts were 23 mm in diameter. The contacts were then cleaned and
weighed to within 10−5 g.

In case of gaps of 2.2 mm, the erosion rates were determined from the erosion of
both contacts with 60 Hz half-cycle currents (from 630 to 685 A peak). The contacts
were opened at a preset time in a half cycle. The starting polarity of the applied AC
current (fixed number of half cycles) was alternated to permit the AC contactor to
open alternately in a positive or negative last half cycle. This promoted balanced
erosion and deposition on both contacts. So, the polarity of the current automatically
changed for each operation to ensure uniform erosion history for both contacts during
many thousands of operations.

In case of gaps of 8.5 mm, the absolute cathodic erosion rates were determined
with applied DC current pulses on the order of 100 A. The arcing time in each
operation was 1.4 s. A repetition generator automatically cycled through the arcing
sequence every 40 s until the desired total charge transfer was achieved. Table 8.9
shows the results of experiments for different gap distances indicated the type of
erosion process. According to themeasurements for arc operating at a gap of 2.2mm,
a significant fraction of the ions and neutral vapor leaving one contact deposits on
the other contact, so the effective erosion rate is markedly smaller than the cathode
erosion rate for arc operated at large gap of 8.5 mm.

It was noted [68] that the magnitude, duration, and repetition rate of the DC
current pulses used in 8.5 mm erosion measurement were kept small enough so as
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Table 8.9 Data of effective erosion rates of closely spaced contacts and absolute values for cathode
at large gap measured in [68]

Gap distance erosion
type

Ratio
gap/diameter

Material Current (A) Erosion rate
(µg/C)

Absolute DC cathode
Erosion at 8.5-mm

0.37 Ag–WC (40/60
wt%)

93.5 and 103.5 23.6

Cu–Cr (60/40
wt%)

86.7 38

Cu–Cr–Bi 137.5 35

Effective AC erosion
at 2.2-mm

0.087 Ag–WC (40/60
wt%)

684 2.9

Cu–Cr (60/40
wt%)

633 3.1

not to overheat the cathode. This ensured that the erosion rate would not be increased
by heating effects. Also, small enough the heating of the anode, i.e., the very small
amount of erosion of the passive anode could be ignored in comparison with the
cathode erosion.

Shulman et al. in their later work [69] have been extended measurements of the
effective electrode erosion at relatively low gap distance for larger contacts and gaps
and the, respectively, results of the measurements were presented in Table 8.10. The
important parameter of the cathode–anode assembly is the ratio of the gap distance
to the electrode diameter indicated the angle between the center of the cathode plane
and the edge of the anode. When this angle is >25°, most of droplets and particle flux
is lost from the gap. This means that the erosion rates increase with the mentioned
ratio increasing which is followed from the presented measured data.

Early, in 1942, Cobine and Gallagher [70] observed that surface irregularities,
like scratches, affect cathode spot movement in vacuum arcs. Vacuum arc erosion
measurements were performed by Rao and Munz [71] on copper cathodes having
different surface roughness and surface patterns in 10−5 Torr vacuum (1.3324 mPa),

Table 8.10 Effective AC erosion rates for different gaps and diameters [69]

Material % Gap
(mm)

Current
peak (A)

Contact
diameter

Ratio
gap/diameter

Erosion
rate
(µg/C)

Cu–Cr 75/25 4 848 27.5 0.149 3.1

75/25 6 848 27.3 0.22 7.5

(75/25)–(25/75) 10 1000 30 0.33 7.9

Ag–WC 50/50 4 848 26.9 0.149 8.2

50/50 6 848 26.9 0.223 8.4

50/50 8 848 27.1 0.295 8.9

50/50 4 848 27.0 0.148 11.8
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in an external magnetic field of 0.04 T. Oxygen-free high electrical conductivity
pure copper (99.99%) was used in this study. Different surface patterns and surface
roughnesses were created on copper strips using two methods, namely grit blasting
and grinding with emery paper. Two different sizes of alumina grit, namely, 190 and
708 µm, were blasted with nitrogen, to create an isotropic surface roughness and
pattern. The erosion rates of these cathodes were obtained by measuring the weight
loss of the electrode after 135 arc pulses, each of which was 500 µs duration at an
arc current of 125 A.

Results obtained indicate that both surface roughness and surface patterns affect
the erosion rate, namely the erosion rates measured indicate that erosion rates
decrease with decreasing roughness levels. The erosion rate increased from 30 to
50 µg/C when grit size increased from 25 to 200 µm for grit blasting and from 30
to 90 µg/C when grit size increased from 200 to 700 µm for grinding with emery
paper. The slope of these two dependencies was equal. Isotropic surfaces give lower
erosion rates than patterned surfaces at the same roughness.

8.2.2 Electrode Erosion in High Current Arcs

At low arc currents, the electrode erosion was caused mainly by the spot action,
and the rate in µg/C is weekly changed, while for moderate region of current, this
parameter slightly deviated from constant values due to increase of neutral erosion
component from the spot areas. However, in case of high current arcs, the electrode
was melted on large area of the surface between the spot due to significant heat
flux from the spot and especially from the relative dense plasma around the spots.
Therefore, itwas expected a large contribution of the liquidmetal in the total electrode
mass loss. Different forces cause the liquid metal ejection including convective gas
flow, electromagnetic force, plasma pressure from the spot, gravity, and others. Not
all liquid material can be ejected due to viscosity, Laplace force, and friction, and
therefore, a ratio of ejectingmaterial to the total meltedmaterial was characterized by
a coefficient of ejection.At high current arcs, both cathode and anode are significantly
losing their mass.

The dependence of electrode erosion on current in discharge of a capacitor bank
was measured by Belkin and Kiselev [72, 73] for current range of I = 70–800 kA
and arc pulse in range of t = 35–200 µs. Sectionalized metallic screens deposited by
the eroded metals surrounded the discharge gap. Each section was weighed before
and after the discharge. A microscope observation indicates the screen traces of
evaporated and droplets phases of the materials. The amount of metal ejected in
vapor phase was estimated removing the droplets from the screen. At this way, it
was found that about 85–90% was eroded in liquid phase for Cu. The total electrode
massMer loss was presented as dependence on total charge determined as [72]
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Fig. 8.12 Erosion rate as
function on charge for Cu
anode in a vacuum [74]
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It was shown a sudden increase of Mer from 0.1 to 220 mg with Qch increase
from 2 to 100 C. This increase ofMer passed from one linearly dependence through
jump at some critical value ofQcrit to another linearly dependence. The value ofQcrit

increases as 8, 33, and 35 C for electrodes from Cu, Mo, and Ti, respectively [73].
The similar dependence of electrode erosion was obtained in [74] for currents 2–

25 kA in case of discharge in vacuum circuit breakers. The electrodes were separated
with velocity of 30 cm/s up to distance of 10 mm Fig. 8.12. The jump in erosion
dependence takes place at currents 8–11 kA and was caused by sharply rise of liquid
metal ejection. At currents larger than 11 kA, the mass loss increases, and the anode
erosion rate exceeds that for cathode by factor about 1.5–2. At current 16–20 kA,
the erosion rate is ~2.1 mg/C, and for I = 23–25 kA, it is 3.2 mg/C. It was indicated
that for high currents, the erosion rate in vacuum close to that measured in air. The
coefficient of liquid metal ejection increases with surrounding gas pressure due to
crater depth increasing.

In vacuum circuit breakers, a ceramic-metals materials, which do not have refrac-
tory components, were preferable to use due to relatively low erosion of such contacts
with remaining other useful properties inherent to component a composition. The
value of erosion rate for pure copper and ceramic-metal of Fe–Cu with 30% of Cu
in vacuum were investigated by Belkin and Kiselev [75]. The pressure was kept at
level of (1–3) × 10−5 Torr. The cylindrical contacts with diameter of 28 mm and gap
of 10 mm were used. The erosion from pure Cu contact was performed at currents
with amplitude up to 25 kA while up to 18 kA for ceramic-metal. The difference of
the erosion rates for mentioned contact pairs [75] is presented in Figs. 8.13 and 8.14.
The comparison shows that the erosion rate for pure Cu exceeds that measured for
Fe–Cu pair by factor of one order of magnitude.
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Fig. 8.13 Erosion rate as
function on arc current for
pure Cu pair
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Fig. 8.14 Erosion rate as
function on arc current for
pure Fe–Cu (30%) pair
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A discontinuity character of erosion has been observed in the current range from
9.6 up to 11.5 kA. This dependence causes by growth of an intensity of the liquid
copper ejection. Itwas found a lot ofCuof different formand sizes includinghardened
metal in the form of drops, threads. In case of Fe–Cu, the hardened metal drops of
different formwere detected at current of 9.6 kA. They are well attached by amagnet.

Mitchel [76] has been studied experimentally the vacuum arc between butt elec-
trodes of 6–75 mm diameter, at separations up to 40 mm, throughout a range of
sinusoidal current loops up to 100 kA peak. Studying the images of vacuum arc at
6 kA, arising between 25 mm-diameter o.h.f.c. copper electrodes with 18 mm apart,
showed a uniform cathode-plasma expanding up to the anode. Similar images were
produced significantly later by Batrakov et al. [77] studying high current Cu arcs in
millisecond range. Single frame from a high-speed camera record of a typical vacuum
arc is presented in Fig. 8.15. The erosion rate has been studied experimentally for
the vacuum arc between Cu electrodes of 45 mm diameter.

The erosion rate was measured over a range of sinusoidal currents up to a
maximum of 40 kA peak [76]. The total material loss was obtained at 10 and 5 mm
electrode separation, and the results are summarized in Fig. 8.16. When the peak
current was less than about 10 kA, only the cathode was eroded; the erosion rates
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Fig. 8.15 Images of high
current arc gap with copper
electrodes [77]

Fig. 8.16 Erosion rates of
45 mm-diameter copper
electrodes at 5 and 10 mm
separation [76]
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measured being of the order indicated in the literature for arcs of a few hundred
amperes. When the arc current was greater than about 10 kA peak, both the anode
as well as the cathode lose their mass.

The anode and cathode loss rates at 10 mm separation are greater than the low-
current cathode spot erosion rate by some 30 times at a current of 39 kA peak. At
5 mm separation and currents between 10 and 40 kA peak, the erosion rates of both
electrodes are between three and ten times that experienced at the same currents at
10 mm separation.

8.2.3 Erosion Phenomena in Vacuum of Metallic Tip as High
Field Emitter

The arc initiation, operation, and spot behavior significantly determined by the
cathode surface relief. The protrusions, spikes, tips, and others enhancing the cathode
electric field increase the electron emission. According to Dyke et al. [78, 79],
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an explosive vacuum arc was initiated between electrodes at critical values of the
electrical field of 108 V/cm and current density of 108 A/cm2.

They showed that such field and current density were produced by applying of
high voltage to field emission emitter in form of a tip of submicron size. It was also
demonstrated that the tip was destroyed after applying a pulse voltage. The tip was
significantly eroded after multiple pulse discharges changing the tip geometry as it
is shown in Fig. 8.17.

Considering the phenomena of explosion emission, the tip erosion rate was inves-
tigated in detail in [80, 81]. These results were presented also later in [82, 83]. Let us
consider the condition of the experiments and the results presented in these works.
A single voltage pulses of duration tp = 5, 20, 40 and 80 ns were used in the exper-
iments for Mo, Cu, Al, and Ni cathode tips. The curvature radius of tip point was
in range of 0.1–0.5 µm. The pulse voltage amplitude was varied from 10 to 40 kV
for distance of 0.5, 1.0, and 2 mm to the plane anode. The emitter mass loss was

Fig. 8.17 Electron
micrographs of emitter
before (a) and after
(b) multi-pulse discharge.
Figure taken from [78]. W.P.
Dyke, J.K. Trolan, E.E.
Martin and J.P. Barbour. The
Field Emission Initiated
Vacuum Arc. I. Experiments
on Arc Initiation, Phys. Rev.
91(5) 1043 (1953). Used
with Permission
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Fig. 8.18 Micrographs of geometry change of the molybdenum tip before nanosecond pulse
discharge (N = 0), after one N = 1 and multiple N = 100, 500, and 1500 pulses (from [82]
G.A. Mesyats and D.I. Proskurovskii, Pulsed Electrical Discharge in Vacuum. Berlin: Springer,
(1989) Springer publisher)

determined calculating the volume change from the micrographs of the tip before
and after the discharge pulse.

The observation showed that up to tp = 40 ns, thematerial removed only frompeak
of the tip, and the lateral surface was not eroded, while this surface was damaged at tp
= 80 ns. The plasmawas appeared through 1 ns after the pulse beginning at condition
that the electric field at the tip point exceeds 108 V/cm. The rise of the current was at
rate of 109 A/s. Figure 8.18 demonstrates profiles of points of molybdenum tip after
the action of one or a number pulse discharges. The larger amount of mass loss was
detected after first pulse, while the losses at next pulses can be lower by an order of
magnitude.

The eroded mass significantly depends on the cone angle θ of the tip. When this
angle is increased from 2° to 40°, the mass loss decreased by about one or two orders
of magnitude. The erosion rate decreases with gap distance. For example, for Mo tip
and voltage 30 kV, the rate of mass loss decreases from 10−2 g/s at 1 mm gap to 10−3

g/s at 2 mm gap.
The removable mass from the tip increases with applied voltage and discharge

pulse duration. Figure 8.19 presents the mass loss per pulse duration as function
on number of pulses at multiple actions for different materials of the tip and the
dependence of the peak tip radius on the pulse numbers for Mo. Two regions were
indicated in the present dependences. In region I, the mass loss strongly decreased,
while region II (Re= 8–2 µm) indicates weakly mass change with N and with angle
θ. It can be seen that mass M1 is the smallest in amount for Cu tip, and differences
between masses M1 for other materials are relatively small.

According to region II, the removed material measured for various pulse duration
at N = constant give the change of the rate of mass with tip. Using such detailed
dependence, the authors of [82] concluded that the material was removed not only
at the first moment from the primary tip but also at subsequent times from the new
tips produced during the pulse tp which was varied up to 300 ns. Another estimation
using the volume of eroded tp part indicates that the linear size of the removed mass
was smaller than the radius Re. Taking into account this estimation, it was assumed
that the mass loss at region II corresponds to that occurred at a quasiplane massive
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Fig. 8.19 Dependence of cathode mass loss M1 for Ni(1), Mo(2), Al(2, 3), and Cu(5) on number
of discharge pulses (N), voltage 30 kV, gap distance of 1 mmwith tp = 5 ns(1, 2, 4) and 10 ns(3, 5);
θ = 10° (1, 2, 4) and θ = 24° (3, 5); The curve (6) indicates change of tip radius Re on number N
for Mo with tp = 5 ns, θ = 12° (Figure is from [82] G.A. Mesyats and D.I. Proskurovskii, Pulsed
Electrical Discharge in Vacuum. Berlin: Springer, (1989) Springer publisher)

cathode. It should be noted that the above conclusions could be valid if the high
voltage character of the pulse is remained by producing an electric field of order of
100 MV/cm at a peak of the tip.

Using the measured removed mass, the estimated erosion rate was indicated
between10–100µg/C. Itwas indicated that the newprotrusions could not be stretched
from the liquid metal under the action of the strong electric field because their sizes
exceed the region of large electric field and their direction was not perpendicular to
the cathode surface. An attempt was to use this result to explain the observed droplet
ejection in direction parallel to the cathode plane in the arcs should take in account
that the droplets were detected at large distance from a dense plasma region at the
cathode.

While studying the behavior of an arc operating on W point cathodes at currents
1–5 A, it was measured a high erosion rate of (2–20) × 10−4 and (1–8) × 10−3

g/C for cold (300 K) and heated cathodes (1800 K), respectively. It was noted that
the spread in values caused by fluctuations in arc duration [84, 85]. The weighing
method was used to determine the erosion rate for a clean W cathode at currents of
2–3 A and arc duration of 1.3µs. The mass loss was measured for a duration of (1–5)
× 104 pulses. The erosion rate ~10−4g/C was found. The weighing method showed
a typical value of the erosion rate for a low-current arc. Thus, the local erosion rate
(from a tip determined by change of tip geometry) shows higher value than that
obtained by weighing. It can be understood taking into account that the weighing
method shows a difference between the evaporated mass and the mass returned to
the cathode surface at area larger than the crater size.
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8.3 Summary and Discussion of the Erosion Measurements

Considering the results of electrode erosion, it can be noted that this phenomenon
remains a problem that affects numerous applications. Different reasons exist for
electrode erosion, and different erosionmechanisms take place under different condi-
tions and used technique for determination of the mass loss. This is the cause that
the published works report contradictory results about the cathodic erosion rate. For
example, Reece [42] obtained for Cd the same value 400 µg//C as Rondeel [53]
measured at arc current of 500 A. The large dispersion of the data was because the
arc was operated in different electrode geometry, different media including gases
and air at different pressures as well in different liquids as oil or kerosene. In case
of short gap arcs, the important issue is mutual influence of the erosion products
between cathode and anode resulting in mass loss or gain mass of a metallic of
electrodes of different polarity.

Mainlywidely used is theweightmethod tomeasure of the erosion,which contains
of some uncertainness due to mass transport and redeposition in regions away from
the arc. In case of vacuum interrupters, Shulman et al. [69] indicated an impor-
tant parameter which is the gap distance ratio to the electrode diameter that means
the relation between the metallic mass extracted in surrounding (method) and that
condensed at opposite electrode.

Rondeel’s [53] analysis for copper contacts at the same value of the DC current
and for an identical geometry showed that measurements conducted by Cobine and
Vanderslice [86] reported an erosion much higher than that found by Kantsel et al.
[47] and byKutzner and Zalucki [45]. The dependences [86] of the erosion rate on the
number of Coulombs are contrasted with all other data also. Daalder [56] indicated
that their high values obtained were most probably due to long durations of current
flow through the electrodes prior to separation and low contact opening speeds. Also,
the work of [87] showed that erosion rate rises when the cathode material consists
of a large amount of absorbed gases.

A constructive discussion of the published data and detailed comparison of their
results were given by Daalder [56]. Firstly, a number of discrepancies in data on
copper erosion rates have been explained by the different arcing times and cathode
sizes. The combination of small cathodes, high currents, and short arcing times is the
cause for producing a relatively high mass loss from the cathode obtained in [47].
Rondeel [53] also explains the data of [47], which were obtained using complicated
measuring technique. The material loss was determined indirectly by measuring
the amount of metal condensed on a pair of plates located outside the electrode gap.
When the current increased, more cathode spots move to the periphery of the cathode
influencing the condensed material distribution. This will introduce an error in the
measurements due to a considerable amount of metal was lost by sputtering [45].
This makes the estimation of the erosion rate even more complicated.

Secondly, Daalder [56] proposed to explain the published data considering their
dependence on the carrying charge comparing the results either by lowering the
current at constant arcing time or by varying both current and arcing time during the
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experiments. In other words, the dependence of the erosion rate on current as found
by the investigators is not a single-valued function and is only valid for a specific
combination of arcing times and current levels. The erosion rate can also be found
at much higher current levels if one chooses appropriate (short) arcing times.

Most of data indicated that erosion rate not depends on the arc current within the
current range 20–100 A. Kutzner and Zalucki [45] and Klyarfeld et a1. [44] both
observed a strong decrease of the erosion rate (by factor of three) for currents between
30 and 100 A. It can be understood taking into account the minimal mass loss due
to outflow of the ion fraction in the plasma jet of a vacuum arc proposed in [56]
and calculated for Cu as about 40 µg/C (see 8.5). The weakly change of the cathode
erosion rate at low current range was caused by presence super fast spot type which
characterized by weak contribution of very small fraction of droplets [49]. However,
the Cu erosion rate of 0.45 µg/C with craters <1 µm reported in experiments with
discharges of long duration in [48, 50] provided to be significantly lower than that
indicated by the minimal value (40 µg/C) which request to vacuum arc supporting
by the ion current. This large difference in the cathode erosion investigations (also
comparing to erosion rates in arc with oxide and film cathodes) cannot be explained
by a simple experimental error.

Juttner et al. [87] attempt to explain the low erosion rate obtained in works of [2,
49] indicating the presence of large fraction of contamination in the fresh cathode
material resulting in appearing of the super fast spots producing low erosions. They
state that contamination of the surface can have a great effect on the character of
erosion. After some arcing, the cathode was cleaned, and the erosion rate increases
by the spots of lower velocity. If the value 0.45µg/Cwill be accepted, then, according
to 8.5, the ion fraction should be reduced by two orders of magnitude comparing to
that measured by Kimblin (f ≈ 0.1) to showing adequate minimal erosion rate due to
small ion current. However, the quantity f ≈ 0.001 was not detected experimentally.
Such difference cannot be explained by difference of used rate of current rise, dI/dt
(see above [82]).
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Chapter 9
Electrode Erosion. Macroparticle
Generation

During the vacuum-arc burning, a high-pressure plasma is produced in the spot
near the electrode surface causing an ejection of electrode material in form of the
macroparticle (MP) as a liquid droplets or solid particles. The erosion mass in form
of MPs is substantially determined by the arc current, thermophysical properties of
the electrode material, and arc duration.

9.1 Macroparticle Generation. Conventional Arc

According to Kesaev [1, 2] first study of the cathode mass loss was performed
considering the mercury cathode. It observed that relatively large cathode eroding
mass was due to presence of significant fraction of droplets. This result was right for
spot moving randomly and for fixed spot. The most part of the mercury was removed
from the cathode in the form of droplets with a diameter greater than 20 μm. The
number of droplets and their velocity increases when the diameter was reduced. The
spots ejected about 105 droplets per second at arc current of 6 A. The observed
velocities were in range of 3–8 m/s.

Plyutto et al. [3] have studied presence of a fraction of MPs in the total cathode
mass loss. This work reported that the geometrical distribution of the plasma and
MP fluxes significantly different. While the plasma flux was axially directed, the MP
flux was oriented in the plane weakly inclined to the cathode surface. The amount
of the MP depends on the cathode material, arc current, and arc time. According to
Plyutto et al. [3], theMPs not observed for cathodes fromLS-59 andMg up to current
100 A, while for Al, Ag, and Cu, the MP fraction reached about 60–80%. Klyarfel’d
et al. [4] also informed about the MP’s contamination by using a centrifugal force to
separate the amount of generated melting metal (see Chap. 8, Table 8.4).

Udris [5, 6] presented one of primary experimental study of the molten-metal
particles emitted by vacuum arc for wide range of electrode materials. The particles
were detected by their impressions leaved on glass covered with a layer of black
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Fig. 9.1 Relative number of particle distribution as dependence of their diameter in microns (Sn,
Cd, Ni, W, left figure, (a)) and velocity (steel cathode, right figure, (b))

graphite. It was determined size distribution of the particles larger than 1 μm and
their velocity for a number of low- and high-melting cathode materials. Figure 9.1
shows that the number of particles decreased with their diameter for Sn, Cd, Ni, W,
and steel [6]. For Mo the normalized MP numbers in range of 0-1 arise at about of
20 μm particle diameter. The significant drops are at the minimal diameter in the
distribution for each metal. The smaller particle size was ejected with higher velocity
that measured in range of 0.1–100 m/s.

The impressions left by the particles were circular or elliptical form and indicate
a liquid state of the metals, while solid state for graphite particles. The number
of emitted particles was 100 for W and 105 for Hg per Coulomb. Udris [6] noted
that at Hg cathode, the molten particles were ejected due to force produced by an
electric fieldE2S/8π. Taking the characteristic surface particle S, their diameters, and
velocities, the electric field required for particles departure (neglecting the viscosity)
was determined as (1–2.4) × 107 V/cm. This is high electric field but the estimation
is relatively arbitrary and not applicable for other metals. There should be mentioned
another mechanism considered byMcClure [7] for metallic cathodes of vacuum arcs.
A pressure Pmc on the molten area of the cathode surface which produced due to
plasma jet reaction ejected from the cathode spot, was calculated using measured
both the current density j and the cathode force F per unit current. Assuming that
this pressure causes the MPs emission from the liquid pool with a kinetic energy
depending on MP mass density ρ, the particle velocity can be obtained in following
form:

vmp =
(
2Pmc

ρ

)0.5

=
(
2F j

ρ

)0.5

(9.1)

Using (9.1) McClure showed that the mechanism of pressure action allows to
generate MPs at velocities in range of 20–200 m/s from copper cathode surface.

Similar mechanism was indicated by Gray and Pharney [8] for various types
of low-current (5 A) arcs at atmospheric pressure. Material transfer is considered
as result of molten-metal ejection out of the electrode craters by the recoil force,
which follows the abrupt cessation of ion bombardment. Once ejected, the liquid
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droplets re-solidify and condense on the reactor walls, or are entrained by the gas
flow to the exhaust line. The droplet formation during the discharge was provided
by a force F ion, due to ion bombardment, acting on the molten pool at the crater
bottom. Following the abrupt cessation of the discharge filament, the unbalanced
recoil force is then directed outward from the metal bulk into the interelectrode gap.
The surface tension forceFst of the moltenmetal will act against this recoil force F ion

and for F ion > Fst, the molten metal pool will be displaced causing the separation
from the bulk in the form of a molten droplet. The momentum becoming due to the
cathode sheath potential drop determined the force F ion. However, the momentum of
ions accelerated towards the cathode surface in the sheath was compensated by the
momentum of the cathode electric field and cannot to be considered as force acted
on the cathode molten pool in the spot region, which was indicated early by Beilis
[9, 10].

It should be noted that Jenkins et al. [11] observed a free flight liquid copper
droplets ejected by the cathode spots and attached to the quartz windows after around
1 ms from extinction of high-current vacuum arc of 2–11 kA arc. Later, these authors
[12] measured the droplet size distribution produced by 4.3 kA arc with copper
electrodes. It was observed that the number of droplets decreased monotonically by
seven orders of magnitude with their impacted diameter in range of 0.15–90 μm.

Utsumi and English [13] study included the size distribution of the molten parti-
cles, the volume carried by these particles as function of the volume carried by the
metal vapor, and the velocity distribution for Au, Pd, and Mg electrodes in the range
of relatively small currents of 2–6 A. Vacuum arc was initiated by opening the elec-
trodes. The average single-arc duration was varied from 100 μs to 10 ms depending
on the material and a number of arcs were used to reach the total arcing time of
about 20 s. The size and the distribution were measured by analyzing the deposit on
the glass substrate which examined by both optical and a scanning electron micro-
scope. The particle velocity distribution was measured by mechanical filter, which
wasmade ofmultiple bladesmounted around the perimeter of a rotating drumdriving
by vacuum-light dc motor through a magnetic coupling.

The results showed that the total particle number emitted fromAu and Pd arcs was
about 5× 107 per Coulomb and the diameter was varied from lower than 0.2 to about
5μm. The ratio of volume carried by the particles and vapor depends on the material
and the corresponding percentages were varied for Mg, Au, and Pd approximately
80, 50, and 10%, respectively. The particle velocity was in rage of (2–4) × 102 m/s
for Au and Pd and 40–50 m/s for Mg. The majority of the volume carried by the
particles was due to the particles whose diameter was greater than 1μm for both Au
and Pd arcs. The number of ejected particles decreased monotonically as their size
increased.

An investigation of the particles and plasma ions to the total cathode mass loss
for Cu, Cd, and Mo at arc currents 50–200 A was conducted by Daalder [14, 15].
According to used methodology, the electrodes were surrounded by a condensing
shield cylinder with diameter of 75 mm and length of 55 mm. Inside the cylinder was
placed four target diskswith diameter of 10mmand a surfacewithmirror appearance.
The discs collect the particles emitted from the cathode and allowing analyzes their
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shape, size, number, and angle distribution. The arc current levels were between 50
and 200 A. The cathode (Cu, Cd, andMo) diameter was 25 mm. maximum electrode
spacing was varied from 4 to 10 mm.

It was shown that generally the particles have a circular shape, but the large
particles have nearly flat middle part which is surrounding by higher ring-shaped
shoulder and for sizes of few microns, the structures tend to become hemispher-
ical shape. Minimum resolved particle diameter was about 0.1 μm detected for all
materials.

The observed number of particles was normalized by their diameter, charge
transfer, and by distance from the target discs to the cathode plane (Lpc). It was
showed that this parameter decreased from 50 to 200 (particle number/μm/C/mm)
to about 0.1 when the particle sizes increased from minimal resolved diameter up to
40–70 μm depending on Lpc (0–26 mm). However, the volume of deposited parti-
cles increased with their outer diameter by few orders of magnitude in the mentioned
range of particle sizes. Table 9.1 shows increase by factor three in the particle mass
with charge transfer for copper. This increase for Cd is significantly larger than for
Cu, which most likely is due to a lower melting temperature. An exception is the
experiment Cd-1 at which for lower charge transfer, a larger particle mass loss was
obtained. This result was due to arc movement. In the experiment with high-melting
molybdenum cathode, the particle mass loss was measured only of about few μg/C
indicating strong dependence of the particle amount on the fusion temperature of the
cathode metal.

Angular distribution. The particle erosion rate per solid angle as viewed from the
cathode center was obtained as function of the angle with the cathode plane. The
maximum opening angle was in range of 39–63°. The results [15] were illustrated
in Fig. 9.2 indicating that the droplet mass was expelled in a narrow region having
angle of 20–30°. For copper, maximum of ejected MP is approximately 10° from
the cathode plane, and for cadmium, it is 20°–30° and the MP size decreases with
increasing angle from the cathode plane. Kutzner et al. [16] also observed a fluxmass
directed along the cathode surface.

Table 9.1 Contribution of particles and ions in the cathode erosion depending on charge transfer
obtained in a number of experiments for Cu and Cd cathodes [15]

Material and
experiment number

Charge transfer Q = It
(C)

Mass loss in particle
form (μg/C)

Mass loss as ion flux
(μg/C)

Cu-1 2.4 25 37

Cu-2 20.8 37 39

Cu-3 200 76 39

Cd-1 0.21 245 128

Cd-2 0.47 166 128

Cd-3 45 250 128

Cd-4 135 360 128
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The relative contribution of particle with certain diameter to the total ejected
particle flux was also obtained by Daalder [15] and presented in form shown in
Fig. 9.3. The distributions of mass composition are about the same for both exper-
iments Cu-1 and Cu-3. The dominant mass output occurring at small angles is due
to particle sizes in range of 10–40 μm. The smaller particle sizes are occurred at
larger angles with the cathode plane and for lower charge transfer (Cu-1). A similar
result was obtained for cadmium for which the particle diameter of 10–40 μm was
dominant in the mass output. It was also noted that a particle flux was returned to the
cathode. This effect may be existed due to particle reflection from the anode which
was discussed by Daalder [17] and detailed by Anders [18] (see also a data below).

Aksenov et al. [19, 20] conducted experiments for studying of droplets character-
istics as well as their angle distribution ejected from Ti cathode covered by TiN. The
measurements showed that in high vacuum, themain fraction of the droplets waswith
5–15 μm diameter, which was moved at relatively small angle to the cathode plane.
More uniformlywas distributed droplets with diameters 2–5μm.With nitrogen pres-
sure up to 0.1 Pa, the total number of droplets decreased due to decrease of large
diameter droplets moving under small angles. The small droplet sizes also decreased
with future increase of the nitrogen pressure up to 1 Pa.
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A reduction of number of particle flux and the sizes of particles emitted from Ti
cathode was reported by Akari et al. [21], Tai et al. [22], and Cheng et al. [23] using
TiN films produced by the arc ion plating or deposition processes due to presence of
a magnetic field along the cathode plasma jet. It was shown that the particle number
decreased by factor about six when the magnetic field increased from 0 to 0.022 T
for 100 A arc [21]. The droplets phase was investigated for sintered titanium cathode
with porosity of 8–10% by PTES powder [24]. The investigations were conducted
with an arc burning in a Hall accelerator with steady arc of (0.9–3.6)× 103 s duration
and current in range of 80–120 A. The obtained condensate was studied by optical
microscope. A condensate volume was detected with a few numbers of droplets of
5–3μm, 3–18 droplet of 3–1μmand 27–60 of droplets of 1–0.5μm.No information
about relatively larger particles (10–60 μm) was published and no discussion of the
result was presented.

Kandah and Meunier [25] studied the particle number and size distribution on
the covered substrate using graphite cathode of 12.7 mm in diameter and 25.4 mm
length with circular graphite anode thickness 9.5 mm and of 50.8 mm in diameter.
Arc current was varied between 44 and 110 A, the electrode gap was 5 mm, arc time
varied between 10 μs and 100 ms and time between pulses was 15–20 s. Distance
between the cathode and the silicon substrate was 75–130 mm. Some results [25]
are presented in form shown in Fig. 9.4. The number of particle density increases
linearly with the total electric charge passing through the cathode, which was varied
by changing the number of arc pulses (Fig. 9.4, left). The particle density increases
linearly also with the arc pulse duration for constant of the total electrical charge
(Fig. 9.4, right).

For given pulse duration, the particle density increases with arc current. The
research showed that the structure of the particles was found to be graphite, the
average particle size was observed in range of 0.2–2.0 μs, and numbers of density
of the particles decreased with distance to the substrate. Study of the particle
morphology indicated presence of liquid phase. Considering the phase diagram
for carbon, this result can be understood assuming that the graphite droplets may
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be produced under relatively large plasma pressure and surface temperature in the
region of the cathode spot.

The particles emitted from the cathode vacuum arc in solid state were character-
ized for refractory cathodes. Such case for tungsten and molybdenum cathodes was
reported in [26, 27]. A hyperbolically decreasing of the particle number with their
size was observed. The collected particles showed no signs of melting, but rather
appeared to be cleaved along crystalline planes. The detected solid particles were
caused by thermoelastic stress produced due to large temperature gradients. The
effect was occurred when the thermoelastic stress exceeds the breaking point of the
material which take place at rate of current rise of dI/dt ~108 A/s of the arc pulse.
With decreasing of this dI/dt the thermoelastic stress effect decreased and mostly
disappeared at of dI/dt < 106 A/s. However, at large dI/dt > 109 A/s, the destruction
of the cathode with emission of the solid particles can be even on plastic materials
like Cu.

A series works studying the particle mass transport, size distribution, velocity, and
spatial distributionwere presented byBoxman andGoldsmith and co-authors consid-
ering the applications of vacuum-arc depositions (see reviews [28–31]). Macropar-
ticle dynamics in multi-cathode-spot (MCS) vacuum arcs were studied by utilizing
laser-Doppler anemometry (LDA) methods for in situ measurement of the cathodic
particle velocities and relative emission rates [32, 33]. Arc current pulses having peak
values of 1–2 kA were investigated. The arc was sustained between two cylindrical
copper electrodes, 14 mm in diameter and spaced 4 mm apart. The two electrodes
were coaxial and spaced 5.5 mm apart. The stainless steel particle collectors of 4-
mm-diameter collected the Mps, emitted by the arc. The collectors were polished
to a mirror finish and cleaned before the arcing sequence with degreasing mate-
rials. Photographs of the collector surface were taken using an optical microscope
and scanning electron microscope. Two current waveforms, with rise times to peak
currents of 1 and 6 ms and pulse duration of about 5 and 30 ms, respectively, were
used in the experiment. The electrodes were fabricated from Cd, Zn, AI, Cu and
Mo. Broad velocity component distributions, ranging from about 10 m/s up to about
800 m/s, were measured.

Itwas found that themacroparticle velocity increasedwith themelting temperature
of the cathode metal, distance from the cathode surface, time after arc initiation and
spatial location in the discharge volume and the instantaneous value of the arc current,
and decreased with macroparticle size and the rise time of the current waveform [34].
The particle emission rate was found to reach its peak a few milliseconds after the
occurrence of peak current.

Time- and space-resolved measurements of the axial and transverse velocity
components of molybdenum particles produced in a 1 kA peak current, 30 ms dura-
tion vacuum arc were conducted using laser-Doppler anemometry [35]. Both axial
(vz) and transverse (vx) velocity components of at least one hundred macroparticles
were measured at each “measuring point,” defined by its (x, z) location in the inter-
electrode region and its time after arc initiation. Three “measuring points” were fully
analyzed. The average values of the axial velocity component at the points near the
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cathode, near the anode, and outside the interelectrode cylinder are bounded by 290–
165, 310–190, and 170–100 m/s, respectively. The average values of the transverse
component at the same points are bounded by 315–200, 310–200, and 355–230 m/s,
respectively. The rms values of total velocity were obtained in the range 400–700m/s
from the single-component averages assuming an isotropic velocity distribution in
the plane normal to the discharge axis. Comparing the average values of the radial
and axial components indicates that typical emission angles are at approximately 30°
± 5° with respect to the cathode surface.

The values of the Mo macroparticle velocity was found to be much greater
than the values found for Cu, AI, Zn, and Cd macroparticles (decreasing order)
measured under identical experimental conditions. The obtained results suggest that
the macroparticle emission rate is an increasing function of both the arc current and
the average temperature of the cathode surface. The particle axial velocity compo-
nent, increases with distance from the cathode surface and with the arc current,
possibly demonstrating momentum transfer from the arc plasma to the ejected
droplets.

Weighing the anode and the cathode showed that the cathode lost a total of
140μg/C and the anode gained a total of 15μg/C [36]. Themacroparticle erosion rate
was determined to be 105μg/C, and together with ionic emission, accounted formost
of the cathodic erosion. Thus, approximately 2/3 of the cathodic mass loss is emitted
in the form ofmacroparticles. The number ofmacroparticles emitted decreased expo-
nentially with macroparticle diameter, with 20–80 μm macroparticles carrying the
bulk of themass transport.Macroparticles are emitted preferentially at an angle of 20°
with respect to the cathode surface. In comparison to previous investigations, higher
macroparticle erosion rates, a larger proportion of large macroparticles, and a higher
emission angle are observed, and the differences are attributed to the large current
density occurred in the present experiment. The minimal size of the macroparticles
was fixed as 1 μm, while the larger particles reached a size even exceeding 100 μm.

Measurements of size and velocity of the particles produced during and after
high-current vacuum arc were conducted using ultrafast laser shadow technique.
The current pulses of up to 12 kA peak and 5 ms duration between plane Cu [37] or
24 kA with CuCr [38] contacts of 25 mm diameter spaced by 9 mm were applied.
The measurements showed strong activity at the Cu cathode, which begins with
decreasing current before current zero and until 600 μs after current zero. The liquid
droplets were generated with diameter <200 μm and velocity of a few m/s. The
solidification of the melts take place at <1 ms. The anode melt was of mm depth and
big droplets generation was late as 8 ms after the arc. Anodic particles were ejected
nearly tangentially, whereas cathodic particles do not have any direction preferred.

For CuCr contacts, smaller depth of the melt was indicated which is due to higher
melting point of Cr. The molten region has only a depth of 100–200 μm compared to
a depth of order of mm for Cu under similar conditions. Therefore a smaller particle
sizes were detected that shown in Fig. 9.5. Maximal particles were observed at about
5 μm diameter was found at lower current, whereas larger particles occur after the
anode spot mode with a second peak around 7 μm for a peak current of 5 kA. The
number of particle dependent on time after current zero was presented in Fig. 9.6.
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Fig. 9.5 Normalized
particle distribution on
particle diameter integrated
over a time period of 5 ms
after current zero [38]
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The large particle numbers were detected at relatively larger currents more than 4 kA
when the anode spot appeared, whereas at lover currents (2 kA) less than 30 particles
per cm3 were found.

Anders [39] studied the particle contamination in thin films deposited by a vacuum
arc generated in arc plasma source with axial magnetic field in direction near the
discharge axis. Cathode diameter 6.4 mm, aluminum anode inner diameter 19 mm,
distance between cathode and anode exit planes 15 mm. Rectangular current pulse
of 250 μs duration with current amplitude varied between 50 and 250 A. Figure 9.7
shows the distribution of the particle diameter normalized to the charge transferred
through the cathode in Coulombs and the sample area in mm2.

The total mass deposited in the form of macroparticles was compared with the
mass of the film deposited by ions at the sample. This ratio presented in Table 9.2
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Fig. 9.7 Normalized particle distribution as function on their size (diameter)

Table 9.2 Cathode erosion rate without magnetic field (MF) and with MF of 170 mT [39]

Material Mass fraction of
droplet compared to
that by ions (%)

Erosion in μg/C
without MF

Erosion in μg/C
with MF

Erosion increase
due to MF (%)

Pb 90.0 807.0 975.0 21

Ag 9.9 76.3 83.7 10

Cu 20.9 51.1 56.0 10

Au – 86.2 100.9 17

Ni 61.1 38.4 49.1 28

Pt 43.0 111.1 116.4 5

Mo – 30.9 38.8 26

W 3.5 44.4 50.0 13

changes between 3.5% for tungsten to 90% for lead. The erosion rate of the cathode
was measured by weighting the cathode before and after discharges and the results
are presented in Table 9.2. The erosion rate increases slightly with axial magnetic
field.

9.2 Macroparticle Charging

Themacroparticle properties are determinednot onlyby their density, sizes, velocities
but also by their electrical charge. The particle moving in the cathode quasineutral
plasma jet becomes floating potential Up (negative with respect to the plasma) due to
much higher random electron velocity (T e is the temperature) than either the direct
or random velocity of the ions vi [40]. This potential is determined from condition
when both fluxes electron and ions to the particle are equal:
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Up = kTe

2e
ln(

v2i πme

2kTe
) (9.2)

The electric field at the macroparticle surface may be estimated using the char-
acteristic Debye length Ld as Ep = Up/Ld . Using macroparticle charge definition
as Qp = ε0Ep2πR2

p and electron density as ne = fI/Acevi the value of Qp in steady
state case is [40]

Q pe =
(

ε0kTe f I

2Acevi

)
2π R2

p ln

(
v2i πme

2kTe

)
(9.3)

where ε0 is the permittivity of free space, ne is the electron density,Rp is themacropar-
ticle radius, f is the ion current fraction, I is the current, and Ac is the cathode area.
The fast-moving electron determined the negative particle potential. However, in
quasineutral plasma, due to relatively slow ion motion, the time of particle charging
depends on the ion flux. When the ion flux to the MP is equal to the electron flux, a
steady state can be reached. When the time of particle charging is larger than char-
acteristic time of the discharge, the particle charge process will be nonstationary.
Hazelton and Yadlowsky [41] investigated experimentally the effect of MP radius
on the non-stationary charging in a plasma with a relatively large fixed MP density
This charging result was obtained under conditions in which the MP flight time was
smaller than the full charging time.

Also, the charging is in equilibrium when during the charging process, the plasma
is only slightly disturbed, and remains in equilibrium and the MP becomes fully
charged to a value dependent on the its size. In contrast, we will consider non-
stationary non-equilibrium MP charging, which depends not only on the MP size but
also on the MP density and the plasma density distribution along the MP track.

Close to the cathode in vacuum arcs, the electron density is very high, and thus,
the Debye length LD is very small, and usually a condition Rp � LD was fulfilled.
This is the case considered in [40]. When expanding plasma of the vacuum arc was
utilized far from the cathode spots, typically in a direction normal to the cathode
surface, the electron density is greatly reduced as a function of distance from the
cathode. A smaller MPs are increasingly favored in the MP size distribution in this
direction with condition Rp � LD should be analyzed.

The non-stationary particle charging was considered by Keidar et al. [42] taking
into account the kinetics of theMP charging controlled by the ion and electron fluxes
to the MP which in turn depends on the potential distribution in the sheath. Poisson’s
equation and equation of time dependent electric field at the MP surface were solved

ε0∇U (r) = e[ne(r) − Zi ni (r)] (9.4)

ε0
∂ E(r)

∂t
= −[ je(r) + ji (r)] (9.5)
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Fig. 9.8 Effective potential
lines for ions with different
angular momentum L in the
neighborhood of a
macroparticle

U (R∞)
∂U (R∞)

∂r
= 0 (9.6)

where ne(r) and ni(r) are the electron and ion densities, respectively, je(r) and ji(r)
are the electron and ion current densities, respectively, Zi, is the charge number of
the ions, Rp < r < R∞, R∞ is the outer boundary of the sheath around the particle.

The electron and ion parameters were obtained in [42]. The problemwas solved at
the radius Rp using approach of orbital motion limit (OML) [43] which is illustrated
by Fig. 9.8. A simple estimation indicates that the characteristic time for the electric
field to reach steady state decreases with radius and has its maximum time at the MP
surface.

The radial flux of a charge carrier is governed by the effective potential energy
Ueff (L, r) = L2/2mr2 + qU(r), where q, m are the particle charge and mass, respec-
tively, L = mvθ r is the angular momentum relative to the center of force, vθ is the
tangential projection of the particle velocity vector, r is the distance from the center
of force, and U(r) is the local electrical potential. The resulting sign of Ueff depends
on the relative magnitude of L and U(r). In general, we have a family of Ueff(r) lines,
which correspond to different values of L (Fig. 9.8). When La is the value of L at
which Ueff < 0 for all r and when Lcr is the value of L at which Ueff has no extremum
and Ueff > 0 for all r.

In the case of L > Lcr a particle approaching from far away will be repelled
at radius r if E < Ueff(r), and in the case L < La, the approaching particle will
collide with the MP. For an arbitrary L in the interval La < L < Lcr , Ueff has local
extrema at rmin or rmax. The charge which accumulates on the MP is given by Q =
4πR2

pε0Ep. Figure 9.9 shows the time evolution of the MP charge in the case of a
titanium plasma [42]. The maximum charging time of 10μs occurs for the minimum
values of ne and Rp. The charge, which accumulates on the particle, depends on the
electron temperature Te.

Let us consider the non-equilibrium MP charging when the particle density is
relatively large for the case of LD > Rp. According to the model used, the OML
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Fig. 9.9 Charge on the MP.
Te= 6 eV; Ti/Te= 0.1; 1 −
ne= 1010 cm−3; 2 − N,=
ne= 1011 cm−3; a − Rp=
0.1 μm; b − Rp= 1 μm
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approach [44], the MP charge evolution Qp(t) was determined by

dQ p(t)

dt
= −4π R2

p[ jpe−φ(t)γ + je0(t)e
−φ(t) − ji0(t)(1 + Ziφ(t)β] (9.7)

Q p = 4πε0Rpϕp (9.8)

where φ = eϕ/kBTe; γ = kBTe/Wp; β = T e/T i and kB is the Boltzmann’s constant,
Wp is the MP kinetic energy in the plasma bulk, ϕp is the MP potential relative to
the plasma, je0 and ji0 are the random electron and ion current densities, respectively.
The ratio of np density to the ion density ni was defined by parameter κ = np/ni. This
parameter characterizes the degree of non-equilibrium MP charging in the case of
uniform plasma. For κ => 0.01 the charging process will be a strongly nonequilib-
rium, while κ → 0, it will be equilibrium charging. It follows that for a short time
(non-stationary MP charging), the MP charge increases with radius [44] (Fig. 9.10).
But for a longer time (t → ∞) and for MP radii larger than some critical radius
an effect of MP charge saturation with radius was observed. The saturation occurs
because the electron and ion fluxes are limited by the quasineutrality condition.

Fig. 9.10 Dependence of
the MP charge on the MP
radius with time as a
parameter for plasma with κ

= 0.01, ni= 1012 m−3, Te=
2 eV, and β = 10
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Fig. 9.11 a Dependence of the MP charge on the parameter κ = np/n with time as parameter for
a plasma with Rp = 0.1 μm, ni = 1012 m−3, Te = 2 eV, and β = 10.) The dependence of the MP
charge on the parameter κ with time as parameter for a plasma with Rp = 5 μm, ni = 1012 m−3,
Te = 2 eV, and β = 10

The variation of the MP charge with MP density is shown in Fig. 9.11a, b [44].
Generally, MP charge decreases with MP density (parameter κ) when parameter κ

is larger than a critical value. For the case Rp = 0.1 μm, the critical parameter κ

changes from 0.1 to 0.001 when the MP residence time increases from 0.1 to 10 ms.
The MP charge reduction is significant for in the case κ ≥ 0.0001 and in the case
Rp = 5 μm. It may be also seen that MP charge is relatively independent of the MP
residence time for an MP residence time greater than 0.1 ms (see Fig. 9.11b).

As forMPs traveling through a non-uniform plasma jet, the plasma density depen-
dencewith distance is approximated asni = ni0(x0/x)m,wherem is the non-uniformity
parameter and x0 is the distance during which charging occurred is larger than the
characteristic linear scale of the plasma density changes [44]. It was obtained that
for MP traveling in the plasma jet, the MP does not reach the equilibrium charge if m
≥ 2 and x0 ~ 1 cm. For the rarefied part of the vacuum arc plasma jet, it was obtained
that the axial plasma density distribution may be characterized by m ≤ 2 [45, 46],
while for the radial density distribution m ~ 3 [47].

The velocity, mass, and charge of copper MPs emitted by a 100 A arc were
experimentally measured and compared to a model based on thermionic electron
emission [48]. The MP velocity was determined by using a time-of-flight velocity
filter. The charge was calculated by measuring particle deflection in a transverse
electric field. The model predicts, and the experimental results verify, that the charge
on theMPs becomes positive once the plasma is extinguished, and theMP travels in a
vacuum, as would occur in a pulsed vacuum arc, versus a dc arc. Experimental results
show a roughly quadratic dependence of particle charge on the particle diameter (q ~
D2), with a 1 μm particle having a positive charge of ~1000 electronic charges (1.6
× 10−16 C), and a 5 μm particle having a charge of ~25,000 electronic charges. The
model is particle temperature dependent, and gives q ~ D2 at 1750 K and q ~ D1.7

at 2200 K. Arguments are also made for limitations on particle temperature due to
radiative and evaporative cooling.
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9.3 Macroparticle Interaction

The charging effect allows control the particle motion in systems of different appli-
cations, in particular, by their interaction with a wall, substrate, and surrounding
plasma. Below these phenomena will be considered.

9.3.1 Interaction with Plasma

The interaction between the interelectrode plasma and macroparticles (droplets)
produced by amultitude of cathode spots in a vacuum arc between Cu electrodes was
analyzed by Boxman and Goldsmith [49], using experimental data of the MP size
distribution and erosion rate and a flowing plasma model. The effect of the plasma
on the MPs is considered by treating the MPs as floating probes and calculating the
particle, momentum, and energy fluxes to them. It was shown that the momentum
imparted on them by collisions with high-velocity ions (ion bombardment) accel-
erated the MPs. The rate of momentum transfer to the MP is given by the ionic
particle flux multiplied by the momentum of each ion, and taking into account the
acceleration of the ions by the MP sheath with negative floating potential φp [49]:

m p
dvpz(t)

dt
= Ipmi

eZ

[
vi e

−φ(t)γ +
(

−2Zeφp

mi

)0.5
]

(9.9)

where mp and vpz are the MP mass and axial velocity, respectively. The acceleration
of the MP’s from ion impact is in the axial direction. The effect of MP acceleration
was determined by comparison of the final axial velocity vpz with the initial radial
velocity of the particle vpi as function on the current density and the particle radius
Rp, using Ip = fJπR2

p. The result indicated that the axial deflection is significant
(i.e., vpz/vpi; is comparable to unity) for used range of the current density (1–100)
× 102 A/cm2, when the lower value of MP velocity is invoked. However, when the
higher value of vpi is used, the deflection is only significant for the smaller particles
and only at the upper values of the current range.

The steady-stateMP temperatures of 2000–2600 Kwere obtained considering the
balance of the energy influx (primarily from ion bombardment). As result, the particle
evaporation provides a distributed vapor source. The calculated neutral density is
proportional to the current density and is in the range 0.02–0.5% of the electron
density, depending upon electron temperature and MP velocity. In the 103 A/cm2 Cu
arc, the calculated neutral density was in the range (1–25) × 1011 cm−3.

Neutral vapor was ionized (in a period much smaller than the time of flight)
producing an ion population initially characterized by a slow, random velocity distri-
bution (in contrast to the fast directed velocity of the cathode-spot produced ions). The
MP ion production rate approaches significant levels in Cu arcs for j > 103 A/cm2, and
may be significant in Cd arcs for the entire current density range (102–104 A/cm2).
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Anders [50] analyzed the problem of mass gain or mass loss of macroparticle
immersed in the vacuum arc plasma when the ions collided the MP. The mass and
energy transfer from the plasma to the macroparticle were considered. The mass
balance was taken in form:

dmmp(t)

dt
= { fi [ni (t)T (t)vi ] − fa[Tmp(t)

0.5]}ma Amp(t) (9.10)

where the first term in right side of (9.10) is the flux of ions arriving at the MP which
depends on density ni, ion temperature T, the velocity of the directed ion motion vi,
etc. The second term is the flux of atoms evaporated, ma is the atom mass, and Amp

is the surface area of the MP. To determine MP growth, we assume that each ion
incident on the MP will stick to it and contribute to its mass gain. The solved energy
balance was included ion bombardment heating, plasma electron heating, electron
emission cooling, radiation, and evaporation cooling.

The estimated constant temperatures which needed to complete MP evaporation,
were obtained higher than the boiling temperatures of the materials (C-4800 K;
Ti-4500 K; Cu-3800 K; andW-7200 K). It was noted, however, that numerous publi-
cations indicate that MPs are liquid when ejected from metal cathodes, and solid at
large distances from the cathode. Based on the observations, it assumed that a typical
initial MP temperature is higher than the material’s melting temperature but lower
than its boiling temperature. Therefore, it concluded that completeMP destruction by
MP–plasma interaction is difficult or impossible in any case. This is due to a reduc-
tion of ion bombardment heating by the electrically equivalent thermionic electron
emission, and an increase of the loss mechanisms with increasing MP temperature,
when the MP approaches the temperature region of strong evaporation. Note that it
is true for detected MPs but some of MPs could be disappeared before.

Zalucki [51] developed a model of calculation of Cu and Cd droplets vaporization
and neutral atom generation assuming that initial temperature of the droplets weakly
changed during their flight through the electrode space at the current zero or after
current zero. The initial droplets temperature (ejected by the cathode) ratio to the
boiling temperature was given in range of 0.6–1. The calculated atom density was
presented as dependencies on the mentioned ratio, distance from the cathode and
discharge time taking into account the droplets diameters and velocities distribution.
The influence of the evaporating droplets (according to the obtained results) on the
development of electrical breakdown in vacuum gap after arcing was discussed.

Peters et al. [52] indicate that the molten droplet ejection seems to be the major
mechanism of hafnium cathode erosion. Most ejection events are associated with
changes in the conditions of the plasma, e.g., during start-up, change of gas flow,
and shutdown. The ejection was explained by imbalances of the forces acting on
the molten surface. The balance include: (i) force Pst due to surface tension; (ii)
force Pion associated with the arc ion current flow in the near-cathode electrical
sheath; and (iii) the electromagnetic force Pj×B, which caused by the interaction of
the radial component of the current density jr with the self-induced magnetic field
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in the azimuthal direction. This force was important with small-arc diameters and
high-current densities.

The analysis [52] was indicated, if the forces on the molten pool due to the plasma
(Pj×B and Pion) are assumed to be balanced by the surface tension forces (Pst), the
radius of droplets formed at the edge of the molten pool can be shown to be inversely
proportional to the forces resulting from the plasma. This implies that small droplets
will be ejected during the arc ignitionwhen the ion pressure is large and large droplets
will be ejected at other times during operation. The magnitudes of these forces on the
molten cathode pool due to the plasma were calculated using the measured current
density values obtained from the optical experiments. It was obtained that droplet
diameter was 3μmat during start-up (I = 20A), and 51μmat shutdown (I = 200A).
The problem however is that the force due to ion action cannot to be described by the
momentum acquired in the sheath because the electric field momentum compensates
this momentum.

9.3.2 Interaction with a Wall and Substrate

The model of motion of the individual electrically charged MP in the straight and
quarter-torus plasma guides was developed, taking into account MP charging by
interaction with the plasma [53]. The influence of the electric field in the plasma,
which depends on the magnetic field, on the charged MP motion was studied. The
fraction of the MPs transmitted through the toroidal plasma guide was obtained as a
function of the wall potential and MP velocity. The guide wall potential has a strong
effect on the transmission of MPs having velocities in the 25–100 m/s range. In
the duct at floating potential, the fraction of the MPs transmitted through the torus
approaches 100% for 0.1 pm Ti MPs having an initial velocity parallel to the duct
wall. The main mechanism of MP transmission through curved ducts is repeated
electrostatic reflection of the charged MP from the wall.

The justification of this mechanism was tested experimentally [54]. In the experi-
mental system, the vacuum arc metallic plasma source consists of a 90 mm diameter
Ti cathode and of a 122mm i.d. annular anode. The gap distancewas 10mm.A 250A
DC discharge was ignited by a mechanical trigger electrode in a vacuum of 3× 10−5

Torr. The plasma jet emitted by the cathode passed through the annular anode into a
magnetized quarter-torus duct (macroparticle filter) with a 240 mmmajor radius and
80 mmminor radius. The duct wall was smooth, i.e., no baffles or corrugations were
placed in the duct. The distance from the cathode to the torus entrance was 60 mm.
The anode was electrically grounded while the quarter-torus body and the chamber
were floating. The toroidal magnetic field in the center of the duct of 6 mT per 1 A
in the torus coils was operated up to a maximum value of 10 mT.

Coatings were deposited on 25 mm diameter steel samples placed in the entrance
and exit planes of the filter at three radial positions: near the outer wall (samples 1 and
4), at the center of the duct (samples 2 and 5), and near the inner wall (samples 3 and
6). The sampleswere cleaned by immersion in alcohol prior tomounting, and exposed
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to the Ti plasma flux for 15–120 s. Four random photomicrographs per sample were
acquired using a 100 lens, with a field of view of 63 × 47 m. The smallest detectable
particle had an area of 0.03 m2 or a diameter 0.2 m. The particles overlapping
the frame boundary were counted as 50%. The photomicrographs were acquired
with a video camera, digitized, and stored, after which automatic particle detection
and measurement algorithms were employed to find the total number particles, the
average particle size, and the area fraction covered by the particles. The results
reported are the average over the four photomicrographs for each sample. The SEM
micrographs were taken at 1000magnification in the secondary electrons mode, with
an acceleration voltage of 25 kV.

Two significant results were obtained in this experiment. First, the MP density on
samples placed near the outer wall decreased with magnetic field, and second, the
MP density on samples placed near the outer wall is larger than that on the center
of the torus exit plane. The average MP flux in the central region of a quarter-torus
plasma duct from the entrance to the exit was decreased by factor of 50, while near
the outer wall, the flux decrease was only by a factor of 15. The average MP flux at
the exit plane adjacent to the outer wall is a factor of 3 greater than the centerline MP
flux. With increasing toroidal magnetic field (up to 10 mT), the average MP flux in
the center of the filter exit was not changed substantially, while adjacent to the outer
wall, the average flux decreased by a factor of 2.

Comparison of the experimental [54] and theoretical [53] results leads us to the
main conclusion that MP transmission in the near outer wall region is not related to
mechanical bouncing or entrainment in the plasma beam, but rather is the result of
electrostatic reflection, while the MP transport in central region is due to mechanical
bouncing.

An experimentwas carriedwith the vacuumarc source of 64mmdiameter cathode
to study the effect of MP electrostatic reflection [55]. A 150 A d.c. discharge was
run for 90 s with Ti, Zr, and Cr cathodes and for 15 s on Cu cathode. Coatings
were deposited on 25 mm diameter steel samples. Two samples were mounted inside
the chamber in a way that one would be under floating potential and other under
–1000 V with respect to the anode. The distance between the cathode and samples
was about 25 cm. Four random photomicrographs per sample were acquired using
optical microscope. The micrographs were acquired with a video camera, digitized,
and stored, after which automatic particle detection and measurement algorithms
were employed to find the total number particles, the average particle size, and the
area fraction covered by the particles.. The SEM micrographs were taken at 500×
magnification in the secondary electrons mode.

The obtained results showed that the floating potential depends on the cathode
material and lies in range of (5–10) V. The results of the image analyses are summa-
rized in Table 9.3, where presented number of MPs within the frame with area about
4.1× 104 μm2, fraction area covered byMP’s andMP density. It can be seen that the
values of all above parameter are generally smaller in the case of sample deposited
under –1000 V bias compared to the sample deposed under floating potential. The
maximal effect was obtained for copper cathode.
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Table 9.3 Results of the MP image analyses [55]

Sample bias Material Number of MPs Area fraction (%) Density (1/μm2)

Floating Copper 3418 32.19 0.085

Floating Chromium 260 1.5 0.04

Floating Titanium 3275 11.52 0.08

Floating Zirconium 847 5.19 0.02

−1000 V Copper 725 6.66 0.02

−1000 V Chromium 113 0.6 0.02

−1000 V Titanium 1334 11.52 0.03

−1000 V Zirconium 235 2.47 0.01

TheMP number significantly decreases with substrate biasing. This effect is more
essential for those MPs having small size. The comparison of the MP number in the
case of floating samples and the samples deposited under –1000 V easily shows
significant MP reduction with –1000 V biasing. In the case of copper MPs, the
number of small MP’s (<0.5 μm) decreases by factor of 3, while number of larger
MPs decreases less. Opposite can be observed in the case of titanium MPs. In this
case, the number of smallMPs (<0.5μm) also decreases by factor of 3, while number
of larger MPs decreases more substantially. The experimentally observed reduction
of the MP number with sample biasing under –1000 V can be understood in term of
model based on the MP charging and transport in the quasineutral plasma and near-
substrate sheath. The substrate bias causes to appear electric field in the quasineutral
plasma and sheath.

The temperature of MP traveling from the cathode to the substrate during about
100 μs was studied [56]. The MP temperature dynamics were considered assuming
that theMP thermal diffusivity time is smaller than theMPflight time.Thismeans that
MP has a uniform temperature throughout its volume. The energy balance equation
for the MP which takes into account ion heat flux and radiation, evaporation heat
losses, and heat transfer to gas atoms has following form [56]:

4

3
π R3

pcγ
dT

dt
= π R2

pnevi

(
mv2i
2

)
− 4π R2

p[εσB T 4 + (Wev + 2kB T ) + S]
(9.11)

where c is the heat capacity, γ is the MP mass density, Rp, is the MP radius, σ B is
the Stefan–Boltzmann constant, vi is the ion directed velocity, m, is the ion mass, ε
is the emissivity,  is the rate of evaporation loss per unit area, W ev is the heat of
vaporization, kB is the Boltzmann constant, and S is the heat flux transferred to the
gas.

Equation (9.11) requires an initial value of the MP temperature T 0, which is not
known a priori and used as introduced parameter in the range between the cathode
melting and boiling points. The calculated [56] MP temperature as function of time
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Fig. 9.12 Temporal
evolution of titanium
macroparticle temperature
for different plasma
densities. T0 = 2000 K, Rp
= 0.1 μm
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for different plasma density is presented at Fig. 9.12. It follows from this result that
theMPwas cooled and the initialMP temperaturewas decreased at times smaller than
10−4–10−3 s. In typical devices with characteristic length of 0.5 m and characteristic
MP velocities 10–100 m/s (for MP radii of 0.1 μm), the characteristic time is 10−3–
10−2 s, and thus, the MP temperature at the substrate does not depend on the initial
MP temperature.

It has been experimentally observed that theMPcontent in coatings decreaseswith
increasing gas pressure [20, 21]. It was experimentally obtained [57] that the coating
MP content reduction with gas pressure was more significant when the plasma is
incident upon the glancing angle. The study in work [57] suggests a mechanism,
based on increasing electrostatic repulsion of the MPs in a background gas, which
explains the angular dependence of the MP reduction in the coating.

A model of the electrostatic sheath at the substrate, which is electrically isolated
in a background, was developed [56]. In the steady state, the substrate assumes the
floating potential, which depends on the electron temperature and ion velocity in
the case of beam-like ion flow. In the vacuum arc, a fully ionized metal plasma jet
interactswith a background gas through elastic (drag) and inelastic (charge exchange)
collisions.

The voltage drop in the substrate sheath as a function of the background pressure
was calculated taking into account charge exchange between ions and gas atoms. The
MP motion in the sheath was studied considering MP charging and MP reflection
from the substrate. It was obtained that the voltage drop in this sheath increases
with increasing background pressure by factor of 2. A negatively charged MPs were
reflected from a substrate, which also has a negative potential if the potential energy
is larger than the MP kinetic energy:

Q pϕp ≥ m pv2p
2

(9.12)

where Qp, mp, vp are the MP charge, mass, and velocity component normal to the
substrate (in case when the substrate oriented by angle β with respect to the axial



9.3 Macroparticle Interaction 275

Fig. 9.13 Titanium MP
reduction factor f as a
function of a background gas
pressure (in Pa) for different
substrate angles. L = 25 cm,
vp = 2000 cm/s [56]

10-2 10-1 100 101
0.0

0.2

0.4

0.6

0.8

1.0

L=25cm
Vp=2000cm/s

6β=15o β=60o

M
P 

re
du

ct
io

n 
fa

ct
or

, f

Pressure, Pa

direction of the MP flux), and ϕp is the substrate floating potential relative to the
plasma.

Taking into account the measured size distribution of MPs [22], it is possible
to calculate the probability of MP reflection from the substrate. A function f was
defined as the ratio of the number of MPs in the coating with gas pressure Pg to
the number when Pg = 0. The background gas reduces MP contamination in the
substrate by raising the substrate potential, and thus reflecting more MPs. The ratio f
as a function of the gas pressure, for Ti MP velocity vp = 20 m/s, distance from the
cathode to the substrate L = 0.25 m, and with the substrate angle β as parameter
is shown in Fig. 9.13. It may be seen that f substantially decreases at the substrate
placedwith a 15° angle while for a 60° angle the decrease is small. In the case of a 90°
angle, no significant dependence of parameter f on the gas pressure was calculated.
Thus, an increase of the background gas density caused a decrease in the ion flow
velocity, due to collisions of the ions with the gas atoms. This results in an increased
substrate floating potential, and hence a high probability of electrostatic repulsion of
the MPs by the substrate, particularly for glancing incidence with the substrate. The
probability of reflection decreases with MP size, velocity, angle of the MP velocity
vector with respect to the substrate, and increases with the background pressure.

Above consideration was related to the MP charging in a quasineutral plasma.
Generally, the MP charging in the sheath is different from that in the quasineutral
plasma [58]. Keidar and Beilis [59] developed a model of MP charging in the sheath
of a substrate, which is biased negatively with respect to the plasma. A negative
substrate biasing leads to the appearance of the sheath, which, in turn, affects the
MP charging and motion. The near-substrate sheath and its influence on the MP
trajectory were studied solving the Poisson equation with the volume charge due to
plasma ion and electron density and equation of MP motion. The equation for MP
trajectory may be written as:

m p
d2x

dt2
= γplσ(vi − vp) − Q

dϕ

dx



276 9 Electrode Erosion. Macroparticle Generation

Q = 4πεRpϕp; dQ

dt
= Ii − Ie (9.13)

where mp, vp, and Q are the MP mass, velocity, and charge; γ pl is the mass plasma
density, and σ is the momentum transfer cross section, ϕp is the MP potential with
respect to the local potential in the sheath, I i is the total ion current, and Ie is the
total electron current collected by the MP depended on ϕp. The first term on the left
side of (8.17) is the drag force for plasma with a large directed velocity. The case
with Rp � LD was considered. In the case of vacuum-arc plasma jet the ions have
directed energy larger than the MP potential and therefore can be considered to be
beam-like and the plasma electrons are gas-like. The titanium MPs were considered
and the reflection of MPs from a biased substrate was taken in account.

An interesting result was obtained [59] (Fig. 9.14), which show that the MP can
be charged not only negative but also positive depending on ion current density. x is
the length coordinate having its origin at the plasma–sheath interface and directed
normal to the wall. Initially, at the plasma–sheath interface, the MP has a negative
charge, similar to steady state charging in the quasineutral plasma. In both cases of
smaller- and higher-current density, the MPs acquire a positive charge. Therefore,
the charged MP can be either reflected or attracted to the substrate and this effect
depend strongly on the time and sheath voltage drop U [59] (Fig. 9.15). In the case
of ion current density j = 10 A/m2, the MP was always repelled from the wall if U
> 100 V.

The obtained results [59] strongly deviate from those obtained without consid-
eration of MP charging in the sheath, especially in the low MP velocity regime.
Saturation of the MP repulsion effect with negative bias voltage, observed experi-
mentally, can be obtained only through study of the MP charging and motion it in
the sheath.

Fig. 9.14 Spatial
distribution of MP charge in
the sheath with current
density as a parameter. Rp =
0.1 μm, vp = 30 m/s, and U
= −1000 V. The arrow
indicates direction of MP
charge evolution. h is the
sheath thickness M
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Fig. 9.15 MP trajectories in
the sheath with voltage drop
as a parameter. Rp = 0.1 μm,
vp = 30 m/s, and j =
10 A/m2. h is the sheath
thickness
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9.4 Macroparticle Generation in an Arc with Hot Anodes

Generation of a clean metallic plasma from a vacuum arc is problematic due to
producing numerous numbers of droplets. An attempt to solve the problem was
made using the Hot Anode Vacuum Arc (HAVA). The plasma in HAVA is diffusely
attached to the hot anode and the plasma was generated by evaporation of the hot
anode material [60, 61]. When a refractory anode was used, the plasma can be
generated from the cathode material. Two types of vacuum arc plasma sources with
refractory anodes were developed in last decade. These arc plasma sources have
potential for relatively clean metallic deposition with good characteristic that will be
described separately in chapter of applications (Chap. 23). Below only the results of
some detected particle distribution are detailed.

9.4.1 Macroparticles in a Hot Refractory Anode Vacuum Arc
(HRAVA)

Themetallic plasma from cathodewas produced in aHRAVA that recently developed
and investigated experimentally [62]. TheHRAVA is constructedwith a conventional
water-cooled cathode, but the anode ismade from a non-consumable refractorymate-
rial. It was shown that the HRAVA operated initially as a conventional vacuum arc
sustained by cathode spot emitted plasma together with MPs; however, at a later
stage, the interelectrode region contained cathodic metal vapor re-evaporated from
the hot refractory anode. The re-evaporated condensed cathode material (including
MPs) was strongly ionized, creating an anodic plasma. The HRAVA served as a radi-
ally expanding plasma source with low-MP contamination. Two deposition regions,
facing the plasma emitted from the cathode (C-region) and the anode (A-region),
were observed [63] (Fig. 9.16).

The MP size distribution function for both regions illustrated in Fig. 9.17 for
deposited glass substrate by an arc, which sustained between a 30 mm diameter
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Fig. 9.16 Micrograph of the A-region (left) and C-region (right) showing MP contamination in a
Cu film on a glass substrate placed at distance from the arc axis L = 110 mm and exposed for 60 s
from the beginning of a 200 A arc
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Fig. 9.17 Macroparticle size (diameter D) distribution ( �NMP
�DMP�C�z μm−1 C−1 mm−1) in the C-

region (solid curve) and A-region (dotted curve) of the glass substrate placed at distance from the
arc axis L = 110 mm and deposited at C-region for 10 s, and at A-region for 30 s, beginning 60 s
after 200 A arc ignition with gap of h = 10 mm

cylindrical, water-cooled, copper cathode and a molybdenum anode of 32 mm diam-
eter and 30 mm height [63]. It can be seen in both Figs. 9.16 and 9.17 that the region
facing the cathode contained numerous MPs while the region facing the anode was
deposited with significantly reduced MP’s.

The dependence of copper MP flux density on I with tungsten and molybdenum
anodes is shown in Fig. 9.18 (for distance L = 110mm) [64]. It was observed thatMP
flux density in the A-region decreased approximately linearly with the arc current

Fig. 9.18 Cu MP flux
density versus I (L =
80 mm, h = 10 mm, 30 s
deposition time starting
1 min after arc ignition, W
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Fig. 9.19 MP flux density as function on I for Cr (L = 110 mm)

and reached ~3 mm−2 min−1 for current I = 300 A. The dependence of the MP flux
density on I with a Cr cathode and L = 110 mm was investigated in [65]. It was
observed that the MP flux density in the A-region decreased approximately linearly
with the arc current and reached ~1 mm−2min−1 for I = 300 A (Fig. 9.19).

9.4.2 Macroparticles in a Vacuum Arc with Black Body
Assembly (VABBA)

In VABBA a water-cooled cathode and non-consumable hot anode are configured
to form a closed vessel, which is schematically shown in Fig. 9.20a with a hollow
shower anode [66, 67]. Material eroded by the arc from cathode spots (metallic
plasma and MPs) is condensed on the initially cold anode and then is re-evaporated
from the anode at stage when the anode is hot due to energy flux from the arc. The
metallic plasma behavior in the closed vessel is similar to ordinary gas plasma. The
closed vessel operated as a black body for the MPs while the clean plasma will be
emitted through the anode apertures at the hot anode stage, forming a clean plasma
plume.

Cathode

Shower 
anode

Insulator

a) b) c)

Fig. 9.20 Schematic cathode-anode presentation (a), MP’s ejection from the shower anode at
initial cold stage (b), MP’s reflection from the shutter placed between the anode front surface and
a substrate (c)
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A shutter placed between the anode front surface and a substrate, which was used
to prevent the substrate from the MP’s condensation at cold stage of the anode. The
shutter is open at the hot anode stage that occur in about 60 s after arc ignition and a
clean plasma is produced which was used for thin metallic film deposition. However,
at first few second of arc ignition (cold anode), numerousMPs were produced, which
demonstrated in Fig. 9.20b theMP’s ejection through the shower anode having small
holes with 1 mm diameter. When the shutter was placed between the anode front
surface and a substrate, the MPs were reflected from the obstacle and they returned
in direction to the anode that shown in Fig. 9.20c.

9.5 Concluding Remarks

MP velocity components are detected in the range 10–700 m/s. The MP-axial
velocity component increases with distance from the cathode surface and with the
instantaneous value of arc current demonstrating momentum transfer from the arc
plasma to the ejected droplets [32]. The droplet density depends on cathode material
and arc current significantly decreasing with melting temperature and substantially
increasing with current larger than 100 A indicating increase of the cathode erosion
rate by large contribution of the particle mass. However, the number of ejected
droplets was considerable decreased in an electrode assembly with refractory anode
in a stationary vacuum arc.

A larger proportion of large macroparticles is observed, with the predominant
mass transport effected by macroparticles having diameters in the 20–80 μm range
and particle erosion of 105μg/C for 1–2 kA arc [32, 36], in comparison to 10–40μm
and cathode erosion rate of 25–70 μg/C in Daalder’s experiments with current 100–
200 A [56]. In plasmas where the MP density is sufficiently high, the MP’s capture a
substantial fraction of the plasma charges, while the individualMP charge is less than
in a comparableMP-free plasma.TheMPcharge decreaseswith parameter dependent
on the MP residence time in the discharge. Macroparticles passing through highly
nonuniform plasmas with sufficiently high velocity cannot attain their equilibrium
charge value.
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Chapter 10
Electrode Energy Losses. Effective
Voltage

Thenear-cathodeplasma is relatively dense andhot. Theplasmageneration supported
by thermal phenomena in the cathode body and in region of the plasma cathode tran-
sition. The conductive plasma expanding up to the anode executes the electrical
contact needed for vacuum arc burning. As result, a large heat fluxes outputted by
the both cathode and anode bodies. The ratio of the heat power (in Watt) to the arc
current is named as equivalent or effective voltage for cathode ucef and for anode
uaef. The measurements of electrode heat losses and the effective voltages were
conducted by different methods. One of them is a calorimetric approach measuring
the maximal temperature of water and its mass flux in systems of water cooling
electrode or measuring the temperature of electrode having a high thermal resis-
tance lead. The energy input in the electrode was obtained using the mass and heat
capacity of the water flux or electrode. Another approach involved calculating the
heat conduction flux using an analytical expression for the temperature distribution
in one-dimensional approximation and corresponding electrode temperature distri-
butionmeasured by thermocouples. Let us consider themeasuring effective electrode
voltages by different approaches and conditions.

10.1 Measurements of the Effective Voltage in a Vacuum
Arc

Fay and Hogen [1] reported the results of heat transfer to the W electrode by
measuring the rate of change of electrical resistance of the electrode in a channel
with low-pressure (0.1 atm) ionized gas flow, 250 A. This change was observed in
range of 102–103 A/cm2 and was found that the heat flux was proportional to the
current. The heating rate divided by the total current was measured to be 4.9 V for
anode and 3.2 V for cathode in case of short gap distance. Noted that the resistance
of the used ionized gas flow should be accounted with the gap increasing in range
from 0.1 to 30 inches.
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The energy input into the electrodes was studied by Reece, using a calorimetric
method and temperature measuring by thermocouples in both electrodes of a vacuum
arc [2]. It was indicated that at an arc current of 30 A the arc voltage for Cu could be
divided into an effective cathode voltage drop of 8 V, and an effective anode voltage
drop of 13 V. The effective voltage drops are defined as the ratio between the energy
dissipated in the electrodes and the discharge current, assuming that the energy loss
to the surroundings can be neglected.

Osadin [3] determined the effective anode voltage from the anode energy balance
using the measured erosion rate of the anode. Liquid electrodes from Sn and PbBi
eutectics were used in the experiment with frequency (103–104) pulse discharge at
pressure of 10−5 Torr. It was obtained effective voltage of 2 V for the eutectics and
7.3 V for Sn. It was assumed that the heat was preferable dissipated in the electrode
considering the energy balance. Osadin [4] also reported the results of calorimetric
investigation in order to obtain the energy distribution between different component
of the erosion products.

Konovalov [5] studied the heat flux into the electrodes mounted in the opposite
walls of a channel with additive ionized gas (Ar or He) flow. A pressure of 10−4 Torr
was supported in the vacuum channel, and the ionized plasma jet with velocity of 106

cm/s was generated by an additional pulse vacuum discharge. The experiments were
conducted in a discharge of 100–300 µs pulse duration and current of 30–300 A,
with cylindrical copper electrodes of 2.4, 1.25, 0.86 mm, and of 80 mm length.

The heat flux was determined using calorimetric method and solution of heat
conduction equation in one-dimensional approximation neglecting the energy loss
by the electrode erosion. Figure 10.1 shows dependence of the energy density flux
by electrode heat conduction on charge transfer through the electrodes (2.4 mm
diameter). It can be seen that the dependences are linearly and the ratio of the electrode
energy density to the charge transfer density indicate the effective cathode voltage
drop as 2.5V, and an effective anode voltage drop as 12.5V. It should be noted that the

Fig. 10.1 Energy density
flux into cathode and anode
as dependence on charge
transfer through the Cu
electrodes [5]
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real cathode heating process could be different from used one-dimensional approach
when a number of spots supports the current. The author formulated his cathode heat
model assuming that the surface temperature flattened due to rapid motion of the
spots. The heat model of the anode (mostly fixed spot) was based on assuming that
the time reaching the uniform temperature at the electrode surface is more shortly in
comparison with the time of reaching of the heat wave the thermocouple location.

Konovalov [6] measured the heat flux to the electrodes for high-current arc using
the experimental systemmentioned above [5]. The erosion less approach of the anode
energybalance in one-dimensional approximationwas considered.Experimentswere
conducted with Cu and steel electrodes of 3–3.5 mm diameters in a pulse discharge
of 25 µs arc and at current amplitude up to 10 kA.

Calorimetric method was used measuring the temperature of the external side of
a sensor by a thermocouple. The results of measurements of conductive energy flux
densityW con as dependence on charge density Qch are presented in Fig. 10.2 for Cu
and in Fig. 10.3 for steel electrodes. This dependence for Cu anode is linear while
for other cases the dependences weakly declined from linear function indicating
that a small energy spending with electrode erosion should be taken in account.
The effective voltages are represented by the ratio of W con/Qch. It was obtained that
the cathode-effective voltage in linear part of the dependences is 2 V for Cu and
6 V for steel while for anode is about 9 V for Cu and 11 V for steel. Note that the
weakness of the results is due to using the one-dimensional electrode heat model
that should be considered as an approximation approach, in spite of the mentioned
above assumptions.

Belkin and Danilov [7] determined the electrode energy loss for vacuum arc
calorimetrically using a fine current lead with high thermal resistance. The electrode
temperature was measured with chromel–alumel thermocouple. Using the measured
maximal change of the temperature, the effective voltage uef was obtained as

Fig. 10.2 Density of the
energy flux into electrodes as
function on total charge
density for copper electrodes
[6]
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Fig. 10.3 Density of the
energy flux into electrodes as
function on total charge
density for steel electrodes
[6]
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uef = mc�T/Qch (10.1)

The electrode mass m was obtained by it weighing, and the heat capacity c was
assumed constant. The experiment conducted at a current of 2.5 kA. Table 10.1 shows
the results obtained for a number of electrode materials.

It was found that the equivalent electrode potential drop (effective voltage) is
roughly twice great for anode as for the cathode. The effective voltages of the clean
materials are greater than those voltages for the metalloceramic electrodes. The

Table 10.1 Effective voltages for different electrode materials and the arc voltage between cathode
and anode [7]

Material Anode-effective
voltage, uaef, V

Cathode-effective
voltage, ucef, V

Sum (uaef + ucef),
V

Arc voltage, V

W 11.2 6.5 17.7 28

Cu 12.4 6.1 18.5 19

Fe (Armco) 8.0 6.8 14.8 19

FeCu (87% +
13%)

8.7 4.5 13.2 14

FeCu (75% +
25%)

9.3 4.9 14.2 16

FeCu (69% +
31%)

8.8 5.1 13.9 16

WCu (57% +
43%)

8.8 5.0 13.8 15

FeCu (70% +
26% + 4%)

6.6 3.6 10.2 15
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sum of cathode- and anode-effective voltage is lower than the arc voltage, and this
difference indicates some energy loss at the surrounding.

Rondeel [8] measured of the energy dissipated in the anode and the cathode
using temperature measuring by thermocouple inserted into the electrodes. This was
measured in an arc current of 600 A, 1 mm contact separation, and the arc voltage
was 20V. It was obtained that about 25% is transferred to the cathode, and 75% of the
total energy dissipated in the arc was divided between the losses to the surroundings
and input to the anode. The energy for the erosion rate of the cathode material was
only a small fraction (10%) of the total energy dissipated in the arc. From this fact
(low evaporation loss), Rondeel [8] concluded that it will be extremely difficult to
determine the cathodic erosion from the electrode energy balance explicitly.

Rondeel [9] demonstrated the influence of an axial magnetic field on the electrode
effective voltage. Arc current was about 500 A, and arc duration was between 20 and
30 ms.

The energy input to both electrodes and a cylindrical shield outside the electrodes
was determined by measuring the temperature rise with three copper–constantan
thermocouples mounted in resistive components. The electrodes of 20 mm diameter
were from copper with 5 mm gap length. Figure 10.4 presents the results for anode
and cathode. It can be seen the effective voltage increase from about 4 V (cathode)
and 10 V (anode) at zero magnetic field to about 8 V (cathode) and 15 V (anode) at
field of 0.35 T. The effective voltage of about 2 V was detected due to energy loss
to the shield. It can be assumed that the increase of the electrode effective voltages
is due to the increase of the arc voltage (from 20 to 35 V) with magnetic field that
measured here.

Detailed research was conducted by Daalder [10, 11]. He presented the results of
an experimental study of the thermal state of a vacuum arc cathode by measuring an
accumulated heat during the arcing. The cathode was constructed as a thin disk with
diameter of 30mmandwas placed at amassive holder by three small supports in order

Fig. 10.4 Anode- and
cathode-effective voltages as
function on magnetic field
strength [9]
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to minimize heat conduction losses. Before each series of experiments, the cathode
surface was additionally cleaned by drawing a number of arcs, thus removing any
absorbed layers of gas and oxidized surface layers if present. During the experiment,
the temperature of the rear surface of the disk was measured by thermocouples of
iron–constantan and the temperature was recorded during a time of 200 s after arc
extinguishment. The arc time tarc was varied (at constant current) from a few ms to a
maximum of half a second. The value of the maximum temperature Tmax was used to
determine the accumulated heatW con under an assumption that the heat conduction
and radiation losses were small:

Wcon = mdcpTmax (10.2)

where md is the disk mass and cp is the specific heat of the disk materials. As it
indicated by Daalder for each metal, the choice of the current range was such that
conditions of both one cathode spot and several spots were investigated. For the
low-melting metals, Pb, Cd, Zn, and Sn, the current was varied between 10 A (one
spot) and 200 A (in case of Cd, Pb, and Zn about 15–20 spots were counted). For
the higher-melting metals (Ag, Ni, Al, Cu, and Mo), the current range was extended
and reached more than 600 A (for Cu and Mo 8–9 spots were observed). Most
measurements were taken at an electrode spacing of 1 mm. For Cd and Al, the gap
distance varied from approximately 0–5 mm up to 10 mm. Daalder noted that no
dependency on this parameter was observed indicating that cathode heating is due
to processes occurring in the direct vicinity of the vacuum metal interface and/or in
the metal itself. The cathode-effective voltage was obtained by

ucef = Wcon

I tarc
(10.3)

The results of measurements are presented in Table 10.2, which show that in case
of the metals Cu and Mo the value of ucef increases with arc current. This increase
is due to the increase of arc voltage with current for considered cathode metals. For
most metals considered here, the increase of arc voltage with current is in the order
of a volt in a current range from about 10 A up to several hundreds of Amperes. This
increase is particularly noticeable in the transition region of one to a few cathode
spots. For Cu and Mo, the increase in arc voltage was a few volts, and it was found
that this rise was related to an increase in cathode-effective voltage.

Zektzer et al. [12] showed an agreement of calculation results with Daalder’s
[10] experimental data using cathode spot theory of Beilis [13], which described the
plasma flow in near-cathode region using hydrodynamic approach and the cathode
heating by the ion flux bombardments.

An investigation has been made by Paranin et al. [14] of an arc on a thermally
insulated gadolinium cathode. The anode was a molybdenum radiation-cooling disk
placed at distances 1–6 cm from the cathode. The cathode temperature was deter-
mined with a visual pyrometer as well with photoelectric pyrometer. The main heat
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Table 10.2 Cathode-
effective voltages and arc
voltage for a number of
cathode metals with the arc
current of 100 A, unless
specified otherwise [10]

Material Arc voltage, uarc Cathode-effective
voltage, ucef

ucef/uarc

Pb 10.5 2.6 0.25

Cd 11.0 2.7 0.25

Zn 12.0 3.0 0.25

Sn 13.5 3.9 0.29

Ag 17.5 5.25 0.30

Ni 18 5.35 0.30

AI 20 6.2 0.31

Cu 18 (40 A) 5.4 0.30

Cu 20 (100 A) 6.2 0.31

Mo 25 (50 A) 8.2 0.33

Mo 26.5 (200 A) 8.7 0.33

Mo 28 (600 A) 9.25 0.33

W 28 9.5 0.34

losses (90%) from the insulated cathode were due to the emission from the surface.
Therefore, a specific method was developed to measure the heat flux into the cathode
by directly calibrating using a heating by an electron beam. The cathode was eroded
in the vapor phase with saturated pressure of 1–100 Pa. The cathode was heated by
electron beam energy in temperature range of 1900–2300 K. The arc current was I
< 200 A. As the heating power and correspondingly cathode temperature increased,
the heat flux into the cathode Qef decreased and here was the continuous transition
from self-heated regime with Qef > 0 to the externally heating with Qef < 0. It was
obtained that the, respectively, cathode-effective voltage decreased from positive 5 V
to negative value of −3 V when the cathode temperature increased up to 2200 K.

Dorodnov et al. [15] studied the heat flux to the electrodes of a pulse-type plasma
accelerator. The working body of the discharge is the material of the vaporizing
central face electrode. The material of the central electrode is copper. The heat flux
was determined using the results from measurements of a maximum temperature
of the electrode with thermocouple, which was embedded at distance 15 mm from
electrode working surface. The measurements were conducted for central and outer
electrodes of the accelerator in range of 3–15 kAwith different polarities. The depen-
dencies of the heat flux to the outer electrodes on the discharge current (averaged
data shown by lines) are presented in Fig. 10.5.

The results showed that the heat flux to the central electrode for both polarities
was proportional to the discharge current and determined by the electrode material
(Cu, Mo, Nb). This flux to a central anode (15–18.5%) was somewhat greater than
that flux to a central cathode (12.5–14% of the supplied power). The total losses
in both electrodes were 25–45% of the total supplied electric power. It was noted
that the relatively fraction of the electrode losses decreased with a rise in discharge
current and this fact indicated an increase in the efficiency of the accelerator.
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Fig. 10.5 Dependence of the heat flux to the outer electrodes on the discharge current, a as cathode
polarity, b as anode polarity; material of the outer electrode are indicated as Cu, Mo and Nb [15]

10.2 Effective Electrode Voltage in an Arc in the Presence
of a Gas Pressure

Rieder [16] reported one of the early works regarding to the investigation of heat
energy loss by the free air arc into the electrodes. The data of energy losses in the
electrodes were obtained using the volt-ampere characteristics for air low-current
arc and results of calorimetric measurements. According to the calorimetric results
for copper, it was shown linearly dependences of the power (in Watt) dissipated
in the cathode and in the anode on arc current (3–35 A) for different arc length
as parameter and saturated dependences on arc length (0–12 mm) for different arc
current as parameter. Considering the electrode balances the effective anode fall of
2.3–3.3 V and cathode fall of 8.9–9.9 V were determined.

The power dissipated at the wire anode of a DC arc discharge (10 A) has been
measured, for arcs in argon at atmospheric pressure, by noting the length of the anode
which is melted [17]. The measurement of the power transferred by the electrons
energy and the work function gives rise to a useful means of determining the anode
fall. The non-stationary heat conduction equation was solved by given the melting
temperature as boundary condition and by assuming that the energy input to the anode
is balanced only by the wire heat conduction. The assumption of one-dimensional
heat conduction in the anode may be justified because of the large ratios of length to
diameter.

Experimentally it was fixed the time when the anode melting was reached. In
the experiment, a graphite cathode and Cu wire anode with diameters of 4.0, 3.0
and 2.2 mm (length of 8 cm) were used at a constant temperature T o, fixed in a
supporting rod of brass, which was cooled in a water bath. As result, the effective
anode fall indicated as 4.22 V, but not explained how it was obtained. In this same
time, the heat flux into the anode wires were found to be 312 and 580 cal cm−2 s−1 for
wire diameters of 3.0 and 2.2 mm, respectively. Using these data and arc current of
10 A, the anode-effective voltage can be calculated as 9.19 and 9.18 V, respectively,
assuming uniform distribution of arc current at the anode.

Experiments were conducted by Capp [18] to elucidate energy transfer processes
in electrode-dominated arcs with a cadmium or a zinc cathode with diameter of 8mm
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Fig. 10.6 Anode- and cathode-effective voltages as function on electrode gap for Cd cathode (a)
and Zn cathode (b)

and a tungsten anode. The energy transfer to the anode and cathode was measured
for known arc power and duration in nitrogen at atmospheric pressure. The thermal
capacities of the electrodes were measured by heat exchange with hot water in a
calorimeter, and this measurement was checked by calculation taking into account
the electrodemass. The average power going into each electrode was calculated from
its thermal capacity and temperature rise during the arc time.

The obtained power divided by the arc current determined an effective voltage,
which denoted by Caap [18] as V ah for the anode and V ch for the cathode. These
denotes were used according to Caap’s dependences which are presented in form
shown in Figs. 10.6, where the results of effective voltage V ah and V ch together with
their sum and measured arc voltage were shown as function (averaged data shown
by lines) on electrode gap distances for a cadmium (Fig. 10.6a) and a zinc cathode
(Fig. 10.6b).

As can be seen over the range of currents (2, 3, and 4 A) and used gap distance, the
results show that the arc voltage (arc power) dependence is close to the dependence
of heat conducted into the electrodes (V ah +V ch). An increasing proportion of the arc
power, however, goes into the anode as the gap increases. The power into the cathode
increases slowly (especially for Cd) with the gap, compared with the corresponding
increase into the anode. Itwas noted that the power losses by evaporation and radiation
are not important.

The effective voltage for water-cooled or radiative-cooled anodes were investi-
gated for arc current in range of 50–350 A in argon of pressure 20–760 Torr [19]. The
discharge was ignited between W rod cathode of 3 mm diameter and water-cooled
or radiation-cooled flat anode, made from W plate of 0.2–0.5 mm thickness. The
heat flux into the anode was determined by calorimetrical method measuring the
cooling water parameters. The anode temperature was reached values in range of
2000–3000 K depending on gas pressure and arc current. The results showed that
the energy losses for radiation-cooled anode were lower (by ~2 V) than that for
water-cooled case and it is increased from 7–9 to 10–12 V with gas pressure in the
indicated above range for arc current of 200 A.
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Fig. 10.7 Anode-effective
voltage and anode potential
drop as function on arc
current [22]
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Merinov et al. [20] studied a discharge with radiation-cooled anode in inert gases.
Using photosensor, the authors have determined the anode-effective voltage calori-
metrically, which slightly increase from 5.5 to about 6 V with arc current increase
from 80 to 130 A. In the experiments [21], which continue the study of work in [19]
arc current was used up to 200 A and inert gas pressure varied in range of 2–120 Torr.
The calorimetric measurements of radiation-cooled anode plate at arc current 100 A
showed that the effective voltage increase from 5 to 6.4 V when the argon pressure
increased from 5 to 120 Torr, respectively. The probe measurements at 15 Torr pres-
sure of He, Ar, and Xe showed the presence of negative anode drop that was about−
1.5,−2.5, and−5 V, respectively, to the mentioned gas type. Using the calorimetric
and probe methods of work in [21], Merinov and Petrosov [22] studied the anode-
effective voltage and anode voltage drop for tungsten in argon discharge at pressure
5 Torr. The results are shown in Fig. 10.7 as dependence on arc current.

Analyzing the experimental data, the authors of [22] indicated that it is not possible
to obtain data regarding the sign and magnitude of the anode potential drop from
the anode energy balance using the result of the calorimetric measurements. Energy
transport close to and at the anode (contraction zone) in high intensity arcs at atmo-
spheric pressure was studied by Pfender [23]. It was shown that the anode potential
drop was negative in the range from one to three volts, which depend on the anode
current density and plasma temperature.

Salihou et al. [24] studied experimentally the power dissipated by heat conduction
into the cathode of an electric arc by measuring the steady-state temperature reached
during arcing in a system with argon at 1 atm flowing through it at a low rate. The
arc was ignited by electrode separation. The rear side of the cathode was maintained
at constant temperature (the temperature of the water-cooled brass). The electrodes
were connected through an adjustable resistor to a regular DC power supply which
provided a constant current up to 5 A. The electrodes of different materials (copper,
silver, and tungsten with a tungsten anode) had a diameter of 3 mm, length of 8 cm
with an electrode spacing of 0.4–1 mm. The temperatures were measured by five
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Fig. 10.8 Power lost by
cathode conduction versus
the electrical power input
(Iuarc)
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thermocouples (chromel–alumel, type K) inserted into holes of same depth (1.5 mm)
along the cathode axis in order to obtain a function of temperature distribution along
the electrode axis.

Using heat conduction equation and the measured temperature distribution along
the electrode axis, the average power going into the cathode by conduction was
determined. The results are presented in Fig. 10.8 as function on arc power [24]. The
arc voltage uarc was also measured ranges of 22–24 V for Cu, 18–20 for Ag, and
22–25 for W. It can be seen that cathode loss increases linearly with increasing the
power input and it found to be material sensitive. Thus, for a given electrical power
input of 100 W, the power lost by heat conduction is about 17%, 26%, and 29%,
respectively, for Ag, W, and Cu.

10.3 Effective Electrode Voltage in a Vacuum Arc with Hot
Refractory Anode

This type of DC arc with duration of few minutes sustained between a thermally
isolated refractory cylindrical anode and a water-cooled cylindrical copper cathode.
The interelectrode distance varied around value of 10 mm. The arc started as a
conventional cathode spot vacuum arc. In the initial stage, the cathodic plasma jet
deposits a film of the cathode material on the anode as well as the anode was heated
by jet energy. The temperature of the thermally isolated anode begins to rise, reaching
eventually a sufficiently high temperature to re-evaporate the previously deposited
material, which subsequently ionized in the plasma of the interelectrode gap. The arc
at this stage characterized by plasma evolution and named as hot refractory anode
vacuum arc (HRAVA). The transition to the HRAVA mode completed when the
density of the interelectrode plasma consists mostly of ionized re-evaporated atoms
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expanding radially as anode plasma. The transitions period of the HRAVA mode
were determined by the propagation of a luminous plasma plume from the anode to
the cathode (see below). The HRAVA mode is a discharge-instrument, which allows
to clearly determine the structure of the heat fluxes into the cathode, anode and
surrounding as evolution in time.

Another configuration consists of a closed volume, which formed by a water-
cooled cylindrical relatively low-melting cathode and a cup-shaped refractory anode.
The gap between the front cathode surface and the inside flat anode surface was about
10 mm. The cathode material was emitted into the gap between the front cathode
surface to the inside flat anode surface of the closed volume. The arc heats the anode.
The closed volume confined and evaporated droplets while the plasma was extracted
through small anode apertures. The plasma ejected through an array of holes. Such
arc with closed electrode configuration named as a vacuum arc with a black body
assembly (VABBA). Let us consider the experiments for both configurations.

10.3.1 Effective Electrode Voltage in a Hot Refractory Anode
Vacuum Arc (HRAVA)

Heat transfer to a thermally isolated graphite anode in a long duration (up to 200 s)
vacuum arc was investigated by Rosenthal et al. [25]. The anode surface tempera-
ture was optically determined. The anode bulk temperatures near the front and rear
surfaces weremeasured as a function of time using two high-temperature thermocou-
ples for arc currents 175 and 340A.A one-dimensional nonlinear heat flowmodel for
the anode was developed and was solved to determine the time-dependent effective
anode voltage as the ratio between the input power to the anode and the arc current.
The measured anode temperature distribution and characteristic time of observed
expansion of the anode plasma plume were used. The effective cathode voltage was
determined for copper by measuring the temperature of the cathode cooling water.
The net power input to the cathode was determined as

Wcon = cw�T
�mw

�tw
(10.4)

where cw is the heat capacity of water, �mw/�tw is the mass flow rate of cooling
water. In the case of a 175A arcwith amass flow rate of 36.5 g/s, the temperature near
the beginning of the arc was approximately 8 °C above ambient water temperature,
reaching a value of 8.4 °Cnear the end of the arc. It was indicated that this temperature
rapidly increased after arc ignition and then slowly increased during the course of
the arc.

The time-dependent input flux qin(t) to the anode was approximated by the
following expression:
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qin(t) = qss + q0 exp

(
− t

τ

)
(10.5)

where qss(t) is the input flux at steady state, (qo + qss) is the initial input flux (at t =
0), and τ is the characteristic time for the development of the anodic plume. For qss,
we take the value obtained at steady-state arc (see Table 10.3), while for qo we seek
a value yielding the best fit to the measured temperatures. Figure 10.9 characterizes
time evolution of the anodic plume for Cu cathode and graphite anode.

Figure 10.10 characterizes time evolution of the time-dependent input flux calcu-
lated using (10.5) andmeasured arc parameters presented in Table 10.3. The behavior
of the anode-effective voltage was explained by the HRAVA theory [26]. The
initial relatively large anode-effective voltage is determined by the large kinetic and
potential energy of the cathode spot jet, which freely interacts the anode surface.

With time, this energy jet was dissipated by interaction with the generated anode
plasma, and therefore, the dissipated energy was lost in a surrounding space by radial
heated anode plasma expansion. As result, the heat flux to the anode decreases and
determined by energy flux determined by the electron temperature and anode work
function in the steady-state HRAVA stage.

The steady-state effective heating potentials are approximately 7, 6, and 12 V for
the cathode, anode, and surrounding structures, respectively, while in the initial stage
energy loss in surrounding is about 3 V. The anode thermal analysis for the energy
losses in the steady state showed that the energy flux input was balanced mainly by
radiation from the front surface of the anode, and in lower value by radiation from
the side surfaces through the space between the anode and the shields, as well as
from the bottom surface of the anode.

Table 10.3 Pairs of values indicate the initial and steady-state values, respectively. I is the arc
current. T sur, K is the anode surface temperature at steady state. τ is the time that anodic plume
filled the all electrode gap. tss, is the temperatures and arc voltage steady-state time. qin is the input
heat flux to the anode; ucef is the effective cathode voltage. uaef is the effective anode voltage. usef
is the effective surrounding voltage. uarc, is the arc voltage [25]

I, A T sur, K τ , s tss, s qin, W/cm2 ucef, V uaef, V usef, V uarc, V

175 1900 30 100 218–140 6.6–7.2 10–6.4 4–10.4 20.5–24

340 2300 15 60 510–260 6.6–7.2 12–6.2 2.4–12.6 21–26

5s 15s 20s 25s 40s

Ca An

Fig. 10.9 Plasma plume development in time in HRAVA with a disk Cu cathode (Ca) and graphite
anode (An). Electrode gap is 18 mm, arc current-175 A
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Fig. 10.10 Time-dependent
input heat flux to the graphite
anode and Cu cathode with
arc current as parameter
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10.3.2 Energy Flux from the Plasma in a Hot Refractory
Anode Vacuum Arc (HRAVA)

As the cathode jet dissipated in the gap plasma, an important issue is understood
how the interelectrode anode plasma was heated and what is the energy flux from the
anode plasma. Beilis et al. [27] experimentally studied this flux. Two types of thermal
probes were used: (1) a thermal resistor, where the incoming plasma energy flux was
determined by measuring the temperature distribution along the probe length; and
(2) a water-cooled probe, where the energy flux was determined from the water
temperature change and flow rate.

The thermal resistor probe was constructed from a tungsten rod with a diameter
of 1 mm and a length of 120 mm. A BN cylinder with an outer diameter of 3 mm
shielded the lateral surface of the 20-mm-long distal part of the rod, and the proximal
part of the rod passed through a boron nitride (BN) disk, which shielded it from the
plasma heat flux. The proximal end of the rod was maintained at room temperature.
The temperature of the rod was measured at two points (at the distal end of the
probe and 20 mm from the distal end) with high-temperature thermocouples. The
thermocouple was made from W + Re5% to W + Re26% alloy wire, which were
welded together at their tips. A thermal model for the probe was formulated which
considered heat conduction in the W rod and BN insulator, and radiation from the
distal end of the rod and BN insulator and from the lateral surface of the insulator.
The temperature distribution was calculated using the Q-field simulation program,
and the experimentally measured temperatures were fitted to these results to obtain
the energy flux.

The water-cooled probe was designed and built, consisting of a 20-mm-long tung-
sten rod having a 0.5 mm radius, inserted in a BN tube with an external diameter
of 3 mm. The distal part of tungsten probe, which contacted with plasma, while the
BN tube insulated the lateral surface. The distal part of the probe had a diameter of
2.5 mm and a length L of 8 mm. The proximal end of the tungsten probe was cooled
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by water flowing with a rate Gw. The water temperature was measured by a J-type
thermocouple. The increase in water temperature was measured during the arc. The
net energy flux to the probe was calculated from the measured temperature increase
�T and the water flow rate Gw from Qw = cw�TGw. The heat flux per unit area can
be obtained as q = Qw/F, where F = 6.8 × 10−5 m2 is the area of plasma-probe
contact.

The steady-state analysis of the thermal resistor probe showed that the energy
flux at the distal end of the probe for t = 120 s, obtained by fitting the measured
temperatures with the calculated model, is plotted in Fig. 10.11. The energy flux
decreased with distance from the axis and increased approximately linearly with the
arc current. For 175 and 340 A, the energy flux is 1 and 2 MW/m2, respectively.

The measured values of the energy flux density q are presented in Table 10.4. It
may be seen that this flux increased linearly with arc current and the dependence is
similar to results obtained using the thermal resistor probe. The small difference of
q for I = 175 A indicated here (90 s) in comparison to the energy flux presented in
Fig. 10.11 is due to the time to reach steady state of the HRAVA is larger than 90 s.

Fig. 10.11 Energy flux from
the plasma to the front
surface of the resistor probe
as function of the arc current
at the electrode gap edge r =
1.6 cm and at distance from
the electrode axis r = 2.4 cm
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Table 10.4 Energy density
flux q measurements for
different arc currents I at arc
duration 90 s by the
water-cooled probe (r =
24 mm). GW (g/s) is the water
flow rate, and �T° is the
water temperature increase.
From [27]

Current, A Gw (g/s) �T, °C q × 10−2, MW/cm2

175 0.167 37 40.1

1.67 5 51.37

0.33 26 53.44

250 0.667 24 98.76

2 9 111.3

340 1.786 20 220.4
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Fig. 10.12 Schematic
diagram of the experimental
setup with a shower anode
and with differential
thermocouple circuit

10.3.3 Effective Electrode Voltage in a Vacuum Arc Black
Body Assembly (VABBA)

Beilis et al. [28] investigated the energy dissipated in the cathode of arc with this
type of electrode configuration. A water-cooled cylindrical Cu cathode with 30 mm
diameter and a cup-shaped W or Ta anode with 50 mm outer diameter formed a
closed volume. The gap between the front cathode surface and the inside flat anode
surface was about 10 mm (Fig. 10.12). Both materials are refractory with close
boiling temperatures. Cu cathode material was emitted into the closed volume and
the cathode plasma jet heated the anode. At the hot anode stage, the plasma ejected
through an array of 250 holes of 1 mm diameter in the W anode or through a single
4 mm diameter hole in the Ta anode. Arc currents were I = 175–250 A, and the arc
time was 150 s. The effective cathode voltage Ucef was determined calorimetrically,
using a thermocouple probe.

A K-type (chromel–alumel) thermocouples were used to measure the tempera-
ture increase of cooling water flowing from the cathode, relative to water entering the
cathode. In order to measure the temperature difference directly, without dependence
on the absolute value of the incoming water temperature, a differential thermocouple
circuit was used as shown in Fig. 10.12. The thermocouple junctions (output and
input) directly contacted the water. The cathode was grounded in order to minimize
the electrical noise in the probe circuit. A and B correspond to the positive and nega-
tive legs of the thermocouples. BB junction remained outside the water. An electri-
cally floating amplifier was used to amplify the thermocouples signal. The measured
data was collected on a personal computer using an analog–digital converter and
LabVIEW software. The water mass flow rate was F = 0.193 or 0.290 kg/s. The
effective cathode voltage was determined as:

ucef == cpF�T

I
(10.6)

where�T is the temperature difference between the output and input cathode cooling
water.
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Typical time dependence of �T and ucef when using a W showerhead anode with
I = 200 A and F = 0.290 kg/s is shown in Fig. 10.13. When the arc was ignited,
ucef increased to 6–7 V, where it remained for ~40 s (both anodes) while the anodes
were cold. For hot anodes (heated by the arc, which visually the anode brightness
increased with time and then strongly radiated), ucef increased up to ~11–12 V and
reached a steady state. The time to reach steady state is shorter with arc current.

Figure 10.14 shows the dependence of the average steady-state ucef on arc current
for the W anode. When I increases from 175 to 250 A and F = 0.290 kg/s ucef
increases from about 11.1 to 11.6 V. For F = 0.193 kg/s, when I increases from 200
to 250 A the effective cathode voltage increased with from about 11.4 to 12.0 V.
However, the measured ucef for two different F are in range of error bar. This point
and small absolute difference of ucef indicate that ucef practically independent on the
rate of water flow cooling the W cathode.

Figure 10.15 shows the dependence of steady state (average) ucef on arc current
for the Ta anode with F = 0.193 kg/s. ucef initially increases with I from about 10.6
to 11.3 V when I increases from 175 to 200 A and then slightly decreases to about

Fig. 10.13 Time
dependence of water
temperature increase �T and
effective cathode voltage ucef
for a W showerhead anode, I
= 200 A, F = 0.290 kg/s
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Fig. 10.14 Steady-state
effective cathode voltage,
ucef dependence on arc
current with aW showerhead
anode and with water flow
rate F as a parameter
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Fig. 10.15 Steady-state
effective cathode voltage,
ucef dependence on arc
current with a Ta one-hole
anode
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11 V for I = 250 A. The results in Figs. 10.13, 10.14 and 10.15 indicate very weak
ucef changes with I and with F demonstrated for W showerhead anode.

10.4 Summary

As it is follows from above the electrode energy loss and corresponding effective
electrodevoltagewaswidely investigated for arcs in different condition: in vacuum, in
additive lowpressure of ionized gas, in atmosphere pressure, at low and high currents,
for pulse and steady-state discharges. The above-mentioned results are summarized
in Table 10.5. The fact is that the anode voltage exceeds the cathode voltage and
often uaef can be twice as much of ucef, ~12 and 6 V, respectively, for conventional
arc discharge. The cathode-effective voltage for arcs in vacuum is high compared to
those found in gases. Also, the heat losses in the presence of even low-pressure gas
are lower than that measured in vacuum.

One of the explanations of this difference may be the influence of ambient gas in
which part of arc energy dissipated reducing the power lost by conduction to both
electrodes. Another influence can be due to change the spot types causing different
erosion mechanism [29, 30, See also Chap. 10.7]. The low ucef can be due to rough
surface or presence of oxide or deposited films. Estimation [31] for Cu thin films in
the range of thickness 0.17–1 µm shows that cathode-effective voltage is low and in
the range of 1.5–2 V, respectively.

The physics of arc energy distribution can be understood considering the exper-
iments in arcs with refractory anode where the anode temperature increased with
arc duration. It is easy to show considering the VABBA experiment [28]. It was
measured the effective cathode voltage as ucef = 6–7 V during the initial stage (about
30–40 s) which agrees with that measured in the conventional cathodic arc [10].
Similar value was obtained using theory of the cathode spot which took into account
the heat flux formed incident on the cathode spot surface from ion and electron energy



10.4 Summary 303

Table 10.5 Summarized data of measurements of electrode effective voltages

Material ucef, V uaef, V Reference Notes

W 3.2 4.9 [1] Additive plasma, 0.1 atm,
I = 250A

Cu 8 13 [2] Vacuum, I = 30 A

Sn – 7.3 [3, 4] 10−5 Torr,

Cu 2.5 12.5 [5] 10−4 Torr, additive Ar, He

Cu 2 9 [6] 10−4 Torr, additive Ar, He
I = 10kA

Steel 6 11 [6] 10−4 Torr, additive Ar, He
I = 10kA

Cu 6.1 12.4 [7] Vacuum, I = 2.5 kA

Cu, Cr, Cd 4 10 [8, 9] 10−6 Torr, I = 600 A

Cu 6.2 – [10] 10−7 Torr, up to I = 600A

Gd From 5 to −3 – [14] I < 200 A, Cathode T =
1900–2300 K

Cu, Mo, Nb 12.5–14% 15–18.5% [15] 5×10−5 Torr, I =
3–15 kA

Cu – 9.2 [17] Ar, atm

Cd 3–4 6–13 [18] 2–5 A, Nitrogen, atm

Zn 3.5–3.5 6–11 [18] 2–5 A, Nitrogen, atm

W – From 7–9 to 10–12 [10] Ar, 20–760 Torr, I =
50–350 A

W – 9–6 [22] He, Ar and Xe,
2–120 Torr

Cu 6.6–7.2 12 [25] Vacuum, I = 175 and
340 A

fluxes toward it [32]. In the HRAVA (open gap with planar electrode surfaces), ucef
was approximately one third of the arc voltage, while the measured effective anode
voltage in the initial stage (~12 V) was approximately two thirds of the arc voltage
(20 V), and it was resulted from the energy conveyed by the cathodic plasma jets
onto the anode [10, 26]. The nature of energy flux flows with the cathodic plasma
jet will be analyzed below in Chap. 12, [33]. HRAVA steady state with a planar
anode surface, the anode-effective voltage was about 6 V, while the other power part
dissipated in the anode plasma radially expanding from the gap [10, 26].

When the VABBA anode is hot, the relatively large ucef of ~11–12 V at steady
state can be understood taking into account the part of cathode plasma jet energy
returned to the cathode surface (due to closed assembly) and dissipated in its body.
This returned energy flux is due to an anode plasma flux (where the cathode jet energy
was dissipated and was transferred to the anode plasma) and radiation from the hot
interior surface of anode toward the cathode surface. The hot exterior anode surface
radiation as well as the relatively low power in the escaping plasma flux (compared
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to the interior power flux) is dissipated in the surrounding space. Thus, ucef in the
developed VABBA with a hot anode of 11–12 V consists of two parts: (i) from the
cathode spots as in conventional arc (~6 V), and (ii) by returned cathode plasma
jet energy (~5–6 V) which remains in the closed volume formed by the VABBA
electrodes.

Finally, the above overview shows that the energy loss by cathode heat conduction
determined by the cathode spot mechanism, while the energy loss by anode heat
conduction depends by the cathode plasma jet energy incident the anode surface.
The energy flux to the anode varied from energy flux of the cathode plasma jet in
the initial stage to an energy flux streaming from the anode plasma to the anode
surface in steady-state arc stage. The anode plasma energy was determined by the
anode work function and electron temperature [5, 6, 18, 26]. The sum of the effective
voltage drops of the anode and cathode has to be somewhat lower than the total arc
voltage due to surrounding energy loss. This energy loss was determined by the gap
arc plasma expansion, which depends on interelectrode distance in a vacuum or by
the pressure of filled gas.
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Chapter 11
Repulsive Effect in an Arc Gap and Force
Phenomena as a Plasma Flow Reaction

Electrode spots support the current continuity in vacuum arcs. Due to extremely high-
density energy dissipation in the spots, a large energy flux to the electrode is formed.
As result, the electrode is intensely vaporized and conductive metallic plasma being
generated. The electrodes are locally damaged and an erosion mass flux extracted
in form of directed plasma jet was produced on the one hand. On the other hand,
the reaction of the jet, in turn, invokes a force acting on the electrode. The nature of
electrode force is important for understanding the vacuum-arc phenomena. In this
chapter, the results of measurements illustrating the principle of the force phenomena
and early experimental data about vapor pressure and it expansion near the electrode
will be presented (mainly in chronological order and with description close to the
published experiments to better understand the original works).

11.1 General Overview

The works regarding the cathode plasma jet phenomena were widely reviewed
[1–7]. Mainly, those reviews discussed the results obtained in the second half of the
twenty century. This chapter presents additional qualitative and quantitative results
of measurements of expansion of the electrode plasma, which obtained in the end
of nineteen century and in first half of the twenty century. The data published at this
period about the force and velocity of the plasma jet produced by the cathode spot
remain actually up today. Therefore, below we try giving details of the first obser-
vations, about early used methodology and the results as well present an analysis of
the last corresponding researches to clarify the state and physics of measured data
and specifics of this problem.
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11.2 Early Measurements of Hydrostatic Pressure
and Plasma Expansion. Repulsive Effect
upon the Electrodes

Dewar 1879 [8–11] studied applications of a carbon electrical arc and Dewar 1881
[12] (see also, “An electric arc is passed between carbon poles in an atmosphere…
Ann. Chim., 1888”) one of first reported about the hydrostatic pressure developed
at electrodes named as poles in the papers. Dewar measured a hydrostatic pressure
within the arc developed at hollow carbon electrodes (drilled centrally along their
length) using especially developed water manometer to measure the pressure in
condition of arc burning. The hollow electrodes are coupled through two tubes tubing
with the two manometers, whose construction is described as follows:

Two glass cylinders 50 mm in diameter have each a uniform horizontal tube open
at both ends, 2 mm in diameter, passing through the corks, and fitted inside apertures.
When fluid was added to a fixed level, these vessels constituted the manometers. The
tubes leading from the hollow poles have been made of metal or thick India rubber,
and to prevent heating of the tubes and manometer by radiation from the arc, hollow
tin screens through which a current of water flowed continuously have carefully
guarded them. The lengths of tube between the manometers and poles have been
varied, and in some cases, the tube made into a spiral form has been immersed in
water to guard against unequal heating. The little glass stoppers were convenient for
the alteration of the zero point by the addition or withdrawal of fluid from the vessels.
In the experiments, water, ether, and alcohol have been used in the manometers, but
the largest number of the experiments has been made with ether. This fluid is most
convenient because of its mobility.

It was found that when the arc passes between two pointed carbon poles, two very
different arc forms arise. In one case, the envelope of the intensely heated materials
is well defined, almost spherical in appearance, surrounding the whole of the end of
the positive pole, but touching the negative only at a single point. At other times, the
arc is very unsteady, noisy with apparent blasts of flame-looking ejections. These
blasts are invariably associated with a great increase of intensity in the hydrocarbon
and cyanogen spectrum. In this unstable condition, manometric observations are
impossible.

Many experiments were made to ascertain if a local heating of the carbon tube
caused any permanent pressure by taking the arc at right angles to a carbon tube
placed in a block ofmagnesia. This experiment showed that repulsion of the enclosed
gas in the tubes through an electric charge had no effect on the manometer. During
the maintenance of the steady arc, the manometer connected with the positive pole
exhibits afixed increase of pressure,while themanometer connectedwith the negative
pole shows no increase of pressure, but rather on the average a diminution.

According to Dewar [12] “when the negative carbon tube is about 1 mm in diam-
eter, and the point sharp and the tube short, so as to diminish any air friction, at
the negative electrode the manometer seems also to give a positive pressure. Using
intermittent (i.e., pulse) arc, the manometer measurements showed an increase of
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pressure at both electrodes. It appears from the above experiments that the interior
of the gaseous envelope of the electric arc always shows a fixed permanent pressure,
above that of the surrounding atmosphere. This looks as if the well-defined boundary
of the heated gases acted as if it had a small surface tension. This pressure may be
due to various causes including transit of material from pole (electrode) to pole, or
a succession of disruptive discharges.”

If assume that the luminous area near the electrode related to arise of a spot
the positive pressure at the anode can be explained by interaction with the plasma
ejected from the observed luminous points at the cathode and transported through
the gas. The pressure, which sometimes absent at the cathode, can be due to small
spot location, whose action was not detected.

Feddersen in 1861 [13] photographed sparks passing between different metallic
electrodes after reflection of spark light from rotating mirrors. Shuster studied the
electrical discharge in experiments to understand the nature of the electricity in gas
discharges [14, 15]. Considering Federson’s work [13] later, Schuster andHemsalech
in 1898 [16] stated that it was insufficient to only observe the bearing of the subject,
but that the light should be sent though a spectroscope to distinguish between the
luminosity of the air molecules and the metallic atoms. They investigated macro-
scopic expansion of the discharge electrode vapor into atmospheric pressure air.
Their electrical discharges were obtained from a battery of six Leyden jars, having
total capacity of 0.033 µF, and charged from an induction machine. Different inter-
electrode gaps were used and the discharge images were projected onto the slit of the
spectroscope at a distance at which the image size was equal to the spark size. When
the electric spark pass between metallic electrodes the spectrum of metals appeared
and stretched from one to other electrode. The method that determined the vapor
velocity consists in fixing a photographic film round the rim of a rotating wheel.

The investigated sparks have enough powerful to give a good impression of its
spectrum on the film. The metal lines were found to be inclined and curved when
the wheel rotates and their inclination serves to measure the rate of diffusion of the
metallic particles. The lines of the air, on the other hand, remain straight, through
slightly widened. The authors found that low atomic weight electrode materials, viz.,
Al and Mg, had the highest velocities: the average velocity of the Al was over three
times greater than that of Zn.

From a number of measurements, a certain figures were deduced for velocities
at different and equidistant points on photographs, which were taken the average of
all these figures as the mean velocity of the vapor. In Table 11.1 the data refer to the
mean velocities between the pole and a point 2 mm obtained for zinc. The influence
of the capacity and change in the gap length was investigated. It was also obtained
the average velocity taken for different distances.

A comparison of the velocitieswas conducted for dischargeswith different capaci-
ties. It was found that when the discharge gap is small, there a diminution of velocities
was measured than when the capacity increases. This was not what should have been
expected at first sight, as with the large number of jars, it should be expected higher
temperatures, and therefore greater velocity of metallic material expansion. When
the gap is 1 cm, the experiments do not reveal any marked change due to capacity
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Table 11.1 Average velocity of vapor for zinc electrode [16]

Gap length (cm) Wavelength Number of jars

2 4 6

Velocity of vapor (m/s)

0.51 4925 814 556 416

4811 1014 668 529

1.03 4925 400 499 415

4811 501 548 545

1.54 4925 723 1061 435

4811 1210 1526 492

values. It was noted that when the gap was increased, the discharge become irregular
and unsteady, and therefore, no certain conclusion can be drawn from the measure-
ments and the values are doubtful. When six jars were used practically, identical
values are obtained for all discharge gaps, but for small capacity, the centimeter gaps
seem to give a lower velocity than in the two other cases.

Comparing Zn and Cd with each other, it was obtained almost identical values for
both corresponding doublet and triplet lines. In spite of the high atomic weight of
Bi, a remarkable average velocity of 1.4× 105 cm/s was measured. The temperature
of cadmium vapor was calculated as 2700 K using the measured velocity of 5.6 ×
104 cm/s.

In general, the experiment [16] allows obtaining the following approximate data.
The first spark passing through the air will give rise to sound speed, which during
the complete time of the discharge, will only travel a few millimeters. Therefore,
it was considered that its own pressure as into the vacuum expanded the mass of
metallic vapors suddenly set free.Assuming that there is notmuch difference between
the expansion in a vacuum and in the hot air, the measured velocity can be taken
approximately as the sound speed in themetallic vapors. This gives a relation between
the vapor temperature and vapor density. According to work [16], temperature of
cadmium vapor was calculated as 2700 K using the measured velocity of 560 m/s.
The observed luminous caused by the first discharge remains for a time of about
0.5 µs near the surface; the metallic vapor then begin to diffuse and reach the center
of the spark (the gap being 1 cm) in a time which in case of cadmiumwas about 6µs.
The metallic vapor remains luminous in the center of the spark for a longer period
than near the electrodes; the duration of the time during which some luminosity can
be traced with a discharge supported by six Leyden jars is about 15 µs.

Duddell 1904 [17] experimentally studied the arc resistance indicating that the
values of the current and the size and the electrode vapor configuration determined
the arc potential drop in spite of the fact that the length, the nature of the electrodes,
and the other conditions may be kept constant. This research opened the way for
an interpretation mechanism upon the electromotive forces within the electric arc
considering an effect of liberation (i.e., emission) of electrons from that electrode.
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Duffield 1915 [18] measuring the carbon electrode erosion rate in a consumption
carbon arc (see Chap. 8) also studied presence of a hot cathode spot and a cathode
stream.However, before describing the corresponding experiment,Duffield has given
a resume of two existing point of view to the cathodic arc process.

In 1890, Fleming [19] put forward the view that “the negative carbon is projecting
off a torrent of negatively electrified carbon molecules, and these impinging against
the positive carbonwear out a crater in it by a sandblast-like action. The electromotive
force is thus able to keep up a projection of negatively charged carbon molecules
from the end of the negative carbon, which molecules are loosened from the mass
by heat, and then move away from the surface in virtue of the electric charge which
they retain.” Dealing with the potential difference necessary to maintain an arc,
Fleming suggested that a certain fraction of the working electromotive force might
be employed in detaching carbon molecules from the mass of the poles.

Sir J. J. Thomson (Thomson, Conduction of Electricity throughGases, p. 613.) put
forward a different view (actually up today): “The cathode is bombarded by positive
ions, which maintains its temperature at such a high value that negative corpuscles
come out of the cathode. These, which carry by far the larger part of the arc discharge,
bombard the anode and keep it at incandescence. They ionize also either directly by
collision or indirectly by heating the anode, the gas or vapor of the metal of which
the anode is made producing in this way the supply of ions, which keep the cathode
hot. It will be seen that the essential feature of the discharge is the hot cathode”.

The important part played by the high temperature of the cathode and arise of
cathode stream were illustrated by Duffield in the following experiment. Two carbon
rodsA and B form the positive and negative poles (electrodes) of an arc.When the arc
springs from the end of negative B to the rounded surface of A, then B can be moved
rapidly up and down the length of A without extinguishing the arc, whereas if the
poles are reversed, the arc at once goes out when the positive is moved. The general
effect is such as though the hot spot upon the negative pole acts as a nozzle through
which a stream of negative electricity is discharged. The arc develops whenever this
stream falls upon another conductor connected to the opposite terminal of the source
of current supply. The experiment was modified by mounting one pole so that it can
be rotated about its long axis, and by forming an arc between its rounded surface
and the end of a second carbon rod. When the latter is the cathode, the former can
be rapidly rotated without affecting the arc, but not when it is the anode unless the
motion is extremely slow, when it is possible to wrap the arc completely round the
circumference of the cathode, the hot spot upon it remaining fixed and turning with
the pole.

It should be noted that the above-mentioned description of cathode processes
is remain close to the modern theories up today, which used the modern plasma
knowledge, in spite of that past of more than 100 years.

Suspending one electrode of a carbon arc and a keeping the other electrode fixed,
Duffield et al. 1920 [20] found an apparent repulsion between them. There was in fact
a pressure upon each electrode, which tends to separate them. Duffield has observed
the repulsion between electrodes in preliminary experiments in 1912 and the original
data were presented in a paper entitled “A pressure upon the poles of a carbon arc”
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at British Association Meeting, Australia, 1914. Three series of measurements were
conducted in the period up to 1920with this same experimental setupwith differences
in the disposition of the carbons in different sets of experiments.

A stirrup was suspended by a torsion fiber, or by two fibers F, as in the illustration
(Fig. 11.1), in this was placed a copper rod E to whose extremity was fixed at right
angles, a short carbon rod C, which was balanced by counterpoise W at the other
end. The arc was formed between this carbon rod and other (D) fixed ether as shown
in Fig. 11.1 or in some another manner. In its zero position, the Cu rod swung freely
between two stops S placed close to one end. The sensitivity of the suspension and the

Fig. 11.1 Schematic presentation of the system for force measurement in an air electrical arc [20]
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Fig. 11.2 V-grip presentation [20]

long period of swing necessitated some simple means for bringing the rod back to the
zero position, and the V-grip device illustrated in Fig. 11.2 was ultimately adopted
in place of the stops S. The adjustment was made by twisting the torsion head until
on turning down the V-grid; the suspended wire remained stationary. This control
also enabled the arc length to be maintained nearly constant during an experiment.
The difference between the readings of the torsion head T when the current was on
and off measures the couple acting upon the suspended Cu rod if the constant of the
suspension are known.

The movable parts of the system were completely enclosed in a box B with a
glass top to prevent disturbance from air currents in room and appropriate windows
and holes in it to enable observations to be made. The torsion fiber was enclosed
in a vertical tube. A lens focused an image of the arc upon a screen facilitate the
measurement of the arc length. The observed couple was due to total pressure upon
the electrodes determined forces within the arc. These forces include different effects
such as air flow, electrostatic, electromagnetic, and earth’s magnetic field.

The force on a carbon anode (a) and cathode (b) is presented in Fig. 11.3 as a
function of the arc current, with arc length Larc as a parameter. The graphs are not
straight lines, and the total force is somewhat greater at the anode than at the cathode.
The dependence on arc length is not monotonic. In both cases, the measured force
significantly reduced when the current approaches to 3 A. The authors postulated
that the force was due to electrons projected from the cathode, which moved with a
speed large compared with that which they would acquire in the field itself.
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Duffield [20] pointed that in the previous measurements of Dewar 1881 [12], no
data were given respect to dependencies on current and arc length and the hydrostatic
pressure (1 mm of water is about 100 dynes/cm2) near the anode was about one
hundred times larger than the total pressure (in dines) upon the electrodes measured
in this research. However, this conclusion and the area were not discussed.

To understand the measured electrode effects, Duffield [20] assumed that a pres-
sure could arise from the expulsion of carbon atoms in the process of evaporation.
Any reaction due to evaporation he calculated using the measured mass per second
(8.5 g/s for 10 A arc) which leave the electrode and atom velocity determined as
thermal velocity by electrode boiling (400 K) temperature (2.97 × 105 cm/s). As
result, it was found a disagreement between observed and calculated data.

Tyndall 1920 [21] and Beer and Tyndall [22] provided experiments to understand
the role of ion fluxes from the electrodes in formation of the force at the electrodes.
The experiments were made with a horizontal straight arc of soft carbons of 1.3 cm
diameter, through each of which a hole of 3.5 mm diameter had been bored by
removing the soft core. All experiments were carried out at atmospheric pressure.
The pressure at either anode or cathode was by connecting it to one limb or a tilting
bubble gauge of the usual type. In general, the other limb was open to air to some
point in or near the body of the arc at which the pressure was that of the surrounding
atmosphere. The particular instrument used responded to a difference of pressure of
about 1/1000 mm of water. An image of the arc was focused on a screen so that the
distance between the carbon electrodes could be maintained at required values and
simultaneously reading the manometer pressure for various currents and lengths of
arc.

The preliminary observations in [21, 22] showed that the Dewar effect [12] was
readily obtained, namely an excess pressure at the anode for a silent arc and a compar-
atively negligible pressure, which was sometimes negative at the cathode. The anode
pressure was greatly reduced when the arc was hissing. An observation showed that
the anode pressure was decreased with time. It was found that this result depends on
carbon contained absorbed gases. This was solved in a series of experiments with
carbon electrodes from which the gas had been desorbed by running the arc at a
high current for 5 min before the measurements were made. The current used for
desorption being in all cases greater than that of which pressure measurements were
subsequently taken. The electrodes used were with a diameter of about 8 mm, partly
to ensure a more complete desorption of gas and still more to minimize as far as
possible the tendency of the arc to leave its central position for effective gauge use
in the measurements.

Another experimental difficulty was “hissing,” which considerably restricted the
scope of the observational work. It was particularly noticeable with postwar carbons.
When the arc was hissing, the luminous patch on the anode was quivering and
travelling about, with the result that the effective pressure was greatly reduced on
that electrode owing to the departure from centrality, if from no other cause as well.
On the other hand, hissing caused the cathode pressure, whichwas generally negative
for a large hole, to become positive.
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Anode pressures and length of arc for various currents with holes of different sizes
were obtained. The observations show that the pressure at the anode is practically,
if not wholly, independent of the length of the arc. This result strongly suggests that
the pressure originates in the region quite close to the anode itself, and experiments
with different sizes of the holes and current afford additional support for this view.

The linear dependence of the anode pressure on arc current is demonstrated in
Fig. 11.4. The readings for this dependence were taken under conditions in which
the greatest care was observed in ensuring centrality of the arc, the hole (1.5 mm)
being always smaller than the luminous spot. For other hole sizes (except perhaps at
the largest currents), the holes were always larger than the luminous patch and the
centering consequently not perfect. Therefore, the obtained anode pressures were
significantly lower (<5 dynes/cm2) at arc currents up to 10 A and linearly depended
then up to 15 A increasing from about 5 to 50–100 dynes/cm2 depending on hole
sizes (see Table 11.2).

Quantitative measurements at the cathode were difficult, owing to the fact that
the luminous spot was much smaller and will rarely remain centered on a small hole
in the electrode long enough to obtain readings which are definite except in sign. In
the case of the large holes, the luminous spot was appeared right inside the hole at a
point on its wall. In the case of the small holes, the spot was about half on the hole.
The careful measurements were taken with a hole of 1.5 mm diameter, selecting only
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Fig. 11.4 Anode pressure as function on arc current [22]

Table 11.2 Anode pressures
for different hole diameters
[22]

Arc current (A) 7.5 10.5 14.5

Hole diameter (mm) Anode pressures (dyne/cm2)

1.7 23 52 85

2.3 28 53 82

3.0 25 48 72

4.0 32 55 89

5.0 35 59 96
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Table 11.3 Pressure at the cathode of 9 mm diameter [22]

Hole = 1.5 (mm) Hole = 1.1 (mm)

Length (mm) Current (A) Pressure
(dyne/cm2)

Length (mm) Current (A) Pressure
(dyne/cm2)

– 13.5 6.9 7 13.5 24.7

7 17.0 13.2

1.3 17.0 18.6 5 18.1 5.7

6 19.5 31.8

the rare occasions on which the arc was really central. In every such case, a relatively
large positive pressure was recorded. This result was confirmed by a few readings
taken with a smaller hole 1.1 mm in diameter. The order of magnitude of the effect
is given by the results shown in Table 11.3.

According to Table 11.3, the pressure was given as the force per unit area. The
force can be estimated assuming that the area was determined at least by the hole
radius of 1 mm. In this case, the larger force from the table will be about 0.05 dyne/C,
which is very small value. As the authors [22] noted that with the large holes used by
Dewar [12], he did not observe the positive cathode pressure of a perfectly central
arc but was dealing with negative pressures similar to those observed in the present
work. They also supposed that the pressure was caused with the effects of space
charge near the electrode.

The pressure observed at the anode was produced by the motion of a space charge
layer of negative electrons in a thin layer close to the electrode while at the cathode
was produced by the motion of a space charge layer of positive ions. The thickness
of space charge layer was estimated as 10 µm for anode.

Tyndall 1921 [23] developed a model to analyze the mechanism of the effects of
the electrostatic forces within the arc, and for re-examining the theoretical basis of
the Duffield effect in the light of the further information of the Dewar hydrostatic
pressure has provided. The model included a study of pulses obtained in the electric
field by different ions and of electron velocity in the arc. It was noted that the in order
to produce a Duffield effect, the electrons must retain their original momentum in
travelling across the arc. However, they could exert any drag on the gas and therefore
they will very rapidly be pulled up quite close to the cathode, thereby setting up a
suction there, whichwill balance the recoil of the electrode and so reduce theDuffield
effect to zero. In the opinion of the author, the theory of pulse from electrons moving
across the arc either from the cathode itself or from its immediate neighborhood is
not in accordance with some experimental data. It was therefore concluded that (i)
Duffield’s explanation of the mechanical pressure he observed is doubtful and (ii)
a pressure of the order of magnitude observed can be studied with a theory of the
striated discharge only when a method for measuring the mobility of the ions will
be improved in the arc conditions.

A Sellerio 1916 [24] and 1922 [25] studied experimentally a repulsive effects
upon the carbon electrodes in an atmospheric pressure electrical arc. The system
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Fig. 11.5 Schematic
presentation of the system
for the force measurements
[24]

of measurements was presented in Fig. 11.5. A sort of torsion balance, which was
connected to the horizontal rod, a suspension fiber normal to the plan hanging down
froma graduated (Schermo) torsion head, and a little iron style dipping into amercury
trough. Therefore, the current flowed through the mercury either in the direction
OMBA, or in the opposite one.When the arc is started, the armOMtends to recoil, and
to hold it stationary it is necessary to give to thefiber a certain torsionα, corresponding
to a force as

F = 0.036α (dyne) (11.1)

The force F there is to be distinguished: (i) the true repulsion rising within the arc
gap; (ii) some disturbance occasioned from the heat, as air convection currents, etc.;
(iii) the influence MF = 0.296I of the earth’s magnetic field; and (iv) the electrody-
namic action Eed = 0.03I2 between OMB and the fixed circuit. It was taken OM =
15 cm, MB = 4 cm, and H = 037. Taking in account the earth’s magnetic field and
electrodynamic actions, the corrected force P+ for anode and for cathode P− are

P+ = F − 0.2961− 0.03I 2 (11.2)

P− = F + 0.2961− 0.03I 2 (11.3)

In the experiments, almost all the readings were taken by keeping the arc length
Larc constant and varying the current. The observations showed that the carbon quality
has a far greater influence thanLarc on the results.When the carbon rods are very close
together (Larc ~ 0), the repulsions become evidently greater. It would be useless to
relate here the individual series of measurements… Therefore only the mean values
of P upon anode and upon cathode for arc length Larc = 1–4 mm were presented in
Table 11.4 by given the current and after the corrections with (11.2) and (11.3).
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Table 11.4 Electrode force for given arc currents [24, 25]

Anode Cathode

Current (A) Deflexion α F (dyne) P+ (dyne) Deflexion α F (dyne) P− (dyne)

3 36 1.30 0.14

4 62.2 2.23 0.57

5 88 3.16 0.93

6 114 4–10 1.24

7 140 5.04 1.49

8 166 5.90 1.61

9 204 7.5 2.26

10 240 8.65 2.69

11 290 10.4 3.49 16 0.58 0.21

12 336 12.1 4.23 48 1.73 0.96

13 380 13.7 4.77 80 2.87 1.66

14 436 15.7 5.68 112 4.03 2.1

15 480 17.3 6.07 144 5.19 2.87

16 540 19.4 6.97 176 6.35 3.38

17 600 21.6 7.88 210 7.55 3.87

18 260 9.35 4.95

19 318 11.50 6.35

20 376 13.60 7.42

The diameter of the electrodes has no great influence in the present research, of
course only while it remains large relatively to the crater size. For, putting a carbon
rod 12 mm. in diameter against a similar one of 3 mm, when the latter is acting as
anode, the arc hums and the repulsion becomes greater. Further remarks made also
with thick carbon rods either by increasing the current strength over the hissing point
or by shortening the length has generally shown that when the arc is not quite steady
and silent, the forces acting upon the electrodes become greater.

In order to explain the observed mechanical pressure, many hypotheses have been
suggested [25]. One of them was take in account that the arc loss of matter by each
electrode and a transport from anode to cathode occur, thus—on the anode at least—a
recoiling effect must be occasioned. Whatever the nature of the forces propelling the
particles may be, the recoil can be due to evaporation electrode material. In the case,
the relation between the measured force P of an evaporated mass flux per second N
(particle mass m) from an electrode crater of are Ac with the mass velocity v can be
estimated as follows:

P = Nmv (11.4)
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Table 11.5 Specific pressures at the anode and cathode for different arc currents [25]

Current I (A) 2 4 6 8 10

Force, P (dyne) 0.1 0.44 0.9 1.43 2.12

Anode crater area (cm2) 0.017 0.088 0.16 0.24 0.31

Cathode crater area (cm2) 0.005 0.027 0.05 0.073 0.096

Anode pressure (dyne/cm2) 5.8 5.0 5.6 5.9 6.8

Cathode pressure (dyne/cm2) 20 16.5 18 19.5 22

In the electric arc, there is a repulsive effect upon the electrodes, increasing with
the current. The range of P is less than 10 dyne with currents up to 20 A. The carbon
quality has a great influence on P. It seems that metallic impurities cause an increase
in the pressure on the cathode and diminish that on the anode [24]. With uncured
carbons, the repulsion on the cathode appears smaller than that on the anode. On
the contrary, the specific pressure per unit crater surface is greater on the cathode
[24]. The propulsive velocity of carbon particles has been estimated as 280–400 cm/s
[24]). The specific pressure p was obtained as ratio of the force P to the crater area
Acrat. Taking the values P from Duffield’s work [20] and the values Acrat for a circular
crater from Sellerio’s work [24], the specific pressures can be estimated at the anode
and cathode. The results are presented in Table 11.5.

The author noted that the data in Table 11.5 are only recorded in order to give a
rough estimate of the specific pressure. To pursue accurately this inquiry, coherent
values of the force and crater area for the same carbons and the same arc length
are required. Sellerio 1922 [25] also indicated that the manometric observations of
[22] of the mechanical pressure with drilled carbons have shown for current strength
under 20 A a hydrostatic pressure up to 30 dyne/cm2, an order of magnitude not far
away from that of the mechanical pressure. However, in a research on the electric
arc Hg+/C~ between Hg as anode and a thin carbon rod as cathode, a pressure of
6500 dyne/cm2 upon the positive pole Hg was calculated. In fact, it is known that in
a Hg arc, a cavity of 1 mm or more in depth has been often observed, corresponding
to a pressure range over 1300 dyne/cm2, with currents of a few amperes. With a
carbon–carbon arc, the specific pressure is, as shown, a hundredfold smaller (See
[24, 25]).

Sellerio [25] indicated that theDuffield’s (see above) assumption about the thermal
velocity used for explain the electrode force was hardly defensible. He showed that
the atom expansion from the electrode could be analogical to an expansion process
from a compressed gas in bulb. By opening a tap, the gas escapes impressing a
reaction upon the bulb as in turbines. The velocity with which the gas departs from
the bulb is a function of the pressure difference and therefore can be different from
the thermal velocity. Sellerio [25] noted that it could not be concluded with full
knowledge whether the observed effect associated with electrical processes of the
arc, or whether the force was appeared as result of an ordinary way the evaporation
of electrodes at high temperature.
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11.3 Primary Measurements of the Force at Electrodes
in Vacuum Arcs

The above-considered early works has been provided mostly in air and experimental
results demonstrated the existence of a repulsion of between the electrodes. This
(observed even at primary arc study) effect indicates that the electrical arc exerts a
force on the electrodes and appearing of a plasma flow with relatively large velocity.
The forces on the electrodes were observed for low currents (<20 A) in atmospheric
arcs and therefore the results showed relatively low values (about 1 dyne). Also,
the number of experiments with electric arcs in a vacuum indicated that a jet of
high-speed vapor was ejected from the cathode [26] and the forces were obtained in
vacuum significantly larger than that measured in atmospheric arcs in similar range
of currents. Let us consider the further quantitative data. Tanberg [27] measured the
velocity of an expanding Cu plasma jet by: (1) the force of reaction of the vapor on
the cathode and the rate of vaporization of the cathode material and (2) determining
the force exerted by the vapor on a vane suspended in front of the cathode spot and
the rate of vapor condensation on the vane.

Thus, the experiments were conducted measuring the force of reaction of the
vapor on the cathode and by determination of the momentum imparted by the vapor
to a vane suspended in front of the cathode. The experimental system is shown in
Figs. 11.6a, b. Also by measuring, the amount of vapor condensed on the vane per
unit time by weighing method, the vapor velocity was obtained. The average jet
velocity from the cathode was calculated from the two methods, using, in the first
case, the reaction force and mass loss of the cathode, and in the second case, the
deflection and mass increase of the vane.

The arc current was in the range of 11–32 A, and the vacuum chamber pressure
was ~10−4 torr. Cu cathode was used as a short cylinder of 0.6 cm diameter around
which a quartz tube fitted in order to limit the spot motion and on the end surface of
which the cathode spot was located. The deflection was measured on a scale, located

Fig. 11.6 Schematic presentation of force measurements by reaction of the vapor on the cathode
(a) and determining the momentum imparted by the vapor to a vane suspended in front of the
cathode (b). Figure taken from [27]. Permission number RNP/20/FEB/023149
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Table 11.6 Typical data determined by reaction force from the cathode [27]

Current (A) Reaction force
(10−3 g)

Force (dyne/A) Evaporation from
cathode (10−4 g/s)

Jet velocity (106

cm/s)

11 199.3 17.8 1.7 1.60

16 263.6 16.2 2.5 1.46

19 363.1 18.75 3.0 1.68

32 462.0 14.16 4.9 1.31

underneath the cathode. The instrument was calibrated for cathode deflection against
the corresponding force on the cathode surface. The arc was formed by contact
between the cathode and anode. As soon as the arc ignited, the anode was moved to
about 1.5 cm away from the cathode (Fig. 11.6a).

The series of typical data are presented in Table 11.6. Electrostatic and electro-
magnetic effects showing very small contributions indicated only in gram in [27]
corrected the results of force measurements. These data of the force M given in gram
divided by current and multiplied by is the acceleration due to gravity, 981 cm/s2,
given forces in dyne/A (third column). According to Table 11.6, the average reaction
force from the freely swinging cathode is ~16.73 dyne/A and the average velocity is
1.5 × 106 cm/s.

According to the second method in the apparatus shown in Fig. 11.6b, the Cu
cathode, c, surrounded by quartz tube, was fastened to a metal rod, which could
be moved from outside the vacuum by means of the flexible bellows. The arc was
formed by moving the cathode to touch the anode. As soon as the arc was ignited,
the cathode was moved back in front of the glass vane, consisting of a square piece
of Pyrex glass. Two fine silk threads from a supporting frame suspended this. The
deflection of the vane was fixed directly on the scale, which determined the force as
a function of the deflection. During a test, the arc would play, while the vapor would
be projected from the cathode spot directly against the vane deflecting this according
to the momentum imparted to it by the impinging particles.

The measurements using glass vane method were presented in Table 11.7. Using
data from this table, it can obtain the average force as 4.73 dyne/A. Although the
force measured at the vane was lower, the amount of mass collected was also propor-
tionately less, hence about the same similar value of average velocity was obtained
as 1.9 × 106 cm/s.

Table 11.7 Typical data determined by deflecting vane [27]

Current (A) Force on vane (10−3

g)
Force (dyne/A) Condensed vapor

(10−5 g/s)
Jet velocity (106

cm/s)

14.2 64 4.42 4.26 2.08

16.0 64 3.93 5.37 1.66

18.0 94 5.12 6.50 2.01
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Using the measured rate of cathode evaporation, Tanberg [27] estimated the
cathode temperature assuming that the kinetic energy and the absolute temperature
T of the atoms should be justified to use the equation applying to three degrees of
freedom of the single atom as mV 2/2= 3kT /2 (m is the atom mass in grams, V is the
jet velocity). The calculations showed that cathode temperature for Cu atoms varied
in range (4.4–7.3) × 105 K. As was noted, in this work, these temperatures were far
in excess of even the most extreme temperatures ever measured in connection with
any physical phenomenon of any duration. As was indicated by Tamberg [27], the
second method was used due to very high temperature, calculated by measured jet
velocity, compared with what could be expected from conservative estimates of the
temperature existing at the cathode.

Another work of Tanberg and Berkey 1931 [28] showed that the temperature of a
copper cathode is measured by an optical pyrometer and found to be about 3000 K
in a 20 A arc. Spectroscopic examination of the cathode spot shows only a faint
continuous spectrum indicating that the temperature of the cathode is not high and it
is sufficient to give the rate of vaporization required under arc conditions. The high
speed of the vapor stream issuing from the cathode region cannot be due to high
temperature of the cathode itself.

Kobel 1930 [29] measured the force on a mercury cathode. In order better under-
stand the experiment, let us describe themethod as it presented by Kobel. Figure 11.7

Fig. 11.7 Diagram of
measurements. G is a glass
chamber, K is the cathode, A
is the three iron anodes,
equally spaced in the form of
a triangle. Figure taken from
[29]. Permission number
RNP/20/FEB/023159
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showsdiagrammatically a glass container of about 5.5L capacity, in thefloor ofwhich
is the cathode K, and in the cover, the three iron anodes A, equally spaced in the
form of a triangle. The conical- and cylindrical-shaped tungsten insertion-piece is
extended in an upward direction by a quartz cone so that the arc may be ignited in it
by touching the mercury with the ignition anode Z.

After ignition, the mercury is lowered into the cylindrical part of the tungsten
insertion-piece by rotating the screw S. When increasing the cathode current, the
mercury pressure must be adjusted at the same time by means of the screw S, so that
the surface of the mercury, which is entirely covered by the cathode spot, neither
rises nor sinks. The pressure is indicated on a slanting capillary glass tube attached to
the bottom of the vessel containing the mercury. The amount of mercury vapor was
determined separately by decreasing themercury level in the tungsten insertion-piece
at a constant temperature of the container and with the mercury feed pipe closed.

When the cathode spot is moving freely, the surface of the mercury is much larger
than the area of the spot, and in this case, the vaporization is greatly dependent upon
the mean temperature of the surface of the mercury. When the cathode spot is fixed
and the spot covers the entire surface of the mercury, the vaporization remains at a
certain value, which is no longer greatly dependent upon the cooling of the cathode.
This is also the case with a strongly cooled copper-mercury cathode. The copper disk
used as a cathode that contained holes of about 2 mm diameter filled with mercury.
A cooling liquid with a temperature of 10 °C was circulated round a channel in the
disk during the test.

The arc only burned until all the holes covered by the cathode spot were used
up. A subsequent examination of the copper disk showed that it had been scarcely
burned by the arc, since an arc current of only 14 A was used. The gas pressure in
the chamber, arc current, force on the cathode spot, and vapor velocity are given
in Table 11.8. The data in column 3 give only the gas pressure in the chamber, but
not the mercury vapor pressure. No corrections for electrostatic and electrodynamic
forces were made because they do not affect the results.

As it can be seen the average force measured by Kobel [29] for Hg is about
40.7 dyne/A and larger by factor more than 2 that force obtained by Tanberg [27].
This same is related to the average velocity, 3.4 × 106 cm/s.

Berkey and Mason [30, 31], determined the vapor velocity by measuring the
kinetic energy of the vapor stream. Also Mason 1933 [32] was given a resume of
previous observations of the forces and jet velocities obtained from measurements

Table 11.8 Data of measurement [29]

Current (A) Current density
(A/cm2)

Pressure (mm
Hg × 10−3)

Force (dyne) Force (dyne/A) Jet velocity
(106 cm/s)

30 1700 0.5 1470 49.0 4.2

37 2090 1.5 687 18.56 1.6

35 1980 0.5 1470 42.0 3.6

32 1810 0.5 1700 53.13 4.33.4
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Fig. 11.8 Schematic
presentation of the
measurements on cathode
vapor jet. Figure taken from
[32]. Used under a Creative
Commons 4.0 Attribution
license https://creativecomm
ons.org/licenses/by/4.0/leg
alcode

of momentum in the way in which the balancing force was registered. Figure 11.8
shows a sketch of the used setup with Cu electrodes mounted in a glass desiccator.
The arc was ignited by a contact with the anode. A quartz cylinder surrounding the
copper rod cathode restricted the cathode spot to the end of the 0.55 cm diameter rod.
A silver vane 2.5 cm square and about 0.25 mm thick was suspended 3 cm directly
in front of the cathode by a silk thread.

Below the vane, a scale was mounted which allowed the deflection of the vane
to be observed. A number of thermocouples were to measure the temperature of the
vane in degrees centigrade. The gas pressure of about 6 × 10−4 mm, an arc was
struck and run for a few seconds. During a test, the pressure would rise to 20 or 30×
10−3 mm. The mass of the copper deposit on the vane was determined by weighing
method. Arc current and arc voltage were 18.5 A and 30 V, respectively. Distances
from cathode to anode and to vane were 3 and 2 cm, respectively. The force acting
on the vane was found from the deflection of the vane, the length of support, and
the mass of the vane. The energy absorbed in the vane was obtained from the rate of
temperature rise of vane when the arc was running. The results of several tests are
given in Table 11.9. The values of velocity calculated from the energy input show
close agreement from test to test. The mean velocity calculated from the force shows
greater variation than the velocity, but still is of the same order of magnitude. In
cases where the deflection could not be determined exactly, upper and lower limits
are given for the deflecting force.

As it is followed from themeasurements, the force is relatively low. As the authors
due to the smallness of vane deflections, the distance from scale to eye and the
uncertain retarding force of the coiled thermocouple leads noted it, the force on the
vane could not be determined with very great accuracy. The average velocity of the
vapor, computed from data obtained by either method, is over 106 cm/s, confirming
Tanberg’s momentum measurements. Also, it was indicated that the vapor is ionized
to a considerable degree.

Creedy et al. 1932 [33] investigated the welding arc in order to understand what
force phenomena in the arc produced an ejection of the welding droplets. They

https://creativecommons.org/licenses/by/4.0/legalcode
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Table 11.9 Parameters of vapor stream from cathode [32]

(1) (2) (3) (4) (5) (6)

Number of
test

Power to
vane
(ergs/s ×
107)

Force
(dynes)

Force
(dynes/A)

Mass Cu
deposited
on vane
(g/s ×
10−5)

Velocity from
columns (1)
and (4) (×
106 cm/s)

Velocity from
columns (1)
and (4) (×
106 cm/s)

1 7.26 – 2.38 2.46 –

2 4.64 – 2.38 1.98 –

3 3.59 53–70.5 2.86–3.81 2.38 1.78 2.23–2.96

4 – 70.5 3.81 2.38 2.96

5 – 70–88.2 3.8–4.77 2.38 2.96–3.7

6 – 53.6 2.9 2.22 2.41

7 4.36 35.8 1.94 2.22 1.98 1.62

developed an experiment to study the near-electrode region as project it intense
brilliance image on a screen magnified by means of a lens because this arc region
cannot be studied directly. In this case, a series of remarkable phenomena at once
becomes apparent. In first, a low-current arc of four or five amperes considered
between electrodes of about the same size as welding wire.

This experiment showed that the two ends of the electrodes each become fused into
a globule, the positive electrode being materially hotter than the negative. In some
cases, the globule may be exclusively on the positive electrode while the negative
electrode contains only a small incandescent area corresponding to the cathode spot.
On each electrode, there is a brilliant incandescent spot and frequently a reflection
of the cathode spot may be seen in the fused surface of the drop on the end of
the positive electrode. All this has been the subject of much study, and when an
arc between electrodes of similar area but carrying a welding current of 150 A is
examined in the same way, some entirely other phenomena become apparent. For
example, when a powerful current is used the drop grow to a certain diameter, usually
somewhat larger than that of the rod and then there is a sharp explosion or crackling
noise and the drop disappears, its motion being so fast that it is impossible to see it
by means of movie cameras of ordinary speed.

In order to overcome some difficulties, the experiment is conducted at very short-
arc time. The iron arcs are studied by means of an apparatus and designed based
on the principle of the ballistic galvanometer. The experiments were conducted in a
setup consisted of a brass rod about 8 mm in diameter and 20 mm in long terminated
at either end by an iron electrode about 10 mm diameter and 30 mm long with a
moving system which was suspended at the center of gravity by a bifilar suspension.
The important part of the setup is a galvanometer mirror fixed to the suspended
system and reflects a spot of light on a screen and a pin (moving electrode) projects
from below, dipping into a mercury cup.
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The current passes through the fixed electrode, the arc between it, and moving
electrode, and then through the moving electrode and out through the mercury cup.
In order to the arc ignition the electrodes must be momentarily touched together and
then drawn apart by controlling a key. The method of operation consisted in ignition
of the arc with a small current, 5 A, when the forces due to which were small and
also small oscillation and then sharply passing to the high current for a short period
varying from 0.1 to 0.6 s and observing the first deflection of the spot of light. From
this and the moment of inertia, the impulse was calculated from data of the ballistic
galvanometer. The impulsewas defined as the forcemultiplied by time of application.

The results were obtained for wide range of arc currents (I = 38, 68, 90, 120,
and 154 A). It was proved that the measured deflection obtained for electrode orien-
tation used in experiment was entirely due to the arc forces and not by electromag-
netic forces. A considerable number of observations were conducted to obtain the
arc lengths Larc dependences with constant current. Figure 11.9 shows the relation
between forces and the arc length (with I as parameter) produced by the arc moving
electrode relatively fixed electrode and spot light of the arc was projected on a screen
(see detail of the experiment in [33]). As follows from theses dependences, the length
increases with current. However, the force weakly depends on the Larc for I < 90 A
and the force significantly increases with Larc decreasing depending on I.

The relation between the force and arc current was presented in Fig. 11.10. As can
be seen that the force depends parabolic on the arc current significantly increasing
after I > 100 A depending on Larc.

Using the data from Figs. 11.9 and 11.10, the specific force in dyne per amperes
as function on current can now be calculated. This dependence is illustrated in
Fig. 11.11. In essence, this specific force increased with I and decreased with Larc.
The obtained results discussed in frame of that measurements were published previ-
ously. For low current, these results are close to the measured in published works
[20–25].

Easton et al. 1934 [34] continued the experimental study of the force between
electrodes of the arc in a vacuum. The relations between arc current and mass of
condensed metal, force between electrodes, and velocity of the vapor stream were
investigated. The experimental setup with a chamber in 43 cm diameter consisted

Fig. 11.9 Arc length versus
force for arc current as
parameter [33]

0 200 400 600 800
0.0

0.1

0.2

0.3

0.4

0.5

0.6

68 A

90 A

120 A I=154 A

I=38 A

Ar
c 

le
ng

th
, c

m
 

Force, dyne



11.3 Primary Measurements of the Force at Electrodes in Vacuum Arcs 327

Fig. 11.10 Current versus
force for arc length as
parameter [33]
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Fig. 11.11 Dependence of
the force in dyne/A on arc
current
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of a fixed and moving electrodes connected with a measurement unit. The fixed
electrodes consist of two steel or fiber disks.Amechanicalmeasurement unit included
an equipment with a vane, a cup filled with mercury, an aluminum float and this
arrangement allowed to measure the forces produced by the arc onto the vane.

The authors noted that, owing to the construction of the instrument, it was not
possible to obtain an extremely high vacuum; values of pressure varying from 20 to
50 µm (millitors) of mercury being the best obtainable. Careful studies showed that
a further increase of vacuumwould produce no effect other than slight increase of the
forces measured. No fundamental changes in the phenomena due to higher vacuum,
therefore, seem to us likely. The results of arc force measurements are presented
in Fig. 11.12. It was observed that the force is produced whether the anode or the
cathode is stationary. With the anode moving, the force is much smaller for low
currents than with the cathode moving.
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Fig. 11.12 Force on vane as
function on arc current with
the chamber pressure P
(millitors) as parameter: A1
& A2-cooper cathode, P =
50; B-tungsten anode, P =
40. C-carbon cathode, P =
42. D-zinc cathode. P = 56.
E-copper anode, P = 50 [34]
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Hence, it was explained that the anode force might be overlooked when experi-
ments were made with small currents only. The copper arc was found to be consid-
erably more stable than certain others and thus the curves for copper show less scat-
tering than similar curves for other materials where the arc could not be so readily
manipulated owing to reduced stability.

According to the data of Fig. 11.12, the cathode force (in dyne) increases with the
arc current. Using these data, the specific force per unit current can now be calculated
and the results are given in Fig. 11.13 for different electrode materials. As can be
seen, the force per unit current also increases with current but for copper cathode, it
is constant and lower than the value measured by Tanberg [20] by about factor two
in low range of currents.

Tonks 1936 [35] indicated that measurement of the force at a liquid mercury-arc
cathode is problematic due to the force that can be directed not normal to the general

Fig. 11.13 Force per unit
current as function on arc
current for different materials
of the cathodes and anodes
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liquid level. It can be perpendicular to small portions of that surface, which, due
to the violent inclination, make considerable angles with the horizontal direction.
Confining the spot to a small cathode area of mercury surface [29] may increase the
pressure through the constriction of the arc path above the spot.

Tonks studied the cathode force in mercury arc with anchored cathode spot by
two methods. One was based on the depression of the meniscus edge carrying the
cathode line, due to the pressure on it. Direct observation of the cathode line formed
at the junction of mercury with a vertical Mo strip immersed in mercury showed that
as the arc current was increased, the meniscus edge and cathode line were depressed.
By measuring the lowering of the line, as the current was varied, Tonks determined
the force per cm at the cathode line using theoretical model of a meniscus shape.

The second experiment used a torsion pendulum to measure the total force, which
includes not only that exerted directly on the exposed anchor surface, but also the
force of the first method. This was demonstrable either on the general ground of
momentum balance or by an analysis of the hydrostatic pressures on the two sides
of the anchor.

It has been noted that the measured force was a horizontal component. The direc-
tion was observed, in applying the magnetic field to the cathode line. When the
field direction was turned from the horizontal through the current flow direction
to parallelism with the anchor, the displacement of the cathode spot reversed. At
some position of the field intermediate between these two extremes, the cathode line
was not displaced. It is expected that the line of action of the mechanical force on
the cathode coincide with the mean direction of current flow near the cathode. By
deflecting this current, the magnetic field creates a force component parallel to the
meniscus edge, which moves the cathode line to one side or the other.

The cathode line will be unaffected only when the magnetic field lies at angle in
direction coincident with that of the current, and this neutral direction is the direction
of the cathode force itself. This resultant force was obtained bymeasuring the neutral
angle and using the horizontal component of the force. The results of the observations
are shown in Fig. 11.14. The measured force rises slightly faster than linearly with
current. According to these data the ratio of force to the arc current increases from
33 dynes/A at small currents to 42.5 dynes/A at 10 A (horizontal).

The resultant force vary from 35 dynes/A at low currents to 66 dynes/A at 10 A.
The resultant force was explained by assuming that each emitting area of the cathode
line exerts not only a pressure arising from it alone but also an additional force
arising from the interaction of the currents from the neighboring areas and by more
concentration of the electron emission at large current.

Robertson 1938 [36] experimentally demonstrated the variation of the force on
the cathode as function on a gas pressure in an electric arc. The measurements were
conducted as in previous works using a pendulum, which consisted of a duralumin
rod supported on steel points resting in steel cups. The copper cathode rod was
mounted in an aluminum block at the lower end of the pendulum. At the top was an
adjustable counterweight, which controlled the sensitivity. Cathode was surrounded
with a quartz sleeve to keep the cathode spot from wandering. The arc was initiated
by moving the anode forward into contact with the cathode and withdrawing it via
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Fig. 11.14 Force
dependence on arc current
for anchored cathode spot of
Hg arc. Figure taken from
[35]. Permission number
RNP/20/FEB/023162

a special joint. The pendulum deflection due to the arc action was measured with a
mirror mounted at the axis of the pendulum and a scale 2.2 m away via an image
projected onto a wall.

Measurements made of force as a function of current for different pressures of
nitrogen and hydrogen down to 10 torr with the cathode diameter of 6.3 mm and the
arc length 5 mm. Note, Duffield et al. [20] found the same order of magnitude as
those observed the forces. In hydrogen, the force is greater than in nitrogen. Other
measurements were made of force as a function of pressure for the 15 A copper arc
in nitrogen with cathode diameter of 7.6 mm and the arc length 10 mm. The force
was seen to rise from a value at 10 torr comparable to that observed by Duffield
et al. [20] to a force at pressure of 0.3 torr of the order of magnitude of that found
by Tanberg in the vacuum arc [27].

The force increased as the pressure in the chamber decreased with a sharp
increase occurring as the pressure dropped below 5 torr. The largest force measured
was ~15 dyne/A at a nitrogen pressure of 1 torr with currents in the range of 7–20 A.
Some measurements were taken of the loss of material per second as a function of
pressure. The cathode rod was weighed before and after a 30 s period of arcing at
15 A. The values found are much larger than the value observed by Tanberg [27]
who observed a rate of loss at 15 A of about 0.23 mg/s. It was observed that when the
arc has a tendency to strike in the crack between quartz and copper, then the force is
greatly reduced. This fact indicates that the measured larger force characterizes the
arc operation at the metallic cathode. There was no marked change in the appearance
of the arc apart from a gradual broadening with decreasing pressure. The arc voltage
remained constant at about 20 V throughout the range.
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Fig. 11.15 Dependence of
the force (dyne) on Hg, Cu,
and C cathodes on arc
current I in gases of different
pressures [37]
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Bauer in 1961 [37] reviewed the early studies of the cathodic jet and recoil on
the cathode. He summarized the results of the force at the cathode early measured
for different surrounding gas pressures and cathode materials. The results presented
in form shown in Fig. 11.15, which indicate linear force dependence on arc current
and significantly larger values measured in vacuum in comparison to that obtained
in gas pressures.

11.4 Further Developed Measurements of the Force
at Electrodes in Vacuum Arcs

Plyutto et al. 1965 [38]measured the cathode erosion rateG(g/C) byweighingmethod
and the cathode force by pendulum method in vacuum arc in order to calculate the
jet velocity V j. The force Fc values were not presented, but it can be calculated using
relation Fc = G × V j (Table 11.10).

The calculated result shows relatively larger forces that were not observed in
previously mentioned works that investigated the force of the arc in vacuum.

A sensitive device allowing the measurement of the forces exerted on an electrode
by an electric arc is presented by Chabrerie et al. 1995 [39]. The force exerted on the
electrode was measured with the help of a pre-stressed piezoelectric transducer. The
help of ceramic piece and magnetic screening have insulated this quartz transducer
thermally and electrically. Thiswas achieved utilizing axisymmetric geometry,which
allows very efficient protection of the quartz. A liquid metal (Hg) allows the arc
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Table 11.10 Force for different cathode materials calculated using the measured G and Vj from
[38].Data given in brackets take in account oxidation of themetallic filmcondensed on the pendulum

Material Current (A) Erosion rate (10-5 g/C) Velocity (106cm/s) Force (dyne/A)

Mg 170 2.5 1.5 (0.88) 37.5

Al 300 2.3 0.65 (1.7) 39.1

Ni 300 3.9 0.7 (0.9) 35.1

Cu 300 5.2 7.8 (0.97) 50.44

Ag 300 7.2 0.84 60.48

Zn 300 13.0 0.23 (0.29) 37.7

Cd 170 31.0 0.18 55.8

LC-59 100 3.5 1.1 38.5

LC-59 285 6.3 0.76 47.88

current to flow from the electrode to the generator. The current generator permits
one to deliver current pulses of duration from 5 to 200 ms and current peak values
from 0 to 20 kA.

In order to insulate the quartz transducer from the vibrations that could be trans-
mitted by the current leads themselves, it was used liquid metal contacts (Hg). Also,
the base piece was fixed to a heavy cement block in order to minimize the influence
of different vibrations. The used sensitive quartz was able to measure wide range
of forces from 10 mN up to 500 N. The calibration of the device was conducted
taking into account different force causes including the plasma and droplets flow,
electrostatic and Lorentz forces as well as the forces exerted due to liquid metal and
at electrode holder for uniform and constricted current distributions.

Force measurements have been realized for various gases (air and argon). The
arc current, the arc voltage, and the force exerted on the anode or cathode were
registrated. The arc root structure was observed by a high-speed framing camera.
The arc attachment zone on the electrode surface is much larger in argon than in air.
This fact was used to explain why the value of the force exerted on the surface in
argon is weaker than in the case of air. The authors’ previous study indicated that the
force exerted on Cu electrodes was independent of the electrode gap d in the range
2–18 mm and for arc current in the range 2–10 kA.

The time dependent current pulse andmeasurement of the time dependent force at
Ag electrodes [39] are re-presented in form of Fig. 11.16a, b, respectively. The force
dependence is in accordance with the arc dependence on time, i.e., it is increases with
current. The measured forces on the electrodes [39] have shown that the force on an
anode is higher than the force on a cathode for Ag, in air at atmospheric pressure.
Three time dependent current pulses with the same maximum values but different
durations and corresponding measurement of the forces at Cu cathode are presented
in Fig. 11.17a, b, respectively.
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Fig. 11.16 Arc current (a) and force (b) as function on time for Ag electrode
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Fig. 11.17 Arc currents (a) as function on time for Cu cathode at three different arc pulse durations.
Measured forces (b) on cathodes versus I2 for corresponding Cu arc pulse durations

The results in Fig. 11.17 indicate the influence of the arc current pulse duration
and of the value of dI/dt on the forces exerted by the arc on the cathode. As it can
be seen this influence can be not monotonic and unique. The maximal force for Ag
anode is about 0.37 N or 24.7 dyne/A, and Ag cathode is 23 N or 15.33 dyne/A
at ~1.5 kA. The maximal force for Cu cathode is about 0.22 N or 14.7 dyne/A. It is
significantly larger than that reported in above-described works for atmosphere arcs,
but it can be understood due to substantially larger arc current.

Marks et al. 2009 [40] measure the force from the integral flux of the plasma jet
from Cu and Al cathodes in a dc vacuum arc as a function of current by pendulum
method. The arc was initiated by an “explosive fuse wire” technique. Images of each
plasma arc, as well as the pendulum motion, were recorded using a digital camera.
The vacuum chamber (530 mm length and 200 mm radius) was pumped down to a
pressure of approximately (2–5) × 10−5 torr.

The electrode configuration that maximized the free expansion of the flux in the
axial direction was determined and shown schematically in Fig. 11.18. The inner
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Fig. 11.18 Schema of
electrodes and pendulum
collector. Glass shield
prevent the arc jumping
behind the BN shield

diameter and width of the ring anode were varied and found to be optimized with an
inner diameter of 60 mm and a width of 8.5 mm. A Boron Nitride (BN) ring and a
glass shield were used to restrict cathode spot movement to the front surface of the
cathode.

Methodology. The force of the plumewas determined byobserving its impact upon
a pendulum placed in its path. The pendulum was calibrated in both air and vacuum
by allowing it to swing freely and record its motion. In this way, the inertia, period,
and damping forces were confirmed, verifying calculated properties. The angular
motion of the pendulum was recorded using a quadrature rotary incremental encoder
system linked to a computer via a LabVIEW program and a data acquisition card.
The rotary encoder device was scavenged from a Logitech PS/2 computer mouse
and connected to the axle of the pendulum via a coupling wheel, which served to
amplify the rotation of the axle.

Teflon was chosen for the bearings as the sliding friction for metal on metal is
drastically increased by placing it in vacuum due to the removal of the molecular
contact film,which is present in air. The aluminumpendulum collectorwas at floating
potential during arcing. The electrical output from the encoder consisted of two pulse
trains, with ~90° phase difference between them. The number of pulses received
indicated the angular displacement, and the sign of the phase difference between the
pulse trains indicated whether motion was clockwise or anti-clockwise. The equation
of motion of the freely swinging pendulum system can be expressed as below [41],
additionally taking into account the damping term W due to the resistance of the
encoder and contact wheel assembly:

I
∂2θ

∂t2
+ (

W + Tj
)
sgn

(
dθ

dt

)
+ MgLθ = 0 (11.5)
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Fig. 11.19 Pendulum,
applied force F, and lengths
D, D0 and δD (δD is
exaggerated for clarity in the
illustration). D = D0 + δD

where I = MR2 is the moment of inertia of the system, M is the total mass of the
moving system, R is the radius of gyration of the pendulum, and θ is the angular
displacement of the pendulum. The opposing torque exerted by the Teflon bearing on
the pendulum axle is T j = μf Mgr, where μf is the coefficient of friction, and r is the
radius of the axle. W is the opposing torque exerted on the axle by the contact wheel.
sgn() is the sign function, whose value is −1 or 1, depending upon the direction of
the pendulum swing, or 0 if it is stationary, and L is the distance to the center of mass
(COM).

The solution of (1) without damping (when W and Tj are zero) is that of a
simple harmonic oscillator with constant amplitude. Inclusion of the damping term
produces a solution in which the amplitude θ (t) is reduced at a constant rate, that is,
linear damping. The arc plasma exerts a force F that is approximately normal to the
pendulum collector at a distance D from the pendulum axle. With deflection from
normal at some angle; torque F × D=FD sin(ϕ) is applied to the pendulum (see
Fig. 11.19), and is equivalent to FD cos(θ ). So, with a driving force, the situation
described by (11.4) becomes:

F D cos(θ) = I
∂2θ

∂t2
+ (

W + Tj
)
sgn

(
dθ

dt

)
+ MgLθ (11.6)

Rearranging (11.6) we have the expression used to determine the force from the
plasma, based on measured θ (t)) data. The distance D from the pendulum axis where
on average the plasma struck the collector was determined bymeasuring the distance
from the axle to the center of the nearly circular deposition pattern on the collector.

Equations (11.5)–(11.6) only describe the pendulum in motion. In steady state,
sgn(dθ /dt) = 0, which removes the resistive torque terms from the equations. The
principal method used to determine the force was based on the data gathered from the
initial deflection of the pendulum and (11.5). Steady-state measurements were more
uncertain for two reasons. The first stems from the limits of the encoderwheel angular
resolution (0.66°). The second cause of uncertainty for steady-state measurements
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is the lack of knowledge as to the amplitude and direction of the resistive torque, as
the direction of motion may have reversed from the last reading. So in steady state,
(11.5) becomes:

F = MgLθ

D cos(θ)
± αp

W + Tj

D cos(θ)
(11.7)

where αp is an unknown coefficient between 0 and 1, which depends upon the state
of the pendulum when it comes to rest. In Fig. 11.19, the distance D of the force
from the pendulum axis to the point at which it is applied to the pendulum collector
is a function of θ. When θ = 0° the distance D = D0. As θ changes D = D0 + δD,
where δD = D0(1/cos(θ )−1). If (D0 + δD) is substituted for D in (11.6) and (11.7),
the cosine term cancels, leaving a constant denominator of D0. The value of θ was
known at the instant when pulses arrived from the encoder each time the pendulum
moved through the fixed angle�θ = θn+1 − θn. The times at which the pulses arrived
at the angular intervals�θ = 0.66° were recorded by a LabVIEW program. The first
derivative was calculated numerically using a central difference scheme

(
dθ

dt

)

n+0.5

= θn+1 − θn

(tn+1 − tn)
(11.8)

d2θ
dt2 was calculated using the times at the intermediate points at which dθ

dt was
calculated:

(
d2θ

dt2

)

n

=
�θ

tn+2−tn+1
− �θ

tn+1−tn

(tn+1.5 − tn+0.5)
(11.9)

The values of θn and the approximation to angular acceleration (11.6) were
inserted into (11.6) to calculate the force at successive measured angles. From (11.9)
it is clear that the times of three angles must be recorded for the acceleration to
be calculated. The first six angles recorded and the respective times at which the
pendulum moved through these angles after the arc began were used to calculate the
average force on the pendulum.

The pendulum deflection was detected by the encoder and by visual inspection
of photographs of the arm during arcing. As example, the photographic image of a
Cu cathode, anode, and the pendulum collector during a 200 A arc is represented in
Fig. 11.20. The pendulum position is shown through 423 ms after the arc ignition.
So, the increasing deflection of the pendulum by the plasma is vividly demonstrated.

Though the arc was kept running for 1–3 s, the force measured initially, before the
pendulum reached steady state, was determined in the period up to 0.4 s after the arcs
had commenced. The force was measured as a function of current, using the average
values of force calculated using (11.6) [40]. The results illustrated in form showed
in Fig. 11.21. For both Cu and Al, the force increased linearly with the current. For
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Fig. 11.20 Photographs of a
Cu cathode, anode, and the
pendulum with arc current
200 A

Fig. 11.21 Measured force
as a function of arc current
for Al and Cu cathodes
during DC arcing
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Cu, the slope was 0.36 mN/A, with an intercept of 1.37 mN, while for Al the slope
was 0.21 mN/A and the intercept 2.2 mN.

Figure 11.22 is a comparison of the force per unit current measured at different
times during the arc, initially (the first deflection of the pendulum) and after the
pendulum reached steady state. The force per unit current is plotted against the
current. It was useful to make the steady-state measurements as a rough verification
of the veracity of the principal method, in which the force was measured before
the pendulum reached steady-state deflection, despite the higher uncertainty of the
steady-state measurements. In Fig. 11.22, the non-steady-state measurements are
generally larger than the steady-state measurements for the same current, for currents
above 100 A.

This can be partly attributed to the larger angular deflection at higher currents, that
is, whereas the initial force was always measured using the same initial six angles,
the deflection of the pendulum in the steady state was greater for higher currents,
allowing less plasma to impinge upon the pendulum.
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Fig. 11.22 Comparison of
initial and steady-state
measurements of the forces
per unit current for Cu and
Al cathodes
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The forcemeasured from theAl cathodewas lower than from the Cu cathode. This
result can be understood taking in account that the Cumass density (9 g/cm3) is about
three times larger thanAl (2.7 g/cm3). The force is determined by the cathode erosion
rates G and plasma jet velocities. Plyutto [38] measured these plasma parameters in
dc arcs with Al (23 µg/C and 17×105 cm/s) and Cu (52 µg/C and 9.7×105 cm/s)
cathodes. The force estimated using these values for a Cu cathode exceeds the force
from an Al cathode, confirming the tendency measured in the present work. The
measurements show a linear relationship between the force from the cathode plasma
and arc current. As the ion current (and hence emission of plasma) is a linear function
of the arc current [42], it is likely that the cathode force is mainly due to ion current
momentum. It is thought that only few macroparticles hit the pendulum because
they are ejected at small angles with respect to the cathode plane. Moreover, their
contribution to the reaction force is small due to their significant lower velocity than
that of the plasma.

The discrepancy between the force measured by Tanberg [27] and that presented
in this work might be due to the following reasons: (i) the shape of the anode, (ii) the
quartz fitting around the cathode, and (iii) the position of the pendulum. Tanberg’s
anode consisted of a rod-like contact held 15mm from the cathode, while in this work
a ring anode was used. The effect of the cathode spots concentrating in one region on
Tanberg’s cathode was much reduced by using a ring anode. Also, the quartz fitted
around the cathode can influence the cathode spot location by its evaporation [30]. In
the present work the collection of the plasma jet was improved as the pendulum was
positioned closer (10 mm) than that used by Tanberg (20 mm). Finally, Tanberg’s
square pendulum vane had a width of 14.5 mm, while in the present work, the
pendulum collector radius was 49.5 mm. The results presented did not take into
account reflection of material from the pendulum collector, which would cause the
measured force to be larger than the reaction on the cathode [43–45].
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11.5 Early Mechanisms of Forces Arising at Electrodes
in Electrical Arcs

The early works before 1929 indicated that existence of a repulsion of the electrodes
was due to relatively large specific pressure generated near the electrodes. The rela-
tively large force observed in vacuum arc was explained by Tanberg [27] assuming
that large energy of the plasma flowed from the cathode was realized due to vapor-
ization with extremely large cathode temperature (105 K). However, the later work of
Tanberg and Berkey 1931 [28] experimentally showed that the cathode temperature
was significantly low (~3000 K). Wellman [46] considered the reaction of atom flow
leaving the cathode due to evaporation and gas molecule flow desorbed at cathode
temperature of 3000 K using the relation between rate of metal evaporation and
vapor pressure. It was obtained the same order of magnitude for both vapor stream
and a gas stream and that cannot to be a mechanism explained the above mentioned
experiment.

Compton 1931 [47] also indicate the physical difficulties of the interpretation
based on metal evaporation. The inconsistency is between the possible temperature
and the observed rate of evaporation, which supported a surface temperature of not
more than 200 °C, as example for mercury arc. Therefore, not all evaporated cathode
mass leaved the surface and a part of the flux returned to it. Compton suggested that
a more reasonable interpretation of this pressure is to be found in the existence of
an “accommodation coefficient” for ions, which accelerated in the cathode potential
fall layer, strike and were neutralized at the surface. By means of an accommodation
coefficient, the incoming copper ions still retain a fraction of their kinetic energy.
These neutralized and energetic ions then rebound from the cathode with a random
distribution of velocity forming the vapor stream suggesting a mechanism to account
for the force of reaction upon the cathode. Compton’s calculation showed agreement
with measured result obtained by Kobel [29].

The approach of “accommodation coefficient” was discussed in [48, 49]. Exper-
imentally, the momentum transfer to an auxiliary cathode has been studied in the
positive column of a low-voltage helium arc [48]. The auxiliary cathode was a flat
molybdenum plate insulated on one side by glass and suspended in such a way that
its deflection gave a measure of the pressure against it. The measured pressure on
the cathode is believed to be due to two phenomena. The first is the recoil of those
ions, which retain some of their kinetic energy after neutralization. The second is
a radiometer effect due to the heating of the cathode by positive ion bombardment.
Based on these assumptions it was possible to calculate from the experimental data
(pressure on the cathode) an accommodation coefficient for helium positive ions
and the fraction of the measured current carried by electrons. It was noted that the
accuracy of the experiment and obtained result was not high.

Slepian and Mason 1931 [50] indicated that Compton’s suggestion that high-
velocity neutral molecules leave the cathode as a result of the energetic positive
ions neutralization cannot be accepted for explain the Tanberg’s result, because the
velocity of these ions cannot as great as the velocity obtained by Tanberg [27]. The
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maximum velocity of the neutralized ions cannot be expected to be much greater
than that corresponding to the cathode potential drop, whereas Tanberg observed
velocities of an order corresponding to 70 V. Also, the average energy of the all
neutralized ions that participated in the reaction should be need to be less than 0.4 V
to give the force measured by Tanberg [27].

Risch and Ludi [51] assumed that high-energy plasma flow can be realized due to
potential energy ofmultiply ions by their neutralization at the cathode surface causing
the observed force. Their assumption based on data of the ionizing potentials for the
formation of Hg+, Hg2+, Hg3+, H4+, and Hg5+ by an electron impact at 10.4, 30,
71, 143, and 225 V, respectively, recently measured by Bleakner [52]. However in
Bleakner’s work (see here Fig. 11.4) even the fraction ofHg2+ is negligible at electron
energy of 35 V that significantly lower than the cathode potential drop in a vacuum
arc [2].

Tonks 1934 [53] developed a model where the electron pressure in a cathode spot
plasma was considered to explain the cathode-force reaction. It was taken in account
a momentum change due to the rebounding of plasma electrons from the positive ion
sheath covering a negatively charged electrode. According to the kinetics of electrons
with Boltzmann distribution themomentummust be appeared as a pressure p= nkTe.
Since the force cause the velocity reversal is the repulsion between the negative charge
on the electrode and the electron, this pressure is exerted on the electrode. The plasma
density n was obtained from a relation for ion current density ji flowed to the cathode
(later obtained by Bohm [54]):

ji = KTonks en

(
2kTe

m

)0.5

(11.10)

ji = j(1− f ) (11.11)

where KTonks is the constant of Tonks, j is the current density, and f is the electron
current fraction. By multiply of both sides of (11.10) and with (11.11), the following
expression for the force was obtained [53]:

2nkTe

j
= (1− f )

eKTonks

(
kmTe

2

)0.5

dyne/A (11.12)

Taking T e = 5×104 K in the plasma outside the cathode spot and f = 0.9 for
mercury arc in (11.12), Tonks found the force of 61 dynes/A. This is to be compared
with the average value 40 dynes/A calculated fromKobel’s measurements [29] on the
Hg arc. It should be noted that Tonks model [53] is actually up today, see Chap. 18.

Later, Robson and von Engel [55] have again attempt to understand the Tanberg’s
experiment. They indicated that the estimation of electrode temperature of 5 × 104

K has caused some concern. Their opinion is based on two questions including those
who disbelieve in Newton law and those who question is accuracy of the experiment.
A novel explanation was taken into account that some of evaporated atoms were
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ionized and returned to the cathode by electric field (like Compton [47]). Because of
the dense vapor, the positive ions make many collisions and transfer the momentum
to the neutrals. As result, the neutrals also returned to the cathode. So, the ions
move through dense vapor a large fraction of this momentum was transferred by the
returned vapor to the cathode. The balance between mass flux leaving the cathode
surface and returned to it determines the force of reaction.

Using equation of particle conservation with returned particle flux and measured
cathode force, Robson and von Engel estimated that the particle velocity should be
104 cm/s rather than 106 cm/s. This result seems not understandable because the
measurement by Tanberg [27] cathode mass loss of course reflected all near-cathode
phenomena including the returned particle fluxes. Loeb [56] also indicated about
a difference between the number of atoms “evaporated” and those which actually
escape into the vapor stream, since a large number of atoms is returned to the cathode
as positive ions.

Reece [57] commented the work of Robson and von Engel [55] indicating that it
was exceedingly difficult to reconcile this suggestion due to the results Easton et al.
[34]. They [55] obtained velocities, which agreed fairly well with Tanberg’s, by a
method which did not directly involve the cathode, but measured the force on vane
facing the cathode some two centimeters away from it. The authors noted, while the
nature of the experiments is such that the results cannot be expected to be highly
accurate there seems correct the order of magnitude and that vapor is in fact ejected
from the cathode spots in vacuum.

Nevertheless, a special experiment was conducted by von Engel and Arnold [58]
using a radioactive copper cathode and axial magnetic field or rotating drum method
to stabilize the cathode spot. Using a Geiger–Muller counter, it was also detected
particles with velocity not larger than 104 cm/s.

It was noted in [58] that Tanberg’s results can be interpreted by taken in account
a large aggregates (droplets) which transfer momentum to the vane but fail to stick
on it. Hence, the measured rate of change of mass, found by weighing the vane, is
much too small, which may give the apparent large average speeds. This explanation
was based on a fact that the large aggregates passed through a collimating slit, which
collected in the experimental system [58]. The authors also indicated that magnetic
stabilization should not reduce the average velocity by two orders of magnitude.
However, it seems unlikely that momentum of the droplets can be so much influence
due to their very low velocities and comparable mass loss in the total erosion rate (see
above). Thus, the jet velocity measured by Engel and Arnold remains unexplained
even if their conclusion related only to the neutral atoms in [58].

Recently,Makrinich et al. [59, 60] studied themomentumdelivered to amixed ion-
neutral flow by an electric force, which enhanced if ions collide with neutrals during
the acceleration (similar to model of Robson & von Engel for vacuum arc [55]). This
enhancement has been demonstrated for a configuration of a Radial Plasma Source.
The momentum flux, carried by the mixed ion-neutral magnetized plasma flow after
the flow has crossed the electric potential drop, was determined by measuring the
force that the flowexerted on a balance forcemeter. The enhancement of the (assumed
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electric) force was shown to be proportional to the square root of the calculated
number of collisions with neutrals an ion experiences as it crosses the potential drop.

The plasma density, electron temperature, and plasma potential were measured
at various locations along the flow. These measurements were used to determine the
local electric force on the ions. The total electric force on the plasma ions was then
determined by integrating radially the local electric force. In parallel, the momentum
flux of the mixed ion-neutral flow was determined by measuring the force exerted
by the flow on a balance force meter. The maximal plasma density was between 6×
1010 cm−3 and 5 × 1011 cm−3, the maximal electron temperature was between 8
and 25 eV, and the deduced maximal electric field was between 2200 and 5800 V/m.
The force exerted by the mixed ion-neutral flow on the balance force meter agreed
with the total electric force on the plasma ions. This agreement showed that it is the
electric force on the plasma ions, which is the source of the momentum acquired
by the mixed ion-neutral flow in a discharge for configuration of a Radial Plasma
Source [60].

11.6 Summary

The above review shows that the force in electrical arcs firstly observed in the end
of nineteenth centurion as repulsion of the planar electrodes and generated by the
vapor pressures of the electrode materials. The force on each separate electrode can
be positive or negative depending on larger or lower vapor pressure of the opposite
electrode. When the electrode gap was increased, the vapor flow produce, so named,
vapor stream. It was observed cathode and anode streams. As the electrical arc
was investigated in air at atmosphere pressure, the forces were measured relatively
small (up to about 10 dyne) and the streams have moderate velocities, in range of
103–104 cm/s. The investigations of the electrode vapor flow in experiments with
air arcs have been conducting relatively widely up to 1929. The important issue was
establishing of an effect of accelerated vapor stream that in present, named as plasma
jet (see Chap. 12), previously, unknown term). In essence Dewar (1879–1891) first
who found this effect as “transit of the vapor material from electrode to electrode.”
The obtained data were very important to understand, not only qualitative but also
quantitative, the role of electrode material losses in the formation of large pressures
near the electrodes, generate forces and the streams (jets) with relatively not small
velocities even in a surrounding gas of atmosphere pressure.

Distinctive feature results of these parameters were observed investigating the
electrical arc in vacuumprovidedmainly in period of first decade after 1930. Tamberg
in 1930 measured significantly large cathode force in vacuum arc. This work caused
series newmeasurementsmostly confirmed his data and somediscussions of different
interpretation of the results. Robson and Engel have been discussed this work titling
it as “Tamberg effect” having in mind the effect of discrepancy between observed
cathode force andvelocity of the cathode jet calculatedbyTanbergusinghismeasured
cathode mass loss. Afterwards, other authors used term “Tamberg effect” in their
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further publications understanding it as effect of cathode jet firstly found by Tanberg
that is misperception in light of above description (studied by Dewar).

Robertson’s experiment showwide variation of the force on the cathode from that,
previously obtained in surrounding gas, to the values measured later in a vacuum.
Namely, the force rise from a low value at in nitrogen pressure of 10 torr comparable
with that observed by Duffield, Burnham, and Davis (1920) to a force at pressure of
0.3 torr of the order of magnitude of that found by Tanberg (1930) in the vacuum
arc. The modern data are indicated on 40–60 dyne/A depending on arc conditions.

Discussed above, the early models developed to explain the force mechanisms
indicate the complexity of the problem and that an unit point of view is absent. It is
clear that the force F is a result of plasma jet reaction and therefore depends on the
rate of cathode mass loss G (g/s) and the jet velocity Vj and expressed as F = GVj.
Therefore, an understanding of the force origin is related to the nature of the plasma
jet, which will be considered in the next Chaps. 12 and 18.

References

1. Ecker, G. (1961). Electrode components of the arc discharge. Ergebnisse der Exakten
Naturwissenschaften, 33, 1–104.

2. Kesaev, I. G. (1964). Cathode processes in the mercury arc. NY: Consultants Bureau.
3. Kesaev, I. G. (1968). Cathode processes in electric arcs. Moscow: NAUKA Publishers. (in

Russian).
4. Rakhovsky, V. I. (1970). Physical bases of the commutation of electric current in a vacuum.

Translation NTIS AD-773 868 (1973) of physical fundamentals of switching electric current
in vacuum. Moscow: Nauka Press.

5. Lafferty, J. M. (Ed.). (1980). Vacuum arcs. Theory and applications. NY: Wiley.
6. Handbook of vacuum arc science and technology, edited by R. L. Boxman, P. J. Martin, and

D. M. Sanders, Noyes Publ. Park Ridge, N.J. (1995).
7. Anders, A. (2008). Cathodic arcs: From fractal spots to energetic condensation. Springer.
8. Dewar, J. (1879). Formation of hydrocyanic acid in an electrical arc. Proceedings of the Royal

Society of London, 29, 188–189.
9. Dewar, J., & Scott, A. (1879). On the vapor densities of potassium and sodium. Proceedings

of the Royal Society of London, 29(196–199), 206–209.
10. Dewar, J., & Scott, A. (1879). Further experiment on the vapor densities of potassium and

sodium. Proceedings of the Royal Society of London, 29(196–199), 490–493.
11. Dewar, J. (1880). Studies on the electric arc.Proceedings of the Royal Society of London, 30(1),

85–93.
12. Dewar, J. (1881). Manometric observations in the electric arc. Proceedings of the Royal Society

of London, 33(1), 262–266.
13. Feddersen,W. (1861). Uber die electrische funkenentladung.Annalen Der Physik Und Chemie,

113(3), 437–467.
14. Schuster, A. (1887). Experiments on the discharge of electricity through gases. Proceedings of

the Royal Society of London, 42, 371–379.
15. Schuster, A., & Lecture, B. (1890). The discharge of electricity through gases. Proceedings of

the Royal Society of London, 47(286–291), 526–561.
16. Schuster, A., & Hemsalech, G. (1898). The constitution of the electric spark. Proceedings of

the Royal Society of London. Series A, Mathematical and Physical Sciences, 64(1), 331–336.



344 11 Repulsive Effect in an Arc Gap and Force Phenomena …

17. Duddell,W. (1904). On the resistance and electromotive forces of the electric arc.Philosophical
Transactions of the Royal Society of London. Series A, Containing Papers of a Mathematical
or Physical Character, 203, 305–342.

18. Geoffrey Duffield, W. (1915). The consumption of carbon in the electric arc. I. Variation with
current and arc-length. II. Influence upon the luminous radiation from the arc. Proceedings
of the Royal Society of London. Series A, Containing Papers of a Mathematical and Physical
Character, 92(636), 122–143.

19. Fleming, J. A. (1890). On electric discharge between electrodes at different temperatures in air
and in high vacua. Proceedings of the Royal Society of London, 47(286–291), 118–126.

20. Duffield W. G., Burnham, T. H., & Davis, A. H. (1920). The pressure upon the poles of the
electric arc.Philosophical Transactions of the Royal Society of London. Series A. Mathematical
or Physical Character, 220, 109–136.

21. Tyndall, A. M. (1920). On the pressure on the poles of an electric arc. Philosophical Magazine,
40, 780–781.

22. Beer, H. E. G., & Tyndall, A. M. (1921). Manometric observations at the poles of the electric
arc. Philosophical Magazine, 42(252), 956–971.

23. Tyndall, A. M. (1921). On the forces acting upon the poles of the electric arc. Philosophical
Magazine, 42(252), 972–981.

24. Sellerio, A. (1916). Effetto di repulsione nell’arco electric. Nuovo Cimento, 11(1), 67–86.
25. Sellerio, A. (1922). Repulsive effect upon the poles of the electric arc.Philosophical Magazine,

44, 765–777.
26. Tanberg, R. (1929).Motion of an electric arc in amagnetic field under low gas pressure.Nature,

7(124 new volume), 371–372.
27. Tanberg, R. (1930). On the cathode of an arc drawn in a vacuum. Physical Review, 35(9),

1080–1090.
28. Tanberg, R., & Berkey, W. E. (1936). On the temperature of cathode in vacuum arc. Phys. Rev.,

38, 296–304, (1931). L. Tonks. The Force at an Anchored Cathode Spot. Physical Review, 50,
226–233.

29. Kobel, E. (1930). Pressure and high velocity vapor jets at cathodes of a mercury vacuum arc.
Physical Review, 36(11), 1636–1638.

30. Berkey, W. E., Mason, R. C. (1931). Measurements on the vapor stream of the cathode of a
vacuum arc. Physical Review, 37(12), 1679.

31. Berkey, W. E., & Mason, R. C. (1931). Measurements on the vapor stream of the cathode of a
vacuum arc. Physical Review, 38(5), 943–947.

32. Mason, R. C. (1933). High-velocity vapor stream in the vacuum arc. Transactions of the
American Institute of Electrical Engineers (A.I.E.E. Trans.), 52(1), 245–248.

33. Creedy, F., Lerch, R. O., Seal, P. W., & Sordon, E. P. (1932). Forces of electric origin in the iron
arc an explanation of overhead welding. Transactions of the American Institute of Electrical
Engineers (A.I.E.E. Trans.), 51(2), 556–563.

34. Easton, E. C., Lucas, F. B., & Creedy, F. (1934). High velocity streams in the vacuum arc.
Electrical Engineering, 53, 1454–1460.

35. Tonks, L. (1936). The force at an anchored cathode spot. Physical Review, 50, 226–233.
36. Robertson, R. M. (1938). The force on the cathode of a copper arc. Physical Review, 53(7),

578–582.
37. Bauer, A. (1961). Zur Feldbogentheorie bei kalten verdampfenden Kathoden I. Zeitschrift für

Physik, 164(5), 563–573.
38. Plyutto, A. A., Ryzhkov, V. N., & Kapin, A. T. (1965). High speed plasma streams in vacuum

arcs. Soviet Physics—JETP, 20, 328–337.
39. Chabrerie, J. P., Devautour, J., Gouega, A. M., & Teste, Ph. (1995). A sensitive device for

the measurement of the force exterted by the arc on the electrodes. IEEE Transactions on
Components, Packaging and Manufacturing Technology. Part A, 18(2), 322–328.

40. Marks, H. S., Beilis, I. I., & Boxman, R. L. (2009). Measurement of the vacuum arc plasma
force. IEEE Transactions on Plasma Science, 37(7), 1332–1337.



References 345

41. Simbach, J. C., & Priest, J. (2005). Another look at the damped physical pendulum. American
Journal of Physics, 73(11), 1079–1080.

42. Kimblin, C. W. (1973). Erosion and ionization in the cathode spot regions of vacuum arcs.
Journal of Applied Physics, 44(7), 3074–3081.

43. Zalucki, Z., & Kutzner, J. (1976). Particles reflection from the anode surface in vacuum arc.
In: International Conference on Electrical Contact Phenomena (pp. 178–182), Tokyo, Japan.

44. Daalder, J. E. (1977). Reflection of ions in metal vapour arcs? Journal of Physics D: Applied
Physics, 10(7), 87–90.

45. Boxman, R. L., & Goldsmith, S. (1990). Characterization of a 1 kA vacuum arc plasma gun for
use as metal vapour deposition source. Surface & Coatings Technology, 43(44), 1024–1034.

46. Wellman, R. (1931). Reactiondue to gas molecules leaving the cathode of an arc. Physical
Review. Letter to Editor, 38, 1077.

47. Compton, K. T. (1931). On the theory of the mercury arc. Physical Review, 37(9), 1077–1090.
48. Lamar, E. S. (1933). Momentum transfer to cathode surfaces by impinging positive ions in a

helium arc. Physical Review, 43(3), 169–176.
49. Compton, K. T., & Lamar, E. S. (1933). A test of the classical “Momentum Transfer” theory

of accommodation coefficients of ions at cathodes. Physical Review, 44(5), 338–344.
50. Slepian, J., & Mason, R. C. (1931). Highvelocity vapor jet of cathode in vacuum arc. Physics

Review. Letter to Editor, 37(6), 779–780.
51. Risch, R., & Ludi’s, F. (1932). Die Entstehung des Strahles schneller Molekiile an der Kathode

eines Lichtbogens. Zeitschrift für Physik, 75(11/12), 812–822.
52. Bleakner, W. (1930) Probability & critical potentials for the formation of multiply charged ions

in Hg vapor by electron impact. Physical Review, 35(2), 139–148.
53. Tonks, L. (1934). The pressure of plasma electrons and the force on the cathode of an arc.

Physical Review, 46(9), 278–279.
54. Bohm, D. (1949). The characteristics of electrical discharges in magnetic field (A. Guthry &

R. K. Wakerling, Eds.). New York: McGraw-Hill.
55. Robson,A.E.,&vonEngel,A. (1957).Anexplanationof theTanberg effect.Nature, 179(4560),

625.
56. Loeb, L. B. (1939). Fundamental processes in electrical, discharge in gases (p. 633). New

York: Wiley.
57. Reece, M. P. (1957). Tanberg effect. Letters to Nature, 100(4598), 1347.
58. vonEngel, A.,&Arnold,K.W. (1962). Fast neutral particles from arc cathode.Physical Review,

125(3), 803–804.
59. Makrinich, G., & Fruchtman, A. (2014). The force exerted by a fireball. Physics of Plasmas,

21(2), 023505.
60. Makrinich, G., Fruchtman, A., Zoler, D., & Boxman, R. L. (2018). Electric force on plasma

ions and the momentum of the ion-neutrals flow. Journal of Applied Physics, 123(17), 173302.



Chapter 12
Cathode Spot Jets. Velocity and Ion
Current

Analysis of the experimental works published previously shows the presence of
relatively large forces and as result generation of the high-velocity jet. These works
mainly investigated the electrode material loss as vapor flow and some separate
works considered also the presence of the ions. On other hand, the electrode material
flow is a highly ionized complicated structure, which consists of a multi-charged
and represented a supersonic plasma flux. The data obtained in period from 1930 to
present time are important to understand the vacuumarc phenomena.Also, the plasma
jet properties characterized by parameters are very useful for practical applications.
In this chapter, the results of measurements illustrating mainly data of the plasma jet
velocity, ion current, ion charge state, and energy of the plasma jet will be presented
in different, respectively, sections as it will be possible to separate the topics (in
chronological order), and then main characteristic points will be summarized. Some
symbols for same parameter is remained, as it was denoted in the original papers, as
example, the symbol Q or Z denoted as ion charge number.

12.1 Plasma Jet Velocity

Let us consider works that mainly studied the plasma expansion and its velocity as
it is determined by different methodologies. Lawrence and Frank 1930 [1] deter-
mined the velocity of the plasma expansion studying the arc instability with the Kerr
cell electro-optical shutter in the early stages (0.5 μs) of sparks between electrodes
of Zn, Cd, and Mg. The method is based on phenomena that the metallic spark
lines were emitted at a greater distance from the electrodes. This observation gives
at once a measure of the average velocity of migration of the metallic ions away
from the electrode surfaces. It was found from several such observations that the
luminosity of the metallic vapors was spread from the electrodes with speeds of
2.1 × 105, 1.5 × 105, and 1.2 × 105 cm/s for Zn, Cd and Mg, respectively.

© Springer Nature Switzerland AG 2020
I. Beilis, Plasma and Spot Phenomena in Electrical Arcs, Springer Series on Atomic,
Optical, and Plasma Physics 113, https://doi.org/10.1007/978-3-030-44747-2_12

347

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-44747-2_12&domain=pdf
https://doi.org/10.1007/978-3-030-44747-2_12


348 12 Cathode Spot Jets. Velocity and Ion Current

Table 12.1 Jet velocity
against arc current for
different metals [2]

Material Current (A) Velocity (×106 cm/s)

Cathode Ag 166 0.97

Al 110 0.695–1.84

Au 53 0.406

C 73 3.58–1.73

Cd 43 0.164

Cu 115 1.25

Fe 142 0.88

Mg 55 0.274

Mo 135 2.72

Sn 60 0.119

Zn 57 0.531

Anode Cu 120 1.27

Fe 106 1.01

W 145 1.19

Easton et al. 1934 [2] devoted to measurements of the velocity of the vapor
jet from both anode and cathode for number of different materials using the force
measurements described in Chap. 11. The anode jet was not noticeable until currents
were of over 40–50 A.

The stream velocities, computed on the assumption of a Maxwellian velocity
distribution and that all impinging particles adhere to the collector. The results are
given in Table 12.1. The authors noted that the jet velocity increases with the melting
temperatures of the cathode metals. It was indicated that the jet velocity for Zn, Cd,
and Mg cathodes agrees with previous measurements of the work Lawrence and
Frank [1].

In order to understand the influence of different materials on the vapor flow
velocity in one discharge, Raisky 1940 [3] conducted experiments with cathodes
from different alloy materials such as Mg-Zn, Zn-Li, and Li-K. A spectroscopic
method was used to obtain the image of the discharge in light of spectral lines of
the considered materials. Analysis of the image scan showed no difference in the
vapor expansion. Both materials expand with same velocities at all distance. It was
indicated that the vapor expansion cannot be as molecular, and it is a hydrodynamic
flow.

Method photographs of microsecond spark duration in hydrogen was used by
Haynes 1948 [4] to study mercury vapor flow and the jet velocities for different
polarities. Spectroscopic examination was based on measuring the time required for
the excitedmercury atoms in the jet to go a known distance. Amercury pool was used
as one electrode in a tube. The spark gaps consist simply of a rod of molybdenum,
1.5 mm in diameter, brought within 7 mm of a mercury pool in a tube containing
purified hydrogen at a pressure of 90 cm of Hg. The sparks occurred between the
tip of the molybdenum rod and the mercury pool at the rate of several hundred per
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second. The current in the sparks is a unidirectional pulse having a constant value of
a few hundred amperes and a duration adjustable from 0.25 to 5 μs.

Itwas observed that during the timeof discharge, the jetswere ejected in a direction
always normal to the electrode surface and the spectrograms show that the jets were
largely composed of mercury vapor. At the cathode, all parts of the jet move with
approximately the same velocity. The velocity decreases with distance (Fig. 12.1),
but the initial velocity of the cathode jet was 1.9 ×105 cm/s, and that of the anode
jet was 1.5 ×105 cm/s. The initial velocities were independent of current and gas
pressure.

Hermoch 1959 [5] used also the optical methods considering both continuous in
the time scanning and phase scan to obtain photographs of the vapor formation and
to measure it expanding velocity. The validity of the results is shown for the case of
a different experimental arrangement. A discharge between plane electrode (cathode
or anode) was localized in the hole of the electrically insulated plate. On the plate,
there were pasted strips of copper foil-probes to measure the electric field in the
discharge, which passed through the hole in the plate. The opposite electrode was
tungsten cylinder of 4 mm diameter.

The photographs showed that the ionized vapor flow was represented in form of
separate jets (close one to other, apparently, generated by separate spots) expanding
up to a front denoted a boundary between of the jets and the surrounding air. The front

Fig. 12.1 Velocity of cathode and anode jet fronts as a function of distance from mercury surface.
Figure taken from [4]. Permission number RNP/20/FEB/023163
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velocity weakly increased with plate thickness at constant hole diameter. The current
density j at the electrode surface was determined by hole diameter. As example, for
Pd anode, the velocity increased from 3 × 105 to 4 × 105 cm/s when j increased
from 1 × 104 to 8 × 104 A/cm2, respectively. The electric field near the electrode
depends on discharge time and current density. According to the probe measure-
ments, as example, for Cu anode, the electric field increased from 200 to 700 V/cm
when j increased from 2 × 104 to about 10 × 104 A/cm2, respectively. The flow
velocities are given in Table 12.2 (second column) for different electrode metals at
maximum discharge current of 2 kA, plate thickness of 1 mm and hole diameter of
2 mm. The author indicate that all measured values for various cathode materials
were larger by 10% than that for anodes. It was discussed that the vapor acceler-
ation can be understood by considering the relation between the vapor velocities,
estimated energy, and calculated mass losses from the electrodes. It was concluded
that the velocity increased when the mass loss decreased. The intensity of electrode
vaporization determines the vapor velocity, but the thermal phenomena determine
the origin of the electrode material jets.

Optical investigation of the relation between the phenomena at the electrodes and
the plasma formation and its development was provided in [6, 7]. Analysis of the
photographs showed that the vapor formation occurred at each of the electrodes,
the vapor expands axially, and then interacts between one and other producing a
plasma cloud in form of disk expanding radially from the gap. Themeasured velocity

Table 12.2 Jet velocity from
an electrode [5] and velocity
of radial plasma expansion
from the gap [6] for different
electrode metals

Material Velocity (×105 cm/s)
2kA N2, 1959 [5]

Velocity (×105 cm/s) <
10kA N3, 1959 [6]

Bi 3.39 0.85

Pb 3.81 0.95

Zn 4.40 0.95

Sn 4.55 0.90

Cd 4.68 1.00

Ag 4.85 1.25

Co 5.80 1.15

Mg 6.13 1.35

Be 6.65 2.50

Ni 6.75 1.30

A1 6.96 1.65

Fe 7.00 1.15

Cu 7.1 1.55

C 7.6 2.50

Mo 7.7 1.70

W 8.6 1.40

Ta 8.9 1.45
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for different numbers of materials is given in Table 12.2 (third column). In accor-
dance with observation, the jet development has discrete character and therefore
discrete interaction. It indicated that metallic vapor pushed the background gas and
the discharge operated in the vapor of electrode material. However, the jet velocities
were observed to be lower than that in a vacuum.

Approximately similar jet velocity was measured by Plyutto et al. [8] for different
cathode material using pendulum method to determine the force and the amount of
condensed cathode materials on the pendulum surface (see Chap. 11). Previously
Plyutto [9] observed ion acceleration in a plasma expansion in vacuum spark of
few kA. A very large plasma velocity of 107–108 cm/s was reported. The plasma
velocity was measured directly using time-of-flight method at known distance of the
expanding plasma front.

Handel et al. [10] studied the plasma propagation in pulsed discharges of 10 μs
duration, with peak current of 70A in vacuum (10−6 torr). The electrode arrangement
consisted of silicon carbide cone anode of ~0.3 cm diameter at the base and 1 cm
length. This pointed tipwas in contactwith a flatmetal cathode of similar dimensions.
Three sets of Langmuir probes were used to measure the drift ion and electron
velocities, as well as the density and temperature of the electrons. The ion energy
was derived from time-of-flight measurements between two probes. The electron
temperature was measured of about 1 eV located at 10 cm from the electrodes, even
less than 1 eV was derived from probes 10 and 15 cm distance from the discharge.

The observation shown that ions and electron were drifting at approximately the
same velocity. The ion velocity dependence on atommass wasmeasured as v ~m−0.5.
Using this relation, the ion velocity is shown in Fig. 12.2, the calculation (theoretical
curve) and the measured data (circle with point). According to these results, the ion
velocity decreases from about 3 × 106 cm/s for light Al to about 5 × 105 cm/s for
heavy Pb. The density profile with distance r was determined as r−2. The ion density
of 1012 cm−3 was obtained at about 1 cm distance from the discharge.

Fig. 12.2 Ion velocity as
function on ion mass. Figure
taken from [10]. Permission
number 4777011054601
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A probe method was used by Tyulina [11] to determine directly the velocity prop-
agation of the plasma jet produced during current interruption by contacts in an
experimental system similar to circuit breaker in a vacuum. The contacts made of
were molybdenum or tungsten of cylindrical configuration. One contact was fixed,
while the second could be displaced using electromagnetic control. The probes were
placed at various distances from the circuit breaker axis. The jet velocity was deter-
mined by simultaneously registration of the oscillograms of the currents in twoprobes
located on one side but at different distances from the axis. The arc voltage was 20 V,
the current was in the range of 50–300 A, and the arc duration was varied between
5 and 25 μs.

It was measured the average velocity of ion propagation was of (1.3–2) × 106

cm/s at the front of a plasma at different interruptions of the current. The velocity of
electrons can be equal to the ion velocity as well as the electron velocity can exceed
the ion velocity by not greater than 1.5 times. The plasma velocity increased by 1.5
times when the interrupted current increases from 50 to 300 A. The ion current at
discharge axis decreases inversely with square of distance at the axis during 400 μs.
The ion density of 1012 cm−3 at distance of 1 cm was obtained using measured
plasma propagation velocity and probe current. It was indicated that the energy of
the measured high-speed flow several times larger than the gap voltage also was
observed previously. The observed plasma velocity cannot be explained by thermal
velocity of the ions and by magnetic field of the arc since the Lorenz force does not
change the absolute value of the velocity.

The probe method was prolonged up to currents 1000 A investigating the plasma
flow at current shut off [12]. According to the observations, when the contact was
switched off by their opening in the vacuum, the velocity of the plasma propagations,
measured at fixed distance, drops sharply downstream of the front of the expanding
plasma cloud in the first 100–400 μs of the arc. The most abrupt drop in the rate
downstream of the front was observed when the current was close to the value of
1000 A. The velocity of plasma propagation at the termination of the arc varied with
time and current in the same manner as the velocity behind the plasma cloud front.
These results are shown in Fig. 12.3. It was shown that the rate of plasma propagation
across the front and downstream of the front depends on the level of current shut off
as follows. The velocity of plasma ions across the front is only slightly dependent on
the current in range from 100 to 1000 A (curve 1). The velocity behind the plasma
front varies slightly with the current in case when the current shut off varies from
30 to 300 A. When the current stepped up to 1000 A, it was observed a drop in the
velocity to values lying below the 1.3 × 105 cm/s (curve 2).

Rondeel [13] measured the average velocity of ions emitted from a copper arc
in a vacuum. The arc was initiated by the contact separation with a velocity of
approximately 1 m/s. All measurements were carried out with a DC current and
with copper contacts of 15 mm diameter. The average ion energy was determined by
measurements of the temperature rise of a thin cylindrical copper shield outside the
electrodes. The height of the cylinder was 10 mm, the diameter was 25 mm, and the
thickness 0.2 mm. The shield was thermally and electrically isolated. A chromel–
alumel thermocouple was used for the temperature measurements. At an arc current
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Fig. 12.3 Plasma
propagation velocity as
function of current shut off:
1-across plasma front; 2-arc
mode and termination arc
mode
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of 450 A and an arcing time of 40 ms, the temperature rise was found to be about
40 K. The thermal time constant of the system was about loos, which was assumed
sufficient. It was also assumed that the temperature rise of the shield was caused by
the kinetic energy of the ions only which allowed determine the ion current to the
shield.

The result shows that both the ion current and the temperature rise of the shield
were dependent on the electrode separation, due to the shadowing effect of the anode.
The positive ion current increased from 10 to 17 A when the electrode separation
increased from 1 to 5 mm at an arc current of 450 A. A relation between the average
ion velocity and the average degree of ionization of these ions has been found using
the measurements of the temperature rise of a thin copper shield hit by the positive
ions, which emitted from a copper–vapor arc, and the ion current to the shield. A
second relation is found from the measurement of the impulse gain of a small copper
plate hit by the ions. From these two relations, the average velocity was found to be
1.4 × 104 m/s. On the assumption of single ionization of the ions, it was found that
50% of the emitted vapor was ionized.

The velocity distribution function of vacuum arc ions was measured by a time-
of-flight technique for wide cathode materials with a pulse length of 250 μs and
current in range of 100–500 A [14]. A cylindrical cathode of 6.25 mm diameter
with annular anode of inner diameter of 13 mm and the closest cathode-to-anode
distance of about 5 mm were used. The distance from the cathode surface to the ion
collector was 2.153 m. The measured ion current curves I(t) were used to derive the
ion distribution functions using some analytical relation. A peak of ion velocity in
region of (0.75–2)× 106 cm/s was found for different cathode materials (C,Mn,Mg,
Ti, Cr, V, Ge, Sr, Y, Al, In, Ag, Co, Sm, Er, Ni, Cu, Zr, Mo, Al, Pt, Al, Au), while for
Sb the peak is 4 × 106 cm/s. No significant change was found in the current range
100–400 A investigated for Ti cathode with the peak velocity of about 1.6 × 106

cm/s. This same was concluded for obtained ion velocity distributions for various
cathode materials, measured at four different arc pulse repetition rates.
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The study of ion charge state distribution and ion velocity distributionwas reported
for arc current of 100Aand3μs duration [15]. Two simultaneously operating vacuum
arcs from a non-pure silver cathode produce two arc jets that contain Ag ions. The
measurementswere conducted using a dynamic time-of-flight diagnostics. The anode
and cathode of each arc were made of two strips of silver layers pasted on an alumina
wafer and separated by a narrow 100 μm gap. The ion velocity distribution of the
merged plasma beam was analyzed 70 cm away from the arcs and compared with
that of the ions emitted by a single arc.

It was obtained that ion velocity distribution of the plasma of each of the two arcs
operating separately of arcs 1 and 2 was 0.6 × 106 and 0.8 × 106 cm/s, respectively.
In case of operation of a single arc, the plasma beam consisted of more than 90%
of single ionized Ag ions and also of oxygen and carbon ions (about 10%), which
originated from impurities in the silver layer. When two arcs are serially connected,
two maxima were detected. The velocity of the second maxima was always higher
than the velocity observed when each arc was individually operated. Distribution
of the plasma ion velocity depended on the connection order and had the following
maximal points: velocities 0.67 × 106 and 1.1 × 106 cm/s, in case when the cathode
of arc 2 was grounded, and velocities 0.57 × 106 and 1.2 × 106 cm/s, in the other
case when the cathode of arc 1 was grounded (see [15]). Furthermore, the total ion
charge measured on the ring electrode when the two arcs were serially connected
was lower by 30% than the sum of the ion charge collected from each of the arcs
separately.

12.2 Ion Energy

Plyutto 1960 [9] observed ion acceleration in an isothermal plasma expansion in
vacuum of high-current spark at 7 kA by mass spectrometer raising a small fraction
of the ions to energies several time greater than the applied voltage. Later, Plyutto
et al. 1965 [8] used Retarding Field Analyzer (RFA) to measure the ion component
and ion energy and analyzed of ion charge state in the extracted plasma jet from the
cathode. The RFA was placed at 20 cm from the anode, and the arc duration was
1.5–2 s, which was repeated after about 0.5–1 min at 50–70 measurements. The arc
current was mainly at 100 A. It was found that the average ion energy per unit ion
charge was 5–10 eV for first group of metals Zn, Cd, Pb, and 18–25 eV for second
group of metals Mg, Al, Ni, Cu, and Ag. The energetic specter was 0–70 eV. The
better approach to Maxwellian velocity distribution was observed at 300 A arc. The
voltage fluctuations were mostly detected at 20–100 A, which were significantly
lower at 300 A arc.

The mass spectrometer experiment was conducted cathodes placed at distance of
15 cm from the hole of 1 mm diameter through what the plasma was penetrated. The
ion current was 200–300 μA at arc current of 100 A. The degree of ionization was
calculated using measuring total plasma flux and ion flux deposited on a plate. The
observations found a number of multi-charged ions given in Table 12.3. According
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Table 12.3 Degree of plasma ionization in percentage and the ion charge state indicated as from
Me+ to Men+ for different cathode materials [8]

Charge
state

Mg+–Mg2+ Al+–Al3+ Ni+–Ni3+ Ag+–Ag3+ Zn+–Zn2+ Cd+–Cd2+ Pb+–Pb2+

Degree of
ionization,
%

80–100 50–60 60–70 50–60 15–20 12–15 18–25

to the measurements the one charged ions dominated for first group of metals, while
two charged ions of about 50%, and three charged ions of about 2% were found for
second group of metals, except copper for which was detected ions up to Cu4+ (no
data were reported about degree of ionization). The absence of three charged ions
for Mg was explained by relatively large potential of ionization (79.4 V). Also, the
authors noted that the multi-charged ions could be interacted between one with other
with changing their state during the plasma flow.

Similar but more detail investigation was provided by Davies and Miller 1969
[16] to measuring the relative flux of the various ions emitted by cathodes of a series
of metals and determining energy distribution and charge-state distribution of each
ion, all as a function of DC arc current. The used experimental setup consists of an
arc tube section to produce the arc, an analyzer to determine the mass, and energy
spectrum of the arc products (Fig. 12.4). The arc tube was constructed of 7.6 cm
diameter glass tubing. The electrodes were attached to mating flanges by means of
1.27 cm diameter steel rods and used metals.

The arc was initiated mechanically by contacting the two electrodes and then
immediately separating them about 0.5 cm. Short arc duration about few seconds
limited the minimum current to about 25 A. Currents were limited to about 300 A,
which is too low to observe the onset of anode spots. The molybdenum rod anode
was used but after a few arcs, the molybdenum was coated with cathode material so
that essentially the arc was between the same metals.

The mass and energy analysis of the neutral and ionic species emitted from the
arc was accomplished by a double-focusing mass spectrometer with a narrow energy
acceptance. Both the cylindrical electrostatic energy analyzer and the magnetic
analyzer are 90° sectors with a 5 cm radius of curvature. With an entrance slit of
0.025 cm and an exit slit of 0.051 cm, the energy spectrum from the electrostatic
analyzer for an incoming ion beam of uniform energy spread was a trapezoidal peak
with a base�E/E of 1.5%. The neutral species from the arc were ionized by electron
bombardment. The yield of Cu+ obtained by ionizing the neutral Cu from a 100 A
arc was about 10−13 A at the detector. The yield of Cu+ directly from the arc was
approximately 104 times greater.

The data were obtained for the copper ions emitted axially by using a hollow
cylinder of molybdenum as the anode. The arc tube was constructed so that, the
analyzer, anode and cathode were aligned along the same axis. In this type of geom-
etry, a larger proportion of the ions emitted normal to the cathode surface could able
to enter the analyzer than in the original geometry. The stability of the signal obtained
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Fig. 12.4 Schematic diagram of arc tube and analyzer. Figure taken from [16]. Permission number
4776971374479

with the axial geometry was considerably poorer than that obtained with the radial
geometry. It was caused by a greater tendency of the cathode spots to move off the
end of the cathode in the axial case and to be shielded by the anode structure.

An ion energydistribution varied somewhat in shape, but in generalwas symmetric
enough and characterized by three parameters: peak height, energy at which the
peak occurred (Ep) and peak defined as full width of the ion-energy distribution at a
height equal to one-half maximum height. The spectra were found to be fixed with
respect to the electrode potentials. Normally, the cathode was grounded. The peaks
of energy distributions per unit charge as dependence on arc current can be presented
in the form shown in Fig. 12.5 for the elements investigated for the first three charge
states separately. Most measurements were made on the radial flux, but ion-energy
distributions of the axial (through anode) flux from a copper cathode are shown in
Fig. 12.6 together with radial flux copper results.

In general, the obtained results show that significant quantities ofmultiply charged
ions were measured for all elements examined. The energy distributions (normal-
izing energy as ion energy/ion charge) for the various ions are similar, peaking at
potentials well above the arc voltage. The fraction of ions that are singly charged
increases with increasing arc current. For a given element, as the degree of ionization
increases the location of the ion-energy distribution peak shifts to lower energies. For
a given degree of ionization, the location of the peak tends to lie at higher energies
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Fig. 12.5 Peak of energy of ion energy distribution as a function of arc current with radial flux for
one charge state (Radial 1), two charges state (Radial 2), and three charges state (Radial 3). Energies
are given per unit electronic charge in volts

Fig. 12.6 Energy of peak of
ion energy distribution as a
function of arc current.
Energies are given per unit
electronic charge in volts.
Solid and dotted lines
indicate the radial and axial
fluxes from copper cathode
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for elements with greater arc drops (Chap. 7). This dependence of the ion energy
distribution and of the average ion charge, Kutzner and Miller showed in their later
work in 1989 [17] as it is demonstrated in Fig. 12.7a, b.

The location of the peak of a particular ion-energy distribution shifts to lower ener-
gies as the arc current increases. A weakly difference was observed in the ion energy
peak for radial and axial plasma expansion for different arc currents. It obtained a
linear increase of the neutral atoms ejected from the arc for silver and copper cathodes
with the increase of the current.

Some results of work [16] agree well with that measured by Plyutto et al. [8]. In
particular, in this work, it was also shown that the fraction of singly charged ions
tends to be larger for elements of lower arc drops, themultiply charged ions decreased
noticeably with increasing arc current, and when the arc current increased to 300 A,
the average andmaximum ion energies decreased. However, the average ion energies
are somewhat higher in work [16] than those found by Plyutto [8].



358 12 Cathode Spot Jets. Velocity and Ion Current

10 15 20 25
0

50

100

150

200
(a)

Ti
Cr

C

Ar Al

Zr

Mo

o

oo
o

o

o

Fe

Ta

MgCa

Cu

Cd

o

o

o

o

o

o

Io
n 

flu
x 

en
er

gy
, e

V

Arc volatage, V

o

10 15 20 25
1.0

1.5

2.0

2.5

3.0

Nio

(b)

Ti
Cr

C

Ag Al

Zr

Mo

o

o
o

o

o

o Fe

Ta

Mg
Ca

Cu

Cd

oo

o

o

o

o

Io
n 

ch
ar

ge
 s

ta
te

Arc volatage, V

o

Fig. 12.7 Average ion flux energy (a) and average ion charge state Z (b) as function of arc voltage
for different elements

A time-resolved analysis of the fluxes from vacuum arcs near and through current
zero phenomena in low-current DC vacuum arcs (dI/dt ~ 50 A/μs) was studied [18].
The results were obtained in looking at the radial flux from 50 and 100 A copper arcs
subjected to rapidly forced current zeros. A burst of low-energy ions is produced at
the time of arc extinction within the resolving power of used apparatus <5 μs.

Grissom and McClure [19] have measured the energy distributions of the total
flux of ions produced by a pulsed vacuum arc of 5 μs duration, with arc current
of 60 A. Energy measurements were performed using a cylindrical electrostatic
analyzer. In this work, the ions were extracted from the arc plasma over the anode.
Al2O3 separated two concentric cylindrical electrodes of Kovar. The interfacing
surfaces of the insulator were metalized and brazed directly to the metal electrodes.
The center electrode formed as the anode (0.0635 cm diameter) and the outer shell
was served as cathode. The electrode separation was 0.127 cm. Thus, the anode
surface area was defined by a ceramic insulator limited the portion of the anode
surface exposed to the arc. The anode was at positive potential, while the cathode
was at grounded potential, and therefore, the ion energy measured with respect to the
cathode potential. It was noted that in previous works the ions were extracted from
the cathode plasma.

Spectroscopic analysis of the plasma indicated that the ion beam consisted of
vanadium from film over the anode, Al and O ions (ceramic), and iron, cobalt and
nickel from Kovar. The observations showed that the ion energy distribution consist
of two types of ions: (i) single, broad peak with a low-energy cutoff and (ii) a
high energy components that extends well beyond the total arc voltage applied to
the discharge and that was already indicated in the previous works [8, 16]. The
total voltage across the arc was 40–60 V. The ion energy corresponding to the low-
energy cutoff distribution corresponds to the minimum potential of the plasma over
the anode. It was reported that the ion peak energy was in range of 50–80 eV, the
minimum energy in range of 13–24 eV, and the maximum energy was in range of
175–235 eV.
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Table 12.4 Energy distributions of identified ions for 75 and 100 A vacuum arc [20]

Ion Arc current (A) Time (μs) FWHM (eV/charge) FW (eV/charge)

O2+ 100 4 147 277

100 1 103 227

Al3+ 100 4 137 300

100 1 76 225

Al2+, O1+ 100 3.5 58 115

Cr3+ 100 0.5 62 135

Ni3+ 100 4 48 120

Co3+ 100 0.5 53 117

Cr2+ 75 3 47 108

100 3 44 106

Al1+ 75 3 52 108

100 3 56 129

Using the electrode configuration of the work [19], Grissom [20] performed a
single-shot measurements of the complete energy distributions of mass selected ions
from a 6 μs vacuum arc using a time-of-flight mass spectrometer. The energy distri-
butions of ions mass separated according to flight times in a twometer drift tube were
obtained by observing the spreading in time of individual 15 ns ion bursts produced
by the spectrometer deflection plate assembly. The energy distributions of identified
ions were measured, and the summarized data are given in Table 12.4. The results of
full width of half maximum (FWHM) and full width (FW) of the measured energy
distributions were indicated. It was concluded that the data indicate the presence of
ions with energies per unit charge in excess of the applied voltage in general agrees
with earlier measurements [8, 16, 19].

The measurements of ion flux, ion velocity vi and ion energy from vacuum arc
plasma were conducted by Yushkov et al. 2000 [21] and then by Anders and Yushkov
2002 [22]. The arc occurredbetween the front face of a cylindrical cathodeof 6.25mm
diameter and an annular anodeof 1.3 cm inner diameter. The closest cathode-to-anode
distance was about 5 mm.

Nearly rectangular arc pulse shape of 250 μs duration and 100–500 A amplitude
was used. The ion current modulation was detected by a Langmuir probe working in
the ion saturation regime with a constant negative bias of −60 V. The drift time to
the ion detector was determined to obtain kinetic ion energies. The ion velocity was
treated as a constant for the length of the drift region between the cathode and the
sheath edge of the detecting probe s = 277 mm. The ion velocity was determined as
vi = s/tpl and ion energy as Eien = miv2i /2 where tpl is the time of flight of ions in the
plasma drift region as measured by the time delay between an arc current maximum
(or minimum) and the corresponding ion current maximum (or minimum).
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The method is based on the assumption that ion production is approximately
proportional to the arc current and the plasma streaming velocity “far” from the
spot (1 mm) is constant. The ion Mach numbers were defined as the ratio of the ion
velocity to the ion sound speed that is in form:

vis =
√

γekTe + γi kT i

mi
(12.1)

where γ e = 1 and γ i = 5/3 and the ion sound speed was estimated using the temper-
ature derived from ion charge state measurements. A wide range of cathode mate-
rials has been used. The result indicates that the kinetic ion energy is higher at the
beginning of each discharge and approximately constant after 150 μs.

Table 12.5 presents the results of average ion velocity, kinetic energy, electron
temperature Te and approximate ionMach numberMi for most conducting elements
of the periodic table measured for arc currents 100–300 A at pressure 10−4 Pa. The
result does not noticeably depend on arc current and is valid for pressures up to
about 10−2 Pa. Data are valid for time t >150 μs after arc initiation. According to
the obtained data, the Mach number is significantly large indicating that the plasma
flow is supersonic. Taking into account that for 100 A arc the ion current is 8 A, the
momentum of the total ions ejected from the cathode plasma, for example of Cu,
is 1.39 × 10−16 × 8/1.6 × 10−19 ≈ 7 × 102 gcm/s2. This ion momentum shows
the possibility of energetic deposition of thin films and to use of vacuum arc for
microthrusters for space applications.

12.3 Ion Velocity and Energy in an Arc with Large Rate
of Current Rise dI/dt

In short-pulsed high-current vacuumdischarges [9, 23, 24], a considerable increase of
the ion energy in comparison to longer duration low-current arcs has been observed.
The measured ion energy range in microsecond arcs with high current was 1–10 keV
(high energy), while for 100 A millisecond arcs it was around or lower 100 eV (low
energy) [8, 16]. The main parameter influenced the character of plasma jet expansion
is the rate of current rise.

Astrakhantsev et al. [25] investigated a relation between the average energy of
accelerated ions and the maximum rate of current rise in a vacuum discharge. The
electrode arrangement mounted in a vacuum vessel consisted of a cylindrical copper
cathode with a flat operating surface of 8 mm diameter and a parallel Ta anode with a
3 mm diameter hole at its center. The cathode–anode gap was 9mmwide. A tungsten
igniter was placed at the cathode axis. The pulse duration of the igniter was about
5 μs, and current magnitude was of about 10 A. The main discharge began about
0.5 μs after the onset of the ignition pulse. The initial capacitor voltage controlled
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Table 12.5 Plasma jet velocity, ion kinetic energy, ion momentum, electron temperature Te, and
Mach number M ion for different cathode metals [22]

Metal Velocity (106 cm/s) Energy (eV) Momentum mivi (10−17

gcm/s)
Te (eV) M ion

Li 2.31 19.3 2.67 2.0 3.1

C 1.73 18.7 3.45 2.0 3.0

Mg 1.98 49.4 7.98 2.1 4.8

Al 1.54 33.1 6.89 3.1 3.3

Si 1.54 34.5 7.18 2.0 4.1

Ca 1.39 39.9 10.2 2.2 4.2

Sc 1.46 49.6 10.9 2.4 4.5

Ti 1.54 58.9 12.2 3.2 4.3

V 1.63 70.2 13.8 3.4 4.5

Cr 1.63 71.6 14.1 3.4 4.6

Fe 1.26 45.9 11.7 3.4 3.7

Co 1.21 44.4 11.8 3.0 3.8

Ni 1.15 40.6 11.2 3.0 3.6

Cu 1.32 57.4 13.9 3.5 4.0

Zn 1.03 35.7 11.1 2.0 4.2

Ge 1.11 46.2 13.4 2.0 4.8

Sr 1.15 60.5 16.8 2.5 4.9

Y 1.32 80.3 19.5 2.4 5.8

Zr 1.54 112 23.3 3.7 5.5

Nb 1.63 128 25.1 4.0 5.6

Mo 1.73 149 27.6 4.5 5.8

Ru 1.39 139 23.3 4.5 4.8

Rh 1.46 142 24.9 4.5 5.1

Pd 1.21 80.1 21.4 2.0 6.3

Ag 1.11 68.7 19.9 4.0 4.1

Cd 0.68 26.6 12.6 2.1 3.6

In 0.60 21.6 11.5 2.1 3.2

Sn 0.70 29.5 13.6 2.1 3.7

Ba 0.79 44.6 18.0 2.3 4.4

La 0.69 34.6 16.0 1.4 4.9

Ce 0.79 45.5 18.4 1.7 5.1

Pr 0.84 51.5 19.6 2.5 4.5

Nd 0.81 49.7 19.5 1.6 5.6

Sm 0.81 51.8 20.3 2.2 4.9

Gd 0.81 54.1 21.3 1.7 5.6

(continued)
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Table 12.5 (continued)

Metal Velocity (106 cm/s) Energy (eV) Momentum mivi (10−17

gcm/s)
Te (eV) M ion

Tb 0.84 58.1 22.1 2.1 5.3

Dy 0.84 59.4 22.6 2.4 5.0

Ho 0.86 64.1 23.7 2.4 5.2

Er 0.89 69.3 24.8 2.0 5.9

Hf 1.03 97.5 30.4 3.6 5.2

Ta 1.20 136 36.2 3.7 6.0

W 1.11 117 33.6 4.3 5.2

Ir 1.07 113 34.1 4.2 5.2

Pt 0.81 67.2 26.4 4.0 4.1

Au 0.69 49.0 22.6 4.0 3.5

Pb 0.58 35.8 19.8 2.0 4.2

Bi 0.47 23.9 16.3 1.8 3.6

Th 0.99 118 2.4 7.0

U 1.14 160 3.4 6.9

the current rise of the discharge and its parameters. Ion energy andmass distributions
of the plasma jet were investigated by a time-of-flight method using a single channel
electrostatic analyzer.

The ion energy distribution [25] throughout the discharge parameter range showed
a relationship between the average plasma jet energy εi and the maximum rate of
current rise İ→(dI/dt), which is illustrated in Fig. 12.8. It can be seen that for different
ion species the particle energy linearly rises after 3 × 108 A/s over a wide range of
discharge parameters. For smaller values of current rise, the corresponding value of
energy was almost independent of the discharge parameters.

Fig. 12.8 The relationship
between the mean ion energy
εi and the maximum rate of
current rise of different
species of ion: �·-Cu+;
•-C2+; (�)-C+ and O+; and
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Fig. 12.9 Dependence of the mean energy EZ on the charge multiplicity of Cun+ (a) and Ta
(b) ions on charge number Z for the voltage U0= 1.0 (1) and 2.5 keV (2). The straight lines are
linear approximations of the measured data

The parameters of Cu and Ta ions ejected from the plasma of a vacuum spark
with a voltage up to 2.5 kV and a current rise rate up to 2 × 1010 A/s were studied
[25, 26]. The experiments were carried out with a vacuum discharge with a capacitor
voltage U0 up to 2.5 kV. The electrode system consisted of a cathode of diameter
1 mm and a plane grounded grid-type anode separated by 9 mm from the end face
of the cathode and was placed in a chamber with a vacuum not worse than (5–8) ×
l0−6 torr. The energy and charge state distributions of ions were measured by the
time-of-flight method with an electrostatic analyzer of the “plane capacitor” type
with the energy resolution�ε

/
ε ≈ 2×10−2 and a time resolution of the registering

circuit of about 40 ns.
It can be seen from Fig. 12.9 that the average energy Ez of ions obtained by

integrating their energy spectrum increases almost linearly with the charge number
Z. The various components of Tan+ ions are in considerably wider range of charge
states as compared to copper ions. It was indicated that the multiply charged ions
could be produced already at the initial stage of the discharge 400–600 ns prior (3 kA)
to the attainment of the peak value of current.

An arc was studied between a copper wire cathode of 1 mm diameter with a cone-
like working surface and a grounded grid anode, which was placed at 10mm distance
from the cathode [28]. The discharge was ignited by a high-voltage breakdown at
the top surface of a dielectric insert. Two peaks of ion current were observed for the
collector spaced on 10 and 35 cm from the anode. The first peak has a lower delay
timewith respect to the discharge onset and corresponds to the fast ions. The fast ions
are the multiple charged accelerated ions. The second peak has a larger delay time
and more amplitude than the first one. That peak corresponds to slow ions, which
represent the bulk of ions of the cathode jet plasma.

According to Gorbunov et al. [28] for the given peak of the discharge current,
the energy spectra of ion species at different charge states were produced from a
set of signals of the ion energy analyzer. Then, the average velocities of individual
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ion species were obtained from the spectra. These velocities were averaged over all
species to obtain the average velocity of the fastmultiple charged ions. In awide range
of vacuum spark a relation was obtained between velocity of the fast ion component
and the velocity of the bulk of ions (see above) of the cathode plasma jet (Fig. 12.10)
found from data of [26, 27]. This figure shows that the velocities of both the fast ions
and the bulk of ions increase with peak of the discharge current, but velocity of the
fast ions increases more sharply than that of the bulk ions. The averaged velocity
of the fast ions that was obtained from the collector measurements is close to the
average velocity of the multiple charged ions throughout the range of the discharge
current variation.

It was also observed the sharp and similar (linearly) increases of ion current at the
collector at distance of 35 cm from the discharge gap versus peak of the discharge
current up to 100 kA for the both bulk and fast ions of the cathode jet.

Ion acceleration at the initial stage of a pulsed arc was studied [29]. The electrode
array comprised a cylindrical cathode of 6mmdiameter and an annular anodewith an
inner diameter of 13 mm. The anode was 9 mm away from the cathode surface. The
vacuum chamber was evacuated to a residual pressure (4–6) × 106. The discharge
was initiated on the cathode surface by a high-voltage breakdown via a dielectric
insert between the cathode and the igniter. The measurements were conducted with
discharge current pulse of 150 A amplitude at 30μs rise time and of 200μs duration.
The plasma flux leaving the arc discharge region passed through the anode hole and
expanded while streaming toward the anode grid. Ion energy distribution of the
cathode plasma jet was measured by an electrostatic ion energy analyzer that was
placed at a distance of 45 cm from the cathode.

The ion component throughout the discharge pulse was observed for two groups
of ions, which were originated at different instants of the discharge pulse. The first
instant t1 corresponds to the initial transient stage of the pulse, approximately 25 μs
after ignition, when the discharge current attains a maximum, and the second instant
t2, 100 μs later, denotes the stage when the parameters of the plasma relax to the

Fig. 12.10 Dependences of
the cathode jet velocity on
the discharge current for
bulk ions, average velocity of
the fast ion component, and
for velocity of the multiple
charged ions
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Table 12.6 Directed energies
Edir of ion flux in cathode
plasma jet obtained at
different discharge stages [29]

Material t1 t2

Edir (eV) Edir (eV)

Al 160 70

Ti 165 75

Mg 130 60

Zr 250 100

steady-state values. The respective data of directed energies Edir of ion flux for each
time interval are given in Table 12.6. While at early stage the ion energy Edir is
relatively large, the measured ion energies at the steady-state stage are close to those
which have been measured earlier for a wide set of cathode materials.

It is found that at first stage the accelerated ions propagate within a narrow angle
that is as much as, approximately, ±15° in relation to the plasma flux axis. Also, it
was show that at in the initial stage of the discharge <25 μs after ignition, when the
discharge current rises rapidly, the macro-spot was located close to the igniter. In the
last stage of the discharge, the cathode area occupied by the microspots enhanced
due to their random motion.

12.4 Ion Current Fraction

Kimblin 1971 [30] measured the ion current emitted from DC vacuum arcs between
copper electrodes in both a vacuum interrupter and a metal walled arc chamber.
Data were obtained for arc currents of ≤3 kA. In the arc chamber, the arc plasma
was generated with a 27 cm diameter metal wall, which biased to cathode potential.
According to the experiment, the ion current was saturates for a bias of about 7 V.
Therefore, to measure the ion current, the wall was connected to grounded cathode
potential via a low impedance current-measuring shunt providing a useful bias of
about 20 V (arc voltage). This electrical circuit used to study the ion current as
function of the arc current, electrode spacing, electrode diameter, and wall diameter.

According to Kimblin [30], the ion current dependence on electrode spacing and
electrode diameter for a 275 A arc can be shown in the form of Fig. 12.11, where
the data points represent the mean ion current observed for several arcing sequences
at the given electrode spacing. For 2.5 cm diameter electrodes, the ion current first
increases linearly with electrode spacing and reaches a maximum saturated value for
a spacing of 1.5 cm. For 5 cm diameter electrodes, the ion current approaches the
same maximum value but at a longer electrode spacing of 3 cm.

A similar dependence of the ion current versus electrode separation anddiameter is
observed throughout the current range of 100–3000A, although the ion currents attain
maximum values at slightly smaller electrode spacing with increasing arc current.
Figure 12.12 shows maximum of the total ion current as function on arc current.
The data present average approximation of the measurements for electrode spacing
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Fig. 12.11 Wall ion current
as a function of electrode
spacing for electrode
diameters of D = 2.5 and
5 cm (arc current 275 A;
chamber wall biased to
cathode potential)
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current collected by a
negatively biased wall versus
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1.3 and 2.5 cm diameters electrodes at wall diameter 27 cm and electrode spacing
3 and 5 cm diameter electrodes at shield diameter 5.7 cm. The shield inserted into
the chamber to measure the influence of the distance to the wall from the electrode
axis. As follows from the measurements the maximum ion current values vary from
8% of the total arc current at 100 A–20% at 3000 A. This maximum ion current
is a fundamental arc property independent of wall diameter, anode diameter, and
electrode spacing.

However, the dependence of the wall ion current lower than the maximum indi-
cates that the cathode regions adjacent to the cathode spots are the predominant
sources of ionization for the plasma. Assuming single ionization, the author [30]
concluded that 55% of the vapor leaving these regions is ionized. For the postarc
current, the rate of arrival of ions at thewall decays exponentiallywith a time constant
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of about 3.5 μs. This characteristic time was used to obtain an average ion speed
during arcing as 8× 105 cm/s taking into account the known distance from the center
of the cathode to the wall.

In further Kimblin’s work, 1973 [31], the ion current emitted from vacuum arc
was measured for various materials (Cd, Zn, Ag, Cu, Cr, Fe, Ti, C, Mo, W). The
experiments were performed with pairs of 2.5 cm diameter electrodes, and both
anode and cathode were manufactured from identical material. The saturated ion
current escaping from the interelectrode region to the wall was conveniently detected
for all experiments with the wall biased negative to cathode potential via a current-
measuring shunt. Experimentswere performed atDCarc current levels of 50–1000A.
The measurements with tungsten were performed using a pair of high-purity 1.9 cm
diameter electrodes, and the ion current was observed over the current range of 50–
600 A. For the used current range and for electrode spacing of 2 cm, the arcs were
characterized solely by a multiplicity of cathode spots with no anode spot present.
Thus, evaporation occurred solely from the cathode. Average arc duration was varied
in range from 0.1 for W to 4.5 s for C.

It was observed that for each material, the dependences of the wall ion current on
the electrode spacing and anode geometry were consistent with previous measure-
ments [30]. By assumption of predominant vapor ionization in the cathode regions,
it was concluded that the expansion was consistent with subsequent isotropic free
flight motion from this region. Comparison of the net erosion rate with the wall ion
current indicated that, for high-vapor-pressure materials such as Cd and Zn, about
15% of the vapor leaves the cathode regions ionized. For low vapor pressure mate-
rials such as C, Mo, andW, this fractional ionization is almost 100%. The ion current
magnitudes observed at long electrode spacing were similar for each material, and it
is about 8%, except 7% for carbon and 10% for W, of the arc current. Since the used
materials span a wide range of thermal characteristics (from Cd with low boiling
temperature Tb = 1038 K to the refractory materials C, Mo, and W up to Tb =
5973 K), it is concluded that ion currents of this magnitude can be expected from
cathode materials in general. Furthermore, this comparison between experiment and
theory indicates that the total probability for vapor ionization in the cathode region
exceeds 50%.

As it is shown above, the ion current fraction significantly depends on electrode
gap distance and anode size. Let us consider the works of Kutzner et al. [17, 32, 33]
andKutzner [34], whichmeasured the ion current and angular ion current distribution
dependence on the gap distance, and anode diameter. The arc current was varied from
50 to 340 A and arc duration was varied from 10 to 14 ms. To measure the current
flux 14 ring, electrical probes of 108 mm in diameter, situated concentrically around
the copper electrode system, were used. The cathode diameter of 30 mm and anode
diameters were 11 and 20 mm. The total ion current to the probe shields I is was
obtained as sum of ion currents flowed to each probe. The electrode separation was
conducted by the change in the anode position in range of 6–35mm.A cone having an
angle θ, with respect to the axis, which was normal to the cathode surface, subtended
the solid angle ω in the form:
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ω = 2π(1 − cos θ) (12.2)

The ion current I ia in the anode shadow depends on the anodic solid angle ωa that
was determined by the anode diameter and gap distance. The total ion fraction emitted
from the cathode is I ip = I is + I ia. The measured angular ion fraction distribution
f i(ω) was determined as

fi (ω) = Ii
Ia�ω

(12.3)

where I i is the ion current inflowing into the solid angle Δω and Ia is the arc current.
The measured angular ion fraction distribution is shown in Fig. 12.13.

According to the experiments, the angular distribution of ion current emitted from
the cathode was approximated by a function defined as following equation:

fi (ω) = FmExp

(
ω2

k2L

)
(12.4)

The shape factor kL and maximum value Fm for Cu electrodes are given in
Table 12.7.

As it follows, the ion current was obtained from vacuum arcs in which the anode
subtends a minimum solid angle, i.e., by maximizing the electrode separation, while
this frequently increases the arc voltage and its fluctuations, producing an unstable
arc operation [35] (Tables 12. 8, 12.9, 12.10, 12.11 and 12.12).

Fig. 12.13 Experimental data of angular distribution of probe ion current f i(ω) (solid lines) and
extrapolated distributions (dashed lines) at angles ω lower than maximal ωmx for different currents,
gap distances and anode diameter of 11 mm; f mx is the maximal ion current fraction at ωmx (Fm
extrapolated value, Cu electrodes) [33]
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Table 12.7 Experimental data for vacuum arc of 100 A and 11 mm anode diameter [17]

Gap distance (mm) kL (sr) Fm (%/sr) Uarc (V) I ip (%) I is (%)

6 4.77 2.17 16.3 8.9 6.3

9.5 4.69 2.37 19.0 9.6 7.7

14 4.50 2.63 21.5 10.2 8.8

18 4.46 2.83 24.0 10.9 9.5

20 4.43 3.05 25.0 11.3 10.9

Table 12.8 Ion fraction, in percentage, and energy per unit charge Z, in eV, for different ion charge
states emitted from different metals [44]

Metal Fraction,% energy Ion charge state

1+ 2+ 3+ 4+ 5+

Fe Fraction,% 54 46 0.5

Ei/Z, eV 92 61

Cr Fraction,% 16 68 14 2

Ei/Z, eV 73 37 34

Ti Fraction,% 27 67 6

Ei/Z, eV 65 39 34

Cu Fraction,% 38 55 7 0.5

Ei/Z, eV 59 45 44

Mo Fraction,% 3 33 42 19 3

Ei/Z, eV 95 65 51 45 49

Table 12.9 Effect of cathode temperature TsK on the ion flux parameters for Ti at arc current of
100 A [47]

TsK Ei/Z (eV) Ion charge fraction (%)

Ti1+ Ti2+ Ti3+ Ti1+ Ti2+ Ti3+

390 57 35 21 17 81 2

620 33 22.5 9 29 69 2

770 32 22 7 34 65 1

Table 12.10 Effect of cathode temperature TsK and arc current on the ion charge fraction for Mo.
From [47]

TsK Arc current (A) Ion charge fraction (%)

Mo1+ Mo2+ Mo3+ Mo4+ Mo5+ Mo6+

410 90 3 47 39 9 1.5 0.5

560 90 5 83 11 1 0.5 –

560 220 6 82 10 2 – –
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Table 12.11 Ion fraction with different charge state as dependences on angle for each cathode
material [48]

Element Angle (°) Ion charge fraction (%)

1+ 2+ 3+

Al 90 87 11 2

60 78 20 2

30 76 21 3

Cu 90 59 37 4

60 47 49 4

30 37 62 1

Ti 90 35 60 5

60 19 73 8

30 6 88 6

Cohen et al. 1989 [36] measured ion current distribution extracted from a vacuum
arc between a Cu cathode and a conical ring anode by a set of five probes. The
arc current pulse was generated using a 0.4 F capacitor bank, which was initially
charged to 160 V. The current circuit also included a series inductor and resistor used
to shape the current pulse, having an amplitude of 725 A and a 70 ms half-amplitude
full-width. A drawn arc trigger to the cathode ignited the arc. The 19 mm diameter
Cu rod cathode was mounted 3 mm from a 50 mm outer diameter by 12 mm thick
anode, which placed at the center. The ion current was measured using a set of five
(1 cm2 area) Cu probes, which were supported by a holder having a 50 mm radius
of curvature and mounted 50 mm from the cathode. The probes were mounted at
angles of θ = 0°, 25°, and 45º with respect to the electrode axis. Each probe was
connected to the cathode potential via a l 	 resistor. Also, the mass flux distribution
was determined by weighing the probes before and after a series of 20 arcs.

The results given in Fig. 12.14, in the case of 34 mm ID anode aperture, show
a linear dependence [36]. Further tests with other probes resulted in the same
linear dependence. The total ion current emerging through the aperture was esti-
mated by numerically integrating hand-drawn curves from the data in the region
−45º ≤ θ ≤ 45º. The total ion current obtained was approximately 8.5% of the
arc current. It was found that the measured ion distribution was a slightly flattened
cosinusoidal function. This result is similar to that obtained in [30, 31].

Marks et al. 2009 [37] determined the ion current flux from a copper cathode using
methods developed byKimblin [31]. The current, arriving at a disc-shaped collecting
surface, which was held at approximately cathode potential, was measured by
reading the voltage dropped across a resistor (0.37	) which was placed between the
collecting surface and electrical ground (to which the cathode was also connected).
The disc-shaped probe had dimensions equal to that of the pendulum collector (diam-
eter 99 mm) and was placed about 2 mm from the anode plane in a position that
was similar to the pendulum collector position during the force measurements (see
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Table 12.12 Ion current fractions expressed at different average charge states [52]

Metal Ion current fraction with different charges (%)

Charge (Q = 1) 2 3 4 5 Average charge (Qav)

C 100 1

Mg 23 77 1.77

Al 38 52 10 1.72

Si 38 58 4 1.66

Ti 3 80 17 2.14

Cr 14 73 13 1.99

Fe 18 74 8 1.90

Co 30 62 8 1.78

Ni 35 58 7 1.72

Cu 26 49 25 1.99

Zn 76 24 1.24

Zr 4 47 38 11 2.56

Nb 2 36 43 19 2.79

Mo 6 40 36 18 2.66

Rh 28 52 18 2 1.94

Pd 24 69 7 1.83

Ag 18 66 16 1.98

In 79 21 1.21

Sn 36 64 1.64

Gd 3 78 19 2.16

Ho 8 79 13 2.05

Ta 5 30 33 28 4 2.96

W 3 25 39 27 6 3.08

Pt 52 44 4 1.52

Au 28 69 3 1.75

Pb 47 53 1.53

Th 1 1 72 17 3.05

U 1 29 62 8 2.77

Chap. 11). The ion current was also measured at the chamber walls instead of at the
probe. In this case, the plasma was free to expand into the chamber, the walls of
which were approximately at cathode potential. Figure 12.15 shows the ion current
fraction as a function of current for a Cu cathode measured at the probe and chamber
walls. An average Cu ion current of 8.6% with a standard deviation of 0.41% was
measured at the chamber walls, and an average of 9.5% with a standard deviation of
0.4% when using a probe positioned similarly to the pendulum collector.
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Fig. 12.14 Peak ion current
(0 = 0º) smoothed by a
10-Hz filter as a function of
the arc current
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Fig. 12.15 Ion current
versus arc current measured
at the chamber walls (bottom
curve) and at the probe (top
curve)
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Anders et al. [38, 39] measured the ion flux from vacuum arc cathode spots in
two vacuum arc systems. The first was a vacuum arc ion source, which was modified
allowing collecting ions from arc plasma streaming through an anode mesh. Cathode
spots of the vacuum arc were ignited on the front surface of a rod cathode. The
anode used as a semi-transparent mesh made from fine stainless steel. The mesh
was spherical in shape with mesh openings of 0.8 mm × 0.8 mm and a geometric
transparency of 60%. The anode mesh was electrically insulated from the original
ion source anode and the extraction system. Two collector electrodes were negatively
biased up to Ub = −200 V with respect to the mesh anode. They served as a large
collector to all ions coming through the anode mesh. An eight-stage pulse-forming-
network provided arc pulses of 250 μs duration. The arc current was 100 A for
most experiments. The base pressure of the cryogenically pumped system was about
5 × 10−5 Pa.
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The second discharge system essentially consisted of a cathode placed near the
center of a spherically shaped stainless steel mesh anode, whose radius of curvature
was 109 mm. Each opening of the mesh was 2 mm× 2 mm, and the geometric trans-
mittance was 72%. Using this geometry, ions would “see” the same mesh regardless
of their flowdirection. The ion current fromdifferent cathodematerialswasmeasured
for 50–500A of arc current. It was found that the ion current fraction slightly depends
on the material. The range of ion current fraction was varied from low value 5% for
W to large value 19% for C. A linear relationship between ion flux and arc current
was measured. Using the mean ion charge state data the ion erosion rates was deter-
mined in the range from 16 for Al up to about 173 μg/C for Pb or Bi for arc currents
up to 500 A.

12.5 Ion Charge State

To obtain some insight into the processes occurring in vacuum discharges, Franzen
and Schuy 1965 [40] investigated the time variation of the yield of individual ion
species extracted from an arc. A method of time-resolved mass spectroscopy was
developed [41]. It was studied the ion formation and energy mass spectra of ions
extracted from the discharges between solid electrodes in vacuum with different
durations. Fe ions produced by a low-voltage arc were examined. A relatively large
amount of multiply charged ions as well as singly charged ions was found. Named
from Fe+ to F6+ for short time in range 0–0.3 μs and from Fe+ to F4+ for low-voltage
arc up to 3 μs. Mainly, all of the ions from the low-voltage-triggered condensed
discharge were detected with energies less than 100 eV.

Davies Miller [16] obtained the ion yield results, which listed the fraction of the
total radial ion flux from different cathode metals represented by each charge state
of the ions. The data of ion charge energies were presented above in Figs. 12.5 and
12.6, and the fractions were presented below in Table 12.13.

The fraction of singly ionized ions was less mainly for metals with a higher arc
voltage except forCa andAg, or Zr andMo. So, itwas observed a general tendency for
the metals with higher arc voltages to have ion fluxes with a larger ion fraction and of
higher degree. It was noted the influence of differences of the potential of ionization
on the ion charge distribution. For example, the lack of Al+4 was explained due to
the 92 V difference between the ionization energies of Al+3 and Al+4. An analysis of
the measured velocity and energy of the ions with different charge states considering
mechanism of their origin was provided in [42].

Lunev et al. 1977 [43] used single and double Langmuir electrostatic probes
and multi-grid analyzer to measure the plasma characteristics of vacuum arc with
molybdenum cathode (chamber serve as anode) and arc currents in range of 120–
250 A. A spark near the cathode initiated an arc between the cathode and chamber.
The plasma fluxmoved along the axis of the cylindrical chamber. The ion and neutral
atom fluxes were determined by weighing before and after film deposited at plates
arranged along the arcs of circles centered at the center of the cathode plane. To
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Table 12.13 Characteristic parameters of the ions including charge state, energy and velocity for
arc current of 100 A except of 140 A for Ta [56]

Element Charge
number (Z)

Charge
fraction

Peak energy
Eip (eV)

Arc voltage,
(Cat.
potential
drop, uc), V

Ion kinetic
energy Eiz =
Eip−Zeuc

Average ion
velocity (106

cm/s)

Cu +1 0.30 57 20.5 (20) 37 1.06

+2 0.54 98 56 1.31

+3 0.15 126 66 1.42

+4 0.04 – – –

Ag +1 0.65 45.5 16.5 (16) 29.5 0.73

+2 0.34 88 56 1.0

+3 0.01 141 93 1.29

Al +1 0.49 47 20 (19) 28 1.41

+2 0.44 73 35 1.58

+3 0.07 93 36 1.60

Ni +1 0.48 47 18.5 (18) 29 0.97

+2 0.48 60 24 0.89

+3 0.03 79 25 0.91

Zr +1 0.14 66 21.5 (20) 46 0.98

+2 0.60 95 55 1.08

+3 0.21 129 69 1.21

+4 0.05 146 68 1.20

Ti +1 0.27 65 20.5 (19) 46 1.36

+2 0.67 78 40 1.27

+3 0.06 102 45 1.35

Mo +1 0.09 90 25.5 (21) 69 1.18

+2 0.48 164 122 1.56

+3 0.32 186 123 1.57

+4 0.11 230 146 1.71

Ta +1 0.13 90 24 (23) 68 0.85

+2 0.35 160 116 1.11

+3 0.28 192 126 1.16

+4 0.13 228 140 1.22

+5 0.1 260 150 1.26

+6 0.003 285 147 1.25

Ca +1 0.53 36 13 (11) 25 1.10

+2 0.47 46 24 1.07

C +1 0.96 28 16 (14) 14 1.50

+2 0.04 40 12 1.39
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determine the contribution of the ion and neutral fluxes, it was compared the grows
rates of the condensate on a substrate held at positive potential of +70 V and on a
substrate at the floating potential with distance to the cathode of 25 cm and current
of 180 A. The measurements show 80% of contribution of the ion flux. Electron
temperature was measured of about 3 eV that independent of the probe position and
the arc current. At this same distance and arc current, the average ion energy was
determined by the retarding multi-grid analyzer that was found to be about 20–30 V
by assumption that all ions were single charged [43].

The quantitative measurements of the ion composition in the plasma stream
produced by DC vacuum arc were conducted using RFmonopole mass spectrometer
[44]. The multi-grid analyzer was also used to measure the energy of direct motion
of the ion. The distance to the cathode was 50 mm. The measurements were begun
10 min after the arc ignition. The plasma potential measured by a single probe does
not exceed a few volts. Therefore, the obtained ion energy spectra did not displaced
due to the plasma potential. The plasma composition and the average ion energy
weakly depend on the arc current. The composition of the ion charge state and the
average ion energy for different cathode metals are given in Table 12.8.

As the arc current increased, the relative abundance ofmultiply charged ions in the
plasma showed some very small reduction. The decrease in the average ion energy
per unit charge the authors explained by the difference between the points at which
the ions of different charge were produced in the acceleration region. The obtained
data well agree with that for Cu cathode and different for molybdenum cathode,
which were both measured by Davis and Miller [16].

The difference is explained by relatively lowMo thermal conductivity and shorter
duration (0.1 s) of the arc. The authors noted that their data for average energies of
the various charge ions was not measured in the previous works in the plasma of a
vacuum arc. So, Plyutto et al. [8] measured the ion energy with multi-grid analyzer
without charge separation and Miller [16] determined the energy at the maximum of
the total ion distribution.

Aksenov et al. 1981 [45] and in 1983 [46, 47] investigated the plasma flux forma-
tion and an influence of the cathode temperature on the ion characteristics. It was
used the apparatus and diagnostic equipment like to that described in [43, 44]. The
charge and mass-energy analyzer was used to obtain the ionic component and the
radial distribution of the ion current density. Also, the integral cathode temperature
was measured by chromel–alumel thermocouple placed at 2–3mm from the working
surface. The measurements begin at 10–15 min after striking the vacuum arc, which
indicated to the establishment of steady-state thermal and vacuum conditions [47].

The results show that when the integral cathode temperature increased, the ion
energy spectra (dI/dU) were transformed in way that additional peaks occur and
groups of particles were recorded with small energy not exceeding a few eV (see
Fig. 12.16). The reduced average ion energyEi/Z decreasedwhen the cathode temper-
ature rises and decreased the proportion of highly charged ions, while the proportion
of singly charged ions increases (Tables 12.9 and 12.10).
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Fig. 12.16 Energy spectra of ions of different charges obtained at Ti cathode with temperature Ts
as parameter

It can be seen from the tables that the average energy decreased with ion charge
number and cathode temperature increasing. But the single charged ion fraction
increased and larger ion charges decreased with cathode temperature increasing.

The radial distribution of the total ion current also decreased with cathode temper-
ature rise (see Fig. 12.17) measured at the axis of 250 mm from the cathode plane
with single probe biased at −60 V. While the ion current density lower than that by
factor about 1.5 for cathode temperature 770 K this difference and absolute values
of the ion current density decreased with radius and approximately equal at different
temperatures for radius about 16 cm [47].

Fig. 12.17 Distribution of
total ion current along the
radius of the system at
distance of 250 mm from Ti
cathode plane at arc current
of 100 A (pressure of 7 ×
10−3 Pa) with cathode
temperature as parameter:
•-(1)-390 K; ◯-(2)-620 K;
·▲-(3)-770 K
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It was concluded that the average energy and average ion charge as well as the
individual ion charge slightly decreasedwith arc current due to increase of the integral
cathode temperaturewith arc current and arc duration.This conclusionwas applicable
also for dependence of ion charge state on arc current for pulse vacuum arcs.

In general, the plasma jet is not space uniform due to the free plasma expansion.
Khoroshikh et al. 1988 [48] studied the composition of the ionic component in
the expanding plasma as a function of the angular coordinate and distance from
the cathode surface. The diameter of water-cooled Al, Cu, and Ti cathodes were
64 mm, and arc current was 100 A. The measurements indicated that the angular
distribution of singly charged ions for each of the cathode materials are substantially
more uniform than that for double and triply charged ions. The difference in angular
distribution of the ions with different charge is given in Table 12.11 for average data
obtained at distance 30 cm from the cathode. The maximal ion charge fractions were
observed in direction perpendicular to the cathode surface, i.e., at angle of 90º.

The divergence of the plasma jet is characterized by decreasing of the jet param-
eters with expanding distance [48]. Figure 12.18 demonstrates the dependence of
charge components on distance L. It was obtained that the currents of titanium ions
of different charges decreased with distance from plane cathode (Fig. 12.18). This
decrease between 10 cm (from electrode axis) and 38 cm for Ti+ falls off by about
3 times, Ti++ ions by 13 times and Ti+++ ions by 30 times. It was noted also that the
change of ion charge state in the plasma jet at distance far from the cathode was due
to charge exchange process between ions with different charge numbers.

Brown and co-authors [49, 50] developed an ion source in which the Metal Vapor
Vacuum Arc (MEVVA) was used as the method of plasma production and from
which high-quality, high current beams of metal ions can be extracted. The anode
of the discharge is located on axis with respect to the cylindrical cathode and has a
central hole through which a part of the plasma jets streams. The plasma jet drifts
through the postanode region to a system of multi-aperture extraction grids in the
accel–decel configuration, which was extract the ion component from the plasma

Fig. 12.18 Current density
of ions of different charges
as function on distance from
plane cathode
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plume. The ion source comprised of 16 separate cathodesmounted in a single cathode
assembly, allowing the operational cathode to be changed simply by rotating a knob
to position the desired cathode in line with the anode and extractor of the device.
This construction allows to use many different cathode materials and compare in
a relatively short experimental run and with confidence in maintaining the same
experimental conditions. Pulse length was typically of 250 μs. The arc current was
mostly in the range of 100–200 A, and voltage of the ion beam extraction was 20–
60 kV. The source is operated on a test stand equipped with various diagnostics to
monitor the source performance and the parameters of the extracted beam, including
a time-of-flight (TOF) diagnostic for measurement of the ion charge-state spectrum.

Further, Brown et al. 1987 [51] used a time-of-flight ion charge-state diagnostic
including a nested set of annular gating plates, greatly increasing the fraction of
the beam that the diagnostic samples and allowing the radial structure of the beam
charge-state distribution to be studied easily. The system has been used to survey
the ion charge-state distribution of the beam produced by the MEVVA high-current
metal ion source for a wide variety of cathode materials and operating conditions.
Ions of mass number A and charge state denoted as Q are extracted from the ion
source through a voltage drop Uapl and thus acquire a velocity

vi =
√
2eUaplQ

mi A
(12.5)

where e is the electronic charge and m the ion mass. The short sampled pulse is
caused to drift through a distance L adequate to allow separation of the various Q/A
components in the beam, and the flight time of these components is measured by
a detector (Faraday cup) located at the end of the drift region. Since the beam was
composed almost entirely of a single mass ion, it provided a charge-state analysis.
The time in the main beam pulse at which the short time-of-flight pulse (typically
a few tenths of a microsecond) is gated out was varied electronically, so allowing
the charge-state spectrum to be sampled as a function of time throughout the beam
pulse.

The radial distribution of the various charge states in the vicinity of the time-of-
flight detectors was obtained by radial scanning with the Faraday cup. The distribu-
tions for the different charge states for Ta+, Ta2+, Ta3+, Ta4+, and Ta5+ were all peaked
at the same radial position, which in fact is close to the axis. The charge-state spectra
were measured for wide range of cathode metals (Table 12.12) [52]. The ion source
was operated at a repetition rate of several pulses per second, up to a maximum of
near 100 pulses per second for short-pulse length and low average power. For all the
measurements, the arc current was 200 A.

Themeasured charge-state spectra were influencedweakly over the range covered
approximately 100 < I < 1200 A. The mean charge state is observed to increase with
the boiling temperature T bol in K of the cathode material [53]. A simple LC pulse
line with pulse duration of typically 250 μs drives the arc. The average charge state
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Fig. 12.19 Time
dependence of the
charge-state spectrum
(normalized particle
fractions) throughout the arc
current pulse, for the case of
the half-sinusoid arc current
pulse shape for Ti [54]

0 50 100 150 200 250
0

50

Ti4+

Ti+Ti3+

Ti2+

C
ha

rg
e 

st
at

e 
fr

ac
tio

n,
 %

Time, s

Qav was found fitted reasonably well by the following empirical approximation for
arc current in the range of 100–200 A:

Qav = 0.38(
Tbol
1000

+ 0.6) (12.2)

The charge-state data with particular emphasis on the time history of the distri-
bution throughout the arc current pulse duration is given in [54]. Two types of pulse
lines, with 250 μs duration, drove the arc. One was a low-loss line and having a
very flat pulse shape (flat pulse), and the other was quite loss and having a pulse
shape similar to a damped half-sinusoid (half sinusoid pulse). The flat pulse was of
magnitude 100 A and the half-sinusoid pulse had a peak current of 400 A. It was
found that the spectra remain quite constant throughout most of the beam pulse,
as long as the arc current is constant. However, when the arc first initiated and the
arc current is still raising, a transient behavior was observed that could be seen in
Fig. 12.19. During this initial time, the ion charge states produced were obtained to
be significantly higher than during the steady current region that follows.

Kutzner and Miller summarized their results in 1991 [55] and in 1992 [56]. The
data for individual components of the cathode ion flux are given in Table 12.13
together with the kinetic energies and velocities. The ion kinetic energies measured
with respect to the cathode potential were corrected by the cathode potential drop
uc.

Anders et al. 1993 [57, 58] verified this dependence. The arc current was in the
range 50–400 A, and the arc duration was 250 or 630 μs with a rise time of 30
or 90 μs, respectively. It was found that the ion charge-state distribution changes
over a timescale on the order of hundreds of microseconds. The average charge
state decreasing is shown in Fig. 12.20 for different cathode materials and the time-
dependent ion charge fraction in Fig. 12.21 (f is the fraction of the ion species).
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Fig. 12.20 Average charge
state Q decrease over time
for selected elements
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Fig. 12.21 Time evolution
of the charge-state
distribution for a 200 A
molybdenum vacuum arc
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The charge-state distribution was measured as a function of arc current in the
range 50–400 A and found nearly no influence [59]. The total ion current detected
by Faraday cup was electrical current Ielec. As the ions generated by the vacuum
arc were multiply stripped with an average charge state, the particle current Ipart =
Ielec/Q. Indicated that it is important to keep this distinction, for example, in ion
implantation where it is needed for estimating the implantation dose. The particle
current fraction is summarized in Table 12.14. Lower boiling point metals tend to
have lower mean charge state.

Tsuruta et al. used TOFmethod to study the ion charge state in period 1992–1997.
An impulse voltage to generate metal ions applied a vacuum gap [60]. The rise time
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Table 12.14 Vacuum arc ion charge-state fractions and average charge states, expressed in terms
of particle current [59]

Metal Particle current fraction (%)

Charge (Q = 1) 2 3 4 5 Average

Li 100 1.0

C 100 1.0

Mg 12 46 54 1.5

Al 13 38 51 11 1.7

Si 14 63 35 2 1.4

Ca 20 8 91 1 1.9

Sc 21 27 67 5 1.8

Ti 22 11 75 14 2.1

V 23 8 71 20 1 2.1

Cr 24 10 68 21 1 2.1

Mn 25 49 50 1 1.5

Fe 26 25 68 7 1.8

Co 27 34 59 7 1.7

Ni 28 30 64 6 1.8

Cu 29 16 63 20 1 2.0

Zn 30 80 20 1.2

Ge 32 60 40 1.4

Sr 38 2 98 2.0

Y 39 5 62 33 2.3

Zr 40 1 47 45 7 2.6

Nb 41 1 24 51 22 2 3.0

Mo 42 2 21 49 25 3 3.1

Pd 46 23 67 9 1 1.9

& 47Ag 13 61 25 1 2.1

Cd 48 68 32 1.3

In 49 66 34 1.4

Sn 50 47 53 1.5

Sb 51 100 1.0

Ba 56 100 2.0

La 57 1 76 23 2.2

Ce 58 3 83 14 2.1

Pr 59 3 69 28 2.2

Nd 60 83 17 2.2

Sm 62 2 83 15 2.1

(continued)
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Table 12.14 (continued)

Gd 64 2 76 22 2.2

Dy 66 2 66 32 2.3

Ho 67 2 66 32 2.3

Er 68 1 63 35 1 2.4

Tm 69 13 78 9 2.0

Yb 70 3 88 8 2.1

Hf 72 3 24 51 21 1 2.9

Ta 73 2 33 38 24 3 2.9

W 74 2 23 43 26 5 3.1

Ir 77 5 37 46 11 1 2.7

Pt 78 12 69 18 1 2.1

Au 79 14 75 11 2.0

Pb 82 36 64 1.6

Bi 83 83 17 1.2

Th 90 24 64 12 2.9

U 92 12 58 30 3.2

and time constant for the decay of the arc current were 0.1 and 4.5 μs, respectively.
The arc currents were of 320 and 420 A. The cathode of the arcing electrode was a
rod of lead or copper with the diameter being 1 mm. The anode was a stainless steel
rod with a diameter of 20 mm. The distance between the cathode and collected grid
was 25 mm. The ion current was measured for varied ion extraction times after the
arc ignition. At a lead cathode, Pb+ and Pb++ ions were detected for the ion extraction
times less than 45 μs. The average charge-state fractions of the Pb+ and Pb++ ions
were 91 and 9%, respectively. At a copper cathode, Cu+, Cu++, and Cu+++ ions were
detected for the ion-extraction times less than 12.5 μs and the average charge-state
fractions were 42, 41, and 17%, respectively.

Tsuruta et al. [61] applied this same materials and point-plane electrode (needle
cathode) gap by a 13 μs duration sinusoidal arc or a 10 μs duration exponentially
decaying arc.The ionmeasurementsweremade at variable times after the arc ignition.
At the lead cathode, Pb+ and Pb++ ions were generated and the upper limit times for
the Pb+ ion detection were 48 and 46 μs from the arc ignition, for the sinusoidal
and exponential arcs, respectively. At the copper cathode, Cu+, Cu++, and Cu+++ ions
only measured within 15 and 13 μs from the arc ignition, for the sinusoidal and
exponential arcs, respectively.

The charge state for Ag and Zn was studied with needle cathode configuration
by a 13 μs duration sinusoidal arc or a 9 μs duration exponentially decaying arc in
the work [62]. It was detected Ag+, Ag++, and Ag+++ ions and Zn+, Zn++ ions. The
respective ion charge fractions are given in Table 12.15.

The ion motion from 13 μs pulse vacuum arc is investigated in further works by
Tsuruta et al. [63, 64]. Pair of electrodes, a grid, an ion drift tube, and an ion collecting
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Table 12.15 Ion charge fractions for different cathode materials. Ion velocities of measured
different ion charge state. From [62]

Element Arc current (A) Duration (μs) 1+ 2+ 3+ vf References

Cu 320–420 4.5 42 41 17 Tsuruta [60]

Pb 4.5 91 9

Ag Sin 240 13 51 39 10 Tsuruta [62]

Exp 220 4.5 53 33 14

Zn Sin 240 13 89 11

Exp 220 4.5 80 20

Ion velocities for each ion charge, 106 cm/s

Cu Sin 150 13 1.3 1.4 1.7 vf = 2.1 Tsuruta [63, 64]

Ag Sin 150 13 1.4 1.1 0.8 vf = 1.6

part were arranged in a metal vacuum chamber, the diameter being 100 mm. The
cathode was circular cone and the anode was a tungsten rod of diameter 20 mm.
The diameter of the ion drift tube is 50 mm and the length is 400 mm. The distance
from the electrode axis to the grid is changed in the range from 20 to 140 mm. The
waveform of the arc current was negative half-cycle sinusoidal with a peak current of
150A. The ion chargewas obtainedmeasuring the ion time flight. It was detected that
velocities of the ions generated at the ignition of the arc were fast and independent
of the observed ion charge state. The measured average velocities were of 2.7 ×
106 cm/s for Cu and 2.0 × 106 cm/s for Ag cathodes. However, the velocities of the
ions generated at the extinction of the arc were relatively low and lower with charge
number decreasing that is given in Table 12.15.

The influence of a vacuum arc current jump on the extracted plasma jet velocity
and charge-state distributionwas investigated in 1999–2000 byBugaev et al. [65, 66].
The vacuum arc was powered from a LC line charged to 1 kV, which provided an arc
current of up to 300Aat a pulse duration of 400μs. A jump current risewas supported
by an auxiliary power source, which was connected to the vacuum arc power source.
The power source increases the vacuum arc jump current to 1 kA for 1–4 μs at
any desired point of the discharge pulse. To measure the charge-state distributions,
a specially designed TOF mass spectrometer was used which was similar to that in
[51].

During the action of the jump current the additional voltage, applied to the gap,
falls by the exponential law from several hundreds to one hundred volts and, within
several microseconds after the completion of the current jump, the arc operating
voltage takes its conventional value (20–40 V). The ion current step is delayed with
respect to the beginning of the step current pulse, depending on the cathode material,
by 10–40 μs. This time delay of the ion beam current pulse was significantly longer
than the time required to the ions to be accelerated and drift to the collector.

Measurements were made for different cathode materials and the charge state as
well the, respectively, directed velocities of ions are given in Table 12.16. It can be
seen that the difference between the directed velocities for variously charged ions
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Table 12.16 Charge state,
velocity and energy of ions in
the plasma jet for different
cathode materials [65]

Element Charge Velocity (106 cm/s) Energy (eV)

Mg 1+ 1.75 38.4

2+ 1.68 35.6

Al 1+ 1.79 40.1

2+ 1.61 36.2

3+ 1.55 33.7

Ti 1+ 1.61 64.9

2+ 1.53 58.3

3+ 1.40 55.8

4+ 1.47 53.4

Cu 1+ 1.43 67.2

2+ 1.32 57.6

3+ 1.28 51.3

4+ 1.20 47.8

5+ 1.24 50.5

Pb 1+ 0.54 31.6

2+ 0.53 30.0

3+ 0.50 26.6

4+ 0.50 27.0

5+ 0.52 28.8

Bi 1+ 0.39 16.6

2+ 0.37 14.9

3+ 0.36 14.2

is rather small, which allows the conclusion that the directed velocities of ions and
the ion energies for variously charged ions of the same cathode material are almost
equal. This result agrees with that obtained in [63, 64] at arc ignition and disagrees
at the arc extinction.

In work of [66], the vacuum arc operated at the typical arc parameters of current
100–300 A, with pulse duration of 250 μs, at a repetition rate of about 1 pulse/s, the
vacuum arc current was increased by several hundred amperes for about 5–15 μ s at
any desired point of the main arc pulse. In most cases, the current spike was placed
150–200 μs after triggering the arc pulse. During the jump current, an increase in
charge state is observed, and the fraction of Ti2+ and Ti3+ in the plasma is decreasing
while Ti4+ fraction increases (Fig. 12.22).

The observed charge-state distributions were higher at the beginning of the
vacuum arc [57, 58]. This has been attributed to changes of the cathode surface
temperature and spot type. Anders 2005 [67] studied additional effect. It consists
in that the charge-state distributions shifted, and it could be due to collisions with
neutral atoms. It was noted that the neutral atoms can be produced due to (i) evapo-
ratingmacroparticles; (ii) vapor from cooling, yet still-hot craters of previously active
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Fig. 12.22 Time
dependence of the
charge-state distribution
spike for titanium (zero-time
corresponds to the trigger
instant of the arc jump
current). The arc was
operated with a quasistatic
magnetic field
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cathode spots; (iii) neutrals formed by recombining ions; and iv) the contribution of
self-sputtering and in case of oblique angle condensation with low sticking proba-
bility of condensing ions. An analysis concentrated on estimation of characteristic
times and mean free paths have shown that the experimentally observed time shift
of the average charge state of cathodic arc plasma may at least in part due to charge
exchange reactions of ions with neutrals that gradually fill the discharge volume.

Another work demonstrated Anders et al. [68] investigating an influence of
neutrals presence on the ion charge state. A vacuum arc of 300 A and duration
of 300 μs was generated by a pulse-forming network, at a repetition rate of up to
10 pulses per second (pps). Different metals (Al, Mg, Cu, Pb, Bi, and Mo) were
used as cathode in the experiments. The charge-state distributions were measured at
selected delay times after arc triggering using the TOF spectrometer. Each cathode
was a metal rod of 6.25 mm diameter and about 25 mm length, inserted in an
alumina tube. Cathode spots could only burn on the rod’s front surface, with the
metal plasma expanding through an annular anode of 12.5 mm inner diameter into a
plasma expansion chamber of about 10 cm diameter and 10 cm length.

The effects of gas and metal vapor were studied by introducing nitrogen gas
into the cathode region and by intentionally introducing surfaces with which the
expanding metal plasma can interact. For study of the metal neutrals produced by
the interaction of plasma with surfaces, different cases were considered including
the original plasma expansion. A set of annular baffles made from 0.5 mm thick
aluminum sheet metal, with an inner diameter of 40 mm and spaced 5 mm apart
from each other, inserted in the expansion zone between anode and extraction grid;
and an aluminum tube of the same length and inner diameter as the baffle system.
Figure 12.23 shows that the reduction of charge states critically influenced by the
density and nature of the neutrals. Neutrals are comprised of both metal species and
gaseous species; each may have several sources and locations of origin. Experiments
with additional surfaces in the expansion zone show that plasma–wall interactions
can significantly contribute to the presence of neutrals in the discharge zone.
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Fig. 12.23 Compilation of results of charge-state measurements for copper ions under various
conditions: “standard” refers to the usual geometry of the “Mevva V” vacuum arc ion source;
“baffles” and “tube” refer to measurements when additional baffles and a tube are inserted in the
expansion zone, respectively. Additionally, three pressure conditions were used also. Figure taken
from [68]. Permission number 4776960713721

The ion charge states were observed highest near the cathode spot. The charge
reduced when the plasma is flowing toward a substrate, or ion extraction system. It
was concluded that the data on ion charge states measured at some distance from the
electrode assembly could be different from that produced at cathode spots due to the
presence of neutrals.

An investigation of the ion charge state distributions from cathodic vacuum arcs
using a modified TOFmethod was provided by Anders et al. work 2005 [69]. Experi-
ments have been done in double gate and burst gatemode, allowing studying dynamic
changes of ion charge-state distributions with a time resolution down to 100 ns. In
the double gate method, two ion charge spectra are recorded with a well-defined
time between measurements. A cathode rod 6.25 mm in diameter is placed in a
ceramic tube allowing a cathode spot to burn only on the rod’s front face. The
plasma produced at cathode spots expanded through an annular anode and arrived
after distance of 138 mm drift at a three-grid ion extraction system, which forms an
ion beam that used for the TOF diagnostic of ion charge states. The mass of ions
is characterized by the cathode material, and hence, charge states were interpreted
from the TOF ion spectrum. The arc current was pulsed, and each pulse had duration
of 250μs with the amplitudes between 50 and 500 A. The vacuum base pressure was
about 8 × 10−5 Pa. The time resolution was about of 150 ns. The ion detector was
a Faraday cup with magnetic suppression of secondary electrons. A higher charge
state arrives earlier at the detector, which allows detect the charge number using the
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relation between the ion kinetic energy, ion charge state, ion mass and measured ion
velocity. The elements Mg, Bi and Cu were selected for tests, representing metals of
very different properties.

The results of the study showed that fluctuations of ion charge states were always
present, even at the shortest time difference betweenmeasurements. For all elements,
a large stochastic change occurs even at the limit of resolution. Correlation of results
for short times between measurements was found, but it was argued that this is due
to velocity mixing rather than due to cathode processes. The burst mode of TOF
measurements revealed the systematic time evolution of ion charge states within a
single arc discharge, as opposed to previous measurements that relied on data aver-
aged over many pulses. Above was reported a decrease in ion charge state throughout
the pulse. This decrease can be observed up to a few milliseconds, until a “noisy”
steady-state value that also was established. Since the extraction voltage is constant,
a decrease in the ion charge state has a proportional impact on average energy of the
ion beam.

The influence of arc parameters on the temporal development of the ion beam
average charge state for a wide range of cathode materials was also investigated by
Oks et al. 2008 [70]. Ion beam mass/charge-state distributions were measured by a
TOF, TOF spectrometer. Arc discharge of 100–400 A current had duration of 300μs.
The evolution of the ion beam charge-state distribution was measured at ten different
times after arc triggering from 25 to 250 μs with steps of 10 or 25 μs, and the results
are shown in Figs. 12.24, 12.25 and 12.26.

As can be seen, the ion charge states are highest near the cathode spot and reduced
when the plasma was flowing toward a substrate, or ion extraction system. It was
noted that the data on ion charge states measured at some distance from the electrode
assembly could be different from that produced at cathode spots due to the presence
of neutrals.

Fig. 12.24 Ion beam
average charge-state number
for different cathode
materials as a function of
time after arc ignition with
the arc current of 300 A
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Fig. 12.25 Reduction of the
ion beam average charge
state for Mo cathode with the
arc current as a parameter
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Fig. 12.26 Average ion
charge-state number for
molybdenum as a function of
time for different distances
between cathode surface
(location of ion production)
and extraction grid (location
of ion analysis)
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As it can be seen from these figures, the ion beam average charge state showed
essential fall during each arc pulse. The experimental data of the decrease of the
charge values were proposed to approximate with a first-order exponential function
(see [70]). The obtained dependencies show that for fixed pulse duration, the rate
of charge state decrease reduced by lower arc current. The charge state decreased
with higher pulse repetition rate, and reduction of the distance between cathode and
extraction region (see below). Noted, that the latter effect may be associated with
charge exchange processes in the discharge plasma.

Yushkov and Anders 2008 [71] studied the ions which extracted from pulsed
discharge plasma operating in the transition region between vacuum spark and
vacuum arc. A high, transient voltage between anode and cathode characterizes
vacuum sparks. The current was quite high, leading to short-lived “plasma points”



12.5 Ion Charge State 389

containing highly charged ions. The experiments were carried out at the vacuum
arc ion source “Mevva V” at Berkeley Laboratory with the pulse discharge of a full
width at half-maximum duration of 8 μs and current of up to 10 kA.

The cathode was a 6.25 mm metal rod coaxially placed in a copper tube; anode
was of 25 mm inner diameter. The following cathode materials has been used Ti, Pt,
Sb, W, Au, Er, Al, and Bi. The observations showed principally similar behavior for
all materials. Average ion charges states of about six for the used cathode materials
was observed at a peak current of about 4 kA, and with a pulse duration of 8 s. The
authors found for platinum the highest average charge state of 6.74 with charge states
present as high as 10+, and for gold traces of charge state of 11+.

The ion charges state distribution showed a very distinct trend to lower charge
stages, indicating the transition from vacuum spark to vacuum arc ultimately on the
time scale of 1 ms, characterized the steady-state values of DC arcs. Figure 12.27
shows the decay of the ion charges state distribution (Pt cathode), with the highest
charge state of 10+ present only at the beginning of the discharge pulse [71].

Sangines et al. 2010 [72] investigated the plasma near the cathode of a high-
current pulsed arc using time-resolved optical emission spectroscopy. It was studied
a coupling of the time evolution of the intensity of the emission from highly ionized
species with the spot locations deduced from images obtained with a fast framing
camera. The arc trigger pulse triggered the camera at intervals of 25 μs with an
exposure time gate width of 2 μs. A rectangular arc current pulse of 600 μs duration
was used with average values at the plateau region ranging from 800 to 2000 A. A
50 mm diameter disk Al cathode was used. The cathode has a hole in the center to
accommodate the trigger electrode. The anode was a 60 mm diameter and 60 mm
long copper cylinder concentric with the cathode.

It was observed a correlation between a reduction in the charge state and an
increase in the spacing of cathode spots. As the cathode current was increased, the
distances between spots were reduced, and these charge states were produced for
longer times. Also, as the cathode current was increased, the peak of the emission

Fig. 12.27 Evolution of the
ion charge-state distribution
as measured with the TOF
method. The time “zero” is
defined here as the arrival
time of the first fastest ions at
the Faraday cup detector for
Pt cathode according [71]
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intensity from Al2+ shifts to later times. It was concluded that when the arc current
increased at relatively high values (~kA) the dynamics of the cathode spots determine
a mechanism for the production of high charge states.

The results of experimental studies of ion beams escaping from a plasma of laser-
induced vacuum discharge were presented [73]. The experiment was conducted with
discharge at current amplitude of about 1.7 kA, and current rise rate was about 7.5 ×
109 A/s for Al cathode. The discharge is initiated with a laser pulse of 30 μs length,
energy less than 10 mJ, and power density 5 × 1011 W/cm2. It was observed highly
charged ions of the cathode material in the discharge mode.

The production of Al ions was observed at the instant when the discharge current
rise rate attains a peak value. Ion energy distributions were characterized by the
presence of a significant non-Maxwellian tail of the accelerated ions. The maximum
ion charge state and energy per charge unit were Al8+ and 13 keV/Z. The energy is
comparable to the value observed under similar experimental conditions for the laser-
produced plasma at pulse energy of 400 mJ and power density 2 × 1013 W/cm2. The
experimental dependence of average energy on the charge state for ions of both the
discharge and laser plasmas fits the linear relation Ea = kaZ, with the coefficient ka
as much as 2.5 keV/Z for the laser-produced plasma and 4.5 keV/Z for the discharge
plasma.

Zhirkov et al. 2013 [74] used charge-state resolved mass spectrometry to char-
acterize unfiltered DC arc plasma from 63 mm compound cathodes produced by
powder metallurgy. Cathode based on Ti-C, Ti–Al, and Ti–Si compositions were
selected to include large differences in ion mass. Such cathodes were used to study
effects caused by change in relative cathode composition. The arc was operated at
current of 65 A and a base pressure around 10−6 torr. The front orifice of the spec-
trometerwas placed 33 cm from the cathode surface, and for each cathode, the plasma
was characterized through mass-scans at fixed ion energy and energy-scans at fixed
mass-to-charge ratio for all ions.

The measurements showed that both the energy peak and averaged energy
increased with increasing of the ion charge state. The calculated peak velocities
of different ion species in plasma generated from a compound cathode were found
to be equal and independent on the ion mass. Increasing the C concentration in Ti-C
cathodes resulted in increasing average and peak ion energies for all ion species. It
was indicated the peak velocities in range of (1.37–1.55) × 106 cm/s for ions from
used cathode compositions (see [74]).

A coupling between the ion charge state, ionization energy, and ion energy distri-
butions in DC vacuum arc for selected elements with different atomic mass was
studied by Zhirkov et al. 2015 [75]. To determine the plasma composition, the ion
energy distributions were integrated to obtain areas proportional to the number of
ions of each species. A comparison of the total ion kinetic energy distribution and
the corresponding distribution of the ion charge state showed close to equivalent
shapes and widths for all cathode materials. It was found a correlation between the
average charge and the ion kinetic energy in the energy region where most ions are
recorded (approximately centered around the peak kinetic energies). Namely, the
average charge state and related average ionization energy increase with increasing
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Table 12.17 Peak kinetic energy, plasma composition, average charge state, and average ionization
energy (Eion.avg) for different cathode plasmas [75]

Element Epeak (eV) f +1 (%) f +2 (%) f +3 (%) f +4 (%) f +5 (%) f +6 (%) Eion.avg (eV)

Al 41.0 42 52.0 6 1.6 18.6

Ti 53.0 6.0 66.0 28.0 2.2 27.5

Cu 62.0 9.0 70.0 20.0 0.2 2.1 34.0

Mo 136.0 2.0 63.0 29.0 6.0 2.4 35.0

W 162.0 6.0 57.0 22.0 11 4 2.5 39.6

ion kinetic energy. Also, the average charge state tends to saturate for the highest
energies. The average ionization energies in the plasmas were found to be linearly
correlated with the kinetic ion energies. Table 12.17 presents the plasma compo-
sition (f n,%), peak kinetic energy (Epeak), average charge state (Zavg), and average
ionization energy (Eion.avg) of the studied plasmas from Al, Ti, Cu, Mo, and W
cathodes.

The ion energy distribution showed that a higher peak kinetic energy accompanies
presence of more highly charged ions. It can be seen that the maximum ion charge
registered in the ion flux from theAl cathode is 3+ and the corresponding peak kinetic
energy is 41 eV. The maximum charge registered in the flux from the W cathode is
5+ , accompanied by peak energy of 162 eV.

Yiftah et al. 2017 [76] measured the charge state and velocity of ions extracted
from the expanding plasma of 5μs vacuum arc using a time-of-flight mass spectrom-
eter. The arc was sustained between the cylindrical copper cathode of 1 mm diameter
and Kovar cylindrical anode. The distance between the two electrodes was 0.1 mm.
The ion charge state and velocity were detected after the arc pulse at different times
(in range 20–45 μs) by opening an electronic shutter. The arc current was 35 A.
Figure 12.28 shows the average source operation current from consecutive opera-
tions of 200 pulses (blue) followed by the ion current acquired around the shutter
position located 75 cm away from the source (red) enclosed by the one standard
deviation spread (green). The black circle illustrates a shutter operation time (20 μs)
and its ions corresponding velocity of 3.75 cm/s.

Figure 12.29 shows the average signal (and the one standard deviation spread)
acquired for ions travelling at the velocity corresponding to the black circle indicated
in Fig. 12.28. An example of average (red) ion current collected from 25 consecutive
pulses was presented. Arrows illustrate the expected arrival time of the different
species.

Different copper ion species and ions velocity as dependence on the shutter time
were observed. To compare the number-charged ion contributions, the charge from
the different ion numbers was normalized to their maximal values. Figure 12.30
shows the normalized results obtained as a function of the used time points. This
figure shows that the highest observed charge state Cu+3 is much more prominent
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Fig. 12.28 Average source operation current from consecutive operations of 200 pulses (blue)
followed by the ion current acquired around the shutter position. The pulse current in this graph is
presented as one hundredth of its real magnitude in order for all traces to be presented on the same
scale. Figure taken from [76]. Permission number 4777021394874

Fig. 12.29 Time dependence of ion current selected from the plasma plume moving through the
shutter opening time of 20 μs. Figure taken from [76]. Permission number 4790880134297
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Fig. 12.30 Copper ion
species (arbitrary units in
percentage, vertical axis)) as
dependence on the shutter
time, horizontal axis) with
and corresponding ion
velocities. Figure taken from
[76]. Permission number
4791410312031

at shorter shutter times, whereas at longer shutter times, the lower charge states,
i.e., Cu+ and Cu+2 were dominated. This mean that the fastest ions were made of a
large fraction of Cu+3 with some Cu+2 while the slowest ions were made of a larger
fraction of Cu+2 with some Cu+.The dependence of corresponding ion velocities was
also obtained. It can be seen that the ion velocities are decreasing with detection
times from 3.75 to 1.75 cm/s.

Recently, Shipilova et al. 2017 [77] measured an energy spectra of a metallic ion
beam extracted from the plasma of a pulsed vacuum arc (pulse duration of 200μs, arc
current up to 100 A) by an electrostatic energy analyzer in a range of the extraction
voltage Uext of up to 10 keV. It was found that the most probable ion energy Em/Z
is significantly less than eUext, and the difference between these values as well as
the width of the spectra decrease with increasing Uext or/and decreasing with arc
current. The spectra contain “tails” of ions with energies significantly exceeding
Em/Z, and the value of Em/Z in the initial phase was considerably more than that in
the quasistationary phase. The specifics of the ion optics of the extraction gap and
the action of the space charge of the ion beam were considered in order to analyze
of the observed effects.

12.6 Influence of the Magnetic Field

The dependence of the ion current collected by a shield biased to the cathode potential
in a vacuum arc with current of 4.2 kA, 7 cm electrode diameters, and electrode
spacing 19 mm of a vacuum interrupter was measured by Kimblin and Voshall, 1972



394 12 Cathode Spot Jets. Velocity and Ion Current

[78]. It was obtained that the ion current decreased from 280 to 120 A when the axial
magnetic field increased from zero to 0.08 T. Plasma confinement and generation
of a radial electric field explained this ion current decrease, which retard the ions
ejected from the cathode spot.

Heberlein and Porto [79, 80] measured the distribution of ion currents generated
by a vacuum arc with Cu electrodes without and with axial magnetic field varied
up to 100 mT. A direct arc currents ranging from 70 to 2400 A was passed through
the electrodes during their separation, and arc duration were 0.1 and 1 s. Electrode
separation speed was 18 mm in 20 ms. The cathode diameter was 50.8 mm, and two
anodes with diameters 12.7 and 25.4 mm were used. The arc gaps varied in range
7–25 mm.

The total ion current was measured by connecting the chamber wall to the cathode
and also using a number of collector shields connected to the cathode. Also, the ion
current was measured with one individual collector, while the other collectors were
at floating potential and the measured ion current values to each collector were added
to obtain the total ion current [80]. Figure 12.31 shows the ion current as a function
of total arc current without magnetic field indicating that the ion current fraction is
~9% of the total arc current. The identical data were obtained for the total ion current
for all mentioned measurement arrangements.

The measurements of angle ion distribution showed that the ion current distribu-
tion becomes strongly peaked in the forward directionwith increasing axial magnetic
field. The collector adjacent to the anode collects an amount of ion current, which is
the same or even higher compared to the zero magnetic field case. The ion currents to
the remaining collectors being strongly reduced with axial magnetic field increasing.
The effect increases with increasing axial magnetic field strength up to value of
100 mT [80]. Figure 12.32 shows the reduction in the ion current fraction when
an axial magnetic field of increasing strength is applied. After an initial drop to
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Fig. 12.31 Ion current as a function of total arc current without magnetic field
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Fig. 12.32 Ion current
fraction as a function of axial
magnetic field
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approximately half its original value, the collected ion current appears to become
less dependent on the magnetic field. This reduction was explained by part of ion
flux collected at the anode due to increase of the ion current in axial direction in
comparison with that in the radial direction. Also, the observed effect was explained
by assuming a curvature of the ion path due to the interaction with the magnetic
field, and by assuming a radial electric field generated by the reduced mobility of the
electrons as in work of [78].

Drouet andMeunier 1985 [81] studied the expansion of the metallic plasma cloud
produced at copper cathode spot with an arc of 50 A, duration of 25–300 μs and
in helium pressure from 0 to 50 torr without and with an applied magnetic field of
850 G (85 mT). Streak and frame high-speed photography and electrostatic probes
were used. It was shown that at background pressures of up to 0.5 torr, the plasma
expansion was similar to that observed in vacuum, i.e., the plasma expands at a
constant velocity approximately equal to 0.7 × 106 cm/s. With further increasing
the pressure, a background gas limits the expansion to a certain volume, which was
smaller when a higher the gas pressure was presented. Over same range of pressures
show slowing down progressively to zero velocity, with deceleration increasing as
the pressure rises. A transversemagnetic field in vacuum confined the plasma close to
the cathode plane and along the field lines; however, this effect of the magnetic field
decreases and even disappears as a background gas was introduced and its pressure
was raised in the experimental chamber. So, as the helium pressure was increased
up to 10 torr, the luminous shape of the plasma cloud was found to be identical,
irrespective of whether a magnetic field of used magnitude was applied.

Cohen 1989 [36] studied the ion current angle distribution by applying an axial
magnetic field. It was showed that the plasma beam was collimated; i.e., the axial
ion current substantially increased with the magnetic field to twice its 0-field value
at 64 mT, while the off-axial current density decreased slightly with respect to its
0-field value. It was concluded that the ion current distribution became peaked along
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the z-axis with an axial magnetic field. The total ion current extracted through the
anode aperture slightly increased with the magnetic field, and an anode with a larger
aperture exhibited less magnetic collimation.

The magnetic field influence on the charge-state distributions in a vacuum arc
with pulse duration of typically 250 μs was studied by Brown Galvin, 1989 [53].

It was found that the average charge state increased with field strength, and new
highly stripped components were produced [53]. This effect is shown in Fig. 12.33
for Ur cathode, where shift to higher charge states with increasing field strength and
the general shape of the family of curves for charges from 1+ to 6+ ions can be seen.

Anders et al. [57] investigated a time dependence of the charge state of the ions
ejected from vacuum arc under a permanent coaxial magnetic field. The average
charge-state dependence on time for Al cathode and arc current of 100 A in a vacuum
is shown in Fig. 12.34. This result indicated that the large difference between ion
charge with and without magnetic field was observed at the initial time of 100 μs
and this difference decreases with time. At about 700μs, the influence of the applied
magnetic field on the average ion charge was found to be very small. A charge-state
distribution of ions formed in a vacuum arc plasma in amagnetic field weremeasured
using amagnetic spectrometer (GSI, Darmstadt) and a time-of-flight system at a time
of 200 μs after triggering the pulse (Berkeley) by Oks et al. [82]. The results are
illustrated in Table 12.18

As it follows from these data, the charge states of all of the metal species inves-
tigated significantly increased by a magnetic field. The high charge-state fractions
increased and the low charge-state components decreased. For the highest charge
states of a given spectrum, the increase in current fraction can be a very large factor,
an order of magnitude or more. Some measurements were provided also at a field
as high as 6 kg, and the degree of charge-state enhancement was further increased.
Thus, for Ti the average charge state was 2 for B = 0, and 2.6 for B = 3.75 kg, while

Fig. 12.33 Measured charge
state fractions as a function
of the applied magnetic field
strength. Uranium cathode, I
= 100 A
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Fig. 12.34 Time evolution
of the average ion charge
state Q for Al cathode of
100 A arc without and with a
permanent axial magnetic
field of 65 mT
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it was 3.0 for B = 6 kg. The particle fraction of Ti4+ in the beam is increased from
1% at B = 0, to 6% at B = 3.75 kg, and to 19% at B = 6 kg. Similar large increase
was obtained for Sc, Ni, Co, and Hf.

Paoloni and Brown 1995 [83] investigated the dependence of charge-state distri-
bution of ions on the arc current, in the presence of axial magnetic field from cathode
materials Ti, Sn, and Pt. A pulsed vacuum arc was ignited between a water-cooled
cylindrical cathode and an annular anode. An intense plume of highly ionized metal
plasma is created at cathode spots for the 250 μs duration of the discharge. The
charge-state distribution of ions in the beam was measured using a time-of-flight
diagnostic, and the plasma beam passes through an annular electrostatic deflector.
The charge-state distribution was determined at a time 50 μs after the initiation of
the discharge. The measurements showed that in the absence of external magnetic
field the charge-state distribution was independent of the arc current, while the ion
charge state rises with an increasing current (in the range 20–100 A) under the 1 kG
magnetic field [83]. The results are shown in Figs. 12.35 and 12.36

Oks et al. 1996 [84] have investigated the charge-state distributions of metal ions
produced in a vacuum arc plasma at high current varied over the range from 200 to
4 kA and the magnetic field varied from zero up to 10 kG. The arc between cathode
and anodewas triggered by a short duration of 10μs, high-voltage pulse (12 kV)with
an arc pulse duration of 200–400 μs. The distributions of the ion charge state were
measured by a TOF method after at least 100 μs after arc ignition. The experiments
were conducted for low current (50–700 A), with a magnetic field of 10 G/A, and
for high current (up to 4 kA), with a magnetic field of 1 G/A. According to Oks
et al. [84] the influence of arc current on the charge-state distribution was weak at
low current (Fig. 12.37), while for large current both the magnetic field and the arc
current determined the charge-state distribution (Fig. 12.38 and Table 12.19).

Anders and Yushkov 2002 [22] showed that the kinetic energy of ions increased
with increasing magnetic field, and the increase has a tendency to level off toward
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Table 12.18 Charge-state distributions and mean charge states in particle current fractions with
and without magnetic field applied. Arc current 220 A, Bmax = 3.75 kG [82]

Metal Without magnetic field With magnetic field

Charge
(Q = 1)

2 3 4 5 Qaver1 1 2 3 4 5 6 Qaver2 Qaver2/Qaver1

C 96 4 1.0 60 40 1.4 1.4

Mg 51 49 1.5 5 95 1.9 1.27

Al 38 51 11 1.7 10 40 50 2.4 1.4

Sc 23 66 11 1.9 16 23 59 2 2.5 1.31

Ti 11 76 12 1 2.0 5 35 54 6 2.6 1.3

V 11 72 15 2 2.1 13 31 48 8 2.5 1.2

Cr 14 70 15 1 2.0 11 26 55 8 2.6 1.3

Mn 48 52 1.5 26 47 25 2 2 1.33

Fe 28 68 6 1.8 7 58 35 2.3 1.28

Co 34 59 7 1.8 9 56 31 4 2.3 1.25

Ni 43 50 7 1.6 19 62 18 1 2.0 1.27

Cu 28 53 18 1 1.9 8 41 47 3 1 2.5 1.32

Y 7 63 29 1 2.2 6 9 77 8 2.9 1.32

Nb 3 40 39 16 2 2.7 1 9 23 52 13 2 3.7 1.37

Mo 7 30 40 20 3 2.8 5 11 26 48 10 3.5 1.25

Ba 3 97 2.0 2 41 53 3 1 2.6 1.30

La 4 65 31 2.3 3 16 61 20 3.0 1.30

Gd 8 81 11 2.0 1 43 41 15 2.7 1.35

Er 8 62 30 2.2 2 12 70 16 3.0 1.36

Hf 7 26 48 18 1 2.8 5 16 31 32 15 1 3.4 1.21

Ta 1 17 39 39 4 3.3 1 5 13 40 41 2 4.2 1.27

W 1 17 35 35 12 3.4 1 5 16 39 32 7 4.2 1.20

Pt 12 70 18 2.1 3 25 64 8 2.8 1.30

Pb 40 60 1.6 1 75 24 2.2 1.37

Bi 89 11 1.1 9 60 31 2.2 2.0

saturation (Fig. 12.39), similar towhat has been previously observedwith the average
ion charge state as a function of magnetic field [84]. It was also indicated that if the
plasma is produced in a region of low field strength and streaming into a region of
higher field strength, the velocity might decrease due to the magnetic mirror effect.

A metal vapor vacuum arc-type ion source has been developed by Hollinger et al.
[85] for the high-current injector at the GSI accelerator facility for the production of
high charge-state ions. The production of high charge-state Bi ions using the mixed
Bi-Cu cathodes (with 8–15% of Cu admixed) compared to pure Bi cathodes was
reported by Adonin and Hollinger [86]. This ion source provided a high-intensity
ion beam with a fraction of fourfold charged uranium ions up to 67% [87]. The ion
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Fig. 12.35 Charge-state spectra for titanium versus magnetic field at an arc current of 100 A (a),
and versus arc current at a magnetic field of 1 kG (b)
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Fig. 12.36 Charge-state spectra for platinum versus magnetic field at an arc current of 80 A (a),
and versus arc current at a magnetic field of 1 kG (b)

Fig. 12.37 Average charge
state as a function of arc
current and magnetic field
[84]

0 100 200 300 400 500 600
1

2

3

4

C

Ni

AgTiNb

B/I=10G/A

M
ea

n 
ch

ar
ge

 s
ta

te
   

Arc current, A



400 12 Cathode Spot Jets. Velocity and Ion Current

0 1 2 3 4 5 6 7
0

10

20

30

40

50

U6+
U+

U2+

U4+

U3+

U5+

B/I= kG/kA

Io
n 

cu
rr

en
t f

ra
ct

io
n,

 %
   

Arc current, kA

Fig. 12.38 Ion charge state fractions as a function of arc current and magnetic field for a uranium
plasma jet [84]

Table 12.19 Charge-state distributions and average charge statesQaver2 in particle current fraction
with different magnetic fields and arc currents. Also, the ratio Qaver2/Qaver1 was presented, where
Qaver1 is the average charge states measured without magnetic field and for current 220 A (listed
in Table 12.14. Oks1995) [84]

Metal With magnetic field

1 2 3 4 5 6 Qaver2 B (kG) I (kA) Qaver2/Qaver1

C 29 29 13 1.8 3.2 3.2 1.80

Mg 5 95 1.9 3.75 0.22 1.27

AI 5 11 85 2.8 1.2 1.2 1.65

Ti 1 6 15 58 20 3.9 10.0 1.3 1.95

V 13 31 48 8 2.5 3.75 0.22 1.20

Cr 4 9 20 53 12 2 3.7 6.2 0.8 1.85

Fe 6 20 34 38 2 3.1 2.2 2.2 1.72

Co 5 46 47 2 2.5 6.0 0.4 1.40

Ni 1 9 19 32 27 12 3.5 3.4 3.4 2.18

Cu 10 22 32 32 4 3.0 4.6 0.6 1.57

Nb 6 11 29 51 3 4.3 1.2 1.2 1.59

Mo 10 19 32 27 12 4.1 5.4 0.7 1.46

Ag 7 23 37 30 3 3.0 5.4 0.7 1.57

Hf 1 5 11 39 41 3 4.2 4.6 0.6 1.50

W 1 5 16 39 32 7 4.2 3.75 0.22 1.20

Pt 1 16 34 46 3 3.3 10.0 1.2 1.57

Bi 7 27 57 9 2.7 4.6 0.6 2.45

U 1 20 32 28 16 3 3.5 4.6 0.6 1.52



12.6 Influence of the Magnetic Field 401

Fig. 12.39 Ion kinetic
energy of indicated cathode
materials as a function of
magnetic field strength with
arc current of 250 A and for
arcing time t > 150 μs.
Figure taken from [22].
Permission number
4776970475661

energy distributions were measured with an electrostatic cylinder spectrometer for
C, Ti, and U with an arc current of 400 A as a function of the magnetic field B.

Data points have been obtained by averaging over 16 shots using a repetition
rate of 2.3 pps with a pulse length of 500 μs. Data points are recorded 250 μs
after triggering the arc [87]. Figure 12.40 illustrated the ion energy dependence on
magnetic field. It can be seen that the ion energy has tendency to saturation with
magnetic field.

Anders et al. 2006 [39] showed that applying an external magnetic field to the
cathode region of the discharge is related solely to the appearance of ions with higher
charge numbers in the plasma. At a magnetic field induction in the cathode region

Fig. 12.40 Average ion
energy <E0> of titanium and
uranium as function of the
magnetic field, points are the
experimental data, while the
solid lines approximate the
data for U and Ti,
respectively [87]
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as high as 0.45–0.50 T, the ion current fraction reached its maximum value for used
cathode materials (C, Mg, Al, Ti, Co, Cu, Y, Mo, Cd, Sm, Ta, W, Pt), indicating that
the effect of an increase in the average ion charge number with increasing magnetic
field was saturated.

Oks and Anders 2011 [88] measured copper and gas ion species and their charge-
state distributions for pulsed cathodic arcs in argon background gas in the presence of
an axial magnetic field using a modified MEVVA-V source and a TOF spectrometer.
The measurements of the ion charge-state distribution were made at the middle of
the arc pulse, i.e., at approximately 150 μs after the arc has started. It was found
that the burning voltage and power dissipation greatly increased with the magnetic
field strength. In general, the fraction of metal ions and the average charge state of
the ions were reduced as the discharge length was increased, i.e., the metal charge
states at cathode spots are higher. Also was detected that the decrease of the high
charge-state fraction of copper ions was accompanied by an increase of the fraction
of lower charge states [88] (Fig. 12.41). Increasing the cathode position increases
the fraction of the gas charged ions. The average charge state decreased with cathode
position and with gas pressure. It was stayed that without magnetic field, only small
amounts of gas ions can be found provided the cathodewas positioned at a rather long
distance to the extraction zone. The situation changes significantly when even a weak
magnetic field was applied. The fractions of gaseous ions increased with magnetic
field strength and cathode position. The observed dependencies were explained by
the combination of charge exchange collisions and electron impact ionization.

Zhuang et al. [89] (similar as in [65, 66], named “jump current”) studied the ion
velocities in the plasma jet generated by the microcathode arc thruster by means
of TOF method using enhanced ion detection system (EIDS). The EIDS triggers
perturbations (spikes) on arc current waveform, and the larger current in the spike
generates denser plasma bunches propagating along with the mainstream plasma.

Fig. 12.41 Normalized
composition of the extracted
ion beam at different cathode
positions with respect to the
extraction area. Arc current
200 A, argon pressure
0.04 Pa, magnetic field 0.2 T
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Fig. 12.42 a Arc current and arc voltage without superimposed spike. bArc current and arc voltage
with the superimposed spike (the spike position can be selected relative to the arc initiation). Figure
taken from [89]. Permission number 4790880938696

The EIDS utilizes double electrostatic probes rather than single probes. Details
of the method and results of the measurements (Fig. 12.42) were also summarized
in [90]. The experiments were provided at residual gas pressure of about 10−4 torr
using an annular titanium cathode with 4.85 mm inner diameter and 6.34 mm outside
diameter, and same diameter annular copper anode with 1 mm width. The annular
ceramic insulator tube having same inner and outer diameters and a width of about
1 mm was used as separator between the arc electrodes. The average Ti ion velocity
was measured around 2 × 106 cm/s without a magnetic field.

It was found that the application of a magnetic field does not change ion velocities
in the interelectrode region while it leads to ion acceleration in the free expanding
plasma plume by a factor of two. Ion velocities of about 3.5× 106 cm/s were detected
for the magnetic field of about 300 mT at distance of about 100–200 mm from the
cathode. The average thrust was calculated using the ion velocity measurements and
the cathode mass consumption rate, and its increase with the magnetic field was
demonstrated.

Anders 2012 [91] presented a review, and the works described the research at
Lawrence Berkeley National Laboratory. The report was focused on clarifying the
data of the observable ion charge-state distributions, which are known to involve
multiple charge states and depend on the cathode material. Using a magnetic field
it was discussed a possibility to control of such arc parameters as plasma density,
the apparent spot motion, to guide plasma in a filter of the macroparticles and to
control plasma impact on a substrate, and also to enhance the ion charge states. It
was indicated that the strategies for obtaining higher charge states for applications
include reducing the neutral density, usemagnetic fields, or apply additional different
ionization methods known from other types of ion sources.

Recently, Yushkov et al. [92] described different previously used techniques of
metal ion charge state elevation including application of a short current pulse to the
discharge as to transiently increase the discharge voltage and power, emulating the
conditions of a high-current vacuum spark. New experimental results by utilizing



404 12 Cathode Spot Jets. Velocity and Ion Current

the spark regime and combining it with a strong pulsed magnetic field applied to the
cathode region were also presented. The cathodes from gold and bismuth were used.

The current of the vacuum spark between the end of the rod cathode with a
diameter of 6.25mmand the anodewith an inner diameter of 30mmwas generated by
discharging a capacitor with an inductivity of less than 20 nH. In some experiments,
the discharge of the 10 μF capacitor produced a peak current of 4 kA with a pulse
duration (FWHW) of 6 μs. The corresponding parameters for the 1 μF capacitor,
charged to 15 kV, were 15 kA and 1.6 μs. The ion charge state was enhanced due
to the presence of an external magnetic field (in range 1–2.5 T) at the arc current of
300 A and tends to saturate for Ti, Pt, and C when the magnetic field exceeds 1 T
[93]. It was noted that the addition of a magnetic field to the spark plasmamagnetizes
the electrons and limits plasma expansion, which leads to an increase in the electron
temperature relative to the free expansion case and to an increase in the likelihood
of electrons to cause ionizing collisions.

In order to obtain ionwith extra chargednumber, the experimentwas conducted for
bismuth cathodewithoutmagnetic field. Thismaterial has a high electrical resistance,
leading to strong ohmic heating of the cathode, and a low thermal conductivity,
reducing heat removal from the cathode surface. As a result, the energy dissipated in
the arc spot region and the vapor flux produced in cathode spot is higher compared
with those for othermetals. The high vapor pressure of bismuth suggests a dominance
of metal vapor, reducing the negative influence of gas desorption. The resulting TOF
spectra for a bismuth cathode for pulses of 1.6 μs pulse duration the bismuth ion
spectrum reached from Bi6+ to Bi13+. The mean ion charge state of bismuth was
Bi10.4+. It was concluded that any gaseous impurity in a vacuum discharge plasma
leads to a decrease of the metal ion charge state. Taking into account this point, the
bismuth is particularity suited to produce high charge states.

12.7 Vacuum Arc with Refractory Anode. Ion Current

In last decades [94–97], a vacuum arcmode called theHot RefractoryAnodeVacuum
Arc (HRAVA) was investigated, which has much less macroparticles (MP) contami-
nation than conventional cathodic arcs. Refractory (Graphite,W, Nb, orMo) HRAVA
anode temperatures increased with time from room temperature in the initial stage to
2000–2500 K after arcing for 50–100 s in a 150–350 A vacuum arc. Metallic plasma
of cathode material is re-evaporated by the hot anode. The HRAVA plasma flows and
expands radially away from the electrode axis.

Beilis et al. [97] showed that the total ion current in the radially expanding plasma
of a HRAVA was found to be larger than that measured in the conventional cathodic
vacuum arc. The total ion current fraction f i increased during the transition from
the initial cathode spot stage to the HRAVA stage (Fig. 12.43a). While the f i is
independent of arc current in range of 150–350 A and other arcing conditions in
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Fig. 12.43 Dependence of f i on electrode gap h for I = 200 A during initial stage, and stage of
steady state (a); dependence of f i on arc current I for electrode gap h = 17 mm during initial stage
and at steady state (b)

conventional arcs, the fraction increased with arc current in this current range in the
HRAVA (Fig. 12.43b). The ion current fraction was found to be 50% larger for a
350 A HRAVA than maximal value obtained previously in conventional cathodic
arcs.

The high value of f i during steady state may in part be due to the increasing radial
flow of the plasma as the anode is heated. The flowing re-evaporation of cathode
material from the anode no longer allowed the axial plasma flow from the cathode to
condense thereon. Another part may be due to evaporation and subsequent ionization
of MPs striking the anode.

The total ion current and its angular distribution were measured in the radially
expanding plasma of a HRAVA [98]. Arc currents from 175 to 340 A were supplied
by a Miller XMT-400 welder (open circuit voltage of 70 V, current <400 A). In
most of the experiments, a water-cooled copper cathode with diameter Dc = 30 mm
and graphite anode (POCO DFP-1) with diameter Da = 32 mm and length 30 mm
were used. In some cases, other electrode materials were used. The electrodes were
mounted on the same axis, and the axial gap between the electrodes, h, was varied
from 3 to 26 mm. The ion current distribution along the z-axis (perpendicular to the
electrode axis) was measured at two distances from the electrode axis, using ring
probes placed coaxial to the electrode axis, with 1 cm width and radii R = 5 and
7 cm (z = 0 was chosen at the front cathode surface plane). The solid angle covered
by the anode from the center of the cathode surface ωa = 2π (1− cosθa), where θa is
the angle between the electrode axis and the line connected the cathode center with
the anode face surface edge.

The angular distribution of the ion current at the initial arc stage (t ~5 s) for gap h=
3, 6, 10, 16, and 22mmatR= 5 cm and h= 16mmatR= 7 cm is shown in Fig. 12.44
for 200 A). The angular distribution is given as a function of solid angle ω rather
than angle θ in order to compare directly the results obtained in this work with those
previously reported by Kutzner [34]. It is seen that all distributions had a maximum



406 12 Cathode Spot Jets. Velocity and Ion Current

Fig. 12.44 Angular
distribution of the ion current
during the initial stage
(t ~ 5 s). Iarc = 200 A, R =
5 cm, with cathode shields
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(at ω = ωmax). For smaller gaps, the maximum decreased and ωmax increased. On the
initial cathodic arc stage, the peak of the ion current angular distribution was shifted
from the gap mid-plane to the anode direction due to the contribution of the cathode
plasma jets (Fig. 12.44).

The two curves denote the results obtained by Kutzner [34] for h = 6 and 22 mm
under similar conditions (30 mm copper cathode and I = 200 A). Kutzner [34]
obtained slightly higher f(ω) for ω < ωmax and vice versa for ω > ωmax. It is also seen
that the distributions obtained at R = 5 and 7 cm (for h = 16 mm) were close.

The dependence of the maximum ion fraction (i.e., at large h) on arc current is
illustrated in Fig. 12.45 for a graphite anode and Mo, W, and C cathodes in a few
second duration arcs. It was observed that ion current fraction f i was approximately

Fig. 12.45 Maximal ion
fraction versus arc current
for graphite, Mo, and W
cathodes (solid lines) in [98]
(initial stage) and reported in
[31-Kimblin, 38-Anders
et al.] for cathodic vacuum
arcs

50 100 150 200 250 300 350 400
0

5

10

15

20

Mo
Mo

W W

W

C

C
C Shashurin et al

Kimblin

Kimblin
Anders et al

Anders et al

Io
n 

cu
rr

en
t f

ra
ct

io
n,

 %
  

Arc current, A



12.7 Vacuum Arc with Refractory Anode. Ion Current 407

independent of the arc current for Mo and W cathodes (9.5 and 6.3%, respectively),
while for graphite it decreased from 17.5 to 12% for I = 150 and 350 A, respectively.
Kimblin’s [31] and Anders et al. [38] data for cathodic vacuum arcs are shown also
for comparison.

In the initial stage, the ion flux distribution was skewed in the anode direction due
to the contribution of cathode plasma jets. In the developed HRAVA, the ion flux
distribution is close to symmetric with respect to the mid-plane of the gap (for the
gap sizes h < 6 mm and arc current of 200 A) suggesting that the directed motion
of the cathode spot plasma jet ions is randomized by collisions in the dense plasma
formed in the fully developed HRAVA mode.

Thus, in the developedHRAVAmode, the ion current distribution is approximately
isotropic for short gaps (h > 6mm) but skewed in the anode directionwith larger gaps.
HRAVA arc voltages and their fluctuations are weak and significantly lower than that
in conventional cathodic vacuum arcs, resulting in higher arc stability, especially in
large gaps (h > 20 mm).

An experiment to determine copper ion flux expanding from the HRAVA inter-
electrode gap as a function of background gas pressurewas conducted inwork of [99].
The fraction of the ion flux in the radially expanding plasma flux was obtained by
measuring the ion current and the film thickness. The measurements were conducted
with arc currents of 145–250 A, a molybdenum anode and an electrode separation
of about 10 mm. The saturation ion current was measured with a circular flat probe
with 10 mm diameter biased at −30 V with respect to the anode. Distance Lpr from
probe to the electrode axis was varied in the range from 30 to 170 mm.

The measurements showed that the collected ion current in vacuum was almost
constant during the first 30 s of the arc duration ~2.5mA/cm2 at a distance of 110mm
from the arc axis, with an arc current of 200 A. In the developed HRAVA, at arc time
>40 s the ion current increased to a steady-state value of ~5.5 mA/cm2. The ion
fraction in total deposition flux was 0.6 in vacuum and decreased with nitrogen
pressure, except that a local maximum of ~0.8 was observed at ~13 Pa (Fig. 12.46).
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Fig. 12.46 Ion flux fraction in the depositing flux as a function of nitrogen pressure for the initial
arc stage (averaged over 0–30 s) and the developed HRAVA (averaged over 60–90 s) at Lpr =
110 mm and arc current 200 A
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data, solid curve—approximation). Two points for the nitrogen correspond to one experiment by
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The measured ion current in argon, nitrogen, and helium environments and the
deposition rate in nitrogen remained approximately constant with background gas
pressure up to some critical pressure, and then decreased with pressure eventually
reaching zero.

As can be seen fromFig. 12.47, the critical pressureswere 2, 4, and 10Pa for argon,
nitrogen, and helium, respectively. The critical nitrogen pressure for the deposition
rate was 2 Pa in contrast with 4 Pa for the ion current. According to the observed
temporal evolution, the ion current is relatively small during the initial stage of arcing
(t < 30 s). This initial ion current is caused by the radial expansion of the cathodic
plasma, while the most of Cu plasma condensed on the cold anode surface. The
subsequent increase of the ion current, up to themaximum, was due to re-evaporation
of this condensed Cu plasma (including MP’s) from the heated anode. After this
maximum, the ion current decreased with time to a steady-state value determined by
the dynamic equilibrium between copper condensation and its re-evaporation from
the hot anode surface in a vacuum.

The decreasing of the deposition fluxwith gas pressure for both arc stages was due
to interaction of the expanding copper plasma plume with the background gas. As a
result, part of the plasma flux was returned to the cathode, shields, etc., and therefore,
the ion current and deposition rate were reduced with increasing background gas
pressure. This in particular caused the decrease of the erosion rate with pressure,
previously observed in conventional cathodic vacuum arcs by Kimblin [100].

The time-dependent ion current density was measured in a HRAVA sustained
between a consumed water-cooled cylindrical Cu cathode and non-consumed cylin-
drical W anodes with different thickness d = 5,10,15,20, or 30 mm separated by a h
= 10 mm gap [101].

Arc currents of I = 130,150,175, and 200 A were applied for period of 90 s. Ion
current density Ji extracted from the plasma was measured using a probe located at
varying distances from the electrode axis. The construction, cathode–anode config-
uration, probe position, and electrical source with the connections are illustrated in
Fig. 12.48.
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Fig. 12.48 Schematic diagram of the experimental setup

The active surface of the probe was oriented to be either perpendicular (⊥) or
parallel (II) to the radially expanding plasma, to measure the directed or random
component of Ji, respectively. The distances from the electrode axis probe surface
or probe axis varied as Li = 50, 80, 110, and 140 mm. The probe was negatively
biased to V bias = −20 V with respect to the grounded anode. A photograph of the
developed at 60 s HRAVA is shown in Fig. 12.49. The brightness of the plasma is
distributed almost uniformly in the gap. The arc voltage was measured to be ~21 V.

The ion current density started increase at arc ignition and grew slowly, passed
through a peak and reached afinal steady-state level. The total transient time consisted
of three characteristic stages: (i) an initial constant current stage until time, tbp,
(ii) increasing current stage until the peak was reached at time tp, (iii) and then
a decreasing current stage until steady state was reached at time tss. The steady-
state level increased with arc current (Fig. 12.50) and decreased with probe distance
(Fig. 12.51).

The time to reach the steady state decreased when the anode thickness d was
decreased from 30 to 5 mm: for I = 200 A from 48 to 12 s and for I = 150 A from
69 to 20 s, and weakly depended on probe orientation. The ion current density to the
perpendicular probe significantly exceeded that for the parallel orientation.

The observed relatively low (weakly changedwith time) ion current density during
time t < tbp is the ion flux emitted from conventional vacuum arc in the initial
stage, before the HRAVA mode is established, when most of plasma originating
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Fig. 12.49 Plasma plume photograph in HRAVA at t = 60 s (I = 175 A, h = 10 mm, d = 15 mm)

from cathode erosion was deposited on the cold anode surface. With time, the anode
temperature increased due to anode heating by the plasma jet heat flux. The initial
time tbp of the rise to peak stage in essencemarks the beginning of the HRAVAmode.
When the anode was sufficiently hot (t > tbp), the plasma jet was re-evaporated from
the anode and also the previously deposited material was re-evaporated, generating
an additional amount of ion current flux from the anode plasma plume.

The ion current density first increased to a maximal value (t ≥ tp), and then
decreased, and finally, when all previously deposited cathode material was removed
from the anode surface, a steady state was reached. During steady state, most of the
ion flux emitted from the anodic plasma plume originated from plasma jet reflection.
Thus, the ion current peaked when re-evaporation of cathode material was maxi-
mized, which occurred at time tbp after arc ignition, needed to heat the anode. This
time tbp strongly depended on the anode thickness, because the time to heat the anode
increased with d [102]. It was shown that the anode temperature transient time tss
increased with d due to the increased thermal capacity of the larger anodes. The
steady-state temperature decreased with d because radiation losses increased with
larger anode surface area [103]. The observed larger ion current density in perpendic-
ular direction in comparison to that in parallel direction at all arc stageswas explained
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Fig. 12.50 Steady-state ion currentwith (a) parallel (II) and (b) perpendicular (⊥) probe orientation
versus arc current (Li = 110 mm, gap h = 10 mm) with anode thickness as parameter

taking into account the difference of ion velocity components of the plasma flow in
parallel and perpendicular directions at the plasma–sheath probe boundary [101].

12.8 Summary

The present analysis of the plasma jets (in comparison to early found data of vapor
streams, Chap. 11) shows that the further studies detected complicated structure
of the expanding plasma generated in the electrode spots. The main results there
discussed were obtained from different research group of Miller, Plyutto, Kutzner,
Brown, Kimblin, Aksenov, Heberlein Anders, Oks, Yushkov, Paperny, Hollinger,
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Keidar, Boxman, Beilis, and other. Numerous works were published with wide range
of different data, and here only the main results were able to consider as attempt
to reflect the problem. Mainly, the study of plasma flow consist in observation of
the ion flux ejected from the electrodes and in determine the physical parameters
including the ion velocity, fraction of the ion current, charge state of the ions as
well the influence of the vacuum arc state and surrounding condition. A common
understanding and established parameters, obtained from numerous observations
of the expanding cathode plasma, were the supersonic velocity of the ions at level
of about 106 cm/s, the significant ion kinetic energy larger than the energy of ion
acceleration in the cathode potential drop and total arc voltage. A relatively low ion
current fraction observed, which was similar for different material, and it is about
8% like for Cu, except 7% for carbon and 10% for W, of the arc current. However,
separate measurements indicated a range of ion current fraction varied from low
value 5% for W to large value 19% for C.

In general, the mentioned parameters relatively weakly varied depending on
current and cathode material for DC and moderate current of arcs with relatively
low rate of current rise (dI/dt). The measured ion velocity can be varied by factor
2–3 and the energy as square of the velocity. From the above-published data, some
uncertainty in the maximal ion current fraction in the vacuum arc as well as in ion
current angular distribution can be noted. However, the results obtained for different
electrode gap indicated the influence of the anode size when the radial ion flux was
detected. Therefore, the authors of the previous works agree that maximal ion current
may be obtained from vacuum arcs in which the anode subtends a minimum solid
angle (i.e., bymaximizing the electrode separation or the anodemesh transparencies).
Thus, this result gives a maximal ion current fraction depending on cathode material
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that is a fundamental characteristic of the vacuum arc. It should be noted that some-
time a relatively low ion fractions were obtained due to specifics of the measurement
methods. These lower data can be connected with necessity to be corrected taking
into account the geometric transmission factor of the mesh anode and therefore with
possibility of an uncertainty appearing.

The general, the average ion energy aswell as the average charge number Z tend to
be greater for metals with larger arc voltages which was found mainly for refractory
cathode materials (W, Mo, Ta). The ratio of average ion energy to the energy by
arc voltage was determined in the range 1.5–3. The observation shown that ions and
electron drifting was at approximately the same velocity. In some experiments for
low melting cathode metals (Zn, Sn, and Pb), the ion velocity dependence on atom
massm was measured as v ~m−0.5, i.e., ion velocity decreased withm. Also for low-
melting cathode metals, the total ion flux mainly consists of singly charged ions. The
presence of multiply charged ions increased with melting point of the cathode metal.

At the same time the peak velocities of different ion species in plasma generated
from a compound cathodes (based on Ti) in a DC vacuum arc for current of 65 A
were found to be equal and independent on the ion mass at distance of 33 cm from
the cathode surface. The peak velocities were in range of (1.37–1.55) × 106 cm/s for
ions from Ti-based cathode compositions.

The distribution of the ion current depends on angle with respect to the electrode
axis. The maximal ion current is at axial direction (zero angle) and decreased with
radius. This decreasing is larger at larger distance from the cathode. Therefore, the
measured ion velocity at radial distance is lower than the velocity of plasma expansion
in axial direction. The direct measurements of axial expansion with annular anode
(250 μs duration and 100–500 A) indicated that the ion energy can be varied from
19.3 eV for Li to 120 eV for W and 160 eV for U; the Mach number is 3.1 for Li, 5
for W, and 6.9 for U.

In case of pulse arcs, the situation with plasma jet parameters changes quite
significantly. The effect was appeared when the measurements were conducted for
arcs with small pulse time, in the arc initiation or at high-current arcs with large dI/dt
> 108A/s. Also, the cathode temperature or axial magnetic field can affect the plasma
structure. Thus, the directed ion energy and ion velocity are not constant throughout
the arc operation time. The velocities of the ions generated at the ignition of the arc
were fast and independent of the observed ion charge state. As example, the velocity
of 3.75 cm/s was measured at distance 70 cm in the expanding plasma after 20 μs
of 5 μs pulse vacuum arc with current of 35 A. In addition, the velocities of the
ions generated at the extinction of the arc were relatively low and lower with charge
number decreasing.

Thus, when the rate of current rise increases from 3 × 108 to 1010A/s for copper
cathode, the ion energy linearly rises from about 100–104 eV. When the cathode
temperature increased from 390 to 770 K in case of Ti cathode, the ion average
energy decreased from 57 to 32 eV (Ti+) and from 21 to 7 eV (Ti++). The ion charge
fraction changed in different ways. When the cathode temperature increased from
390 to 770 K, the single charged ion fraction increased (from 34 to 87%) and larger
ion charges decreased (from 81 to 65%, Ti++).
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The ion charge states were widely studied. It was well established that ion
CSDs, produced between the arc gap and in the expansion zone, depend on several
factors including the cathode material. During the initial arc time, the ion charge
states was significantly higher than at the steady current region. The average charge
state decreases to a steady-state value with the vacuum arc operation time and the
steady state was reached after few hundred μsec. The ion beam average charge state
indicated essential fall during arc pulse in range from 25 to 250 μs.

In additional, themeasurements of the evolution of the ion charge state distribution
for very short pulsed discharge operating in the transition region between vacuum
spark and vacuum arc showed grows of ion charges state. For example, when the
pulse duration varied from lower than 1 μs to 30 μs for Pt cathode ion charge
numbers varied from 1+ to 10+ and with gold cathode charge state of 11+. Also,
for selected bismuth cathode as a material of low electrical and heat conductivity,
obtained recordmetal ion charge states, up to Bi13+, extracted from a single discharge
stage of relatively simple construction.

The highest ion charge states observed near the cathode spot reduces with distance
toward a substrate, or ion extraction system. For example, Ti ions of different charges
decreased with distance from the cathode and the difference of the current of the ion
charges was relatively small at large distance (~40 cm). It was noted that the data
of ion charge states measured at some distance from the electrode assembly could
be different from that produced immediately near the cathode spots. The reduction
of charge states is critically influenced by the density and nature of the neutrals and
their production. This effect may be associatedwith charge exchange processes in the
discharge plasma. The presence of low pressure ambient gas manifests as a decrease
in the ions directed velocity. In this case, ions of different ionization level travel in
different velocity.

The magnetic field influences the plasma jet parameters. In an Cu arc of 50 A,
duration of 25–300 μs in an applied magnetic field of 85 mT, it was found the ions
with constant velocity of about 0.7×106 cm/s up to helium pressure of 0.5 torr. The
ion velocity of about 3.5 × 106 cm/s was detected from the Ti cathode in vacuum
arc (peak current 60–80 A) during time increased up to 250 μs in the magnetic
field of about 300 mT at distance of about 100–200 mm. For this arc and without a
magnetic field the velocity was measured around 2 × 106 cm/s. The kinetic energy
of ions increased with increasing magnetic field and the increase have a tendency to
level off toward saturation when the magnetic field increased from zero to 0.4 T for
different cathode materials at arc current of 250 A and arcing time >150 μs.

The ion current decreased from 280 to 120Awithmagnetic field increasing from
zero to 0.08 T when the ion current collected by a shield (at the cathode potential)
in a vacuum arc of current 4.2 kA with electrode spacing 19 mm and 7 cm electrode
diameters. Themeasurements of ion distribution on the angle in an Cu arc of duration
0.1 and 1 s and currents ranged from 70 to 2400 A showed that with increasing axial
magnetic field up to 100 mT, the ion current distribution becomes strongly peaked in
the forward direction. In these relatively small values (up to 100 mT), the ion current
fraction was also decreased with axial magnetic field strength. After a drop of this
fraction to approximately half its original value for small magnetic fields, in range
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up to 40 mT, the collected ion current fraction appears to become less dependent on
the magnetic field up to 100 mT. This reduction was explained by part of ion flux
collected at the anode due to increase of the ion current in axial direction.

In general, the average charge state increased with magnetic field strength, and
new highly charged components were produced. A large difference between ion
charge, measured without and with magnetic field of 65 mT, was observed at the
initial arc time (100μs, Al cathode arc current of 100A) and this difference decreases
with time (up to 700 μs). In addition, at about 700 μs, the influence of the applied
magnetic field on the average ion charge was found to be very small. At a large
magnetic field induction in the cathode region as high as 0.45–0.50 T, the ion current
fraction reached its maximum value for used cathode materials (C, Mg, Al, Ti, Co,
Cu, Y, Mo, Cd, Sm, Ta, W, Pt), indicating that the effect of an increase in the average
ion charge number was saturated with increasing magnetic field.

According to DC Miller’s 1969 experiment the fraction of single charged ions
increased while the higher charged ions decreased noticeably with increasing the arc
current measured at 50, 100, and 200 A. However, Brown and Galvin 1989 observed
relatively weakly influence of the arc current on the ion charge state in the range
between 100 and 1200 A with pulse length of 250 μs. This weakly influence was
interpreted in accordance with experimental data for which an increasing of the arc
current involved to simply the creation of more cathode spots, rather than a change
in the plasma parameters within the spots. There is a shift to slightly higher charge
states as the current is increased, but this trend often reverses for a sufficiently high
arc current. Sangines 2010 also observed that, when the arc current was increased,
the distances between spots were reduced, and therefore, the high charge states
were produced for longer times. Also, as the current was increased, the peak of the
emission intensity from Al2+ shifts to later times. It was concluded that when the arc
current increased at relatively high values (~kA) the dynamics of the cathode spots
determine a mechanism for the production of high charge states [104, 105].
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Chapter 13
Cathode Spot Motion in a Transverse
and in an Oblique Magnetic Field

Different aspects of experimental investigation of cathode spot motion in a vacuum
arc under transverse- and oblique-oriented magnetic fields will be reviewed and
analyzed.

13.1 The General Problem

Cathode spot motion and dynamics, especially in a magnetic field, play an important
role in the near-electrode phenomena and influence the arc performance in appli-
cations [1–3]. The spot motion and current per spot depend on the arc current, gap
length, interelectrode pressure [1, 4–6] and determine the stability of the vacuum
arc. The presence of a magnetic field changes the vacuum arc characteristics. While
the transverse magnetic field changes the near-cathode plasma through the cathode
spot behavior, the plasma jet expansion is influenced by an axial magnetic field. The
action of the axial magnetic field on the interelectrode plasma (including experiment,
models, and calculated results) was detailed in [3]. Under a transversemagnetic field,
a specific spotmotion named retrogrademotion, spot grouping, and spot splittingwas
detected by measurements. This chapter summarizes the main experimental obser-
vations in order to understand the general features of the spot retrograde motion as
well spot grouping and splitting.

The cathode spot generated conductive plasma jet expanding to the anode [7].
So, cathode–plasma–anode assembly supports a current carrying line in a closed
electrical circuit. When a transverse magnetic field is applied, the arc column and
spot move in a direction mutually perpendicular to the directions of the arc current
and the magnetic field. Therefore, it was expected that such circuit conductive line
in an external transverse magnetic field would move in accordance with Ampere
law direction similar to usual conductive rod. However, the experiment showed
two interesting phenomena when the vacuum arc is operated in a magnetic field.
(1) While cathode spot motion is normally random without field, in the presence of
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a magnetic field the spots do not move in the direction of the force j × B (j and B
being the vectors of the current density and the magnetic flux density, respectively).
In contrary, they are move in the retrograde direction −j × B, i.e., opposite to the
Amperian direction [4]. (2) The cathode spot grouping in the vacuum arc [5, 8–10]
and their expansion on the cathode surface in a ring away from their origin [5].

13.2 Effect of Spot Motion in a Magnetic Field

The effect of cathode spot retrograde motion was first observed by Stark in 1903 [11]
and this motion he denoted as “Entgegengesetzt” effect. Let us discuss the details
of this work that not considered in previous reviews. The work considered an arc
with mercury cathode, and it is consisted of few sections reported about subjects that
were investigated before the result of observation of the spot motion in a transverse
magnetic field. In the beginning of the plasma expansion from the cathode, the
formation of plasma jet and condensation of the mercury vapor on opposite wall of
a glass chamber were studied. It was detected that when the opposite glass wall with
condensed liquid mercury was heat locally the jet deflected into direction of cold
part of the wall. The experiment showed that the mercury plasma expands from hot
place in the direction to the cold place.

The next section related to the study of the plasma jet that expanded from the
cathode between additional two Pt rods directed parallel to the cathode surface in
the presence of a magnetic field also directed perpendicular to direction of the jet.
As the jet expands with some plasma velocity V j crossing the magnetic field lines, a
voltage ϕin was induced between these two solid electrodes separated by distance d
= 1 cm. Measuring this voltage, the plasma velocity was obtained from

Vj = H

10−8d
(13.1)

For magnetic field strength, H = 1850 G the jet velocity in the mercury arc was
calculated as 2.8 × 104 cm/s. It was commented that this value is lower limit value
because the velocity depends on a mercury pressure [12], current registered between
solid electrodes and jet properties in a point measured in the glass chamber. Also,
a plasma jet deflection was observed even in the absence of a current between the
solid electrodes.

The experimental results named paradoxical behavior of the mercury arc in a
magnetic field were described in the following section. This description is character-
ized into different parts of the arc. The first part is the liquid mercury, which served
as anode, was observed as covered uniformly by a glowing layer. From this anode
part, a luminous plasma column is extended up to the cathode. The third, the cathode
region was observed as not uniform luminescence region that consisted of certain
number of plasma roots (spots). It was observed that in a transversemagnetic field the
anode glow and the luminous plasma column were shifted in the direction coincident
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Fig. 13.1 Illustration of
“Entgegengesetzt” spot
motion under magnetic field
(1850 Gauss) on mercury
cathode showed by Stark
1903 [11]

with the direction of motion of usual current carrying conductor, while the cathode
plasma roots (spots) moved in “entgegengesetzt richtung” (Fig. 13.1), i.e., in oppo-
site direction. Stark in the last section of his work [12] suggested few mechanisms to
explain the observed effect based on the experimental results obtained in the above
sections. In this essence, it was suggested that the positive charged ions are shifted
in the observed opposite direction under action of the voltage induced in parallel to
the cathode surface due to plasma motion in a transverse magnetic field as well as
due to Hall effect. In essence, this mechanism was used in later publications, but
ion shifting of small density in quasineutral plasma cannot significantly influence
the large space charge in the cathode sheath. The details of this mechanism will be
discussed in the next theoretical Chap. 19. Later Stark [13] analyzed the cathode spot
phenomena as basis for the support of the arc current.

After a relatively short period in 1904 Weintraub [14] also reported the observed
retrograde phenomenon. The experiment was conducted with mercury cathode and
graphite anode. In the absence of magnetic field, the spot on the Hg cathode usually
wanders about the surface to give it a fixed position for iron wire protruding a little
above the surface of the mercury. The experiment with magnetic field showed that
“the arc is first deflected one way, and after a while the bright spot is seen to move
away from the iron wire in the opposite direction.” Weintraub described that “the
action of the magnetic field on the arc presents, therefore, the features which are at
first sight paradoxical, if the arc is vertical and the field horizontal, the deflection of
the arc and that of the spot are in opposite directions.” This result was explained as:
“the action of the field on the cathode spot can be in most cases formally accounted
by assuming that positive current elements leave the cathode surface in a direction
perpendicular to that surface.” It was also indicated that “the behavior of the arc in
a magnetic field can be partly explained by assuming it to be a flexible conductor
capable of changing its length, both ends being capable of sliding along with two
surfaces, and that on the anode being much less mobile than that on the cathode.”
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Also, it was proposed taken into account “the fact that the conductivity of themercury
vapor changes with its temperature.”

Minorsky [15] studied a mercury vapor arc which produced in the annular space
between two coaxial cylinders, the magnetic field being radial with respect to these
cylinders. The observation shows complex phenomena that characterized by the
rotation of the cathode spot as well as by the deformation of the arc. It was observed
that, for a certain low pressure of the argon, the rotation of the cathode spot is
reversed. The experiment showed that the phenomenon apparently depends on the
intensity of the magnetic field and the argon pressure (average mean free path). To
understand the observed result, it was assumed that the free electrons propagate along
with certain trajectories and the elastic collisions with the atoms cause the passage
of electrons from one trajectory to another. Among these passages, it was shown that
the collisions cause the atom ionization (change shape of the arc) and bring to an
existence of a negative spatial charge that propagates in the annular space, resulting
in the phenomenon of rotation of the cathode spot in one or other direction.

Minorsky’s work was commented by Tanberg [16] by the following report “In the
Journal de Physique et le Radium for April 1928, Prof. N. Minorsky describes the
observations he has made on the behavior of a mercury arc in a magnetic field under
low gas pressure. Under certain experimental conditions, he found that the arc moved
in a direction opposite to that which should be expected from the electrodynamic
laws governing the movement of a conductor carrying current in a magnetic field and
proposed a space charge theory to explain this phenomenon. His theory is based upon
the assumption that by the combined effects of collisions and the magnetic field, the
electrons in the arc stream are made to travel in the electrodynamic sense around the
annular space in which his arc is drawn and will thereby establish a negative space
charge on the opposite side of the arc. The action of this space charge on the positive
ions of the arc is assumed to cause the arc to move in the direction observed. It will be
realized that this theory requires a circular or at least a closed path for the arc to move
along.” The last Tanberg’s conclusion indicates some doubt regarding the mentioned
theory because the requested arc configurationwas not indicated inMinorsky’s work.
Instead, Tanberg [16] proposed another model assuming a stream of positive ions
moving away from the cathode that can be deflected in reverse direction.

13.3 Investigations of the Retrograde Spot Motion

The future experimental studies of retrograde spotmotion have been presented exten-
sively in the literature [1, 4, 5]. Retrograde motion has been studied in self-magnetic
fields and in external magnetic fields. The effect a transverse magnetic field (TMF)
can be different depending on it orientationwith respect to the cathode surface.When
the direction of TMF is parallel to the cathode surface, the spot moves strongly
perpendicular (in the –j × B, direction) to the magnetic strength lines (named as
“normal motion”). When the direction of TMF oriented at an acute angle (oblique
magnetic fields) with respect to the cathode surface, the spot motion was declined
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at some angle with respect to the direct motion, i.e., to the −j × B, direction. Let us
consider these phenomena.

13.3.1 Magnetic Field Parallel to the Cathode Surface. Direct
Cathode Spot Motion

Adirect cathode spotmotionwill be considered for electrical arcs burning at different
conditions in the electrode gap and at the cathode.

13.3.1.1 Cathode Spot Velocity Moved in Transverse Magnetic Field

In this section, the results of investigations of the spot motion are presented for
vacuum or for low-pressure electrical arcs, for which the retrograde effect occurs.
Froome [17] has observed a maximal velocity at around 100 m/s for spots moving
in retrograde direction on mercury in both self-generated and externally applied
magnetic fields (0.17 and 0.3 T). The cathode spot of transient mercury arcs has
been studied by means of a Kerr cell camera. Mainly, Froome reported about linear
dependence of the spot length on arc current. It was noted that the total length of the
emitting line is not affected by the strength of the field, but the field affects the spot
velocity only.

Smith presented a number of works investigating the phenomena of reverse
cathode spot motion in a transverse magnetic field. In one of his first experiments
1942 [18], Smith reported that a magnetic field transverse to the arc current drives the
spot in a direction transverse to the field but in a sense opposite to the ponderomotive
force. The experiment conducted in an arc tube with annular mercury cathode was
used, and a radial magnetic field was employed. With a south pole at the center,
the arc spot raced around clockwise. The mercury circulated slowly in the opposite
direction. The arc stream curled backward as the spot rushed forward. Velocity was
measured focusing light from the spot upon a photo-cell arrangement and using the
amplified current to deflect the beam of a cathode-ray oscillography.

Definite patterns observed upon the screen of the oscillograph from which the
number of excursions per second made by the arc spot around its track was deduced.
An arc track with very smooth edges was observed for speeds above about 3 × 103

cm/s while for lower speeds showed a ragged arc path. The arc track arises in the
region where the horizontal component of the magnetic field was strongest, i.e., the
path where it could go fastest.

The spot arise so that by it motion the disposition of the magnetic field varied
to give the strongest horizontal component in the desired region. As result, the arc
track arises in the region where the horizontal component of the magnetic field was
strongest, i.e., the path where it could go fastest [18]. A plot of velocity of spot as a
function of magnetic field strength is shown in Fig. 13.2. The result for a constant
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Fig. 13.2 Velocity of arc
spot verses horizontal
component of magnetic field.
Arc current—6 A. Steeper
line observed with cooler
mercury
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temperature of’ the mercury is a straight line through the origin. The steeper straight
line was observed with cooler mercury. The magnet was turned on and the speed
observed in less than a second. Then the magnet was shut off, and after several
minutes, another reading at higher field strength was made.

The mercury temperature was at about the same low value for each observation.
The lower curve was taken by allowing the arc to race around till it reached a constant
lower limit of speed, the mercury presumably reaching a constant temperature. The
measured velocities were too high for mechanical effects to cause turbulence of the
liquid surface. The large condenser for the vapor insured an inconsiderable pressure
everywhere except at the arc spot. Thus, the observed arc spot moved over a smooth
mercury surface and going in the direction opposite to that determined by the effect of
the field on the arc streamwith the speed was accurately proportional to the magnetic
field.

The next Smith’s investigations were published in a series of letters. Thus, the
work 1943 [19] described observation with an arc between equal parallel rings of
copper is subjected to a transverse radial magnetic field. It was observed that with
lower ring as cathode and south pole at center, the arc rotates counterclockwise at
atmospheric pressure, but below a critical pressure, it rotates clockwise. The pres-
sure for reversal varies approximately inversely as the distance between rings. Smith
suggests that the peculiar clockwise rotation results from the thermomotive force or
Righi–Leduc factor operative in the solid cathode (Chap. 19). According to Righi–
Leduc phenomenon, if a magnetic field is applied at right angles to the direction of a
temperature gradient in a conductor, a new temperature gradient is produced perpen-
dicular to both the direction of the original temperature gradient and to the magnetic
field [20]. Mass movement of ionized gas caused by electromagnetic force tends
to drive the arc around counterclockwise. This tendency becomes less at reduced
pressure since viscosity factors increase due to spreading of the arc column. Below
the critical pressure, phenomena in the solid cathode predominate. Some additional
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details of the above experiment were presented in [21] in order to discuss published
different mechanisms of retrograde spot motion.

In a letter published in 1951 [22], the arcs were realized inmercury vapor between
clean massive polished terminals of both Ta and Mo. The lower end of the cathode
was down into a pool of mercury, which serves as a coolant. A transverse magnetic
field drives the arc at abnormally high maximum retrograde speed. A field parallel
to arc stream between plane parallel terminals raises the cathode voltage causing
changes of the spectrum. For a field of 1 T, the HgII spectrum is brilliant, like HgI,
and even HgIII is prominent. The maximum voltage between anode and cathode was
about 16.5 V. The observed random fluctuations of voltage not to exceed 0.l5 V and
hence cannot serve to explain the spark spectrum. For all studied cases, the cathode
current density was below 100 A/cm2. The high retrograde mobility, low-current
density, peculiar spark spectrum, variation of cathode voltage in a longitudinal field
are all characteristic for the studied arc.

The work 1951 [23] used a cylinder 2 cm in diameter of polished molybdenum
with axis vertical, projects well above a surface of mercury in an evacuated tube.
The anode is above and radially larger than the cylinder. An arc anchors along the
circle where the mercury wets the molybdenum. An axial magnetic field of 0.1 to
1 T is applied along with the arc stream except for a few thousandths of a cm where
the arc current is radial to the molybdenum. The cathode spot races around on the
cylinder in the retrograde direction. The spot motion observed through a rotating
toothed wheel and with photocell and oscillography as well as with radial probe and
oscillography. Not observed any change of the velocity from retrograde to proper
for any field strength. The velocity approaches asymptotically to about 120 m/s with
magnetic field. Current density is greatest at the leading edge of the spot. Spot may
be single or of two or more equal segments separated by darker regions. A mode of
one, two, or more, once established is stable.

In anotherwork, Smith [24] studied amercury arc raced around a carboloy cylinder
projecting about threemm above themercury in a vertical magnetic field. Arc current
and field were parallel except at the carboloy anchor. Revolutions per second were
observed by probe methods. The motion was retrograde, i.e., contrary to amperes
law for all values of fields. The measurements show that the speed curve rose rapidly
between 0.1 and 0.3 T and then leveled at 120 m/s. At field of about 0.9 T the curve
rose rapidly to about twice the plateau value (250 m/s) and continued rose with a less
rate of rise (to 800 m/s) to the highest field, 1.65 T. When an arc running around in
a shallow groove cut in the carboloy near its top, the arc was above the junction of
liquid and carboloy. In this case, the speed dependence showed a short plateau but
its value about three times those noted above. Ultimate speeds about six times sonic
were found. These results, as Smith indicated, seem to leave the experiment without
a satisfactory theory of the retrograde motion.

In a short letter, Gallagher and Cobine [25] indicated that in a mercury arc the
cathode spot under the influence of a magnetic field perpendicular to the arc axis
may be made to move contrary to the direction predicted by electromagnetic theory.
It was found also that “this retrograde effect is exist not only in the mercury arc,
but also in arcs between solid electrodes with different gases, including helium,
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argon, nitrogen, hydrogen, oxygen, and carbon dioxide. Electrode materials studied
include carbon, tungsten,molybdenum, nickel, copper, aluminum, and cadmium. For
retrograde motion, the arc column and anode spot tend to move in the conventional
direction, but are “dragged” in the reverse direction by the cathode spot.” The reversal
motion was determined by gas pressure, magnetic field, and current. At constant
current, the critical reversal pressure is the proportional to the magnetic field B.
Increasing current at constant B decreases the value of critical pressure. Currents
were used in range from 2 to 10 A, magnetic fields from 10 to 450 G and reversal
pressures from 60 to 0.8 cm Hg. It was noted that oxidize of the electrodes maintain
a stable arc.

Gallagher continued such investigationpresenting the results in 1950 [26].A series
of experiments was conducted with a low-pressure mercury arc, using a mercury
pool cathode. The cathode was ring-shaped. The magnetic field was radial, so that
the current entering the cathode spot was always perpendicular to the field. Both tube
and magnet were immersed in oil, which was cooled by circulating through a heat
exchanger. The experimental glass tube was operated at a line voltage of 250 V DC
with a variable series resistance to regulate the current. The velocity of the spot was
obtained from the frequency of rotation.

The velocities of the spot as a function of magnetic field, arc current, and pres-
sure were obtained. As shown in Fig. 13.3, the velocity varies almost linearly with
magnetic field (increased from about 500 up to 3300 G) over the middle range. The
slopes of the linear portions of the curves appear to be independent of current in
range from 0.75 to 5 A.

It was observed that the voltage across the arc at high magnetic fields is high and
may cause instability. However, in the described experiment the arc voltage did not
show any unusual fluctuations in this region such as might be expected if the arc were
unstable. In Fig. 13.4, the spot velocity is presented as dependence on arc current.

There is a definite leveling-off point for each value of field, with the constant
velocity region setting in at smaller values of current as the field is increased. St.

Fig. 13.3 Velocity of
cathode spot on Hg pool vs.
magnetic field for various arc
currents. Pressure = 0.7 μ
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Fig. 13.4 Velocity of
cathode spot on Hg pool
versus arc current for various
magnetic fields. Pressure =
0.7 μ [26]
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John and Winans extended Galagher’s measurements on a mercury cathode up to
magnetic fields of 1.2 T [27] and 2.07 T [28] and also observed the spectrum of the
arc. The discharge was ignited in a tube mounted in the magnet. The cathode was
composed of a molybdenum stump standing in a pool of mercury. The anode was a
circular metal disk. When the molybdenum has a very clean surface, it is wet by the
mercury, which then rises around the stump. The arc spot is formed at the junction of
the mercury and the molybdenum stump. The cathode spot moves around the stump
at the junction between the mercury and the molybdenum stump. The spot velocity
is determined from the frequency and the diameter of the stump.

The use of two photoelectric cells, permitted the determination of the direction of
the spot motion and showed that there was one spot. The spectrum of the cathode spot
region was obtained by focusing an image of the spot on the slit of a spectrograph.
Figure 13.5 shows a plot of the retrograde spot velocity as a function of magnetic
field strength for constant arc currents of 5.5 and 2.0 A and no inert gas in the tube.
An increase in magnetic held strength is accompanied by an increase in retrograde
velocity.

With the higher arc current (5.5 A), the spot velocity is changed discontinuously
to a value nearly twice as great, at a certain magnetic field strength. The change was
from about 112 m/s to about 193 m/s (not presented in Fig. 13.5) at field strength
about 1.05 T.

With an inert gas (argon) in the tube at a pressure of 150 mmHg, the spot velocity
depends on the magnetic field strength as shown in Fig. 13.6 for the arc current as
parameter. These dependencies are similar to those for no inert gas present. However,
the curves are shifted downward along the velocity axis toward the velocities indi-
cating forward motion of the spot, and the velocities are about one-hundredth of the
velocities with no inert gas.

It was indicated that the tube temperature influence the spot velocity due to
mercury evaporation and flowing increase of the Hg pressure depending on the
dissipated power with the arc current. At lower tube temperature, the sharp rises
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Fig. 13.5 Spot velocity
versus magnetic field
strength for constant arc
currents. No inert gas [27]
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Fig. 13.6 Spot velocity as dependence on B (in oersteds) in argon arc at constant current as
parameter. Figure taken from [27]. Used with permission
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Fig. 13.7 Spot velocity as a function of magnetic field strength, for constant arc current, with no
background gas. Figure taken from [28]. Used with permission

in velocity occurred at lower magnetic field. Figure 13.7 shows that with increasing
field strength, and constant arc current, the velocity first increase rather linearly and
then approaches a saturation value. With further increasing field, the approximate
doubling of retrograde velocity was observed from 1.1 to 1.5 T, which followed by
an additional rapid rise of velocity beginning at about 1.5 T and more. The highest
velocity of the spot occurred at a 2.07 T, and it was 2.3 times the value at the first
plateau.

An analysis of the spot velocity as a function of arc current for constant magnetic
field strengths show that the velocity increases in retrograde direction as the current
was increased when no gas is present. Over a limited range of magnetic field strength
from 1.16 T to about 1.54 T, a small change in arc current with constant field causes
the retrograde velocity to nearly double.

John and Winans [28] studied the spectra of mercury arc with the spot racing
about the beveled edge of the top of the stump for magnetic field strengths from
0.015 to 2.2 T with no inert gas. The lines were enhanced and new lines appeared
with field strength such as HgI, HgII from single charged ions, HgIII from doubly
charged ions and a continuous spectrum, which is especially intense at the lines. The
Hg lines are broadened symmetrically and also asymmetrically. Assuming that the
broadening was due to a Stark effect, the electric field strength in the cathode spot
region was obtained greater than 6 × 106 V/cm.

A retrogrademotion ofmercury arcwhen the spotsmove in a groove in the cathode
above the level of mercury was compared by Zei and Winans [29] with motion of
spots at the cathode junction between mercury and the molybdenum. It was used the
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experimental setup as in [27, 28]. The anode was also constructed of molybdenum.
A shallow circular groove surrounded the cathode near its top. The junction between
metal and mercury was then placed either at the groove, or slightly below the groove.
In either case, for high enough magnetic fields, the spot was formed at the groove.
The entire tube was placed between the pole pieces of an electromagnet capable of
giving field strengths up to 2.2 T.

A comparison of the two modes of operation showed some outstanding differ-
ences. When the spot was moving at the junction, an increase in magnetic field first
causes a rapid rise in velocity, followed by a virtual plateau. Then there is almost a
doubling of the velocity at an intermediate field strength as first observed by Smith
[24]. This is followed by a slow rise in velocity. When the spot is in the groove above
the junction, there is first a rapid rise in spot velocity, followed by a slow rise up
to the highest fields attainable. The spot velocity is always greater than the velocity
when the spot is at the junction, and there is no rapid rise of velocity with increase
of field strength above 0.5 T. Zei et al. [30] first observed this spot behavior. Spectra
show more multiply charged ions for groove than for junction motion for the same
magnetic field strength. The velocity for groove motion always exceeds the velocity
for junction motion, and it increases markedly with a reduction in mercury vapor
pressure. The retrograde velocity passed through a maximum with arc current for
groove spot motion.

Hernqvist and Johnson presented an interesting work [31]. They reported that
a similar effect of retrograde spot motion on cold cathode was observed in exter-
nally heated hot cathode gas discharges of the ball-of-fire mode. The experimental
construction consists of a cylindrical diode tube with an oxide-coated and indi-
rectly heated cathode C of 0.050 inch diameter and a nichrome (an alloy of nickel
with chromium (10–20%) and sometimes iron up to 25%) anode of 1 inch diam-
eter (Fig. 13.8). The tube structure is 1 inch long and has mica insulators covering
the ends. A 0.010-inch-wide slit is cut along the entire anode length parallel to the
cathode.

Behind this slit is placed a collector. The anode is grounded. The collector is biased
slightly positive relative to ground. An adjustable magnetic field was applied parallel
to the cathode surface by a coil surrounding the tube. Experimental study of externally
heated hot cathode discharges in noble gases has shown that this discharge can exist in
a four different modes depending on the current and characterized by different glow
patterns and potential distributions schematically shown in Fig. 13.8. These modes
have been termed as anode glow, ball-of-fire, Langmuir, and temperature-limited
mode.

When operated in the ball-of-fire mode, the glow region appeared at some place
in the cathode–anode region, presumably determined by irregularities in the tube
structure. If a magnetic field is applied parallel to the cathode, the glow region is
found to rotate around the cathode in a direction opposite to the electromagnetic
forces on the charges flowing between cathode and anode. The shape of the glow
region was practically undisturbed during the rotation.

The frequency of rotation of the glow region was measured. A frequency of
rotation of 100 cycles per second corresponds to an average velocity of about 6 m/s.
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Fig. 13.8 Schematic drawing and photograph of cylindrical diode operating in (a) anode glow
mode and (b) ball-of-fire mode, together with idealized volt-ampere characteristic (c). Figure taken
from [31]. Used with permission

It was found that the frequency of rotation is practically independent of the anode
current except for high currents under which conditions the glow region occupies
almost half of the cathode–anode space. Comparison between the retrograde motion
of the ball-of-fire mode of discharge in different inert gases and that of the mercury
pool arc showed that the dependences of the two phenomena on gas pressure, current,
and magnetic field were quite similar.

Eidinger and Rieder [32] reviewed the behavior of the arc in transverse magnetic
field describing the results of publications before 1957 as well their own exten-
sive investigations. The description includes not only the physical conditions of
the researches, but also the electrotechnical of the essential information about the
switching device construction. They analyzed theminimumfield intensity to respond
its influence, conditions for motionless persistence of an arc determining by the gap
pressure and the magnetic field strength between parallel conductors. Studied the
influence of different arc lengths and arc currents on the speed dependence, at which
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an arc moved through a magnetic field. The effect of the magnetic blast on the arc
characteristics was compared with the results of other authors.

The authors’ experimental investigations in atmospheric air are described the light
waves in the transverse magnetic field, which to provide generally valid quantitative
data on the behavior of the arc in the magnetic field in switching devices. It was noted
that all experiments carried out so far showed that the column of an arc is moved
independently of current intensity, gas type, pressure, and magnetic field strength
in the sense of the Lorentz force. On the cathodic discharge parts, however, it acts
under circumstances an oppositely directed force, which slows down the movement
of the sheet at falling pressure (under otherwise identical conditions), then let him
stand still and finally moves against the Lorentz force.

The fact that this counterforce actually acts only on the cathode spot is already
apparent form of a low-pressure arc in the magnetic field [11, 15, 25, 26]. The
column runs even under appropriate conditions a lesser distance in the direction
of the Lorentz force parallel to the cathode and then turns first to the anode [33].
Furthermore, when strongly inhomogeneous fields are used, the motion reversal
occurs only at much lower pressures when the magnetic field is concentrated near
the anode. It was concluded that the shifts in favor of the opposing force occurred
with decreasing pressure [11], current [15, 25–27], electrode spacing [19], and with
increasing magnetic field strength [15, 18, 22, 23, 25–28]. The dependence on the
gas type was showed in [27, 28, 31], or with increasing cathode fall [25, 26], and the
dependence on the cathode material.

Farrall [34] also reviewed the existing works since the early 1900s on arc retro-
grade motion in transverse magnetic field. He analyzed the dependences of spot
velocity on magnetic field strength, on arc current, electrode gap length, and on
electrode surface state. The published experimental data were discussed in frame
theoretical mechanisms of the phenomena presented in the literature.

Gundlach [35] studied the cathode spot motion caused by self-magnetic field in
a high-current (500–4000 A) vacuum arc on Mo, Cu, C, and Ti electrodes. The
electrodes with diameter 7.2 cm for Cu and 4.4 cm for other materials were placed
in Pyrex glass vacuum (10−6 torr) chamber. The electrodes were cleaned by heating
and by discharging before the measurements. The arc started by trigger voltage
pulse. The rectangular current pulse was 2 ms. Cathode spot motion was recorded
by image converter. A number of photographs of the spot motion from, at which the
retrograde spot velocities were obtained as the spot size shift ratio the shifting time,
illustrated the results. The velocities were expressed by following approximations:
V = 0.65(I)0.5 for Ti, V = 0.48(I)0.5 for Mo and V = 0.33(I)0.5 m/s for Cu. The
results were discussed assuming asymmetry of the heat flux due to returned ions.
The increase of the velocity of the spot ring expansion on gap distance d was obtained
for Cu, Mo, and Ti electrodes as increase of ring radius with d in form characterized
by relation Rr~dβ , where β = 0.1–0.2 for d < 0.5 cm and β = 0 for d > 0.5 cm.

The influence of an external magnetic field (up to 0.5 T) and dependence of the
retrograde spot velocity for DC vacuum (10−5 torr) arc for range of currents I =
20–150 A were investigated by Seidel and Stefanik [36]. The electrode materials
were Cu, Al, and steel with spacing of 2 and 5 mm. The spot velocity was measured
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Fig. 13.9 Spot velocity as
function on magnetic field
for Cu cathode with arc
current and electrode spacing
as parameters [36]
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using high-speed camera. Anode and cathode were made as two concentric rings,
and the anode was the external one. Cathode outer diameter remained unaltered.
The external magnetic induction B varied up to 0.5 T. The self-magnetic field of the
electrodes was eliminated by their specific connection.

Dependence of spot velocity on magnetic field for Cu cathode for different arc
current and electrode spacing can be seen in Fig. 13.9. Similar dependencies were
obtained also for Al cathode, but the spot velocity is larger at Cu cathode than at Al
and also Fe cathodes.

The velocity dependencies, as well their values, are strongly depending on elec-
trode spacing for this same arc current. The measurements showed that the spot
velocity increases linearlywithmagnetic induction up to certain value ofB depending
on and I and spacing. The future increase of B causes at first decrease in the velocity
and at last with still greater values the reversing of themotion direction occurs, which
is then in accordance with law of Ampere for all materials. According to Seidel and
Stefanik [36], the possible retrograde or Amperian spot motion the region in I-B
coordinates can be indicated in Fig. 13.10.

The results shows that similarly to arc in surrounding gas pressure in the short
vacuum arc also a minimum value of magnetic field is necessary above which the
spot can move in the retrograde direction. This experimental fact was explained by
a high vapor density produced in the electrode gap due to plasma jets generated
from the high dense spot plasma. The spot plasma density was estimated by the
interpretation of the measured results using data for cathode spot current density and
cathode thermal regime.

The direction of erosion tracks generated by an arcmovedby a transversemagnetic
field was studied by Daalder [37] on polished copper cathodes. Coils placed outside
the vacuum chamber generated the field. The arc was initiated by separating disk
electrodes. To this end, a molybdenum pin of one mm diameter protruded 2 mm at
the anode edge, touching the cathode surface. Increasing of the field caused a rise of
the direct spot velocity and an increase of the arc voltage. The arcmoves in retrograde
direction with velocity determined by the arc current and magnetic field.



436 13 Cathode Spot Motion in a Transverse and in an Oblique Magnetic …

Fig. 13.10 Character of
cathode spot motion at
regions in plane of I-B
coordinates
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For a magnetic field of 0.081 T and an average arc current of 75 A, the erosion
trace was oriented perpendicular to the field direction. An average spot velocity of
5 m/s was estimated using the trace length. The spot velocity significantly increased
with the field of 0.16 and 0.2 T. The velocities have been around 42 and 95m/s for arc
currents 80 and 180 A, respectively. The traces were mainly straight. They consist
of large numbers of craters mostly superimposed. The crater sizes were of several
micrometers in diameter similar to that observed for a randomly moved arc on Cu
for 50–150 A. It was noted that magnetic field primarily promoted a transition from
chaotic to directed movement of the spot, which indicated previously by Kesaev [4].

The interaction between diffuse vacuum arcs and magnetic fields applied trans-
verse to the electrode axis has been investigated by Emtage et al. [38]. The authors
indicated that in general the transverse magnetic fields tend to confine the cathode
plasma, forcing it out of contact with the anode. As result, the arc voltage then rises
and current can extinction. This action is different from those associated with axial
fields, which stabilize the arc and reduce the arc voltage [39]. It was noted that the
transverse magnetic field bows the arc plasma in the forward direction, because the
principal force on the ions is the Hall electric field rather than the Lorentz force.
Experiment showed that at low magnetic fields, the arc voltage remains low, but at
an initial field (which depends on the electrode configuration), the cathode plasma is
bent out of contact with the anode and the arc voltage increases. The arc current can
then be extinguished if a parallel circuit of low impedance is provided; the observed
current interruption times bear a predicted relationship to the rate of rise of magnetic
field. It was obtained that for currents exceeding 6 kA, the arc current does not fall
completely to zero. Under these circumstances, arc extinction can be achieved by
applying an oscillating magnetic field transverse to the electrode axis. Arc extinction
via magnetic field–vacuum arc interaction could have applications to AC current
limiters and DC breakers.
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An investigation of the motion of low-current vacuum arcs in a high transverse
magnetic field was conducted with regard to arcing impurities by Sethuraman and
Barrault [40, 41]. Cathode spot velocity was measured using streak, and the arc
trackswere analyzedusingoptical and scanning electronmicroscopes. The electrodes
(titanium, stainless steel, andmolybdenum) are in the form of discswith about 60mm
diameter, and the average electrode spacing is about 6 mm. The cathode, which is
normally well polished, is mounted directly on to the copper rod using a thin collar.
The cathode disk can be gently rotated from outside the vacuum system. The anode
disk is slightly tapered in order to photographic study of the cathode spot movement.
The arc is initiated by applying a high-voltage positive pulse. Arc currents were in
the range of 1–100 A. The total lifetime of the arc was more than 600 μs. In the
absence of the magnetic field, the cathode spot movement was random, while in the
presence of the magnetic field the cathode spot follows retrograde motion.

Two kinds of spots were detected from the streak pictures of the cathode spot
motion and from subsequent track analysis. One type was called “fast spots” that
moved quickly over the cathode producing a relatively weak erosion and small crater
sizes. The second type called “slow spots,” moves relatively slower with strong
erosion and crater sizes of 10-50 μm. By cleaning the disk using glow discharge,
it was possible to obliterate all the self-initiated tracks except those in the close
vicinity of the main track. Therefore, the glow discharge cleaning can reduce the
arcing tendency of the electrode.

The slow spots, which were the true representation of the material, give a more
consistent result with the experimental scatter comparatively small. The rate of
the velocity increases with the magnetic field is much lower at higher fields. The
measured large scatter of fast spots velocity is understandable since the velocity
depends on the amount of contamination available on the surface at any time. In
contrary, the dependence for slow spot shows monotonic velocity increase with the
arc current corresponding to a magnetic field of 0.125 T and the rate of this increase
is larger with lower values of arc current, but rather slowly at higher currents (in
range of 10–70 A). Under the influence of the magnetic field, the linear tracks were
predominant. However, at arc currents above 50 A the linear tracks tend to change to
the fern type with the characteristic branching observed by SEM analysis. The track
is about 100 μm wide and was formed by a series of overlapping craters with an
average crater dimension of about 25 μm. Discontinuity in the overlapping craters
shows the evidence of the cathode spot jumping.

According to Sethuraman and Barrault [41], the linear relationship between the
velocity and B is kept until B = 0.5 T shown in form of Fig. 13.11. At fields greater
than 0.5 T, the velocity seems to saturate to more or less a constant value which
we call the “saturation velocity.” All the three materials investigated show very
similar characteristics and reach a saturation velocity at about 1 T. Titanium and
molybdenumhave velocitieswithin 20%of each otherwith themolybdenumvelocity
lower. Stainless steel shows a higher velocity than the other two materials.

Nurnberg et al. [42] measured the velocity of the arc is as a function of the
applied transverse magnetic field in the vacuum arcs. Cathodes were made of 0.2–
0.5 mm thick sheet metal attached to the copper cathode support with clips. The
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Fig. 13.11 Dependence of
cathode spot velocity on
magnetic field. Arc current
35 A. The experimental
scatter is ±10 m/s
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vacuum arc was ignited by contacting and separating the electrodes. The interelec-
trode distance used in these experiments was from 2 to 4 mm. A magnetic field
of 0.01 to 0.1 T drives the arc in the retrograde direction. The velocity was deter-
mined from the known characteristic sizes and the operating time that was obtained
from the current/voltage oscillogram. Arc velocities were measured on uncondi-
tioned surfaces and surfaces exposed to more than 50 previous arc discharges. In
both cases, the measurements were conducted in a high background vacuum. The
effect of the previous arc discharge operation, i.e., the conditioning consists of an
elimination of the oxide layers and an increase of the surface roughness. The arc gap
was always 3 mm. Arc currents of 16 A and 40 A have been used. The results of
velocity measurement of the arc, using SS 316 as cathode material [42], are repre-
sented in Fig. 13.12. In all cases, the arc velocity increases with increasing magnetic

Fig. 13.12 Velocities of
vacuum arcs on
unconditioned (current 14 A)
and conditioned (currents 14
and 50 A) stainless steel 316
cathode surfaces as function
on magnetic field
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induction B. The highest arc velocities were found for the unconditioned stainless
steel 316 surfaces. The lower data have been obtained for conditioned stainless steel
316 surfaces.

Fang [43] measured the arc velocity of the vacuum arc spot motion under a
magnetic field. The cathode sample with dimensions 34 × 24 × 1 mm was attached
to a molybdenum cathode support, which could be heated to 1200 K by two heating
elements. The anode was pure graphite (EK506-Ringsdoff-Werk). The electrode
spacing was varied between 0.5 and 10 mm. The arc ignited by applying a positive
voltage pulse to the trigger pin at the side of the cathode. The trigger assemblies
and the electrodes were installed in a high vacuum system, which was evacuated
by a turbomolecular pump to 10−7 mbar. The magnetic field was generated by an
electromagnet placed outside the vacuum chamber, the field direction parallel with
the cathode surface. The retrograde velocities arcs were measured using two opto-
transistors. The distance between opto-transistors was 20 mm. The arc velocity time
determined using the time between the two optical signals. The retrograde velocities
were measured as function of the magnetic induction, the arc current, the electrode
spacing, and the cathode material (copper, titanium, and 316 stainless steel).

Prior the arcing the cathode samples are degreased using acetone. Then they
are degassed at high temperature (800–1200 K) in a high vacuum. From scanning
electron microscope, analysis of the arc tracks and from direct visual observation
two kinds of spots was detected. On an unconditioned cathode surface, the spot
moves quickly and randomly in a somewhat jumpy manner producing weak erosion.
Therefore, at the first ten arc operations very high average velocities have been
observed (for stainless steel ~30–40 m/s). After some arc operations (~20 arcs), the
velocity of the arc gradually decreases (up to 5–3 m/s). At this time, spots of the
second type occur. They move slower and produce much erosion; the craters left by
the arcs here are much greater (about 10–20 μm). According to Fang [43], the arc
velocity as a function of the magnetic induction B can be shown in Fig. 13.13 for
different oxygen-free cathode materials and arc currents I, the electrode spacing d
being 1.5 mm.

It can be seen that the arc velocities considerably depend on cathode materials
properties. The velocity increases linearly (except for Ti at high field) as themagnetic
field raise. The slope of each of the plots depends on the cathode material. With
increasing arc current I at constant magnetic field, the arc velocity increases.

The effect of electrode spacing at low arc current andmagnetic field on the cathode
spot velocity was studied [43]. For a copper cathode, with a magnetic field of 0.08 T
and arc current of 30 A, it was demonstrated that as the spacing increased, the
spot velocity increased as well up to a saturation value. The spot velocity sharply
increased from 0.9 to 1.5 m/s when the electrode spacing was increased from about
0.5 to 1.7 mm and the velocity saturated when electrode spacing was increased
beyond 5 mm (B = 0.08 T) as shown in Fig. 13.14.

It was found that in a transverse magnetic field the arc voltage depends signif-
icantly on the magnetic field B and the electrode spacing, and slightly on the arc
current. The arc voltage rises from 19 to 25 V when B increased from 0.02 to 0.1 T



440 13 Cathode Spot Motion in a Transverse and in an Oblique Magnetic …

Fig. 13.13 Arc velocities as
a function of magnetic field
for different cathode
materials and arc currents.
The electrode spacing
d being 1.5 mm
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Fig. 13.14 Arc velocities as
a function of electrode
spacing. The experimental
scatter is ±0.1 m/s
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at I = 60 A and from 19 to about 60 V when electrode spacing increased from 1 to
6 mm at I = 30 A and B = 0.08 T.

A research group in University of Liverpool studied the retrograde spot motion.
Djakov and Holmes [44, 45] reported some simple experiment in order to base their
theoretical model to explain the mechanism of retrograde spot motion. High-speed
photography with an image converter camera in the streak mode operation was used
to registration the spot motion. The streak photographs with duration of 200 μs and
speed of 0.25 mm/μs were studied with microphotometer. It was observed that rapid
motion of the spot produced a pronounced deflection of the track in the streak photo-
graph. All densitometer traces showed asymmetrical distribution of luminescence in
the spot region indicating on some curvature of the plasma column in the direction
of the spot motion.
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Sherman et al. [46] investigated the retrograde spot motion under self-magnetic
field in a high-current vacuum arc (typically pressure 5 × 10−8 torr). The electrodes
had a circular configuration, with anode and cathode of equal size. The electrode
materials were hard-drawn, high-conductivity (HDHC) copper of 99.9% purity, and
vacuum-cast (VC) copper of more than 99.95% purity. The HDHC electrodes were
100 mm in diameter with radiused edges, giving a plane area of 75 mm diameter,
and the VC electrodes were 75 mm in diameter with 1 mm radiused edges. The arcs
were initiated by a surface-breakdown trigger mounted in a hole at the center of
the cathode. The current rise time was 170 μs, and then a constant current was of
1.65 ms with the current amplitude varied between 2.7 and 6.9 kA. Amagnetic probe
was used to measure the self-generated magnetic field of the arc. The cathode spots
were photographed with a high-speed framing camera at 15,000–20,000 frames per
second. A magnetic probe was used to measure the self-generated magnetic field of
the arc. For VC electrodes, the magnetic flux density was calculated by assumption
that all the current I enters the cathode through the spots that were positioned on a
ring of radius r the average azimuthal magnetic flux density at a spot is given by B
= μI0/4π .

The experiment showed that during the current pulse, the cathode spots moved
radially outwards from the cathode center and they expanded across the cathode in a
ring-shaped pattern (Fig. 13.15) [47, 48]. Some spots initially were observed inside
the ring, and these appeared less bright than those on the ring. The number of spots
observed later, when the spots within each cluster could be resolved, was consistent
with a mean current per spot of approximately 100 A.

This basic behavior was reproducible and independent of current from the lowest
current (2.7 kA) up to approximately 7 kA. A larger fraction of spots occurred inside
the ring on the HDHC electrodes than on the VC electrodes, and there was a tendency
on both materials for the fraction inside the ring to be larger and to be non-uniformly
distributed at higher currents. A different type of behavior was observed for currents
above approximately 7 kA. The spots started to expand away from the ignition hole,
but within 300 μs a second expansion center formed spontaneously on the cathode
surface. This resulted in two expanding rings of spots each behaving similarly to those
previously depicted and, in addition, moving away from each other. This behavior
was always observed for currents above 8 kA with a 15 mm electrode separation.

Fig. 13.15 Expanding ring
of cathodic spots: current,
5.3 kA; ring diameter,
50 mm [47]
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Fig. 13.16 Retrograde spot
velocity on copper as a
function of self-magnetic
flux density (μ0I/4πr) [46]
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The dependence of the spot velocity obtainedwith a gap of 15mm [46] is shown in
Fig. 13.16. The spot velocities are proportional to the flux density up to about 0.02 T,
with a proportionality constant of 700 ± 140 m/s/T. Above 20 m/s and 4 × 10−2 T,
the velocity increases relatively slowly with increasing flux density. No significant
dependence of the spot velocity on the gap was found for the HDHC electrodes at
gaps of 5, 10, and 20 mm.

The motion of vacuum arc cathode spots under the influence of self-generated
azimuthal and externally applied axial magnetic fields has been investigated by
Agrawal and Holmes 1984 [49]. The experiments were conducted with circular
electrodes, having 75 mm diameter and fixed gap length of 15 mm. The anode was
of copper, and the cathode was constructed from Cu, Al, Mg, Bi, Zn, and Cd of
high purity (99.985–99.999%) with low gas content. A surface-breakdown trigger
assembly was used to the arcs initiation. The pressure was of about 10−8 Torr before
each arc. A low-current arc (200–400 A) was initiated and run for 100–200μs before
themain current pulsewas applied. The current rise timewas 100–250μswith ampli-
tude up to 10 kA and the pulse duration of 1.5–5 ms. The spot motion was recorded
by means of a high-speed framing camera, and the self-generated magnetic field was
measured with an inductive magnetic probe.

Agrawal and Holmes [49] observed (as in work of [46]) the ring pattern of spot
expansion on the cathode surface and studying the spot velocities. The spontaneous
spot formation with high rates of current rise was also detected. Depending on the
presence of an axial magnetic field, two different modes of spots expansion were
observed. In the absence of an axial field, the spots remained on the ring giving a
“curvilinear” density distribution. The ringswith diameters up to 10–15mmappeared
to consist of a number of spots distributed close one to other in line segments. At
larger diameters, individual spots were distinguished. At high currents, the ring was
more nearly perfect, although the spots still not uniformly were distributed on the
ring.
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The distribution of cathode spots was quite different in the presence of an axial
magnetic field. During the ring expansion, more spots tended to appear inside the
ring. At high arc currents and in weak axial fields, many spots remained on the ring
even at large ring diameter. In strong fields and at large diameter, the spots appeared to
be fairly uniformly spread over the whole area inside the ring. The above two modes
of ring expansion were reproducible up to certain currents which was dependent on
the cathode material, and it was for copper 9.6 kA. At higher currents, the rate of
current rise can influence the shape of spot distribution.

In particular, a spontaneous second ring can be appeared. In this case, an anode
spot located opposite to the second ring and bowing of the plasma column from the
first group of spots in the Amperian direction by the magnetic field of the second
parallel discharge was also be detected. According to the observations, the initial
rate of current rise up to 3 × 107 A/s had no effect on the initial symmetrical ring
expansion of cathode spots on all the metals except zinc and cadmium, for which the
limits were approximately 1.5 × 107 A/s and 6 × 106 A/s, respectively.

Ameasured relationship [49] between the retrograde spot velocity and the self and
axial magnetic flux densities on a copper cathode is represented in form of Fig. 13.17.
It can be seen that at low self-generated fields, the velocities directly proportional to
the flux density but at high field, the velocity saturation was observed. The approxi-
mate upper limits of the linear range and the slope of the linear portion of the curves
for different cathode materials are given in Table 13.1. The axial magnetic field
decreases the retrograde velocities. On a bismuth cathode, only linear dependence of
retrograde spot velocity on self-magnetic field up to 0.04 T was observed for axial
magnetic field varied from 0 to 0.05 T as parameter. The general dependencies of
cathode spot velocity versus self-generated magnetic field for Al, Sn, and Mg were
similar to that dependence for copper. The velocity for Zn and Cd as function on
both magnetic fields was similar to the dependence for Bi.

It has been found that the relationship between the velocity and self-generated
field was independent of the arc current, and dependent only on self-generated field
characteristic and cathode material. This is due to the fact that a discharge at high

Fig. 13.17 Retrograde spot
velocity on a copper cathode
at various axial magnetic
fields (in T) as a function of
self-generated magnetic flux
density
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Table 13.1 Velocity and
self-generated field limits and
the slope of the linear range of
spot velocity characteristics
of the metals investigated [49]

Cathode
material

Velocity m/s Self-magnetic
field, 0.01 T

Slope, m/s/T

Cu 30 4.8 520 ± 100

Al 35 2.1 1670 ± 140

Sn 35 3.5 1000 ± 110

Mg 30 2.8 1100 ± 120

Bi 22 3.9 560 ± 80

Zn 15 5.4 280 ± 50

Cd 7 3.1 230 ± 80

currents consists of a large number of spots each carrying approximately the same
current. It was noted that in spite of widely differing physical properties of the
investigated cathode materials (Table 13.1), the measured maximum spot velocities
are within the same order of magnitude (10–65 m/s).

Some similar observed characteristics of cathode spot retrograde motion were
summarized by Drouet in 1981 [50] and in general repeated by Drouet [51] in order
to use the published data for theoretical description of the spot motion.

Also, recently Song et al. [52] demonstrate the magnetic field influence on the
cathode spot distribution and spot motion trajectory. In the experiment, electromag-
netic coils and permanent magnets were used and the vacuum chamber is evacuated
to 10−3 Pa. The water-cooled cathode was fabricated from titanium (99.99% purity)
of 95 mm in diameter and 50 mm in thickness.

The authors have shown that increasing the number of magnets and decreasing
the distance between magnets and cathode, both lead to enhancing cathode spots
motion velocity. The shape of spot distribution is illustrated in Fig. 13.18a. It can be
seen ring distribution at zero and small coil current. However, the radii of cathode
spots trajectory decrease gradually as well the distribution pattern changed with the
increasing of electromagnetic coil’s current. The spot trajectory begins to contract
after electromagnetic coil’s current exceed 1.5 A and reaches to the cathode center at
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Fig. 13.18 Expanding ring of cathode spots dependence on a magnetic field (a, left) and spots
trajectory’s radii reduction with the increase of electromagnetic coil’s current. The spot image
taken from [52]. Used with permission
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3 A shown in Fig. 13.18b. Parallel magnetic field component intensity influences the
speed of cathode spots rotate motion, and perpendicular magnetic field component
drives spots drift in the radial direction.

Swift et al. [53] studied the motion of cathode spots on a titanium cathode, in a
vacuum, in a closed magnetic field configuration was studied by. The tangential and
normal components of the magnetic field were measured using a Hall probe with an
active area of 1mm2. The cathode was a water-cooled titanium disk of 100mmdiam-
eter, and the anode was the cylindrical stainless-steel vacuum chamber of 600 mm
diameter connected to ground. The cathode–anode separation was 150 mm. The
chamber was evacuated by an oil diffusion pump and has a base pressure of 10−4

Pa. The arc was initiated by momentarily touched tungsten-tipped trigger. The arc
is sustained by a high-current welding-type power supply and normally arc current
used in the range of 80–100 A. A conventional camera with a lens shutter and an
image converter camera (Imacon-700) operated as framing camera with an exposure
time of 20 μs were used to record the motion of the cathode spot.

The cathode spot trajectory was observed as a stable one in the investigated geom-
etry.Measurement of the position of the deepest part of the erosion track at a constant
current and magnetic field showed that the cathode spot tended to move in a circle
of the same diameter where the normal component (with respect to the plane of the
cathode) of the magnetic field was zero. It was shown that the measured velocity
increased nonlinearly with magnetic field passing to asymptotic behavior and to a
value of about 25m/s at large values ofmagnetic field of about 0.01 T. The high-speed
photograph study showed that at zero magnetic field the trajectory of the cathode
spot appears chaotic. For the nonzero magnetic field, the spot still executes a chaotic
motion, but has the retrograde drift velocity superimposed on it. In the presence of an
oxygen at low partial pressures, the spot shows an increased velocity and a tendency
to branch. At higher partial pressures, the spot splits into a number of separate spots
and there is a large increase in the spot velocity.

Also Swift [54] conducted experiment in a system where anode was the 400 mm
diameter vacuum chamber or a stainless steel disk 250mm in diameter located 40mm
from the cathode. The experiment showed that at low pressures as 3 kPa an anode
spots formation occurred, and in all instances of their formation, the motion of the
arc was observed to be non-retrograde. This pressure is much lower than the pressure
at which cathode spots begin to move in the non-retrograde direction with no anode
spot formation. This fact allows concluding that the anode spot formation determined
by the arc conditions and on the cathode spot motion.

Klajn [55] provided an experimental analysis of the vacuum arc behavior in a
pulsed or oscillatory transverse magnetic field with amplitudes up to 120 mT and
frequency of 900 Hz. The arc was produced between Cu flat contacts of 20 mm
diameter, opened mechanically with the speed of 0.4 m/s during the switching-off
operation of the current half-wave of amplitude 500 A and frequency of 30 Hz. The
contacts were separated of about 3.5–4 mm, and the pressure was of 5 × 10−3 Pa. A
high-speed photography (2000 frames/s) and a shielded Langmuir probe were used.
The main results of high-speed observation were related to a behavior of the cathode
spots, and any data related to a dependence of the spot velocity were not presented.
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Each frame showed about 0.5 ms of the arcing time were studied before and after the
magnetic field action. An analysis of the photographs showed that the character of
plasma movement and the displacement of the arc in the oscillatory magnetic field
were observed in accordance with reported previously the retrograde spot motion.
The value of plasma potential during the arc operation was obtained between 13 and
17 V, before experiments with the magnetic field. Arc voltage increase up to about
80 V was observed during the magnetic field action.

Juttner and Kleberg 2000 [56–58] conducted experiments that reported on the
retrograde arc spotmotionon copper and tantalumcathodes in vacuum in the presence
of a magnetic field. Later Juttner [59] reviewed the data. In those experiments, a base
pressure was less than 10−7 Pa. Three electrode systems were studied. One was with
small needle cathode (Cu)was of 750μmdiameter facingwith its end a copper anode
cylinder of 10 mm diameter, thus forming a point-to-plane gap of approximately
200 μm electrode separation. The magnetic flux density increased from 0 to 0.4 T
during 500 μs. On the side faces of the cathode, the external magnetic field was
parallel to the surface, thus yielding a situation suitable for retrograde motion. An
electrode system constructed for study the phenomenon of hot tantalum cathode
(see below). Another used geometry was similar to system for hot cathode with
copper electrodes. The U-shaped anode was placed 1–3 mm above a strip cathode.
The cathode had a width of 12 mm and an effective length of 5 cm made of a 0.5-
mm-thick metal sheet. Two permanent magnets with field-oriented parallel to the
cathode surface of−0.4 and+0.36 T (the+ and− signs denoting orientation up and
down the system) were used. Rectangular high-voltage pulses with amplitudes of
5–13 kV were applied from a pulse-forming network. The arc was initiated by a gap
breakdown. For sufficiently small electrode distances (<100 μm for needle cathode
and <1mm for strip cathode), the breakdown stage changed to a low-voltage arc after
times <100 ns. The spots are imaged with time and space resolutions of <100 ns and
<10 μm, respectively. The arc currents varied in range of 2–100 A.

Generally, the experiment provided at small electrode configuration showed that
luminous plasma of a single cathode spot has a diameter of 50–80 μm on Cu elec-
trodes. An inner structure consisting of fragments with diameters of 5–30 μm with
10–30A per fragment was obtained. The authors indicated that no obvious difference
in fragment dynamics has been found with and without a magnetic field. The plasma
structure near the spots was studied with U-shaped anode and Cu strip cathode.
A plasma glow near the spot expanding in the retrograde direction is shown in
Fig. 13.19. This part of plasma is interpreted by the authors as a plasma jet. It can be
seen that the spot luminous is significantly intense than the plasma glow. In general,
the plasma glow takes place around the spot but elongated in the retrograde direction
on length equal about of the spot size.

The dynamics of near spot plasma is presented in Fig. 13.20 where time regime
is shown in four frames with the exposure increasing. At 500 ns in the first frame,
the plasma edge near the spot denoted by 1. In the following frames, the plasma
region furthermore expands at exposures of 1, 2, and 5 μs. The glow ends at edge
2, as indicated in the third fame, but it is also reached in second frame, i.e., through
one microsecond. According to the scale indicated in Fig. 13.20, the plasma region
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Fig. 13.19 Plasma structure around the spot in a magnetic field. From [57, 58]

Fig. 13.20 Sequence of frames down the columns with increasing exposure: 0.5, 1.0, 2.0, 5.0 μs.
The fourth frame shows a jet emanating from the upper corner of edge 2, I = 25 A. From [57]

between edges 1 and 2 is about 2.5× 10−4 cm, i.e., the velocity of expansion is about
250 cm/s. However, Juttner and Kleberg noted that “changes in the plasma structure
between edges 1 and 2 occurred within 50 ns” and the velocity may be significantly
larger, as 3 km/s, estimating from intensity profiles along the streak trace.

A spot exposed four times with an interval of 10 μs is shown in Fig. 13.21. It
can be seen that the spot size is about 50 μm. The spot displaced together with
expanding plasma. The authors indicated that the new spot ignited in the direction
of the expanding plasma.

A spot displacement is shown in Fig. 13.22, which is not exactly straight. It can
be seen that a new spot was ignited in most cases on length equal about of the spot
size.
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Fig. 13.21 Fourfold exposure of 200 ns of a single spot with 10 μs separation of the exposures. I
= 20 A. From [57, 58]

200µm

Fig. 13.22 , Integral picture of long exposure (200 μs) of a single spot. From [57]

Dukhopel’nikov et al. [60] demonstrated a high-speed video filming of the process
of combustion of a vacuum arc for both with and without the presence of an external
magnetic field. The experiment provided in a vacuum chamber with diameter of
700 mm and length of 700 mm. The residual pressure was 5·10−3 Pa. A cylindrical
cathode made of a titanium pipe with diameter of 56 mm and length of working
part 450 mm mounted on the axis of the chamber. At one end, the cathode attached
to the cathode assembly on the flange of the vacuum chamber. The other end of
the cathode is freely positioned in the vacuum chamber. Cooling water and supply
voltage supported to from the direction of the cathode assembly. Ignition of the
discharge realized by means of a spark-over of a thin conducting film on the surface
of an insulator located on the free end of the cathode. The arc was powered by
a welding rectifier with no-load voltage 75 V and maximum current 315 A. The
discharge current was of 110 A with voltage 23 V. The magnetic system creates a
magnetic field of induction B= 0.005 T on the surface of the cathode. The discharge
burns at a pressure in the chamber 1 × 10−2 Pa.

In the absence of a magnetic field, the discharge was ignited at the free end
of the cathode, traveled to the cathode assembly, and was extinguished in the arc
suppressing device. Video filming demonstrated that some of cathode spots burn
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Fig. 13.23 A glow of
cathode spots in vacuum arc
in the absence of a magnetic
field (arc current 110 A,
voltage 23 V, cathode of
titanium, speed of filming
5000 frames per second).
Spots travel slowly along the
cathode. Figure taken from
[60]. Used with permission

simultaneously for 200 μs. The group of spots moved along the cathode in random
fashion. Two modes of burning that replace each other were detected.

It was established, in the absence of the external magnetic field, the spots move
intermittently. The experiment showed that one of spot group slowly travel into region
of 5–10 mm in dimension and the spots were observed with size of the illuminated
region of amounts to 1–3 mm (Fig. 13.23). The spots have significant brightness. In
this mode, the arc burns for 1.8–4.2 ms.

In the second mode, a rapid jump of the group of spots to a new location over a
distance of 14–30mmduring a period lasting 2× 10−4–1× 10−3s was observed. The
dimension of the illuminated region of the spot here amounts to 0.2–0.8 mm, which
is significantly less than in the first mode. The brightness of the spot is low, and the
speed of the group of spots in this mode was in the range 15–60 m/s. Another mode
of group of spots ignited at the free end of the cathode traveled along the cathode in
random fashion. This group of cathode spots was found at the same location at 1.8–
4.2 ms and jump to another location in the same time; the mean speed of a cathode
spot was 5–6 m/s. Nevertheless, it was summarized that in the absence of a magnetic
field, the mean speed of the group of cathode spots along with the cathode amounts
to 5–6 m/s. The dimension of the pit left on the cathode by a single spot is in the
range of 0.22–0.38 mm.

Figure 13.24 shows the spot motion in the presence of a magnetic field. The group
of cathode spots moves uniformly at a speed of 15–20 m/s. The dimensions of the
illuminated region of the cathode spot of the field amount to 0.45–0.65 mm. The
dimension of the pit left on the cathode by a single spot is 0.14–0.26 mm. A variation
in the direction of magnetic field leads to a variation in the direction of the cathode
spot travel. It was established that in the presence of an external magnetic field the
direction of a cathode spot is opposite to Ampere’s force. In general, the results show
that the size, behavior of motion and velocity of group of spots significantly depends
on magnetic field presence.
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Fig. 13.24 A glow of cathode spots in vacuum arc where there is a magnetic field with induction
B = 0.005 T present (arc current 110 A, voltage 23 V, cathode of titanium). Speed of filming 1000
frames per second (a) and 5000 frames per second (b and c). Figure taken from [60]. Used with
permission

13.3.1.2 Cathode Heating and Retrograde Cathode Spot Motion

Smith [61] first reported on retrograde spot motion along a hot cathode. He observed
an arc between concentric tantalum electrodes in argon and mercury vapor that was
driven around by an axial magnetic field. Argon pressure was from 5 to 30 torr.
Estimated Hg vapor pressure was above 0.1 mm. Arc current was approximately
13 A for a cathode 2.5 cm in diameter. The cathode was so constructed that the
arc spot operated upon its outer surface and could in a few seconds bring it to a
white heat. When the cathode was only at a red (approximately 900–1300 K) heat
or less, the arc raced rapidly in the retrograde direction. When the cathode in the
spot was reached white (1700–2300 K) glow, the arc would turn suddenly and then
travels very slowly in the proper direction (the way the electromagnetic forces were
acting). Arc drop was 16 V when the cathode was relatively cool and 14 V when
white hot. No conditions of pressure, field intensity, or arc current were detected
that would make the arc go in the retrograde direction. Thus, Smith observed that
for Ta cathode the retrograde motion was only characteristic of arcs at stage of not
very hot cathode. Gallagher and Cobine [62] also observed independently that the
reversemotion does not take place on tungsten cathodeswhich are at sufficiently high
temperatures. However, Hernqvist and Johnson [31] reported experiment in which
the retrograde motion observed on an externally heated thermionic cathode.

So, the experimental results of the early investigations different and furthermore
were studied later. Nurnberg et al. [63] measured the arc velocity for Al cathode
in a magnetic field 0.03-0.1 T for heated cathode conditioned by a number of arcs.
All arcs moved in the retrograde direction. The spot velocity decreased from about
3.4 m/s at room temperature to about 1.7 m/s for 770 K.
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Fang et al. [64] and Fang [65] investigated the velocity of vacuum arcs in a
magnetic field at the cathode for Cu, Al+3%Mg, and 316 stainless steel. The sample
used as the cathode and attached to a Mo cathode support, which can be heated to
1200 K by two heating elements. The cathode temperature was measured with a
thermocouple. The anode below is made of graphite and is wedge-shaped so that
any material coming from the cathode in solid or droplet form was deflected to the
side. The electrode spacing is about 2 mm. The cathode samples were degassed at a
temperature of 770 K in a vacuum for 8 h. The working vacuum was 10−8 mbar. The
vacuum arc discharge is triggered by injecting plasma into the electrode gap, and
after the arc initiation, the arc voltage drops from 500 V to about 20 V. Arc currents
were varied from 15 to 70 A, and homogeneous magnetic inductions were varied in
range of 0.02–0.1 T. The velocity of the moving discharge was measured optically
by projecting a magnified image of the electrode gap onto a screen (Fig. 13.25).

The measurements at room temperature show the arc velocity consistent with the
other recent measurement in which the cathode surface was free of a contamina-
tion. According to Fang [65], the arc velocity decreases with increasing the cathode
temperature for all investigated cathodematerials at constant arc current andmagnetic
induction. The higher value of arc current leads to higher velocities that can be seen
for the case of Cu cathode. The higher value of magnetic induction leads to higher
velocities that were obtained [65] in case of 316 stainless steel (Fig. 13.26). The
decrease course of retrograde velocities with the increase of the cathode temperature
mostly keeps unchanged. It can be seen also, when the cathode temperature not high,
about 0.5 of the material melting temperature T m, the retrograde velocities decrease
slightly with increasing the cathode temperature. When the cathode temperature was
above 0.6–0.8 Tm, the retrograde velocities decrease steeply.

Fig. 13.25 Arc velocity as a
function of the cathode
temperature with Cu and Al
as cathode material
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Fig. 13.26 Arc velocity as a
function of the cathode
temperature with 316
stainless steel as cathode
material
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Puchkarev and Murzakayev [66] used autograph method to investigate the arc
spot motion over a cleaned tungsten (wires 0.1–0.2 mm in diameter) cathode in oil-
free vacuum (10−6 Pa) for current in range of 2–50 A. The duration of a rectangular
arc pulse was 1.2 μs. To identify the track width more accurately, the cathode spot
motion was directed by the magnetic field B created with the pulse current passed
through the wire cathode. The magnetic field varied in the range of 0.1–0.7 T. The
cathode cleaned prior to the experiment by heating at 2000 K.

The experiment was provided also with heated cathode at 1800 K. The cathode–
anode distance was small as 0.1–0.2 mm. The measurements [66] showed mostly
equal the spot velocities on hot and cold cathodes, which depend on the current
amplitude (Fig. 13.27). The cathode spot starts dividing at a current of a few amperes.
The cathode spot lifetime was 25–50 ns for a cold while it increased to 150–200 ns
for a heated cathode.

In order to study the influence of a cathode, heating on the spot motion in a
transverse magnetic field Juttner and Kleberg [57] used strip cathode with width of
12 mm, and an effective length of 5 cm made of a 0.5-mm-thick metal sheet. The
anode was a U-shaped electrode placed 1–3 mm above the cathode. The cathode and
anode were made of tantalum. A cathode temperature up to 2100 K (white glow)
was reached by varying the heating current through the cathode. The temperature of
Ta was measured using a pyrometer. A permanent magnet with an absolute magnetic
flux density of 0.36 T was used. The cathode surface was placed at an angle of 45º to
the magnetic field, thus yielding a parallel and normal field component of Bp = Bn

= 0.255 T. The integration time of the cooled CCD camera was 8 ms, thus grabbing
the whole discharge. The base pressure was about 10−5 Pa.
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Fig. 13.27 The velocity of
the CS motion as a function
of current at cold and heated
cathodes
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Note that with increasing temperature, it becomes more difficult to ignite an arc in
the presence of themagnetic field. Therefore, the arcwas ignited outside themagnetic
field on cold parts of the electrode assembly if the gap distance was >5 mm, or inside
the magnetic field with the gap <1 mm. Observed, every discharge ignited on the
hot cathode showed spot motion and spot traces under the same angle as in the case
when no heating occurred. Also, no change in the spot direction occurred; the motion
of the cathode spots and therefore the arc remained retrograde up to 2100 K (white
glow). Above 2100 K tantalum becomes brittle, so this was the limiting temperature
in conducted experiments with hot cathode in the described experiment.

Juttner and Kleberg [57] concluded, the retrograde motion is not a surface effect,
since drastic changes in the cathode heating have no impact on themotion. This state-
ment appears to be in contradiction to results obtained by Smith [60]. The contra-
diction was explained indicating that Smith observed retrograde motion as long as
the cathode showed a red glow (approximately 900–1300 K) and a motion reversal
of the whole arc at white glow (1700–2300 K). However, at this cathode heating the
pressure inside Smith’s [61] vacuum vessel was 13 Pa for Hg and 1–4 kPa for Ar.
As the heating probably increased the gas pressure, the motion reversal could be a
gas effect. Also, it was noted that possible a transition of the discharge to a spotless
thermionic arc at a temperature of 2200 K and therefore a transition to a diffuse
mode. In this case no is the retrograde motion.

While the Juttner et al. [57–59] conclusion concedes with the result of Hernqvist
and Johnson [31], Puchkarev and Murzakayev [66], it is different from the result
of Gallagher and Cobime [62], Nurnberg et al. [63] and Fang [65] (showed spot
velocity change with cathode temperature) indicating that the problem remains to be
investigated.
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13.3.1.3 Gas Pressure and Gap Distance Influence on the Spot Motion
Under TMF

Himler and Cohn [67] investigated the arc motion using few experimental systems
depending on gas pressure. The first apparatus consisted of a pair of brass plates
mounted in such a manner that a gap was formed in a horizontal plane. The arc
striking mechanism consisted of a piece of carbon, which moved across the gap by
a solenoid. The use of this system is limited by plate melting. The next apparatus
consisted of a pair of concentric carbon rings mounted in such a manner to constitute
a horizontal, circular gap, one-quarter of an inch wide. A circular coil around the bell
jar generated the magnetic field. This arrangement of electrodes insured a perfectly
uniform field over the path of travel of the arc. The next apparatus consisted of a pair
of horizontally mounted parallel tungsten wires. The use of this system is limited
by oxidation of the tungsten. The final apparatus consisted of two copper electrodes
are mounted in a horizontal position. One is fixed rigidly to the baseboard, while the
other one is attached to a backing plate, which can be moved back and forth with the
aid of a small motor.

It was obtained that when the pressure was lowered, the velocity of travel of the
arc decreased rapidly until, at the critical pressure, the arc stops moving altogether.
At that pressure, the arc changed in appearance. The cross section of the arc decreases
greatly, and its brilliance decreases markedly. The anode and cathode spots no longer
are well defined, and the arc appeared unstable. If still the pressure lowered, the
arc will travel in the opposite direction as it was traveled at atmospheric pressure.
Extensive attempts were made to obtain accurate data of this critical pressure for
conditions at different experimental systems. This informationwas presented in form
of critical pressure variation by change in gap width and field current. In particular
for an arc 7.5 A, the critical pressure decreased in the range of 50–700 torr, when the
electrode gap increased from 1/16 to 1/4 inches. When field current increased from
2 to 3 A, the critical pressure decreased.

Yamamura 1950 [68] showed a phenomena related to some difficulties of driven
of an arc by the magnetic field at very small gaps between the electrodes. These
phenomena called as immobility phenomena. The immobility time and the driving
velocity of the arc were measured under various air pressures. Under a certain low
air pressure, the arc motion was unstable under the magnetic field. At the air pressure
lower than a critical value, the arc can drive again by the magnetic field, and the arc
moves in a direction opposite to the direction of the electromagnetic force.

It was obtained that the electrode gap for Cu, at which an electric arc begins
to be driven, decreased parabolically from 0.4 to 0.2 mm when the magnetic field
intensity increased from 0.005 to 0.04 T. The critical air pressure (the pressure at
which permanent immobility, i.e., the reversal arcmotion occurred) increased linearly
with the magnetic field intensity. Figure 13.28 demonstrates this measured critical
pressure from [68] depending on magnetic field intensity. It was informed that the
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Fig. 13.28 Relations
between driving magnetic
field intensity and critical air
pressure at which the
permanent immobility
occurred for Cu and gap =
2.5 mm
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permanent immobility was also detected for Fe, Ag, Sn, and liquid Hg and that
the aluminum electrodes have a wider pressure range where permanent immobility
occurs.

In vacuum arcs, the retrograde velocity depends on the electrode gap distance and
pressure. Gallagher and Cobine 1949 [62] and Gallaher 1950 [26] showed that the
velocity of the spot depends on the pressure, decreasing as the pressure increases
for a mercury arc using a mercury pool cathode. When the pressure was sufficiently
increased, the spot can be made to slow down to zero velocity. The pressure at which
reversal occurs linearly depends on the magnetic field and the current, as shown in
Fig. 13.29 for mercury arc. As it can be seen, the critical pressure is significantly

Fig. 13.29 Reversing
pressure versus magnetic
field in mercury pool tube
from [26]
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Fig. 13.30 Spot velocity
versus argon pressure for
constant magnetic field
strengths. Positive values are
retrograde velocities, and
negative values are forward
velocities from [27]
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lower than for solid metallic cathode like Cu and similar materials. In general, fewer
fields were required to reverse the spot at high currents than at low. Gallagher [26]
suggested that this fact represents a condition of balance between the forces acting
on the spot and the forces acting on the column, since it has been observed that the
column always tries to move in the “correct” direction.

John andWinas [27] observed similar dependence. They obtained the spot velocity
dependence on argon pressure for mercury arc shown in Fig. 13.30. With a low gas
pressure, the spot moves in retrograde direction. Increasing the pressure causes the
spot to slow down, stop, and then move in forward direction.

Dallas [69] discussed an interesting phenomenon of the arc motion in a magnetic
field for the application in an aircraft circuit interruption. It was discovered that
the used interrupter is valid for all practical purposes of circuit breaking equipment
operating at sea level, but something happenswhenAmpere’s law is applied to similar
equipment at altitude. As the altitude is increased, an electric arc in a magnetic
field may falter, stop, and finally reverse its direction of motion. Arc immobility
and arc reversal phenomena limit the use, affect the design, and dictate the test
procedure required for aircraft circuit interrupting equipment using magnetic arc
suppression. This dilemma was illustrated by the comparison of a low-travel snap-
action switch with magnetic arc suppression that shown to open consistently and
stably an inductive 120 V DC circuit of 9 A from sea level to an altitude of 25,000
feet while failing to interrupt 1 A. This means that a switch, which will interrupt
a large current successfully, will not interrupt 10% of that value. It was noted that
this disconcerting discontinuity in switch performance was caused by a phenomenon
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known as “arc immobility”which is a precondition to “arc reversal”motion. A design
of an interrupter was proposed for which the arc immobility zones in range of current
from 1 to 9 A and altitude from 10,000 to 50,000 feet were determined by arc motion
observation when the contact gaps were 0.035 and 0.07 inch with permanent magnet
field of 0.03 T.

Dunkerley and Schaefer [70] presented experiments that carried out in air at atmo-
spheric pressure, and only the forward spot motion was observed on oxide tungsten
cathode for 30 A and 20 ms duration. The tracks were obtained by using parallel
anode and cathode surfaces between which the arc was initiated in the presence of a
transversemagnetic field of 150 gauss. The observation shown an arc track indicating
the cathode spot was momentarily fixed while the plasma column continues to move
under the influence of the transverse magnetic field (Fig. 13.31a).

According to Dunkerley and Schaefer [70], schematically the spot motion is illus-
trated in Fig. 13.31b. The arc has been anchored at some point due to the surface
condition of the cathode [Fig. 13.31(1)]. However, the plasma continues to move
due to the transverse magnetic field [Fig. 13.31(2)]. Then positive ion bombardment
the cathode surface preparing it for the formation of a cathode spot at new loca-
tion due to distorted plasma column [Fig. 13.31(3)]. So, the cathode spot transfers
to the “preconditioned” next area (y) and extinguishes at the previous location (x)
[Fig.13.31(4)].

Also, a track was observed for a 1 A DC arc traveling along a surface of lightly
oxidized tantalum. The track gives the appearance of a discontinuous cathode spot
although the arc current was continuous. Discontinuous tracks of this type were
produced when the surface of the cathode is very lightly oxidized or oxidized non-
uniformly.

Robson and Engel 1956 [71] observed retrograde motion in a short arc in air
burning between copper electrodes with a 0.5 mm separation, for I < 3 A and B
> 0.3 T. They also indicated a reversal spot motion, which occurred for arc current
increased to 5A even for B = 0.4 T. Robson’s experiment 1978 [72] showed that in
arcs with currents of 5 and 10 A, gap 1.9 mm and air+argon pressure Psur = 30 Torr,
the spot moves in the retrograde direction when the external magnetic field Bem <1 T.
For stronger magnetic field Bem varied from about 1.2 to 5 T, the spot moved in
Amperian direction.

A series of works investigating the spot motion in a transverse magnetic field
and for different gas pressure were published by Guile and co-authors. In one of
their first works [73], the spot movement studied in the normal direction for the air
arc at atmospheric pressure, which burned between parallel electrodes fed at one
end with current. No external magnetic field was applied (only self-magnetic field
was influenced). The high-speed photography showed that arc movement was partly
regular and partly random. The regularmovementwas controlled by the cathode spot,
which gave unbroken straight tracks up to 12 inches long. Random jumps occur when
the arc column touches an electrode.

The arc characterized by two groups according to whether the material was
magnetic or non-magnetic. The velocity was measured as dependence on arc current
for mild steel and extruded brass. It was found that the arc velocity increased with
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Fig. 13.31 a Intermittent
cathode spots formed by
continuous-current arc.
Figure taken from [70]. Used
with permission.
b Schematic illustration of
phenomenon of intermittent
cathode spots motion

Cathode spot motion
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current and dependent on the nature of the electrode materials. The greater velocity
observed for the magnetic steel. These results were discussed by Secker [74].

Guile et al. [75] used drum camera operating at 960 frames to photograph arcs in
free air. The arc burned between two horizontal and parallel cylindrical electrodes of
approximately 1 cm diameter so that anode situated above the cathode (Figs. 13.32
and 13.33). The spacing was 3.2 cm, and current was fed into and out of the electrode
system at one end. The electrodes were smooth but not highly polished. The arc
initiated by an exploded wire at the current-feed end of the electrodes.

After initiation, the arc travelled along the electrodes either under the action of
the self-magnetic field, or else under the combined action of this field and an axial
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Fig. 13.32 Axial motion due to circumferential flux. From [75]
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Fig. 13.33 Circumferential motion due to axial flux: a permanently magnetized cathode. b elec-
tromagnetized cathode from [75]

field set up in the electrodes by external means. If an electrode is ferromagnetic,
then the magnetic flux density within it is increased and there was a discontinuity
in the flux density at the surface. Interaction between arc current I and circumfer-
ential flux density B causes the arc to move in an axial direction with a velocity va

(Fig. 13.32). For ferromagnetic electrodes, it was also produced appreciable axial
flux density B, either by means of an external electromagnet or else by magnetizing
them permanently as shown in Fig. 13.33. Interaction between I and B will produce
a circumferential force and a circumferential motion with velocity vc.

The first tests were made with copper, aluminum, brass, mild steel, and magnetic
stainless steel electrodes without axial magnetic field to determine the relationship
between axial velocity va and current I. In the case of mild steel and at lower currents,
the track was regular and continuous and melting had occurred as the arc moved
forward. The track became discontinuouswhen the currentwas increased.At currents
of about 500 A, a third type of continuous high velocity track was detected with
surface discoloration and slight pitting, but no evidence of extensive melting. At still
higher currents, the cathode movement became random. These various tracks are
interesting and indicate that the arc motion determined by cathode phenomena.
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Fig. 13.34 Comparison
between axial velocity va
and circumferential velocity
vc on a stainless steel
cathode [75]
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In case of an axialmagnetic field (Fig. 13.33), the cathode spotwasmoved a helical
path with the circumferential velocity vc, by the normal laws for a magnetic field
in the direction of inside the cathode. This result showed that the forces responsible
for the circumferential motion lie within the cathode spot itself. Linear relationship
between axial magnetic flux density Ba (in range of 0–1.2 T) and the circumferential
velocity vc was observed for stainless steel cathode spots.

The comparison between axial and circumferential velocities is presented in
Fig. 13.34, which demonstrated the spot velocities increase with arc current. It can be
seen that these dependencies are not linear and va larger up to about 250 A and then
it is lower than vc. The axial was very much greater in magnitude for the magnetic
steel electrodes than that of non-magnetic materials.

Guile and Secker [76] studied an arc cathode spot in a transverse magnetic field
showing the spotmoving either in theAmperian (forward) direction, or in the opposite
(retrograde) direction.

As in previous works [73, 75], the arcs were photographed at 960 frames per
second as they moved in air at atmospheric pressure between two horizontal and
parallel cylindrical electrodes of about l cm diameter, situated one above the other
in the same vertical plane with the anode uppermost as shown in Fig. 13.32. The
distance between electrodes was 3.2 cm, and current was fed into and out of the
electrode system at one end. The arc initiated by explosion of a fine wire near the
current feed end, and it then moved parallel with the axis of the electrode.

The self-magnetic field was eliminated by feeding equal currents into the anode
at each end, and taking equal currents from each end of the cathode. It was do it to
determine the dependence of the cathode spot velocity upon arc current andmagnetic
field. A cylindrical glass chamber enclosed the electrodes, and the gas was evacuated
to pressure of about 10−3 torr. The electrode system was mounted inside a solenoid.
Tests on mild steel electrodes 3 mm apart were made at arc currents between 40 and
670 A and at fields up to 0.055 T. Up to this field, the cathode motion was wholly in
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the continuous mode but at higher fields the motion became discontinuous.When the
gap was increased, less of the motion was continuous. The cathode velocity found
in the continuous mode, which independent of arc current in the used range.

A tendency for continuous motion was observed when the cathode spot moved
in the retrograde direction than when it moves forward, since in both cases there is
a forward force on the arc column as evidenced by the air blast observed by Smith
[19]. In certain cases found that the cathode root after moving some distance in the
retrograde direction jumped randomly in the forward direction and retrogrademotion
then started again. It has been found that the velocity of retrograde movement was
dependent both on thematerial of the cathode and on its surface condition, as has been
shown for forwardmotion. For example, at an air pressure of 12 torr, an interelectrode
gap of 1.5 mm, a magnetic field of 0.06 T, and an arc current of 1.0 A, the retrograde
velocities on polished brass, tarnished brass, and aluminum were 1.0 m/s, 5.1 m/s,
and 2.4 m/s, respectively.

Lewis and Secker [77] studied the effect of cathode oxide layers on arc velocity.
The experimental setup was used as in the mentioned above series of experiments.
The electrodes of brass were prepared by mechanical polishing, followed by etching
for 2 min in a 10% solution of ammonium persulfate. They then thoroughly washed
in water, dried in warm air, and allowed to oxidize in a dry atmosphere for various
times. This method of treatment produced uniform, smooth surfaces with only a
very thin oxide layer immediately after etching, which could then be increased by
the subsequent oxidation. A new electrode was used for each experiment to enable
satisfactory control of the surface conditions to be maintained and to allow direct
correlation between the arc tracks left on the cathode and the film of the arc motion.
A series of measurements was made with electrode oxidation times covering the
range 0–180 min. The transverse magnetic flux density (0.024 T) and the arc current
(70 A) were constant, and measurements were made at a pressure of 25 torr, with
an interelectrode spacing of 6.4 mm. Under these conditions, movement always
occurred in the forward or Amperian direction.

In practically every case after initiation, the arc root on the cathodemoved partway
along the electrode with a uniform velocity, the magnitude of which depended on the
degree of the oxidation of the surface. A uniform velocity as function on oxidation
time was obtained for two different brasses with oxidation times up to 45 and 80min.
The arc velocities vary inversely with time, passing through a peak value at 30 and
50 min, respectively, for both brasses. The retrograde arc velocity was measured as a
function of time from arc initiation for current 2.1 A, gas pressure 25 torr, magnetic
flux density 0,015T. Itwas obtained that in air the arc velocity decreased continuously
with arcing time. In hydrogen and nitrogen, the velocity increased initially to a peak
value. A peak velocities were found in air (~2 m/s), nitrogen (~6 m/s), and hydrogen
(~12 m/s). The difference between the characteristics for air and either hydrogen or
nitrogen suggests that in air, continuous oxidation was occurring and in the other
gases reduction was taking place. A decrease of the interelectrode spacing has in
all cases led to an increase of the arc velocity. Guile et al 1961 [78] discussed the
retrograde spot motion.
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Later Guile and Secker [79] have demonstrated experimentally that retrograde
running does in fact occur on cathodes of both lead and zinc. The arc velocity was
presented as a function of pressure for lead and zinc cathodes and both at currents
of 2.3 and 6 A. Transverse magnetic flux density was of 0.08 T. The interelectrode
gap was 1.6 mm, and ambient gas was 99.995% argon. The retrograde spot motion
was observed with velocity that reduced from 1 m/s to about zero when the pressure
increased from zero to 160 torr and then a forward motion of the spot was appeared.
It was noted that the similar experimental results as well as the retrograde spot
motion observed by Yamamura [80] for magnetically induced arc motion on lead and
zinc electrodes. Yamamura indicated that the Righi–Leduc effect is not the primary
phenomenon, which recently has been suggested by Kingdon [81].

Guile et al. [82] presented the results of measurements of the velocity of high-
current electric arcs driven by transverse magnetic fields in air at atmospheric pres-
sure. Details of some experiments, which have been presented previously, were also
summarized. Ranges of parameters covered are: electrode spacing up to 10 cm,
magnetic field up to 1.75 T, and current up to 20 kA. The experimental data for
different electrode configurations, sizes, and various electrode materials are shown
in Table 13.2. Conditions have been found where arc movement is virtually inde-
pendent of the electrode material and spacing. For different materials and electrode
configurations, Fig. 13.35 shows the arc velocity as dependence of arc current with
magnetic field as parameter, and Fig. 13.36 shows arc velocity as dependence on
transverse magnetic field, B in Wb/m2 (= in T) with arc current as parameter.

It is seen from the curve fields in the region of 0.12 Wb/m2 that the velocity and
its rate of change with current are higher for rectangular rails than for cylindrical
rails and are higher still for the racetrack arc configuration. The curve for 6 kA
at 0.32 cm spacing is below that for 3.6 kA at 1.27 cm spacing (Fig. 13.36), and
again it appears that the narrow rectangular electrodes give higher velocities than the
cylindrical electrodes, probably mainly owing to the arc running at the edge adjacent
to the insulating surfaces of the rectangular electrodes. Even though the velocity
exceeds Mach 1.0 for the ambient gas conditions, there are no discontinuities in the
velocity curves up to the highest magnetic fields (1 or even 1.75 T), and at highest
currents 20 kA. According to the measurements shown in Fig. 13.37 shows that the
arc velocity is decreased as the electrode spacing, and consequently, the arc length
is increased. This holds for the certain conditions for spacing greater than 0.16 cm.
For a spacing of a less than a few millimeters increase in spacing can, under some
conditions, cause the arc velocity to increase to a peak value, beyond which a fall
occurs. The spacing at which the peak velocity occurs depends upon a number of
factors, which include the gas pressure and the arc current.

Reviewing the electrode phenomena in arcs, Guile [83], indicated that the almost
all arcs at atmospheric pressure and above move in the same direction (forward, or
Amperian) as a normal current carrying conductor.

But at reduced pressures, some arcs move in the reverse direction. The column of
the arc mostly hasn’t any tendency tomove in the retrograde direction, even when the
arc is in fact moving retrogressively, and the seat of this reverse movement appears
to lie in the cathode spot or fall region.
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Fig. 13.35 Arc velocity as function on arc current [82]. a-Rectangular brass rails, B = 0.44–
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Fig. 13.37 Arc velocity as
function on arc length. From
[82]. a-Rectangular brass
rails, B = 0.125 Wb/m2, I =
800 A b-Concentric carbon
electrodes, rotating arc, B =
0.047 Wb/m2, I = 360 A
c-Cylindrical brass rails • | B
= 0.032 Wb/m2, I = 600 A
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The retrograde movement is more likely to occur at low currents, high magnetic
fields, small electrode spacing, and low gas pressures. It has been observed in atmo-
spheric air, but only at currents below 5 A, magnetic fields above 0.3 T and spacing
below 2 mm. At reduced pressures, it can occur at much higher currents, e.g., 800 A
at pressures below 1 torr, and it is believed to be responsible for the mutual repulsion
of the separate cathode spots which occur in high vacuum arcs.

Another work published by these authors group considered the motion of the arc
under the transverse magnetic field with annular electrodes where either the anode or
cathode surface could be moved [84, 85]. The experimental system consisting of two
cylindrical brass electrodes each of mean radius 2.5 cm, mounted on a common axis
one above the other inside an evacuable chamber. The gap between the electrodeswas
1.5 mm. The upper electrode could be rotated on its axis bymeans of a variable speed
motor, and the rotational velocities of the electrode and the arc could be monitored
separately using collimated photodetectors. The arc velocity was determined as a
function of the electrode surface velocity in argon a pressure of either 160 or 660 torr.
Prior to each measurement, the electrodes were carefully polished, left to oxidize
overnight and then “conditioned.” A radial magnetic flux of density was maintained
normal to the arc axis. Rotation of themovable electrode, which could bemade either
the cathode or the anode, is then modified the movement of the arc.

Figure 13.38a shows that, with the rotating electrode either as the anode turning
in the Amperian (forward) sense or as the cathode moving retrograde, the column
and anode jet processes both favor new electron emission sites being set up on the
Amperian side of the existing cathode spot [85]. If the electrodes moved in the
opposite sense, however, ions from the positive column continue to arrive at the
Amperian side of the spot but the anode jet acts now to stimulate emission sites on
the retrograde side [85] (Fig. 13.38b).

At 160 torr with the cathode electrode stationary, the arc moved in the retrograde
direction under the action of the applied magnetic field. The essential difference
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Fig. 13.38 Schematic presentation of electrode root and arc column dispositions with an applied
transverse magnetic field and one moving electrode. a cathode moving retrograde or anode moving
in Amperian sense. b cathode moving in Amperian direction or anode moving retrograde

caused by rotating the cathode electrode in opposite directions for what the anode jet
interacts with the cathode surface on different sides of the existing spot (Fig. 13.38).
In this case, the measured arc velocity follows the cathode surface velocity quite
closely, indicating that cathode spot processes have a dominant effect in the selection
of new spot locations. The role of the anode jet was detected in the characteristics of
the arc when the cathode was rotating in the retrograde direction. At argon pressure
of 660 torr, the arc moved in the Amperian direction.

Experiments, in which the anode rotated, indicate somewhat ambiguous evidence
for the importance of the anode jet in establishing new emission sites on the cathode
surface. From the measurements at both 160 and 660 torr, the authors [85] conclude
that anode jets do not exercise a greater control over arc motion than the processes
in the cathode spot except at very low currents (5 A). Noted, ions from the positive
column do not appear to play a significant role at all.

Hermoch and Teichmann [86] investigated the influence of a transverse magnetic
field on the jets of an impulse discharge. The discharge chamber was placed in the
field of an air-type solenoid fed with direct current. The intensity of the magnetic
field varied continuously up to 1 T. The jets coming from the electrodes and the
entire discharge were then photographed by both a high-speed framing camera (the
time of exposure most frequently adopted was 50 μs) and by a smear camera. A
current impulse of the discharge of an approximately rectangular form, amplitude
up to 400 A and a duration of 200 μs was obtained by a discharge of a time-delay
line. The discharges were produced in an air environment at a reduced pressure. A
jet image depends primarily on the polarity and the material of the electrodes, on
the pressure and on the current of the discharge. Let us consider the main results. It
was assumed that any gas motion induced by rotating the upper electrode does not
significantly affect the arc motion.
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Obtained, that in absence of themagnetic field, themajority of the jets issue at right
angles to the end face of the electrode, independent from the position of the opposite
electrode. At higher pressures (<20 torr), the jets form an intensely radiating core
inside the channel. When the pressure was gradually reduced, the difference between
the radiation of the channel and that of the jets tends to diminish.

The jet trajectories were found a curvature in transfer magnetic field (TMF).
The amount of the curvature depends on the pressure, the magnetic field intensity,
the discharge current, the material and the polarity of the electrodes. In TMF, both
the cathode and the anode jets (insofar as the latter ones exist) show a deviation
corresponding to the deviation of the channel in TMF (Fig. 13.39).

The character of the jets remains unchanged even after this deviation was due to
the circumstance that in the vicinity of the electrode spots (in the electrode regions)
there takes place a curvature of the jet trajectories. As has been pointed out earlier,
an indispensable condition for a curved trajectory is a passage of the jets through the
discharge channel. A detail data were obtained by the measurements of the deviation
of the jets, issuing from the cathode region, in dependence on TMF B, pressure p,
and arc current I of the discharge.

Influence of the pressure was observed from 200 to 1 torr at I = const for two
values of TMF (Fig. 13.40). It can be seen that the jet trajectory at lower pressures an
instantaneous curvature gradually tends to diminish and, at certain values of p (and
evidently also of B), the trajectory becomes a straight one.

The curvature of a jet trajectory disappears at a more distant point, either where
the jet leaves behind the current channel, or where, due to losses, the jet temperature
decreased. For low B values, a small deviation of the jet occurred all the time within
the channel and there ensues a permanent, but insignificant curvature of the trajectory
(Fig. 13.40a). When the pressure lowered, the radial distribution of the intensity of
the jet radiation is changed. Up to a pressure of about 25 torr, the jets are nearly
rotationally symmetrical. When the pressure decreased significantly, the intensity of

Fig. 13.39 Hermoch a, c. Framing picture of the jets in a transverse magnetic field, a Cu cathode,
p = 200 torr, B = 0.106 T, I = 400 A. b AI cathode, p = 3 torr, B = 0.63 T, I−400 A. c Cu, p =
3 torr, B = 0.63 T, I = 40 A. Figures taken from [86]. Used with permission
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Fig. 13.40 Course of the outward jet trajectory in dependence on the pressure (B = const., I =
const). a B = 333 G; b B = 2 × 103 G [86]

the radiation and also the density of the jets are changed in such a way that they tend
to increase in a transverse section in a direction opposite to that of the Lorentz forces
and form a sharp plasma boundary.

Deviation of the jets in dependence on the intensity of the magnetic field with p
= const, I = const was presented in Fig. 13.41. An increase of the lateral magnetic
field results, in principle, in an increase of the deviation of the jets. The jet curvature
increased with the magnetic field strength and for lower ambient gas pressure at
constant arc current.

Deviation of the jets in dependence on the discharge current is indicated in
Fig. 13.42 for p = 50 torr and for two intensities of the magnetic field. The overall
deviation of the jets is inversely proportional to the discharge current.
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Fig. 13.41 Course of an outward jet trajectory in dependence on B (B1 = 0.0333 T, B2 = 0.066 T,
B3 = .0106 T, B4 = 0.14 T, B5 = 0.2 T, B6 = 0.245 T, (p = const., I = const.). a p = 75 torr; b p =
5 torr [86]
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Fig. 13.42 Course of an
external jet trajectory in
dependence on the discharge
current. I1 = 400 A, I2 =
300 A, I3 = 200 A, (p =
const, B = const) [86]

p = 50mmHg

J

J
J B = 660G

B = 2x10³ G

J
J

J

Dependence of the jets deviation on the material of the cathode was presented
in Fig. 13.43. As electrode materials, there were used Mg, A1, Cd, Zn, Sn, Pb, Ni,
Cu, and C. With the parameters p, B and I constant, the jet deviation depends on the
electrodematerial (Fig. 13.43). Themeasurements of the velocity of the jets extracted
from a Cu cathode show that the velocity increase (I = const) when the pressure is
reduced, and it changed from approximate of 5 × 105 cm/s at p = 760 torr up to a
velocity of (8–9) × 105 cm/s at p = 1 torr. The curvature of the jets was explained
because of the action of forces arising in a plasma flow through a magnetic and
electric field.

Later Hermoch [87] studied the influence of the cathodematerial on the retrograde
velocity of individual spot for different cathode materials (Fe, Cu, Pb, and Zn) for
currents from 10 to 40 A and magnetic field 0.6 T and pressure of 3 torr during
200 μs. A correlation between the spot velocity (order of 104 cm/s) and velocity of
the cathode plasma flow (order of 105 cm/s) was observed. Both values decreased

Fig. 13.43 Course of a
central trajectory of the jets
for different cathode
materials (p = const. B =
const., I = const) [86]
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when the cathode properties changed from refractory to low-melting materials. Also
on cathode with low-melting materials, the splitting rate of spots and the motion of
individual spots were small, whereas the spots on refractory materials were highly
mobile, and the splitting rate was large and the lifetime was short.

Murphree and Carter [88, 89] presented photographic observation of the retro-
grademotion of an arc in argon pressures 5–760 torr. The experiment used the cathode
and anode from oxygen free copper in form of two concentric cylinders with gap
of 1.65 cm. The arc current varied from 110 to 220 A, magnetic field from 0.05 to
0.15 T. A 16mmHycamK1001 camera used to obtain the pictures of cathode, anode,
and column regions in the arc. It was observed that the cathodic arc region moved
in retrograde direction with reduction in pressure (to 40–45 torr), while the positive
column and anodic arc region move in the Lorentz direction for all pressures. Two
different cases of retrograde motion were observed: (i) the cathode spots form an
apparently continuous cathodic region; (ii) a groups of discrete cathode spot were
detected. This spot behavior was determined by strength of applied magnetic field
and arc currents.

13.3.1.4 Magnetic Field and Group Spot Dynamics

As itwas described inChap. 7, the lowvelocity “group spot” consisting of a number of
sub-spots [90] occurred at low pressure in relatively high-current arc (up to 1 kA) and
when a vacuum arc operates with a sufficiently hot cathode by its high current [91].

In arcs burning in a background gas, the sub-spots are not grouped together,
staying discreet on the cathode surface. For copper cathodes, a velocity less than
10 cm/s, and group spot currents of 200 A [5], 75 A [8], 100 A [46], and 100 ± 30 A
[9] were observed. The spot fixing at the molybdenum-mercury boundary in form
line group spot was investigated by Khromoi and co-authors [92–94].

Khromoi and co-authors [95–97] studied the group spot dynamics. In these exper-
iments parallel-plate electrodes with gaps 3–5 mm and a replaceable disk cathode
with diameters between 25 and 50 mm were used. A high-voltage pulse applied
at a trigger rod with diameter 1.2 mm placed in the disk center. Two types of arc
pulses were used with linearly current rise 106–109 A/s and rectangular pulse with
amplitude 0.025–10 kA and duration up to 4 ms.

The dynamics of Ti cathode spot in a self-magnetic field and the expanding ring
configuration of the cathode spots are shown in Fig. 13.44. The observed number
of spots was used to obtain the current per spot Is. The measured shifting between
two following frames was used to calculated velocity of the spot. The spot velocity
as function B is presented in Fig. 13.45. The spot velocity is proportional to the
magnetic field when two or more spot can be occurred at given arc current.

When the arc current is relatively large (I > 100 A, i.e., I > 2Is) and multiple spots
are observed on the cathode surface, the directed retrograde spot velocity increased
linearly with the magnetic field. Without an external magnetic field, the group spots
expand in a ring form away from the ignition point due to symmetrical distribution
of self-magnetic field of spots.
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Fig. 13.44 High-speed photographs of titanium cathode region for high current arc in a self-
magnetic field with exposition time of 10 μs/frame. The discharge development should be consid-
ered from left to right and from upper to down. The last ring is 6.5 cm in diameter. From [97]. Used
with permission
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Fig. 13.45 Velocity of the group spot as function on magnetic field B. a—molybdenum cathode; •
1-low current arc (25–450 A) in an applied external magnetic field; ▲ 2 and ◯ 3—high current arc
(2–10 kA; 3–106–109 A/s) in a self-magnetic field. Figure taken from [97]. Used with permission.
b—copper cathode in an applied magnetic field indicated currents from 30-to 450 A. High current
arc in a self-magnetic field indicated by —rectangular current pulse and ◯—linear current rise
[97]

The proportional coefficient is this same for applied and self-magnetic field and
is about 220, 310, and 400 m/(sT) for Cu, Mo, and Ti, respectively. For lower arc
currents when the arc current is small (I < 2Is) just one group spot is observed. The
proportional coefficient decreased and the velocity declined from linear dependence
and then the velocity tends to saturation to a value determined by the arc current. The
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Fig. 13.46 Dependence of
current per group spot on
magnetic field for Mo and
Cu cathodes. The curves are
representing averaged values
of experimental data
obtained for low current in
an applied magnetic field and
for high current with only
self-magnetic field [97]
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spot velocity foundproportional to the arc currentV = KiI, and the average coefficient
Ki can be obtained as 0.2–0.25 cm/(sA) from the data presented in Fig. 13.45.

Figure 13.46 shows the average current per spot as dependence on magnetic field.
The group spot increased with both external and self-magnetic fields B. It can be seen
that spot current weakly depends up to about B=0.1 T, and then this current linearly
increases with magnetic field. The group spot current increased from 60 to 300 A
when the transverse magnetic field increased from 0.05 to about 0.4 T. So, the spot
current increases and the number of spots decrease with increasing magnetic field
for fixed arc current.

Recently, Chaly et al. [98] provided similar investigation of the cathode spot
velocity in a vacuum on refractory metal electrodes in a transverse magnetic field.
Molybdenum and tungsten-butt electrodes of 30 mm each in diameter were used.
The rectangular pulses of current with durations of several milliseconds powered
the arc. The arc current can be varied up to I = 300 A. The arc was ignited on the
cathode surface near its edge by using a molybdenum needle.

The interelectrode gaps were h = 6 and 2 mm. The experiments were performed
under pressure of 10−4 Pa. The surface of electrodes was cleaned prior to starting
the measurements. A high-speed photography device VFU-1 photographed the arc.
This device provides 60 consecutive frames on the film. The exposure time was
varied from 25 μ/frame up to 3 μs/frame. The start of the filming could be delayed
relative to the arc initiation. The filming was done at the angle ~10° with respect to
the cathode surface.

Figure 13.47a shows the dependence of the cathode group spot velocity (V ) on
the induction of the transverse magnetic field Bt at different arc currents I and gap
lengths h on Mo andW cathodes. Figure 13.47b demonstrates a comparison of these
dependencies between data for W (curves 1, 2) and Mo (curves 3, 4, 5) cathodes.
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Fig. 13.47 Cathode spot velocity of vacuum arc in transverse magnetic field [98]. a W cathode.
h = 2 mm, 1−I = 75 A; 2−I=150 A. h = 6 mm, 3 I = 30 A; 4−I = 75 A; 5−I = 150 A; 6−I =
300 A; 7−I = 70 A. b Comparison of W (curves 1, 2) and Mo (curves 3, 4, 5) cathodes. h = 2 mm.
1−I = 75 A; 2−I = 150 A; 3−I = 90 A; 4−I = 180 A; 5–I = 300 A

Those results were obtained in arcs with a single cathode spot with current Is, i.e.,
at such values of Bt at which Is ≥ I. Similar result was obtained in the arc with Cu
electrodes.

It can be seen that the spot velocity increases linearly with magnetic field, and
then at some critical value Bt (depended on current I), this function provided to be
weaker. The group spot Is on molybdenum is somewhat lower than on tungsten and
is Is ≈ 65 A for h = 2 and decreases down to Is ≈ 55 A for larger arc length of h =
6 mm. As in the case of tungsten, this result for spot current Is is close to the result
in [97], which states that Is ≈ 50 A on molybdenum in the arc with the length h =
3–5 mm. The group spot velocity V increases at moderate Bt values according to the
relation V = KBt , i.e., linearly, on tungsten, like on other metals, and, in particular,
on copper, which has been carefully studied [43, 97]. In contrast to copper, the spot
velocity on tungsten at I ≥ Is not depends on current and on the length of the gap
on the linear part of the V (Bt) dependence. However, the magnetic field induction
Bt , at which saturation of the dependence V (Bt) starts, depends on I and h, and,
accordingly, the level of V at which the saturation takes place. Similar results were
obtained for molybdenum at h = 3–5 mm [96].

The proportional coefficient K in the relationship between cathode spot velocity
and the magnetic field induction was almost the same for both materials (Mo and
W) and equal K ≈ 460 m/(sT). This K value is different from the value K = 370–
380 m/(s T) for molybdenum according to the dependence V (B) measured in [97].
As indicated in [98], this difference is possible due to different technology of molyb-
denum production. According to the measurements (Fig. 13.47) with increasing Bt ,
the dependence V (Bt) for cathode spots on tungsten starts to be saturated earlier than
that on molybdenum. As a result, spots on W at comparable currents are moving
slower than those on Mo at Bt > 0.05 T.
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13.3.2 Phenomena in an Oblique Magnetic Fields

Two main phenomena were observed when the magnetic field intersects the cathode
surface by an angle: (i) change of the direction of the cathode spot motion and (ii)
the cathode spots division. Below the main details of the experimental study will be
presented.

13.3.2.1 Cathode Spot Motion in Oblique Magnetic Fields

For the case of mercury cathode Smith [99] first observed that “besides the rapid
motion due to the transverse component of the field, the arc moves slowly away from
the obtuse angle between field and mercury surface and toward the acute angle.”
Smith obtained this effect for an experiment, where in addition to the transverse
component a normal component ofmagnetic field occurred, known now as the “acute
angle effect.” Kesaev in 1957 [100, 101] observed the spot drift angle in a non-
uniform magnetic field.

The drift angle was also found to occur byWroe [102], and he developed amethod
utilizing this effect to control the motion of the cathode spot. In one case, Wroe
used the magnet pole-piece located at the pointed anode. This geometry provides a
shaped field, which intersects the cathode surface at an angle, the arrangement being
symmetrical with respect to the axis of the system. Thus, the cathode spot always
has a tendency to move toward the axis, and in practice the motion is confined to a
small region.

In another case, a cathode with a pointed endwas used in a uniform axial magnetic
field which is thus at an angle to the conical surface and the cathode spot motion was
confined to a small region near the tip as it is shown in Fig. 13.48. It was showed that

Fig. 13.48 Schematic
presentation of method of
stabilizing a cathode spot on
the end of a cylindrical
cathode by means of a
uniform magnetic field [102]
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Fig. 13.49 Traces on
cathode left by spot motion
a without magnetic field;
b with magnetic field [103]

   a)     b) 

field strengths of at least 0.05 Twere required at the cathode for reliable stabilization.
The inclination of the field does not seem to be very critical, and an angle of about
45º was normally used. It was found that field strength of 0.1 T would stabilize an
arc on a cathode 0.25 inches in diameter.

Later, Robson [103] reported quantitative experimental data characterized the spot
drift motion in an oblique magnetic field and using the data from above-mentioned
references. His arc was operated with currents in range of 2.8–10 A between a flat
aluminum cathode and a parallel copper anode placed in an evacuated chamber
in uniform field (0.05–0.2 T) generated by an electromagnet. The direction of the
subsequent cathode spot motion was determined by examining the continuous traces
left on the cathode surface, which can be seen in Fig. 13.49.

Robson’s contribution was measuring the drift angle θ between the retrograde
direction and direction of the cathode spot motion direction (Fig. 13.50) as a function
of the acute angle of the magnetic field with respect to the cathode surface, ϕ, the
current and the magnetic field. As example, Fig. 13.51 demonstrates dependence
of the drift angle on magnetic field strength. It can be seen that the drift angle
parabolically increases with the magnetic field strength. Sometimes the drift angle
mentioned as “Robson angle” [2, 59, 68]. It is now obvious that this is erroneous

Fig. 13.50 Schematic
presentation of retrograde
spot motion with drift angle
θ under inclined magnetic
field with respect to the
cathode surface by angle ϕ
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Fig. 13.51 Drift angle as
function on magnetic field

0.00 0.05 0.10 0.15 0.20
10

20

30

40

I=2.8A

=45º

D
rif

t a
ng

le
, 

Magnetic field, T

θ

name as authors in published works of Refs [99, 100, 102] detected this spot drift
angle previously. It is sometimes occurred when somebody use not exact knowledge
about first author naming a measured data, and then it was repeated in a further
publications.

Below for a case when the magnetic field lines obliquely intersected the cathode
surface, the drift component of cathode motion in the direction of the opening of the
acute angle between themagnetic field lines and the cathode surfacewill be named as
the acute angle effect. It should be noted here about additional data obtained by Smith
[99]. He has photographed a region for a cathode spot moving in a magnetic field by
a microscope in direction parallel to the mercury surface. Smith indicated that for
10 μm out from the mercury surface a “cathode dark space” emitting a continuous
spectrum was found, and then for a further 40 μm a very much more intense region
of excited vapor was taken place.

Relatively recently Lang et al. [104] used a magnetic field having axial and trans-
verse components applied to the cathode surface to investigate the influence on the
cathode spot motion and the MPs reduction on TiN films. A water-cooled titanium
cathode (99.99% purity) of 64 mm in diameter and 30 mm in thickness with an
inclined wall shoulder was mounted inside a vacuum chamber, which acted as the
anode. A circular-shaped magnetic flux guide placed around the cathode surface to
increase the transverse magnetic component. The transverse magnetic flux density,
which varies in the range of 0–35 G, was chosen as the parameter and the arc current
was at 60 A.

The distributions of the transverse and the normal components of different
magnetic flux density on the cathodic target surface were simulated by using the
finite element model [104]. The distribution of the intensity of normal magnetic flux
decreased from a large value near the cathode to a small value far away from the
cathode, and the magnetic flux intersected with the target surface at acute angles
directed to the edge of the cathode. The transverse component of the magnetic flux
density increased gradually from zero at the center of the target to a relatively larger
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value at the edge of the target. The images of cathode spot motion (macroscopic)
were captured from a dynamic video by a high-speed camera with the exposure time
1 ms.

The author [104] summarized their results in the following. The cathode spot
moved at random on the cathode surface when magnetic field was relatively weak. In
this case, the spot motion depended on the surface conditions, including the presence
of a dielectric layer and geometric enhancement, which had a random distribution;
therefore, the probability of initiation of a new cathode spot would occur on the target
surface randomly. In an imposedmagnetic field, the cathode spot motion was defined
by three superimposed components: (i) the random walk, (ii) the retrograde motion,
and (iii) the spot drift due to acute angle effect. With increasing transverse magnetic
field, it was observed a deterministic effect leading to a preferential initiation of the
new cathode spot on the retrograde side. The axisymmetric distribution of transverse
magnetic field component caused a rotational cathode spot motion. The rotational
velocity of cathode spot was determined by the transverse magnetic field intensity.
With a relatively strong magnetic field, the cathode spot rotates near the edge of the
cathode surface and is confined to a circular trajectory. The acute angles formed by
magnetic field intersected with the target surface directed to the edge of the cathode,
increasing the tendency of spot drift by acute angle effect toward the cathode target
edge.With a relatively strongmagneticfield (30G), the tendencyof rotational cathode
spot motion and acute angle drift was strong enough that the random walk can be
neglected.

The stabilizing effect of the axial magnetic field was studied by Chaly in 1999
[105], which showed that mobility of the cathode spot decreased when the axial
magnetic field component increased. Song in 2012 [106] also observed the decreased
mobility of the cathode spot with axial magnetic field. When an axial magnetic
field was applied, a more uniform spot distribution was obtained over the cathode
surface. Yanabu in 1979 [107] showed how this characteristic was used to improve
the performance of vacuum circuit breakers.

13.3.2.2 Cathode spot motion with a long roof-shaped cathode
under magnetic field

Controlled motion of the cathode spot using a magnetic field is commonly used
to influence erosion uniformity on the cathode surface and plasma beam unifor-
mity [108, 109]. The cathode design is a critical element in deposition apparatus.
Controlled cathode spot motion on long cathodes will be required for filtered vacuum
arc deposition of uniform coatings on large areas, needed for applications such as
transparent conductive coatings for large flat displays and energy conserving coatings
on architectural glass. The spot motion can be controlled by the cathode geometry
and the applied magnetic field configuration.

A circular transverse magnetic field to control the spot motion of a cathodic arc
on a large rectangular target was designed by Li et al. [110]. The targets made of
pure graphite (99.99%) and red copper (99.95%) were used. The graphite target was
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450 mm long and 120 mm in width, whereas the copper target was 450 mm long and
60mmwide. The vacuumchamberwas evacuated to 1× 10−4 Pa.Argonwas inputted
at a rate precisely controlled by a mass flow controller into the vacuum chamber to
pressure lower than 1 Pa. The magnetic field was produced by permanent magnets
(0.3 T) below the target. A camera with a 0.25ms exposure time recorded the cathode
spot motion. The average velocity of spot is calculated by s/t, where s represents
trajectory perimeter and t represents the, respectively, time per the trajectory.

It was shown that the retrograde spot velocity increased linearly with the arc
current at fixed magnetic field. For graphite cathode, the spot velocity was rela-
tively small and increased from 4.25 to 12.44 mm/s while for Cu the larger velocity
increased from 0.8 to 1.8 m/s when the current increased from 60 to 120 A. Both the
gas pressure and arc current affect the stability of the cathode arc. A higher gas pres-
sure stabilizes the arc but reduces the spot velocity. The difference in the velocity
between graphite and copper was explained by the graphite negative temperature
coefficient of resistance at low temperature while the resistivity of copper increased
linearly with temperature.

The authors [110] indicated that during the erosive action of the spot, the target
surface uneven. In this case, at inclined area the cathode spot tends to drift toward
the opening of the acute angle formed between the field line and the surface. The
spot moves faster on an oblique surface because of the smaller resident time.

One was an elongated “roof-top” configuration with an external applied magnetic
field investigated experimentally [111, 112]. A roof-shaped aluminum cathode was
manufactured and placed inside a copper anode frame. This plasma source was
connected to a vacuum chamber and was surrounded by a rectangular magnetic
coil. The arc burned on a cathode that included a flat roof-top and four sloped sides
(Fig. 13.52), inclined by an angleα and the cathode spotmoved in transversemagnetic
field in the retrograde direction.

B

369 mm

52 mm

α
Slope surface

Roof surface

Fig. 13.52 Roof-shaped Al cathode geometry with height 74 mm for all angles
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Also, in the inclined magnetic field on the cathode slopes, the cathode spot
motion was deflected from the direct retrograde motion toward the direction of an
acute angle. A high-speed camera was used to observe cathode spot motion. These
videos were analyzed in order to calculate the spot velocity and surface distribution.
The spot velocity was calculated with the aid of an image analysis software tool
(P.C.C). It was determined the cathode spot velocity on the “roof top” and slopes, and
the distribution of cathode spots between the roof and slope surfaces with different
slope angles α, magnetic fields, and arc currents.

The transverse component of magnetic field at slope surfaces produced retro-
grade spot motion, resulting in the spot motion V x and a spot distribution. Manually
sampling and analyzing selected frames used to calculate the distribution of the
cathode spots on the surface. It was obtained that under a magnetic field, the spot
motion on the roof was slow (<1 m/s) and mainly random, while on the slopes fast
retrograde motion was observed.

The circumferential spot distributiondue to retrogrademotionof the spots between
the 4 slopes of the cathode and spot appearing at cathode top surface is presented
in Fig. 13.53 showing the effect of different magnetic fields and slope angles, for I
= 200 A. It can be seen that when α = 17° and B = 5 mT, the spots were located
mostly on the slopes and were distributed fairly uniformly along a race-track shaped
path.

However with all other values of B and α, either an increasing fraction of the spots
was on the roof (e.g., for α = 40° and B = 5 mT, and for α = 17° and B = 9 mT),
and/or the spots were concentrated at one end of the cathode.

The spot velocity Vx increased with the magnetic field approximately linearly, as
seen in Fig. 13.54 for an arc current of 200 A.When the magnetic field was increased
from 5 mT to 14 mT, the velocity increased from about 5 m/s up to roughly 17 m/s.
The rise in average velocity only weakly depended on the slope angle and Vx slightly
decreased with α.

Angle Magnetic field, I=200 A
B=5 mT B=9 mT B=14 mT

17o

40o

46o

Fig. 13.53 Cathode spot distribution maps with I = 200 A for different slope angles and magnetic
field strengths. The figure was taken from [112]. Used with permission
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Fig. 13.54 Average velocity
Vx on the cathode slope as a
function of B, with α as a
parameter, I = 200 A
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13.3.2.3 Cathode Spot Splitting in an Oblique Magnetic Field

In the last decade, the current per spot was investigated also in fields, which obliquely
intercept the cathode surface [113, 114]. The arc was operated with constant current
rectangular pulseswith amplitude up to I= 300A and durations up to 4ms. Two pairs
of coils produced a uniform magnetic field with components normal and tangential
to the cathode surface, whose strengths could be varied independently in the ranges
of Bn ≤ 0.35 T and Bt ≤ 0.25 T, respectively.

The arc was photographed by a framing camera to analyze the structure of the
cathode attachment of the arc with an exposure 25 μs/frame. Cathode spots could
be spatially resolved if the distance between them was at least 0.25 mm. The current
per spot Is was found as the mean over many frames of I/N, where N is the number
of observed cathode spots.

It was found [113, 114] that for an arc on a Cu cathode without a magnetic
field, Is ≈ 65 A. When only a transverse magnetic field was imposed, Is increased
linearly with Bt (see above). However, when a fixed value of Bn was used imposed,
a linear relation was again found for Is vs Bt , but shif ted to larger ranges of Bt with
increasing Bn (see Fig. 13.55). This means that the spot current decreases with Bn.
These results were obtained with an arc current I sufficiently large to produce the
observed dependences, i.e., the needed number of spots.

The investigation of cathode spot current per spot under magnetic field having
transverse and normal components was extended for molybdenum and tungsten
cathodes by Chaly et al. [98]. The results are presented in Fig. 13.56.

It can be seen that Is depends not only on the magnetic field and its inclination, but
also on the length of electrode gap h. The current per cathode spot in an arc without
magnetic field for molybdenum cathode at h = 2 mm is about 65 A and decreases
down to 55 A at h = 6 mm. In the case of tungsten cathode, the current per spot
is about 90 A and 75 A for h = 2 and 6 mm, respectively. According to the results
presented in Fig. 13.56 at Bt/Bn « 1, the current per spot Is → Is(B = 0) and weakly
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Fig. 13.55 Dependence of mean current per spot Is for Cu cathode on the magnetic field induction
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Fig. 13.56 Current per cathode spot [98]. a Mo cathode. h = 2 mm, 1−Bn = 0; 2−Bn = 0.025 T;
3−Bn = 0.05 T; 4−Bn = 0.075 T; 5−Bn = 0.1 T. h = 6 mm, 6−Bn = 0. bW cathode. h = 2 mm,
1−Bn = 0; 2−Bn = 0.025 T; 3−Bn = 0.05 T. h = 6 mm, 4−Bn = 0; 5−Bn = 0.025 T; 6−Bn =
0.05 T; 7−Bn = 0.75 T; 8−Bn = 0.1 T; 9−Bn = 0.12 T

depends on the magnetic field amplitude |B|. For a case when Bt/Bn » 1, the field
amplitude has a strong effect on the current per the cathode spot. Figure 13.57 shows
the dependence of arc voltage U on the normal field induction Bn for arcs with Cu
cathode of different length at Bt = 0 with h as parameter. The arc voltage increases
with normal magnetic field and the rate of such rise is larger for larger electrode gap
distance.

Relatively recently the effects of an axial magnetic field on the vacuum arc charac-
teristics between transverse magnetic field (TMF) contacts were studied by Ma et al.
[115]. In the experiments, an external AMF was applied to a pair of TMF contacts.
The external axial field flux density varied from 0 to 110 mT. The arc current in
the tests varied over a range from 0 to 20 kA rms at 45 Hz. The diameters of both
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Fig. 13.57 Dependence of
average arc voltage on
normal component of
magnetic field [113]
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the anode and the cathode are 60 mm. The contact material was CuCr25 (25% Cr).
The full contact gap was set at 20 mm. The contacts were then installed inside a
demountable vacuum chamber, which was subsequently evacuated and maintained
at a pressure of 10−3–10−4 Pa. A High-speed charge-coupled device (CCD) video
camera was used to record the vacuum arc evolution. The CCD video camera was
set at a recording speed of 104 frames/s.

The experimental results were concentrated on the vacuum arc characteris-
tics included the time-dependent vacuum arc behavior illustrated by high-speed
photographs and the arc voltage waveform. The measurements show that the appli-
cation of the axial magnetic field effectively reduces the TMF voltage noise compo-
nent of the arc and reduces the formation of liquid metal drops between the contacts.
The diffuse arc duration increases linearly with increasing axial component of the
magnetic field flux density; but in this case, it also decreases linearly with increasing
arc current. The results also indicate that the diffuse arc duration before the current
zero is usually more than 1 ms under the condition that the axial field per kA was
more than 2.0 mT/kA. Finally, under the application of the AMF, the arc column of
the TMF contacts may constrict and remain in the center region without transverse
rotation. No data were reported about spot current development in the combined
magnetic field.

13.4 Summary

When a transversemagnetic field, i.e., magnetic field parallel to the surface, is applied
in an arc, the cathode spotmoves in the “retrograde” –j×B direction. Since the effect
of retrograde cathode spot motion was studied more than one century from its first
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observation, a significant progress can be distinguished regarding to the overall state
of this physical phenomenon. The experimental investigations of retrograde spot
motion and the respective results have been presented extensively in the literature,
considering the spot motion in an external magnetic and in self-magnetic fields. The
retrograde spot velocity wasmeasured as a function of themagnetic field, arc current,
surrounding gas pressure, gap spacing, for different cathode material, and cathode
temperature. The first observations were obtained for arc with mercury cathode in
ambient of low-pressure gas, and then the studies were continued for arcs with solid
metallic cathodes.

Already early observations showed that the spot motion reversed from Amperian
to retrograde direction. The important issue is the behavior of spot motion under
transference magnetic field of arcs in ambient gases with different pressures. It was
established that the velocity of Amperian spot motion decreased with gas pressure
decrease. At some ‘critical’ gas pressure, a phenomenon of arc motion was found
that indicates of some difficulties of driven of an arc by the magnetic field up to
its stopping. These phenomena were called immobility phenomena. The immobility
time and the critical pressure at which the reverse spot motion occurred and driving
velocity of the arc were widely measured showing their dependence on magnetic
field, arc current, electrode gap distance, low gas pressure, and cathode materials.
For example, the critical pressure for Cu exceeds that for Hg cathode by two orders
of magnitude, both materials indicated it an increase with arc current (2–10 A)
and a linear dependencies on magnetic fields in range 0.01–0.12 T. The interesting
experiment showed the retrograde motion in air but observed in a short arc burning
between Cu electrodes with a 0.5mm separation under relatively largemagnetic field
of B > 0.3 T.

In number of future studies, the retrograde velocity was obtained as increased
linearly (proportional) with the magnetic field and then saturates at the maximal
velocity determined during the random spot motion observed when a magnetic field
is not applied. Thus, the phenomena can be detailed as follows. When the transverse
magnetic field is imposed, the trajectory of the spot motion becomes partially straight
and a direct component of the motion was appeared. The future increase of the
magnetic field increased the direct component of the spot motion up to point when
the spot velocity reaches the maximal value and then not changed (saturated) with
magnetic field for constant arc current and for single spot. Sometime the saturation
velocity dependence was not reached in experiments where the imposedmagnet field
was used not enough large (<0.1 T).

With arc current increasing the spot velocity continue increase linearly up to
maximal saturation velocity with magnetic field. The velocity saturation begins in
the case when the arc current was lower than twice of threshold current per spot. This
experimental result demonstrated an increase of current per spot Is with magnetic
field B and a single cathode spot was produced at certain relation between B, Is and
arc current I. The arc current determines the maximal spot velocity, and this velocity
increases linearly with the arc current. In general, the spot at relatively large current
(about 100 A and larger) is a group spot that consists of a number of sub-spots. The
current per group spot linearly increased with magnetic field (after 0.05–0.1 T). The



13.4 Summary 485

current per group spot increased due to increase of the number of sub-spots in the
group. The spot motion can as continuity trajectory at relatively low magnetic field
and in the form of discontinuous jumps between consecutive spot locations for large
(>0.1 T) of used magnetic field.

Analysis of the experimental results showed that the relationship between velocity
and magnetic field is not depending on the nature of magnetic field. It is the same
in case of imposed magnetic field (at low current arcs) as well in case of self-
magnetic field at high-current arcs. The proportional coefficient K in behavior of
the velocity on magnetic field mainly depends on cathode materials. The coefficient
K does not depend on the nature of how this field produced and determines the spot
mobility. Although the velocity in low-current arc (1 kA) depends on current, it has
been found that in high-current arc the relationship between the velocity and self-
generated field (coefficient K) was independent of the arc current and dependent
only on self-generated field characteristic and cathode material. This is due to the
fact that a discharge at high currents consists of a large number of spots each carrying
approximately the same current.When the external magnetic field is absent, the spots
expand in a ring form due to self-magnetic field influence and for sufficient value of
arc current supported sufficient number of spots. With the rates of current rise higher
than critical value (107–108A/s), spontaneous spot formation has been observed on
Cu, Al, Zn, Sn, Mg, and Cd cathodes. In spite of widely differing physical properties
of the cathode materials, the measured maximum spot velocities were within the one
order of magnitude, i.e., between 103 and 104 cm/s.

In some cases, it has been evidenced an influence of a transverse magnetic field
on the jets born in the electrode regions, at a low pressure, particularly initiated in
the cathode region of high-current arc. The importance of the plasma column in
determining Amperian arc motion was observed for high-current and high-pressure
arcs. In low-pressure arcs, the plasma jet action becomes most pronounced at high
arc velocities and for large interelectrode spacing. At a high arc velocity, the cathode
spot may move by a stepping process rather than in a continuous manner. A large
interelectrode gap allows the arc jet to decline out ahead of the electrode spots, and
jet shorting to the cathode support then gives rise to stepwise initiation of cathode
spot motion. A similar stepping motion was also detected at plasma jet domination in
short arcs acted upon by high transversemagnetic fields. The experiment showed that
the jet curvature increased with the magnetic field strength and for lower ambient gas
pressure at constant arc current. When the pressure andmagnetic field were constant,
the jet curvature was larger for lower arc current.

Nevertheless, different conclusionswere published about some data for retrograde
spot motion. It was related to influence of cathode heating. Most of published results
indicated the spot velocity of such motion was decreased with cathode temperature.
Nevertheless, a contrary data were published also, and respective discussion was
considered in Sect. 13.3.2.1 of this chapter. Although it was observed that, there
is discrepancy in data related to proportional coefficient K, which characterizes the
linear dependence between retrograde velocity of the cathode spot and magnetic
field, a significant increase of this coefficient with arc current which was obtained
for different cathode materials. While the spot velocity increased with electrode
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spacing for retrograde motion in vacuum arcs, the velocity of such motion decreased
for arcs burned in air at atmospheric pressure. The rate of the velocity change was
larger for small gap distances (<5 mm) in comparison with that for further increase
of the distance.

Once more phenomenon described above is related to the applied magnetic field
that inclined to the cathode surface. Two effects of spot behavior in an oblique
magnetic field were described above. The first, the cathode spot motion is deflected
from the retrograde direction by a spot drifting angle toward the direction of the acute
angle formed by the field line and its projection on the cathode surface. This is spot
driftingdue to “acute angle effect”first observedbySmith [96],Kesaev [98] andWroe
[100] but significantly later studied by Robson. A specific behavior of spot velocity
and spot splitting in an oblique magnetic field is the other effect. The experiment
showed that the drift angle parabolically increased with the magnetic field strength.
The spot current in an oblique magnetic field increased linearly with its transverse
component Bt , but at fixed value of normal component Bn to the cathode surface the
linear dependence shifted to larger ranges of Bt with increasing Bn indicating that
the spot current decreases with Bn.

Finally, the above state of experimental results show that understanding retro-
grade spot motion requires understanding the condition of new spot development
after it ignition at nearest new locations in the retrograde direction from a spot that
extinguishes. The mechanism of this effect is considered in Chap. 19.
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Chapter 14
Anode Phenomena in Electrical Arcs

For long time, traditionally, the anode mechanism of an electrical arc commonly was
accepted to be less complicated than the processes in cathode region. Nevertheless,
in the second half of the twentieth century and, especially, in the last few decades,
the experimental investigations showed different important forms of existence of
vacuum arcs at the anode. A discussion of the importance for anode phenomena
study is presented in this chapter.

14.1 General Consideration of the Anode Phenomena

In general, the anode is a passive collector of electrons closing the current of an
electrical circuit of the arc discharge. In vacuum, the anode collects the electrons
incoming to the surface from the cathode plasma jet. When the electron current to
the anode is limited and it is lower than the arc current, an anode spot can appear.
In the presence of an external gas of low pressure, the cathode plasma jet can be
shielded from the anode surface; as result, the electron flux impinge upon the anode
decreases due to their scattering by gas atoms. In this case, at the anode surface, an
electrical sheath arises in which the electrical field accelerates the electrons to the
anode supporting the requested arc current. When the pressure of the external gas
is enough large, the near-anode electron density significantly decreased (so-called
starvation state). Acceleration of the electron is substantially enhanced. As result, a
relatively large energy flux to the anode is formed causing local surface overheating
and intense anode vaporization. The evaporated from hot anode the metallic atoms
are ionized increasing the plasma density and producing conditions for arise an anode
spot. Similar process occurs in high-current vacuum arcs when the anode plasma can
be generated due to gap filling by the intense cathode plasma jets and by a large
high-current energy dissipation. Another case for anode spot appearing is in vacuum
arcs with relatively small anode diameter when anode surface area is not enough to
collect the requested arc current.
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The anode as passive and active electrode current collector was widely reviewed.
Cobine [1] reviewed the behavior of the anode region in vacuum arcs. A compre-
hensive review of anode phenomena and anode modes in vacuum arcs was provided
by Miller [2–6]. Boxman et al. [7] conducted another review of different anode
structures and their modeling. Recently, Heberlein et al. provided a review of anode
arc in gases [8]. Shkol’nik [9] reviewed the anodic arc behavior in a wide pressure
range, as well in vacuum arcs and also considering the conditions of transitions
between the different anode modes. It was noted that although there are numerous
studies of the anode region of electric arcs, the understanding of the mechanisms of
anode phenomena is still limited. The reason for this lack is that numerous discharge
parameters influence on the anode arc modes that dependent on the complicated
plasma–solid interaction and difficult for measure.

Let us consider the main experimental results, which indicate appearance of the
anode modes and the specifics of anode role in electrical arcs. The primary observa-
tions were published for discharges mainly appeared in the presence of a surrounding
gas.

14.2 Anode Modes in the Presence of a Gas Pressure

In an external gas, the anode spot appearance occurred at relatively low current
(<100 A) in contrast to that in high-current vacuum arcs.

14.2.1 Atmospheric Gas Pressure

Short duration arcs between various metals in air have been studied by Somerville
et al. [10] by means of a Kerr cell camera. It was observed a transient arc with
durations ranging from one microsecond to one millisecond, in air at atmospheric
pressure, between solidmetallic electrodes.Arc durations of 1, 5, 20, 200 and 1200μs
were used with currents ranging up 200 A. Different metals were used for electrodes.
The material properties varied from a low melting like thin (232 °C) to a relatively
high boiling point (2270 °C). The electrode marks left by these arcs were examined
bymicroscopy. Photographs of arcs between a finewire cathode and the plane surface
of a tin anode show a bright glow near the anode, which defines the anode “ spot.”
It was observed that after the initiation of the arc, the diameter of the anode spot
remains approximately constant with the arc duration. In the case of an 80 A arc, the
diameter was 0.03 cm. Assuming that all the current passes through the luminous
spot, the average current density was of the order of 104 A/cm2. The area of the
anode spot increases with the current. Microscopic examination of marks left on the
anode by arcs with a moderate rate of rise of current shows that the arc affected a
single circular region. For most metals, this region appears to have been molten, but
for Cu and W, the surface was only a discoloration.
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The melted area has a regular circular boundary and increases both with arc
current and with arc duration. Marks left on tin anodes by 80 A and 50 μs arcs
have radii a little over twice those of the corresponding spots. It appears that the
increase of the molten area with arc duration is due to melting around a central
active spot. It was noted that in accordance with the observations, the anode marks
were consistent with the belief that they are caused by the heating of the anode
through electron bombardment, which is concentrated over an area a few tenths of a
millimeter in diameter. On polished copper anodes, the anode mark is a discolored
area, probably consisting of oxides, which increases with arc duration. The area and
general appearance of the anode mark are independent of the material and shape
of the cathode and also of the interelectrode distance, unless this is less than a few
tenths of a millimeter. At these short distances, the change in appearance is due to
ejection of liquid metal from the molten area by the expanding air confined between
the electrodes.

Blevin [11] used the techniques that have been employed by Somerville et al. [10]
to study the behavior of arcs at the anode with constant current pulse. The examined
arc had durations varying from1μs to 1ms. The arc arises between aCuwire cathode
and a polished plane Al anode in air at atmospheric pressure. The arc is initiated by
moving the electrodes one to other till sparking occurred. The instantaneous potential
across the gap was of the order of 30 V.

A photograph of the anode region was conducted for arc with 50 A and 200 μs
duration. The Kerr cell shutter was open throughout the duration of the arc. Consid-
erable radial contraction was observed near the anode in form of a highly luminous
and circular “anode spot”. The spot appeared within the first few microseconds of
the arc duration and does not change significantly with time. Similar results were
obtained for the low melting point metals like tin and lead, while was not detected
in this short time at the Ag anode with higher melting point. Considering the anode
spot area, current density was estimated of 5 × 104 A/cm2 for different metals.

The influence of electrode evaporation on the anode region formation and the
anode energy dissipations of short time arcs has beenwidely studied and significantly
contributed by Hermoch. The obtained results relate to the spots with a high current
density, to the spot splitting, and to the intense evaporation of the electrodes. It can
be regarded as the main characteristics of the anode region of short time (impulse)
discharges. This is true of discharges not only with currents of 1–10 kA but also with
much lower currents about 10 A, having a duration of 10–103μs. Let us consider the
details.

Hermoch in 1954 [12] and in 1959 [13] used limitation of the anode surface to
control the collected current density in order to investigate influence of the current
contraction on the anode phenomena in a high-current and short-duration arcs. The
surface area was limited by mask from a celluloid film or by specific capillary. The
experiment showed that in contrast to discharge without artificial contraction, in
which the arc voltage decreased with electrode distance, in the case of limited anode
area, the voltage rise is observed with arc length. Such dependence was measured for
electrodes covered by mask with cross Sect. 5 × 10 mm and a hole of 2 mm in the
mask for different materials Cu, AI, Zn, Sn, and Pb [12]. The sinusoidal current with
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Fig. 14.1 Arc voltage as
dependence on the arc length
with arc time t as parameter
[12]
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maximal value of Imax = 2500 A and arc duration of 120 μs was used. Figure 14.1
shows the behavior of arc voltage with its length for different arc durations t. While
the dependences indicate strongly voltage decreasing at very short arcs (<2 mm), the
voltage increases linearly with larger arc length.

In [13], the maximal current was Imax = 1250 A and arc duration was 150 μs.
A graphite electrode was used to determine the energy measuring the rate of the
electrode evaporation. Only qualitative dependence on an average current density
during the current pulse was discussed.

The voltage dependences were obtained at the moment of maximal arc current.
The arc voltage dependence on arc length is presented in Fig. 14.2 with radius Rcon as
parameter for copper anode. Different anode areas (contraction) were characterized
by different radii indicated in the figure by values Rcon. The voltage increased with
arc length and decreased with Rcon, i.e., when the arc contraction reduced. The
dependence of the arc voltage on Rcon was measured for different pairs of cathode
and anodematerials fromCu, Cd, Zn, Pb, Sn, Fe, Al, Ni, andW at arc length of 6mm.
The arc voltage significantly decreased from 200,180, 160, and 140 V depending on
the pairs when Rcon was increased from 1 to 3 mm and then practically not changed
at about 25 V. The voltage for pair Al–Al decreased from about 100 V. The voltage
increasingwith arc lengthwas explained by arc spot localization on the limiting anode

Fig. 14.2 Arc voltage as
dependence on the arc length
with Cu anode active area
(indicated by radius Rcon) as
parameter. The anode area
indicated in the figure was
characterized by different
radii [13]
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surface. This location causes the strong anode evaporation and filling the electrode
gap with an erosion material reaching conditions like as intense high-current arcs.

Hermoch [14] studied the spot phenomena at the anode by using stratified elec-
trodes instead of the usual anodes made from one material. Stratified electrodes
permitted the magnitude of the thermal flow to the electrodes to be changed while
keeping the anode material the same. A layer of tin with 0.01–0.1 mm thick was
formed on a massive copper basis. In order to make a comparison of the results,
measurements were also performed on massive electrodes from tin and copper. A
framing camera with an exposure time of 5 μs allows photographically to observe
the form and size of the anode spots. The polished anode was with an active surface
area of 10 × 10 mm. The discharge always burnt on a part of the surface not yet
disturbed by it. A cylindrical W rod was used as cathode. The current impulse was
aperiodic and lasted 300 μs. The maximum value of the current was varied from 600
to 4000 A. The current density in the anode spots was determined from the area of
the spots and the instantaneous value of the current. The anode spot current density
for arc current 1 kA and arc time of 100 μs is presented Table 14.1 reported in [15].
In this work, the role of strong anode vaporization in the anode spot formation is
discussed in detail and the spot splitting was studied.

Summarizing, the following experimental results were obtained [14]:

(1) For Sn anode (in form of prism), the spot was observed with current density 2.4
× 104 A/cm 2, and its magnitude does not change with a change in current. The
discharge gave rise to a relatively deep crater with the signs of strong melting.

(2) The current density on Cu anode increases with increasing current. For
maximum current 600 and 1.5 kA, the current density was 2.17 × 104 and
2.8 × 104 A/cm2, respectively. The anode was colored with oxide films and
without melting marks. For currents above 3 kA, the current density was 6 ×
104 A/cm2, and the spot splits into a series of partial spots. The craters on the
electrode surface exhibited signs of strong melting of the material.

(3) For stratified anode, the current density depends both on the thickness of the
layer and on the current. For anode with Sn layer of the order 0.01 mm thick,
the layer disappeared in a very short time at current larger than 1 kA. At lower
current, the current density corresponds to the density of the spot on the copper
and the layer remains undisturbed. At maximal current of 1.5 kA, the anode Sn
layer of the order 0.1mm thickwasweakened but not reached the copper surface,
and the current density was 3.26 × 104 A/cm2 showing greater contraction than
a Cu or Sn electrode.

Hermoch [16] presented results of intense arc mode in a high-current (<10 kA)
short-time (10–100 μs) arcs accompanied by intense electrode vaporization. Cylin-
drical electrodes of 6 mm diameter produced from different materials were used. The
photograph of the interelectrode region showed a symmetrical expansion of lumi-
nous gas after arc initiation. At the next time step, a discharge channel was formed.
The plasma jets were ejected from the electrode spots. The impinging jets produced a
plasma plume in a disk form that expands radially between the electrodes. Figure 14.3
shows the photographs of the expanding plasma for different materials. It was also
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Fig. 14.3 Intense mode in
form of expanding plasma
channel of short-time
high-current electrical
discharge. Figure taken from
[16]. Used with permission

observed that the jets could be produced discontinuously, resulting in corresponding
discrete plasma expansion during development of the discharge (see the last picture
in Fig. 14.3).

While the radial expansion between refractory electrodes was relatively minor,
this expansion is significant in case of volatile materials like Pb, Bi, Cd, and Zn.
The experiments show that during development of the discharge, the electrode vapor
was ionized, pushed the previous original gas, and the intense arc operated mainly
in the plasma of electrode material. For Cu electrodes with gap of 3 mm, the current
density was near constant value of 4.5 × 104 A/cm2 up to peak current of 1 kA and
increased by factor 2.4 when the arc current increased to 4 kA. It was observed that
the current density increased in direction to the electrodes, and at the cathode, it was
larger than at the anode.

Beilis and Zykova [17] investigated the anode spot development optically by
high-speed camera with exposition time varied in range from 2 to 10 μs in air
at atmospheric pressure. Cu electrode of 10 mm diameter was used with inclined
surface that was perpendicular to the optical axis of the camera. The cathode of
pointed shape was placed at 2.5 mm from the anode surface. The current was varied
from 5 to 40 A. The arc duration was lower 12 ms. In contrast to Somerville et al.
experiments [10], in the present work, a fixed anode spot was observed that changed
during the arc time in the considered interval of the arcs. Few spots were produced
at 40 A.

Three concentric zones in the anode spot were detected. The central zone, the
most luminous, appeared during the first 30 μs. The second zone was observed
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Fig. 14.4 Calculated radii of
melting (a1) and boiling (b1)
isotherms as well the
experimental radii of the first
(b2) and second (a2) spot
zones as functions of arc
time. The line denoted by I’
is time dependent of the arc
current [17]

approximately through 150 μs that placed around the central zone with relatively
lower luminous.Thenext zonenot glowed, butweakly reflected the light.Comparison
of the luminous zones with the anode mask brings to the following conclusion. The
maximal size of the second zone corresponds to the melting area, while the last zone
is equal to the size of the oxide film at the anode surface. In order to interpretation,
the experimental data of the radii of melting and boiling isotherms were calculated.
Since the observed spot areas have circular form, all experimental and calculated
results as radius dependences are presented in Fig. 14.4 (see caption). The calculated
model assumed the heat flux from the spot was approximated by a continued point
heat source acted on a semi-infinite bulk body. The boiling temperature for Cu was
2595 °C at which the vapor is at atmosphere pressure.

Since the arc current was changed during the arc, the calculation was conducted
for current, which was taken for all period from the arc beginning up to each calcu-
lated time. The results show that the experimental and theoretical curves are similarly
dependent on the arc time.However, the calculated dependences exceed themeasured
data. This difference appears due to neglecting the energy losses by the anode vapor-
ization and others in order to simplify the calculated model for principal description
of the observations. It was indicated that the current density in the first bright spot
area was 106 A/cm2, while for two other areas, the current density was decreased
from 104 to 103 A/cm2. These values were obtained by assumption that all current
of the arc was flowed through the considered areas.

Shih [18] reported about a method using a split anode to measure the anode
current density distribution in high-current pulsed arcs. A copper anode in air at one
atmosphere was studied. A nearly rectangular arc current pulse was 750, 1200, 1750,
and 2250 A. All data were obtained using a pulse length of 40 μs. The split copper
anode consisted of two anode plates, separated electrically by an insulating material.
The data were obtained using the split anode with a 0.001 cm gap. Rogowski coils
used to detect the current to each half of the split anode as a function of arc position
(cathode can shift) relative to the splitting plane. The measured radial distribution
showed that anode current density decreased from a peak value more than an order
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of magnitude at radius about 0.1 cm depending on arc current. The peak current
densities ranged from 3.4 × 105 to 5.5 × 105 A/cm2. The value of peak current first
increased and then decreased with increasing total current. This trend agrees with
the observations of the size of the erosion spot at different currents.

Pfender [19] reported the results of the anode phenomena investigated in argon
arc at 1 atm for currents between 100 and 300 A. A specific apparatus was used in
the experiment. The arc burned in constricted tube between a tip-shaped thoriated
tungsten cathode and plane water-cooled anode (Cu flat disk of 44 mm diameter),
which is perpendicular to the axis of a symmetric arc. The total length of the arc can
reach up to 120 mm. Another electrode configuration was used in which the cathode
is parallel to the anode surface.

Two types of anode arc roots were studied. In relatively short arcs, the action of
the cathode jet attached the anode surface in a diffuse form. The cathode plasma
jet characterized by a bell shape is impinged on the anode surface. This is cathode
jet-dominated arc mode. In contrast, at long arcs (arc length much larger than the
arc diameter), a plasma constriction at the anode and an anode jet were detected
and named as anode jet-dominated arc mode. For parallel electrode configuration,
anode plasma constriction and an anode plasma jet were observed. It was noted that
experiments with different arc currents reveal a transition from anode jet-dominated
(I >150 A) to the cathode jet-dominated arc mode (I <150 A).

14.2.2 Low-Pressure Gas

The anode spot behavior significantly changed when the surrounding pressure
decreased in comparison with atmospheric state. Zykova [20] and Zykova et al.
1970–1971 [21] investigated the influence of low-pressure gas on development of
the anode spot. The cathode of pointed shape was placed at 2.5 mm from a polished
anode of 20–24 mm diameter. The photographic high-speed camera with about 105

frames/s was used. The pressures of He, Xe, and Ar were varied from 400 to 10−4

torr with current of 600 and 1200 A. The anode materials were Zn, Cd, Sn, Cu, and
W. The experiment showed that for 400 torr, a few spots were detected and placed
near one to other so that only one trace was observed. The dynamics showed that in
the arc beginning, only one spot was observed, and then, a splitting to few spots was
appeared during the arc development. The splitting was occurred earlier for mate-
rials with lower heat conductivity and lower boiling temperature like Cd and Zn. For
example, the splitting occurred early for Sn than for Cu. It was noted that the spot
behavior was similar to that observed for atmospheric arcs at relatively moderate
currents.

The anode regionwas significantly changedwhen the gas pressure decreased from
400 to 100 torr. In this case, a few spots were observed from the arc beginning. The
spots placed separately so that also separate traces were detected. Although the spots
are fixed, the spot group can be moved due to dead of old and appearing of new
spots. The group spot mobility increased in gases with lower atom number and for
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Table 14.2 Anode spot
parameters for different
anode materials [20]

Pressure, torr Material Spot current, A Spot diameter, cm

100 W 20 0.002–0.009

Zn 50 0.015–0.09

10 W 5–10

10−4 W 10–60

Zn 30

materials with largermelting temperature. For example, the group spot at Zn anode in
Xe for pressure 100 and 10 torr was fixed, while in He and Ar, this group moved with
velocity 1–2 m/s. A correlation between mobility of the cathode and anode spots was
observed. The anode spot lifetime was varied from 30 to 400 μs. At pressure of 10−4

torr, this time life was 30–60 μs at Zn anode. The anode spot current for different
He pressure materials is presented in Table 14.2. The spot numbers increased with
arc current and also changed with gas pressure and anode materials. The anode area
occupied by the spots increased with arc current and spot distribution at the anode
surface can be not uniform. For example, at W anode, the distance between spots
can be increased from 0.05 to 0.5 mm.

Dyuzhev et al. [22, 23] considered the condition for anode spot initiation. The
plasma region at the anode was investigated in experiments arcs with thermionic
cathode at atmospheric pressure and in different pressures of argon and xenon using
alkaline dopant vapors of Cs and Rb. The cathode was produced from Ni and Mo
tubes of 1–3 mm diameter and 5–15 mm length dense inserted in another tube of
10 mm. The anode was produced from Cu, Mo, and stainless still with working area
changed from 0.8 to 0.01 cm2 to reach anode current density up to few kA/cm2.
The cathode was grounded, and a pulse voltage was applied to the anode that can
support arc current up to 1.5 kA. The plasma parameters (density and temperature)
were measured by probe method.

The experimental results showed that at low andmoderate pressures of inert gases
in wide ranges of discharge conditions and plasma parameters with high and weakly
ionized plasma, a negative anode potential drop was formed. In this case, only a
distributed anode discharge was observed, and anode spots were absent. It was noted
that although occurring of some triggering phenomena (local heating, vaporization,
and ionization), the plasma density in the anode region cannot be developed at the
negative anode potential. The anode potential drop formation and condition of the
anode spot initiation were studied using the measured plasma parameters and the
volt–current characteristics, and the following results were obtained.

When the anode area is enough large, an increase of the plasma density and
temperaturewith the applied voltage uap was observed. Therefore, the randomcurrent
Ir from the plasma to the anode also increased. As a result, at some point, a negative
anode potential drop formed in order to decrease the current from the plasma up to
value equal to arc current Ia. Another case appears when the anode area is relatively
small. The anode current Ia approaches to the random current Ir from the anode
plasma with voltage uap. In this case, a volt–current characteristic with a saturation
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region is formed, and with further increase of the voltage, the plasma parameters
are not changed. So, the discharge current is saturated due to current limiting by the
random current from the plasma. As a result, the plasma potential near the anode can
be smaller than the anode potential, i.e., a positive anode potential drop is produced.

It was noted that the saturation of the volt–current characteristics also depends on
an electron emission possibility of the cathode to support the current Ia ≈ Ir . When
the anode plasma isweakly ionized, the increase of uap also does not change the anode
polarity sign due to rise of the anode current Ia because of an increase of the plasma
density. The measurements showed that the anode polarity sign could be changed
from negative to positive only in case when the anode plasma is highly ionized and
when the condition of Ia ≈ Ir was fulfilled. Further increase of uap leads to increase
of the positive anode potential drop and consequently to increase of the energy flux
to the anode surface. The anode temperature increased, and anode vaporization and
vapor ionization were intensified. As a result, a significant rise of the arc current and
an anode spot ignition was realized.

The condition of change of the anode potential drop to a positive value to forma-
tion of the anode spot was indicated in [24]. It was observed that anode spot arises
for tungsten at positive anode potential drop between 10 and 20 V. The anode current
density reached a value that was about of the random electron current density flowing
to the anode. At this condition, the thermal and electrical parameters were investi-
gated. The results showed that the anode temperature and anode vapor increased with
the arc current, which finally leads to anode spot appearing.

Thus, the above experiments and also the analysis [25] of the experiments showed
that in low- and moderate-pressure arcs, the anode spot formation was possible by
transition of the discharge to a mode with positive anode potential drop.

Miyano et al. [26] investigated the different anode modes in an arc as function
of ambient gas pressure ranging from 0.01 to 300 Pa. The stainless steel chamber
acted as the anode. The low current was constant of 50 A. The cathode (64 mm in
diameter) materials were Al, Ti, Fe, Ni, and Cu. The ambient gases were He, Ne,
Ar, H2, N2, O2, and CH4. A transition of the anode mode was observed from diffuse
arc to footpoint to plane luminous to anode spot mode as the pressure was increased.
The anode voltage depends strongly on gas species (influence of the potential of
atom ionization) and weakly on the cathode material. The pressure of the arc mode
transition were lower for diatomic than that for monoatomic gases. It was assumed
that this result is due to gas dissociation and further changes in the potential of
ionization of the species.

14.3 Anode Modes in High-Current Vacuum Arcs

The transition of the arc into the different anode modes and the boundary arc param-
eters between the different regions depend strongly upon the electrode material,
the electrode and gap geometry, and the current waveform [27, 28]. The modes are
appeared on form of diffuse arc mostly at low current, so named footpoint mode
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characterized by intermediate arc current, anode spot, and intense arc appeared at
high current.

Schellekens [29] conducted an experiment, and he concluded that the previously
named diffuse arc based on high-speed photography is ambiguous. It was noted
that to describe more exactly of the diffuse arcing state, the luminous from back-
ground plasma and also a luminous from multi-sport jets should be considered. An
optical probe method was used, which enables one to quantify the arcing state by a
new measurable quantity named by Schellekens [29] as diffusity. The photographic
observations indicate that the vacuum arc at moderate axial magnetic field strengths
consists of arc channels and background plasma. The plasma density and therefore
the light emissivity are thus not uniform. It was shown that in accordance with the
observation, the plasma intensity Iε could be described as the following sum

Iε =
L∫

−L

εddx + N

R∫

−R

ε0dx (14.1)

where N is the number of arc channels in the observational volume, L is the radius
of background luminous, R is the radius of the channel luminous, and εd , εo are,
respectively, the emissivity of the background plasma and arc channels determined
in [29]. Using (14.1), the diffusity was defined as

diffusity=
∫ L
−L εddx∫ L

−L εddx + N
∫ R
−R ε0dx

(14.2)

Diffusity defined by relation (14.2) attains 100% when the plasma is absolutely
diffuse. This is achieved either when no arc channels are produced (N = 0) or when
the arc channels have very low emissivity. When plasma consists of many inde-
pendent arc channels (cathode multi-spot arc) and the emissivity of the background
plasma is zero, the relation (14.2) attains 0% In the intermediate case, when both
the background plasma and the arc channels are present, the relation (14.2) indi-
cated some percentage between the mentioned extreme cases. It was noted that the
expression (14.2) is independent of the observational volume and can hence be used
to compare the results for different channel conditions. However, the experiment in
[29] showed that the above diffusity definition is mostly important in the presence
of a magnetic field promoting the channel’s production.

The experimentally studied diffuse or spotless mode as well as the anode spot
mode forming for different conditions of arc burning is reported below.
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14.3.1 Anode Spotless Mode. Low-Current Arcs

Drouet et al. [30, 31] measured a current distribution in vacuum arc with anode
spotless mode using a multi-ring anode. The experiments were conducted for arc
currents of 58, 137, 204, and 316 A for arc duration of 200 μs, copper cathode of
2 mm diameter, and anode of 90 mm outer diameter. Photographs of the arc detected
the symmetric plasma luminous with respect to the cathode–anode axis. The average
density of the current collected by each anode element was determined taking into
account the current and area of the elements. The results are presented in Fig. 14.5.
Observed that the shape of the current distribution varies with the electrode gap
distance and arc current. As it can be seen, the anode current density significantly
decreases with anode radius.

Rosenthal et al. [32] conducted a spectroscopic study of the temporal evolution of
a vacuum arc with graphite anode. This arc begins as a multi-cathode spot vacuum
arc operating for 150–200 s duration at relatively low current of 175 and 340 A in a
DC arc. The intensity of spectral lines of Cu I, Cu II, and Cu III was investigated as
a function of time near the cathode, near the anode, and in the middle of the 10 mm
electrode gap. The 30-mm-diameter copper cylinder cathode was water cooled and
had a cylindrical protrusion of 10 mm diameter and 5 mm height at its center, to
facilitate a contact near its axis with the mechanical trigger, thus ensuring that the
discharge was initiated near the axis of the electrodes. The anode was made from a
32mmdiameter and 30-mm-long graphite cylinder. The optical arrangement allowed
the imaging of the interelectrode plasma region onto the entrance slit of a Czerny–
Turnermonochromator.Acharge-coupleddevice (CCD)black-and-whiteTVcamera
was used to record the radiation intensity distribution across the two-dimensional
image of the interelectrode plasma. Line intensity measurement was performed with
40 ms time resolution and 0.4 mm spatial resolution.

The experiment demonstrated that the different anode modes observed in a high-
current vacuumcould be appeared also at relatively low current in arcswith refractory
non-consumable anode. The transition of the anode modes for 175 A with arc time
development at, respectively, video frames is shown in Fig. 2 in paper of [32]. The

Fig. 14.5 Radial
dependence of the current
density distribution on the
anode surface for arc
currents 50 and 316 A. The
current densities measured
for interelectrode gap
distances of 1.5, 2.0, and
2.5 cm were distributed
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curves denoted by gap 1.5, 3,
and 3.5 cm 0 1 2 3 410-2
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advanced illustration of the time development arcmodes (anode plasma plume gener-
ation and its expansion in the gap) can be seen in Fig 10.9 (Chap. 10). As the anode
was heated by the long-duration arc, the anode temperature increased with time. As
a result in arc beginning, the anode is cold and only diffuse mode was observed
without any luminosity. At 15 s of arcing, the Cu plasma partially reflected from the
heated surface, and a footpoint anode mode is occurred. Finally, at 50 s of arcing
and significant cathode plasma jet reflection and plasma plume filling in the gap, the
intense anode mode is produced. However, during the arc development, no anode
spot mode was observed due to relatively large anode surface, which is enough for
supporting the arc current.

The spectroscopic data indicated that the anode acts as a collector for ions
emitted from the cathode. These data indicated also the existence of Cu III near
the anode, whereas no spectral lines of copper ions were detected in the middle of
the interelectrode gap.

14.3.2 Anode Spotless Mode. High-Current Arcs

Mitchel [33] conducted a series of experiments to measure the distribution of current
at the anode by multi-element probes during various stages of the vacuum arc devel-
opment. A 50-mm-diameter copper cathode was separated at 10 mm from seven
probe elements at the anode. The probe elements were placed at the anode in circular
form. The current in each element was recorded from the potential difference of the
element. The current is recorded in various elements during discharges in which the
total arcing voltage was less than 40 V, i.e., when current peak was less than the
starvation current. The measurement for arc with diffuse anode mode was conducted
at the anode of 45 mm diameter at current of 3.5 kA. In this case, about 30% of
the total current passes through the center elements, while the rest of the current is
distributed between the peripheral elements at the start of each current loop.

Schellekens [34] measured the axial current density distribution in front of the
anode. This distribution was obtained using multi-probe anode. Six 1.5-mm-thick
copper disks were mounted on equidistant separation of 5 mm in radial direction.
The anode diameter was 6 cm. The current density was deduced from the potential
distribution on the anode. The measurements were conducted prior to the anode spot
formation for arc-constricted plasma at the anode region with current of 5 kA. As it
can be seen from Fig. 14.6, the current decreases parabolically from the anode axis
at maximal value to zero at the anode edge.

14.3.3 Anode Spot Mode for Moderate Arc Current

Kimblin [35] was the first to study the arc transition of the anode modes and showed
experimentally an appearing of the diffuse and spot states. This study was further
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Fig. 14.6 Radial
dependence of the current
density distribution on the
anode surface for arc
currents 5 kA prior to the
anode spot formation [34]
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developed including analysis of a technological importance of anode spots in vacuum
1974 [36]. The specifics of anode geometry used to investigate the transition and arc
voltage for copper electrodes over the DC current range of 0.1 to 2.l kA. The cathode
diameter was 5 cm, the anode diameter was either 1.3 or 5 cm, and the electrodes
were separated to 2.5 cm in a time of 150 ms.

For both anodes, the average arc voltage increased with electrode gap distance
to values significantly higher than the voltage of 20 V observed for short electrode
gap (see Fig. 14.7). The anode mode remained diffuse up to voltage about 75 V with
the 1.3-cm-diameter anode at electrode separation of 2.5 cm and for arc currents of
<0.4 kA.At 0.4 kA (threshold current), the anode plasma configuration changed from
the diffuse to the contracted spot mode. With increasing arc current, the transition
to the evaporating spot mode occurred at shorter electrode gaps. However, for the
5-cm-diameter anode, spot was observed at the 2.5-cm gap for an arc current of
2.l kA.

Kong et al. [37] usedmethod of photography of the anode plasma region in order to
understand the influence of the opening electrode velocity on the anode phenomena.
The high-speed video camera PhantomV10was used to record the vacuum arc mode
evolution in the experiments. The recording velocity was set to be 4000 frames/s with
the exposure time of 2 μs. The experiments were conducted in a vacuum interrupter

Fig. 14.7 Dependence of
the arc voltage versus current
at 2.5-cm electrode gap,
which is obtained by
approximation of the data
from Kimblin [36]. Spot
forms at 0.4 kA. Lower curve
is for 5-cm-anode diameter
where denoted that spot
forms at 2.l kA (by circle)
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with electrode diameters of 12 and 25 mm for materials of Cu, CuCr25, and CuCr50.
The velocity was varied from 1.3 to 1.8m/s. The thickness of the electrodewas 4mm.
The contact gap was 18 mm, and the upper electrode was the anode. The arcing time
in each experiment was about 9 ms with the 50 Hz frequency current.

The experiments started from a low current level (the peak current was several
hundreds of amperes) in a vacuum interrupter, at which the anode was passive.
Therefore, the arc discharge was a low-current anode mode. However, the footpoint
and anode spot modes were studied preferable at high current. The photographs of
the anode footpoint or spot appearance at Cu and CuCr25 anodes are presented in
Fig. 14.8. It can be seen that the footpoint appears in different forms depending on
the average velocity and current. Table 14.3 demonstrates the first threshold current
at which the footpoint or spot appears.

The experimental results showed that the high-current anode mode that first
appeared was a footpoint at the opening velocity of 1.8 m/s, regardless of the type of
the electrode material, being Cu, CuCr25, and CuCr50, and the size of the contact
diameter, being 12 and 25 mm (Table 14.3). A small size luminous footpoint on
the anode and a diffuse arc between the electrode gaps in the footpoint mode were

Fig. 14.8 Photographs of the high-current anode modes (nanocrystalline CuCr25) with opening
electrode velocity 180 cm/s and peak arc currents indicated in the pictures for a electrode diameter
of 12 mm, current 2.55 kA and b electrode diameter of 25 mm, current 2.6 kA [38]

Table 14.3 First threshold current at which arc mode transfers from a low-current to high-current
mode

Materials Diameter, mm Velocity, m/s Footpoint threshold
current, kA

Spot threshold current,
kA

Cu 12 1.3 – 4.4

1.8 3.42

25 1.3 – 5.92

1.8 4.72

CuCr25 12 1.3 – 2.91

1.8 2.29

CuCr50 12 1.3 – 2.64

1.8 2.48

25 1.3 – 3.68

1.8 2.88

Kong et al. [37]
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observed. At the velocity of 130 m/s, the first appeared anode mode was a large
bright spot with the arc current increasing. Also, there was a columnar or jet arc with
a distinguishable boundary between the electrodes in the anode spot mode. The first
threshold current is higher at the average opening velocity of 130 m/s than that at
180m/s independent of what electrodematerial or diameter is used in the experiment.
Also, this current is larger for Cu than for CuCr25. It was indicated that at the high
velocity of electrode opening, a high electrode gap is produced with only footnote
anode mode. In this case the density of the plasma adjacent to the anode was too low
and the ion starvation current incident on the anode was smaller.

14.3.4 Anode Spot Mode for High-Current Vacuum Arc

Reece [38] qualitatively described the phenomena at the anode in a cathode spotmode
when the anode is only a current collector. He indicated that the cathode plasma jet
condensed at the anode surface transferring the kinetic and potential energy of the
plasma and as result heat the anode. It was noted that no necessity for an electron
sheath because positive ions impinge on the anode and condense at its surface. The
anode becomes coated with a film of metal coming from cathode jet.

Mitchel [33] has studied the vacuum arc with sinusoidal current up to 100 kA
peak experimentally. Oxygen-free copper electrodes from 6.5 to 75 mm diameter,
commercial-grade tough-pitch copper, 25-mm-diameter cadmium, and lead-tipped
electrodes were tested at separations in range of 0–40 mm. All electrodes were from
80 to 140 mm long and machined to a smooth finish. The experiment showed that
during sinusoidal current loops up to about 10 kA peak, between copper electrodes
of a few centimeter diameter, the arc plasma in the anode region is generally diffuse.
When a high vapor pressure material, such as lead, was used as a cathode with a
copper anode, a diffuse arc develops at currents in excess of 30 kA. If the peak
current during a 50 Hz exceeds 10 kA, an anode spot of 100 mm2 may develop.
This area is clearly liquid, and a bright constricted column, which extends from the
anode toward the cathode, generally obscures the luminosity of the surface. It was
also indicated that anode spot formation and a constricted column normally occur at
arc current of about 6–8 kA peak.

Voltage dependence across a pair of 2.5-cm-diameter copper butt contacts at 5-
mm separation was measured. The voltage is about 20 V, with oscillations of 1–2 V,
and it is largely independent of current, separation, and electrode geometry up to
1 kA and is determined by the cathode material. From 1 to 6.5 kA, the voltage rises
fairly linearly with current from 20 to about 40 V at 6.5 kA. For currents in excess of
6.5 kA, the voltage is almost proportional to the current and may give arcing voltages
in excess of 120 V.

Rich et al. [39] concerned with investigations associated with the development
of an anode spot for vacuum arcs. The plane-parallel electrode geometry was kept
fixed in which the gap spacing was 0.95 cm and the electrode diameter was 5.72 cm.
The threshold current density for anode spot formation was determined for electrode
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Table 14.4 Threshold
current at anode spot
formation against the
electrode materials and with
accordance to correlation
parameter of their thermal
characteristic

Material Threshold current,
A

Current density,
102 A/cm2

Tm(kρc)1/2

W 13.8 5.4 1693

Mo 13.6 5.3 1204

Cu 10.3 4.0 954

Ag 9.7 3.8 723

Al 6.8 2.7 383

Sn 2.3 0.9 57

Rich et al. [39]

materials chosen in wide range of thermal and electrical properties, named of Sn, Al,
Ag, Cu, Mo, and W. Arcing was over one half cycle of a 60 Hz current wave. The
anode spot formation was determined from high-speed streak photographs of the
arc. An anode spot formation was associated with the sharp changes in arc voltage
and noise voltage. The noise voltage and arc drop decrease as the spot develops.
The measured threshold current for anode spot formation for different electrode
materials, characterized by their thermal constants, is presented in Table 14.4. This
current decreases with reduction of melting temperature of the metals. The current
density was obtained under the assumption that is prior to the anode spot initiation;
the discharge was uniform over the anode surface.

It can be seen that the anode spot is formed at larger arc current for material
with larger thermophysical constants, where Tm, k, ρ, and c are the melting point
(°C), thermal conductivity, mass density, and specific heat, respectively. The thermal
constants are in CGS units. Figure 14.9 shows the maximum arc voltage appearing
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Fig. 14.9 Maximal arc voltage of the data obtained for the six electrode materials plotted as
dependence on peak arc current [40]
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during the arcing cycle for all studied electrode materials as dependence on peak of
the current wave. The vertical bars indicate the positions of the threshold currents
for anode spot formation or, as in the case of tin, the current at which traces of
surface melting first occurred. In general, the arc voltage for the high vapor pressure
materials is lower than that for the low vapor pressure materials, while the threshold
currents increase with this vapor pressure. Some saturation of these characteristics
can be seen at currents larger than 15 kA.

Boxman [41] measured the threshold current for the transition between the low-
current vacuum arc mode and the high-voltage noisy mode associated with anode
spot formation as a function of peak current Ip, current waveform frequency, and
electrode separation. The arc was sustained between 25-mm-diameter Cu and Ni butt
electrodes. Ambient pressure was less than 10−6 torr. Anode spot were formed only
near the center of the anode. Tests were conducted at current waveform frequencies
at 347Hz and 66Hz on Cu electrodes and 543Hz, 81Hz, and 58Hz onNi electrodes.
The frequency was defined as 1/4 Tp, where Tp is the time from current initiation to
current peak Ip.

Low-amplitude noise was often observed on the voltage waveform prior to tran-
sition, as observed between 1.8 and 2.4 ms. The transition voltage jump was located
accurately in time. In particular, the transition onset was defined by the jump in
voltage that occurred at 2.4 ms. Figure 14.10 shows the transition current I t as a func-
tion of peak current that is plotted for various electrode separations. Data at 66 Hz on
Cu electrodes show only a slight tendency for I t to increase with Ip. However, at high
frequencies, I t is found to be nearly proportional to Ip for a range of peak currents
from the lowest current at which transition is observed, I1, to some higher current
I2, at which a constant I t is reached in Fig. 14.11. Low-amplitude voltage noise on
Cu electrodes was observed prior to transition for currents exceeding I1. When the
peak current just exceeded I1, transition would occur after the peak current.

Heberlein andGorman [42] observed vacuumarcsmodes between separating butt-
type electrodes of 100 mm diameter. Sinusoidal current wave with a frequency of
approximately 50 Hz at peak values of the AC arc current half-wave was ranged from

Fig. 14.10 Transition
current as a function of peak
current for Cu arcs with
electrode separations 8.9 mm
for 66 Hz and 347 Hz.
According to the
probabilistic explanation of
transition current variation
(see [40]), transition occurs
after current maximum for
values of Ip located to the
left of the tangent point with
It = Ip line [41]
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Fig. 14.11 Transition
current as a function of peak
current for Ni arc with
electrode separation of
8.9 mm. Data points for 543,
81, and 58 Hz are
represented by symbols o,
▲, and • respectively. The
solid curves are result of
some treatment of the
observed data described in
the work of [41]

5 to 67 kA. Electrode separation speed was 2.4–5 m/s, and the final electrode gaps
varied in range of 12–25 mm. The arc was observed with a high-speed movie camera
(Hycam) running at a speed of 5–8 frames per millisecond. Exposure time of the
individual frameswas 50μs. The authors noted that additional to study the traditional
parameters as instantaneous current gap, electrode diameter, also dependence on the
current I sep at the instant of contact separation and I was investigated as well.

The results were summarized as follows. At current levels below 7 kA, a transient
arc column forms (bridge column) were appeared. The diameter of the column
increased continuously until the arc is diffuse. The timebetween electrode separations
and the time of diffuse arc appearance increased with the current Isep at the instant
of electrode separation, but the time was always less than 1 ms. When the electrodes
are separated at currents between 7 and 15 kA, a diffuse column was appeared. The
column diameter increased up to a certain value, at which the column becomes stable
with diameter about 10 mm. For relatively small gaps, anode spot was formed, and
this leads to the appearance of another arc column, the jet column. Typical dimensions
for the column diameters are 12 mm at the anode, 10 mm at the narrowest point, and
20 mm at the cathode, but the diameters increased at currents above 36 kA. Further
increase of the electrode gap finally results in separation of the anode jet from the
cathode jet and hence in the familiar mode of the anode spot-dominated appearance.

According to the above described results, Heberlein and Gorman [42] presented
an “appearance diagram,” in which the arc appearance is correlated to values of gap
and current (Fig. 14.12). The “arcing” line in the diagram shows one representative
arcing sequence. After electrode separation at approximately 29 kA, a constricted
column forms, which changes into a jet column when the gap reaches a value of
approximately 4 mm. At a gap of 9.5 mm, the jet column breaks up into an anode
jet and a cathode root, which subsequently disappears. The anode spot dies away at
current values below 18 kA and a diffuse arc appeared. The boundaries between the
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Fig. 14.12 . Physical arc
appearance as a function of
current and electrode gap,
for one half cycle of arcing,
50–60 Hz, electrode diameter
100 mm, Isep > 7 kA
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regions of different appearances are the averages of a large number of points. It is
mainly true for the boundary between the jet column and anode jet regions. In the
triangular central area, all types of arc appearances were observed, depending on the
previous appearance of one specific arcing sequence. The investigated [42] anode
modes with drawn arcs, depending of the gap length, were discussed in detail by
Miller [28].

Kaltenecker [43] studied the transition of vacuum arcsmodes by an optoelectronic
equipment and streak photographywith time resolution in the range ofmicroseconds.
The arc was ignited between separating electrodes with fixed anode and grounded
moved cathode. Butt-type electrodes with 30 and 40 mm diameter of copper, Cu/W,
and stainless steelwere used.During contact, opening a low-current arcwas sustained
by a 10-Hz resonant circuit. A 50-Hz high-current loop up to 20 kA peak was super-
imposed during or after contact opening. Fifteen photodiodes were used to measure
the light emission along an arc diameter near the anode surface.

The total transition time from the diffuse arc mode to a fully established anode
spot was determined as 760μs. At fully open gaps of 10–15 mm, the transition times
were shorter of 50–300 μs. The transition time (in range 50–800 μs) varies with
the gap lengths when the threshold current is reached and the rate of current rise
is determined by the 50 Hz. No influence of the contact material on the transition
phenomenon was detected. The threshold current was about 10 kA for both copper
and stainless steel electrodes of 40 mm diameter. It was of 1–2 kA higher for Cu/W
electrodes and decreases with decreasing anode diameter. At the threshold current,
locally instable anode spots were formed, which disappeared after 50–70 μs. After
that, the anode spots were reappeared at some microseconds later in another site.
Simultaneous formation of two anode spots can increase in diameter and finally
merge. The spot diameter increases with increasing arc current. Spot diameters up to
about 15 mm were observed corresponding to the diameter of various molten anode
areas.

In further work, Kaltenecker and Schussek [44] also were used optoelec-
tronic measurements, streak photographs, high-speed movies, and correlated arc
voltage/current records to study the power frequency vacuum arcs. The average
velocity of the electrode opening was between 0.2 and 1.2 m/s. Experiments were
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conducted with a butt-type contacts 20–40 mm in diameter at gap distances up to
15 mm as well with a forced arc motion using CuCr ring electrodes with 80 mm
in diameter and with maximum electrode distance about 10 mm. The high-current
half-wave up to a 20 kA peak value was used for butt-type electrodes and arc currents
up to 40 kA peak value for the experiments on ring electrodes.

The luminosity of the interelectrode plasma, anode spot appearing, and arc voltage
were studied. The results indicated three different high-current vacuum arc modes
that depend mainly on the momentary electrode distance and a certain threshold
current. These modes are characterized below in form as Kaltenecker and Schussek
[44] presented it.

1. Arc Mode 1 (Intense Arc): Corresponds to the classical constricted arc mode. It
appears at an electrode distance, which is not greater than about 4 mm. During
the diffuse mode at threshold, a small luminous point at the anode begins to
glow and forms a bright anode spot within typical 500 μs. The final anode spot
diameter varies between 10 and 20 mm. The anode spot was steady, and it was
eroded the anode surface heavily leaving a crater. The arc voltage increases from
20 to about 40 V and remains smooth even when the anode spot was formed.

2. Arc Mode 2 (Unsteady Arc): appeared at intermediate gap lengths of 4–8 mm,
and it was characterized by one or more anode spots and a luminous arc. If
this arc mode emerges from the diffuse arc mode, several flashing anode spots
appear with a short lifetime of a few tens of microseconds. The transition time
was 150μs, and the anode spots tend to fast motion immediately after formation.
The mean arc voltage jumps to values about 60 V, but high-frequency peaks up
to 80 V were superimposed.

3. Arc Mode 3 (Footpoint Arc): Appears at gap lengths greater than 8 mm. Many
anode spots, always moving with speeds up to 2500 m/s, characterize this mode.
This arc type may develop directly from the diffuse mode or from the arc mode 2.
Themean arc voltage is around90V,with high-frequencyoscillations up to 150V.
Anode spots are established within 50–100 μs, i.e., much quicker than steady
anode spots of the intense arc. The spots tend to run toward the electrode edges
and to stop movement temporarily at molten sites deriving from the previous
tests. The existence of footpoint was associated with high and noisy arc voltage
indicating the relative unstable character of the anode activities.

At high-current vacuum arcs on ring electrodes, it was observed that the modes
were the same as those observed on butt-type electrodes. The intense arc was
forced by the generated magnetic blast field to move in Amperian direction, which
avoided severe electrode melting. Different characters of high-current arc motion
were detected. The first step was immediately after formation of a bright anode spot
and arc column constriction, and the arc remains motionless spot. It was charac-
terized by an almost constant and smooth arc voltage of about 25 V and by severe
electrode erosion. The second step was a beginning slow direct arc motion at a gap
length about 1 mm with mean voltage of about 40 V. The next was a fast arc motion
step at a gap length of about 3 mm which was characterized by a fast increase in the
arc voltage with significant high frequency of oscillations and an unsteady arc. The
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arc velocities were about 10–20 m/s in second step and 200–3000 m/s in accelerated
step. Sometimes the arc speed possibly increases up to 6000 m/s or more.

Toya et al. [45] studied the vacuum arc that sustained between a 60-mm-diameter
anode and a 30-mm-diameter cathode spaced 4 mm apart in the current range of 5–
20 kA. The electrodes were made of oxygen-free, high-conductivity copper. The arc
was photographed with a high-speed camera (HYCAMK2001), which was operated
at a speedof 5000 frames/s, corresponding to a time resolution of 200μs.An exposure
time of 4 μs was obtained with the aid of a rotating shutter. Table 14.5 summarizes
the results of observations of the anode mode with connection of the cathode spots
state and with the observation of arc voltage waveforms.

Janiszewski and Zalucki [46] experimentally tested a high-current vacuum arc
between butt-type copper electrodes at fixed gap of 10 mm. Current pulses of up to
30 kA peak amplitude at an initial value of rate of current rise (dI/dt)o that varied
from 1 to 10 kA/ms were applied. Arc duration was approximately 14 ms.

The butt-type electrodes of the diameters 30, 55, and 80 mmwere made of OFHC
copper. Arcs were photographed with a high-speed framing camera, mostly at 104

frames/s. A detailed study of discharge modes in phase transition from a high-
current diffuse arc to a constricted arc with an anode spot was conducted. Most
of the measurements were obtained at a peak current slightly in excess of 10 kA for
electrodes of 55 mm diameter. Figure 14.13 shows that the most interesting result

Table 14.5 Experimental results of different anode modes developed with arc current

Current, kA Trace of cathode
spot

Trace of anode
surface

Arc voltage, V Anode mode at
current crest

5 Numerous single
spots, uniformly
spread

Neither melting
nor erosion is
observed

Less than 40 V. no
high-frequency
oscillation

Diffuse arc mode
before the
transition begins

10 Numerous single
spots, uniformly
spread

Slight melting
with approx.
4-mm-diameter
erosion trace

Approx 40 V with
superimposed
peaks up to 50 V,
no sudden jump

Diffuse arc mode
when the
transition begins
(footpoint mode)

12 Some spots
bunched at the
edge, while most
of the spots spread
in the region of
one-third of the
cathode surface

Medium melting
with approx
10 mm diameter
erosion trace no
crater

Approx 40 V with
superimposed
peaks up to 60 V,
sudden jump from
40–60 V near the
current crest

Anode spot mode
transition has
occurred near the
current crest

15 and 20 Many spots
bunched at the
edge, while most
of the spots spread
in the region of
one- fourth of the
cathode surface

Gross melting,
severe erosion,
approx 10-20-mm
diameter crater
trace.
Molten-metal
ejection

Sudden jump from
40 to 80 V at I =
7–8 kA, while
decreasing to
approx 40-50 V at
the current crest.

Anode spot mode
transition is
completed before
the current crest
constricted arc
column appears

Toya et al. [45]
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Fig. 14.13 Threshold
current at the moment of
initial thermal activity at the
Cu anode as a function of the
initial value of (di/dt)o.
Electrode diameters of 30,
55 and 80 mm
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obtained in this research [46] is the dependence of the anode transition threshold
current on initial rate of current rise (dI/dt)o.

It can be seen that higher values of threshold current are found for larger electrode
diameters and for higher values of (dI/dt)o. It was noted that lower threshold currents
for smaller diameters were the result of greater concentration of spots per unit surface
of the cathode as well as an earlier attainment of the contact edge by expanding
cathode spots.

Zalucki [47] measured the vacuum arc voltage for sinusoidal semi-wave currents
of the amplitude (peak) Iam up to 13 kAand frequencies 0.9 and 6.0 kHz for electrodes
with small gap length. The electrodes were made from Cu60Cr40 and spaced 2 mm
apart in plane butt-contact geometry. The anode was 30 mm in diameter and the
cathode 55 mm.

The cylindrical vapor shield with an inner diameter of 100 mm was electrically
insulated. The pressure in the vacuum chamber was 10−5 Pa. Measurements showed
that in the case of alternating current, themain parameters, which affect the shape and
values of arc voltage, are current, frequency, and amplitude Iam. At a given instanta-
neous value of current I, the arc voltage was higher during current increase (i.e., for
dI/d t >0) than during its decrease (dI/dt <0). A qualitative correlation between the
measured arc voltage and an expected known arc mode in the interelectrode gap was
found. Figure 14.14 presents a maximal arc voltage uam, at the maximal amplitude
(peak) Iam of the current semi-wave and an arc voltage uaim at time tm as a function
of current amplitude. tm is the time from the onset of the current half cycle to the
crest value of arc voltage. As the amplitude and current increase, both voltages uam
and uaim change considerably.

Using the traces presented for Iam ≤ 9 kA, the arc voltagewas obtained, decreasing
in the time range from tf to half of a semi-wave T /2 in spite of the further increase
of the current instantaneous value. At a certain current instantaneous value during
its increase (about 10.5 kA), large voltage fluctuations start, henceforth called high
amplitude fluctuations (HAF).
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Fig. 14.14 Mean arc voltage
at peak current (uaim), a
maximum arc voltage (uam),
and time (tm) from the onset
of the current half cycle to
the crest value of arc voltage
versus peak current Iam.
Current frequency is of 6.0
kHz [47]
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Table 14.6 The characteristic values of current Iam, arc voltage uaf , and time tf at HAF onset Iaf ,
and Δtf at frequency f . From [47]

Iam f tf Iaf uaf �tf

8 900 150 6.2 49 –

9 900 140 6.9 51 177

11 900 119 7.0 58 260

11 6000 35 10.6 78 20

13 900 111 8.1 60 383

13 6000 27 11.2 82 26

Table 14.6 presents the characteristic arc values, which describe the onset and
duration of HAF. There, Iaf is the current instantaneous value, uaf is the arc voltage
just before the onset of HAF, tf is the period from the high current initiation to the
onset of HAF, andΔtf is the oscillation duration. The data indicate that both themean
voltage and current value Iaf at the moment of HAF onset rise with the increase of
current amplitude (peak) Iam and frequency f .

The obtained data indicated that mean voltage ua increases with increasing of
(dI/dt)o and that ua is a complex function (dI/dt)o (see Fig. 14.15). At (dI/dt)o
≈ 50 A/μs, there is a fast slope change of the function ua = f (dI/dt)o. Within the
range from about 50 to 400 A/μs, the arc voltage increases approximately linearly
with the (dI/dt)o increase. It was noted that the slope change of the function ua =
f (dI/dt)o in the vicinity of threshold value (dI/dt)o ≈ 50 A/μs can be due to the
current conduction change.

Series of optical and electrical investigation of anode phenomena in high-current
vacuum arc was provided by Batrakov et al. [48] and Khakpour et al. [49–51]. An
arc was formed between two identical electrodes made from Cu or CuCr25 of 2 cm
diameter in a vacuum circuit breaker [48]. The electrode separation was about 1 m/s.
A sine half-wave current pulse of up to I = 15 kA in peak and 10 ms duration was
used. The atomic and ionic distribution of electrode material during the formation of
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Fig. 14.15 Mean arc voltage
ua at instantaneous current
Iaf of 2.0, 3.0, and 4.0 kA as
a function of (dI/dt)o during
the current increase [47]
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high-current modes or the transition between them was investigated. The results for
Cu electrodes showed that when the arc started, the gap voltage was almost equal to
the cathode voltage drop, and the arc was in the diffuse mode in spite of a relatively
short gap. At a certain time, the discharge mode transforms into the anode spot,
which accompanied by an increase in arc voltage and the onset of voltage noise
(Fig. 14.16a) [52].

In case of CuCr25 electrodes, an anode plume at high current with a shell was
observed (Fig. 14.16b) [52]. Batrakov et al. [48] assumed that the balance between
pressures in both the anode and cathode jets controlled the plume shell. Plumes
were observed in experiments with copper electrodes also. However, unlike the case
of CuCr25 electrodes, their shape was not regular and also because it follows heat-
insulated liquidmetal protrusions or aroundflying droplets (Fig. 14.16b, right image).
Noted that the plume appearance was sensitive to a spectral range under observation.
It was indicated that anode plume was supported by electrode evaporation. The
neutrals emitted from the light anode shell. The plume was covered by halo from
which the lightwas emitted by ions. The evaporation rate of theCuCr25was estimated
comparable with the evaporation rate of hot liquid Cu protrusions and droplets.

Khakpour et al. [49] studied the anode phenomena in a vacuum arc between
cylindrical CuCr7525 electrodes with a diameter of 10 mm. Experiments have been

Fig. 14.16 aSet of images taken at arc in a gapwith copper electrodes.Thenumbers I-IVcorrespond
to different time in ms range; b image of arcing formed by copper–chromium electrodes at different
shot and time gates. The beginning of the time gate is 950 μs before current zero [52]



14.3 Anode Modes in High-Current Vacuum Arcs 519

performed applying AC 50 Hz waveforms and peak currents between 2 and 6 kA as
well as 10-ms pulsed DC with peak currents between 1.5 and 3 kA.

Electrode separation speed has been varied between 1 and 2 m/s, and the final gap
distance was 20 mm. Arc dynamics was controlled by two high-speed cameras with
recording speed of 104 frames/s and an exposure time depending on the current ampli-
tude to avoid saturation. Time- and space-resolved optical emission spectroscopywas
used to examine the temporal and spatial distribution of different atomic and ionic
copper lines. The transition from low-current mode to different high-current modes
was examined observing the intensity of Cu I, Cu II, and Cu III line radiation near
the anode, the cathode, and in the interelectrode gap for different discharge current
waveforms. High-speed camera images were produced which indicate the formation
of footpoint, anode spot, and intense modes for AC 50Hz arc (the details see in Fig. 3
in [49]).

At the beginning of the discharge, a diffuse anode mode was observed. The anode
spot mode continues up to about 5 ms. It was noticed that the detected bright area
near the anode during the anode spot first increases and then decreases, with time
following the current waveform. Then, the intense arcmodewith high emission starts
on both anode and cathode. In the intense mode, both anode and cathode are brighter
than anode spot mode. The results show that during the formation of anode spot
and intense mode, the distribution and the intensity of all lines change noticeably in
the different spectral regions. The high ionization states indicated the arc dynamics
behavior during transition to high-current anode modes. According to the author’s
conclusion [49], the axial intensity distribution of atomic and ionic copper lines was
determined during different mode transitions:

(i) From diffuse mode to footpoint mode for the AC case. In both modes, the
intensity of Cu I changes only slightly near the cathode but is lower in case of
footpoint than diffuse mode in the gap. Near to the anode, the intensity is also
lower in case of footpoint mode. The relative intensity of the Cu II line behaves
very similar to the Cu I line. The relative intensity of the Cu III line shows
different behaviors than Cu I and Cu II with a much broader spatial profile
along the discharge axis that changes with the discharge mode.

(ii) Before and after transition from footpoint to anode spot mode. The intensity
of the Cu I line is almost similar in both footpoint and anode spot mode with a
pronounced increase toward the cathode, but the maximum intensity near the
anode is higher in the footpoint mode. The intensities of the Cu II line are very
low near the anode and show a broad profile near the cathode. In contrast to that,
there is an abrupt change in the distribution of the Cu III line during transition
from footpoint to anode spot near the anode, cathode, and interelectrode gap.
The intensity of Cu III shows local maxima near the anode and the cathode
during anode spot but one maximum in the gap in the footpoint mode.

(iii) From anode spot to intense mode in the AC 50 Hz half-wave. This transition
typically occurs at larger gap distances and accompanied with larger dark areas
(i.e., low intensities of Cu I, Cu II, and Cu III lines) in the interelectrode
gap. However, all line intensities increase considerably near the anode and
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more moderate near the cathode during the transition to the intense mode. The
intensity of atoms and ions shows intensity maxima near the anode, which are
considerably higher than the intensities near the cathode in the intense mode.
The transition from anode spot to intense mode occurs very fast, which is
indicated as jump in voltage.

Transition between different high-current modes was investigated in [53] by
means of video spectroscopy in case of AC 50 Hz and DC pulse. The current,
voltage, and electrode distance as dependences on time and time transition to
high-currentanode modes of the vacuum arc for 10 ms are presented in Fig. 14.17.

It can be seen that during footpoint and anodemodes, the arc voltage increases. The
formation of intense mode is accompanied by an abrupt increase by approximately
20 V in the voltage. High-speed camera images (Fig. 14.18) show the formation of
footpoint, anode spot, and intense modes. At the arc beginning, a diffuse mode is
observed at the anode (Fig. 14.18a). A dark region appears in the interelectrode gap
and near the anode. After about 7.1 ms, the anode spot appears in form of a high
brightness area (Fig. 14.18c). The anode spot mode continues up to ~10.5 ms. Then,
the intense arc mode starts as shown in Fig. 14.18d.

Khakpour [54] andKhakpour et al. [50] investigated the high-current anodemodes
with different waveforms including the alternative current (AC) pulses of 50, 180,
and 260Hz and the direct current (DC) pulses of 5 and 10ms. Three contact materials
(Cu, CuCr50, and CuCr7525) with electrode diameters of 25, 20, and 10 mm were
applied, respectively. Two opening velocities of 1 and 2 m/s are also examined. To
study the high-current modes, both electrical signals and high-speed camera images
are evaluated.

The transition to different anode modes is illustrated in Fig. 14.19 [54], for which
the conditions are not mentioned. It can be seen influence of the gap distances.
However, it was reported that the electrical parameters are important in the formation
of anode modes. The results for different AC frequencies show that the first is the
anode spot mode, which starts around maximum current of 2.7 kA for AC 50 Hz,

Fig. 14.17 Time dependent
current, voltage and
electrode distance as well the
time transitions of the
different arc modes for dc
10 ms arc [53]
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Fig. 14.18 Appearance of diffuse mode (a), footpoint (b), anode spot (c) and intense mode (d) at
corresponding time and gap distances indicated in Fig. 14.17 [53]

while in the case of 180 Hz, the threshold current) is about 2.85 kA [49]. When the
frequency increases to 260 Hz, the threshold current) of the first high-current mode
is increased to 3.7 kA, and it appears as intense mode. In the case of AC 50 Hz
operation, the anode spot mode appears at a contact distance of 6.7 mm. However,
in the cases of AC 180 and 260 Hz, it is started at 1.8 and 1 mm, respectively. In
the intense arc mode, very bright luminosity is observed that covers both anode and
cathode as well the interelectrode gap. The arc voltage in the intense arc mode is
always low and with low fluctuation, though higher than in the low-current diffuse
arc mode.

Two different types of high-current anode spot modes have been identified in
the anode spot mode regarding the arc voltage behavior [50]. It was observed that
the first type of anode spot appears at a current of 3.5 kA x, and the arc voltage
is increased by 10–15%. By increasing the current and gap length, a second type
of high-current anode mode is recorded at a current of 4.3 kA and a gap length of
5.8 mm. An abrupt change of the voltage by about 40–50% was detected in the case
of the second type. The radiation intensity in the case of the second type was quite
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Fig. 14.19 Typical high-speed camera images of high-current anode modes: a—footpoint, b and
c—Anode spot, d—intense mode [54]

higher. During the formation of the secondmode, strong anode jets are formed, which
probably interact with the cathode jets. Spectroscopic analysis showed the increase
of Cu atomic lines near the anode during the second mode [49]. The high radiation
intensity in the vicinity of both the electrodes observed in the second type of anode
spot mode corresponds to the characteristics of the intense mode.

Khakpour et al. [51] investigated the differences between anode spot type 1 and
type 2 and the discharge conditions for a transition from anode spot type 1 to type
2 by means of optical and electrical measurements. Experiments were performed
applying pulsed DC waveforms over 10 ms with peak currents between 1.2 and
3 kA. Two cases (illustrated by images in Figs. 2 and 6 from [50]) were examined:
(i) case 1—only diffuse, footpoint, and anode spot type 1 appear; (ii) case 2—anode
spot type 2 occurs after the formation of anode spottype 1.

For first case, the maximum current is about 2.7 kA. The average arc voltage
during high-current modes is about 35 V. No abrupt change in arc voltage (spot type
1) was observed during high-current modes.
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In second case, anode spot type 2 appeared at about 10 ms and gap length of
8.5 mm with considerable larger and brighter illumination areas at both anode and
cathode compared to anode spottype 1. The maximum current was 2.7 kA. With the
transition to anode spot type 2, the arc voltage changes abruptly (spot type 2) by
about 20 V at a time instant of 10ms and a gap length of 8.25mm (e). It was observed
that by transition to the anode spot type 2, the distribution patterns of Cu I, Cu II,
and Cu III lines are similar to anode spot type 1; however, the relative intensities of
all species increased near the anode at transition to anode spot type 2. The relative
intensity close to the cathode was almost similar to that of anode spot type 1. Near
to the cathode, the intensity of atomic lines is almost the same during different arc
modes.

Data presented by Khakpour et al. [51] illustrated the differences between anode
spot type 1 and type 2 with respect to current and voltage waveforms, transferred
charges, aspect ratios, temporal and spatial distributions of Cu I, Cu II, and Cu III
line intensities. The main different characteristics of the anode spot types 1 and 2
were summarized as follows.

(1) An abrupt change in the spatial distribution of Cu III lines is observed at
transition to anode spot types 1 and 2.

(2) A jump in the arc voltage appears at the transition from anode spot type 1 to
type 2.

(3) The abrupt changes of optical emission and arc voltage hint at a fast transition
from one mode to another.

(4) The transition from anode spot type 1 to type 2 is dominated by the ratio of
electrode diameter to gap length. However, increasing the current can decrease
the value necessary for the formation of anode spot type 2.

(5) The formation of an anode plume always observed after extinction of anode
spot type 2 and some hundred microseconds before current zero crossing.

Popov et al. [55] further studied the transition from diffuse arc to anode spot
modes in high-current vacuum arc, and recently, Batrakov [56] provided the further
analysis of conditions for appearance of both anode spot types 1 and 2, which images
shown in Fig. 14.20. It was concluded that all experiments up to nowwere performed
for CuCr25. So, the further investigations appearance of the modes should conducted
for other contact material and for cases, when the cathode and the anode are made
of different materials. Also, it is important to consider experiments in the presence
of a magnetic field. Recently Miller [57] reviewed the works presented results of
investigations of the anode phenomena considering the publications up to 2017.

14.4 Measurements of Anode and Plasma Parameters

The anode and anode plasma are characterized by anode surface temperature, by
plasma electron density and electron temperature. The corresponding experimental
data are analyzed depending on the arc burning conditions.
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Fig. 14.20 Appearance of
the Anode spot type 1
(a) and Anode spot type 2
(b) in high-current vacuum
arc with CuCr25 butt-type
electrodes of 10 mm
diameter [56]

14.4.1 Anode Temperature Measurements

Mitchel [33] has measured the equilibrium anode spot temperature of Cu electrodes
by measuring material evaporation rates and obtained values ranging from 2970 to
3080 °C for 10 μs pulse widths and peak current densities of approximately 2 × 104

A/cm2,
Grissom and Newton 1972–74 [58, 59] measure the anode surface radiance as a

function of time formicrosecond vacuumarcs using infrared radiometricmicroscope.
Anode surface temperatures were derived from the measured radiance values using
the surface spectral emittance. The anode spot temperatures as a function of timewere
determined for AI, Cu, and Kovar anodes as well as the temperatures due to plasma
heating of Al2O3 (alumina) and BeO (beryllia) surrounding the active anode area.
The arc was operated with rectangular-shaped current pulses of 1–12 μs duration at
current levels of 20–180 A. It was indicated that the anode spots tended to repeat in
the same location on several consecutive operations of the arc.

The anode spot temperature s were obtained taking the normal spectral emit-
tance values between 0.2 and 0.3, in accordance with the published data. The time-
dependent anode spot temperatures are given in Fig. 14.21. The temperature rise to
a stationary condition for Al and also for Cu anodes is approximately 2 μs. The
anode spot temperatures at the end of the arc pulse are between 2000 and 2450 °C
and the latter value corresponding to the boiling point of Al. For Cu, the tempera-
ture at the end of the pulse is between 2750 and 3450 °C. The boiling point of Cu
is approximately 2600 °C. The measurements showed that the maximum surface
temperatures of the ceramic insulators were between 2900 and 3500 °C for AI2O3

and between 2000 and 2300 °C for BeO. An estimation from anode conductivities
using the measured temperatures gives the anode spot current density for Al and Cu
which fall between 105 and 106 A/cm2.

Si photovoltaic detectors at wavelengths of 0.6, 0.9, and 1.0 μm selected by
interference filters were used by Boxman [60] to direct time-resolved (of about
10 μs) measurements of anode temperature. The measured voltages were converted
to anode temperatures by using two limited values of emissivity. For the minimum
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Fig. 14.21 Anode spot
temperature as a function of
time after arc initiation for
Cu and Al anodes with
emittances of 0.2 and 0.3
[59]
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emissivity, the maximum and for unity (black body), the minimum temperatures
were obtained. The overlap between the three measurements gave the overall range
of the equilibrium temperature of the anode spot. Transversemeasurements of the gap
plasma alone showed that it contributed less than 10% of the total signal. For nickel
electrode 2.5 cm diameter, 0.9 cm gap, 7.2ms sinusoidal current pulse, the anode spot
formation occurred at a current of 2.7 kA, about 1.65ms into the arc. The temperature
of the anode before transition to the spot mode was less than 1370–1500 K, that is,
below themelting point of nickel. The equilibrium anode spot temperaturewas 2790–
2960 K, which is slightly less than the atmospheric boiling point of nickel. Also, a
high-speed movie of the arc was observed. It was noted that the arc had a diffuse
appearance when the arc voltage was quiet (before the anode spot formed) and had
a constricted appearance near the anode when the voltage was noisy. Measuring the
total power input to the arc apparatus at the initial time, it was showed that this power
was insufficient to produce the observed initial rate of rise of anode temperature (107

K/s) even if all the power were distributed uniformly over the entire anode (area
3.9 cm2). Therefore, it was concluded that the arc had to constrict to area at least of
2.4 cm2 or lower (near 1 cm2) before the anode spot developed.

In another work Boxman [41] measured the temperature near the center of the
Ni anode surface also by the filtered Si photovoltaic detector apparatus previously
described [60], but at higher frequency of the current pulse. The temperature at
the center of the Ni anode surface before transition to the spot mode is plotted as
function of peak 543 Hz current pulse in Fig. 14.22. The results show a generally
increasing anode surface temperature prior to transition with increasing peak current,
with values ranging from around 1550 to 2250 K. After transition of the spot mode
the anode surface temperature rose very rapidly, as previously reported for lower
frequencies [60].

It should be noted that however, at low frequencies, the anode spot would form
consistently in the center of the anode. At high frequencies, the location of the anode
spot was more random, though generally, it would be located in the central portions
of the anode surface, rather than on the edges. Thus, much of the scatter in the
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Fig. 14.22 Anode surface
temperature just prior to
transition as a function of
peak current for arc on Ni
electrodes separated by
8.9 mm [41]
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temperature data is related to the location of the subsequent anode spot, which may
form on the fringes or outside of the field of view of the measurement system.

Dullni et al. [61] determined the surface temperature of the anode area melted
during the anode spot mode for vacuum arcs by pyrometer technique and also using
measurements of thermionic currents. The electrodes used were of 25 mm diameter
which is made of CuCr 75/25 and spaced by 8–13 mm apart. The used geometry
allowed the stabilization of the anode spot in the center of the gap. Sinusoidal current
pulses of up to a 20 kA peak and of 45 Hz half-wave were applied. To use the
thermionic current method, the streak photography of the anode spot was obtained.
It was indicated that it is restricted and has a diameter of 10 mm for a sinusoidal
current pulse of 7.5 kA peak. The observedmelted region was almost constant during
the measured period.

To measure the temperature in the anode spot mode, the current was switched off
within 40 μs and after 7.7 ms arcing time, when the anode spot was present. The
temperature decay after a 7 kA current peak measured by pyrometer technique and
using thermionic currents [61] is shown in Fig. 14.23. The pyrometrical data show
the temperatures more than 2500 K observed at beginning of the measurements, and
it decreases then below 1500 K within 3 ms. Noted that according to the thermionic

Fig. 14.23 Time-dependent
temperature decay in melted
area on the anode after a
fully developed Anode spot.
The dependence is obtained
by an approximation of data
measured by pyrometer and
thermionic current [61]
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Fig. 14.24 Maximum anode
surface temperature at the
current zero as function on
the arc current amplitude
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current measurements, the temperature at the beginning of the measurement was
100 K below those obtained by pyrometer for the forced extinction in the anode spot
mode. The difference was due to more sensitive to the maximum surface temper-
ature using the method of thermionic current measurements. Later, the measured
thermionic current gives larger temperatures than that by pyrometer.

The anode temperature immediately after the current zero was determined using
the optical pyrometermethod bySchneider et al. [62]. This synthetic circuit generated
10 ms arcs with a peak current of 8–15 kA. Two identical copper–chromium elec-
trodes of diameter 2 cm formed the contact gap. The electrode separation speed was
about 1 m/s. The anode surface temperature depending on the arc current amplitude
both with and without AMF [62] is shown in Fig. 14.24.

The temperature obtained in pyrometric measurements by Dullni [61] was higher
than the temperature obtained by Schneider et al. [62]. However, the temperature
computed from thermionic currents is very close to temperature measured here. The
maximum anode surface temperature, in Schneider et al. [62] case, can reach the
values measured by Dullni [61]. It was noted that the difference in the temperature
obtained could be due to the difference in thermal history.

14.4.2 Anode Plasma Density and Temperature

Kudryavtsev [63] studied the anode plasma jet temperature in a high-power pulsed
short vacuum discharge with 2-10-mm gaps and of 4 μs current durations. The arc
was ignited between steel disk cathode and wire anodes (Mo, Fe, Ni, Ti, and Al) of
1.5mm diameter. The current was varied from 0.7 to 3.3 kA. The plasma temperature
was obtained from the relative intensities of spectral lines. The radial temperature
distribution was measured at distance of 1.5 mm from the anode in arc gap of 5 mm.
The temperature was about 19,000 K at the arc axis and parabolically decreased
to zero at radius of 4 mm. Using the measured temperature, the calculated plasma
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density decreased similarly from about 8 × 1015 cm−3 at the axis to zero at radius
of 4 mm. The Al vapor was highly ionized and was mainly composed of Al++ ions.

Boxman [64] studied the plasma densities in a 0.4–4.0 kAhigh-current vacuumarc
by optical interferometry technique. The arc was sustained between butt electrodes
from gas-free copper. The anode was a flat disk with rounded edges, either 1 or
1.5 inches in diameter. The cathode was a 1-inches-diameter disk with diameter
hole in its center where a trigger electrode was placed. The arc was initiated by
breakdown applying a 4 kV pulse to the trigger electrode. Gap lengths between 0.27
and 0.35 inches were used. The measurements were made with a visible wavelength
(0.63 μm) and an infrared wavelength (10.6 μm) to separate the electron and neutral
contributions. Abel transformation was applied to obtain the radial profile of the
electron density. A diffuse electron density profile was observed, with the axial
densities ranging from 1× 1014 at 0.4 kA to 2× 1015 cm−3 at 4 kA. At the transition
from the diffuse mode to the high-current constricted mode, which occurred at about
3 kA, a sudden decrease in electron density from 1.7× 1015 cm−3 to 0.7× 1015 cm−3

was observed in the center of the discharge. Figure 14.25 shows the change in the
electron density distribution that occurred as a result of transition to the high-current
mode [64]. Before the transition, a diffuse density distribution with maximum value
occurred near the center.

Immediately after transition, the electron density in the center of the distribution
drops by more than a factor of 2. However, as the current increased from 3 kA at
transition to 4 kA at current maximum, the electron density increases approximately
to the electron density distribution that was before the transition. An upper limit for
the neutral vapor density was detected to be 2.8 times the electron density.

Boxman [53] explained the decrease in electron density at high-current onset due
to an increase of anode surface heating by the arc. As result begins, a cold vapor
was emitted in comparison with the plasma temperature. The interaction of the cold
vapor with the hot plasma would cool the plasma and might result in a decrease in
the average degree of ionization of the plasma and hence of the electron density. It

Fig. 14.25 Electron density
profile before and after
transition from diffuse to
high-current arc in a 4 kA
peak current discharge
between 1-inch-diameter
butt electrodes spaced 0.35
inches apart. Transition
occurred at approximately
3 kA
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was noted that this explanation consisted with the observed jump in arc voltage, as
a decrease in plasma temperature that causes a decrease in plasma conductivity.

A spectroscopic investigation of the anode plasma of a pulsed vacuum was
performed by Bacon [65], and a discussion of the measured data by collisional–
radiative model was given by Bacon and Watts [66]. The Al anode was 0.89 mm
o.d. and was press fitted into a 10-mm-diameter Al2O3 or BeO ceramic sleeve. The
0.38-mm o.d. Mo cathode was brazed into the center of an Al2O3 insulator, which
was brazed into a 4.06-mm o.d. Kovar sleeve. The cathode assembly was grounded.
The arc currents with approximately rectangular pulse of 10μs duration and of about
50 A or larger were confined to less than a 1-mm-diameter region. The electrodes
were spaced 3 mm. Radial distributions of AlI, AlII, and AlIII excited-state densities
in the plasma produced by anode spots were tested. It was shown that Peak AlIII 4D
excited-state densities were determined to be about 5 × 1017 m−3 within 0.05 mm of
the anode. This peak occurred as the arc was extinguished. The maximum AlIII 4D
excited-state density during the steady-state portion of the arc discharge was approx-
imately 3× 1017 m−3 within 0.05mm of the anode. From ratios of AlIII excited-state
densities, the Boltzmann distribution temperature was determined to be 2.0± 0.5 eV.
The excited-state densities of AlIII have cylindrically symmetrical distribution rela-
tive arc axis dependence. An one-dimensional variation was observed within about
0.3 mm of the anode surface.

Harris [67] used laser interferometry to determine electron density distribution
vacuum arcs before and after the transition from the low-voltage mode to the high-
voltage mode associated with anode spot formation. The arc was sustained between
25-mm-diameter copper butt electrodes. The current wave frequencies of 66 and
347 Hz with a peak of 2 and 2.8 kA were used. The electrodes were spaced at 7.6
and 11 mm.

It was found that 347-Hz current waves yielded much the same electron density
data as 66-Hz current waves. The transition to the anode spot mode occurred at
threshold current of 2.6 kA when the arc peak was 2.8 kA and electrode spacing
11 mm. Before transition, the electron density profiles are peaked on axis, with
maxima of 9× 1014 and 6× 1014 cm3 in the cathode and anode regions, respectively.
At about 0.1 ms after transition, the electron density profile in the cathode region
remains unchanged, while the central electron density near the anode drops by a
factor of about 2. The plasma density decreased to about (2–4) × 1014 cm3 The
decrease in electron density at threshold current occurs in a 3-mm-thick region in
front of the anode. As the current was increased to the threshold for transition, the
electron density profile near the cathode remains its central peak, while the density
profile near the anode flattens.

An interesting work was presented by Seliverstova and Zygankov [68] which
investigated the influence of the anode thermophysical properties and anode temper-
ature on the anode spot dynamics. A current pulse with an amplitude of 70 A with
rate of current rise of 106, 5 × 106, and 108 A/s was used. The anode plasma was
photographed with SFR-1 camera of 1 μs resolution. Anode materials Al, Sn, Zn,
Fe, and Pt presented different anode properties. Typical results were obtained for 106

A/s and pulse duration of 800 μs.
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Table 14.7 Dependence of initial anode spot appearance on the anode vapor pressure

Sn As Pt Fe Zn

Saturated pressure at melting
temperature, torr

4.4 × 10−23 2 × 10−5 6.5 × 10−3 5.3 × 10−3 1.5 × 10−1

Time of the first spot
appearance, μs

0 4–5 7–9 12–20 25–40

Data from [68]

It was indicated that initially, one or few spots were observed which accompanied
by the anode melting. A plasma constriction occurred at earlier at anode material
with lower saturated vapor pressure like tin (Table 14.7). Initially, only one spot was
appeared at Al anode, and then, the spot diameter increased with arc current. At
Fe anode, the splitting of the spot occurred after 450 μs. At Sn anode, the first spot
appearedwith radius of 0.1mm, and the spot splittingwas observed after 200μs. The
time-dependent Al surface area covered by anode spots for cooled and heated anode
surface is presented in Fig. 14.26. The significant anode cooling (−196 °C) was
reached by insert the anode in a liquid nitrogen. The anode heating was performed
up to melting temperature.

It can be seen that the anode spot area for both anode cooled and heated is different
from such area appeared in the arc with the anode at room temperature. The spots are
constricted when the anode is cold, while it is significantly increased for hot anode
in comparison with room temperature anode. The dependencies are not one-valued
functions and were possible due to effect of spot splitting. It was observed that for
larger anode temperature, the splitting of the spot appeared earlier. The anode spot
splitting was occurred better near the current maximum, at which a larger heat flux to
the surfacewas caused. The authors assumed that intense local anode evaporation and
further reducing of the plasma electro-conductivity could explain this phenomenon.
It was noted that this explanation agreedwith the observed intense spot splittingwhen
the rate of energy rise at the anode surface was produced due to larger rate of current
rise, of 108 A/s. In this case, an intensive vaporization produces local arc flames
appeared in the first microseconds of the arc operation. The cold flames prevent the

Fig. 14.26 Variation of Al
anode area occupied by the
Anode spot with time for
different anode surface
temperatures T. Arc current
pulse 800 μs [68]
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current continuity, and as result, the anode region is splitted for a number of spots
on all tested metals. The present explanation is in accordance with the interpretation
reported by Boxman [64].

Lyubimov et al. [69] studied the anode area dynamics, anode erosion, and anode
plasma parameters of an arc carried out in air at atmospheric pressure. The cathode
had a pointed shape, and the anode was a cylinder which is 10 mm in diameter and
20 mm in height. The separation between electrodes was 2, 5 mm. Both electrodes
were made of 4DA-grade aluminum and the anode surface being polished. The
duration of the discharge pulse was of 0.8 ms. The current was increased up to 100 A
during the first 0.1 ms and then decreased to 30 A at the end of the pulse.

An SFR-1 camera with a supplementary optical device with time resolution of
about 1 μs and spatial resolution of about 10−3 cm was used. The optical axis
of the camera was perpendicular to the anode plane. The erosion region on the
electrode surface was investigated with the help of optical and electron microscopes.
An STE-1 spectrograph with a single-lens optical system was utilized to determine
the electron density ne and temperature Te in the anode plasma. In this case, the
anode surface was arranged at an angle of 45° to the optical axis of the spectrograph,
and the interelectrode distance was reduced to 0.15 cm. The electron density was
determined studying the broadening of spectral lines by secondary Stark effect. The
electron temperature was determined in terms of relative intensity of spectral lines
of iron impurity excited atoms with the impurity content of 0.052%.

Experimental results showed that a distributed discharge was realized at the anode
during the initial period of 4–5 μs after which a single spot of circular form and
practically stationary arises. For used time-dependent arc current (see above), the
spot radius increased with the pulse time and then passed through a maximum as
shown in Fig. 14.27. The current density also increased up to 2 × 105 A/cm2 in the
first 100 μs and then decreased to about 104 A/cm2 in the end of the arc pulse.

It was also found that microspots appear within the anode spot area at nearly
maximum current, and their location and glow intensity varied with time. The size
of such spots was several times smaller than that of the main spot. The erosion at
the anode surface was a regular circular hole surrounded by a small circular raised

Fig. 14.27 Variation of the
radius of the Anode spot
with time[69]
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rim. The maximum depth of the damaged layer (including rim) was (4.7 ± 0.4) ×
10−3 cm, and the hole depth (without rim) is (2.1 ± 0.7) × 10−3 cm. The erosion
region area (including rim) was (0.23 ± 0.03) × 10−2 cm2. Traces of action of the
microspots were observed on the side surface and bottom of the hole. The erosion
averaged over the discharge period was estimated on the basis of the measured hole
sizes to give 0.6 μg without and 4.7 μg with rims taken into account.

The average electron temperature 〈Te〉 for chosen three line pairs in the experiment
was reported as the following data: (i) Te = 0.073 eV, (ii) Te = 0.46 eV, (iii) Te =
0.67 eV.

Several lines determined the density ne from the relation:

� = 2 × 10−17γ ne

where � is the line broadening and y is the broadening constant. The 〈ne〉 value
calculated from this relation with ne = ne(t) is the time average of the electron
concentration because of the linearity of the above equation. The order of magnitude
of 〈ne〉 averaged over all the lines is obtained to be 1017 cm−3.

Rosenthal et al. [32] conducted a spectroscopic study of the temporal evolution
of a refractory anode vacuum arc. The arc begins as a multi-cathode spot mode, and
the anode was heated by the current with time reaching a Hot Anode Vacuum Arc
(HAVA). The arc duration was of 150–200 s at 175 or 340ADC current. The 30-mm-
diameter copper cylinder cathode was water-cooled and had a cylindrical protrusion
of 10 mm diameter and 5 mm height at its center, to ensure that the arc was initiated
near the axis of the electrodes. The anode was of 32 mm diameter and 30-mm-long
graphite cylinder. TwoMo radiation shields surrounded the anode to reduce radiation
heat losses. Spectral lines of Cu I, Cu II, and Cu III were investigated as a function
of time near the cathode, near the anode, and in the middle of the electrode gap.

The spectroscopic study showed the development of the plasma plume and the
changes in the radiation from different regions in the arc. It was observed that in
the cathode spot mode, the cold anode acts as a collector for ions emitted from the
cathode. A transition of the arc plasma from the cathode spot (cold anode) mode to
the HAVA mode was detected. The transition was characterized by the formation of
a radiating plume near the anode that expands toward the cathode. The spectroscopic
data indicate the existence of Cu III near the anode, whereas no spectral lines of
copper ions were detected in the middle of the interelectrode gap.

Spectral lines of Cu II and Cu III were observed near the anode only at t ≥ 35
and 15 s after arc initiation, for arc current values of 175 and 340 A, respectively
[32]. The intensity of three Cu III spectral lines at the anode region as a function of
time, each normalized with respect to its peak intensity, is shown in Fig. 14.28 at t
= 80 for 175 A and in Fig. 14.29 at t = 20 s for 340 A arcs. It can be seen that the
measured intensity increased from t = 30 and 10 s (transition beginning) to nearly its
maximum value at t = 60 and 20 s, respectively. The absolute intensity of the ionic
spectral lines near the anode was always smaller than that of neutral species lines, for
both arc current values. During steady-state HAVA mode operation, neutral copper
is, most probably, the dominating atomic species in the interelectrode plasma.
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Fig. 14.28 The intensities of
Cu III 5204, 5208 and
5249°A spectral lines near
the anode as a function of
time, each normalized with
respect to its peak intensity
at 80 s, in a 175 A arc [32]
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Fig. 14.29 Intensities of Cu
III 5204, 5208, and 5249 °A
spectral lines near the anode
as a function of time, each
normalized with respect to
its peak intensity, in a 340 A
arc [32]
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Assuming that the collisions with electrons are the main mechanism for atomic
excitation Cu I, the electron temperature of the plasma was determined from Planck
spectral line intensity flux. It was also considered that the dominant mechanism of
line broadening is Doppler broadening. The values of the electron temperature were
determined in range 1.2–1.3 eV.

Recently, Khakpour et al. [70] and Khakpour et al. [71] studied the electron and
heavy particle densities in a high-current vacuum arc considering the transition of
anodemodes including footpoint, spot of type 1 and type 2, and intense arc formation.
The excited state densities for Cu I, Cu II, and Cu III lines are determined during
anode spot types 1 and 2 and anode plume at a position of 0.1 mm from the anode
surface. According to this study, the excited state densities of the Cu I and Cu II
lines are observed significantly higher (up to a factor of 10) in the case of anode spot
type 2 compared to anode spot type 1. Cu neutral gas densities of Cu I are found
to increase by a factor of 6 during the transition from anode spot type 2 compared
to anode spot type 1. The results indicate an increase of Cu vapor density in front
of the anode during the transition between these two anode modes. Also, chromium
densities observed during anode spot type 1 and type 2 indicated two times higher
metal vapor during anode spot type 2 compared with anode spot type 1. The density
difference almost remains up to the extinction of anode spot modes.



534 14 Anode Phenomena in Electrical Arcs

14.4.3 Anode Erosion Rate

The life of silver-surface contact under repetitive arcing at low currents 2–25 A was
studied byWilson [72]. It was measured that the loss of weight and thickness of solid
silver contacts at 20 A were varied from 6 × 10−4 to 6.6 × 10−3 g depending on the
number of arcing.

The high-current arc erosion data reported by Wilson [73] for the following
elements: carbon, tungsten, molybdenum, nickel, iron, titanium, copper, silver, zinc,
aluminum, and tin. Also four typical sintered alloy materials as copper–tungsten,
silver–molybdenum, silver–tungsten, and silver–tungsten carbide were considered.
The maximal current in the metallic arcs varied from about 20 to 25 kA. For carbon,
the current was low reaching maximum of 12 kA. The erosion rate was measured
in cm3/kAs and in grams as a function of number of arc pulses. All arc erosion data
reported on the graphs of this paper were taken with ½-inch diameter contacts with a
2-inch-radius crown. The data for the elements and the sintered alloys were obtained
with a 1/32-inch gap. Fig. 14.30 presents typical measurements of the electrode
erosion as dependence on the number of arcs that had been applied in succession.

The erosion rate was alsomeasured as function of spacing for silver–molybdenum
sintered alloy material. It was shown that the erosion was reduced from 0.3 cm3/kAs
at minimal gap to about 0.18 cm3/kAs at distance of 0.05 inch, and then, this value
remains constant up to gap of 0.5 inch. The anode of the carbon arc lost much more
material (about 80%) than the cathode (about 20%).However, with silver, the polarity
had no appreciable effect. Whichever contact was on top experienced about 60% of
the total loss. The explanation seems to be simply that melted material falls from
the top contact and lands on the bottom one. With copper, the anode losses average
about 65% of the total.

A comparison of the results at low arc current (10–100 A) with that at high-
current arcs was provided using an estimation of the electrode temperature. Wilson
[73] indicated that when the arc current starts around 1 μs, the electrode surfaces
heated to sufficiently high temperature at which the metal significantly evaporated.

Fig. 14.30 Arc erosion loss
as a function of the number
of half-cycle arcs [73]
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Therefore, the metal vapor emitted from the electrode surfaces by the end of a high-
current half-cycle arc is surprisingly large. A vaporization rate equation was based
on the assumption that all of the electrical energy released at the anode and cathode
goes into vaporizing contact material and a predicted order yields the same as that
determined in the experiment. According to the experiment with copper contacts
carrying the 12 kA arc current, the weight of metal vaporized per operation is about
1 gram (see Fig. 14.30). The amount of metal vapor is relatively large. It appears
certain that the original gas between the contacts must be swept out very early in the
half cycle by this metallic vapor.

Thus, the arc, under the conditions of test, must flow through a vapor consisting
almost solely of the vapor from the contacts. This is explanation of the fact that
contacts tested at high current showed the same erosion rates in air and in oil. On
base of this estimation, it was concluded that the result reached from experience at
low current could not be applied at high current without specific verification. As
example, the relative life of silver contacts in air 100 A will have many times larger
than the arcing life of copper contacts, while at 12 kA, the test data show erosion
of silver and copper to be practically identical. For copper and similar elements
(except W and C), the total erosion loss is quite closely represented by the sum of
the estimated loss by vaporization, and the loss of liquid phase in the form of drops
blown out as this vapor escapes. Furthermore, the liquid loss constitutes a fairly high
portion of the total loss.

Mitchel [33] indicated the erosion rate increasing from 10μg/C to about 0.01 g/C
when the arc current increases from 10 to about 100 kA. For low-current vacuum
arc, Kimblin [74] reported that the anode erosion rate increased from 25 μg/C at
500 A to 120 μg/C at current of 3 kA for 15-mm-anode diameter. The comparison
of erosion rate with the measured ion current showed that the anode vapor is highly
ionized.

There should be mentioned the work of Hermoch [15] where the rate of anode
evaporation was determined from the power required for evaporation of the anode.
This powerwas determined from the anode energy balance using experimental values
of the anode current density, electron temperature for an arc with current of 1 kA
at a time 100 μs on anodes of different elements. The power loss by the anode heat
conduction was determined by giving the boiling temperature of the anode in the
spot and the specific thermal coefficients. In essence, the used approach is arbitrary
because it is very difficult to obtain the measured values with the requested accuracy
and also due to arbitrary giving of the boiling temperature. Therefore, Table 1 of
[15] presented also arbitrary results. In addition, no any experimental data of anode
erosion rate were indicated.

14.5 Summary

Considering the above experimental results, it can be emphases that the anode
phenomena could be able to support the arc current. This role of the anode was
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controlled by different forms of anode region occurred with diffuse form or by
appearing of the spot depending on condition of the cathode plasma jet propagation.
The experimental investigations showed that for arcs with gas-filled gaps, the anode
spot mode produced at relatively low arc current <100 A. It is because the cathode
jet meets an obstacle (gas) at the anode region and the cathode jet disappeared before
reaching the anode surface. The cathode jet relaxed, as a result, heated, and ionized
the gas and anode vapor increasing local density of the charge particles. The plasma
heated the anode, possible locally, and contracted in the anode region. Finally an
anode spot can be arise.

In atmospheric arcs with current 1–2 kA, the arc voltage drop increases with
current and can reach relatively large values (up to 160 V) for electrode gap of
12 mm. The pressure of the arc mode transition was lower for diatomic than that
for monoatomic gases. The anode spot dynamics significantly changed when the
gas pressure decreased from 400 to 100 torr. For lower pressure, a few spots were
observed at beginning of the arc. The spots placed separately in a spot group that
can weakly move due to dead of old and appearing of new spots. The group mobility
depends on the atomic number of the filled gas. Few spots were observed even at
40 A in atmospheric arcs. In low-current vacuum arc, the cathode spot jet freely
reached the anode.

The necessary arc current is provided by electron conductivity of the plasma jet
and by the electron flux controlled in the anode sheath. The anode mode remained
diffuse increasing the arc voltage. An appearing of the spot mode is determined by
the gap distance and by anode size with respect to the cathode size. As example,
at anode of 1.3 cm diameter, cathode of 5 cm diameter and electrode separation of
2.5-cm anode spot were produced at 0.4 kA (threshold current) and voltage of about
75 V. However, for the 5-cm-diameter anode, spot was observed at the 2.5-cm gap
for an arc current of 2.l kA. In vacuum, the arc voltage decreased to about 20 V with
the spot mode.

In high-current vacuum arc, a large amount of ionized cathode material filled the
electrode gap. The particle density in the gap can be so large that the further cathode
jet expanding meets the obstacle similar to that produced in the arc with surrounding
gas pressure. In this case, experimentally, it was detected that the arc operation passes
different modes.

Three different high-current arc modes were distinguished. The above analysis of
the experimental works indicates a transition process from the diffuse low-current
mode to the high-currentmode characterized by anode spot.At short electrode gap, an
active mode was established. The transition of one anode mode to another strongly
depends on arc current, surrounding gas pressure, gap length, geometry, and the
material of electrodes. The transition to the spot mode in high-current vacuum arc
characterizes by a threshold current. Small electrode diameters cause anode spot
formation at lower threshold current values. The higher values of threshold current
was found for larger electrode diameters and for higher values of rate of current
rise (dI/dt)o Forced arc motion does not change arc characteristics but avoids gross
anode melting. Anode spot formation does not necessarily cause high-frequency arc
voltage oscillations.
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The threshold current in kA decreases with melting temperature reduce of the
metals as follows: 13.8(W), 13.6(Mo), 10.3(Cu), 9.7(Ag), 6.8(Al), 2.3 kA(Sn). This
kindofmode transitionduring change fromanode spot type1 to type2was interpreted
from an energetic point of view. The increased evaporation of electrode material due
to increase of the energy and local heating during the anode spot mode leads to
a cloud of high-density vapor in front of the anode. Such spot differs from that
produced at cold surface location. Table 14.8 summarizes the main characteristics
of the anode modes in qualitative manner for different conditions of the arc and
electrode geometry.

Current density in the anode spot varies significantly with one or two orders of
magnitude. It is dependent on gas presence, its pressure, electrode geometry and
material, arc current, and arc pulse duration. In the most studied case of copper
electrodes, the anode current density varied in range of 103–106 A/cm2. The results
of measurements of the anode spot temperature are presented in Table 14.9. The
data show some interval of the measured values. It can be understood taking in
account different conditions of arc operation which determined by the arc current,
arc pulse, and electrode configuration. However, the present data are informed at
least some presentation about the anode temperature in contrast to that information
in the cathode spot in which the data practically absent.

Table 14.8 Anode discharge modes according [28]

Anode mode Characteristics Conditions

Diffuse-1 Relatively low current (few kA). The
anode is non-luminous. Act as collector
of cathode plasma

At small and large gap sizes. Arc
voltage increased with arc current.
Anode erosion is zero or anode gain of
cathode material is possibleDiffuse-2 Relatively low current. The anode is

non-luminous. For anode sputterable
materials. The sputtering particle
density is lower than cathode plasma at
anode

Footpoint Intermediate currents. Bright diffuse
glow with small luminous spots
associated with anode melting

Appearance of anode material. Increase
of arc voltage and voltage noise

Spot High current. The anode is active as a
source of copious highly ionized
material from one or several spots. Arc
column appears in the interelectrode
gap, and an anode plasma jet can be
formed. Preferable appears at smaller
anode radius

The anode surface in the spot area is at
about boiling temperature. The arc
voltage is frequently low, but may be
also high with noise with arc current.
Severe erosion of the anode is present

Intense High current with very active anode
with very bright luminous to cover the
anode and fill the electrode gap. Large
spots occur at both electrodes, which
are brighter than those in the anode
spot mode

It is appeared at shorter gap than in the
spot mode
Arc voltage is always low and quiet.
Severe erosion from both electrodes
with liquid droplets (from anode the
droplets are about of mm)
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Table 14.9 Anode temperature in spot and other modes

Author,
References

Method Type of spot Current form Temperature Material

Mitchell [33] Erosion rate AS 50 Hz
Ipeak = 17.5;
24.6; 28 kA

2230–3350 K Cu

Optical AS 50 Hz
Ipeak = 35;
38 kA

2730–2800 K

Gunderson
[5, 75]

High speed AS Dc 2850 K

Photograph FP Dc 1370 K

Grissom and
Newton [58,
59]

Detector AS Pulse, 1–2 μs
20–180 A

2000–2450 °C Al

2750–3450 °C Cu

2900–3500 °C AI2O3

2000–2300 °C BeO

Clapas and
Holmes [5,
76]

Detector FP Dc 1300–1570 Cu

Boxman [60] Si photovoltaic
detectors

AS 70 Hz
2.7 kA

2790–2960 K Ni

Boxman [41] Si photovoltaic
detectors

At transition to
AS

543 Hz
Ipeak =
4–12 kA

1550–2250 K Ni

Agarwal and
Katre [6, 77]

Erosion rate AS Dc 3100–3150 K Al, Cu

Dullni et al.
[61]

Pyrometer
technique;

AS 45 Hz
Ipeak = 7 kA

2500 K during
3 ms to 1500 K

Cu75Cr25

By thermionic
currents

AS 45 Hz
Ipeak = 7 kA

2000 K during
3 ms to 1800 K

Rosenthal
et al. [78]

Thermocouple Diffuse DC arc 150 s
175–340 A

1900–2300 K Graphite

Beilis et al.
[79]

Thermocouple Diffuse DC, arc 150 s
130–175 A

2300–2550 K W

Schneider
et al. [62]

Optical
pyrometer.
At CZ

AS 10 ms arc
Ipeak =
8–15 kA

1500–1800 K
without B

CuCr

1200–1550 K B
= 7mT/kA

The electron density for copper butt electrodes was observed with the axial densi-
ties ranging (diffuse mode) from 1 × 1014 at 0.4 kA to 2 × 1015 cm−3 at 4 kA.
At the transition from the diffuse mode to the high-current constricted mode, which
occurred at about 3 kA, a sudden decrease in electron density from 1.7 × 1015 cm−3

to 0.7 × 1015 cm−3 was observed in the center of the discharge. Another data for
copper butt electrodes showed that the transition to the anode spot mode occurred at
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threshold current of 2.6 kAwhen the arc peak was 2.8 kA. Before transition, the elec-
tron density profiles are peaked on axis, with maxima of 9 × 1014 and 6 × 1014 cm3

in the cathode and anode regions, respectively. At about 0.1 ms after transition, the
electron density profile in the cathode region remains unchanged, while the central
electron density near the anode drops by a factor of about 2. The density decreased
to about (2–4) × 1014 cm3. Thus, the electron density was obtained in range of 1 ×
1014–2 × 1014 cm3.

The erosion rate for high-current vacuum arc increased from 10 μg/C to about
0.01 g/C when the arc current increases from 10 A to about 100 kA, respectively. For
low-current vacuum arc, the anode erosion rate increased from 25 μg/C at 500 A to
120 μg/C at current of 3 kA for 15-mm-anode diameter
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Part III
Cathodic Arc. Theory



Chapter 15
Cathode Spot Theories. History
and Evolution of the Mechanisms

An electrical discharge in vacuum or in low pressure ambient gas can be supported
if enough charge particles are generated in the electrode gap. The main question is
continuity of the electrical current from the metallic cathode to an electro-conductive
media in the gap. The problem is the current transition from the high conductive
metallic cathode to relatively low conductive gap plasma. According to the experi-
ment, this transition proceeds by the strong plasma contraction at the cathode surface
in the formof so-called cathode spot.However, the phenomena at the cathode surface-
plasma spot are very complicated due to transition from phenomena of heat-mass
transfer in solid body to these phenomena in the plasma including dependence on
elementary processes. In order to understand the nature of this subject, numerous
theoretical studies were conducted in period from the past century up to present time.
Below an analysis of the spot models, beginning from the separate hypotheses of
charge particles emission by the cathode up to the present state of the art is provided.

15.1 Primary Studies

15.1.1 First Hypotheses

Some of primary works were reviewed in [1–5]. The details will be discussed in
the works, which only referenced or even not considered in order to report the main
published results. The first attempt to understand the electrical discharge phenomena
are related to the beginning of the past century provided by Stark. The electro-
conductivity of positive column produced in discharges in different gases he was
studied in 1901 [6]. The presence of a minimal arc voltage was studied by Stark
in 1902 [7] considering the atom ionization processes in different gases. The role
of cathode potential drop and the influence of the current and gas pressure were
discussed in 1903 [8]. Also in 1903, Stark [9] investigated the cathode electron
emission. It was noted that since the cathode potential drop in the spot is low, the
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electrical force cannot influence the electron emission from the cathode (cite: “so
kann es nicht die direktewirkung der elektrischen kraft sein” [9]). According to Stark,
the electron emission occurred due toRichardson lawby thermionicmechanism,who
studied it for platinum and graphite [10]. Indicating that the cathode temperature
in the spot can be between 2500 and 3500 K the estimations electron emission
current density was obtained at significant values 108 and 109 A/cm2 for graphite and
platinum cathodes, respectively. This result seems to be doubly considering modern
knowledge. Also, the thermionic mechanism of electron emission was proposed by
Mitkevich in 1905 [11] using experiments with graphite cathode.

15.1.2 Cathode Positive Space Charge and Electron
Emission by Electric Field

However, the arc appearance at different cold cathodes finds effects that cannot be
explained in frame thermionic electron emission. For example, it was not understand-
able the transient spots behavior at cold cathodes, the arcs at mercury cathode, and
the transition from an arc with hot W to the arc with cold tungsten cathode, which
was detailed subsequently by Finkelburg and Maecker [12] and by Tikhodeev [13].
Therefore, the further study of the cathode spot was continued with searches of the
electron extraction mechanism from cold metals. Langmuir in 1913 [14], 1923 [15],
1929 [16] developed theory of a positive space charge, which produced by the ions
concentrated at the cathode surface. This positive space charge causes the cathode
potential drop in a sheath, which may exert an electric field at the cathode surface
described by Poisson’s equation. Langmuir [17] has suggested that the electric field
can be strong enough to cause a large electron field-current from the cathode that
later was named as field emission, F-emission.

Compton in 1927 [18] has developed this idea further showing that the “electrons
from the cathode were supplemented by a ‘pulling out’ of electrons by the electric
field which is concentrated at the cathode surface.” His analysis based on an energy
balance considerations assuming that in themercury arc the electrons emanating from
the cathode due to a high electric field and not to thermal emission. As Compton 1923
[19] noted, the field to electron extraction from the cathode should be sufficiently
large and it is equivalent to a reduction in the ordinary value of the metal work
function. The experiment showed that the electron extraction at fields lower than 106

V/cmwas relatively small. However, as Comptonwas noted [19], taking into account
the high temperature of the cathode, the “electron cloud should extend farther from
the cathode surface” an effect of the sort suggested may be appreciable. This means
the mechanism of thermal and field or T-F emission of the electrons (see Chap. 2).

Further, Compton [20] extended the study of heat balance at the mercury cathode
by the introduction of the accommodation coefficient for neutralized ions and by
evaluation of the energy gained by electrons in the cathode fall space and due to
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neutralization of the positive ions at the surface. It was indicated that existing exper-
imental data shows that the Langmuir’s theory of extraction of electrons by the field
at a Hg arc cathode can consistent with the cathode heat balance, but this result
cannot be uniquely proved by them due to of uncertainty in the order of magnitude
of the energy fraction dissipated by different plasma particles. It was obtained that the
temperature of mercury cathode spot does not exceed 200 °C using the relationship
between the vapor pressure and temperature and the net rate of evaporation.

The electric field at the surface of the cathode for any given current density of
electrons and positive ions, and for a given cathode drop was determined by Mack-
eown [21] using Poisson s equation (see Chap. 5). The calculated model developed
by an assumption that the total cathode drop occurs in a distance less than one mean
free path from the cathode. The solution was analyzed for mercury arc experiment
with the current density of 4000 A/cm2 and cathode drop of 10 V. The electric field
at the surface of the cathode was determined as 5 × 105 V/cm if the current carried
by positive ions was given as 5% of the total current at the cathode. There should be
also mentioned in the study of the cathode space charge layer conducted by Ecker
[22] (see Chap. 5).

The Langmuir theory of field emission also meets difficulties when the relatively
low-current densities were measured in the cathode region. This theory periodi-
cally was considered again as the measurement techniques were improved indi-
cating higher spot current density [2]. It should be noted that this is the case even
up to date. Alternative mechanisms of electron emission were developed also to
explain the new measurements of growth of current densities [23, 24]. As mentioned
above, the difficulties appeared also at explanation the current continuity in an
arc with mercury cathode. The last fact stimulated to develop some models of the
cathode phenomena, which take in account separate processes. Let us consider these
mechanisms consequently.

15.1.3 Mechanism of Thermal Plasma and Ion Current
Formation

A thermal model of cathode spot was developed by Slepian [25], Slepian and Haver-
stick [26],Weizel et al. [27], and by Slepian et al. [28]. It was assumed that the current
continuity is maintained due to just of ion flux and ion neutralization by the electrons
at cathode surface. This model assumed that due to relatively low temperature of the
cathode at copper and mercury so that the thermionic emission from the cathode is
not essential. It was suggested to take in account thermal ionization of atoms in the
gap obtained in accordance with Saha’s equation to the formation of the ion current
to the cathode. In this case, it is no longer necessary for the cathode to have a large
electron emission or to be heated to a higher temperature than its boiling point. The
respective current density as dependence on plasma temperature was presented in
Fig. 15.1. The calculations were conducted for thermodynamic equilibrium plasma,
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Fig. 15.1 Random ion
current density to the
cathode as function on
temperature of the thermally
ionized vapor [25]
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and according to Langmuir the current density was determined by random ion flux
to the cathode surface.

It can be seen that for equilibrium plasma the current density is small and not
exceed 160 A/cm2. The authors noted that in order to base their approach the ionized
vapor was in an electric field and therefore can be deviated from thermodynamic
equilibrium. Since the electrons take energy from the electric field and maintain
themselves with a large energy. Thus, according to Langmuir in a mercury arc the
electrons have a temperature of over 104 K. This result used to conclude that for a
gas in an intense electric field degree of ionization will be expected much larger.

It can be noted that the Slepian’s model yield not only limited values of current
densities, but also arise the main question which was avoided in the work: it was not
determined the mechanism of plasma heating in order to reach large temperatures
and enough degree of ionization. In essence, it was arbitrary stated, that the vapor
was heated by the arc current at low voltage in a strongly collisional quasineutral
ionized gas at the cathode.

Later Bauer [29, 30] considered the thermal mechanism of vapor ionization by
analysis of the cathode energy balance in a simple form using the experimental data
of spot current density. It was assumed that the electron energy gained in the cathode
space sheath is equal to the energy requested for atom ionization. As a result, the
ratio electron to ion current densities was calculated of 1.5. Using this value, the
sizes of space charge sheath, ionization regions, and vapor pressure were obtained.
It was showed that the returned atom flux is 90% of the total flux vaporized from
the cathode. It should be noted that the obtained results used primitive assumption
using given arbitrary parameters, and therefore they can be considered only as an
estimation of the spot parameters.

15.1.4 Mechanism of “Hot Electrons” in a Metallic Cathode

Effect of overheating of the electrons in a metal was considered previously by Gins-
burg and Schabansky [31], and by Kaganov et al. [32]. Smith [33] developed a theory
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of a Hg arc cathode spot considering bombardment of the cathode by the energetic
electrons from “tail” of electron Maxwellian distribution near the surface. It was
intended to include an efficient transfer of energy to conduction electrons in the
liquid mercury, raising the temperature of these electrons to relatively high values
(“hot electrons”). This effect causes a thermionic electron emission great enough to
yield the observed arc current density (of 4000 A/cm2), while the atom remained
at a very much lower temperature of the liquid of near 150 °C. It was claimed that
non-equilibrium between electron and ion energy distributions inside of the metallic
cathode takes place, and this effect was characterized by the hot electrons with
temperature T ec. To a quantitative analyze, Smith [33] considered a mathematical
system including the equation of total current density j0:

jem = j0 + jret (15.1)

where jem is the electron emission current density determined by electron temperature
in the metal T ec and jret is the returned current density of the energetic electrons
from “tail” of electron Maxwellian distribution with temperature T ep. This current
determined by a cathode charge space layer (sheath) with potential drop uc.

Smith [33] used the cathode energy balance assuming the cathode heated by the
energy flux from the plasma electrons and cooled by energy loss due to the electron
emission from the cathode in the following form:

jret2kBTep + jretϕ = jemϕ + jem2kBTec (15.2)

where ϕ is the work function and kB is the Boltzmann constant. Using (15.1)
and (15.2) can be converted to:

jret2kBTep = j0ϕ + j02kBTec + jret2kBTec (15.3)

Equation (15.3) was analyzed by arbitrary assumption that T ec = 4000 K and for
ϕ = 4.26 eV the relation was obtained in form:

j0
jret

= 3.495 × 10−5Tep − 0.131 (15.4)

One (15.4) consists of 3 unknown. It was then concluded that in order to reach the
condition of jet = j0, the plasma electrons should be about 4 × 104 K. Naturally, this
conclusion is arbitrary and of course cannot characterize the real spot mechanism.

The above model of “hot electrons” was updated in the works of [34, 35]. It
was proposed that the emitted from the cathode electrons accelerated in cathode
sheath with potential drop of uc were randomized in the near-cathode region with
temperature of uc and the discharge current density is
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j0 = ene

√
2euc
me

(15.5)

The electron current density of the returned electrons to the cathode was depend
on coefficient α and given as

jret = αene

√
2euc
me

(15.6)

The cathode energy balance:

jret(2uc + ϕ) = jem(2kBTec + ϕ) + λ

le
(Tec + T ) (15.7)

The last term is the energy loss due to cathode heat conduction with character-
istic length le and coefficient of heat conductivity λ. The thermionic electron emis-
sion was calculated taking into account the effect of a temperature gradient [36]. It
should be noted that this effect can be influenced only at heat flux density larger than
109 W/cm2. This condition is far larger than that for mercury cathodic arc. As it can
be seen, the number of unknown exceeds the number of equations. Therefore, two
other parameters were introduced by some characterization of the ratios of jret/j0 and
jret/jem. These ratios were given arbitrary for calculation j0, ne and different terms of
the cathode energy balance as a function of the electron temperature T ec in the metal,
which varied again as given parameter for uc = 10V, ϕ = 4.5 eV. It is obvious that the
calculated results are have not physical sense because they determined by the given
arbitrary parameters. The other problem that cannot be understood is the assumption
that no was taken energy loss during electron beam relaxation and that the plasma
electron temperature equal to euc/kB. Also, the model of “hot electrons” assumed
that the electron current is significantly larger than that of the ion. This assumption
meets a contradiction due to quasineutrality of the considered plasma. Application
of this model to usual cathode materials is difficult due to their equilibrium state
during the heating at measured current density, when the energy relaxation time in
the metal will be lower than the arc pulse time. In this case, the mass loss and other
processes depended on the metal temperature should be taken in account.

Thus, unrealistic assumptions, using arbitrary parameters, neglecting or not
correct consideration of energy losses due to metal heat conduction, evaporation,
and radiation as well as other problems indicate that the model of “hot electrons”
cannot be accepted for description of the cathode spot phenomena. Finally, it should
be noted that the relaxation time between electrons and lattice is very short (from
ps to ns region) [37] and the mechanism of non-equilibrium metal heating with high
power heat flux still not clear and the possibility of an experimental study of this
effect was discussed in [38].
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15.1.5 Mechanism of Local Explosion of a Site
at the Cathode Surface

Another groupofworkbasedon an assumption that current density in the cathode spot
can be so much large causing the explosive plasma generation (ions and electrons)
due to Joule heating in a local cathode volume. One of the first Nekrashevich and
Bakuto [39, 40] developed an approach, named a “migration theory.” According to
this model, the metal under the spot was overheated, and then explosive removal of
the cathode material, current stopping and the spot operation fast shifted at a new
area. According to this model, the spot is consequence of explosive migration, which
can be after the arcing observed as number of erosion craters and traces.

Il’in and Lebedev [41] studied the Joule energy dissipation in the cathode showing
that this heating can explain the cathode material removal at spot area. The model
was based on works reported about spot current densities of 5 × 106–107 A/cm2 for
which the experimental data of spot lifetimewasmeasured. The authors [41] assumed
that at the end of spot life a vanishing of the heat conductivity for cathode material
takes place and this effect associated with appearing of a “hot spot.” As a result, a
condition for metal explosion and formation of a new spot on the neighboring area
was occurred. A dispersed layer at the place arises at the place of hot spot exploding,
which forms a flare with relatively large velocity. As example, the removal mass
calculated according to the developed thermal model was 0.55 μg, while the mass of
0.98μg for iron cathode at time 450μs and current 50 A indicating good agreement.
There should bementioned thework of Rich [42]wherewas shown that Joule heating
in the arc cathode spot can be important at current density larger than 107 A/cm2.

Rotshtein [43] suggested a model of “dense vapor cathode.” He assumed that a
region possibly 10μm thick of very densemetallic vapor exists immediately adjacent
the cathode surface in the spot. The high density perturbs the atomic fields so that the
normally sharp energy levels were spread into the conduction zone. Metallic conduc-
tion is then possible from the cathode to this region, which is at a sufficiently high
temperature to emit thermionically into the plasma. The ions bombarding the cathode
serve tomaintain the high local density.As evidence in favor of the conduction theory,
Rotshtein indicated Smith’s experiment [44] which observed a continuous spectrum
originated within 10 μm from the cathode surface. Similarly to the above-described
model, Rotshtein [45] considered an analogy between wire explosion and the spot as
exploding conductor modeling the spot plasma generation as local metal explosion
in the spot area. In essence, the problem reduced to the problem of metal state that
discussed by Loeb in 1939 [46].
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15.1.6 Emission Mechanism Due to Cathode Surface
Interaction with Excited Atoms

Considering the above arc cathode theories an important conclusion was presented
by Robson and Engel [47]. They noted, “no satisfactory theory exists to account for
the current transfer at the cathode of the material having a low boiling point, such as
mercury or copper”. Whereas thermionic emission can account for the mechanism
of arcs with cathodes of high boiling point, such as carbon and tungsten, this seems
highly improbable for substances, which boil far below their emitting temperature.
Field emission of electrons [17], current transfer by positive ions only [25], and other
suggestions [33, 43] have been made; but they cannot account for both the observed
high-current densities of order 106 A/cm2 and the low cathode fall, which can be
smaller than the ionization potential of the cathode material [48].”

Therefore, Engel andRobson [49] developed another theoreticalmodel taking into
account an excited atom flow to the cathode. According to this theory, the radiation
from the excited atoms diffuses toward the cathode. The diffusion mechanism was
determined by absorption and re-emission in the vapor and was ultimately absorbed
by atoms, which finally strike the cathode. The electrons ejected from the cathode by
the energy impact of excited atoms. The cathode potential drop in the space charge
accelerated these electrons in space charge layer and new excited atoms in the dense
vapor produced by their collisions with the neutrals. Positive ions are formed in
the vapor by collisions between excited atoms, and by ionization due to stepwise
processes of electron colliding with the atoms. The positive ions accelerated in space
charge layer and supply energy for cathode heating and evaporation.

The model was developed for mercury arc. It was assumed that in the vicinity of
the cathode surface the vapor density was many orders of magnitude higher than that
far from the cathode because of the intense local evaporation. An electron ejected
from the cathode and accelerated across the space charge layer with potential greater
than 5 V will have sufficient energy to excite a Hg atom into the resonance state
of 4.9 eV. Since the ionization energy of mercury is 10.4 eV, electrons, which have
enough energy to excite atoms to the resonance state will also be capable to ionize
the excited atoms according to the reaction:

Hg∗(4.9 eV) + e(5.5 eV) > Hg+(10.4 eV) + 2e. (15.8)

At another hand, when relative high density of excited atoms is present, the
collisions between them result in the formation of molecular ions according to the
reaction:

Hg∗(4.9 eV) + Hg∗(4.9 eV) > Hg+
2 (9.65 eV) + e(0.3 eV) (15.9)

To understand the energetic characteristic of the model, the energy balances for
electrons and ions were studied. The electron energy balance:



15.1 Primary Studies 553

f (uc + V ∗ − ϕ) j = F∗eV∗ + j (1 − ϕ)ui + j R + jε (15.10)

where f is the electron fraction of the current j at the cathode F* is the photon flux
to the cathode and ui is the ionization potential. R is the energy lost by radiation, and
ε is the mean energy of the electrons, which carry by the electron.

The ion energy balance at the cathode surface by the de-excitation of excited
atoms, which do not release electrons, by the neutralization and kinetic energy of
positive ions:

(1 − f )eV∗F∗ + j (l − f )(uc + ui − ϕ) = j (C + P) (15.11)

where C is the lost from the cathode heat conduction and P is the energy lost by
evaporation. Taking in account definition of the yield in electrons/excited atom η it
was assumed that

ηeF∗ = fi . (15.12)

Considering (15.10)–(15.12) a relation between η and f i was obtained that was
used to base the proposed model of excited atom flow to the cathode. It was noted
that the mercury arc is the best illustration of the proposed mechanism, since all the
excited states of the Hg atom have energies greater than the work function of this
metal, and are therefore capable of electron emission. This model, however, consists
also of arbitrary assumptions (regarding to determination of C, P, F* and cathode
temperature) that cannot base the above conclusion. Also according to Lee [50] the
“difficulty with this theory is that one has to postulate a η of unity which seems to
be too high.”

The idea of Engel and Robson [49] taking into account the excited atoms in the
cathode spot theorywas further developedbyHolmes [51].He suggestedmechanisms
of electron emission by excited atom bombardment, as well by thermionic field
emission. The relative role of these two processes was studied. It was noted that the
proposed approach based on the research for transition to mercury arc spot from a
stage of glow discharge published little later in [52]. According to the model, the
atom flow with density N in the direction to the cathode was described by a diffusion
equation in the region of cathode potential drop h. The atom flux to the cathode
was determined by the momentum transfer from ions to neutral atoms by ion–atom
collisions and the diffusion in every element of volume. The current density in region
h was a sum of ion ji and electron je with a fraction of s = ji/je. Considering these
definitions, the diffusion equation was solved and a dependence of atom density on
distance x from plasma to the cathode was obtained. A Poisson equation using the
relation between ion current density and the ion velocity determined by the expression
of ion mobility depended on the atom density N(x). Therefore, the cathode electric
field obtained also as dependence on N(x). Arbitrary was assumed that the atom
density is determined by the saturated vapor pressure at the temperature T of the
cathode. The electrons excite the atoms and ionize it by collisionswith already excited
atoms. This step ionization makes the major contribution to the total ionization, since
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normal ionization by direct electron impact is not effective due to the low voltage of
the arc. The photons from the excited atoms diffuse to the cathode transferring the
energy to it.

The energy balance was studied in two regions including the quasineutral plasma
outside the spot itself, and the cathode fall region. There it was assumed equal
flow of energy from one region to the other. The input flux is represented by the
bombardment of the surface volume element by excited atoms, ions, and photons.
The excited atoms use only part of their total energy in heating the cathode, the
remainder being expended in extracting electrons from the cathode. The ions and
photons expend almost all their energy in heating the cathode. Also, conduction
will be neglected in this analysis. In addition to thermal dissipation in the cathode,
there is an energy flux loss from the cathode caused by the cooling effect of the T-F
emission current. The energy flux losses from the cathode caused by evaporation and
by cathode heat conduction were neglected.

Two addition equations were derived from the following conditions. The first
assumed that each electron emitted from the cathode must produce sufficient excited
atoms and such electric field that one newelectron should be ejected from the cathode.
The second assumed that the flux of these atoms during the production of excited
atoms could not exceed the total flux of neutral atoms, which impinge on the cathode.
It was noted that as themotion of the arcwas dependent on the speed of its component
atoms, the spot velocitywas assumed equal to the thermal velocity of the atomswithin
the cathode fall.

The model and the obtained results cannot be considered as realistic. The above-
mentioned additional limiting conditions are arbitrary assumed. Firstly, no basic
was that at the cathode that will produce a requested density of excited atoms and
moreover the requested field. Secondly, it cannot be based on that every atom returned
to the cathode was excited because of the very high-current density. No experiment
confirmed that the spot velocity is equal to the thermal velocity of the atoms. The
coefficient of electron emission by the excited atoms γ was given as arbitrarily large.
Another problem is that the possibility of particle diffusion in very small thickness
of space charge layer with cathode potential drop, specially, for current densities in
the range of 106–107 A/cm2. This problem was not only not justified, but also even
not discussed in the frame of data from previously published works.

15.2 Mathematical Description Using Systematical
Approaches

The absence of a possibility to describe the cathodemechanism bymodeling separate
processes stimulated an attempt to detailed analysis of a number of the cathode
processes. The models developed taking into account a combination of different
equations to determine main parameters of the spot are considered below.
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15.2.1 The First Models Using System of Equations

Lee [53] presented a calculation using an equation of cathode T-F electron emission
in general form (Chap. 2) for Cu and Ag taking into account the equation of elec-
tric field Ec [21] with cathode potential drop of 10 V. The results were presented
as dependencies of electrical field on the varied electron current fraction s with
current density j and the cathode temperature given as parameter. Other calculations
were presented as dependencies of current density on varied electrical field with
the cathode temperature given as parameter. The energy components were analyzed
considering the input power per unit area carried to the cathode by the positive ions
and energy losses by cathode vaporization and electron emission. It was concluded
that positive ions should carry between 20 and 50% of the total current to the cathode
in case when the cathode spot current density is between 105 and 106 A/cm2. Lee
concluded that for a copper arc and typical values of j = 106 A/cm2, uc = 10 V, s =
0.5, at a temperature of 3500°K, the field E = 2 × 107 V/cm is sufficient to produce
an electron current density (T-F electron emission) of 106 A/cm2 without the use of
a roughness factor. The above works were developed in the next more complicated
model.

Lee and Greenwood in 1961 [54] published a comprehensive description of the
cathode spot of the vacuum arc in a basic work, which is the first analysis of common
cathode processes based on cathode evaporation model. Ecker in 1961 [1] also
summarized theworks used cathode evaporationmodels. Lee andGreenwood formu-
lated a system of equations describing the cathode heating and the cathode electron
emission. Let us consider their approach. The five dependent variables include (1)
temperature Ts of the cathode spot, (2) electric field E at the cathode surface, (3)
current density, (4) electrons current fraction s, and (5) radius of the circular spot
rs. These variables have been treated as constants over the spot area. Four equations
were used:

(1) Mackeown’s equation [21] determined a relation between E, j, and s at the
cathode.

E =
{
4

ε0
j (uc)

0.5

[
(1 − s)

(mi

2e

)0.5 − s
(me

2e

)0.5
]}0.5

(15.13)

(2) The current density of electrons emitted from the cathode is given (Sect. 2.2)
by

s j = e

∞∫
−∞

Nx (εe, T )D(εe, E)dεe (15.14)

where D(E,εe) is the probability that an electron with energy εe will emerge
from the metal, N(εe, T ) is the supply function.
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(3) The energy balance equation is written as

Pi = Pc + Pe + Pv + Pr (15.15)

Pi = (1 − s) j (uc + ui − ϕ)

where Pi is the power input to the cathode spot by ion kinetic and potential
energy, and the terms on the right are the various sinks for dissipating this
energy. Pv is the power dissipated by vaporization determined Dushman equa-
tion [55], Pe is the power dissipated by the cooling effect of electron emission,
is a complex function of E, ϕ, and Ts. To determine this power, the results of
Lee [56] were used. Pr is the power dissipated by radiation. Pc is the power
dissipated by thermal conduction (λT is thermal conductivity) into the cathode,
whichwas determined by steady-state solution of heat conduction equation with
temperature in the spot center as.

Pc = λT
√

π
Ts − T0

rs
(15.16)

(4) Assuming of uniform distribution of the current density in the cathode spot, the
following equation of total spot current I was used:

Ii = jπr2s (15.17)

Two limiting conditions were used to determine possible values for the fifth
unknown. One f they is criterion for atom–ion balance, i.e., the ion flux cannot
exceed the evaporated atom flux Γ a and was written as

1 − s

e
j ≤ 	

mi
or

s ≥ 1 − e	

jmi
(15.18)

The second limiting condition was on the magneto-hydrodynamic (MHD) equa-
tion. Assuming that the vapor pressure is p and radial plasma expansion is absent
this equation is

dp

dr
= ( j × B)r (15.19)

Taking into account zero ambient pressure an integration of (15.19) gives:

pmax = 10−8 I j (15.20)

The dependence of electron current fraction s on varied cathode temperature is
presented in Fig. 15.2. This figure demonstrates the common solution (pointed by
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Fig. 15.2 Electron current
fraction as dependence on
cathode temperature: solid
lines are the solution
obtained from system
(15.13)–(15.15), (15.17):
dotted lines are the solution
obtained from condition of
(15.18) with current density
given as parameter [54]
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an arrow) obtained from system (15.13)–(15.15), (15.17), and condition of (15.18)
with current density given as parameter.

A minimum current of the order of 2–10 A that can be supported by the spot
processes was calculated. The current density obtained for Cu is 105–106 A/cm2

with s = 0.5–0.7. The authors indicated that for the cathode material like copper, the
atom–ion balance more limiting factor than the MHD equation. The physical reason
for this is that in the case of copper, sufficient ion flux to the cathode is requested due
to the T-F mechanism for which a strong electric field is needed. For materials like
molybdenum and tungsten, the spot temperature may be so high that the electrons
can be emitted thermally. In this case, a very high-current density that apparently
necessary to satisfy energy balance at the cathode spot on a refractory material will
increase the magnetic pinch force, increasing the importance of the MHD criterion.
To this end, a question is appeared: since to reach the high-current densities the
ion flux should be also important taking into account balance (15.15), then why the
atom–ion balance is unimportant. The main limitations of this work consist of absent
anymechanism of ion flux formation, the approach being steady state, and the system
of equations being not closed and the solutions are multiple-valued.

Another mathematical model used the limiting conditions were published in a
series of works by Ecker in 60–70 years of the past century (see references below). At
this time, he noted that the exact information about physical processeswas absent, and
moreover, the parameters cannot be with high precision obtained for suchmysterious
subjects like cathode spot of an electrical arc. As one of the examples, Ecker indicated
that the ion current from the plasma to the surface of the electrode is uncertain due
to the lack of knowledge about the radial losses and the uncertainty of the electron
temperature, which in turn is a consequence of the uncertainty of an energy balance
in the plasma. Taking into account the mentioned difficulties and uncertainties, he
suggested to determine the important spot parameters in some existing numerical
ranges. To find the ranges, Ecker suggests using limiting relationships that limited a
region of possible variation of the spot parameters, i.e., a region of limited existing
spot characteristics. Such approach named “existence diagram” or “E-diagram” was
in first used to study an effect of discharge contraction at the electrodes [1].
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It was noted that from the large number of dependent variables describing the
cathode in a vacuum arc, the cathode temperature in the spot T and the current
density j are those of predominating experimental and theoretical interest. Therefore,
a presentation of the diagram was choosing in a T-j plane. The spot model was
considered in steady-state approximation. According to Ecker’s study 1971 [57,
58], the spot temperature T and current density j were limited by three limiting
characteristics in the form of dependencies of T on j. To this end, (15.13) and (15.14)
were solved by adding one of the following relations:

ji
j

= uc
uc + ui

or ji = (1 − s) j (15.21)

ji = eW (T ) (15.22)

j

{
(uc + ui )

ji ( j, T )

j
−

[
ϕ − 0.32

√
I j

π
ρ(T )

]}
= λsW (T ) + TλT (T )

jπ

I

(15.23)

where s is the electron current fractions, ϕ is the work fraction, andW (T ) is the rate
of cathode evaporation in g/cm2/s according to Langmuir–Dushman equation [55].
The first relation (15.21) indicates that the ion flux from the plasma is determined by
the number of ions produced in the plasma in case, when all energy of the emitted
electrons acquired in the sheath is spent on the vapor ionization. This means that
calculated by (15.21) ion current density is maximal and this relation determined the
low limit of the temperature (Tcc). The second relation (15.22) is, in essence, the
atom–ion balance used already in [54] and it determines the upper limit of the ion
current density (Tec). According to Ecker [57, 58] the third relation (15.23) is the
cathode energy balance that used in a simple form, and the calculated temperature
(T nc) is the upper limit of its values. It is due to the used power loss in form (15.16)
was determined by steady-state solution of heat conduction equation with maximal
temperature in the spot center and by the energy accommodation coefficient used
equal to unit. The “E-diagram” calculated in the above-mentioned work [57], which
turned out very small and that for Cu cathode can be seen in Fig. 15.3. Figure 15.4
shows that two E-areas were fund solutions denoted as 0-mode with low values of
T-j and 1-mode with high values of T-j. The second mode was produced due to the
presence of the term with resistive heating in cathode energy balance. The area of
0-mode significantly reduced when the spot current I decreased and approaches to a
point at I = 30 A. Ecker 1971–1973 [59, 60] presented the mathematical formulation
and calculations for cathodematerialswith awide range of thermophysical properties
(Cd, Zn, Bi, Sb, Ag, Sn, Cu, Cr, Ni, Fe, Ta, Mo, and W).

It should be noted that here the small area in “E-diagrams” was obtained erro-
neously andwhichwas detected during analysis of spot phenomena in 1975 [61]. This
error Ecker [62] then explained by “an error in the evolution of T that had occurred
because in the relation jiui = jeuc the subscripts had been confused; thus, in previous
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Fig. 15.3 Example of the
existence diagram for the
vacuum arc copper cathode.
T temperature, j current
density in the spot at the
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evolutions, we had used erroneously the relation jeui = jiuc.” The future Ecker’s
1976–1978 [63, 64] similar investigations calculations were corrected, however, the
principal point of view commented in [61] to the method of “E-diagram” remained.
Therefore, let us discuss the main limitations and interpretation of the results of this
method. Figure 15.5 shows the results of previous Ecker’s calculation [57] denoted
by dotted lines a small region (thickly hatched), and for comparison, the real solution
with a wide region (bounding with solid lines) obtained using corrected equations
but for a different limiting form of cathode balance:

j

[
(uc + ui )

ji ( j, T )

j
− ϕe f

]
= λsG

j

I
+ 2λT (T − 300)

(
j

I

)1/2

(15.24)

It can be seen that the curve I is close to the curve IA obtained using Lee and
Greenwood data [54] while these both curves significantly different from the dotted
(Ecker’s) curve extending the area of “E-diagram.” The dependences II are weakly
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Fig. 15.5 E-diagram calculated for Cu cathode at I = 200 A. Thickly hatched region with dotted
lines presents theEcker’s early calculations.Rare hatched regionwith solid lines presents calculation
of the work in [61]. Curves I and II present the solutions of (15.13) and (15.14) together with (15.21)
and (15.22), respectively. Curve IA was obtained using the corresponded result from [54]. Curves
III were obtained from the solution of (15.13) and (15.14) together with relations for cathode energy
balance in different forms: IIIA—with (15.24); IIIB—with (15.24), but ϕef = ϕ; IIIC—with (15.24),
but ϕef = ϕ-(e3E)1/2 (effect Schottky); IIID—with (15.24), but taking into account the energy by
returned plasma electrons back to the cathode from [65]. The points (°) indicate the exact solution
according to the model Beilis [65] which will be described in a chapter below (see [61])

different. The cathode energy balance (15.23) is similar to that used in [54]. There-
fore, now the minimal current should be this same as obtained from the solution
[54] and it should be 2–10 A instead 30 A. However, even these values cannot be
accepted because at such currents can be observed in transient spots. In additional,
the used (15.23) is also not correct. Comparison of (15.23) and (15.24) indicate that
in (15.23) was not taken in account effect Schottky and the rate of cathodemass evap-
oration was described by Langmuir–Dushman equation W (T ) that do not consider
the returned mass flux in the kinetic layer near the cathode (see Chaps. 2 and 17).
The calculations show that W (T ) significantly different from the measured cathode
erosion rate G, which was taken in account in (15.24).

Comparison of the curves III in Fig. 15.5 calculated for different forms of cathode
energy balance shows that these curves not only different, but it is also not possible
to indicate how the corresponded dependence can be changed. This means that it
is impossible to indicate how the E-diagram will be changed using an improved
limiting relation (15.23). An example can be also illustrated by curve IIID that take
in account the energy by returned plasma electrons back to the cathode calculated
in [65]. It should be noted that that the last improving demonstration can stimulate
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to find a more accurate form of the energy balance for E-diagram. But in this case,
the solution will be presented at the curve III limited by curves I and II and therefore
such approach contradicts to the idea of E-diagram.

In frame of mentioned above limitations of E-diagram (especially related to the
curve III), it is doubtful to have positive opinion regarding seeking an achievement
in the later Ecker’s investigation [62–64, 66]. The developed method took in account
the non-stationary of spot operation, the spot velocity and spot appearing at a rough-
ness cathode surface. The non-stationary spot and the spot velocity were accounted
by a local spot lifetime using a term in (15.23) describing the non-stationary heat
conduction equation in 1973 [67]. It was obtained that the results of calculations
for moving spot are quite close to the localized stationary spot and it was noted
that is because the residence time is about the same as the thermalization time. The
E-diagram for spot on roughness cathode surface was described using to calculate
some arbitrary coefficient of local enhancement of the electric field. The calculations
in all above-referenced works were conducted for constant uc= 15 V.

An attempt to study the influence of the cathode potential drop Ecker [66]
conducted in, so-called, unified analysis of the method, taking into account that the
sheath voltage consists of the potential drop inLangmuir layer lsh and in a quasineutral
transition region (see Chap. 5). The potential drop in Langmuir layer was determined
by law of “3/2”, and in transition region u1 from the following limiting condition
(note, difficult to understand it):

jeu1(lsp) ≥ jeT ui
j = σel E0 (15.25)

where jeT is the returned current of plasma electrons to the cathode depended on
electron temperature Te, E0 is the plasma electric field, σel is the plasma electrical
conductivity, and length lsp is the difference between sheath length and length of the
plasma transition region. Using additional assumptions (including lsh equal ionmean
free path) in an ionization region, a resulting potential (depended on the potential
drop) as a function of the parameter lsp was calculated. This dependence passed
through a minimum at lsp= 1. This minimal value was used as the cathode potential
drop uc. Figure 15.6 presents uc as dependence on varying T and j assuming Te=
104 K and using stationary E-diagram. It was indicated that according to Fig. 15.6
the value of uc changed weakly inside of the E-area and it is in range of values
used in previous calculations [66]. Similarly, as of value uc, it were calculated also
dependencies on Te and on the ion current fractions.

However, none of the obtained results can be interpreted as real characteristics
becausemanyassumptions are not justified and somenot understandable assumptions
were taken and the comparison of these dependences was provided with small areas
from old not corrected E-diagram. Here, we should note that assumption of the ion
mean free pass equal to length of Langmuir space charge layer was also not corrected.
This assumption was used as a condition to calculate the cathode erosion rate instead
uses its experimental value in 1973 [68]. However, our calculations using the model



562 15 Cathode Spot Theories. History and Evolution of the Mechanisms

Fig. 15.6 Cathode potential
drop as function of the spot
temperature and the current
density for the example of
the Cu vacuum arc. Shaded
areas are existence region for
0- and1-modes calculated in
work [58, 59]
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of [66], show an unrealistic result, indicating how critical is to choose the relations
between different lengths in the cathode electrical sheath in order to obtain a solution
of system of equation describing spot parameters.

An important question is validity of the Langmuir–Dushman equation [55] for
W(T ) in order to calculate the cathode mass loss or erosion rate. Even not going
into details, as a large particle flux is returned to the cathode, at least by the ions,
this equation cannot be justified. In general, this question was discussed in [61] and
previously [69] using balance of neutrals near the surface. Our detail investigations,
considering kinetics of the evaporating mass flow, show that a significant returned
flux was due to particle collisions in a non-equilibrium layer near the surface (see
Chaps. 2 and 17). Figure 15.5 demonstrates the quantitative result comparing the
solutions (1) using cathode energy balance in form close to (15.24) and solution (2)
for which was used the balance of (15.23). The cathode temperature T according to
the solution (1) is 3737 K, while from solution (2) this value is higher. The rate mass
loss calculated according to equation [55] is obtained as W (3737 K)I/j = 0.8 g/s
[61], but the experimental rate of erosion is about 100 μg/C, i.e., about 0.01 g/s that
significantly different. For solution (2) it is just larger.

15.2.2 Models Based on Double-Valued Current Density
in a Structured Spot

In the present section, we describe the spot models, in which it was assumed the
presence of two values of current densities simultaneously during the spot lifetime to
satisfy to different spot processes and observed parameters. So, in order to understand
the electron emission mechanism and the cathode energy balance, Hull [70] was
assumed presence of two values of current densities that were given arbitrary. On
the one side, he assumed that to satisfy the cathode energy balance at the cathode a
relatively large size cathode spot with average current density of 105A/cm2 should
occur. On the other hand, this spot consists of a number of small spot randomly
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movedwith current density of 107 A/cm2 that allowed to describe the cathode electron
F-emission mechanism. The cathode energy balance was taken in form

fi (Vc + V ∗ − ϕ) j = Trs/λT + Wsλs (15.26)

where λT is the heat conductivity, rs is the spot radius,Ws is the rate of evaporation
of the cathode material, and λs is the latent heat of vaporization. To satisfy the
Fowler-Nordheim equation a roughness factor of 2.5 was given that required electron
emission of 107 A/cm2. Furthermore, the ion current fraction was given by arbitrary
value of f i = 0.05. Thus, the number of given parameters leads to uncertainty of the
results and of the model.

Fursey and Vorontsov-Vel’yaminov [71] studied the cathode processes after local
explosion of a protrusion on the cathode surface. They developed a model of spot
initiation assuming that an expanding plasma sphere, named “plasmoid,” appeared
after the explosion. During the expansion of the plasmoid in direction to the anode,
an uncompensated positive charge appeared at the plasma front, setting up a strong
electric field near the cathode, which stimulated an electron F-emission locally at
the cathode. The process may be repeated several times extending at the surface
and forming a plasma cloud near the cathode. It was noted that the important factor
is the possibility creation of the localized field sufficient to electron F-emission. It
can be realized assuming local enhancement of the average field at the protrusions
by β-factor under extremely high plasma density. This assumption meets a problem
because the space charge sheath thickness around is much lower than size of the
protrusion and no enhancement can be.

Mitterauer 1972–1973 [72–74] developed a theory of dynamic field emission
(DF-emission) to modeling an origin of the electrical current in the cathode spot of a
vacuum arc. It was taken in account the results of breakdown phenomena studies of
field emission from protrusions reported by Brodie [75] and from multi-protrusions
by Tomaschke and Alpert [76] as well the effect of explosion electron emission
studied by Mesyats [77]. Tomaschke and Alpert showed that field emission current
originates from a number of separate localized emission sites on the cathode. These
sites were shown to be as whisker projections on the cathode surface at which the
electric field is greatly enhanced.

The DF-emission model suggested explosive evaporation and electron emission
from different protrusions caused by a Joule heating. This process appeared during
a spot life by a number of protrusions on a large cathode area. A plasma cloud
was generated due to protrusion explosions inside of, so named “macrospot,” in
which the atom ionization, space charge sheath, and cathode bombardment by the
ions support the spot current. The plasma regeneration was occurred during the
macrospot lifetime by explosive of new tips produced after the tip explosion due
to returned droplets, or plasma condensations. Mitterauer claimed that DF-emission
model described explosive spot initiation and plasma regeneration bymigration of the
explosion from the tip to tip (“emission transfer”) appeared at the cathode large area.
It was noted that DF-emission model is only qualitative and it is very complicated
to obtain a numerical solution.
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Mitterauer [78] indicated the spot model evidence by experimental study of
a cathode traces. Also, experimental results which relevant to the model of DF-
emission of the cathode spot of cold cathode arc were reported in 1973 [79]. In
particular, the observed micrograph is shown an average minimum current density
derived for the macrospots of about 2.5× 106 A/cm−2. This result was in accordance
with values obtained for macrospots on mercury and copper estimated previously.

The further development of the model related to a macrospot spot description and
was presented by Mitterauer and Till in 1987 [80]. A system of equations including
the Mackeown emission and transient heat conduction equations was solved for a
given arbitrary the cathode electric field E and spot radius rs. A hemispherical spot
in the cathode body, and a spherical space charge sheath and ionization layer were
assumed. The solutionwas presented for the condition of full atom ionization (degree,
α = 1). Also, it was assumed that the energy of electron emission accelerated in the
space charge region was spent only on ionization. This assumption of course cannot
be justified for the cathode spot plasma. It is difficult also to understand that the ion
current density ratio to the ion current density canbe equal to 2.The calculating results
were obtained as dependencies of different given parameters. The cathode surface
time-dependent temperature T was calculated as a function on E and rs, which were
given as parameters. It was obtained that T infinity increases for some certain time
t (thermal runaway). Also, a critical spot radius was defined that determined at the
thermal runaway condition.

In order to explain the measured low-current density spot (≈104 A/cm2) that
moved with a large velocity of about 103 cm/s, Beilis et al. [81] reported about an
explosive model in 1973 and then the material was published in 1975 [82]. The
model was based on a distribution of main spot parameters at some cathode area
determined by non-uniformity of the cathode surface geometry. The initiation of
the spot was due to Joule energy dissipation and Nottingham effect. The electron
emission from the cathode entered into the cathode plasma and electrons from the
plasma supported the electrical current to the anode. A new explosion under the
expanding plasma supported the near-cathode plasma cloud. It was mentioned that
Mitterauer [73] formulated an analogical point of view but for relatively large spot
current density. The main goal that can be learned from this qualitative work is to
illustrate that observed large luminous plasma size determined by high plasma jet
velocity of 106 cm/s with the time scale of about 5–10 ns. With these parameters,
the spot luminous characteristic size can be about of 100 μm, which exactly agrees
with the experiment published in 1972 by Golub et al. [83].

Hantzsche [84] studied a thermal regime of the cathode with a heat conduction
equation consisting of a volume energy source due to Joule energy dissipation. It
was also considered a heat source at the surface by ion energy and the Nottingham
effect. Different analytical solutions very obtained for specific cases such as for given
surface temperature, just for volume heat source, etc. The maximal spot current was
calculated for given spot current density of 107 A/cm2 for different cathodematerials.

A cathode spot calculation model considered rough surface conditions, i.e., the
spot area composed of plane basis and superimposed protrusions was present by
Hantzsche in 1974 [85]. The calculations provided for given area of the protrusions
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top radius of about 0.1 μm as 0.2πa2 within the spot with radius rs= a, and some
other given parameters. The calculation shows that value of I/a increased by factor
about 2 and the ratio of Joule energy to the energy by ion impact rise by order of
magnitude from 10−2 to 10−3 with cathode temperature varied up to 4000 K. This
result demonstrated the relatively role of the Joule cathode heating leading to possible
of a thermal runway.

Hantzsche et al. in 1976 [86] developed a theory describing experimental data
measured when the high-voltage pulses (up to 60 kV, pulse length of ns) was applied
to an UHV diode with a needle-shaped cathode. The model considered the basic
spot formation include processes of breakdown and arc spot initiation, heating, and
melting of the cathode metal using a solution of the heat conduction equation deter-
mined the temperature T (z, t) at a depth z below the center of the spot [87]. As the
current I increases linearly with time t (according to used experiment), the surface
heat flux per unit area and time in the spot surface caused mainly by ion impact,
which assumed also linearly dependent on time like Q = Qot (Qo= constant). It was
taken in account the droplet ejection and emission point reproduction, which was
possible by the mechanism of the ejection of liquid droplets from the top of rising
metal fountains. It is produced because of surface tension forces and by protrusion
formation during solidification mainly at the crater rims.

The result shows three distinct stages of crater formation on a nanosecond time
scale. Initially, micropoints explode without strong erosion, thenmelting occurs with
pronounced smoothing of the surface and finally craters are formed by the action
of ion pressure. The latter process is connected with the production of a few sharp
micropoints at crater boundaries, and of numerous droplets.Micropoints and droplets
maintain arcs and the following high-voltage breakdowns and during the discharge,
they are displaced rapidly over the cathode surface. The characteristic values of
time, current densities, and power input during heating, evaporation, and explosion
of protrusions with radius 0.1 μm for a Cu cathode are presented in Table 15.1 [86].
The spot initiated at time of 0.01 ns (too small) with current density of 1010 A/cm2

(too large) and develop to stationary cathode evaporation at time 10–100 μs with
current density 3 × 107A/cm2.

The condition of thermal runaway was derived that showed unlimited increase
of the temperature when a temperature dependent of resistive heat generation was
accounted in the heat conduction equation 1979–1983 [88, 89]. This means that
the heat conduction as linear process cannot remove the incoming resistive heat if
a mean current density exceeds a critical value that depends only on the electrical
and thermal conductivities. However, this thermal runway is not possible if electron
emission cooling or in transient spot have time life is shorter than those necessity for
thermal runway.

In the next work, Hantzsche in 1981 [90] take in account that the observed
arc spot is an exceptional non-stationary subject. Therefore, he indicated that a
“dynamic” model (like that above developed by Mitterauer and other authors) must
be developed taking into account the experience from investigation of vacuum
breakdown including the surface effects. The inhomogeneity of the real surface
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Table 15.1 Characteristic parameters ofCu spot development in timevaried fromprotrusion (radius
0.1 μm) heating and explosion to a stationary state [86]

Explosion or
evaporation
time constant,
ns

Current
density,
A/cm2

Power
input, W

Joule heat
generation
dominant

0.01 5 × 1010 Completely
inertia-controlled
explosion
Fast explosion,
heat losses
inessential

Explosive
(dynamic)
evaporation
Decreasing time
constant

100

0.1 7 × 109 Explosion time = heat conduction
time

10

‘Slow’ explosion,
controlled by heat
conduction

Melting 1

Ion impact
and electron
emission
heating

1
100
1000
10,000

5 × 108 Limit of stationary, very rapid
evaporation (>3000 K)

0.1

Considerably
stationary heating
essential

Stationary
heating

105

106
3 × 107 Slow evaporation

Inessential heating
(100 K)

Increasing
temperature and
evaporation rate

0.01

consists of its roughness, the existence of protrusions, and ridges or different inclu-
sions. Hantzsche argued that appropriate spot description should use a combined
model, which complete the conventional model in time dependent form by typical
dynamic processes (resistive heating, new protrusion generation, metal melting,
plasma expansion, and others) but not only with explosive points.

15.3 Further Spot Modeling Using Cathode Surface
Morphology and Near-Cathode Region

Attempts to understand the cathode spot phenomena were conducted also using the
data of cathode surface traces after the arc extinguish. Another way was associated
with modeling of evolution of the surface craters under previously generated plasma
near the cathode. Below the respective studies will be described.
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15.3.1 Modeling Using Cathode Traces and Structured
Near-Cathode Plasma

Osadin [91] studied a high-current vacuum arc (160 kA) between coaxial electrodes
(Cu, Pb, Zn,Al andW) by calorimetric and opticalmeasurements. He showed that the
most of the arc energy was spend to production of the electrode erosion and ejection
of the erodedmaterial in form of plasma jet with high velocity up to (1–3)× 107 cm/s.
In the next work, Osadin [92] developed a cathode spot model using crater diameter
d and depth h. Gurov et al. [93] tested the crater sizes previously. According to this
experiment, the cathode spot consists of a number of craters with the size relation as
d � h. Using this relation, it was assumed that the time of crater formation is much
lower than the lifetime τ and therefore the process is quasistationary. The crater
assumed in form close to hemisphere. If the charge passed though the crater is qch,
the current density suggested determining as

j = 4qch
πd2τ

(15.27)

The value of qch was given by the source capacity charge taking into account the
effective area of total number of craters. The temperature T was suggested determine
using Langmuir–Dushman formula and erosion rate 	 from the crater volume with
mass density of cathode material ρ as

	 = ρh

τ
; 	 = W (T ) (15.28)

The effective voltage uef was calculated taking into account the energy with
erosion mass and neglecting the heat conduction energy loss in form using (15.23):

juef = ρhλs

τ
; or uef = πd2ρhλs

4qch
(15.29)

The next equation was atom–ion balance to calculate minimal value of electron
current fraction smin:

smin ≥ 1 − eπd2ρh

4mqch
(15.30)

The system of (15.27)–(15.30) was solved varying τ in range from 0.1 to 10 μs.
the results shows low values of uef (0.1 V for Cu) indicating low-energy loss with
cathode material evaporation from the crater. The current density was changed from
1.6× 108 to 1.6× 106 A/cm2 for Cu and from 5× 107 to 5× 105 A/cm2 for Zn. The
surface temperature was varied from 5300 to 3200 K for Cu and from 3300 to1600K
for Zn. Relatively high values of smin were calculated: 0.97 for Cu, 0.95 for Mg, and
0.9 for Zn.
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Additionally, in order to compare the measured spot current density, Mack-
eown equation [21] for electric field at the cathode surface and equations of elec-
tron emission in different forms were also calculated with given the experimental
cathode potential drop. The results show that electron current density obtained by T-
emission or by T-F electron emission does not satisfied the experimental value. It was
concluded that an agreement with the measured current density can be obtained only
in frame of emission mechanism taking into account a local fluctuation of electric
filed, which was described by Ecker and Muller [94, 95] (see Chap. 2).

Also, the mathematical model was developed for high-current arc. Thereupon, a
contradiction was obtained between calculated low values of uef (low-energy loss
by the erosion rate) and result of the previous work [91] where the most of the
arc energy was spent to production of the electrode erosion. Note, this theory, not
reported of any value of arc current or some dependence on current. The results of the
work [92] cannot be considered as useful due to many other contradictions including
assumption that the process is stationary, disregarding the energy loss by cathode
heat conduction, use Langmuir relation for calculating the mass evacuated from the
crater and for determining the cathode surface temperature, atom–ion balance, etc.

Goloveiko [96, 97] further developed the spot model from Lee and Greenvood
work [54] also using Mackeown equation for electric field, cathode energy balance,
and equation to determine the electron emission current density je, in form presented
by Murphy and Good [98]. Frenkel equation was used to determine the rate of mass
flux Gn by cathode evaporation, that, in essence, this same as Langmuir–Dushman
equation. The cathode heating was accounted by energy ion flux accelerated in the
sheath, by resistive heating and cooling due to electron emission and cathode evapo-
ration. The difference from the [54] consists in study the influence of ratios between
atom and ion fluxes γ ni, as well between atom and electron γ ne fluxes, which were
expressed as:

γni = eGn

ji
; γni = eGn

je
si = ji

je
(15.31)

where ji is the ion current density and si is the ion current fraction. The energy loss in
the cathode body was determined solving one-dimension heat conduction equation
taking into account the Joule energy dissipation and a moving the front surface of
the cathode due to the cathode evaporation. The boundary conditions at the cathode
surfacewere formulated considering the cathode energy balance. The cathode energy
balance in steady-state approximationwas obtained by integrating thementioned heat
conduction equation. The details of study of the cathode heat regime were described
previously by Goloveiko [99]. The system consists of three equations for main four
unknown (je, ji, T, E), and therefore the solution was obtained by varying the electric
field in range from 106 to 108 V/cm.

The results of calculations for Cu cathode (uc= 16 V, ui= 7.7 eV) are presented
in Fig. 15.7. The cathode temperature decreased from about 8000 to 4000 K when
E varied from 2 × 106 to about 4 × 107 V/cm, respectively. Using the obtained
dependencies for γ ni and γ ne, Goloveiko [96] presented the following interpretation
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Fig. 15.7 Ratios of atom to
ion and atom to electron
fluxes as dependence on
given electric field at the
cathode surface [96]
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of the spot evolution. The spot was initiated at cold cathode at large electric field with
F-emission with absent some cooling effects. At this stage, a large heat flux by the
ions (si ≈ 1) together with Joule source heated the cathode surface. Therefore, the
spot operation was transited from cold to hot regime with decreasing of the electric
field and increasing the heat source due to Joule energy dissipation in cathode volume.
The volume heat source can stop the future development of the spot lifetime causing
its migration.

The presented picture seems to be strange because the cathode spot evolution was
analyzed using steady-state solutions. Other deficiencies of the above study include
use equation of Murphy and Good, which is available in limiting cases, Langmuir
equation that does not consider returned particles to the cathode, free parameters, like
depth of liquid zone and heat conduction equation that was taken in one-dimension
approximation. In the model, no any values of arc current or dependence on it was
mentioned. Therefore, the model and calculated results cannot be considered as
adequate description realistic spot behavior.

As in [96],Kulyapin [100] also usedMackeown equation for electric field, cathode
energy balance and equation to determine the electron emission current density je, in
form presented by Murphy and Good [98] and the rate of mass loss by cathode evap-
oration by Langmuir–Dushman equation. The solution was also found by varying
the electric field E, as a free parameter, in a range from 5 × 106 to 3 × 107 V/cm.
Also, the surface heat source and resistive heating with usual cooling terms were
accounted. However, the cathode energy balance was presented in a different form
using the heat conduction equation studying the liquid and evaporated phase bound-
aries of the metallic cathode. The heat conduction equation considering the moved
liquid and evaporated phase boundaries were studied by Kulyapin [101] separately
by given heat flux density in range of q0= 103 to 1010 W/cm2. The expression for the
surface temperature T and for moved boundaries as function on time were derived.
These expressions were used solving the cathode energy balance together with the
mentioned above system of equations.

The current densities ji, je, T, ni/ne and si= ji/je in the spot were calculated (Ag,
Cu, Au, Fe, and Ni) depending on electric field at the cathode surface varied as
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parameter. As an example the time dependent calculations were demonstrated for
Ag showing that ji, T are linearly increase, si was decreased and ratio ni/ne mainly
remain constant (behavior of ni/ne and si are different from that result in Fig. 15.7)
with E up to a critical value Ecr . It was reported that before Ecr the spot parameters
were determined by the ion energy accelerated in the sheath. The calculated results
were obtained ignoring any information about the spot current.

The following spot evolution was discussed. At the spot initiation, the incoming
heat flux was equal to the possible energy losses. As the cathode surface was melted,
a slight increase of the Joule energy dissipation was appeared and it is increased with
E. At E > Ecr the resistive heating exceeds the energy losses possible in the cathode
body and at its surface, named as non-equilibrium heat regime. This situation causes
an explosion of the metal under the spot and existence of the spot was stopped. A
new spot was initiated. These phenomena explain the discrete spot motion. The spot
lifetime was calculated as dependence on E and the value of Ecr was determined at
point when this time approaches to zero. For the investigated cathode materials, Ecr

was obtained in range (1.2–2.3) × 107 V/cm and the spot life in range from 2.7 to
53.6 μs.

In the next work, Kulyapin in 1971 [102] it was determined the rate of cathode
erosion for Sn, Ag, Al, Mo, Nb, Fe, W, and Ni using the results of heat flux, spot
lifetime, and other parameters obtained in his previous work [100]. Note that in this
work the influence of the erosion rate on the spot parameters was not considered.
The expressions for material loss bymelting and evaporation were derived separately
before the moment when the spot should be dead. It was assumed that all melting
material was evacuated in a volume determined by liquid boundary. The obtained
spot lifetime was used to calculation of the spot velocity vs by taken into account the
spot diameter as a size at which the spot is fixed. This velocity was calculated for Cu,
Au, Ag, Fe, andNi in range of 117–850 cm/s. An agreement between the calculations
and the measurement was indicated. Taking into account that this study is not self-
consistent and other lacks that similar as was mentioned in above-referenced works
the agreement can be considered as a criterion that necessary but not enough.

Kozlov and Khvesyuk [103] described a theoretical work with a specific spot
model and an analysis of the cathode plasma structure. The near-cathode region was
modeled consisting by different zones: (i) the first is the zone with large electric field
E in which the emitted electrons acquired energy for atom excitation or ionization
and the ions moved to the cathode with atom collisions; (ii) in the second zone, the
atoms were ionized by impact collisions. No any collisions between generated low-
energy electrons and accelerated beam electrons as well with fixed heavy particles
was considered; (iii) zone of electron beam relaxation to theMaxwell electron distri-
bution. In the first and second zones, the electric fieldwas assumed significantly large.
The Poisson equation was taken together with equations expressingmomentum from
modeled functions of velocity distribution of the particles. Although the Boltzmann
kinetic equation was described, this equation was not solved and some numerical
analysis of influence the particle collisions on sheath parameters was not conducted.
The problemwas considered in one-dimension and steady-state approximation.Also,
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the degree of atom ionizationwas assumed significantly small to neglecting the charge
particle collisions, which are not real, case (see Chaps. 16 and 17).

The above model included the system of equations: (1) the heat conduction equa-
tions with volume heat source and heat flux at the cathode surface as a boundary
condition to determine cathode temperatureT; (2) equation of electron emission from
the cathode depending on E and T; (3) equation of atom flux by the rate cathode
evaporation; (4) Poisson equation. These equations were added with momentum
equations described the beam loss of electrons due to direct impact or stepwise
ionizations. The effective spot area was determined by normalization of the inte-
gral of electron current density assuming that a 90% of the current was occupied by
this area. However, this approach seems to be adequate only in case of presence of
two-dimension solution, which was not provided in this work.

The authors stated that both electron groups emitted and generated after ionization
have mono-velocity distributions due to large electric field. While this assumption
can be accepted for zones 1, the assumption of strong electric field in zone 2 indicates
that its length should be about onemean free path of ions, otherwise, a large collisions
leads to produce a state of quasineutralitywith low electric field. Thus, a contradiction
was appeared due to the assumptions about strong electric field in second zone, which
is easy to show as collisional region with low field by an estimation using measured
spot data.

The second part of the work of Kozlov and Khvesyuk [104] presented solutions
according to the mathematical model discussed in their first paper [103]. Analytical
solutions were provided for Poisson equation and the equations for electron, ion
current, and particle densities in near-cathode regions. The cathode potential drop uc
calculated as dependence on given varied density of heavy particle ng. The current
density j = 106,107, and 108 A/cm2 and electron current fraction s = 0.97, 0.98, and
0.99 were used as parameters in the dependencies calculated for Hg and Cu cathodes.
The results for Hg cathode were obtained by stepwise atom ionization and for Cu by
direct electron impact mechanisms of atom ionization. The calculation shows that
the uc decreased with ng at constant value of j and s. But uc increased with rise of j
and decreasing of s for constant ng.

Note, these calculations providedusing somearbitrary data and, therefore, indicate
results, which can be not reflected to that obtained by complete analysis. Namely,
it was reported that the total equations for cold cathodes were solved using data
published for electron emission obtained by Lee [52], and data described the kinetic
of vaporization and vapor expansion obtained by Afanas’ev and Krokhin [105], i.e.,
given data that not based their relation to the studied subject, especially for Hg. Also
other arbitrary parameters as, ng, etc. A number of spot parameters obtained by the
authors [104] are presented in Table 15.2

No any data reported about cathode temperature, electric field, spot, or arc current.
The results are presented in such confusing that impossible to trace the way of the
solution conducted with free parameters and not by self-consistent method. The
weakness of the electric field description and the contradictions of that model were
detailed by Luybimov [68]. Another strange fact was related to the significant large
j = 7×107 A/cm2. At electron current fraction s = 0.96 the ion current density is
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Table 15.2 Spot parameters [104]

Material ng, cm−3 j, A/cm2 s uc, V

Hg 8 × 1020 7 × 107 0.96 9

Cu 1020 107 0.97 20

2.8 × 106 A/cm2 and the heat flux 2.8 × 107 W/cm2. At such large power density,
the mercury will be at an unrealistic state and this critic state should be additionally
explained. However, no any data regarding to the cathode temperature in the spot
and for spot current was reported. It was informed that the current density agree by
order of magnitude with the experiment, but it is a problem, because the measured
by Kesaev [2, 3] j is about 5 × 104 A/cm2, which is far from the data in Table 15.1.
Additional weak point is related to an input parameter λ = 4angσ ig to obtain a series
expansion of some expressions. However, estimation of λ = 4× 10−6cm× 8× 1020

cm−3 × 10−14cm2 = 32, i.e., this assumption was not fulfilled.
It should be noted that Beilis and Rakhovsky in 1969 [106] were first developed a

spot model basing on charge-exchange of ion–atom collisions. A model considering
characteristic plasma zones near the cathode taking electron impact mechanism of
ionization was developed early in 1969, [107], and in 1970, [108, 109], from which
the weaknesses of the above works were obviously followed (see Chap. 16). The
same can be stated regarding the work of 1971, [110], were arbitrary estimated the
probability of atom ionizations and an electric field (up to 5 × 107 V/cm) at the
cathode using charge-exchange ion–atom collisions. A discussion of the published
previously works reported in [68].

Harris and Lau [111] presented an advanced work. The plasma processes were
considered taking into account different zones of the near-cathode region and
Persson’s theory of ambipolar particle diffusion in plasma for a plane-parallel case
with a wall sheath [112]. The phenomena at the cathode surface including the atom
evaporation and electron emission as well as the adjacent plasma were studied. The
plasma region divided by twoparts, the first at cathode side is acceleration zone (space
charge) and then the next is atom ionization zone. The consideration includes the
conservation laws expressed by equations of particle fluxes, momentum, and energy.
The calculating (for Cu, Ca, and Mo) plasma parameters include the voltage–current
characteristics, the electric field, current density, the voltage drop, and the potential
distribution indicated a hump potential presence. However, the model used assump-
tions consisting of a number of principal lacks, which limited an adequate plasma
description. A part of them is discussed below.

It was assumed that the ion and electron currents from the plasma to the cathode
equal one to other and are determined by mechanism of ambipolar diffusion with
zero current condition. The total spot current is determined by the current of electron
emission from the cathode. Therefore, for current carrying plasma, the condition
of zero current at the cathode plasma cannot be fulfilled. The energy of ion flux to
the cathode was calculated without energy of the ion acceleration, which acquired
in the sheath with cathode potential drop. It was also assumed that ion flux to the
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cathode and ion flux from anode side of the ionization zone are equal one to other
and each of them equal to half of the atom flux evaporated from the cathode. These
assumptions also could not be justified. The ion velocity at the anode and cathode
side of the ionization zone is assumed as the sound velocity that also may be not
fulfilled. The electric field at the cathode was determined by electron temperature
ratio to the Debye length, but not by cathode potential drop, as usually.

The ion charge number and the effective potential of ionizationwere approximated
by coefficients of proportionality to the plasma electron temperature,whichwas given
arbitrary. No dependences on the atom density were presented. A potential hump of
20–30 Vwas obtained in the short ionization zone, while this hump should be arising
in the plasma-expanding zone at distance of few spot radii from the cathode surface
(see an analysis below). The current density of electron emission of about 108 A/cm2

was obtained for Cu by electric field 4.6 × 107 V/cm (Te= 5.7 eV). Estimation
shows that in according to author’s assumption for the cathode plasma it can be
only at Debye length of 10−7cm. It should be noted, the plasma processes were not
analyzed in order to determine the ionization degree, ion density, ion flux, returned
electrons to the cathode and the influence of the correctly determined space charge
sheath.

Nemchinsky in 1979 [113] and 1983 [114] calculated the cathode spot parameters
using, in essence, the gasdynamic model of the spot and the vaporization approach
earlymodeled [65]. An additionalmodificationwas conducted considering a relation,
that expressed the voltage in the quasineutral plasma, together with a “minimal
principle” condition, which determined by dependence of the total arc voltage on the
cathode temperature. The minimal voltage in this dependence was taken as a cathode
potential drop. It should be noted that different minimal voltage dependences could
be obtained by varying other parameters (current, current density, and other). So,
an uncertainty of the studied parameters can be obtained by use such approach.
The erosion rate was calculated using the saturation vapor pressure corrected by a
coefficient of the returned particles, which was approximated from results studied in
anotherwork.Othermodels presented later [115, 116] also used input free parameters
and arbitrary conditions, similar to work in [54], and the plasma processes were not
always analyzed.

15.3.2 Cathode Phenomena in Presence of a Previously
Arising Plasma

Prock [117] studied a dynamics of crater formation on the cathode of a metal vapor
arc. The work consisted of number assumptions that could be not related to the
real process. It was assumed that the initial plasma and initial crater parameters
initiated by an electrical breakdown. Further crater grow was caused by the energy
supply from the plasma. This process was stopped due to limitation of the energy for
further melting because the leaved energy part not enough for electron emission or
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the evaporation, which necessary to supporting the discharge. The model takes into
account phase changes, Joule and ionic heating, electron emission, and mass loss
due to evaporation and ejection of molten metal. The equation of heat conduction
was solved in conjunction with expansion of the crater (the Stefan problem) using a
spherical one-dimensionalmodel. Furthermore, Prock assumes that the configuration
of the crater surfacewas determined by boiling phase if the vapor pressure exceeds the
ion pressure. The limiting atom–ion balance was used as in work of [54]. Therefore,
the calculation shows a lower bound for the spot lifetime and the final crater radius.
The cathode material evaporation was calculated according to Dushman law [55]. As
the initial crater radius was given then for used constant spot current I, in essence, the
initial current density was given arbitrary. The current density was assumed decrease
inversely of square of the radius in the cathode bulk. The cathode potential drop was
expressed by the following arbitrary approximation uc= ui+ f(ϕ). It was indicated
that the function f(ϕ) was choose depending on mechanism of electron emission.

One of themain conclusions of Prock’s work is the statement “because of energet-
ically reasons, crater formation is only possible for current densities on the order of
108 A/cm2, as shown for Cu.” This conclusion is doubtful because it was based on the
calculation for very small time of 0.4 ns andwas obtained using the above-mentioned
arbitrary assumptions. Prock compared the contribution of ionic and Joule heating
at the end of crater formation for different metals. His conclusion that the contribu-
tion of Joule energy is large comparing to that by ionic energy source for different
materials is also doubtful. Note, the ion current density j, is defined as difference
between total current density (equal arbitrary to crater size) and current density of
electron emission. So, this comparisonwas providedwithout consideration of plasma
phenomena, origin of ion density and ion flux. It was estimated in large range j of
(2–11)×108 A/cm2 and also not in self-consistent manner.

Klein [118] extended Prock’s model to investigate time development of the crater.
He used an accumulation of the plasma in front of the spot to determine of the
spot lifetime. In contrary to Prock’s assumption of boiling temperature of the crater
surface, Klein assumed that below given initial crater surface in the cathode an
overheated phase is developed that sharply increase the crater radius by an explosion
at the end of the overheating process. The temperature field is calculated via the
transient heat conduction equation in radial symmetry with the Joule heating. The
current density j at the cathode surface was defined as I/(2πr0)2 and j(r) in the
cathode body falls off proportional to (r0/r)2. The ion heating, evaporation, and
radiation cooling were taken in account as surface boundary conditions. Also, the
equations for electron emission and electric field at the cathode surface were used.
The crater current, I and size r0 were given and this means that the current density
was also given. The calculation conducted for r0= 0.4 μm and I = 50 A for Cu
showed that critical cathode temperature and explosion phase was reached at too
small time 0.1 ns. It was then assumed that the whole plasma is returned to the
cathode. And the further increase in heating rate leads to the development of a new
temperature maximum below the surface after the last surface layer is removed. If
the temperature maximumfinally reaches the critical temperature, then a new surface
layer is removed and the entire evaporatedmass is increased. After a lifetime of about
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2 ns, the regime of thermal runaway changes to the regime of melt ejection, where
the cooling effects compensate the Joule heating.

It should be noted that the calculated condition of the local cathode explosion
phase is obvious and not surprise as a large current density of j = 1.6 × 1010A/cm2

was given corresponding to sub-micron initial size of current area. Also, it is difficult
to understand how the crater plasma can stepwise to be returned after the explosions.
It seems that such arbitrary assumption was provided to increase the crater size in
order to satisfy to the measured data.

He and Haug [119] analyzed the thermal phenomena in a cathode as a possible
mechanism for spot formation. The temperature field in the electrode is calculated
with a 2D heat conduction equation in a cylindrical symmetry. The energy balance
at the cathode surface according to Mitterauer et al. [80] determined the boundary
conditions. The volume Joule source was defined by the electric field in the cathode
body. This fieldwas determined through the continuity equation, derived fromOhm’s
law (in a cylindrical coordinates) by neglecting the net charge source. It is due to
the applied voltage on the electrode gap. However, in a real case, even with spot
ignition in vacuum by a high voltage, there is often an ion flux to the cathode surface.
It can be result from the previous electric discharge. The influence of the ion flux
was accounted as an energy carrier for the cathode. When the surface field is not
strong enough to generate heat flux to the electrode, an ion flux was considered as a
supplementary heat source. Then, the electric field at the surface was used twofold.
The electric fieldE and the ion current density ji at the cathode surface are considered
as two independent external parameters. At some significant value of ji, the space
charge was taken in account and additionally the electric field at the cathode surface
was calculated according to Mackeown equation [21].

The calculations were conducted for copper cathode, cathode potential drop of uc
= 15 V and for planar or smooth surface, on which the electric field was applied at
a circular zone with given radius of 10 μm. The results show that, without the ion
flux, a high electric field is needed. In this case, at the surface and at the beginning,
the only efficient source is the Joule heating due to electron emission. With a surface
field equal to or stronger than 7.5 × 107 V/cm, the surface temperature increases
from its initial value and then a cooling effect occurs with increasing emitted current
density and of the metal vapor. After the surface temperature has reached a critical
value, the sign of the thermal flux changes and the overheating phenomenon below
the surface were calculated. The calculation showed that the surface temperature
remains limited between 3400 and 3800 K, when a thermal runaway is occurred and
the maximum temperature below the surface increases up to the critical value for Cu
(8000 K). The time delay for the thermal runaway was about 10 μs for E = 7:5×
109 V/cm and 20 ns for E = 9×109 V/cm.

According He and Haug [119] the time dependent evolution of the temperature
at the surface center and of its maximum in the cathode bulk for different external
electric fields is shown in form indicated in Fig. 15.8. To start spot formation on
a cold cathode without ion impact, a strong surface electric field is necessary to
about 108 V/cm. This required field was obtained due to the voltage applied across
the electrodes and it enhanced by local surface rugosity. The influence of the ion
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Fig. 15.8 Influence of the
electric field on time
dependent spot temperature
evolution calculated without
ion flux with value of electric
field as parameter in range
(7–9) × 107 V/cm [119]
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current was studied at minimal value E = 7 × 107 V/cm. It was shown that ji=
5 × 106 A/cm2, the spot ion current I i= 0.157 A, and the temperature at the center
is low, about 800 K at 100 μs. However, the temperature significantly increased at
ji= 2.5 × 107 A/cm2, I i= 0.8 A that was considered as critical at which the spot
ignition becomes possible. Thus, the intensity of the field required for spot initiation
decreases with increasing ion flux. If the latter is sufficient, the electric field due to
the space charge is sufficient to initiate a cathode spot.

It was indicated that the calculated overheating could be considered as the origin
of the microexplosion, which can be a possible mechanism for the crater formation
on the cathode. It should be noted that to reach the mentioned ji the ion density
should be 1021 cm−3 that is enough high. In additional, the used uc is arbitrary value
at stage before of spot ignition.

A 2D numerical model has been developed by Schmoll [120] to investigate the
interaction of a cathodic spheroidal microtip apex with a low-temperature plasma.
The voltage drop between the plasma and the cathode was used as a free parameter
varied in the range 15–1000 V. Size of the tip base radius was 0.5 and 1 μm. Three
time stages of heat conduction equation were discussed. The first is heating of the
tip by energy of the ions accelerated in a sheath. The second is the tip melting with
process of removing the liquid metal when (arbitrary assumed) the melting depth
exceeds 0.1 μm also arbitrary changing the tip geometry. The third stage considers
in addition to the solid and fluid phases at the tip, the metal vapor, which is generated
by high temperatures at the protrusion apex. The end of this phase usually is the
generation of dense metal vapor plasma in front of the microtip. The weakness of
this study consists in using the following erroneous relations. (1) The force acting on
the liquid surface due to the electric field strength, which is not based. (2) The flux
of metal vapor particles from the tip and the evaporation tip cooling was calculated
by means of the Langmuir formula at boiling temperature of the tip. (3) The ion
pressure was determined by momentum of ion flux accelerated in the sheath at the
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protrusion surface without consideration of the force balance in the sheath. The
plasma parameters were determined without consideration of atom ionization and
plasma energy analysis. The electron emission was described in limiting approach
of Murphy and Good formalism. No any data and discussion was presented related
to the discharge current influence.

Niayesh [121] investigated an influence the electrode surface irregularities as a
possiblemechanisms of arc re-ignitions after interruption of high-frequency currents.
The plasma state during the postarc period was investigated using the equations of
conservation ofmass andmomentum in the space charge region in 2Dapproximation.
The results (for 6 kV/μs and protrusion size 15 μm) indicate a considerable increase
in ion density at the points with high electrical fields. No heat or other processes in
the solid protrusion were analyzed and reported.

The instability phenomena in a copper vacuum arc were analyzed by Mungkung
et al. [122] solving the traditional cathode spot system of equations including equa-
tions of (1) total spot current, (2) electron emission, (3) cathode energy balance,
and (4) electric field at the cathode surface, i.e., in approach of [54]. This system
was added by an arbitrary equation of heavy particle conservation and a relationship
to determine the plasma electron temperature Te determined by the Joule energy
dissipation due to plasma jet electric field. To determine eight unknown, the ion
current fraction f in the plasma jet and the effective cathode voltage were used as
input parameters by independent varying of the spot current within 19–70 A. It was
shown that a common solution of the equations for spot current below 20 A is absent.
This fact was interpreted as instability of the vacuum arc. It was concluded that this
instability is due to the electrons returning flux from the plasma region, which were
taken in account only in the equation for electrical sheath neglecting of this electron
flux in the other equations without any discussion. Therefore, it is understandable
why the calculated values of electron current fraction of 0.1 and cathode potential
drop of about 9 V were obtained so low. In contrary, the resulting value of Te ≥ 2 eV
is large, while the estimated potential drop in the plasma is ≤1 V for relatively small
the plasma electric field, about of 100 V/cm (using even a large j = 105 A/cm2) and
at a characteristic spot radius ~0.01 cm. The cathode jet mass was determined by
fjm/e that intend fully atom ionization in the jet, while fluxes of the evaporated atoms
and of the ions moving toward the cathode were assumed as independently different
in the plasma near the sheath.

The cathode jet mass was defined by fjm/e that intend fully atom ionization in
the jet, while this mass flux on the other hand determined by difference of the fluxes
between evaporated atom Γ ev and the ion (1-s)j moving toward the cathode and
determined as independently from one to other near the cathode. As a result Γ ev=
mj(1 + f -s)/e, which indicated that for used f = 0.1 and at calculated s < 0.1 (see
Fig. 3 in [122] for current > 40 A) the ion current exceeds the evaporated atom flux
(s is the electron current fraction). Any analysis of ionization state of the vapor in
mentioned region was absent.

The above considered thermal approaches and, in particular, the thermal model
of [119], was taken in account by Uimanov [123] to investigate heat regime of a
cathode surface of a microprotrusion. A numerical simulation was conducted using
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2D non-stationary heat conduction equation with volume Joule heat source. The ion
impact heating and electric field of the space charge zone near a protrusion at the
cathode surface were taken in account. Joule heating of the microprotrusion at some
certain values of the geometric parameters produced an electron emission current
density followed by an explosion of the protrusion.

The shape of the microprotrusion surface was specified by the Gauss function
with the height varied in range from 0.5 to 5 μm and the microprotrusion base
radius of rm= 0.5 μm. The explosion of the protrusions was investigated assuming
an enhancement of the current density of the ions moving from the plasma to the
cathode. The current enhancement parameter was determined by the ratio of the
protrusion lateral surface area to its base area. The simulation was performed until
the temperature in the protrusion reached a metal critical temperature given arbitrary
as 8390 K for Cu. At this temperature, the calculations were stopped due to the
assumption that the process went to the explosive phase and development of an
electron emission center (see below).

Computations were performed for a copper cathode with cathode potential drop
of 16 V and potential of atom ionization of 18 eV, which take in account ion charge
of 2. The ion density current ji varied in given large range from 107 to 108A/cm2

taking into account enhancement coefficient of the current determined according to
the protrusion geometry. Considering such large values of ji it is not surprise that the
protrusion can reach the overheating temperature in range of ns even (at 108 A/cm2)
without Joule heat source by electron emission. Note, the result of calculation is very
sensitive to the chosen input values, which early demonstrated in [119]. Namely, for
ji= 106A/cm2, the calculated overheating temperature is in range ofμs. Additionally,
the used initial ion density was taken as 1020 cm−3 at the sheath edge is strongly
questionable because the previous plasma expands from the surface at distance of
10–100 μm in time of 1–10 ns. The arbitrary chosen small protrusion size limits the
heat and current conduction. Also, the ion charge of 2 for Cu cathode was detected
far from the cathode surface. The used potential of atom ionization of 18 eV is
overstated.

Further development of Uimanov’s 2D model to analyze the pre-explosion
processes in a cathode protrusion has been described by Barengolts et al. [124].
The model includes a calculation of the cathode temperature in view of the surface
heat fluxes carried by electrons and ions during the interaction of the cathode surface
with the cathode plasma, and the Joule heating of the cathode. The calculations
conducted with the following given plasma and protrusion parameters: ion density
ni0 ~1019–1020 cm−3, electron temperature Te ~ 2–4 eV, cathode potential dropUc=
16–20 V. The used effective potential of ionization of eVi= 18 eV is overstated as
mentioned above. The shape of the protrusion surfacewas specified also by theGauss
with given characteristic sizes of height h = 2 μm, d = 0.312 μm, and r0= 0.5 μm
[124]. The calculation domain of the plasma was 10 μm in size, the calculation
domain near protrusion at the cathode was 3 μm. The enhancement parameter of ion
current was taken as 4.

Calculations were carried out up to the point in time at which themaximal temper-
ature in the cathode reached the critical temperature for copper also of 8390 K. As
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a difference from the approach of [123], in present model, the potential drop up
across the cathode plasma was calculated. Using this result, the potential drop across
the space charge sheath was determined as difference between the potential at the
plasma boundary up, and the potential at the microprotrusion um. The calculated
result showed a thermal instability (thermal runaway) in a cathode microprotrusion
and that the critical temperature was reached within some tens of nanoseconds.

Of course, this result is a consequence given small geometry of the protrusion
and of specific plasma parameters (at fixed cathode potential drop), indicated as
parameters in the spot plasma, although that the model described the pre-explosion
process. Also, it is not understandable how can be determined the sheath potential
drop uc as mentioned above and in the work (see [124]). For this a Laplace equation
was used to calculation the potential drop up in the plasma adjacent to the protrusion,
while the potential um was obtained fromLaplace equation for body of the protrusion.
These independent subjects not related to the value of uc, which should be determined
by analyze the space charge (Poisson equation) producing the sheath.

15.4 Explosive Electron Emission and Cathode Spot Model

The electron emission from a plasma plume generated by explosion of a cathode
tip due to it resistive heating was defined as electron explosion emission (EEE)
phenomenon [125–128] (see also Chap. 2). Using the fact that, the processes in a
cathode spot are extremely complicated in many respects the authors of the EEE
phenomenon indicated that explosive emission could have decisive significance in
the functioning of the spot. The main motivation was based on transient character of
EEE phenomenon. According their opinion (not correctly reflected the publications),
the existed previous spot models were stationary and have not explained such exper-
imental facts as the rapid displacement of the spots, fluctuations of the arc voltage,
and the existence ofmultiply charged ions. Also, the roughness of the cathode surface
and the inhomogeneity of its surface composition have not been taken into account.

So, these investigators asserted that only the explosive process could characterize
the transient behavior of the cathode spot in a vacuum arc. This conclusion, however,
ignore the real transient essence in the other models considered already above. In
additional the transient spot description based on evaporationmodels (without explo-
sions) was arbitrary referenced always as stationary approaches. Below this opinion
and the details of the EEE approach, used to describe the spotmechanism, is analyzed
and its relation to the other models is considered.
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15.4.1 Primary Attempt to Use Explosive Electron Emission
for Modeling the Cathode Spot

Mesyats [129], Bugaev et al. in 1975 [130], Litvinov et al. [131] first and thenMesyats
and Proskurovsky [132] specified the phenomena of explosive electron emission
(mainly as electrical breakdown mechanism) as a process that can be related to the
cathode spots. In essence, the primary attempt was to use explosive electron emis-
sion to explain the cathode spot behaviour was qualitative. The authors’ conclusion
was based on comparing the observed EEE phenomenological results (in break-
down) with those experimental cathodic arc findings [130, 132]. It was indicated that
such observations include the presence of a dense plasma near the cathode, high-
current density of 107–108 A/cm2, arc voltage fluctuation, craters, plasma expansion
velocity, and the presence of multiply charged ions. Litvinov et al. in 1983 [133]
discussed a crater formation and motion of the explosion location in framework of
EEE. This result was obtained using thermal model with the non-stationary Joule
cathode heating. Neglecting the energy loss by temperature gradient the heat conduc-
tion equation was solved for cathode of conical geometry. A coordinate rcd or the
cross section corresponding to the volume of cathode heated to the state of destruc-
tion was calculated. The time of destruction was determined when the input energy
exceed the specific heat of sublimation. The mass of cathode material in this volume
was assumed ejected away resulting in cathode erosion and crater formation. It was
indicated that the initial explosion occurs as the result of field emission with a field
≥108 V/cm, high-current density (~109A/cm2), and then at the surface form some
conditions for appearance of a new explosion under the plasma. So, the erosion
process consists of a series of microexplosions in the vicinity of the initial explo-
sion center. The calculated results were compared with those results obtained for a
high-voltage (30 kV) experiment. However, in case of vacuum arc, the cathode spot
occur under only about 20–30 V. Therefore, the question is how the conditions for
explosions can be occurred during vacuum arc operation with low voltage. Let us
consider some calculations to understand the conditions.

15.4.2 The Possibility of Tip Explosion as a Mechanism
of Cathode Spot in a Vacuum Arc

The model of the explosive emission and its application to explain operation of the
relatively long-life spots (~1 μs) can be considered through the following scheme.
Let us assume that the spot plasma with density ni is generated due to a number of
individual explosions of separate microscopic protrusions on the cathode surface. A
space charge sheath is formed at the cathode surface with measured potential drop
of about 10 V (Hg) and 15(Cu). It is taken in account that the sheath thickness d
thus defined with reasonable accuracy by the 3/2-power law (Chap.2) and the ion
density by the continuity equation, ji= eniviT /4, where viT is ion thermal velocity.
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The value of the ion current density is given and the equation of electric field E
can be used (see Chap.2). To support the further spot existence by explosion model,
let us assume that after an explosion of a single protrusion of mass mex the plasma
is uniformly distributed within a hemisphere with a radius equal to the spot radius
rs corresponding to given current density. As the explosion plasma expands with
velocity vj of about 2 × 106 cm/s [125, 130] one obtains the plasma density nex due
to one explosion as

nex = mex − mnexv j Sst

Vwm
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3
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where Vw and Ss are the volume and surface area of the hemisphere, respectively,
m is the atom mass. A protrusion with radius rb of the base and height hh has mass
mex= πr2bhhγ. Now, let us define the number of simultaneously explosions N needed
to provide the ion density ni corresponding to the current density ji as the ratio of the
density ni to the density nex obtained from a single explosion. Then, the expression
for N is:
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τ-is the explosion time of about (1–5) ns.Now to determine the protrusion sizes the
critical explosive electric field is taken to be Ecr = 108 V/cm [125, 130]. The critical
field is related to the average field by Ecr = βE where β is the field enhancement
factor. The field will be enhanced, if the sheath thickness h significantly exceeds
the characteristic protrusion size. The magnitudes β and d will thus determine the
maximum size of the protrusion, which under the conditions considered can be
exploded. The calculations for Cu cathode show that E = 107 V/cm and d ~=(0.6–
1) × 10−6cm when uc increases from 15 to 50 V, therefore, the explosion can be
realized for β = 10. In this case, at least should be the hh= (0.6–1)× 10−7cm. Let us
consider that after explosion a spot with lifetime of t = 10 ns, total current density
j = 108A/cm2, with ion current density ji= 106A/cm2 will be appeared [134–136].
Using (15.34), rb= hh= 10−7cm, the value of simultaneously explosions isN = 3 ×
1014with explosion time τ=1ns. For spot time life of t= 1μs, j= 108A/cm2, and ji=
106A/cm2, the value of N increase to ~1017. These values of N are fantastically large
and difficult to justify. In additional, the characteristic sizes of the protrusions, on
which, the electric field can be enhanced to the critical value estimated as a size of the
order of the lattice constant. This fact should be taken into account by calculating the
electron current by field emission, which defines the explosive emission conditions
and its parameters. The theoretical analysis made by Ecker [62] leads to the same
conclusion. Now let us study the explosion phenomena using the approach named
as emission center.
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15.4.3 Explosive Electron Emission and Cathode
Vaporization Modeling the Cathode Spot

The further attempt to use explosive electron emission consists in definition and
modeling a self-sustained emission center (EC) in 1983 [137], [138, 139] that later
summarized by Mesyats [140]. Below, different approaches of cathodic arc study
using the explosive phenomena are considered. It will be shown that further devel-
opment of initially simple multi-explosions (only by Joule energy) the further explo-
sion theory development was combined with the traditional emission vaporization
mechanism of cathode processes.

15.4.3.1 First Approach to Use Cathode Vaporization in the Explosive
Emission Center

Qualitative description of the emission center (EC). The scenario of the EC produc-
tion was proposed as follows [140]. Initially, the current density reaches of about
109A/cm2 (again not clear how it can be in an arc with voltage of 20 V) and then fast
heating occurs of cathode material in a microvolume and its explosion resulting in
efficient explosive emission. As the explosion develops, the emission zone increases
in size and heating is dissipated by cathode heat conduction, evaporation, and ejec-
tion of heated cathode material. All these processes reduce the temperature in the
EC operation zone and the thermionic electron emission current density.

The decrease in emission current density leads to reduction of the Joule heating.
Therefore, the current ceases, but during this time a short-living portion of electrons
is generated. Thus, the electron emission proceeds for short time, and then ceases
because of the cooling due to energy loss. This portion ejection of electrons is defined
as an EC.

Quantitative description of the EC [137, 139, 140]. To determine the lifetime and
other parameters of the EC, the cathode was modeled as a tip in form of conus with
half angle θ at the top. To study of a crater at a plane surface was used θ = 90° (see
Fig. 15.9). A system of equations was considered (in essence, in approach of model
Ref [54] with different cathode geometry) including: (1) heat conduction equation in
spherical coordinates with Joule heating as volume source, (2) Mackeown equation
for electric field, (3) equation of thermionic electron emission with effect Schottky,
and (4) total current j ~ I/2πR2

0. The boundary condition for heat conduction equation
described by the energy balance at the cathode surface that involves the energy fluxes
transferred by evaporating atoms, the electron emission and the ion coming from the
plasma to the surface. It was supposed that the evaporation zone coincides with the
emission zone and both were represented by radius R0 increased during the heating
from an initial value. The time dependent Joule heating of the cathode was due to the
time dependent current of thermionic electron emission enhanced by the electric field.
The current extracted from the cathode was specified to be linearly rising with time
(dI/dt = const) or was given as constant value. When the electron emission current
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Fig. 15.9 Geometry of an
emission center on the top of
a point cathode and on the
surface of a plane cathode
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is high the current was limited by its given values. In this case, it was indicated that
the work function should be increased due to virtual cathode appearance. However,
no any theory of virtual cathode operation or its parameters (including an increase of
the work function) was presented. The measured arc voltage was interpreted as the
cathode potential drop. The rate of cathode evaporation was given by an exponential
dependence on the surface temperature.

The solution showed that initial temperature reaches more than 30000 K and
lifetime of the EC changes from few ns to 10 ns depending on cathode materials
and given arc currents. The results for different cathode materials are presented in
Fig. 15.10 and for Cu in Fig. 15.11. It was indicated that the EC at plane cathode
can be developed at some critical rate of current rise and that cannot be lower than
1011 for Cu, 6 × 109 for Mo, and 4 × 109A/s for W. For a conical tip, the critical
dI/dt depends on angle θ and can lower up to ~108A/s. For EC on a plane copper
cathode at the moment of emission termination, the current density was decreased
as 5.5 × 109, 3 × 109, 1.2 × 109, and 7 × 108A/cm2 when the current increased
from as 10, 20, 50, and 100 A, respectively [140, 141]. This result indicates that the
current density remains extremely high during the lifetime before the EC is dead.

Fig. 15.10 Time dependent
surface temperature
calculated for plane cathode
at various metals and current
of 20 A. The instant the
emission ceases was denoted
by circular symbols [138,
140]
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Fig. 15.11 Time dependent
surface temperature
calculated for plane cooper
cathode at various current
with dI/dt = 1011A/s. The
instant the emission ceases
was denoted by circular
symbols [140]
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Themain debatable points of ECmodel. The initial radius was givenR0= 0.1μm
for current carrying area (3 × 10−10cm2). The given values of R0 and the currents,
in essence, equal to given current density that for currents 10–100 A are 1010–
1011A/cm2. Therefore, it is not surprise that such fantastic cathode temperatures
and, respectively, large electron emission appeared at times of about few ns. It was
indicated that the ion current to the cathode was negligible low, but was not indicated
its influence on the electric field and the electron emission enhancement. It is also
not clearly described the procedure of accounting the cathode heating by the electron
emission current with simultaneously given the values of rate of current rise and the
current as a constant value. According to the explosive model, the ECwas dead when
the energy losses (due to increase of R0 with time) by the material heat conduction,
evaporation, and electron emission significantly cooled the cathode and cease of the
Joule energy dissipation. This is critical point of the approach based on use of the
EC. Let us explain this point.

In essence, this approach used system of four equations (for five unknown) as
in [54] with main difference using transient heat conduction equation requesting
initial conditions. The fifth unknown was given arbitrary as ion flux to the cathode
determined by half of the evaporating atom flux from the cathode. Another problem
of EC model presented in [137, 140] consists in the given initial current density
that chosen significantly high. This high value consequently determines the substan-
tially large resistive cathode heating. The result showed that for this condition the
self-sustained solution could not be supported on time larger than few ns and also
for the rate of current rise lower than some certain large values. However, as the
evaporation atom flux increased his role was not only in cathode cooling but it
should be taken in account the new phenomena producing additional plasma density
supporting the further cathode spot formation. Therefore, the solution should be
continued considering the dense plasma generated by the cathode evaporation. This
study was developed in evaporating models. The mentioned system of equation was
successful studied in [54] using some limiting conditions. For non-stationary cases,
the solutions were demonstrated by gasdynamic mathematical formulation (see [65])
considering the plasma phenomena allowed to determine the fifth unknown, i.e., the
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ion current to the cathode and later by kinetic approach of the cathode vaporization
(Chaps.16 and 17).

15.4.3.2 Development of the Explosive Approach and EC Model

The further consideration of EC was concerned on its study using a different name
of the explosive approach. To the name “EC” was added word “TON.” Thus, the
new name is “ECTON” assuming that the tip explosion is an elementary act. It
can be assumed that the authors interpreted the “ECTON” act similarly to the acts
from elementary particles “PROTON, ELECTRON” etc. Nevertheless, this approach
could not be considered as elementary act and as independent subject similar to an
elementary particle. First of all, this is a process depended on discharge conditions.
The process duration and intensity determined on a given initial size of a protru-
sion or crater, which was measured in wide ranges. The size distribution depended
on the cathode surface condition, cathode material (low- or high-melting tempera-
tures), and arc parameters (current, gap length, gap plasma, voltage oscillations, and
others). Thus, if a tip is explodes, the process is ambiguous in the arc conditions and
determined by the mentioned parameters of the surface and of the arcs and cannot
be interpreted as an elementary act. Moreover, the essence of the used and described
above approach not depends on the name and therefore below it will be used the first
definition of “EC.”

To justify the given initial small sizes, the authors of [142] used, respectively,
Daalder’s [143] craters distribution on their sizes. According to these measurements
Daalder calculated the (most probable) current density (in range of 2× 107–1.9× 108

A/cm2) as a function of the current assuming that the crater having the most probable
diameter is formed on the average by the total discharge current. Using Daalder’s
maximal current density ~108 A/cm2 obtained at 50A, the authors of [142] provided
some estimation in order to show the validity of the EC theory as a collective multi-
EC process. Here, however, should be noted: (i) Daalder pointed that “to calculate
the current density of a single discharge at the cathode one has to know if there are
one or more emission sites active at the same time, a fact which is still unclear.”
This means that, in general, the current per crater (especially for small size) is an
unknown parameter that requested further study.

According to the experiment [143] the total number of craters was in range of
170–440 depending on current; (ii) the collective multi EC process should be accom-
panying by, respectively, number of initial explosion of a protrusion that can be
occurred at ~109 A/cm2 and rate of current rise of 1011 A/s for Cu [140]. These
parameters are far for those parameters in experiments for Cu in [143]. Using crater
size, the relatively lower current density was measured at the moment of tungsten
cathode spot death of 1.2× 107 A/cm2 for a cold cathode and 3× 106A/cm2 for a hot
one [144]. For closure gold electrical contacts, the current density of about (2–6) ×
106A/cm2 was reported for the crater sizes (5–10μm) [145]. Also, the large range of
current densities (of 106–108A/cm2) and spot lifetimes at the cathodes was obtained
using the crater and trace sizes in vacuum arcs with presence of oxide and metallic
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films (see Chap. 7). Thus, even considering only the data of crater sizes measured
in wide range of values, it is difficult accept a spot appearance as an elementary act
satisfied to condition of initial explosion (crater 0.1μm) and of EC short lifetime
with extremely large current density [137, 140].

Rossetti et al. [146] developed a numerical model of the predischarge heating
process encountered by a microprotrusion on the cathode surface of a vacuum gap,
due to the field emission producing high-current density flowing throughout the
protrusion. The model is one-dimensional and non-stationary. The protrusion is
sketched as a truncated cone and the material considered is tungsten, whose physical
and thermal properties have been assumed temperature dependent. Microprotrusion
height has been fixed to 10 μm; cone angles of 10° and 20° and tip radius of 0.1
and 0.05 μm have been investigated. Two different initial temperatures have been
considered: 300 and 2000 K, as well as two different surface work functions: 4.5 and
2.7 eV.

The calculations showed that the melting temperature was reached inside of the
tip for 4.5 eV, at E = 108 V/cm. For 2.7 eV, the melting temperature was reached
at E = 5 × 107 V/cm. For 2000 K, the critical electric fields was also E = 108

V/cm but yield the melting at the point immediately under the tip. The calculations
confirmed the previous results that the explosion of protrusions occurred in a time
of the order of 1–10 ns with current densities as 108 A/cm2, while the corresponding
electric field E at the tip can reach the value of 108 V/cm. Note, this conclusion
was obtained again using very small protrusion size. The low value of work function
can be obtained by the addition of thorium, barium, lanthanum, etc., in the base
material. But the question what is the state of such doping material at temperatures
significantly higher than the melting temperature.

The finite lifetime of an EC, obtained previously, was used to explain the cyclic
character of a cathode spot appearing [147]. It has been indicated that protrusion
explosions generate the arc plasma. The explosion occurs at the cathode surface by
the Joule heating due to the high emission current density calculated by given small
crater size. It was also indicated that “a cycle consists of two stages: the first stage lasts
the time during which the EC is operative and the second stage of shorter duration
during which a new EC is initiated by the ion current from the cathode plasma.”
However, no theoretical analysis was present how the first stage was initiated and
how production of the new EC can be supported by ion current to the cathode and
how the value of explosive current density of 109 A/cm2 (to satisfy the specific action
h = 109 As/cm4) can be reached at the both stages.

The geometric shape and size of a solidified jet was considered by Mesyats et al.
[148, 149] as a way for initiation a new explosive emission center (spot cell) during
the interaction of the jetwith the dense cathode plasma.An experimentwas conducted
with a piece of tungsten wire 150–200 μm in diameter used as a cathode and an arc
current pulse of duration 700 ns, arc current ranged from 4 to 20 A. The arc triggered
with a trigger electrode to which a pulsed positive voltage of 20 kV and duration
40 ns was applied. The experimental data showed that the track of a cathode spot
contain a number of the solidified liquid metal protrusions of like jet-shaped. The
authors represent separate drops of micrometer size jets with a neck of lower size
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Fig. 15.12 Solidified liquid-metal in form of a protrusion: a protrusions formed at the edge of a
crater observed in [150], b part of series of protrusions formed at the spot trace observed in [151]

(Figs.1–3 in [148]). It should be noted that such jet-shaped liquid metal protrusions
was already detected previously after craters observations, for example, in Fig. 15.12
presented by Juttner [150, 151] (Fig. 15.12).

Recently [152] expanded the calculation of the explosive spot ignition at the neck
configuration of a liquid metal at the periphery of a crater. Arbitrary initial geometry
R0 = 0.1μm, plasma density, current of I = 1mA and very large critical temperature
varied from (5–25)× 103 Kwere used. It should be noted, the real crater temperature
after extinguish of the previous spot is significantly lower that used in the calculations.
Estimations using energy balance for initially cold metallic neck (isolated cylinder
with height L) taking into account the mentioned conditions, show that the neck
temperature of 1000C can be reached only during 10–100 μs which is far from the
obtained explosion period of ns.

The authors [148] described a scenario, mainly qualitative, of the initiation of
a new explosive emission center (named also as a spot cell) occurred during the
interaction of a liquid protrusionwith dense cathode plasma proceeding in two stages.
During the first stage, the protrusion is heated by the plasma ions. The second stage
begins when the surface temperature reached the point of 3500–4000 K, and then the
resistive heating becomes substantial as the emission current density increases with
temperature. The current density at the protrusion base or current density through the
neck was assumed geometrically enhanced. The degree of enhancement is assumed
to be determined by a ratio between the total protrusion area to the base, or to it neck
area.

However, as the ion current and the heat flux come to the total protrusion surface,
the neck can be melted early in time and also distracted. Note, the total resistance
of the protrusion with the neck (Fig. 15.12) can be considered as a number of series
resistances, for which the electrical current is determined by the smaller resistance.
As result, the electrical current for such configuration will be not enhanced but contra
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verse, become weaker. In additional, after reaching the temperature of 3500–4000 K,
the material is melted (even for W ), and of course, the geometry of the protrusion
significantly changed. before any explosion emission can be occurred. Also, the
fraction of the current to the protrusion is not known. This fraction can be very small
to initiation of the heating in comparison with the total current at the local spot area
where the protrusion arise. Besides, the mechanism of spot initiation on a melting
protrusion occurred due to ion bombardment was reported previously [153, 154] in
frame of vaporization model (without attract any explosion phenomena).

15.5 Summary

Electrical arc was discovered while measuring the resistance of broken graphite in
early of nineteenth century, and then first its applications became important [134,
155]. In years after that, arc research and an attempt to understand the arc behavior
was conducted mainly from the primary studies in second half of nineteenth century
(see Chap. 11, [156]). In this chapter, the results of cathode spot study reviewed
from the beginning of twentieth century up to the present time. The evolution of the
main data and ideas are presented, starting from those, which developed for separate
phenomena, up to systematic models inclusive and related to the cathode spot mech-
anism. For vacuum arc, different approaches were considered in order to describe the
mechanisms of generating a plasma comprised of cathodematerial, based on cathode
vaporization and local explosions. The description considers different stages of the
studies showed evolution of the developed theories dependent on improvement of
the diagnostic technique and cathode materials. The primary investigations were
consisted in understanding the mechanism of electron emission to support the elec-
trical current in the cathode region. The proposed mechanisms significantly varied
depending on phenomena observed on such different cathodes as carbon or mercury,
which involved thermionic or electron field emission, respectively.

Theory of field emission taking in account a high electric field at the cathode
surfacewas developed due to necessity to explain how the current can be supported in
a low-temperature spot of Hg arc. The further observation of arc onmetallic cathodes
and results of current density measurements stimulate new ideas of electron ejection
from the cathode including de-excitation of excited atoms, presence of hot electrons
in the cathode body, current supporting only by ion flux, and by primary models of
local explosion at the cathode surface. To summarize of the early research works,
at this stage, Robson and Engel noted [49]: “Many theories have been proposed in
the last 15 years to explain the observed high-current densities associated with the
cold cathode arcs. All of these theories are somewhat inadequate in themselves, but a
combination of some of the more recent theories can give a satisfactory explanation
of these high-current densities.”

The problem of the cathode spot is not only the mechanism of electron emis-
sion but also the mechanisms of cathode plasma generation, especially when the
arc arises in vacuum. An attempt to common (coupled) analysis of a number of
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the cathode processes to determine of the main spot parameters was developed in
the research works considered as second stage of the present review. The first such
approach was given by Lee and Greenwood and by Ecker considering cathode vapor-
ization, vapor atom ionization, and cathode space charge sheath. The mathematical
formulation was presented by the main system of equations including equation of
electron emission, electric field at the cathode surface, cathode energy balance, and
the total current equations. Some limiting conditions used to close the mathematical
formulation. In essence, this approach characterized as “vaporization model” used in
the further models developed from about 1970th. To close the mentioned system of
equations, except the limiting conditions, different modifications were used consid-
ering including sizes of the traces after the arcing, combination of plasma generation
by explosions and by vaporization with given local and average values of current
densities and other discharge parameters. The non-stationary models studied a time
development of cathode crater considering a cathode thermal regime, but arbitrary
giving an initial microsize of the crater. The heat flux to the cathode was determined
in frame of the vaporization approach.

Beginning from about 1975 the approach of local cathode explosion became
new interpretation using phenomena of explosion electron emission (EEE). This
phenomenon produces both the cathode plasma and electron emission due to high-
current density and overheating of a protrusion of the rough cathode surface at the
breakdown stage at initiation of an electrical discharge. Firstly, it was assumed that
after EEE the exploded plasma interact furtherwith the cathode surface at sub-micron
area thatwas a given parameter in themodel explaining possibility of new explosions.
Hereafter, to the cathode spot operation, the plasmagenerationwas described in frame
of vaporization model. A transient heat conduction equation was solved giving initial
a high-current density and local Joule heating due to given microareas (crater or
protrusion). As a result, the time of such interaction is very short (few nanoseconds)
which was determined by time of breaking the heating process due to increase of
the energy loss by evaporation, heat conduction, and others. Such localized plasma
generation and ejected a package of electrons due to emission was named, first as
emission center (EC).

Later this namewas converted by formula “EC+TON=ECTON.”The definition
of EC was renamed as “ECTON” in order to indicate that a tip explosion can be
considered as an elementary act. However, the process of transient vaporization
using Joule heat source cannot be interpreted as an elementary act. Many factors
influence on formation of the cathode surfacemorphology and on themicrogeometry
sizes (taken as input parameter in the EC model) during the arcing and new spot
development.Moreover, the arbitrary assumptions limited themain conclusion about
presenceof a portion electrons. It is first of all the givenvery small initial characteristic
size (109-1010A/cm2) leading to preferable role only the Joule heating. The model
is not mathematically closed from which the size can be calculated and therefore
cannot indicate presence another solution.

It should be noted that the used transient vaporization model can be solved for
larger time when the ion flux to the cathode will be determined correctly and the
EC size that is spot size will be not given, but will be determined by self-consistent
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study (such solution will be presented in the next chapters). One can meet other
weak points of the explosion model considering the phenomena at film cathodes.
The experiment showed a continued spot motion due to spot shifting after complete
evaporation of the Cu film, which was observed as clear not discontinued tracks in
eachbranches of spotmoving. (seeChap. 7 and calculations below).Also, newECcan
be produced by EEE when the condition of high electric field (≥100MV/cm) will be
formed at the cathode surface. This is problematic case in low-voltage arc discharge.
The difficulties of produce such fields and possibility of current enhancements were
discussed in [157]. Other problem of the EC model could by meet for Hg cathode.
No usual mechanism of electron emission is applicable for Hg that used for the EC
formation.

Taking into account that the EEE phenomenon requested a high electric field at
the cathode surface during the arc with a multi-cathode cathode spot regime, the
explosive model was modified at the last decade. An attempt to consider the local
plasma interaction with small tips was considered without EEE. According to this
approach [158, 159], the cathode protrusion was locally heated under previously
generated plasma by energy of hot electrons (like in fusion devices), by the ion flux
acquired in the cathode sheath and by Joule heating due to increase of the electron
current density je due to T-F emission with increase of the protrusion temperature T.
In essence, a vaporizationmodelwas usedwith theMackeown, electron emission and
balance equations, etc. The main difference from the EC model, here, the explosion
occurred not as initial process but, vice versa, the process ended by the protrusion
explosion. It was arbitrary assumed that the protrusion explodedwhen its temperature
reached 20000 K and je= 100 MA/cm2(arbitrary points) for W and Cu cathodes.

To reach these critical values of je and T at time of about few ns, a specific range of
high plasma densities and temperatures and of tip geometry were chosen. However,
due to very small protrusion size, the products of explosion may not be reproduced
the needed plasma parameters. Really, some above estimation showed that the mass
of the exploding protrusion provided to be not enough, in order to support the input
plasma density. Therefore, the calculating process can be not self-sustained. It is
obvious that in all cases, the explosion can occur due to the high-current density.
Although in recent workMesyats [160] already indicate that “However, in an electric
arc, the plasma-induced explosion of a liquid-metal jet occurs not at the jet tip but
throughout its surface. In this case, Joule heating does not play a dominant part.”

Thus, it should be noted some important points even not considering the detail of
weakness of the explosion approach. The calculations in frame of vaporizationmodel
show that the electric field is reduced to support the electron emission at needed level
due to surface heating. The characteristic times of both mechanisms are comparably
short when chosen very dense of the initial plasma as input parameter. The protrusion
geometry can be changed or completely destroyed due to melting and intense vapor-
ization for a number of materials. The process of destroying can be occurred already
in nanoscale time before reaching their overheating at mentioned above enormous
temperature. The presence of intense cathode evaporation was shown even in the EC
model (see also calculations in chapters below). So, it is difficult to understand the
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statement “according to the ecton model” with which often begin the developments
by the authors of explosion model. Sometimes it seems as ’black box’?

15.6 Main Concluding Remarks

1. The vaporization models used a system of equations with arbitrary assump-
tions and arbitrary parameters including initial crater sizes, ion current density,
electric field, electron current fraction, cathode surface temperature, and elec-
tron temperature. Therefore, the systems were not mathematically closed. Most
of models calculate the rate of evaporation of cathode material according to the
Langmuire–Dushman law that not takes in account the returned heavy particle
flux. As result, the cathode mass loss was overestimated. A self-consistent study
of the cathode plasma is needed.

2. Explosion-ECmodels used initial radius, angle, current or rate of current rise at
certain large values. The lifetime of ECwas determined using evaporating model
with Joule heating. The modified explosion model used local plasma (arbitrary
varied parameters) interaction with small microprotrusions.

3. General point of view. One can emphasis a specific point regarding to the above-
reviewed papers. Most of published work, as usually, begins with an introduction
reported like that “the cathode spot is complicated subject and up to present time
the phenomena are not understand.” At the same time, most of authors even
not analyzed the positive results obtained in the previous works, further their
description was presented as a new model using most of previous knowledges.
Inmany cases, the previousworkmentionedoften only by citation. The calculated
data are approved by comparison with experiment, from which difficult obtain
exact numerical data. It iswell known thatExperiment is necessary but not enough
byCathodeSpot study.As result, somenewworks describemodels that very close
to already published with repeating already well-known processes indicating as
a new model with new arbitrary assumtions and weak points. Therefore, the
cathode spot problem arises in a more confused form.

In some works, the cathode spot was studied numerically using commercial soft-
ware which is “black box” with respect to understanding the adequacy of the results.
Sometime, in such studies, multi-parametric initial characteristics were used. In this
case, the resulting time dependent spot data can be varied with these input param-
eters and also not relate to a real spot behavior. Sometimes, the authors compare
their results with that from other work with different mathematical formulation of
the problems (for example, with different given an arbitrary initial parameters). All
above-mentioned problems only confuse but not promote the understanding of the
spot phenomena.

However, the cathode spot is really enough complicated subject at the point of
view of its experimental study and observed unclear data. It is relevant to mention the
spot characteristic provided by Hantsche in 2003 “spots on the cathode surface are
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strange and fascinating phenomena. Spot is the purest form of electrical discharges
are most surprising and very difficult to comprehend and to disclose at first glance.
It remains an exciting problem and a challenge for future physical investigations,
mainly due to the highly complex nature of arc spot operation, which calls for joint
endeavors of several disciplines of physics, mathematics, chemistry, and material
science.”

It should be noted that the role of the cathode plasma was not considered up to
beginning of 70th years. In particular, the main issue—the ion flux formation, the
mechanism of ions motion toward the cathode was not studied, and therefore the
ion current fraction remained unclear. Also, it remains unclear what is the cathode
plasma structure and what is the quantitative data of plasma density and electron
temperature obtained in self-consistent approach. The approach that addresses afore-
mentioned weaknesses will be described below in the next chapters. The advantages
of the cathode spot theory described below consist in modeling of clear plasma struc-
ture, understanding the nature of particle and energy transfer as well of the ion flux
generation, ion motion. It was shown that applicability of hydrodynamic and kinetic
approaches to the investigation of the plasmaflowbeginning from the cathode surface
up to plasma jet formation and jet expansion. The main difference between various
models is that in some, the cathode potential drop uc was assumed, whereas in later
kinetic models uc was calculated as part of a self-consistent set of equations [161,
162]. These last models represent a new glance regarding to role of the arc voltage at
the moment of arc initiation and spot development. In this case, the spot temperature
and the current density not rise significantly with time as in case of given constant uc
at which the calculated unlimited current rise (according EC model) was interpreted
to show an explosive point.
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Chapter 16
Gasdynamic Theory of Cathode Spot.
Mathematically Closed Formulation

According to the considered analysis in above chapters, the cathode spot is a compli-
cated subject that is difficult to investigate not only experimentally, but also hardly
studied theoretically. Therefore, the previously involved approaches used arbitrary
parameters that are preferable to calculate. The main problem consists in perception
for long time by the researches that the cathode spot is completely non-equilibrium
formation and of extremely material state, which cannot be considered by traditional
approaches [1]. The goal of any complete spot theory is to indicate mechanism that
can determine the difference between non-equilibrium and equilibrium regions and
to understand the charge particles’ motion near the surface. As a result, in order to
determine the current structure and especially the ion current, it can be large at the
cathode surface. Below a system of equations is presented (based on author’s contri-
bution [2, 3]) modeling the ion motion to the cathode allowed to close the problem
in comparison to previously published approaches. The mathematical formulation
allowed using parameters relatively well measured to determine the spot parameters,
which cannot be measured (without any data given previously arbitrary). Suchmodel
and respectively system of equations will be defined as mathematically closed.

Let us introduce the following definition. By the term of “cathode spot,” the entire
small region in both the plasma and the metal in which these two minute sub-regions
support the current continuity between the highly conductive cathode body and low
conductive adjacent dense plasma will be understood. The specifics of the arc spot
we now define as phenomenon, which arise as result of a local intense heating of
the cathode, in comparison to other discharges, for example glow discharge.
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16.1 Brief Overview of Cathodic Arc Specifics Embedded
at the Theory

In this chapter, the main experimental facts will be used as a base to modeling
of the cathode processes in vacuum arc. The most significant and reliable among
them is current contraction with relatively high density (>105 A/cm2) in the separate
luminous spots and thermal character of the metal evacuation, usually appearing
due to influence of local high-intensive heat source. Thus, modeling of the self-
supporting problem consists in searching for the sequence of the main common
processes at the cathode and in the plasma, supplied local high power of the heat
source and regeneration of the charges.

The results of previous studies of thermal regime show that heat inflow toward
the cathode surface can be executed by the particles’ bombardment, heat conduc-
tivity, radiation, and Joule dissipation of the electrical energy in the metal volume.
In addition, these studies indicated that formation of the main energy sources is
accompanied by current density produced by cathode electric field, a high cathode
temperature (~4 × 103 K) and consequent high heavy particle density up to 1020

cm−3 with electron temperature ≥1 eV. The indicated parameters characterize the
near-cathode region as a regionwith a plasma plume of enormous gaskinetic pressure
(~10 atm). The question of any physical model is how the ions in such plume moves
to the cathode surface and what is the structure of electron and ion currents in the
total spot current?

16.2 Gasdynamic Approach Characterizing the Cathode
Plasma. Resonance Charge-Exchange Collisions

Let us consider elementary collisions in the plasma, separated from the cathode
surface by an electrical sheath, in order to understand the characteristic length of
mean free path of the particles in the cathode vapor (Chap. 1). Atom ionization
determines ion generation by electron impact. The ionization length depends on
electron energy through a cross section σ i, which is about 10−16 cm2 for electrons,
accelerated in a sheath with potential drop of 15 V. The plasma can consist of low or
high ionized vapor. The model and calculations of the spot processes for metals of
low ionized vapor are presented in the next section. Here, as example, let us consider
the most typical case for Cu cathode [2, 3]. As the Cu plasma is dense and therefore
not fully ionized, it can be assumed for estimation the neutral density na of 1020

cm−3, and charge density ni is lower about 1019 cm−3. The Coulomb cross section
of electron beam with charge particles is about 10−15 cm2. Therefore, the mean
free path (nσ )−1 of beam electrons by atom ionization is about 10−4 cm at atom
density of 1020 cm−3, which determines the length of the ionization layer (ionization
zone) in the cathode plasma. This same characteristic length for electron beam is
determined the by interaction with the charge particle. The interaction between low
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energy ions and other heavy particles is presented by ion–ion, electro–electron, and
ion–atom collisions. The charge particle collisions are characterized by Coulomb
cross section, which order of magnitude about 10−13 cm2 for low-energy ions and
electrons (~1 eV). For the ion–atom collisions, the charge-exchange cross section is
relatively large ~10−14 cm2 because in the cathode vapor for same type of particles,
the interaction is characterized by resonance process. Therefore, the ion mean free
pass is about 10−6 cm for ni of 1019 cm−3 or for na of 1020 cm−3 in dense plasma
near the surface.

Thus, the analysis of elementary particle collisions showed that the ion mean free
path is significantly shorter than the mean free path of the energetic electron beam
emitted from the cathode. This means that many collisions of low energy electron–
electron, ion–ion, and ion–atom occurred in the relatively large ionization zone. As
result, the particle flow in this region can be described in gasdynamic approximation.
This enables to consider the mechanism of ion motion by the diffusion producing an
ion flux toward the cathode surface. The diffusion model characterizes formation of
the ion ji and electron je current densities in space charge sheath and in ionization
zone of the cathode plasma in vacuum arc; first was formulated by Beilis, Rakhovsky,
and Lyubimov [2, 3]. The most important parameter is the electron current fraction
s defined as:

s = je
je + ji

(16.1)

Let us consider different approximations of the diffusion model of the cathode
dense plasma.

16.3 Diffusion Model. Weakly Ionized Plasma
Approximation

The low ionized vapor near the cathode surface can take place in an initial stage of
spot initiation and for arc initiated on volatile cathode materials with low melting
temperatures. In this case, the ion generation can be accounted by direct impact of
emitted electron beamwith the atoms in the ionization layer in the cathode plasma. A
model with characteristic plasma zones near the cathode, which considered electron
impact ionization, was developed in 1970 [4, 5]. As the spot is a transient subject,
the time-dependent electron current fraction s(t) is an important issue.

This approach was mathematically formulated as follows. An ion flux �i to the
cathode surface can be formed due to the ion density gradient near the surface and
is expressed by taking into account additionally the ion motion by plasma electric
field Epl in form:

Γi = μiniEpl − Di
dni

dx
; Di ∼ viT

naσia
; (16.2)
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The ion diffusion equation with Ne0 at x = 0 of the density of emitted electron
flux (cm−2s−1):

dni

dt
= dΓi

dx
+ Fi(x); (16.3)

The ion generation is described by ion source F(x), determined by the atom
ionization probability, which is dependent on distance from the cathode surface x as:

Fi(x) = naσiNe0Exp(−naσix); (16.4)

The boundary condition at plasma side before the electric sheath and faced to the
cathode surface (x = 0):

dni

dt
= niviT

2Di
= bni (16.5)

Here ni and na are the ion and atom densities, respectively; Di and μi are the
diffusion coefficient and mobility of the ions, respectively; σ ia and σ i are the charge-
exchange and atom ionization cross sections, respectively, viT is the ion thermal
velocity. In order to determine the principle time-dependent behavior of the s(t), let
us consider the case of constant Di, na, and Ne0 and an initial certain density of
neutral atoms and so:

Initial condition:

ni(0, x) = 0 (16.6)

Considering that the plasma electric field is relatively small (satisfied to the condi-
tion eEpl� naσ iakT i), the solution of system (16.2)–(16.6) is obtained as following
dependence of dimensionless plasma density on number of mean free path:

Nnor = niDiab

Ne0(a + b)

=

⎡
⎢⎢⎢⎢⎢⎣

Exp(ξ2t − ax)

2(1 + M )
Φ∗
(

ξ
√

t − ax

2ξ
√

t

)
− Exp(ξ2t + ax)

2(1 − M )
Φ∗
(

ξ
√

t + ax

2ξ
√

t

)
−

−Exp(−ax)

1 + M
+

M 2Exp

(
ξ2t
M2 − ax

M

)

1 − M 2 Φ∗
(

ξ
√

t

M
− ax

2ξ
√

t

)
+ Φ∗

(
ax

2ξ
√

t

)

⎤
⎥⎥⎥⎥⎥⎦

(16.7)

whereM = 2σi
3σia

; a = naσi; Φ∗ = 1−Φ(ς); Φ(ς) = 2
π

ς0∫
0
Exp(ς2) dς; ξ 2 =

naviT σ 2
i

3σia
.

As it is followed from the solution of (16.7) presented in Fig. 16.1, the distribution
of normalized ion densityNnor is notmonotonic and reached themaximumat distance
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Fig. 16.1 Dimensionless
electron current fraction as
function on dimensionless
distance from the cathode
surface z = ax, expressed as
number of electron beam
mean free path for electron
beam [4]
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of about 1–3mean free path depending on time. It can be seen that the plasma density
reduced at cathode side due to ion motion toward the cathode surface.

At steady state, the normalized value ofNnor saturate to about unit and the distance
of this region in general case can be determined by relation between cross sections of
ionization and recombination, which will be considered in next section. Taking into
account that the electron current fraction (16.1) can be obtained as s = Ne0/[Ne0+
�i(0)] and using (16.7), the time-dependent relation of s at x = 0 can be expressed
in the form:

s(τd ) =
[
2 − 1 − Φ(

√
τd )

1 − M
Exp(τd ) + 1 − Φ(

√
τd /M2)

1 − M
M2Exp

(
τd

M2

)]−1

τd = tnvσ 2
i

3σia
; (16.8)

Figure 16.2 shows that s decreased with time and at steady state is equal 0.5 as
minimal value. The characteristic time to reach the steady-state value is about 10 μs

Fig. 16.2 Electron current
fraction s as function on
dimensionless parameter τ d
[4]
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for mentioned above cross section of ionization and charge exchange. It can be noted
that the relatively low value of s can be reached at transition to T-F emission of
electron, when a large cathode temperature can be supported by ion component of
current.

16.4 Diffusion Model. Highly Ionized Plasma
Approximation

This section considers the slow electrons generated after atom ionization in highly
ionized plasma and their interaction with emitted electron beam. The corresponding
analysis will be used to modeling the formation of the fluxes of the particles and
energy in the cathode multi-component and non-equilibrium cathode plasma in
accordance with the model developed by Beilis, Lyubimov, and Rakhovsky [6].

16.4.1 Overall Estimation of Energetic and Momentum
Length by Particle Collisions

Using analysis of Sect. 16.2, let us consider the characteristic parameters for partially
ionized Cu cathode plasma. Besides the atom ionization, the accelerated electron
beam also interacts with the generated slow plasma electrons and delivers them
the energy and momentum. As the electron beam energy is 15 eV and respectively
Coulomb cross section is ~10−15 cm−2, then the beam relaxation length is lr ≈ 10−4

cm for plasma density of 1019 cm−3. This same relaxation length of 10−4 cm is for
energetic beam which arises with ionization collision at atom density of 1020 cm−3.
Since the interactions are electron–electron (equal masses), then the times (lengths)
of the plasma electron relaxation for momentum and energy (Maxwellization) are
equal. If the plasma electron temperature ~1 eV, the Coulomb cross section is ~10−13

cm−2 and therefore the Maxwellization length of these electrons is about lee= 10−6

cm with plasma density of 1019 cm−3. This length is also for interactions between
plasma ions.

The electron beam relaxation can be occurred also by the interaction with plasma
oscillations. An estimation showed that characteristic time of electron beam inter-
action with plasma oscillations is about 10−12 s, while that time for interactions
between plasma particles is significantly lower ~10−14 s [6]. Therefore, this type
of interaction cannot be developed due to high-intensive interaction of the plasma
particles at their large level of 1019–1020 cm−3.
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16.4.2 Modeling of the Characteristic Physical Zones
in the Cathode Spot Plasma

The overall model can described accounting the typical plasma characteristics [6].
According to the above estimations, the cathode plasmamay be divided into fewmain
zones. The description can begin from the cathode surface, which is in a condensed
state and assumed flat in first approximation. The cathode material far from the
cathode spot is solid, while close to the cathode spot the material can be molten.
Inside the cathode body, the Joule energy dissipation and the heat conduction away
from the cathode spot take place. At the cathode surface, electron emission and atom
evaporation are the processes occurred due to cathode heating and electric field at
the cathode surface. The electrons emitted from the cathode surface transverse some
short distance in the ballistic zone before suffering collisions, the length of which
is defined by the mean free path (Fig. 16.3). The ballistic zone is a collisionless
sheath in which the motion of the various particles can be described by collisionless
equations (Chap. 5).

A strong electric field is present within the ballistic zone (sheath with cathode
potential drop uc), which accelerates the electrons away from the cathode. The elec-
trons emitted from the cathode also suffer collisions, but because they are accelerated
by the electric field in the ballistic zone, and the collision cross section decreases with
the electron’s kinetic energy, the mean free path for the beam electrons lr is much
larger than that of the plasma particles lee. Many collisions of low energy plasma
electron occur in a region defined as the electron beam relaxation zone lr . Thus, in
the general case, the model of cathode region represents the adjacent to the surface
ballistic zone. Also, the electron beam relaxation zone served as ionization region,
in which the ions are generated due to direct electron impact and thermal ionization.
There are two groups of electron inside the lr region: monoenergetic accelerated
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Fig. 16.3 Schematic presentation of the characteristic zones in the cathode spot plasma
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electrons emitted from the cathode and plasma electrons, which velocity distribution
may be considered as Maxwell’s. This assumption follows from the fact that condi-
tion lr� lee. The Debye length here is much smaller than the length (or width) of
the plasma zone, and thus the plasma therein is quasineutral.

The dense plasma is optically thick, i.e., radiation emitted in the interior of the
plasma is reabsorbed by the plasma, and is thus trapped within. The dense plasma is
of a high thermal conductivity. The thermal diffusion time is much shorter than the
spot lifetime, and hence, the temperature is relatively uniform throughout the zone.
The energy, obtained by plasma electrons in the plasma electrical field Ep at length of
lee, is small as compared with their thermal energy eEplee/kT e� 1. As the spot radius
rs is considerably bigger than ionization region lr , one-dimensional approximation
can be used for its description. The flowing ions from the ionization region are
accelerated by the electric field within the ballistic zone toward the cathode, and
the energy carried by them is a significant source of cathode spot heating. Also the
cathode heated by the energetic plasma electrons that returned to the cathode through
the ballistic zone.

16.4.3 Mathematically Closed System of Equations

Assuming only singly ionized atoms for simplicity, the near-cathode dense plasma
consists of three components that are ions, electrons, and atoms. Thus, the flowing
ions toward the cathode can be obtained considering the analysis of multi-component
andpartially ionizedplasmaconducted inChap. 5). The followingdiffusion equations
were derived by studying (4.12)–(4.12) from Sect. 4.22.

1. Γi = −(1 + θ)Dia
dni

dx
+ niv + αDiaΨ ; θ = Te

T
; Dia ∼ 0.4viT

(na + ni)σia

(16.9)

dΓi

dx
= naσiNe0Exp

⎡
⎣−

x∫

0

(naσi + 2niσc)dx

⎤
⎦+ βrn

2
0ni

(
1 − n2i

n20

)
(16.10)

The boundary condition at the plasma–sheath boundary (x = 0):

Dia
dni

dt
= niviT

2
; viT =

√
8kT

πm
; ji = eΓi (16.11)

Here v is the plasma velocity, where the plasma particles originate from erosion of
the cathode, n0 is the equilibrium plasma density determined by Saha equation, σ c is
the Coulomb collision cross section, α = ni/(ni+ na) is the degree of ionization, βr is
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the recombination coefficient, ji is the ion current density, and� is a term describing
the particle flow due to the pressure and temperature gradients of electrons and ions.
The details can be found in [6, 7].

2. Equation of continuity and momentum:

ρv = G/m = const; ρv
dv

dx
= −dp

dx
na = p

kT
− (1 + θ)ni (16.12)

3. Equation of state:

p = nT T + neTe; nT = na + ni; ps(Ts) = nskTs; ps(Ts) = As − Bs/T
(16.13)

where ps(T s) and ns are the equilibrium pressure determined by constants As, Bs

from [8] and heavy particle density as function of cathode temperature Ts in the
spot, respectively, p is the plasma pressure, nT is the plasma heavy particle density,
m is the heavy particle mass, and G- is the cathode erosion rate.

4. Equation of energy for the plasma electrons obtained from (4.18) of Sect. 4.22:

jem

(
uc + kT

es

)
− ui(Γiw − niv) + j2lr

σel
− Q∗

= jet

(
uc + 2Te

e

)
+ 3Te

(
niv + j

e

)
− Qr (16.14)

Q∗ =
lr∫

0

3mene

mτ
(Te − kT )dx; 1

τ
= na

niτae
+ 1

τie
; jeT

= 1

4
enewveTExp

(
−euc

Te

)
; j = jem − jeT + ji

Here k is Boltzmann constant, Q* is the energy losses by elastic collisions, τ ei

is the effective time for elastic collisions between electrons and heavy particles, σ e

is the plasma electrical conductivity, uc is the cathode potential drop, Qr—plasma
radiative energy flux, jem is the emitted electron current density from the cathode, j
is the spot current density, and jeT is the returned electron current density toward the
cathode. The electron temperature Te in eV is determined by the balance between the
energy flux carried by the electrons emitted from cathode, energy dissipation caused
by ionization of atoms, and energy convection brought about by the electric current
and electrode material losses in form of ions.
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5. Equation of energy to determine the heavy particles’ temperature T = T i = T a

(see (4.20) of Sect. 4.22):

5k

2

dT

dx
v(ni + na) = − d

dx

(
−λa

dT

dx
+ μaiIi

)
+ Q∗ (16.15)

μai ≈ 0.17
kTi

me
; λa = 5

2
τai

k2naT

m

The estimations [7] provided by comparison of different terms in (16.15) showed
that the temperature distribution in the relaxation zone depends on the plasma
parameters and in most cases the condition of T = T s is fulfilled.

Let us consider the equations for phenomena at the cathode surface (electron
emission, electric field) and in the cathode body (energy fluxes).

6. Equation of the electron current [7, 9] (see Sect. 2.2.4):

je = 4emekTs

h3

∞∫

−∞

ln
[
1 + Exp(− ε

kTs
)
]
dε

Exp
[
6.85× 107(ϕ−ε)1.5θ(ỹ)

E

] − jeT (16.16)

θ(ỹ) = 1 − ỹ

[
1 + 0.85 sin(

1 − ỹ

2
)

]
; ỹ =

√
e3E

|ε| ;
je = jem − jeT ; s = je/j

In (16.16) the first term of the right part corresponds to emission current of elec-
trons from the cathode, θ (ỹ) is the Nordheim function, ϕ is the work function, and
ε—is the electron energy in metal.

7. Equation of cathode electrical field E is obtained by integration of Poisson’s
equation, in which the right part is the space charge resulting from the presence of
positive charged ion current and negative charged electron emission and returned
plasma electron currents derived in Sect. 5.52 (See also previous work [10]):

E2 − E2
pl = 16π

√
me

2e

√
uc

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

ji
(

m
me

)0.5
⎡
⎢⎢⎢⎣

(
1 + kT

4πeuc

)0.5

−
√

kT

4πeuc

−
√

πkTe√
euckT

(
1 − exp

(
− euc

kTe

))

⎤
⎥⎥⎥⎦

−jem

[
(1 + kTs

4πeuc
)0.5 −

√
kTs

4πeuc

]

⎫⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎭

(16.17)
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According to (16.17), the sheath will be stable when T > π(kTe)
2

uc
and with this

condition, the monotonic potential distribution can be obtained near the sheath
entrance. Taking the initial ion velocity according to the Bohm condition, i.e.,
(kTe/m)0.5, the cathode electric field can be obtained in form:

E2 − E2
pl = 16π

√
me

2e

√
uc

⎧⎨
⎩

ji(
m
me

)0.5 exp(0.5)
[
(1 + kTe

2euc
)0.5 −

√
kTe
2euc

− kTe√
euc

(1 − exp(− euc
kTe

)
]

−jem

[
(1 + kTs

4πeuc
)0.5 −

√
kTs

4πeuc

]
⎫⎬
⎭ (16.18)

According to study of the cathode thermal regime (see Chap. 3) and for different
conditions of Gauss distribution of a heat source and time of its action, there was
produced a nearly flat portion of the temperature profile near the source center, which
is close to the temperature T s calculated from the time-dependent cathode energy
balance written for the spot center (3.43). Let us take into account this result to
develop a simple description of the thermal regime of the cathode spot.

8. Cathode energy balance:

j(1 − s)uef + jet(2Tec + ϕsh) + qj = qT +
(

λs + 2kTs

m

)
G

j

I
− σsBT 4

s (16.19)

(1 − s)uef = (1 − s)(uc + ui) − ϕsh;

qT = 2λT

√
j

I
(Ts − 300)

(
2

π
arctg

√
4πajt

Is

)

ϕsh = ϕ − 3.79 × 10−4
√

E; qj = 0.32I3/2
√

j

π
ρel

where λs is the specific heat of evaporation of the cathode material, ρel is the
cathode specific electrical resistance, qT is the heat flux into the cathode due to
heat conductivity, and I is the spot current.

It is assumed that the temperature is uniform within the spot and equal to T s, the
calculated temperature in the spot center (Chap. 3). It is further assumed that time
dependence of spot parameters is determined only by the time dependence of the
cathode heat conductivity as being the slowest process [7]. Cathode heating takes
place by ion and electron bombardment of the cathode, and by Joule heating of
the cathode body qj according to Rich [11]. The terms of the left part of (16.19)
correspond to these processes. Cathode cooling results from thermal conductivity,
electron emission, evaporation of the electrode (erosion rate G in g/s), and radiation
from the spot according to Stefan–Boltzmann law. The cathode thermal approach
assumes that the heat flux to the cathode is constant during spot lifetime of the spot
operation, and its value is determined by the self-consistent solution of the system
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equations. The cathode thermal regime taking into account the time-dependent heat
flux will be considered below by calculation using the kinetic model of the spot
development.

9. Equation of total spot current Is for cathode spot assumed as circular form at the
cathode surface:

I = jFs; Fs = πr2s (16.20)

The system of (16.9)–(16.20) represents nine main equations consisting of 12
unknowns and therefore requesting to define additional three unknowns. They can
be chosen considering the spot parameters obtained relatively correctly from the
experiment. First is the arc current, which should be given as a characteristic of the
electrical circuit with the arc. The arc observation presents a certain number of spots,
and therefore, the spot current I can be determined enough properly as one of the
unknowns. The unknown characterized cathode mass loss is determined by the rate
of cathode evaporation that depends on the cathode temperature and, in general, can
be determined by Langmuir–Dushman formula [8]. However, a numerical analysis
[12] shows the calculated result significantly exceeds the respectively measured data,
due to presence large heavy particle flux returned toward the cathode and that not
accounted by the mentioned formula. Therefore, parameter indicated the cathode
mass loss could be characterized by the experimental value of erosion rate G. The
next parameter well measured is the cathode potential drop uc. It should be noted
that this parameter was used in all published previously models reviewed above.

Thus, the above system allows to determine the following nine unknowns: j, E,
Ts, rs, s, nT , ni, Te, and vs. This system of equations describes in a self-consistent
manner themutual processes in the near-cathode plasma aswell as in the cathode bulk
and on the cathode surface. Therefore it is self-consistent closed system of equation,
which determined the plasma parameters including the electron current fraction s
which directly calculated, i.e., without arbitrary given or varied parameters as it was
studied in previous publications.

16.5 Numerical Investigation of Cathode Spot Parameters

In this section, the application of the above described mathematically closed system
of equation will be used to study the spot parameters for different cathode materials
and arc conditions.



16.5 Numerical Investigation of Cathode Spot Parameters 611

16.5.1 Ion Density Distribution. Plasma Density Gradient

One of the important issues of the cathode plasma study is to understand an influence
of different plasma processes and plasma parameters on formation of the diffusion ion
flux. To this end in first, a simulation of the (16.9)–(16.11) was conducted taking into
account that the ion generation was provided by direct impact, stepwise, and thermal
ionization [7]. The emitted electron beam intensity was reduced with distance from
the surface by stepwise and direct impact ionization, as well due to scattering on
the charge particles. In order to perform a general analysis, the mentioned equations
were presented in following dimensionless form:

d2f

dy2
= A1

[
(1 + θ)(1 − f ) − A2

]

Exp

{
−
[
(1 + θ)(1 − f ) + f σc

σi + σ ∗ − A2

(
1 − σ ∗

i

σi + σ ∗

)]
Bf y

}

− A2A3Exp

{
−
[
(1 + θ)(1 − f ) + f σc

σi + σ ∗ − A2

(
1 − σ ∗

i

σi + σ ∗

)]
Bf y

}

+ A4
df

dy
− f (1 − f 2) (16.21)

Boundary conditions: df
dy (y = 0) = A5fw; df

dy (y = ∞) = 0.
Here

f = ni

n0
; f = niw

n0
; y =

(
βrn20
Dia

)0.5

x; A1 = σijem

eβrn2i
; A3 = σ ∗

i jem

eβrn2i

A4 = Gj

Imn20(βrDia)1/2
; A5 = viT

2n0(βrDia)1/2
; Bf = (σi + σ∗)

(
Dia

βr

)0.5

;

The plasma parameters varied in wide ranges as following:
jem= 104–106 A/cm2, n0= 1018–1020 cm−3, Dia= 0.01–10 cm2/s; A2 = n*/n0=

0.01–1, n* and n0 are the density of excitation atoms and ion equilibrium density
determined by Saha equation. According to the simulation, the ion density at the
wall f w is significantly different from the equilibrium ion density at large values of
θ ≈ 10 and small Dia. Figure 16.4 shows the dependence of normalized ion density
distribution in plasma on distance from the cathode. When Dia decreases from 0.1
to 0.01 cm2/s, the value of f w decreases from 0.55 to 0.25.

The simulation shows the results of ion density distribution, and the level weakly
depends on processes of atom excitation, direct impact or stepwise atom ionizations,
and ion outflow by the convection term due to cathode mass loss. This fact indicated
on unessential role of the electron beam and on dominant influence of the thermal
ionization in cathode plasma generation. It can be seen from (16.21) that if a condition
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Fig. 16.4 Distribution of
normalized ion density in the
plasma as dependence on
distance from the cathode
surface. 4 n0 = 1019 cm−3,
Dia= 0.1 cm2/s, jem= 105

A/cm2, θ = 10; 2 n0= 1020

cm−3, Dia= 1 cm2/s, jem=
105 A/cm2, θ = 10; 3 n0=
1019 cm−3, Dia= 0.1 cm2/s,
jem= 106A/cm2, θ = 10; 4
n0= 1019 cm−3, Dia=
10 cm2/s, jem= 104 A/cm2, θ
= 3 [7]
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is fulfilled, then the ion density gradient is produced at distance from the cathode
equal to the ion mean free path li. This means that the ion density is not changed and
is equal to n0 when the distance increased. In this case, the ion current toward the
cathode surface can be determined by the random ion flux. The condition (16.22) was
used to find a solution of the system of (16.9)–(16.11) taken in account the erosion
rates measured byKantsel et al. [13] as dependent on current. The saturation pressure
at cathode temperature in the spot determines the heavy particle density, and it was
assumed constant together with other plasma parameter in the relaxation zone. The
developed approach here is very useful to determine the principle dependences of the
abovementioned parameters on interrelated spot processes bymathematically closed
approach. Note that a general approach taking into account the plasma parameters
change near-cathode surface will be considered below using the kinetic model of the
spot.

16.5.2 Numerical Study of the Group Spot Parameters

The system of (16.9)–(16.11) was first solved for copper cathode for slow group spot
(SGS) by Beilis in [14] and then in [7] providing the current and time-dependent
analysis. To understand the current influence, the study was conducted for currents
in range of I = 100–500 A. For this range, the calculations showed that the current
density decreased from 1.5 × 105 to 2 × 104 A/cm2, degree of ionization from 0.2
to 0.07, electron temperature from 1.1 to 0.8 eV, and cathode temperature from 3820
to 3640 K with the current. The parametric simulation indicated that variation of the
thermal conductivity, heat evaporation, cathode potential drop work function weakly
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Fig. 16.5 Dependence of
the spot current density on
cathode potential drop at I =
200 A [15]
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influences results, in particular, current density and electron current fraction. All spot
parameters were weakly changed for spot lifetime larger than 1 ms.

The future detailed study of the group spot and spot fragments with lower currents
was conducted for spots with lower currents and with cathode material from Cu,
Ag, and Ni by Beilis [15]. The current density j as function on cathode potential
drop uc is presented in Fig. 16.5, for I = 200 A. The curves for Cu and Ag are
close to one another, while some different dependences are for Ni. The dependences
are characterized by a minimal values of uc, which is ~10 V for Cu, Ag and 8 V
for Ni, which are not equal to the experimental value, which are 15,13, and 18 V
[16], respectively. In general, the calculated data are different from the potential of
ionization although it is close for Ni.

The dependence of uc on spot parameters can be obtained using the above energy
balances to analyze the energy dissipation in the cathode of vacuum arc in form (see
1977 [15]):

euc = ϕ − 3.79 × 10−4
√

E + 3(1 + ας)Te − 2sTe +
(

λs + 2kTs

m

)
eG

I

+ QT + αςui + 2Tej(1 − s)

(
mTe

meT

)3/2

Exp

(
−euc

Te

)
; ς = eG

mI
(16.23)

Equation (16.23) shows that uc depends on contribution of different terms. For
example for Cu, the term αςui (energy to atom ionization) is about 0.1 eV, term
due to the cathode erosion is about 0.4 eV and both terms weakly depend on spot
current. Contribution of energy loss by electron emission is significant ~6 eV, and
little larger is the energy loss by cathode heat conduction QT ~ 7–8 eV. This value
of QT corresponds to Daalder’s measurements of 6.2 V for 100 A [17]. The energy
loss for cathode melting and MPs removing was neglected due to their low value in
comparison tomaterial loss by the erosion. It follows from conditionGMPλmel/Gλs�
1 which is fulfilled taking into account the removed melting material from the spot
area by the macrodroplets GMP ~ 60 μg/C and G ~ 30–40 μg/C, measured in
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accordance with Daalder’s [18]. Specific atom evaporation energy λs exceeds the
specific melting energy λmel by factor 20, and the average MP kinetic energy (GMP

V 2
MP) is lower than the energy loss due to vaporization. However, the dynamic of

cathode spot behavior can be determined by cathode surface profile changed due to
cathode melting and MP formation. The phenomena of cathode melting and MPs
generation will be considered in this chapter below. Thus, the cathode potential drop
is mainly determined with the energy losses by the atom evaporation energy and
cathode heat conduction [15].

Figures 16.6 and 16.7 illustrate the current density dependences on current and
spot lifetime t for experimental values of uc (see above). It can be seen that the

Fig. 16.6 Current density as
function on spot current at
t-10 ms and 100 μs (curve
Cu, Ag) [15]
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Fig. 16.7 Time-dependent
result of spot current density
at different spot current and
cathode erosion rate for Cu
and Ag cathodes [15]
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dependences are not monotonic, and two-valued solutions with minimal value of I
were obtained different for each metal. The current density increases when the spot
lifetime decreased.

The curve for Ag is very close to that for Cu which sometimes not shown sepa-
rately. The minimal current at which the system of equation can be solved is ~100 A
for Cu and Ag and ~10 A for Ni at G = 10−2–5 × 10−3 g/s. The calculations show
that the dependence j on t for I = 15 A and dependences for Ag, Cu at I = 10 A
presented in Fig. 16.7 can be obtained only for G < 10−4 g/s and j > 107 A/cm2.
This result indicated that the spot with minimal current and small value of t ~ 10−6

s which characterized the fast moving spot types can be described in frame of the
present model. Nevertheless, the existence of such spots at t � 10−6 s should be
taken in account an increase of uc at stage of their formation.

As illustration, the spot parameters calculated at 10 ms were presented in
Table 16.1. The parameters corresponded to solutions “1” and “2” are related to
the bottom and upper points on the calculated dependencies in the figures, respec-
tively. It can be seen that the results for Ni at I = 15 A are similar to that obtained
for Cu, Ag at large current of 200 A.

16.5.3 Low-Current Spot Parameters

A wide experimental study of group spots for Cu and CuCr for arc current range of
40–1500 A was provided in work of [19]. The spot number was found to increase
linearly with arc current. The experimental results were discussed in frame of a
theoretical study conducted for current of 40Acorresponding to theminimumcurrent
that sustained spots in the experiments after about 3 ms. The kinetic approach (see
below) was used only for understanding the formation of the plasma flow at the
cathode surface and to determine the velocity of the flow. For other parameters, the
calculationswere basedmainly on above describedmodel, i.e., using experimental uc

and G. The values uc were varied in the range 14–17 V, being some volts smaller than
the burning voltage measured at the electrodes. For convenience, we chose a constant
erosion rate of 30 g/C [18]. The solutions were obtained as a function of the elapsed
time from 10 ns to 3 ms. The upper boundary was given by the maximum delay of
the optical measurement with respect to the arc ignition. This variation of the time
was due to an uncertainty of the optically determined spot dynamics (displacement
velocity and lifetime).

Let us consider the calculation results that shown in Figs. 16.8, 16.9, 16.10, 16.11,
16.12, 16.13 and 16.14. Generally, the curves for Cr essentially differ from those for
Cu, as shown for example in Fig. 16.8 for the surface temperature T s (t) and in
Fig. 16.9 for the dependence of the density of heavy particles on the spot lifetime
t. It can be seen that the cathode temperature is similar for the two materials in the
time range 10–100 μs. Significant differences in the temperature are obtained for
short lifetimes, such as 100 ns for which the difference may be as much as 500 K. In
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Fig. 16.8 Cathode
temperature as a function of
spot lifetime with cathode
potential drop as parameter
for Cr (uc= 14, 15, 17) and
for Cu (uc= 15 V) [19]
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Fig. 16.9 Plasma density as
a function of spot lifetime
with cathode potential drop
as parameter for Cr (uc= 14,
15, 17) and for Cu (uc=
15 V) [19]
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Fig. 16.10 Electric field
strength as a function of time
[19]
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Fig. 16.11 Current density
as a function of time [19]
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Fig. 16.12 Plasma velocity
v divided by (kT /m)0.5

(normalized) as a function of
time. T and m are the
temperature (equal to Ts)
and mass of the heavy
particles, respectively [19]
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Fig. 16.13 Electron
temperature Te and electron
current fraction s for Cr and
Cu as functions on spot
lifetime [19]
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Fig. 16.14 Degree of atom
ionization α for Cr and Cu as
functions on spot lifetime
[19]
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addition, it is interesting to note, that, for Cu, the temperature becomes practically
constant for times >100 μs, whereas for Cr the temperature remains non-stationary
throughout the time range.

Because the vapor pressure is somewhat higher for Cr than it is for Cu at the
same temperature, a considerable difference in the particle densities is observed in
the relatively broad time range of 2–100 μs (Fig. 16.9) for which the temperatures
are similar for the two materials.

As it is shown in Fig. 16.10, the difference in the electric field strength increases
monotonically with increasing time. The current density shows still more differences
(Fig. 16.11). For Cu, the millisecond spot surpasses the Cr values of j by more than
one order ofmagnitude. The plasma velocity near the cathode surface in the sub-sonic
region of the dense plasma jet (Fig. 16.12), as discussed by Beilis [20], practically
corresponds to the behavior of the current density, in agreementwith the conservation
of particle fluxes according to G = constant.

The above calculated results show that the influence of the cathode falls on the spot
parameters for both materials in the range 14–17 V appeared to be small. All param-
eters decreased monotonically with increasing lifetime and increased monotonically
with decreasing cathode fall. Especially characteristic is the time dependence of all
parameters for Cr, whence the non-stationary spot behavior. Thus, the most decisive
parameter is the spot lifetime. Although for Cu and Cr the temperature and density
of heavy particles are interrelated in a complex way, for both materials the current
density varies monotonically with time. This might be connected with the experi-
mentally observed behavior of the spot number versus current, this being similar for
Cu and for the complex composite CuCr.

Figure 16.13 shows that the electron temperature T e and electron current fraction
s decrease with spot lifetime at uc= 15 V for Cr and Cu. It can be seen that in
considered range of spot lifetime, Te decreases by factor about 3 for Cr and by factor
2 for Cu, while s decreases from about 0.6 to 0.4 for Cr and from 0.7 to 0.5 for Cu.
Another interesting result indicated that the degree of atom ionization significantly
values at about 10 ns and α decreases with lifetime (Fig. 16.14). So the α decreases
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from 0.77 to 0.02 when t increased from 10 ns to 3 ms for Cr, and α decreases from
0.77 to 0.02 when t increased from 10 ns to 3 ms for Cr and from 88 to 0.4 when t
increased from 50 ns to 3 ms for Cu.

Thus, the calculations show that the current density and the temperature do not
decrease substantially when the current increases to 100–200 A, but increase consid-
erably for currents <40 A. From the theoretical point of view, the basic physical
parameter that influences the spot evolution is the heat flux density toward the
cathode. This flux density is mainly determined by the ion current density.

16.5.4 Nanosecond Cathode Spots with Large Rate
of Current Rise

Dynamics of nanosecond cathode spots in vacuum arc was investigated experimen-
tally [21–24] (see details in Chap. 7). Shortly, the cathode surface luminosity for
currents up to 150 A was investigated with high spatial (~μm) and temporal (~ns)
resolution using laser absorption photography with a high-speed image converter
and streak camera. The periodic fluctuations of the spot brightness in a nanosecond
time scale were associated with the lifetime of the spot fragments. A fragment size
of about 10 μm with a lifetime of about 10 ns at a given position and a current per
fragment of about 10 A were found for a Cu cathode. The belowmodel is considered
in order to understand the nanosecond cathode processes in the spots calculating
the cathode spot parameters (current density, plasma temperature, etc.). The main
specifics of such spot is the current increase up to about 10 A in nanosecond dura-
tion, i.e., the model is considered for the arcs when spots are appeared at large rate
of current rise ≥109 A/s. This means that the model should be modified taking into
account the heat flux rise to determine the cathode temperature from the cathode
energy balance [25].

16.5.4.1 Model Modification for Nanosecond Spot Current Rise

As the spot current is I = 10 A during time t = 10 ns then the rate of spot current
rise dI/dt is equal or higher than one GA/s. Thus in the nanosecond spot the value
of dI/dt is relatively large. Therefore, the incoming heat flux to the cathode surface
changes in time and depends on the current change during the spot life. In order
to investigate the electron emission mechanism, the emitted electron beam current
density from the cathode was calculated using Richardson’s equation of thermionic
electron emission with Schottky’s correction factor (T-Sh-emission), and the equa-
tion for thermofield (T-F) emission; see above (16.16). We consider the case when
the time of current increase is comparable with the spot lifetime. In this case, the
non-stationary heat conduction equation may be studied with a time-dependent heat
source in the following form:
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dT

dt
= kt�T + j2

cρσel
(16.24)

Boundary condition:

λT
dT

dx
(x = 0) = q(y, z, t)

where q(y, z, t) = F(y, z, dI/dt) is the time-dependent distribution function F of
the heat flux at the cathode surface x = 0; y and z are Cartesian coordinates in the
directions parallel to the cathode surface, T s is the cathode body temperature, kt

λT , ρ, σ el and c are the thermal diffusivity, thermal conductivity, density, electrical
conductivity, and thermal capacity, respectively, of the cathode material.

In order to obtain a simple solution, wemake a few assumptions. It is assumed that
the current density is constant throughout the spot lifetime, i.e., spot area increases
proportionally to the spot current. The Joule energy dissipation in the cathode bulk
is described according to Rich’s approximation [8] in the cathode energy balance.
Assuming also a Gaussian distribution of the heat flux and that the spot current I =
t(dI/dt), the solution of the (16.24) can be obtained as [25]:

Ts(0, 0, 0, t) = uef

2πλT

√
t

πkt

dI

dt

[
dI

dt

1

4πktj
− 1

]−1

(16.25)

where Ts(0, 0, 0, t) is the time-dependent cathode temperature in the spot center, uef

is the effective cathode determined above, and j is the spot current density.
The cathode spot system of equations was solved together with (16.25), which

determined the spot temperature in the cathode energy balance. An estimation of
the non-stationary electron energy balance shows that, in the case of j = const, the
electron temperature Te (eV) reaches it steady-state value during a characteristic
time tR= 3.10−3Teα/juc(1 − α), where α is the degree of atom ionization and uc is
the cathode potential drop. When uc= 15–20 V, α is about 0.5, T e= 2–3 eV, j is in
range 107–109 A/cm2, and we obtain tR ~ 10−10–10−12 s. As the time tR is small with
respect to the spot lifetime (1–10 ns), then the steady-state electron temperature may
use in the calculations below. Also the solution is obtained for simply case, taking
in account the heavy particle flow in the kinetic layer. The cathode potential drop uc

and the erosion coefficient G(g/C) as well as the spot lifetime and the rate of spot
current rise dI/dt are given.

16.5.4.2 Numerical Investigation of Nanosecond Spot Parameters

In order to investigate the electron emission mechanism and the role of tunneling
effect, the emitted electron beam current density from the cathode was calculated
using Richardson’s equation of thermionic electron emission with Schottky’s correc-
tion factor (T-Sh-emission), and the general equation for thermofield (T-F) emission
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(16.16). In the calculations shown below, the measured erosion coefficient is given as
40 μg/C [18]. The spot current is 10 A. Taking in account that for small currents and
large values of dI/dt , the cathode potential drop fluctuates [26], and thus the values
of uc are given in a wide range 15–50 V. In the proposed model, the spot radius rs

as well as T s, j, Te, α, plasma density n, electric field at the cathode surface E and
electron current fraction s, are all calculated parameters.

Figure 16.15 presents the spot current density dependence on the cathode potential
drop for dI/dt = 10 GA/s and t = 10 ns. It may be seen that the cathode potential drop
has a minimum value of 15 V for T-Sh emission and about 18 V for T-F emission.
A T-F current density was higher than that with T-Sh emission, but the difference
was small for uc> 25 V (see Fig. 16.1). However, the T-F current density was higher
than that with T-Sh emission by factor 2 when uc< 20 V. The numerical analysis
shows that the contribution of field electron emission due to tunneling mechanism
increases by relative high cathode electric field when the spot current density exceeds
3 × 107 A/cm2.

Figure 16.16 demonstrates the current density dependence on the rate of current
rise. The current density, in general, increases linearly with dI/dt, and for character-
istic cathode potential drop 16–20 V, the T-F current density is about twice that of
the T-Sh emission.

Figure 16.17 shows that the electron temperature increases linearly with the
cathode potential drop. The value of Te reaches 8–10 eV when the cathode potential
drop reaches 50 V. The electron temperature was about 1 eV higher when the T-F
electron emission was used in the calculations instead of T-Sh emission. It should be
noted that according to the calculations, the electron temperature changes in range
of 3.5–5 eV when the rate of spot current rise is in range 109–1011 A/s and uc= 20 V.

The calculation of the various terms in cathode energy balance shows that the
contribution of Joule heating is not large, about 1–5% of the total energy input. The
main energy flux is due to returned electron (50–75%) and ion (20–45%) fluxes.

For a spot current of 10 A, the spot current density reaches a relatively high level
(>108 A/cm2). The calculation for case of T-F electron emission and dI/dt = 10 GA/s
shows that in the above given range of cathode potential drop the electron current

Fig. 16.15 Spot current
density dependence on the
cathode potential drop for
Richardson–Schottky (T-Sh)
electron emission and for
thermofield (T-F) electron
emission mechanisms. Spot
current is 10 A [25]
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Fig. 16.16 Spot current
density versus the rate of spot
current rise (dI/dt) in cases
of T-Sh-and T-F-Emission.
Spot current is 10 A [25]
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Fig. 16.17 Plasma electron
temperature as a function on
the cathode potential drop
calculated for T-Sh-and
T-F-Emission [25]
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fraction changes from 0.8 to 0.97, current density increase from 5.106 to 2 × 108

A/cm2 and spot radius decrease rs= 7.9–1.3 μm. In this range of current density, the
spot temperature is about 4300–6000 K, the plasma density is 2 × 1020−2 × 1021

cm−3, the electric field at the cathode surface is (3–4) × 107 V/cm and the ionization
fraction is 0.93–0.99.

The calculation indicates also that the current density can reach about 109 A/cm2

when dI/dt = 1011 A/s (see Fig. 16.16). The comparison with the experimental data
shows that the measured spot radius rs= 1–10μm [21–24], measured plasma density
(3–6) × 1020 cm−3 [21], and the electron temperature about 4–5 eV [27] are in the
range of above calculated values.
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16.6 Vacuum Arcs with Extremely Properties of Cathode
Material. Modified Gasdynamic Models

For a long time, the mechanism of cathode spot operation has been an important
question in the physics of the cathode region of vacuum arcs with refractory and
volatile cathodes [7, 28, 29]. Analysis showed that there is no mathematical solution
of the system of equations using the diffusion approach (gasdynamic model (GDM))
for cathode materials like Hg or W. The cathode surface conditions can be charac-
terized by a surface temperature Ts and electric field E, resulting in an atomic flux
from evaporation of �ns (T s, E) and an electron emission flux of �es (T s, E). Their
ratio defines the parameter

Y = Γes(Ts, E)

Γns(Ts)
= AT 5/2

s Exp

[
ϕsh(1 − χ)

kTs

]
(16.26)

where χ = ϕsh/ϕev, A is the cathode material-dependent constant, ϕev= λs (eV) is
the heat of evaporation, and ϕsh is the work function with the Schottky factor. The
surface temperature for several cathode materials was calculated as a function of
current density by two approaches. The results are presented in Fig. 16.18.

The bold set of curves is a simultaneous solution of the cathode energy balance
equation (16.19), conservation of energy for the electrons in the electron beam relax-
ation zone (16.14), electric field equation in the ballistic zone (16.17), together with
the ion transport equation (16.9), i.e., without electron emission (16.16). The second
approach is a simultaneous solution of the first three equations mentioned above,
togetherwith the electron emission (16.16), i.e.,without ion transport equation (16.9).

410310 105 6

2

7 810 10 10

Current density, A/cm

Fig. 16.18 Dependences of cathode surface temperature on spot current density for I = 200 A. The
dependences marked by thin lines illustrate the solution of equations for electric field, balances for
cathode and plasma, solved together with the equation of electron emission, while the solid lines
obtained with the same equations but together with equation for ion current (i.e., without equation
for electron emission). Circular points that can be also two-valued illustrate the solution presence
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The diagram in Fig. 16.18 shows the presence or absence of a solution by GDM
systemof equations. Itmay be seen that the two curves have an intersection, and hence
a solution, in the case of Cu andNi, but do not intersect in the case ofW. The curves of
Ag have a solution and practically overlap the Cu curves, and therefore, they are not
shown for clarity. The curves of Hg that likewise do not have an intersection will be
presented below. Circular points mark the solution presence. The GDM calculations
show that the materials having intermediate thermophysical properties (e.g., Cu, Ag,
and Ni) have values of χ of around unity, and solutions are readily found. However,
when χ < 1, i.e., for refractory metals (e.g., W, see Tables in Appendix of the book),
increasing the surface temperature results in Y → ∞. Under these circumstances,
there is high electron emission, causing plentiful electron emission cooling, but there
is no ion current and hence insufficient ion bombardment heating, and thus a solution
cannot be found for the cathode energy balances (16.14) and (16.19). Likewise, the
GDM has no solution if χ � 1, e.g., for Hg. There is insufficient electron emission,
while the vaporized atom flux is too much to reach a concordance between plasma
particle and energy balances. Thus, also for the volatile materials, the plasma energy
balance cannot be established with the present model, due to insufficient plasma
heating by electron beam energy. In both cases there, the particle and energy balances
had some contradictions.

Thus, Fig. 16.18 indicates that solutions can be obtained for materials having a
mid-range of thermophysical parameters, while modified models are necessary for
extremely refractory or extremely volatile materials. To overcome these contradic-
tions, new ideas were developed for the near-cathode sheath that determines the spot
mechanism. An adjacent layer to the cathode was hypothesized, which served as
a “virtual cathode” for W material and a “plasma cathode” supplying the required
electron flux for Hg.

16.7 Refractory Material. Model of Virtual Cathode.
Tungsten

For the refractory materials, the electron space charge near the cathode produced
an electric field in the direction that reduced the large thermionic electron emission,
thus acting as a virtual cathode [30, 31]. The potential distribution is schematically
illustrated in Fig. 16.19. Two characteristic regions are formed in the sheath. In
first region at some distance from the cathode surface, a minimal potential um is
produced (zero electric field) due to negative charge of large electron emission,
and the emitted low energy electrons are returned toward the cathode. After the
minimum, the energetic electrons are accelerated. In the second region, the electron
acceleration continues due to the potential increase by positive charge of the ions
flux to the cathode from the plasma.

Integrating Poisson’s equation from u = um to u = 0 taking into account the simple
case of single charged ion current extracted from the plasma boundary toward the
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Fig. 16.19 Schematic diagram of the electric sheath with a virtual cathode

cathode the following expression for electric field Epl at the plasma side is obtained
(see Chap. 5, 5.33):
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se = je
ji

ε; sr = εjeT0 exp(−uc/kTe); Φ∗(ξ)

= (1 − Φ(ξ)); jeT0 = ner0

√
Te

2πme
; ε =

√
me

m
; (16.28)

where jeT0 is the random current density of the returned electrons from the plasma.
The hydrodynamic model was solved with the above modifications and using exper-
imental values for uc, I, and G in the cases of W, Mo, and Gd cathodes. In the case
of W, using (uc = 22 V, I = 20 A, and G = 10 μg/C), a solution was found with the
following spot parameters: j = 2 × 106 A/cm2, Ts= 7400 K, Te= 6 eV, s = 0.99, α
= 1 (with 50% of the ions doubly charged), nT= 1019 cm−3, and Δu < 1 V.

An examination of the heat balance at the cathode surface reveals that the largest
heating factor is from bombardment by the hot plasma electrons, while Joule heating
accounts for about 30% of the equivalent heat flux, and ion bombardment an even
smaller fraction. This should be contrasted to the case of intermediate metals, where
ion bombardment was the dominant heating mechanism. It should be noted that
the electron temperature calculated here is significantly higher than that calculated
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for intermediate metals (e.g., for Cu, T e ≤ 2 eV). This is a consequence of the
high electron current fraction s that leads to a high heat flux into the electron beam
relaxation zone, and due to low energy loss resulting from a low backflow of ions to
the cathode. The predicted value of the current density j is close to values determined
experimentally: j = 8 × 105 A/cm2 (from an experimentally measured cathode
spot diameter of 40 μm) [32], and about 107 A/cm2 [33]. At elevated temperatures,
the calculated current density decreases by a factor of approximately 2 for initial
temperatures of up to 1500 K, while the experimental results also show a decrease,
by a factor of 5 for initial temperatures of 1800 K [33]. The model results are similar
for Mo, but with a smaller value of Δu.

The hydrodynamic model was also applied for Gd, using the following input
parameters: uc= 13 V, I = 20 A, and G = 100 μg/C. It was found that: j = 3 ×
103 A/cm2, Ts= 2700 K, Te= 3 eV, s = 0.97, and Δu = 0. Thus, Gd, with χ =
0.75, represents the marginal case with E = 0 and divides the refractory metals
from the intermediate metals. The electron temperature and electron current fraction
resemble the typical values for the refractory metals, while the current density and
surface temperature are more typical of the intermediate metals.

The calculations in framework of above approach show that the electron current
fraction s = je/j is very large, approaching 0.99, and consequently, a relatively large
total spot current density j > 106 A/cm2 is obtained. However, in vacuum arc that
slowly move and has steady-state spots with j < 106 A/cm2 could be also observed
on tungsten [34–36] and molybdenum [37] cathodes. At the same time, the above
calculations show that lower j is consistent with lower s < 0.8. Consequently, two
questions arise: (i) what is the mechanism controlling the relatively small electron
to ion current ratio in cathode spots on refractory cathodes? (ii) How does the spot
on refractory cathodes operate in a self-sustained manner with a low s? Thus, the
nature of the spot operation with relatively low electron current fraction (s < 0.9)
and the relation between the spot parameters and s are important to be clarified for
refractory cathodes. Let us consider the model of the spot on refractory vacuum arc
cathodes in order to study the low s and the corresponding spot plasma parameters.

16.7.1 Model of Low Electron Current Fraction s
for Tungsten

According to GDM cathode spot theory, the electron and ion currents are controlled
in a positive space sheath formed in a transition layer between the cathode and
a quasineutral plasma. For refractory cathodes, the virtual cathode approach used
which is described in (16.27) for Epl (at right side in Fig. 16.19). The above solution
for the virtual cathode was obtained using zero electric field at which the plasma side
of the sheath Epl is also assumed. According to Langmuir [38] theory in this case,
the ratio of emitted electron current density je to the incident ion current density ji is
proportional to the square root of the ion mass m to the electron mass me ratio, i.e.,



628 16 Gasdynamic Theory of Cathode …

je/ji ~ (m/me)1/2, [31]. Thus, je is much larger than ji. Mathematical analysis of the
sheath structure will show that the ratio je/ji can be lower if Epl �= 0.

Recently, the two-scale problem (Bohm condition) in the plasma–wall transition
layerwas investigated [39]. It was shown that the plasma conditions could bematched
to the sheath conditions when a certain dependence is maintained between the ion
velocity vi and electric field Epl at the presheath–sheath boundary. The calculation
shows that Epl reaches a finite value lower than Ed= Te/rd and vi is about 0.9 of
Bohm velocity vB for a small electron to ion currents ratio (~1), where rd is the Debye
radius.

Taking into account this result, a nonzero electric field at the plasma sheath inter-
face is assumed in the developed belowmodel and a near-cathode quasineutral plasma
consisting of ions with different charges will be considered [40]. The mathematical
formulation is based on the gasdynamic cathode spot theory. The following system
of equations is considered.

(1) Equation of quasineutrality: ne= ∑
Zniz, where niz is the ion density with ion

charges Z = 1, 2, 3, 4, ne is the electron density.
(2) The ion current density jiz is calculated using niz and assuming the Bohm ion

velocity for simplicity.
(3) Plasma energy balance.
(4) Cathode energy balance.

The expressions of (3) and (4) were accounted for the multi-charged ions. In
the following calculations, these equations are modified taking in account the
ionization energy loss for ions with different ionicity as

Ψe = nev

(
2Te +

z∑
1

(
fz
Z

z∑
1

uiz

))
(16.28)

Ψs = ji

(
uc +

z∑
1

(
fz

z∑
1

uiz − fzZϕ

))
(16.29)

where Ψe is the term related to the plasma energy balance and in the energy
flux toward the cathode by ions with different ion charge z and Ψs is the term
related to the cathode energy balance, where uiz is the energy of ionization of
ions with charge Z, f z= jiz/j is the current density fraction for ions with charge
Z and ϕ is the cathode work function, v is the plasma mass velocity determined
by the cathode erosion rate G. uc is the cathode potential drop and uc= um −
�u.

(5) System of four Saha equations used for calculation of the density of four types
of ions niz with Z = 1–4.

nzne

nz−1
= 2gz

gz−1

(
2πmeTe

h2

)3/2

Exp

(
−uiz

Te

)
(16.30)
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where gz is the statistical weight, n0 is the neutral atom density, and h is
the Planck constant. The Saha equations for the multi-ionization case were
described previously [41].

(6) The plasma pressure is p = nkT e+ nT kT, k is the Boltzmann constant, and here
temperatures are in °K. The heavy particle density nT is calculated from the
saturation cathode vapor pressure determined by the cathode temperature Ts,
assuming equality with the heavy particle temperature T. Here, the pressure
correction from non-ideality of the plasma gas is neglected due to small non-
ideality parameter (z2e2n1/3

e /Te< 1 [42], e is the electron charge, see calculation
below).

(7) The electric field Epl is obtained from Poisson’s equation, taking into account
the space charge from ionswith different charges, plasma electrons back flowing
toward the cathode, electrons emitted by the virtual cathode and the quasineu-
trality condition (1) at the sheath-plasma interface. In general, quasineutrality
is violated at the sheath–plasma boundary due to Epl �= 0, yielding a net charge
density of Δn. However, an estimation shows that Δn is much smaller than ne,

and therefore, condition (1) can be used in order to determine the ion to elec-
tron density ratio at the sheath edge. Setting the potential at the plasma–sheath
boundary to zero and the electric field at the potential minimum plane (i.e., the
virtual cathode) to zero the solution of Poisson’s equation is obtained in the
following form (Chap. 5, 5.39):
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fiz = ZniZ0∑
Z ZniZ0

; βre0 = εjeT0

ji
; βeb = εjeb

ji
; jeb

= jem exp

(
−�u

kTs

)
; j = jeb + ji s = jeb

j

ε0 is the permittivity of vacuum, eN is the root of the natural logarithm, βeb is
the fraction of electrons current density emitted by the virtual cathode jeb, βre0

is the fraction of returned electrons in the current density, Kd is the ratio of Epl

to the presheath electric field Ed determined as T e/rd .
(8) The potential drop Δu can be calculated using the thermionic emission electron

current density jem and the electron current density jeb emitted by the virtual
cathode as Δu = TeLn(jem/jeb).

(9) The total spot current is given by I = πr2
s j assuming a circular spot, where r is

the spot radius.
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For a given I and uc (or minimal potential), the unknowns nT , ne, j, jeb, niz, rs, Δu,
Ep, Ts, and Te can be calculated from (1) to (9) when the parameter Kd is determined
by relation of Ed= T e/rd . To understand the influence of this parameter, the above
system of equations was studied as dependence on s as a varied parameter.

16.7.2 Numerical Study of the Spot Parameters on Tungsten
Cathode

Below the results of calculations are described according to the above mathematical
formulation and to the work [40] performed for a tungsten cathode with I = 20 A and
a cathode erosion coefficient in the range of G ~10–100μg/C. The cathode potential
drop has not been measured for a tungsten vacuum arc. Reece [43], however, found
a correlation between the arc voltage and the cathode boiling temperature, showing
that for refractorymaterials the voltage is a few volts higher than that for intermediate
materials (Cu, Ag). Therefore, in the following calculation um= 20 V is used as an
example. The general calculation shows that the cathode vapor is highly ionized, Ts

is in region of 6300–7500 K, the density nT is 1019–1018 cm−3, and Te is 2–4 eV
when the s is in region of 0.5–0.9.

Figure 16.20 shows the calculated parameter Kd as dependence on s. It can be
seen that Kd decreases with s from 0.3 to 0.15 when s varied from 0.5 to 0.98. In this
case, the spot current density j is enough low and is about 105 A/cm2 for s < 0.9.

Figure 16.21 shows the dependence of the electric field Epl, on s, with the cathode
erosion rate a parameter. It can be seen that the value of Epl is about 1 MV/cm, only
varies slightly with swhen s < 0.9 and after a maximal value at about s = 0.99 sharply
decreases to zero. Epl increases with G. The calculation also shows that the ratio Kd

is in region 0.28-0.13 when s < 0.9 and then for s > 0.9 sharply decreases to zero.

Fig. 16.20 Parameter Kd
indicates the ratio of the
plasma electric field to the
field Ed in the Debye layer at
sheath–plasma boundary as
dependence on s
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Fig. 16.21 Dependence of
the electric field at the
sheath–plasma interface,
Epl=Ep, on electron current
fraction
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The current density j is about (0.1–1) MA/cm2 for s < 0.85 and strongly increases
with s when s > 0.85 (Fig. 16.22). The value j increases with G.

The potential difference between potentials at the cathode surface and the virtual
point (minimum) is presented in Fig. 16.23. According to the these calculations, the
Δu decreases from ~2.5 to zero when s increases up to 0.95.

For higher s, the potentialΔu becomes negative indicating that the virtual cathode
disappears. The cathode erosion rate has negligible effect on the positive Δu region
of the Δu-s curve and only slightly affects the negative Δu region.

The dependence of the ion state distribution, as expressed by current fraction for
ions with different charge f z, on the electron current fraction is shown in Fig. 16.24
(for G = 10 μg/C). When s increases, the first ion current f 1 decreases while f 4
increases by several orders of magnitude. The ion current fractions f 2 and f 3 are
maximal at s = 0.7 and s = 0.85, respectively.

Fig. 16.22 Spot current
density j as a function of s
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Fig. 16.23 Potential
difference Δu between the
cathode and the potential
minimum (virtual cathode)
as a function of the electron
current fraction
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Fig. 16.24 Influence of the
electron current fraction on
the ion current fraction f z
with ionicity Z (G =
10 μg/C)
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The ion current mostly consists of the first and second charged ions when s is
about 0.5–0.6 and mostly of the third and fourth ions for s > 0.9. In the region 0.6
< s<0.9, ions with all of the considered charges are present. The calculated results
indicate that in the region of s = 0.75–85, it may be possible to explain the small
value of f 1 and the maximal value of f 3 in comparison to other fractions, which was
observed experimentally for tungsten cathodes in [44] as: f 1= 0.03, f 2= 0.25, f 3=
0.39, f 4= 0.27.

Thus, in the case of refractory cathodes, highly charged ions can be generated for
relatively small s in the spot region, rather than in the plasma jet as occurred for the
copper cathode [7, 26, 45]. The relatively low experimental value of j shows that
it can be explained in case when the electron current fraction is controlled by the
relatively large electric field at the sheath–plasma interfaceEpl. Although this electric
field is large (~1 MV/cm), it is smaller than the field determined as Ed= T e/Ld by
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factors between 3 and 8 when s < 0.9. The plasma region with Ed , in essence formed
to accelerate the ions to a velocity, needed to stable sheath operation. This important
point indicated that the theory of virtual cathode for refractory materials cannot be
applied to the quasineutral (not disturbed) plasma region with the low electric field
and use zero field as a boundary condition at the right side of the sheath.

16.8 Vacuum Arcs with Low Melting Materials. Mercury
Cathode

In this section, a double sheath model developed by Beilis [46] is presented. The
early studies devoted to discharges on mercury cathodes which are (in contrast to
other materials) always unstable [16, 47–50] were motivated by the importance of
this discharge in switching, rectification, and lighting [16, 51, 52] technology. Due
to the instability of mercury spots, refractory rods are usually used to anchor them
in practice [53–56]. An analysis of published theoretical attempts to explain the
behavior of the mercury cathode spot was presented in Chap. 15 and in [46]. Let us
first consider the experimental data.

16.8.1 Experimental Data of a Vacuum Arc with Mercury
Cathode

Kesaev [16, 49] presented most detailed characteristics of the mercury cathode spot.
In contrast to other materials, the near-cathode plasma in a Hg vacuum arc consists
of two regions [16, 48, 49]. There is a dark space directly adjacent to the cathode
surface and then a brightly luminous region. The size of the dark space is nearly 10−3

cm, which is much larger than the calculated thickness of a cathode drop sheath in
the Langmuir approximation.

The cathode temperature Ts as determined by continuum spectrummeasurements
is in the range of about 1000–2000 K. The current density j in the cathode spot is
in the range of 104–105 A/cm2, [49, 54]. Kesaev’s measurements [49] for liquid
mercury gave the spot size as about 10μm, which corresponds to j ~5× 104 A/cm2.
Kesaev [16] noted that the mercury discharge had two forms: the fundamental form
and the transitional form. He conducted some interesting experiments on the arc
discharge stability and found (1) a threshold current of Id ~0.1 A below which the
spot disappears and (2) the discharge voltage oscillates with periods of 0.1 ms and
0.1–3 μs, respectively, for the fundamental and transitional arc forms. The cathode
drops for these arcs are ~9–10 V and ~18–21 V, respectively. When the current is
close to the threshold value, both forms can be observed. However, at larger currents,
only the fundamental form is observed. High-frequency oscillations are connected
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with the extinction of a spot and the creation of a new spot. Observation of the
transient high-frequency bursts provided a convenient method of measuring the spot
lifetime t.

Kesaev described the mercury arc as a dynamic process, during which spots
spontaneously would divide into two spots, and some spots would spontaneously
extinguish. For currents above a value of 0.1 A, usually more than one spot coexisted
on the cathode surface.Kesaev explained spontaneous spot extinctionwith an internal
spot instability, the mechanism of which he did not detail. If a spot extinguished,
the total arc current would be redistributed among the remaining spots. According
to Kesaev, the redistribution is caused by a reformation mechanism, which is also
unknown. The discharge ceased to burn only when all spots disappeared at the same
time.

The threshold current has been reported by Khromoy [53, 54] and Eckhardt [55]
to be in the range of 0.6–2.5 A and according to their results depends on the elec-
trode temperature, preparation, and surface cleanliness. According to the Kesaev’s
experimental measurements (Tables XIX and XX from [49]), the erosion coefficient
is equal to ~4× 10−3 g/C in the case of free spot and ~6 × 10−4 g/C in the case of an
anchored spot. Generally, in vacuum arc this erosion is in the form of droplets and
vapor. In the mercury case, much of the erosion occurs by droplets [16, 49, 57] and
determination of the vapor fraction is found to be difficult due to the considerable
contribution of evaporation from the mercury surface that is outside of the spots.
The difference of the erosion rate between free moved and fixed spots Kesaev [49]
is explained by smaller droplets in case fixed spot. However, the arc current and arc
time in arcing with fixed spot (1–2 A, as example t ~1800 s) exceed those values
for moved spot (10–18 A, t ~180 s) about order of magnitude. Eckhardt [58] has
tried to take into account this effect. She developed a novel measuring technique.
The method applied permits a separation of these two contributions, thus yielding
results that are more accurate. The measured vapor erosion rate obtained as ~10−5

g/C for the anchored spot in experiments for Hg arc of 15, 30 and 90 A.

16.8.2 Overview of Early Debatable Hg Spot Models

A review of the existing spot theories was presented in Chap. 15. Mainly was
discussed the mercury cathode spot mechanisms, and some of their controversies
are summarized. Let us consider their main approaches in order to understand the
new idea developed by the author to describe one of most mysterious case of current
continue of Hg spot.

Two general cases can be emphasized. In the first, the temperature Ts ~(3–4) ×
103 K necessary for sufficient electron emission considerably exceeds the mercury
critical pointTcr .With this temperature, a highly volatilematerial such asHg remains
in the gas state, however, with atomdensity approximately that of a solid. It is obvious
that in this case processes of classical emission cannot occur. In the second, when the
temperatures are low Ts< T cr , deviation from equilibrium depends on the conditions
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of the vapor flow in the Knudsen layer. The minimum flow of returning particles is
18% of the flow of atoms evaporated into vacuum [59] (see Chap. 2). Under these
conditions, in spite of the accordingly large deviation from equilibrium, the level
of atom density with regard to the electrons remains very large according to GDM
calculations.

Another approach [16, 60] assumes the presence of a large electrical field (~108

V/cm) on the cathode surface. A field of this magnitude can only be realized by
an ion space charge, which by Mackeown’s equation [61] is associated with an ion
current flux of ji ≥ 107 A/cm2. Under this value of ji an analysis of the cathode
surface energy balance, which only takes into consideration the heat flux associated
with energy of ion neutralization at the cathode surface (potential of ionization, ui),
i.e., uiji, results in an unrealistically high cathode surface temperature of (3–4) ×
104 K for Hg. Thus, it is clear that the use of the field emission theory has certain
difficulties.

The contradiction in the field emission theory for the Hg cathode spot can be
seen more clearly if the equations for the cathode spot are written and solved in two
alternative dependencies, for the current density j versus electron current fraction s
(Fig. 16.25): (1) a simultaneous solution of the cathode energy balance, conservation
of energy of the plasma electrons, equation for the electric field, and the ion transport
equation, but without taking into account the equation for electron emission; (2) these
same equations, together with the Fowler–Nordheim equation for electron emission,
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Fig. 16.25 Dependencies of the current density on the electron current fraction (I = 1 A) obtained
from the solution of the traditional system of equations, considering the equation of electron emis-
sion, but not considering the equation of ion flow to cathode from the plasma (bold curve), and
also, in reverse, considering equation of the ion flow, but not considering the equation of electron
emission (other curves). The dashed curve corresponds to a time from the spot ignition of t = 0.1μs
and an erosion rate G = 2 × 10−3 g/s. The thin solid curve (with erosion rate G = 2 × 10−3 g/s)
and (stroke-dotted) curve (G = 0) correspond to steady-state conditions
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but without taking into account the ion transport equation. A true solution of the
entry problem should occur at the intersection of these curves, but it may be seen
that the two types of curves do not intersect.

While it might seem that an intersection might occur of the scale of Fig. 16.25,
detailed analysis indicates that unrealistic values for various plasma parameters occur
for large and small values of s. For example, for small values of s, when the elec-
tron current fraction decreases to 0.55, the cathode temperature will increase, and
hence the vapor concentration adjacent to the Hg cathode will increase until the
density becomes unreasonably high. For example, assuming an erosion rate of G =
2 × 10−3 g/s, for s = 0.53 (thin solid curve in Fig. 16.25), we obtain T s ~2500 K
and, consequently, an unrealistic neutral density of n0 ~1031 cm−3 is produced. This
phenomenon precludes the application of case (2) curves for small values of s. Simi-
larly, at large values of s, the energy of the plasma ion flux becomes value smaller
than the energy required for cathode evaporation. For 0.88 < s < 0.96, the predomi-
nant positive term in the cathode energy balance is Joule heating in the cathode, and
a solution is still possible. However, for s > 0.96 there is insufficient total energy
input to maintain the evaporation, and no solution was found.

When we considered the transient cases, the current density is constant over a
wide range of s (see dashed curve). When G = 0, the character of the curve changes
so that the function j(s) has a break and the solution exists only when s < 0.617
and s > 0.95 (stroke-dotted curves, Fig. 16.25). When 0 < G < 2 × 10−3 g/s, all
the curves will lie between the two limiting cases represented by the stroke-dot
and thin curves. Another point is related to the field enhancement. Electrical field
enhancement at microprotrusions on the cathode surface will enhance the electron
emission, but not by a sufficient amount to permit a solution using the existingmodel,
as it will be discussed below. The electrostatic pulling force on the liquid surface
causes microprotrusions due to the Tonks instability [62].

The local electric field at the protrusion tip is enhanced by a factor of β: Eloc=
βE, where E is the average electric field. This phenomenon plays a significant role in
electrical breakdown in vacuum [63, 64]. While the typical microprotrusion growth
time [62] (~1 ms) is large compared to the most types and especially for super-fast
cathode spot lifetime, as a worse case estimate wewill assume that a microprotrusion
is fully established. In this case, assuming a field enhancement factor of order β: ~10
a full solution will be obtained (i.e., the curves, which was calculated from the field
emission and ion transport equations will intersect) with the following parameters: j
~106 A/cm2, E ~5 × 106 V/cm, and s ~0.9. The implications of β ~10, however,
lead to unrealizable conditions:

(a) The requirements for the microprotrusion necessary to realize β ~10 are that
[61] h/r ~10, where h is the height of the protrusion and r is the radius of
curvature at the tip.

(b) The tip must be within the space charge sheath where a high average field is
present.
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(c) Given that the sheath is only ~10−6 cm thick, we must require that the micro-
protrusion height is say an order of magnitude less, i.e., h ~10−7 cm, and hence
r ~10−8 cm.

(d) Thus, we see that the radius tip must be about one atom thick, and thus even if
this model were correct on this size scale, the total current would be miniscale
(~jrh= 10−9 A) and not consistent with experimental observations.

(e) Furthermore, the size scale would be about the surface potential barrier, which
prevents the use of the relation Eloc= βE and expressions for electron field
emission. Rodnevich [65] showed that the influence of field enhancement is not
dominated when ϕ/Eh � 1 as in the present case.

Thus, the presentmodel for electron emission does not lead to a consistent solution
in the case of the Hg cathode spot. The further considered mechanisms of mercury
cathode spot were discussed in Chap. 15, but below some details can be discussed.

1. The electron pulling from the cathode may be occurred by electron explosive
emission [61], when the cathode surface is irregular (caused by mentioned above
liquid surface instability). However, this phenomenon also initiates with electron
field emission from microprotrusion and realizes with critical electric field Ecr ~108

AV/cm for which the thermal instability of microprotrusion is taken place. Such
large value of Ecr requires more larger β and smaller microprotrusion size, as well
necessity of large ji as it is above discussed in case of field emission theory. The other
weakness of mechanism of explosion electron emission was discussed in Chap. 15.

2. Electron emission may be the result of various secondary electron emission
processes. The most effective of these is the bombardment by excited Hg atoms,
which have a metastable level with an excitation energy of u* = 4.9 eV widely
discussed in [66–69]. The theory of this process is characterized by a coefficient for
secondary electron emission [70] of γ m= 10−2. This process will be important if the
electron current produced is comparable to the ion current. An expression for the ratio
of electron to ion currents can be formulated by using theBoltzmann relationship [71]
to calculate the excited atom density, and Saha’s equation to calculate the electron
density:

je
ji

= γm
j∗

ji
≈ 3 × 10−14γmExp

(
ui − 2u∗

2Te

)√
naT −3/4 (16.32)

where j* = e�* is the equivalent excited atom current, while �* is the excited atom
flux and e is the electron charge. It may be calculated that je/ji ≈ 1 when na ≈ 1024

cm−3 even if Te is on the order of 1 eV, or in another words, the atomic density in
the plasma must be unrealistically larger than solid density for secondary emission
to yield the requisite electron emission.

3. According to the thermal theory [16, 72], current continuity at the cathode
surface is maintained by a flow of ions from the near-cathode plasma, i.e., j = ji. The
Hg atoms are ionized by the plasma electrons, which are heated to a temperature ofTe

by Joule dissipation in a hemispherical region of the plasma adjacent to the cathode
surface having a radius r approximately equal to the radius of the cathode spot. On
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the other hand, j cannot be greater than that value which will lead to a heat flux
that can be conducted into the interior of the cathode. If we have a cathode surface
temperature of T e ~1000 C, we have that j ≈ (2λT Ts/I0.5)2 ~104 A/cm2, where λT

is the thermal conductivity of the cathode, and uef is the effective heating voltage.
If all of the Joule heating goes only into ionization and heating of the electrons, a
simple relationship for the electron temperature may be obtained: Te ≈ (upl − ui)/3
for the condition when upl > ui, where ui is the ionization potential of the Hg atoms,
and the potential drop in the plasma is given by upl ~ jrs/σ el = (jI/π)0.5/σ el.

However, using the previous relationship for j, it can be seen that upl =
2λT Ts/(πuef ) ≤ 1 V, where this estimation relies on the Spitzer [73] calculation
of the plasma conductivity σ el. Thus, it may be seen that upl < ui and there is insuf-
ficient Joule heating to heat the plasma up to even the cathode surface temperature.
Under these low plasma temperatures, the fractional ionization is very low, and an
absurdly large ion density (>1022 cm−3) is required to maintain the ion current due
to the low ion mobility (diffusion constant Dia ~104 cm2/s). Neither taking account
of transient thermal processes nor the non-ideal nature of the cathode spot plasma
[74] alters the above conclusion.

Thus, the above overview shows that the published various conventional
approaches lack of information or contradicted assumptions to explaining the cathode
spot in the case of the Hg cathode. In the following paragraphs, a modified model
in which an additional “plasma cathode” supplying electrons is hypothesized. This
plasma cathode is adjacent to the cathode surface and separated from the bulk plasma
by a double layer [75].

16.8.3 Double Sheath Model

As can be seen in the above analysis, existing models cannot consistently explain
cathode spot operation on mercury. A new model is proposed [46], in which the
near-cathode region is modeled with two distinct regions, divided by a double layer.
A double layer in a high-voltage discharge with a low concentration of charged
particles was observed experimentally [76]. Moreover, double layer also appears
over a considerable range of the particle densities even when sharp changes of the
discharge channel cross section occur [77]. Generally, the thickness of the plasma
double layer is of the order of the mean free path.

Referring to Fig. 16.26, the plasma cathode (region I) is in direct contact with the
cathode surface (boundary 1) and shares boundary 2 with the double sheath layer
(region II). Electrons are created in region I by electron impact, and boundary 2 thus
serves as a virtual cathode for the rest of the discharge, while current continuity is
maintained at boundary 1 mostly by the ion current. Thus, there is no requirement
for the cathode surface to emit an electron current equal to the circuit current—the
electrons are generated in the near-cathode plasma, similar to what occurs in the
cathode region of a glow discharge.
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Fig. 16.26 Model of the near-electrode plasma with electrical double sheath and the schema of the
potential distribution in the near-cathode region

Region II is a collisionless space charge double layer having a relatively large
potential drop (see Fig. 16.26), and bounded by boundary 2, which it shares with
region I, and boundary 3, which it shares with the external plasma (region III). The
region III extends to boundary 4 for a length in the anode direction of the relaxation
length of the electron beam emitted from the region I. Both electrons emitted from
region I in the direction of the anode and ions extracted from region III move through
the double layer (region II). They are accelerated by the potential drop in the double
layer at the way in their respective destinations. In particular, the additional energy
imparted to the ions on their way to region I is critical in providing the power
that ultimately is necessary for ionizing atoms, and hence producing the necessary
electron flux in region I.

While in reality there will be a lateral, as well as axial, variation of the param-
eters (indeed the radius of the cathode spot is microscopic while the typical
cathode is macroscopic), the treatment in this model will be one dimensional, which
considerably simplifies the analysis.

16.8.4 The System of Equations

The basic assumption of the model is that the potential distribution will be such that
the energy balance and current continuity in all regions is maintained. Region I is
heated by the ion flux from the external plasma (region III) which is accelerated
as it passes through the double layer (region II). It is assumed that the density and
thickness of region I are such that these ions undergo many collisions, and thus the
energy of this flux is deposited in region I. A further consequence of the collision
dominated nature of region I is that it may be described to a reasonable approximation
as being uniform and isothermal with a temperature T 1 = Tel = Til.
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The bulk of the plasma in region I will have a positive potential with respect to
the cathode surface, as illustrated in Fig. 16.26, with a sheath having a potential drop
of u1 separating the two. This sheath will both brake the flow of thermal electrons
from region I to the cathode surface, as well as accelerate the ions from region I
onto the cathode surface. Labeling the ion flux at the cathode surface as jil and the
thermal electron flux there as jetl, we may define their ratio as s = jetl/jil and obtain
the following expression for u1:

u1 ≈ T1Ln

(
s−1

T

√
m

2πme

)
(16.33)

According to definition, the total current density on cathode depends on the value
of sT and given by:

j1 = jil(1 − sT ) (16.34)

In region I, the electrical current transport mechanism gradually changes from ion
motion to the cathode surface that collects the impinging ions, to electron motion
away from the cathode, as we progress from the cathode surface into the volume of
region I. The plasma density in region I is quite high so that the diffusion layer will
be smaller than the mean free path of the charged particles, and thus the ion current
at the cathode surface will be given by:

ji1 = eni1viT /4 (16.35)

where viT is the thermal velocity of the heavy particles. At boundary 2 of region I, the
random electron current jet2 considerably exceeds the discharge current. A potential
barrier appears in region I adjacent to boundary 2 with a height u2 such that the
electron flow is retarded to the extent that it is equal to the discharge current. Thus

je2 = jet2Exp

(
− u2E

kTe1

)
; u2E = u2 − rDE (16.36)

where rD is theDebye radius. The value of the electric field in the double layer (region
II) can be determined from Mackeown’s equation [61]. The ion current entering the
double layer from region III is given by:

ji3 = eni3viT3/4 (16.37)

where ni3 is the ion density in region III near boundary 3, and viT3 = vT .
The electrons’ current density fraction s in the double sheath can be expressed as:

s = je2/(je2 + ji3) (16.38)
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The conservation of energy equation for regions I and III, taking into account the
energy flux by convection into and out of each region by electrons, ions, and excited
mercury atoms, as well as energy gained by the charged particles within each region
from the electric field, are given respectively by:

(
u1

i + 2T1
) ji1

e
+
(

u1 + 2T1

e

)
jet1 + qp

= ji2

(
ush + (ui + 2T3)

e

)
− ji2

(
u2E + 2T1

e

)
+ Γ ∗

a2u∗ + jupl1 (16.39)

(
ush + u2E + 2T1

e

)
je2 + jupl3 = ji3

ui

e
+ je4

2Te2

e
+ Γ ∗

a3u∗ + ς jα

(
ui + 2Te2

e

)

(16.40)

where qp is the energy flux, which is transferred by the neutral atoms on the
boundaries 1 and 2:

qp = 2T1Ga1 − 2TsGas − 2T1Ga2 + 2T3Ga3

ζ is a dimensionless parameter characterized the cathode erosion rate by ζ= eG/(miI),
where G (g/s) is the cathode mass evaporation rate, upl1 and upl3 are the potential
drops in the bulk of the plasmas in regions I and III, respectively determined by the
plasma electrical conductivity, Te3 is the electron temperature in region III, and T 3

is the temperature of the heavy particles in regions I and III and is assumed to be
equal, �a1 is the atom flux at boundary 1 from the plasma region I to cathode. �as

is the atom flux from the cathode due to evaporation when the surface temperature
at the cathode spot is �s, �a2, �a3, �a2*, and �a3* are the random fluxes of atoms
and excited atoms through boundaries 2 and 3, respectively, α1, α2 are the degrees of
ionization of the mercury atoms in regions I and III, respectively, u1 is an effective
ionization potential in region I which takes into account that a significant fraction of
the atoms from region III is excited to the metastable level.

Because of continuity, the electron and ion current densities je and ji at the bound-
aries are related by ji= je4 = j, je2 = jeT3 and ji2 = ji3 and T 1= T 3. The heavy
particle concentrations are determined from the equations of particle conservation
on boundaries 1 and 2:

n1
ns

= Ts

T1
− 4ς j

ensviT
; (16.41)

n3
n1

= (1 − α) − 4ς j

en1viT
; (16.42)

where ns is the equilibrium Hg vapor density corresponding to a cathode surface
temperature of Ts [78], n1 and n3 are the density ofmercury heavy particles in regions
I and III. Equations (16.39) and (16.40) take into account that electrons accelerated
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in region 2 produce step ionization of the mercury atoms in region III, because of
the long-lived Hg metastable state at u* = 4.9 eV. The concentration of the excited
atoms in the metastable level, na*, depends on the energy of the electron beam and
the concentration of the neutral atoms na. As the excited atoms flow from region III
to region I, the effective ionization potential ua1 in region I will be decreased and
can be expressed in following form:

ui
1 = ni − T1 ln

[
1 + n∗

a

na1
Exp

(
u∗

a

T1

)]
; (16.43)

Assuming that the cathode spot is circular, then the total current will be:

I = pr2s j (16.44)

j = je2 + ji3 (16.45)

The time-dependent equation of heat conduction in the cathode may be expressed
as:

dTs

dt
= a�Ts; (16.46)

Boundary condition:

λT
dTs

dt
(z = 0) = −qT r < rs

where a and λT are the cathode thermal diffusivity and thermal conductivity, respec-
tively, t is time, and qT is the net heat flux delivered to the cathode surface, and is
determined by:

qT = qi + qa + qj + q∗ − qev − qj (16.47)

where qi is the heat flux delivered by the impinging electrons and ions from the
plasma and is given by:

qi = ji1(ui1 + u1 + 2T1) + 2T1jet1

qa is the net heat flux of convection by the impinging unexcited atomic flux (after
correcting for the evaporated atomic flux) and is given by:

qa = 2T1Ga1 − 2kTsGs,

q* is the heat flux of convection by impinging excited Hg atoms
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q∗ = (U ∗ + 2T1
)
G∗

1

and qj is the equivalent heat flux generated by ohmic heating within the cathode
[11, 79]. The heat losses from the cathode surface include the energy of the electrons
emitted to neutralize the impinging ion flux, qϕ= jiϕ, and the energy of the evaporated
atoms, qev= jiϕsGj/I.

The system of equations is completed with the addition of Saha’s equation in
regions I and III. The solution of the equations depends on the cathode spot condition.
If the spot is burning on a film of Hg anchored to a refractory post, then the thermal
model is similar to the film cathodemodel (see below). If the spot moves freely on the
surface of a thick liquid Hg volume, then the thermal model of the massive cathode
is appropriate.

16.8.5 Numerical Study of the Mercury Cathode Spot

In the present analysis, the mobile cathode spot will be considered without explicitly
taking into account excited atoms (i.e., without calculating its flux and concentra-
tion). This considerably simplifies the problem and concentrates our attention on the
essence of the main processes. The presence of excited atoms is taken into account
implicitly only through the decreasing of the ionization potential ui

1 in accordance
with (16.43). Besides, the decrease in ui

1 caused by the presence of a dense plasma
[80], which may be reach ~1 eV, is also taken into account. Thus, we use for ui

1 =
8 eV. In the region III, where there is an influence of the dense plasma on decrease
of the potential of ionization ui, we use ui = 9.4 eV.

In addition, the case where the ionization potential ui
1 = 4.9 eV was investigated.

Due to presence of metastable Hg atoms, various processes leading to ionizationmay
occur [81–83] including: (1) formation of atomic andmolecular ions due to collisions
of two excited atoms, (2) electron collision step ionization, and (3) molecular ion
formation by collision of an atomic ion with a neutral atom (conversion process
[79]). Besides, it should be noted that secondary emission of excited atoms from the
cathode surface following neutralization of impinging ions might occur [84]. The
significance of this process is that they lead to a reduction of the effective potential for
mercury ionization, ui

1 The results obtained here, namely that it is necessary to take
into account energy transport by the metastable Hg atoms, coincide with Kesaev’s
[5, 16] assumption that excitation of the mercury atoms plays a significant role in
this kind of discharge.

The system of (16.32)–(16.47) and two Saha’s equations contain 20 unknown
variables: j, ji1, je2, ji3, I, u1, u2, sT , ush, s, Ts, T 1, Te2, n1, n2, qT, G, rs, α1, α2, while
we have 16 equations. The problem is not closed because we need four additional
equations. The value of sT ~0.1 can be obviously chosen to satisfy the conditions
jet1 � ji1, i.e., ion current at the cathode is equated to the circuit current. In order to
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Fig. 16.27 Dependence of
the sheath potential drop on
the time from the spot
ignition (I = 0.1 A; G = 0)
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close the problem, the erosion rate G and spot current I will be set by experimental
values [16, 53–55]. Because the cathode erosion is both in droplet and vapor form
the parameter, G will be varied over a wide range.

The solutionwas obtained using a two-stage iterationmethod. In the first stage, the
current density (fourth unknown) was the varied parameter. In the second stage, the
current density was determined from additional conditions (see below). The solution
was analyzed in the time interval of 0.1–1 μs from cathode spot initiation, which
corresponds with the high-voltage oscillation transitional mode of the arc, and at
10−4 s, which corresponds to the fundamental mercury arc mode. The numerical
study is presented in accordance with results of work in [46].

Figure 16.27 shows the dependence of the sheath potential drop ush in the double
sheath on the time from spot initiation t, with different current densities j for I ~0.1A,
G = 0. It may be seen that in the beginning, ush decreases with t, as occurs for the
metals such as Cu, Ag, and Ni (with j < 106 A/cm2 (see Sect. 16.4.4 [15]). However,
with further increases of t the value of ush passes through a minimum and then
grows without limit. Moreover, the time of the ush minimum becomes smaller with
increasing current density.

An analysis showed that the existence of the unstable branch in the dependence
of ush on t is caused by the relatively large neutral atom flow, which transports a
lot of energy from the plasma (qp). In the calculation, whose results are shown in
Fig. 16.27, the role of the atomflowwas considered only in the plasma energy balance
(and not in the cathode energy balance). In other calculations, the atom energy was
not accounted at all. The results are shown in Fig. 16.28. In this case, an unstable
branch of ush was not observed, but rather ush falls monotonically to a minimum.

The results of the calculations at t = 0.3 μs in the case where energy transported
by the atomic flow is accounted everywhere are shown in Fig. 16.29. It is shown that
with increasing spot current, the sheath potential drop decreases. Increasing of the
spot current density also leads to a decrease of ush. However, as shown in Fig. 16.27,
the influence of j depends on t and at longer times this dependence may become
reversed, i.e., ush will increase with j.
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Fig. 16.28 Dependence of
the sheath potential drop on
the spot lifetime without
considering atom energy flux
from the plasma region I, (I
= 0.1 A; G = 0)
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Fig. 16.29 Sheath potential
drop as function on spot
current (G = 0; t = 0.3 μs)
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It is important to note that in all above calculations, the potential drop in the
reflecting sheath near cathode u1 and potential drop u2 on the outside boundary of
the region I are very close to each other (Fig. 16.30). The spot parameters obtained
from the system (16.33)–(16.47) solution for the time tm for which ush is minimized
for I = 0.1 A, j = 1.4 × 104.A/cm2, G = 0 (Fig. 16.27) are shown in Table 16.2.

Using the fact that upl1 = u2-u1 we can estimate the plasma region I width as
Ohm’s law L1 = σupl1/j. Taking in account that upl1 = 0.5 V (see Table 16.2), the
calculation gives L1 = 1.4 × 10−3 cm for T 1 = 1 eV.

To confirm the previous conclusion about the decreasing of the current density
with time, it is necessary to calculate the current density, and not set it as a parameter.
To make such a calculation we need another equation or condition. Therefore, we
will take into account the above-mentioned fact that u1 approximately equal u2 and
assume that:
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Fig. 16.30 Dependencies of
potential drop u1 and u2 (see
Fig. 16.26) on the spot
current (G = 0; t = 0.3 μs)
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u1 = Kuu2, (16.48)

where Ku is a proportionality coefficient about unity. Results of the calculations,
which consider relation (16.48), are shown in Fig. 16.31 for Ku = 1 and Ku= 1.1 and
confirm that the current density indeed decreases with time. Moreover, j strongly
decreases (to ~102–103 A/cm2 depending on G) within t ~10−4 s, which is the
characteristic period of voltage oscillations for the fundamental form of the mercury
arc found experimentally [16, 49]. When the time increases (t > 10−4 s), with G =
20 μg/s and I = 0.1 A, a solution of the system of equations was not found: For
large t, the energy input exceeds the energy losses, and thus, the energy balance is
not maintained. The solution exists in this case only for G < 20 μg/s and I < 0.1 A.
However, such a solution corresponds to very small values of j < 102 A/cm2), which
are not observed experimentally [16, 49, 53–55].

When u1
i = 4.9 eV, the system of (16.33)–(16.47) with various spot currents I and

erosion ratesG (Ku= 1) was solved for ush and the results are presented in Fig. 16.32.
It may be seen that ush decreases with time, and that for various combinations of (I,
G) reaches 10 V at t = 0.1 ms. Moreover, ush slightly depends on I, if the erosion
coefficient G/I is constant. Here, the characteristic spot parameters are varied Te2 =
1.3–0.9 eV, T 1 = 0.77–0.56 eV, s = 0.45–0.46, u1 = 6.5–5 V, j ~2 × 104–5 × 103

A/cm2, respectively if the spot lifetime varies from 10−6–10−4 s (I = 0.1 A, G =
20 μg/s). An estimation of the value upl3 gives <0.1 V.

16.8.6 Analysis of the Spot Simulation at Mercury Cathode

The mechanism of the ush instability on the mercury cathode may be understood as
follows. Initially, the surface temperature is low, and the Hg vapor density is small.
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Fig. 16.31 Spot current
density as dependence on the
spot lifetime (I = 0.1 A; G =
200 μg/s), considering
relation (16.48) from the text
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Fig. 16.32 Dependence of
the sheath potential drop on
the spot time considering
relation (16.48) from the text
(Ku= 1)
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The degree of ionization must be relatively high to supply the necessary ion flow
to the cathode. Consequently, the plasma energy losses in region I caused by the
neutral atom outflow are small, because the atom density is relatively small. At the
same time, relatively large power is needed to support the high degree of ionization
in region I (a relatively high plasma temperature is required) under these conditions.
In this case, the spot is sustained with large values of ush.

As the time increases, however, the cathode temperature and the heavy particle
density increase while the degree of ionization falls, and consequently the power
losses fall as well. As a result, ush decreases. This process continues until the energy
flux associated with the neutral atom outflow will be the main power outflux, due
to the decreasing of the degree of plasma ionization. In this case, the plasma energy
losses continue to grow leading to an increasing of the sheath potential drop. More-
over, the fact that growth of the heavy particle concentration is a strong function of
the temperature explains the unstable behavior of the right branch in the variation of
ush with t, as seen in Fig. 16.27. If we take into account the atom energy contribution
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to the cathode energy balance, the results will look more complicated. Due to the
more intensive cathode heating, the rate of growth of the right section of the curves
in Fig. 16.27 will be even stronger.

Comparing the theoretical results in Fig. 16.27 with Kesaev’s experiments [16,
49], we conclude that a cathode spot with a given current density reaches a critical
point in its temporal development at that time when it reaches the minimum value
of ush (t). Either the spot extinguishes, or the spot must increase in area so that j is
decreased. The latter possibility is equivalent to moving from one curve in Fig. 16.27
to another curve further to the right. This process can occur continuously, such that
either the spot extinguishes, or j continues to decrease. The transition from one curve
to another may be accompanied by oscillations in ush with frequency of 106–107 Hz,
which is characteristic of transitional mode of the Hg arc [16, 49]. The process
continues until j reaches some value, after which spot extinguishes. Duration of the
process may be compared with the time of fundamental spot mode.

The sheath potential drop is assumed in the above calculation to be close to the
minimal value seen in the ush (t) curves in Fig. 16.27. Generally, ush depends on a
complex of processes, which take place in the near-cathode plasma of the mercury
arc. For an estimate, it is possible to obtain an expression for ush = ui

1 + 2(Te+ sT i)
+ un, by adding (16.39) and (16.40) and neglecting the terms connected with small
parameter sT , where un = qp/j is the effective potential for the power transported
by the neutral atoms from the plasma. Considering that the plasma temperature is
approximately 1 eV and taking into account that the discharge voltage is uc = ush+
u1 + upl1 + upl2 (Fig. 16.26), we can see from above-mentioned relation that the low
value of uc for the mercury discharge can be obtained when the values of un and ui

1
are low as well.

It should be noted that the temperature in region I could be lower than the plasma
temperature in region III (Fig. 16.26). This result makes it possible to understand
the experimentally observed “dark space,” which appear immediately adjacent to the
cathode surface, and signifies a lesser intensity of visible radiation originating there as
compared to the intensity of the visible radiation in the region further from the cathode
surface. The width of plasma region I calculated here agrees with the observed “dark
space” width. An additional factor, which would enhance the excitation, and hence
the radiation, in region III relative to region I, is the acceleration of the electrons
in region II prior to their entry into region III, thus imparting a directed energy to
the electrons in addition to their thermal energy. The fact that there are electrons of
relatively high energy in the near-cathodeplasmahas been established experimentally
[16], by studying the excitation of neon atoms that were especially introduced into
the mercury arc gap. The lowest neon excitation level is 16 eV. From the Fig. 16.26, it
can be seen that the potential drop in region II is ush+ u2E (~24 V, see Table 16.2) and,
consequently, accelerates the electrons enough to reach the neon excitation energy
what explains experiment [16, 49].

The numerical analysis here shows that the spot on clean mercury can burn with
threshold currents of about ~0.1 A, which agrees with experiments [16, 49]. It also
should be noted that the sheath potential drop depends considerably on the process
of ionization in the plasma and on thermal processes at the electrode. The difference
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in these processes, depending on arc burning conditions such as arc current, cathode
cooling and geometry, as well as surface cleanness, may cause a wide interval of
values (up to ~2.5 A) of the threshold currents, as observed experimentally [16,
49, 54, 55]. It is also important to measure arc voltage, to which threshold current
corresponds in the given conditions.

Thus, the model predicts a temporal evolution of the discharge voltage which at
constant current (until t = 0.1–1 μs) and current density would initially decrease,
and then increase without limit. The latter behavior is avoided in practice by either
spot extinction, or by a decrease in the current density. Repetitive extinction and re-
ignition at constant current density corresponds to the transitional Hg arc mode (t =
0.1–1 μs), while longer lifetime spots (until t = 0.1 ms) in which the current density
decrease with time corresponding to the fundamental Hg arc mode. The arc voltage
unlimited increasing with time for transitional arc form connects with maintaining of
plasma energy balance, while the temporal unlimited current density decreasing for
fundamental arc form connects with disturbing of cathode energy balance. Physical
explanations for these modes were previously unavailable.

16.9 Film Cathode

The detailed experimental study of the spots (cells) behavior in an arc burning on film
cathodes was conducted byKesaev [16] (see Sect. 7.2.4). The thin Cu films deposited
on a glass and Bi films deposited on a glass and Mo substrates were studied. Kesaev
shows that for different film thickness df and spot current If , the spot moved with a
velocity vs and left a clear erosion track of width δ in which all the metal thin film
was removed from the substrate. The arc duration t was up to 100μs, and the erosion
rate can be calculated as G = γdf δvs, where γ is the specific metal density.

The thickness of copper thin films was varied in the range of df ~0.01–0.1 μm
and arc duration up to tf = 100μs. For the observation of the Cu tracks, the following
parameters were determined: spot velocity vs ~103–104 cm/s, erosion rate Gf ~46–
64 mg/C, spot current If ~0.1–0.9 A, and track width δ ~2–15μm for df < 0.14μm.

16.9.1 Physical Model of Spot Motion on Film Cathode

In order to understand the spot mechanism on thin film cathodes, the GDM was
modified [85] taking into account the equation of heat conduction for thin films in
the cathode energy balance and by using the experimental dependence between the
film erosion rate and track size in the form G = vδρd (Fig. 16.33).

The model was used experimental fact that the spot moves when the underlying
film is evaporated [16]. It can be shown by an estimation of the distance over which
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Fig. 16.33 Schematic
presentation of metallic film
deposited on glass substrate
and the track with width δ

produced due spot motion

the metal can be heated to a temperature comparable to the spot temperature Ts over
the lifetime tf yields l ~ (QT tf /T scγπd)0.5, where QT is the heat which flows into
the film from the plasma, and c is the specific heat.

As for typical caseQT ≈ 0.3W for df ≈ 0.02μm, tf ≈ 0.1μs, Ts ≈ 3500–4000K,
then l ≈ 10 μm. On the other hand, the width of the signature δ is a function of the
film thickness, lying in the range 1–10 μm. Therefore, while the spot was at a given
position it heats the metal over a distance comparable or more to the spot diameter.
In the evolution of the temperature rise of the film due to Joule energy dissipation,
it is assumed that the current flows away radially from the spot and that the profile
of the current over the film thickness is uniform. According to [85], the temperature
increases at a point R � rs at which the spot arrives at this point was obtained (vs=
constant) as:

�T = I2f
σelcγ vsrs(2πdf )2

; (16.49)

As it was shown in [85], the value of ΔT at points on the spot trajectory is
slight regardless of the film thickness. Since the estimation is upper limit the Joule
heating, in thermal regime of the metal can be neglected. The spot was assumed a
circular over which the profiles of the spot parameters are uniform except the film
thermal regime for which a Gauss heat flux to the film was taken in account (see
Chap. 3). As it is modeled above, the temperature of the spot surface is taken to be
the temperature at the center of the spot. Assuming that the erosion occurs in the
vapor phase (experiments [16] showed that the erosion in droplets was small) and
neglecting the heat loss to the glass substrate, the energy balance equation for the
film cathode was obtained in following form [85]:

(1 − s)uef If + Iet(2Te + ϕsh) − (λs + kT

m
)G = 4πλT df (Ts − T0)Exp

(− vst0
2a

)
∫ t0+t

t0
dt′
t′ Exp

(
− v2s t′

4a − v2s t20
4at′

)

(16.50)

(1 − s)uef = (1 − s)(uc + ui) − ϕsh;
ϕsh = ϕ − 3.8 × 10−4

√
E(V/cm); t0 = 4a

r2s
(16.51)
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The physical meaning of the various terms was discussed above, and expression
on the right is the heat flux away from the spot along the film due to heat conduction.

16.9.2 Calculation Results

The calculations were conducted using Kesaev’s data for I f and G(g/s) [16]. Kesaev
does not reported data for uc and for its dependence on the film thickness.

Therefore, the value of uc was varied over a broad range. Note there was presented
a first approach to understand the prnciple spot parameters on the film cathode. At
next approach (Chap. 17) the study will be conducted calculating uc. The results
calculated for Cu films of various df are shown in Fig. 16.34 as a plot of the current
density j as a function on uc [85]. The calculations were carried out for spot lifetime
and for films df < 0.5 μm, since the experimental determination of the erosion rate
becomes unreliable for thicker films. Figure 16.35 presents also the calculations for
bismuth deposited on the glass substrate. As in case of bulk cathode, the solutions for
film cathodes are also two-valued. However, the spot diameter obviously cannot be
larger than the transverse dimension of the signature and this condition, i.e., 2rs= δ,
correspond to higher second solution (small circles in figure) and to minimal current
density jmin.

On the other hand, it can calculate the possible maximal current density jmax

(minimal rsmin) at the spot. The transverse dimension of the signature obviously
cannot exceed the transverse dimension of the melting isotherm δm so that condition
δm= δ sets an upper limit on the range of possible current densities. The value of
rsmin (jmax) is determined from the system of equation with heat conduction equation
using melting temperature Tm:

Fig. 16.34 Current density
as function on cathode
potential drop for different
Cu film thicknesses
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Fig. 16.35 Current density
as function on cathode
potential drop for different
Bi film thicknesses

Tm

(
δm

2

)
= QTL

4πλT df
Exp

(
v2s to
2a

) t0+t∫

t0

dt′

t′
Exp

(
−v2s t′

4a
− v2s t20 + ( δm

2

)2
4at′

)
(16.52)

To evaluate the properties of the cathode region the data of heavy particle nh=
na+ ni, degree of ionization, the electron current fraction s, electric field E electron
temperature Te, velocity of the plasma expansion v cathode temperature, the energy
required for evaporation Qs, for heat conduction QT for case 2rs= δ are calculated
and presented in Table 16.3. The calculated results show that the vapor near the
cathode is highly ionized and that the fraction of the electron current is relatively not
large (s = 0.75). The energy components Qs, QT and total Q are comparable in order
of magnitude. Comparison of Qs with total energy loss Q estimated by Kesaev [16]
showed that QT> Q.

On this basis, Kesaev concluded that THE energy for evaporation could not be
important because it was not energetically favorable and that most of the energy
supplied was expended in melting the metal in the volume of the signature by heat
conduction. This estimation was provided by using s = 0.95 obtained calculating
the metal thermal regime considering heat point source approach (assuming rs� δ,
i.e., significantly large j) and condition δ = δm. The above calculations using general
thermal approach and two limited conditions (rs= δ and δ = δm) allow obtained jmax

and jmin or rsmin and rsmax.
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Table 16.3 Spot parameters as function on film thickness corresponded to cathode potential drop
ucδ , at which rs equal to the experimental transverse dimension of the signature

Parameters Material

Copper Bismuth

Experiment

df (μm) 0.17 0.025 0.06 0.12 0.14 0.068 0.11

If (A) 0.1 0.15 0.4 0.9 1.2 0.06 0.08

vs × 103 (cm/s) 13 10.1 0.57 0.34 0.34 0.32 27

G (μg/s) 46 86 260 560 820 130 230

δ (μm) 2.5 4 9 16 20 6 8

Calculations

ucδ 21.3 19 17 15 15.5 10 11.25

j × 105 (A/cm2) 20 10.7 5.8 4.1 3.3 2.0 1.33

Te 2.13 1.6 1.33 1.2 1.16 0.86 0.83

Ts 4000 3980 3955 3977 3945 3780 3690

E × 107 (V/cm) 2.4 1.9 1.5 1.25 1.16 1.1 1

v 102 720 490 310 200 200 10 10

nT × 1020 (cm−3) 1.2 1.2 1.16 1.2 1.1 11.1 10.3

α 0.83 0.58 0.38 0.28 0.256 0.029 0.025

s 0.761 0.696 0.641 0.616 0.6 0.568 0.52

Qs (W) 0.268 0.492 1.513 3.258 4.763 0.149 0.262

QT (W) 0.156 0.279 0.8 1.692 2.425 0.103 0.192

QT /If (V) 1.56 1.86 2.0 1.88 2.0 1.03 1.92

16.9.3 Analysis of the Calculation Results

The calculations indicate that the obtained values for spot radii reveal a difference
by factor about two, i.e., rs can be comparable with δ. It can be seen from results of
Chap. 3 that also for bulk cathode, the temperature decreases to about the melting
temperature for Cu at distance about r = rs. In addition, certain experimental data
directly show that the difference between spot radii, and the transverse dimension of
the signature is clearly smaller than the difference between rsmin and rsmax. Indeed,
Kesaev [16] reported that the edge of the signature is melted and he assumed that the
metal could contract to the edge of the signature due to surface tension force. Thus,
on the base of the calculated and experimental data, it can be concluded that the
transverse dimension of the signature can be used as a scale dimension of the spot.
Also the energy loss by film heat conduction (with an effective voltage for heating
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of 1–2 V) is smaller than in bulk cathodes (6–7 V [17]). This result, and the small
spot size for thin film cathodes (<0.1 μm), indicates that the spot operation on the
thin film cathode is different than on the bulk cathode, due to different heat loss and
spot motion mechanisms.

The energy loss in the films is relatively small due to very thin thickness and
as result, the low values of spot current. This result corresponds to the measured
relatively small cathode potential drops in range of (8–12) V for film cathodes with
metal substrates [86] which turn out to be lower than the cathode potential drops
for large number of materials of bulk cathodes [16]. An exception to this rule is
small value of uc bismuth due to specific low its heat conductivity and heat of atom
evaporation. Therefore, it is not surprise that the measured bulk cathode (8.55 V)
and film cathode (8.3 V) are equal one to other for Bi. The small energy loss also
justly for Cu film while the calculated large value of ucδ , lies above the measured
value for Cu film (11.2 V) deposited on Cu bulk substrate (15 V). The calculated
value of ucδ for Cu was obtained here because the condition rs= δ was fulfilled at the
second solution (high current density) of the system of equations. It will be shown
below that the agreement of calculation with the measured cathode potential drop
for Cu film cathode will be reached in frame of kinetic model in which the two-value
solution is excluded because the cathode potential drop will be determined.

Let us discuss the possibility of studying the physical properties operating in a spot
on a bulk cathode through the use the film cathodes. One of the way indicated such
possibility is that as the film thickness was increased, the spot on the film cathode
converted into the corresponding spot on a bulk cathode. This assumption was used
in the formulation of the Kesaev’s experiment [16]. If the spots on film correspond
to the above model, i.e., if they are spots, in which thermal and electron emission
processes are governing, and the erosion results from evaporation, then it can be
confidently asserted that the nature and properties of the spots should be similar
by the transition to a bulk cathode. Really such mechanism can explain the low-
current, low lifetime, and fast-moving spots on bulk cathodes but taking into account
the peculiarity of the cathode surface such as cleaning, presence of an impurities,
roughness with protrusions.

The surface properties allow understand the spot motion in frame of material
expense like expense of the film, protrusion evaporation, and others. Low cathode
potential drop occur when the cathode heat loss can be balanced by a current-
dependent heat source. Therefore, both the film cathode and rough bulk cathodes
(with protrusions, or preliminary heating) have spot currents, which aremuch smaller
than the spot current for the flat bulk cathode. The details of spot behavior of the
different spot types will be analyzed considering the kinetic model below. However,
accordingly, an arc spot on film cathode is apparently an “independent” physical
subject clearly deserving study. This study contributes much to the understanding of
the physical processes operating in cathode spots of different types.
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16.10 Phenomena of Cathode Melting and Macrodroplets
Formation

During cathode spot operation, the metal is melted and the forces due to electro-
static and hydrodynamic plasma pressure, convection of the liquid as well surface
tension determined the fractions of remained the liquidmetal and removal of droplets.
Different mechanisms were developed to explain the behavior of the melted metal
under the cathode spot action in vacuum arcs. One of first McClure [87] consid-
ered the mechanism of droplets ejection is due to pressure on the molten area of the
cathode surface produced by cathode plasma jets using measured the current density
j and the cathode force F per unit current (see Chap. 9).

Hantzche [88] obtained a simple solution of the hydrodynamic equations
describing the cathode molten area taking in account the forces acting on the cathode
arc spot surface which composed of the ion pressure, the neutral gas pressure, and
the evaporation recoil while electrostatic forces diminish the effective pressure. The
melting front velocity was determined by a solution of the heat conduction equation,
assuming a constant heat flux density per second the temperature increase It was
stated that an acceleration of the liquid layer toward the borders of the spot, mainly
due to pressure forces, leads to an excavation of the melt from the spot and to crater
formation. The overflow of the metal at the rims of the crater, to the ejection of
splashes, causes the rise of emission tips.

The calculations for Mo cathode shown the ejection velocities at the spot rims of
(2–3) × 104 cm/s and the layer depth of about 0.4 μm. An expression was derived
describing the spot motion indicating that the corresponding velocity is about equal
to the melting front velocity, but because of the random character of this motion,
the measured values were significantly smaller. The obtained results did not take in
account the effect of tension force. In addition, the usedmomentumfluxof accelerated
ions in the sheath can prove to be insignificant because of its compensation by the
momentum flux from the electric field near the cathode surface.

The metal convection and tension force of thermocapillary effect in frame hydro-
dynamicmechanismwere studied byZharinov andSanochkin [89, 90]. It was consid-
ered a single spot behavior on a metal liquid layer with size lL that much larger than
the spot size rs and the liquid thickness layer hL. As between hot spot and the periph-
eries of the liquids a temperature gradient arise, a force is produced due to gradient
of tension coefficient α‘t . As a result in the liquid with a free convection regime, two
symmetric cells form on two sides of heating (by spot) line. These cells characterized
by a certain length and maximal velocity depended on α‘t . This situation is unstable
because some small fluctuations of spot parameters cause an asymmetry of the cells
and therefore motion of the liquid together with the current carried spot.

The calculations showed relatively large velocity that is used to explain the
measured data of spot motion [89] as well as to claim that significant value of plasma
pressure can be compensated by the dynamic flow strength [90].As the cells approach
each other and characteristic distance between cells becomes smaller than its length,



16.10 Phenomena of Cathode Melting and Macrodroplets Formation 657

the thermocapillary vortices begin interact. This is the regime of hindered convec-
tion and allows to discuss the mechanism of spots repulsion as cathode spots draw
together and divide. Sanochkin and Filippov [91, 92] provided a detailed study of
the thermocapillary mechanism of cathode spot convergence and phenomenon of
mutual repulsion.

The phenomenon of fixation of the cathode spot based on some self-regulating
hydrodynamic mechanism of liquid motion was also considered using formation the
thermocapillary vortex cells produced in liquid layer during point heating near a
vertical wall [93, 94]. If the spot is far from the wall, the convection pattern will be
symmetric on both sides of the heating point. However, near the wall, the asymmetry
of the convection will be directed and a state of equilibrium is violated. When the
spot reached the vicinity of the wetted wall, it will move toward this wall until that
it becomes fixed.

Finally, Sanochkin [95] summarized his work and the works with his co-authors
establishing some connections between different observed cathode spot phenomena
and the results of a set of Navier–Stokes and energy equations solved numerically in
case of liquid layer local heating by an energy from the cathode spot with size much
lower than the length of the layer. It was concluded that the thermocapillary convec-
tion approach makes possible to study the dynamics of the cathode spot including the
equilibrium between plasma pressure and pressure due to velocity head, mechanism
of the spot motion, the spot fixation, etc.

It should be noted that cathode melting around the spot and droplets ejection are
experimental fact as well as spot fixation in mercury arc with Mo rod. However, the
assumption related to the cathode state and use developed theory of thermocapillary
convection are far from that observed during spot operation. First of all the spot as a
heat source develop in time and therefore no symmetric pattern of the thermocapillary
vortex can be expected. According to the observation and to the calculations, the
liquid area arising around the spot is of size of the spot (see Chap. 3, [96]). The size
of isotherm of melting temperature exceeds the spot diameter by factor lower than 2,
and therefore, the requested for the model condition lL� rs� hL is not fulfilled. The
liquid zones from single fragments can be overlapped in a group spots, but this spot
type is practically rest spots and the small moving fragments can be explained by
non-uniformity of the surface profile during their function. The character and velocity
of super fast spot SFS motion were also determined by the cathode surface profile
consisted of a number protrusions or contaminations,which supplied appropriate heat
conduction condition for relatively small energy requested for spot development at
small current per spot (See Chap. 17).

Let us consider the cathode spot moving on mercury cathode that modeled as heat
source acted on a liquid layer. The cathode temperature inside of the spot is relatively
small. About few 100 °C and therefore the assumption regarding the presence of
temperature difference of 1000 °C [88] necessary to generation convection flow in
viscose Hg is very doubtful. The mechanism of spot operation for mercury arc in
presence of Mo rod can be explained by spot burning in vapor of the Hg film wetting
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around the Mo rod. Therefore, it is clear appearance of spot fixation at the Mo rod
and its linear form. However, the main problem of Hg arc is the mechanism of
electron emission from the cathode at very low temperature, which the method of
thermocapillary convections was not solved.

Of course, in general case the thermal model of spot on metallic cathode should
consider the cathodemelting and the possibility of convective heat transfer. The ques-
tion is how it influences all spot parameters considering the self-consistent solution
of the total system of equation describing the complex of spot phenomena simul-
taneously. Such solution was obtained by Buchin and Zektser [97] considering the
melting pool around the spot and effect of liquid convection taking into account the
GDM spot model and system of equations [7, 98]. They concluded that if one takes
into account the liquid metal pool of melt in the region of the cathode spot, one
obtains only small quantitative change in the parameters of the spot, in comparison
with calculation without the liquid metal, within the framework of the used model
[7, 96].

Mesyats and Uimanov [99] described the microcrater formation during the post-
explosion hydrodynamic stage of the operation of an emission center named cathode
spot. The plasma experimental data for pressure and effective cathode voltage with
given spot current were used to determine heat generation in the cathode due to
electric current by Joule effect. Two-dimensional axisymmetric equations for the
incompressible fluid flow and for the charge and heat transfer in a cathode including
themelt pool and the solid cathodewere considered. The surface heat flux and current
density spatial distribution were assumed dependent of a spot radius that, in essence,
also as a given parameter. It has been shown that for the spot current ranging between
1.6 and 7 A and the time of current flow through the cell ranging between 15 and
60 ns, the crater diameter is 3–7 μm and the maximum current density in the spot
center equal to (1–3) × 108 A/cm2.

Nachshon, Beilis, and Ashkenazy [100] studied the cathode melting and crater
formation using system of equations including heat and electrical conduction equa-
tions and hydrodynamic ofmeltingmaterial flow taking into account the plasma pres-
sure and the pressure due to surface tension. A two-phase heat transfer for the solid
and liquid phase was considered. The solid is given as a liquid of very high viscosity,
and only the liquid phase is allowed to move. The flow is considered compressible,
non-isothermal, non-turbulent, and sub-sonic described by the following equations:

1. Heat equation (conduction and convection):

ρc
∂T

∂t
+ ρc�u · �∇T = �∇(λT �∇T ) + qJ (16.53)

Here ρ is the density, c is the heat capacity, λT is the heat conductivity
2. Momentum equation for material flow with it viscosity:

ρ
∂�u
∂t

+ ρ(�u · �∇)�u = �∇ ·
(

−pû + μ
( �∇�u + ( �∇�u)T

)
− 2

3
μ( �∇ · �u)û

)
+ �F
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�F = (1 − θ)2

θ3 + ε
F0�u (16.54)

where F is the volume force due to liquid flow, μ is the viscosity.
3. Continuity equation

∂ρ

∂t
+ �∇ · (ρ�u) (16.55)

4. Quasistatic electric conduction

�∇ · �j = 0 (16.56)

�j =
(

σel + ε
∂ρ

∂t

)
�E

�E = −�∇V (16.57)

We define a phase field θ for each phases where θ = 1 is solid and θ = 0 is liquid.
The simulation evaluates θ at each step based on the temperature:

θ(T ) =

⎧⎪⎨
⎪⎩
0 T < TL
T−TL

TH −TL
TL < T < TH

1 T < TH

⎫⎪⎬
⎪⎭

(16.58)

where TH= Tm+ΔT, TL= Tm − ΔT are temperature range to allow for a continuous
calculation of the phase transition and the melting temperature TL and Tm − 1358 K.

The thermophysical parameters are:

ρ = θρsol + (1 − θ)ρL

λT = θλTs + (1 − θ)λTsL

μ = θμsol + (1 − θ)μL (16.59)

αm = 1

2

(1 − θ)ρL − θρsol

(1 − θ)ρL + θρsol
(16.60)

where αm is the fraction of liquid and solid for each calculated element.
The boundary conditions.
For the heat conduction equation taken in account that the heat flux in the spot is

Gauss distributed and energy loss due to cathode evaporation
For pressure:

P = Pv

(
1 + α

Te

T

)
+ σten �∇ · n̂ (16.61)
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The second term of (16.61) is the electron pressure and is determined by ionization
fraction, α and electrons temperature Te. The last term is the contribution of the
surface tension. The surface tension gives a correction to the pressure inside, which
is the surface tension divided by the curvature with radius R of the surface ΔP =
σ ten/R. As the curvature is 1/R = �∇ · n̂ then ΔP = σ ten �∇ · n̂.

The initial conditions in the bulk and on the boundary, t = 0: V = 0, T = 300 K,
u = 0, ∂zboundary

/
∂t = 0.

The problem was simulated a 2D axial symmetric approximation. The system of
equations were solved using a finite element method in COMSOL. A moving mesh
boundary condition setting the normal velocity was l considered.

As example, the results (reported in [100]) of simulation of the liquid phase
and crater formations at current of 10 A, spot radius of 10 μm, and for mesh size
0.25 μm are presented in Figs. 16.36 and 16.37. The results are given for Cu by an
axial representation. It was shown that the crater rim edge might form subsequent
droplets. Liquid layerwas formed during arcing, and the liquidwas expelled outward.
The calculations indicate a resolidified region below the crater as well as material at
the edge of the crater, which could form detached droplets.

Fig. 16.36 Evolution of liquid phase fraction over time for 75, 150, and 250 ns shown from left to
right, respectively. Left side is r = 0, bottom is plasma surface boundary. Dimensions are in mm.
Brown color is liquid, blue is solid, and white is the plasma [100]

Fig. 16.37 Temperate map of the simulation after time 340.8 ns and small droplet formation. Left
side is r = 0, bottom is plasma surface boundary. The color at right show the temperature. White
color is the plasma [100]
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16.11 Summary

As it was shown in Chap. 15, the early models considered various processes and
structures in the cathode spot separately. However, new experimental spot data and
developedmethods of thermal solids andplasma studies stimulated further theoretical
thinking. Although the developed models somewhat advanced, the models were not
mathematically closed due limitation in available investigations of essential features
of the cathode plasma. The present chapter reports further author’s ideas using the
modern developments in the plasma science, e.g., approaches of multi-component
particle and energy flow in partially ionized gas, plasma–wall transition studies and
plasma particle collision cross-sectional data. These ideas allowed to explain not
only the current continuity (spot plasma and cathode parameters), but the different
measured arc phenomena detected experimentally.

The developed gasdynamic model (GDM) first used the resonance charge-
exchange collisions to base the diffusion mechanism of ion flux formation toward
the cathode. By taking into account processes occurring in the near electrode plasma,
a closed system of equations was formulated. The equations which may be solved
simultaneously and yield the values of various cathode and plasma parameters, some
of which can be measured experimentally (cathode potential drop uc, Erosion rate
G), and some of which cannot. The mathematically closed system of equations for
the cathode plasma was solved self-consistently with the equations for cathode heat
conduction. This enabled understanding and determining directly the early unknown
electron current fraction s and analyzing the main cathode plasma parameters.

An interesting result of calculation is that the model predicted considerable differ-
ences between a relatively small thermal conductivity of materials such as Ni, and
relatively high thermal conductivity materials such as Cu and Ag. The calculations
indicate a minimal values of spot current and cathode potential drop at which the
solution of system of equations exist that for Ni is low ~10 A, while for Cu, Ag
it is ~100 A. Similarly, uc for Ni = 8 V, and 10 V for Cu and Ag. Because of the
intrinsically low thermal conductivity in the Ni arc, there will be less of a tendency to
form group spots than with Cu and Ag. Experimentally, a group spot sub-structure is
observed in relatively high-current (~600–1000 A) arcs on Cu, Ag, and W cathodes,
while group spots (with relatively large current~100-200A) are not observed on Ni
[101]. It is due to lower input heat flux requested to reach sufficiently temperature
for self-consistent processes supported the Ni arc existing with separately moving
spots. These spot can be supported by thermal mechanism and by evaporation as
independent spot at the bulk cathode. Therefore, caution should be exercised in
inferring details about the mechanism of the cathode spot based on macroscopic
phenomenological classification—spots which have similar macroscopic character-
istics (fast-moving spot for Ni and for Cu,Wwith low spot current ~10 A) may differ
in their microscopic structure, and in the physical mechanisms of their operation.

The principal mechanism of a self-sustained nanosecond cathode spot operation
take in account the specifics of the arcs when spots are appeared at large rate of
current rise≥109 A/s. In this case, the cathode temperature depends not only on spot
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current, but also on current rise during the non-stationary spot operation. According
to the calculation, the large current density (107–108 A/cm2) can be supported by very
high electron current fraction (~0.9). Therefore, the incoming heat flux in the plasma
energy balance is large and, as results, the electron temperature reaches a high value
(a few eV). In this case, the plasma generates a large flux of hot electrons, which
reach the cathode surface. Their energy flux together with that of the ion energy
flux, heats the cathode, and thus supports cathode evaporation. When the plasma
electron energy is not taken in account, the Joule and ion bombardment heating are
comparable for j ~108 A/cm2.

Existence of the cathode spot demands material flux continuity at the cathode
plasma interface, and current of electron emission, which is sufficient at produced
cathode surface temperature. It was established that for cathodes constructed from
materials having intermediate thermophysical properties, the electrons are emitted
from the cathode surface by Schottky-enhanced thermionic emission—at the high
temperatures necessary for sufficient evaporation of these materials. This emis-
sion mechanism is sufficient, and the effect of tunneling is negligible, except of
nanosecond spot appearing with rate of current rise larger 109 A/s.

Thus, the above developed model shows that, while a high electric field directed
into the cathode surface requires Schottky enhancement of the thermionic emission
on intermediate materials, the field is still weak in the case of volatile cathodes for
emission of the electrons by known mechanisms. In the case of refractory materials,
the electric field is actually directed outward from the cathode surface, i.e., in the
direction that retards electron emission.

For refractory materials, which require an even higher temperature to maintain
material flux continuity, thermionic emission is over sufficient. An new idea was
developed for which was taking in account the effect of the electron space charge
near the cathode produces an electric field in the direction that reduces the large
thermionic electron emission, thus acting as a virtual cathode. It was shown that
range of electron current fractions can be increased using condition Ep �= 0 at the
boundary of sheath–presheath interface and the solution showed Ep/Ed , where Ed

calculated as ~T e/rd , rd is the Debye length. The calculation shows that for refractory
cathode, a nonzero electric field at the plasma-sheath interface and the quasineutral
plasma can be consisted of ions with different charge state in the cathode region.

In the case of the volatile materials, an additional plasma double layer adjacent to
the cathode surface is hypothesized, which serves as a “plasma cathode,” supplying
electrons to the remainder of the discharge. The electrons are emitted from a plasma
cathode produced by thermal ionization of the evaporated material. So, the devel-
oped model of the near-cathode region of the arc indicate three characteristic plasma
regions, which in order of their distance from the cathode surface are called the first
plasma region, the double sheath, and the second plasma region. The arc current at
the cathode surface is closed by ion flux from the adjacent cathode plasma. Electrons
emitted from the first plasma region are accelerated through the double sheath region
into the second plasma region. Likewise, ions flowing from the second ion region are
accelerated through the double sheath into the first plasma region where they serve
as a significant heat source. Two types of time-dependent solutions were found,
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with characteristics times of 0.1–1 μs and 100 μs corresponded to the experimen-
tally observed spot lifetimes for the transitional and fundamental discharge forms,
respectively.

An important feature of the model is the key role played by the flux of excited Hg
atoms and the outflow of neutral atom in energy balance of the plasma layer adjacent
to the cathode. Themodel also predicts that the atoms further from the cathode would
be preferentially excited in comparison to the plasma layer adjacent to cathode, due
to both a higher plasma temperature and high directed energy of the free electrons
in that region. This preferential excitation may explain the experimentally observed
dark space in the Hg arc discharge and the relatively small cathode potential drop in
a basic form having a cathode drop of 8.5–10 V, which usually appears when there is
sufficient arc current for several cells to exist simultaneously. The observed transient
form, having a cathode drop of 18 V, appears at low current, when the spot is on
the verge of extinction. A possible interpretation of the model results is that the step
ionization describes the basic form, while the model with direct ionization describes
the transient form. Acceleration of electrons from the first plasma region through ush

explains the observed fast electrons by Ne atom excitation in Hg arc.
It should be noted that after publication GDM (~1970), a number of researchers

studied the cathode spot, in essence on base of the evaporation model, with some
modifications using different some arbitrary given parameters (except the uc from
experiment [16]) in order to formulation a closed the mathematical approach.

The above results were obtained by closed mathematical approach, which tradi-
tionally used experimental value of uc and in addition the erosion rateG. An extended
information will be obtained from physically closed mathematical approach based
on kinetics of the cathode evaporation and plasma generation. This approach (next
chapter) allows calculate the time-dependent values of uc and G and develop mech-
anisms explained different cathode spot phenomena such as motion, spot types,
splitting, and nature of magnetic field influence.
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Chapter 17
Kinetic Theory. Mathematical
Formulation of a Physically Closed
Approach

Most of published works (Chap. 15) used a system of equation, in which the number
of unknown not equal to the number of equations. In this case, a number of arbi-
trary parameters, characterizing the cathode plasma, the cathode surface, and the
spot current structure, added to the mathematical description. The cathode potential
drop uc was used as input parameter traditionally referred to its measurement with
high accuracy. Another parameter is the cathode erosion rate G was calculated by
evaporation rate using Langmuir–Dushman (or Frenkel) formula that is incorrect not
only by describing the mass loss in vacuum (with rarefied collisions), but also, it
does not account the returned mass flux to the surface in the cathode dense plasma.
Nevertheless, the study of transient spot parameters by gas dynamic model (GDM,
Chap. 16, [1]) shows that the values uc andG can influence the spot parameters during
its transient development. The presence of two values in solution when these param-
eters are fixed requested a physical reason to choose the correct data. In addition,
the observed voltage oscillations indicate that there is more complicated behavior of
cathode spot at low arc current. Thus, an investigation of the cathode spot behavior
requires use of mathematical formulation in a physical closed approach.

Let us define the understanding of term “physical closed approach”. The physi-
cally closed self-consistent approachwe define as an assembly of equations described
the physical processes by a mathematical formulation, which does not require any
arbitrary and experimentally given parameters, except thematerial constant. To reach
such approach formulation, two main subjects should be investigated. In first, the
returned mass flux to surface during cathode evaporation should be determined. In
second, the energy and momentum of the plasma particles should be analyzed in the
charge space sheath at the cathode surface in order to determine the mutual depen-
dence with the cathode potential drop formation. Both phenomena occur near the
cathode surface at length of mean free pass of the heavy particles, i.e., essentially
non-equilibrium, and therefore should be considered in a kinetic approximation. The
formulation of the cathode spot phenomena in a physically closed approach was
developed and investigated by Beilis [2]. This extended description of the approach
named as “kinetic theory” presented below.
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17.1 Cathode Spot and Plasma

The specifics of a vacuum arc is the presence of large current density in the cathode
spot. The cathode spot description connected with a mechanism forming a conduc-
tive media in order to support the observed current density at low value of cathode
potential drop. As the cathode spot is a self-consistent subject of physical processes
including the cathode heating by plasma interaction, the cathode plasma parameters
and its flow are an important issue. The first accounting of mass and energy transfer
in multi-component plasma and its mutual interaction with the cathode in the spot
theory was developed byGDM, (Chap. 16, [1]) by the assumption of constant plasma
parameters in the region immediately near the cathode surface. This means that the
distribution of plasma density is not changed in the relaxation zone beginning from
the cathode surface, and the density was determined by equilibrium vapor condi-
tion at the cathode temperature. This assumption was undertaken due to a low mass
velocity in the relaxation zone collaborated by the GDM calculations indicating that
the heavy particle density is close to that determined by the equilibrium conditions.
This is the result of large part of particles (as ions and neutral atoms) are returned
back to the cathode.

Thus, theGasdynamic approach allowed understanding themechanism and origin
of ion current, electron emission fraction, and characteristics of the plasma at given
experimental cathode potential drop. However, this approach cannot be accepted
when it is necessary to determine the mass velocity of the plasma flow (important
parameter), which produced by a jump changes of the heavy particle density near the
surface that different from the equilibrium condition. The net of cathode mass loss
is a difference between evaporated and returned heavy particles. This difference of
heavy particles density could be determined by studying a non-equilibrium (kinetic)
layer produced immediately near the cathode surface. The calculations using the
kinetic approach show that the heavy particle density remains at level similar to that
calculatedby theGDM,but an additional very important information (except themass
velocity) can be obtained, regarding to the amount of cathode erosion rate and to the
cathode potential drop. This chapter presents details of the kinetic model, system
of equations, and the results of calculation, developed by Beilis [2, 3] considering
together evaporation of the heavy particles and electrons as a common process.

17.2 Plasma Flow in a Non-equilibrium Region Adjacent
to the Cathode Surface

Here, the previously publishedworks are reviewed indicating the state of the problem.
The specifics of the kinetic cathode evaporation into the dense plasma are analyzed.
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17.2.1 Overview of the State of the Art

The kinetics of matter vaporization in general terms was reviewed in Chap. 2. The
main problem consists in study of non-equilibrium (Knudsen) layer generated at the
wall surface during its vaporization due to rarefied collisions at a length of mean free
path of the evaporated particles. The laser–target interaction is one of phenomena,
which is similar to plasma–cathode interaction in a cathode spot because both act
with highly power density. When the laser is of moderate intensity (the energy not
absorbed in the vapor), the evaporated material expands free in the form of neutral
atoms, which characterized by sound speed. Such approachwas studied byAnisimov
[4] considering the Knudsen layer as a discontinuity surface in the hydrodynamic
treatment of the vapor expanding from laser irradiation of a solid, similar to earlier
treatments of the shock wave problem [5]. Assuming that the velocity at the external
boundary of the Knudsen layer is the sonic velocity v = vsn (free expansion of the
vapor, i.e., Mach number M = 1), Anisimov [4] obtained that 18% of the evaporated
atom flux are returned to the target even in vacuum.

In the literature, a few works studied the kinetics of cathode vaporization in a
vacuum arc in which the analysis was limited to consideration of a separate plasma
processes and by assumptions limiting the study. Kozlov andKhvesyuk [6] presented
some kinetics of atom ionization by emitted electron beam. However, they did not
consider the kinetics of heavy particles flow and a change of gasodynamic parameters
at the cathode surface.

Nemchinsky [7] conducted such analysis considering the conservation law in
simple form. He assumed that the cathode vaporization should be minimal, and
therefore, the velocity of the heavy particles at the external boundary of the non-
equilibrium layer should be equal to the sound velocity like to such assumption
in case of laser–target interaction. A relation for cathode erosion rate was obtained,
which arises as a dependence on the electron pressure. This dependencewas obtained
studying of plasma flow only in the quasineutral cathode plasma without consider-
ation of the influence of the ion flow, returned plasma electrons in expression of an
electric field in the sheath. However, it is an error approach because the momentum
of electrical field in the space charge sheath compensates the action of the mentioned
plasma pressure at the sheath-plasma boundary (see [2, 3] and Eq.(17.33) below).
Physically its mean, that the force due to electron pressure at the sheath-plasma
boundary acts the cathode through the electrical field.

The future analysis [8] studied the parameters of the metal kinetic vaporization
into vacuum using Monte Carlo numerical approach accounting the atom ionization,
particle interactions, and possible energy dissipation. This work approved again a
transition of the plasma flow velocity to the sound speed occurred at the external
boundary of the Knudsen layer (or at an exit from zone of energy dissipation) and
as in the previous work limited by the electron pressure gradient. Note that the
mentioned analysis was conducted parametrically for the quasineutral plasma region,
i.e., without self-consistent consideration. In addition, taking into account the fact of
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ignoring momentum from the electric field, the used approach, in essence, described
free vapor flow that is close to that formulated by laser study.

In contrast, Djakov [9] took in account the momentum from electric field but
only partially in the presheath layer with parameters of this layer given arbitrary. In
essence, the cathode spot was studied by system of equation like that formulated in
GDM [10] (Chap. 16) but only using an additional equation of momentum conserva-
tion of the particle flow.However, this equation again determines the spot parameters,
by the influence of the electron pressure gradient as in work [7]. The obtained both
results cannot be accepted because this influence is compensated by the momentum
from electrical field that was ignored by consideration of the conservation law in the
quasineutral plasma region near the cathode surface. In addition, the system of equa-
tion was solved using the current density as free input parameter, i.e., by not closed
formulation. The change of the gas dynamic parameters in the Knudsen layer was not
considered although a ratio between values of the equilibrium density and density
in plasma near the cathode was calculated using mentioned incorrect momentum
equation.

17.2.2 Specifics of Kinetics of the Cathode Spot Plasma

In the cathode spot, the ionized vapor flows not free because its velocity is signif-
icantly lower than the sound speed. This result obtained previously from the GDM
(see also below). This fact indicates that the coupled cathode processes in the spot
could be realized at certain regime of the plasma, in which parameters are determined
by solution of a self-consistent problem. Intense energy dissipation in the cathode
body produces extremely dense particle fluxes, in which flow corresponds to flow
regime of continue media. However, before the flow reaches this regime at a certain
length, the particles transfer their momentum and energy from each to other, and
as a consequence, the particles significantly change their trajectory. As a result, the
near-cathode plasma consists of two characteristic regions. In the first region adja-
cent to the surface (Knudsen layer), the velocity function distribution is changed with
distance and acquires some equilibrium state at the external boundary of Knudsen
layer. The parameters at this boundary can be used as boundary condition to the
second, gasdynamical relaxation region as well for the further plasma expanding
region.

To solve the problem of establishment of the ionized vapor flow in the Knudsen
layer in immediate vicinity of the cathode, one must use the system of Boltzmann
kinetic equations for particles of different types. The asymptotic solution of this
problem gives the parameters on the boundary of Knudsen layer. The physical
processes at the surface and in the near-cathode region determine the boundary condi-
tions for such system of equations. In the arc spot, the cathode heats up so strongly
that electron emission from the surface is important along with intense vaporization
of its atoms. As in the GDM, it can be taken into account that the electron beam
acquiring energy in the region of cathode potential drop relaxes over a distance of
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about 1 μm [1], where the beam energy becomes equal to the energy of plasma
electrons. Therefore, two groups of electrons take place. The plasma is so dense that
the characteristic mean free path proves to be of the order of or somewhat greater
than the region of the potential drop (Chap. 16).

17.3 Summarizing Conception of the Kinetic Cathode
Regions. Kinetic Model

Thus, several zones divide the cathode spot vicinity, where the material flow in each
zone can be mathematically described. Let us characterize them qualitative. The first
zone is the cathode itself, which close to the cathode plasma. Within the cathode, the
heat generation by Joule heating as well the heat conduction away from the cathode
spot in the body is taken into account. At the cathode surface, electron emission and
evaporation are the key processes.

The particles emitted from the cathode surface are accelerated at some short
distance in the ballistic zone before suffering collisions, the length ofwhich is defined
by the mean free path. Poisson equation describes the motion of the various particles
in the ballistic zone that is a collision less sheath. A strong electric field is present
within the ballistic zone. A backflow of electrons and ions from the plasma transverse
the ballistic zone in addition to the particles emitted from the cathode. The back
flowing ions are accelerated by the electric field within the ballistic zone toward
the cathode, and the energy carried by them is a significant source of cathode spot
heating.

Atoms emitted from the cathode surface will collide with each other and with the
backflow of heavy particles, in the heavy particle relaxation zone, which begins at the
cathode, overlaps the ballistic zone, and extends a distance of a few times the heavy
particle mean free path, whereas the heavy particles evaporated from the cathode
surface have a half Maxwell velocity distribution with cathode temperature, at the
external boundary of the heavy particle relaxation zone (Knudsen layer), sufficient
collisions have occurred such that a shifted Maxwell distribution with new particle
temperature may be used to describe the emitted heavy particles.

The electrons emitted from the cathode also suffer collisions, but because they are
accelerated by the electric field in the ballistic zone, and the mean free path for the
electrons is longer than that of the heavyparticles. Electron collisions occur in a region
defined as the electron beam relaxation zone. Here, the electrons undergo numerous
collisions, including ionizing collisionswith the emitted atomsof sufficient frequency
such that a highly ionized plasma is generated. The electron beam relaxation zone
begins at the cathode surface, overlaps the ballistic zone and the heavy particle
relaxation zone, and extends for a distance defined by that required for the energy of
the fast entering electrons to equilibrate with the electrons created by electron impact
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ionization within this zone. This equilibration is by means of numerous electron-
electron collisions. This distance is typically a hundred times larger than the mean
free path for ionization.

At the beginning of the electron beam relaxation zone, the electron distribution
function has two distinct components, one describing the entering beam electrons
emitted from the cathode surface, and another component, which is isotropic and
describes theplasmaelectrons.Both types of electronsmaycollidewith and ionize the
neutral atoms in this region. In principle, multiple ionizations are possible. At the end
of the electron beam relaxation zone, a single, shifted Maxwellian distribution may
be used to describe all of the electrons. The Debye length here is much smaller than
the length (or width) of the plasma zone, and thus, the plasma therein is quasineutral.
The zone has a high conductivity, and thus, both the electric field strength and the
potential drop are so small that the electron energy gain from the field is much
smaller than their thermal energy. Because of the high plasma density, this region
is optically thick, i.e., radiation emitted in the interior of the plasma is reabsorbed
by the plasma and is thus trapped within. Another consequence of the high electron
density and temperature is a high thermal conductivity. The thermal diffusion time is
much shorter than the spot lifetime, and hence, the temperature is relatively uniform
throughout the zone. The plasma exits the far side of the electron beam relaxation
zone in the form of an expanding plasma jet into what we will call an expansion zone.

17.4 Kinetics of Cathode Vaporization into the Plasma.
Atom and Electron Knudsen Layers

The neutral atoms and electron emission from the cathode were considered as
common process of vaporization of the atoms and electrons taking into account
that the electron flux is enhanced by the electric field in the ballistic zone. Therefore,
two relaxation (Knudsen) lengths appear near cathode.

17.4.1 Function Distribution of the Vaporized and Plasma
Particles

Let us detail the above description, according to what four characteristic boundaries
can be distinguished in the near-cathode region, Fig. 17.1. The origin of the coordi-
nate system is defined at the cathode surface, and the x-direction coincides with the
direction of the vapor flow. Boundary 1 is at the cathode surface at x = 0. Boundary
2 is at the external boundary of space charge (ballistic) zone. Boundary 3 is at a
distance of the Knudsen layer length from the cathode surface for the heavy parti-
cles and plasma electrons. Boundary 4 is located at a distance equal to the electron
beam relaxation length (electron beam Knudsen region) from the cathode surface.
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Fig. 17.1 Model of cathode
evaporation in a vacuum arc.
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The gasdynamic parameters (density, velocity, and temperature) at these boundaries
are denoted as nαj, vαj, Tαj, where indices α- e, i, a are the electrons, ions, atoms,
respectively, and j = 1, 2, 3, 4 indicates the boundary number, and ne0 and n0 are the
equilibrium electron and heavy particle densities determined by the cathode surface
temperature T 0.

The velocity function distribution (VDF) is half-Maxwellian (positive velocity
vαx) with a temperature at the first boundary in accordance with particle emission
from the cathode determined by evaporation for atoms [11] and for electrons [12].
The evaporated atoms are significantly ionized within one mean free path [10], and
therefore, the reverse flux consists of atom and ions, whose velocity distribution
(negative velocity vx) at boundary 1 can be approximated as shifted half-Maxwellian
ones by the plasma parameters determined at this boundary from the problem solution
[13].

At the external boundary 3 of the Knudsen layer, the heavy particles are in equilib-
rium. Therefore, the heavy particle distribution function is a shifted full Maxwellian
with parameters nα3, uα3, and Tα3. For electrons, the VDF consists of a shifted full
Maxwellian for the plasma electrons and a shifted half-Maxwellian for the electron
emission beam. At boundary 4, the parameters of all particles are in equilibrium, and
therefore, there the distribution functions are shifted full Maxwellians with parame-
ters nα4, uα4, and Tα4. Between the boundaries, 1 and 2 is the space charge sheath. At
boundary 2, the plasma electrons are returned, while the ions and emitted electrons
are accelerated with energy euc, where uc is the cathode potential drop. These effects
determine the charged particle shift velocities and change the parameters of the VDF
at boundary 2.

The velocity distribution function of the particles for vαx < 0 is denoted by f−αj and
for vαx> 0 is by f+αj, where

f
+−
α j = naj

(
mαhα j

π

)3/2

exp
{−mαhα j

[
(vαx − vα j )

2 + v2
ay + v2

az

]}
(17.1)

and where hαj = (2kTαj)−1, vαy, vαz are the random particle velocity components in
the y- and z-directions, mα is the particle mass and k the Boltzmann constant.

Next, the conditions at the boundaries are written as
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At boundary 1 : fα1 = f +
0α1 + ξ−

α1 f −
α1, f +

oil = 0 (17.2)

At boundary 2 : fα2 = ξ+ f +
α2 + ξ−

α2 f −
α2 (17.3)

At boundaries 3 and 4 : fα j = f +
α j + f −

α j j = 3, 4 (17.4)

where f +
0α1 = 0 for α = i and ξα j is the correction factor to the Maxwellian function

distributions.
The condition at boundary 2 is the condition for joining the parameters at the

external boundary of the electrical sheath with the region where the particle motion
is practically determined by collisions. The conditions at boundaries 3 and 4 reflect
the fact of establishment of equilibriumparameters of the plasmaparticles. In contrast
to boundary 3, at boundary 4, the electron beam disappears, and then, the electron
current is defined only by the electrical conductivity of the plasma (in essence,
boundary 4 serves as the external boundary for the electron Knudsen layer). If the
dependence of the particle distribution function on the coordinates is known, the
plasma parameters are determined through relations expressing the laws of conser-
vation of particle number, momentum, and energy. In writing the respective conser-
vation laws, one must allow for the input of momentum and energy to the plasma
from the electromagnetic field. Note, for the problem of plasma flow in cathode
spot, it is only important to know the parameters in the established regions and not
their dependence on the coordinates so that the problem comes to the integration of
equations expressing the laws conservation between the control boundaries.

Let us define the coefficients ξα j . Henceforth, we assume that the corresponding
distribution functions are close in form to a Maxwellian function and it can neglect
the influence of their departure on the parameters of the established region. The basis
for such an assumption is the large reverse flux of the particles under the condition
of the arc spot. In addition, the use of a Maxwellian distribution function for f - at
boundary 1 under the condition of free vaporization during laser heating [13] also
gives good agreement with experiment. With allowance for this assumption below,
it will be taken ξα j = 1.

17.4.2 Conservation Laws and the Equations of Conservation

Thus, the problem is reduced to integrating the conservation equations at the above
boundaries, as moments of known velocity distribution functions in the following
form:

∫
vx f (v)dv = C1

∫
v2

x f (v)dv = C2

∫
vxv

2 f (v)dv = C3 (17.5)
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where f (v) is the velocity distribution function at the boundaries, v is the velocity
vector, vx is the velocity component in the x-direction, and C1, C2, and C3 are the
results of the integration.

The (17.5) at the above boundaries are expressed in following form [4, 13]:

∫
f (x, vα)dv = nα(x);

∫
vαx f (x, vα)dvα = nα(x)uα(x);

m

2

∫ [
(vαx − uα)2 + v2y + v2z

]
f (x, vα)dvα = 3nα(x)kTα(x)

2
(17.6)

where f (x, vα) is the velocity distribution function at the control boundaries, vαx is
the velocity vector, vαx is the particle velocity component in the x-direction, and vα

is the velocity of the ionized vapor.

17.4.3 Integration. Total Kinetic Multi-component System
of Equations

Using the definitions of VDF at mentioned boundaries and (17.1)–(17.6), the proce-
dure of integrating brings to following system of equations describe the heavy parti-
cles and electrons flow after their vaporization from the cathode and taking into
account specifics of atom ionization and plasma generation during the flow of the
particles [2].

Equation of heavy particles conservation:

n1 = n0

2
− na1

2
[1 − Φ(ba1)] − ni1

2
[1 + Φ(bi1c)] (17.7)

Equations of heavy particles continuity:

n1v1 = n jv j j = 2, 3, 4 (17.8–17.10)

n2v2 = n0

2
√

πd0
− na1

2
√

πda1

[
exp(−b2

a1) − ba1
√

π[1 − Φ(ba1)]
] − Ai1 (17.11)

Ai1 = ni1

2
√

πdi1

[
exp(−b2

i1c) + bi1c
√

π [1 − Φ(bt1c)]
]

= ni2

2
√

πdi2

[
exp(−b2

i2) − bi2
√

π [1 − Φ(bi2)]
]

(17.12)

Equations of heavy particles momentum flux:

n0

4d0
− na1

2da1

[
(0.5 + b2

a1)[1 − Φ(ba1)] − ba1√
π
exp(−b2

a1)

]
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+ ni1

2di1

[
(0.5 + b2

i1)[1 − Φ(ba1)] − bi1√
π
exp(−b2

i1)

]

= B2 + Be2 + Bec + F(E12) (17.13)

B j + Bej = B j+1 + Bej+1; j = 2, 3; Bej = nej

2dej
(1 + 2b2

ej ); j = 3, 4

(17.14–17.15)

Equations of heavy particles energy flux

n0√
πd3/2

0

+ na1√
πd3/2

a1

[
(2.5 + b2

a1)[1 − Φ(ba1)]ba1
√

π − (2 + b2
a1) exp(−b2

a1)
]+

+ ni1√
πd3/2

i1

[
(2.5 + b2

i1)[1 − Φ(bi1)]bi1
√

π − (2 + b2
i1) exp(−b2

i1)
] + Ai1uc = W2

(17.16)

W j = W j+1; j = 2, 3 (17.17–17.18)

Equations of electron flux continuity:

ne1

2
√

πde1

[
exp(−b2

e1) + be1
√

π [1 − Φ(be1)]
]

= ne2

2
√

πde2

[
exp(−−b2

e2c) − be2
√

π
[
1 − Φ(+be2c)

]] = Ae1 (17.19)

ne1 = ne0

2
+ ne1

2
[1 − Φ(be1)]; nej = ni j j = 3, 4 (17.20–17.22)

e0ne1ve1 = e0ne2ve2 + je0 − ji = je (17.23)

je0 + e0nejvej = e0ne4ve4; j = 2, 3 (17.24–17.25)

ne1ve1 = n0

2
√

πde0
− Ae1 (17.26)

Equation of electron momentum flux:

Be1 = Be2 + Bec + F(E12) − ji (2muc/e0);
Be2 = Be3 − F(E12);
Be3 + Bec = Be4 − F(E12) (17.27–17.29)

Equations of electron energy flux:
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ne0√
πd3/2

e0

+ ne1√
πd3/2

e1

[
(2.5 + b2

e1)[1 − Φ(be1)]be1
√

π − (2 + b2
e1) exp(−b2

e1)
]

= ne2√
πd3/2

e2

{[
(2.5 + b2

e2)
[
2 − 2Φ(be2) + Φ(−be2c) − Φ(+be2c)

]
be2

√
π−]

− 3

√
de2

dep
exp(−−b2

e2c)be2bec + 2(2 + b2
e2) exp(−b2

e2)

−(2 +− b2
e2) exp(−−b2

e1) − (2 ++ b2
e2) exp(−+b2

e1)
}

+ qec − jeuc = We2 (17.30)

We2 − qec + jeuc = We3 − qg
23 + qe

23 + qn
23 (17.31)

We3 + qec = We4 − qg
34 + qe

34 + qn
34 (17.32)

Definition of the following expressions:

Be1 = ne0

4de0
− ne1

2de1

[
(0.5 + b2

e1)[1 − Φ(be1)] − be1√
π
exp(−b2

e1)

]
;

Bej = nej

2dej
(1 + 2b2

ej ); j = 3, 4

Be2 = ne2

2de2

⎧⎨
⎩

(0.5 + b2
e2)

[
2 + 2Φ(be2) + Φ(−be2c) − Φ(+be2c)

]+
+ be2√

π

[
2 exp(−b2

e2) − exp(−+b2
e2) − exp(−−b2

e2)
]
⎫⎬
⎭

Bec = neb

2deb

{
bec√

π
exp(−b2

ec) + (0.5 + b2
ec)[1 + Φ(bec)]

}

qec = neb√
πd3/2

eb

[
(2.5 + b2

ec)[1 + Φ(bec)]bec
√

π + (2 + b2
ec) exp(−b2

ec)
]

W j = n j√
b2

j/d3
j

(2.5 + b2
j ) j = 2, 3, 4

hα j = (2kTα j )
−1; mαhα j = dα j ; mαhα0 = dα0; meheb = deb;

dn
i j+1 = (ni j+v j+1 − ni jv j )ui ; j = 2, 3

α − e, i, α are the electron, ion, and neutral atom, mα—mass of the particles

−bejc = (vαc − vα j )
2dα j ; +bejc = (vαc + vα j )

2dα j ; b2
α j = v2

α j dα j ;
b2

αc = v2
αcdαb; v2

α j = 2euc

mα
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qg
j j+1, F

(
E j j+1

)
are the inputs of energy and momentum from the electric field in

the corresponding regions, qel
j j+1 and q in

j j+1 are the energy losses by plasma electrons
in elastic and inelastic collisions with heavy particles. Estimations using calculated
data from GDM show that these terms (except for inelastic) are important in regions
1–2 where they are determined by uc. je0 is the emission current density, �(bαj)
is the probability integral function, and ui is the ionization potential. In obtained
these equations, it was assumed that the ion ji and electron je current densities are
constant in the space charge ballistic region, while the total current density is constant
everywhere. In describing the chargedparticles in the space charge region,we allowed
for corresponding shift of the distribution function and the partial reflection of plasma
electrons at boundary 2 connected with the presence of a potential barrier (uc). To
determine the inputmomentum from the electric fieldE12, onemust solve the Poisson
equation in the layer 1–2 with the given density distribution of the charged particles.
The obtained pf such a distribution is connected with an analysis of a complicated
kinetic equation. Since the particle velocity in region of the cathode potential drop
significantly exceeds the thermal velocity during expansion is insignificant, the space
charge due to fluxes of ions and emitted electrons can be obtained from the condition
of constancy of the corresponding current densities. If the distribution of the plasma
electrons can be taken as Boltzmann distribution, then the momentum will have

F(E12) = ji

√
2muc

e
− je

√
2meuc

e
− kne2Te2

[
1 − exp

(
− euc

kTe2

)]
(17.33)

In general, three main gasdynamic parameters at each four boundary and for each
four boundaries and for each of three particles there are 37, unknowns (including the
cathode potential drop uc) that follow: nαj, Tαj, vαj, uc.While the number of equations
is only 26, this number of unknowns can be reduced to the number of equations taking
into account the following conditions. It can be taken in account that the mean free
paths for ion-ion and ion–atom collisions are equal and the effective momentum and
energy relaxation lengths for heavy particles are determined by ion-ion collisions
and are about one mean free path. Therefore, it can be assumed that T ij = Tαj

(j = 1, 2, 3) and vij= vαj (j = 3) and the number of unknown is reduced by 6. It
should be noted that at boundary 2, the ion velocity is determined by the condition
at the sheath–plasma interface, and at boundary 1, the ions are accelerated toward
the cathode in the space charge layer, reaching a velocity of vc= (euc/m)1/2. This
velocity is used as the shifted velocity for the ion distribution function at boundary
1. In frame of the assumptions, the number of unknowns is reduced to 29, and it
is nej, nij, nj, vj, vij, Tej, Tj, uc, where nj, = nij+ naj. The above system consists of
26 equations! To determine the next three unknowns, it can be used the specifics of
plasma flow in contrast to only neutral atom flow by laser–target vaporization.

Since the space charge layer thickness is less than theKnudsen layer thickness, we
have twoquasineutrality conditions,which in case of single ionized ions, for example,
for Cu [9] is nej= nij (j = 2,3). The quasineutrality condition for another casewill take
a special consideration. Finally, if the ionization–recombination length and plasma
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velocity are small in comparison with the length of the relaxation zone and to the
thermal velocity, respectively, then at boundary 4, Saha’s equation is fulfilled [9], i.e.,
ne4 = nes, where nes is the equilibrium electron density. In this case, an additional
diffusion equation (Chap. 16) determines the ion density at boundary 3, closing
the above system of equations. In order to determine the equilibrium parameters
(ne0,n0) at the cathode surface, it is necessary to supplement the kinetic equations
with equations for emission of electrons and heavy particles from the cathode as well
aswith equation for the electric field (E) at the surface and the cathode energy balance
(T 0) [3, 10]. The electron energy balance is determined by energy influx from the
emitted electrons and energy dissipated by atom ionization, convective transport by
the electric current, and ion outflow in the relaxation zone. The cathode and plasma
parameters at the mentioned boundaries including the cathode potential drop uc and
rate of cathode mass loss may be determined as a part of the self-consistent solution.

17.4.4 Specifics at Calculation of Current per Spot

In this formulation, the above system of equations is physically closed in framework
of description of the cathode and plasma parameters. One problematic parameter is
the current per spot. Sometimes, this parameter was determined by given arc voltage
as input parameter, which, in essence, should be also calculated. In general, the
current per spot can be obtained by two ways. One way is integrating the ion and
electron distribution using appropriate study of the cathode thermal regime deter-
mining the 2D temperature distribution at the cathode surface. In this case, there a
problem arises related to gradients of plasma parameters and plasma fluxes in radial
direction at 2D approximation of cathode evaporation, electron emission, and gasdy-
namic flow of current carrying cathode plasma discussed previously [14]. So, it is
very complicate approach, which sometimes solved using different arbitrary condi-
tions but ignoring the problemwith plasma radial gradients. In this case, the obtained
result cannot be correct although the authors compared it with the experiment. The
secondway determines the current per spot is by taking into account the near-cathode
plasma electrical conductivity and the spot area. However, the experiments show that
the current per spot critically depends on the cathode geometry and cathode surface
state. The last factor, as a rule, is impossible to take in account as a geometrical
condition because the surface change occurs by material melting and force variation
resulting in plasma–surface interaction during the spot operation. Certain difficulties
also arise by solving the problem of cathode melting and liquids motion in frame of
self-sustained transient kinetic formulation of the cathode spot development. So, this
way meets also other difficulties. Nevertheless, the spot current will be calculated
below for some typical cases in order to understand the overall state of this parameter.

Also, the plasma flow consists of two basic regions, kinetic before boundary 3
and hydrodynamic after boundary 3. As results of the kinetic solution, the relations
between the equilibrium parameters of ne0, n0, T 0, and the non-equilibrium plasma
parameters at boundary 3 serve as boundary conditions for hydrodynamic equations
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of mass, momentum, and energy in the expanded plasma jet (Chap. 18). Exam-
ples of calculations of partial equations as well as total calculating results will be
presented below showing the role of the kinetic approach to understand the physics
of cathode current continuity, different spot types, appearing of which depends on
cathode geometry, surface state, cathode materials, and other conditions. There an
important issue is the possibility of calculation of the cathode potential drop uc.
Therefore, let us consider the state of previous approaches used for calculation of
this parameter.

17.5 Region of Cathode Potential Drop. State of Previous
Studies

The preliminary estimations show that although of relativelyweak change of the pres-
sure and density in the non-equilibrium layer, the plasma velocity and, consequently,
the erosion rate can reach significant values [4]. As these parameters are determined
on the dissipated energy, they also significantly dependent on the cathode potential
drop. The relation between uc andG determined the other spot parameters at different
arc conditions. Therefore, the spot calculation using the given experimental minimal
value of uc can limit an interpretation of the results. This limitation also caused by
uncertain structure of the measured uc, which included of two regions. One of these
regions is the drop immediate in the adjacent sheath (really determined the thermal
and ionization processes), while the second region reflects the fall in the cathode
plasma. Taking into account the transient character of vacuum arcs, observations of
the different spot types, and voltage oscillations, it is obvious the necessity to obtain
uc by a direct method. Let us consider the previous different attempts and approaches
to determine the important spot parameter, cathode potential drop.

An approach [6] was developed inwhich uc searched as an additive to the potential
of atom ionization, by assumption of linear distribution of the electrical field in the
ionization zone. The procedure of solution the Poisson equation assumed presence
a small parameter. However, this assumption cannot be approved using the results
of calculations [15]. In essence, it was considered approach of weakly ionization
and relatively large electric field in region of ion generation that not corresponded
to the boundary condition. The formulation of the mathematical description is not
closed. Similar approach was conducted [16] by calculating the space charge region
assuming atom ionization by electron beambut in the absence of interactions between
the charge particles of dense cathode plasma.

A number of research [17–20] used, so-called, minimal principle to determine
value of uc. The essence of such method consists in calculation of a minimal value
of ucmin in a dependence of uc on one of spot characteristics (cathode temperature,
spot radius, current density, spot current, etc.) given parametrically. Such dependence
taking into account also the potential drop in a quasineutral region was obtained at
variation of cathode temperature T s [19, 20]. As the dependence T s on spot radius
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rs is identical to a dependence of T s on j, then the dependence uc on T s is analogy
to dependence uc on j (see Chap. 16 and [3]). Adding the potential drop in plasma
region does not change the result of minimal value of uc.

Ecker [18] obtained the minimum of uc by variation of a thickness of the near-
cathode layer including Langmuir sheath and the plasma presheath (Lsh), in which
mostly occurred breaking of returned plasma electrons. The condition of Lsh �lia
was assumed as “commonly used”, where lia is the ion mean free path. The minimum
of cathode potential drop was found as minimum of the energy spend to the returned
electrons breaking for given values of the total current density j = 106 A/cm2 and
the cathode spot surface temperature T. However, the calculation of ucmin [18] was
obtained exactly at condition of Lsh= lia and was demonstrated that the potential uc

rises very rapidly (to about 60 V) as soon as the parameter Lsh little deviated from
the minimum value (Lsh)min. The additional weakness of Ecker’s [18] approach is
also due to arbitrary input parameters of j and T s as well as by arbitrary assumptions
used by derivation of the final expression for the potential ucmin as a function of
the parameter Lsh. The condition of Lsh= lia used as an expression to calculate the
cathode erosion rate G [15]. However, the calculations for Cu in frame of GDM
[10] show that the obtained values of G significantly exceed that measured for spot
currents I varying up to 500 A and become negative values at I < 70 A. This result
was obtained by the use of only one input parameter uc= 15 V and shows critic
sensitivity to weakly deviation from condition Lsh= lia.

In general, the weakness and lacks of approaches based on “minimal principle”
widely discussed [21–23]. For cathode spot, the mentioned dependences usually
obtained at keeping other as constant (current, erosion rate, cathode or electron
temperatures, etc.). However, the value of uc is not only sensitive to the given param-
eters but also depends on the model selected. As example, in the cited above works,
the uc was obtained for different minimal values in range from 10 to 16 V. In addi-
tion, the calculations indicate the presence of minimal values for other parameters,
Imin, tmin, jmin (Chap. 16). So, what minimum should be chosen? Therefore, the use
of “minimal principle” at keeping constant other parameters cannot be accepted. In
some cases, the minimal parameter can be absent [19]. In case of accounting the total
arc voltage variation, arise a question related to uncertainty of the plasma expansion
geometry.

In the kinetic approach, a direct calculations uc and G can be conducted using
the kinetics of the evaporated cathode product flow. The physics of this approach
consists in consideration of the electron emission as a process evaporation together
with the atom vaporization with the following atom ionization. According to the laser
interaction, the theory could be closed by given sound speed of the atom flow at the
Knudsen layer. In case of cathode spot it is not flow of neutrals but rather it is plasma
flow. Therefore considering the flow of electrons and ions an additional condition
of quasineutrality can be used to study the plasma velocity at the external boundary
of Knudsen layer. In contrast to the metal evaporation by laser–target interaction, in
the arc spot, the returned flux of the charge particles depends on value of potential
barrier in the space charge sheath, which in turn produced by the charge particles
generated due to high power dissipation in the current carrying cathode region. The
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sheath potential drop determined by charge particle motion which in turn determined
the potential barrier for the returned plasma electrons. As the charge particles motion
is determined by the relations of energy and momentum of charge particles flow the
analysis show that these relations allow express and calculating the corresponding
potential height of the barrier, i.e., uc.

The rate of mass flow G of the ionized vapor at the external boundary of heavy
particle relaxation zone (the Knudsen layer) expressed as

G = mn3v3Fs, F = πr2s j m = mi = ma, n3 = na3 + ni3 (17.34)

The above model considered the cathode mass loss by the evaporation ignoring
the MPs generation. The energy loss for cathode melting and MPs generation can
be neglected due to their energy loss is low in comparison with energy loss by the
vaporization (see Chap. 16).

The second stage of calculations the total systemof (16.7–16.32) includes descrip-
tion of the kinetics and gasdynamics flow in quasineutral ionization zone taking into
account the influence of the inflow of the momentum and energy of the electrons
also in the non-equilibrium layers. This system was added by the equation for the
cathode body and for electrical field at the cathode surface. After relaxation zone,
the hot plasma expands away in the form of the cathode plasma jet. The physics of
plasma jet will be considered in the next Ch.18. Here, we present the integral equa-
tions of particle momentum and energy to understand the character of the jet velocity
change calculated below together with the parameters in the kinetic and ionization
regions. Integral equations for the plasma jet represented in the following form:

Momentum Conservation:

p3F3 + Gv3 = p(x)F(x) + Gv(x) (17.35)

Energy Conservation:

Gv2
3 + 3I

Te3

e
= Gv2(x) + 2I

Te(x)

e
+ I u pl (17.36)

Ohm’s law:

upl = I

2πσelrs
(17.37)

where the subscript 3 refers to parameters at boundary 3. The values p(x), v(x), and
Te(x) are the pressure, velocity, and electron temperature at the external jet boundary
at x distance. Equation (17.37) obtained by the solution of Laplace’s equation for the
potential in the quasineutral region of the near-cathode plasma under the assumption
that its electrical conductivity σ el is a weak function of x, and the current, at boundary
of the electrode, is uniformly distributed in the circular spot area. In order to obtain the
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jet velocity far from the cathode, the conservation of momentum and the assumption
of steady state require that the net force on this expansion zone is zero.

17.6 Numerical Investigation of Cathode Spot Parameters
by Physically Closed Approach

The system of (16.7)–(16.32) is sufficiently complicated. This system can be signif-
icantly simplified by taking into account a weakly difference in the parameters
between boundaries 2 and 3 because the cathode potential drop mainly occurs in
zone 1–2. This fact allows not determining the vapor parameters directly at boundary
2 but only taking into account the effect of ballistic zone on motion of the charge
particles. Therefore, it seems appropriate to study kinetics of cathode vaporization in
two stages. As a first stage, it can obtain relations between parameters of the plasma
flow (erosion rate, jump of gasdynamic values) in the non-equilibrium layer and spot
parameters (current density, temperature) at given value of uc. These relations can
be obtain using the kinetic system of equation only for heavy particle and the result
at this stage represents deviation from the equilibrium. The result at this stage repre-
sents deviation from the equilibrium. The second stage is study of the total kinetic
system of equation (including electron flow)which allow to determine thementioned
above plasma flow parameters in couple with the cathode potential drop and cathode
erosion rate.

17.6.1 Kinetic Model. Heavy Particle Approximation

The first stage of the problem can be considered by investigation of the heavy particle
flow. The corresponding simplistic systemof equation can be obtained ignoring terms
related to the vaporization of the electrons in following form [24, 25].

Equation of heavy particles conservation:

n1 = n0

2
− na1

2
[1 − Φ(ba1)] − ni1

2
[1 + Φ(bi1c)] (17.38)

Equations of continuity:

n1v1 = n3v3 (17.39)

n3v3 = n0

2
√

πd0
− na1

2
√

πda1

[
exp(−b2

a1) − ba1
√

π [1 − Φ(ba1)]
] − Ai1 (17.40)

Ai1 = ni1

2
√

πdi1

[
exp(−b2

i1c) + bi1c
√

π [1 − Φ(bt1c)]
]
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= ni3

2
√

πdi3

[
exp(−b2

i3) − bi3
√

π [1 − Φ(bi3)]
]

(17.41)

Equations of momentum flux:

n0

4d0
− na1

2da1

[
(0.5 + b2

a1)[1 − Φ(ba1)] − ba1√
π
exp(−b2

a1)

]

+ ni1

2di1

[
(0.5 + b2

i1)[1 − Φ(bi1)] − bi1√
π
exp(−b2

i1)

]
= B3 (17.42)

Equations of energy flux

n0√
πd3/2

0

+ na1√
πd3/2

a1

[
(2.5 + b2

a1)[1 − Φ(ba1)]ba1
√

π − (2 + b2
a1) exp(−b2

a1)
]

+ ni1√
πd3/2

i1

[
(2.5 + b2

i1)[1 − Φ(bi1)]bi1
√

π − (2 + b2
i1) exp(−b2

i1)
] + Ai1uc = W3

(17.43)

W3 = n3√
b2
3/d3

3

(
2.5 + b2

3

); B3 = n3

2d3

(
1 + 2b2

3

) + F(E12);

b3 = v3

√
m

2kT3
Φ(b3) = 2√

π

b3∫
0

e−ξ 2
dξ

The system of (17.38)–(17.43) was solved together with equations of electron
emission, electric field, cathode energy balance in quasistationary formulation for
long lifetimeCu group spotwith current of 200A (seeChap. 16). The cathode erosion
rate G(g/s) was calculated as dependencies on the current density j (Fig. 17.2) or as
dependencies on normalized plasma velocity b3 (Fig. 17.3) at the external boundary
of the heavy particle Knudsen layer. uc is taken as a parameter to obtain a family of
curves. The effect of the ion motion in the ballistic zone is presented in Fig. 17.4. The

Fig. 17.2 Evaporation rate
versus current density in the
heavy particle relaxation
zone with I = 200 A and Cu
cathode and cathode
potential drop uc varied as
parameter. Solid lines are for
calculation that not
considered the returned
electron flux to the cathode
surface. Calculation dashed
lines included these fluxes
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Fig. 17.3 Evaporation rate versus normalized plasma velocity on the external boundary of the
heavy particle relaxation zone with I = 200 A and cathode potential drop uc varied as parameter.
Solid lines are for calculation that not considered the returned electron flux to the cathode surface.
Calculation dashed lines included these fluxes

results show that the normalized flow velocity b3 and current density j are double-
valued functions of the net erosion rate G. The lower values of b3 and j correspond to
mode 1, while the higher values correspond to mode 2 (Chap. 16). The calculations
show that mode 1 heavy particle flow at the end of the heavy particle relaxation zone
is always subsonic. The dependences of j and b3 indicate a maximal value of Gmax,
and for G > Gmax, no solution can be obtained. Influence of different factors on the
solution was studied by their excluding or including during procedure of the solution.
In general, j and b3 significantly increased for moderate change of G. Increase of
uc leads to decrease of b3 at fixed G. So, the solid lines were calculated assuming
that all heavy particles flow as neutrals atoms, i.e., in the equations an influence
of space charge sheath on the ion motion and an influence of the returned plasma
electrons were ignored. Nevertheless, the heat flux to the cathode from accelerated in
the sheath ions were taken into account. The dashed lines indicate the dependences
calculated accounting the energy flux due to returned plasma electron flux (marked
by symbol “*” in Table 17.1). The results, indicated by the dashed lines, show that
the mode 2 solution is modified, leading to lower net erosion rates and higher flow
velocities even approached to sonic velocity.

For I = 200 A case presented, the calculation indicates a mode 1 with current
density of 5× 104 A/cm2. The ratio of the heavy particle temperature adjacent to the
surface temperature, T 1/T s, is 0.989 (Table 17.1), i.e., the heavy particles are slightly
“cooler” than the surface, while the ratio of the heavy particle density at that location
to the Langmuir density, n1/n0, is 0.991.

The normalized flow velocity for the mode 1 solution varies from 0.008 at the
beginning of the heavy particle relaxation zone, to 0.009 at its exit, i.e., very little
change occurs in this subsonic region. The total heavy particle density declines by a
factor of 0.838 from the beginning to the end of the zone, while the heavy particle
temperature increases by approximately the same factor (Table 17.1). So, the flow
is subsonic, and the returned heavy particle flux to cathode is comparable with the
direct atom flux from the cathode.
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Fig. 17.4 Evaporation rate
versus normalized plasma
velocity on the external
boundary of the heavy
particle relaxation zone with
I = 200 A and cathode
potential drop uc varied as
parameter. In additional, the
effect of the ion motion was
taken into account in the
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Concluding Remarks Thus, the obtained results indicate an important fact consist
in significantly lower plasma velocity in the Knudsen layer in comparison with the
sound velocity. For the measured erosion rate 0.02 g/c [26] of the group spot, the
normalized velocity b3 is about 0.01. With increase of G from 0.01 to 0.1 g/s, the
solution of mode 1 corresponds to b3 in range 0.04–0.1. As an exception, the solution
indicates mode 2, at which higher flow velocity is calculated even approached to
sonic velocity. However, this flow arises for mode 2 when the cathode heating mainly
supported by the energy of the returned plasma electrons to the cathode. This solution
is accompanied with an extremely parameters which is possible at very high current
density j > 107A/cm2, electron temperature ~4 eV, and very high cathode temperature
that can exceed the critical temperature of copper cathode and which not realized in
a group spot of 200 A [10, 27].

The further spot study by using total system of equation will take into account the
transient character of spot development. The important point of spot development
is the initial plasma that produced by triggering the discharge gap. It should be
taken into account that the cathode surface state as the spot can be developed on a
protrusion or located on a smooth area of a bulk cathode depending on the current.
Before these phenomena are studied, let us consider previously the different types
of the arc triggering. This knowledge is necessary to formulate the initial conditions
of the spot initiation.

17.6.2 Spot Initiation During Triggering in a Vacuum Arc

The initial near-cathode plasma supports the spot initiating. The spot development
depends on the kind of arc triggering or on the plasma of a previously extinguished
spot. So, the initial conditions were determined by the parameters of the primary
plasma. In the experiments, this plasmawas initiated by a triggeringmechanism [28].
Figure 17.5 illustrates schemes of plasma production, contact triggering, and by high
voltage local breakdown. Obviously, for some certain initiating plasma parameters,
the plasma density and heat flux to the cathode during a lifetime τ could support
the future spot development. The primary plasma cloud supports initial cathode
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Fig. 17.5 Schematic
presentation of plasma
production by contact
triggering or by high voltage
local breakdown

Contact triggering

AnodeCathode

High voltage pulse

Primary plasma

Power
Source

spot formation in order to develop an arc. The primary plasma exists for a small
characteristic lifetime τ . During this time, the applied voltage is mostly distributed
in a sheath near the cathode with a small part in the high conductivity plasma that fills
the gap. When a spot is formed during this time, a self-sustained process between
cathode heating, electron emission, and plasma regeneration in the cathode vapor
determines the self-sustained primary plasma parameters.

As in this case, the initiated plasma should be self-sustained, and the parameters
of this plasma can be determined by calculating self-consistently from the above
model using the corresponding cathode system of equations (Chap. 16). Assuming
that during this very small time, the plasma parameters (density and heat flux q to the
cathode) do not vary significantly as the spot is formed, and the self-sustained primary
plasma parameters (density, temperature, ionization) and cathode temperature are
obtained by solving the system of equations for a time duration τ . The question is
how the behavior of spot parameters during the spot development time depends on
τ?

17.6.3 Kinetic Model. Study the Total System of Equations
at Protrusion Cathode

In this section, the spot parameters are studied for non-uniform surface geometry
consisted of a number of protrusion placed on the surface as well as during the spot
appeared at the flat surface of a bulk cathode.
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17.6.3.1 Heating Model

Let us consider a cylindrical protrusion with radius R and height h placed on planar
Cu cathode surface (Fig. 17.6.) The spot parameters self-consistently calculated from
primary plasma conditions at t = 0 until the parameters reach a state and when the
protrusion vanishes [29, 30].

In general, the cathode heat regime should take into account heat conduction both
in the protrusion and the cathode body [31]. However, the transient problem for such
cathode configuration is greatly complicated numerically by nonlinear and multi-
parametric dependencies for the case of a self-consistent solution. For simplicity, in
order to obtain the principal character of the transient plasma and parameters as the
spot develops a uniform temperature distribution assumed in the protrusion surface.
The energy flux qT is considered as energy loss be heat conduction in the protrusion
volume. Indeed, the heat flows a length L of about the protrusion size when the
characteristic time is less than tp= L2/a, where a is the thermal diffusivity. For L
= 2R0 and R0= 5 μm with a Cu cathode tp= 1 μs [30]. Thus, the cathode energy
balance can be used in form as previously defined ([3, 10] and Chap. 16) and is:

qi (t) + qJ (t) + qeth(t) = qT (t) + qr (t) + qer(t) + qem(t) (17.44)

The following transient heat conduction equation was used to express the cathode
energy balance:

T (t) =
t∫

0

qT (t ′)(1 + 2 h(t ′)
R(t ′)

cρh(t ′)
dt ′ + Tin (17.45)

where c is the heat capacity, ρ the cathodematerial density, T in the initial temperature
of the protrusion (room temperature), andR(t’) the time-dependent protrusion radius.
The energy flux qT (t’) (W/cm2), which is nonzero, is the time-dependent energy
dissipation by heat conduction into the body of the cathode determined by

Fig. 17.6 Schematic
presentation of the cathode
protrusion and the plasma
surrounding it
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qT
(
t ′) = qi

(
t ′) + qJ

(
t ′) + qeth

(
t ′) − qr

(
t ′) − qer

(
t ′) − qem(t ′) (17.46)

In order to simplify the solution, it is also assumed that the heat flux is from the
plasma that is uniformly distributed around the protrusion and that R(t) = h(t). The
Ohmic energy flux qJ is j2(t)R(t)/σ el, where σ el is the highly ionized plasma electrical
conductivity which depends on electron temperature, and j is the current density.

17.6.3.2 Methodology

The solution begins with an initial protrusion radius R0. Plasma and cathode parame-
ters are calculated, and the cathode evaporation rate G(t) (g/s) is obtained by solving
the equations with a small time step Δt. Then, a new protrusion radius R1 is calcu-
lated taking into account the protrusion mass decrease of rate G(t) during Δt and
assuming that the erosion is uniform over the whole protrusion surface. In the next
time step, the next (and smaller) radius R2 is calculated using the protrusion radius
R1. This procedure is repeated n time steps, each time calculating qn,Rn, and the other
variables. The run is completed after n steps when the protrusion radius approaches
zero, i.e., when Rn � R0 or at t = nΔt = 1μs. The time step
t is chosen sufficiently
small so that all cathode spot parameters are independent of Δt during t. Also, the
time step is small enough that qn(t) is assumed to be constant during each Δt.

17.6.3.3 Calculation Results for Protrusion Cathode

The calculation using total system of equations (see Sect. 17.4.3) was conducted for
a Cu cathode protrusion in a cylinder form with radius (and also height) R0= 5 μm,
as example, and for primary characteristic plasma ignition times of τ = 35, 50, 100,
and 200 ns [28, 30]. Figure 17.7 shows the dependence of uc and the size as a function
of time. It can be seen that initial large value of uc decreases significantly with time
in a time interval of about 2–3 times τ and then quickly approaches an asymptotic
value that is independent of τ .

Fig. 17.7 Cathode potential
drop (left) and protrusion
size R (right) versus time
with τ as a parameter
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Fig. 17.8 Spot current and
cathode temperature versus
time with τ as a parameter
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It can be seen that uc is significantly larger when τ is 35 ns (uc= 90 V) than
that for 200 ns (uc= 25 V). The protrusion size slightly decreases up to 1–2 μs
and then decreases significantly until the protrusion disappears. This dependence is
only shown for times >1 μs in order to demonstrate the tendency of the protrusion
size to decrease with time. The additional energy loss in the cathode (in a general
problem formulation) can change the rate of protrusion size decrease for times >1μs
(Fig. 17.8).

Initially, N0 and Gk depend on τ and sharply increase with time, reaching a
steady state at 200 ns that was independent of τ . The large values of G(g/C) in
comparison with the experiment are due to large size of protrusion and indicate that
the steady-state values cannot be reached (Fig. 17.9).

Initially, the electron temperature T e and jet velocity depend on τ and sharply
decreasewith time, reaching at 200 ns steady state, atwhich time they are independent
of τ (Fig. 17.10). T e and V agree with the measured values [3, 32]. The plasma jet
velocity decreases from about (2–3) × 106 to 7 × 105 cm/s with spot time with T e

~ 1 eV. The total degree of ionization αitotal approaches 1 (Fig. 17.11 and 17.12)
indicating that the cathode spot plasma is fully ionized at all times. The fraction of
atoms in the 1st through 5th ionization states is presented in Fig. 17.11 with τ=
35 ns.

Fig. 17.9 Heavy particle
density N0 and erosion rate
G versus time with τ as a
parameter
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Fig. 17.10 Electron
temperature and jet velocity
versus time with τ as a
parameter
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Fig. 17.11 Degree of
ionization αitotal of the
cathode plasma as well as
ion state fractions αiz for the
ions with a Z ionization level
(Z = 1, 2, 3, 4 and 5) versus
time (τ= 35 ns)
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Fig. 17.12 Cathode
potential drop and spot
current versus protrusion
radius with τ as a parameter
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It can be seen that mainly the 3rd, 4th, and 5th charged ions contribute to the
cathode plasma in time up to 45 ns. However, the ion charge is significantly lower
with lower τ . Thus, for τ= 200 ns, mainly the 1st through 3rd ions are present.
The potential drop upl in the expanded plasma varies non-monotonically with time,
eventually decreasing sharply to reach a steady-state value of upl ~ 5 V, independent
of τ .
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Thus, the sum of up with the uc in steady state agrees with the measured Cu
arc voltage (~20 V) [3, 32]. The influence of the initial protrusion radius R0 on uc

and I calculated for τ = 50 and 200 ns is presented in Fig. 17.12, showing that
both substantially increase with R0. Note, the dependences of I on R0 for τ = 50
and 200 ns coincide one to other. These calculations show that for small protrusion
sizes (~1 μm), the value uc remains about 20 V, while the protrusion current can be
significantly small about 0.1 A. The calculated cathode spot current density is j ~
1–2 MA/cm2, and the electron current fraction is ~0.75. The main contribution to
the cathode electron current is from thermionic electron emission enhanced by the
Schottky effect. The cathode electric field E is ~107 V/cm.

The calculated results show that the steady-state spot parameters are reached
below tp when the energy balance of the protrusion determines the cathode tempera-
ture.When the spot life exceeds tp, the energy loss in the cathode body should be also
taken into account in the energy balance [31]. The cathode evaporation fraction Ker,
defined as the ratio of the cathode evaporation flux to the Langmuir evaporation flux
in vacuum, was calculated to be 0.7–0.4, and decreases with time. This result indi-
cates that near the cathode strong non-equilibrium heavy particle flow takes place,
and therefore, the plasma velocity is lower than the sound speed (Langmuir flux) in
the Knudsen layer.

17.6.3.4 Cyclic and Continuous Models of Spot Operations

Let us compare the character of the time-dependent cathode and plasma parameters
on a protrusion obtained by the twomodels, the continuously developing spot, and the
cyclic spot operation models. The previously developed model [29, 30] was used to
calculate the parameters of a spot that cyclically appears on a cold protrusion. This
model was developed due to observations of cyclic spot operation [27 (chap. 7)].
According to the model [29, 30], a value of 
t was chosen as a cyclic time of spot
operation at a protrusion, and atwhich, the plasmaparameterswere assumedconstant.
However, after time 
t, the protrusion size reduced by its evaporation with rate of
the calculated erosion. Thus, transient character of spot operation was determined by
the time dependence of protrusion size that cyclically decreases due to its erosion.

In continuous transient model, the plasma and cathode parameters are determined
self-consistently as a continuous function of time t with given initial conditions at
t = 0. The transient character of spot development is determined by all plasma and
cathode parameters including continuous decrease of the protrusion size. There-
fore, all spot parameters were obtained as continuous dependences on time from the
moment of spot initiation.

While the spot parameters uc, up, and T e decrease and T, n0, and Gk increase
with continuous model from some initial value to their steady-state level with spot
time, these dependencies were reversed for the cyclic model after a number of spot
cycles with significant decrease of the protrusion size. Indeed, the initial T, n0 and
G are approximately constant with time up to about 1 μs for cyclic spot operation
[30]. This difference is because the plasma parameters are determined by the cathode
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temperature development for a continuously operating spot, while for cyclic opera-
tion, these parameters are determined by the protrusion size decrease with each cycle
when the protrusion is initially cold or at an uncertain cathode temperature that not
self-consistent with the plasma. The above results indicate that the parameters of
the spot are continuously dependent on time during spot development in each cycle
even when observed cyclic spot operation. Thus, spot initiation and development can
be described consistently by a vaporization mechanism with the kinetic and gasdy-
namic models without involving any phenomena of explosion of irregularities at the
cathode surface in spite of the cathode spot was observed as a cyclic subject.

17.6.3.5 The Main Result of Solution of the Kinetic Approach

The spot (and the arc) continues burning when a spot can be formed at the first stage
of ignition, which is supported by relatively large initial value of uc. The large uc

occurred due to small time τ of triggered plasma, when a large heat flux is requested
to sufficiently heat the initially cold cathode in order to obtain a temperature needed
for spot development.At each nextmoment, the cathode is heated, and its temperature
increases. As a result, the requested self-sustained heat flux from the plasma to the
cathode decreases and consequently decreases the requested cathode potential drop
which thereby determines this flux. Thus, the calculation predicts plasma parameter
variation and the decreasing of uc due to continued cathode heating with time. This
means that in order to form a spot, the uc initially must be significantly larger than
that value during the development stage with subsonic plasma flow in the relaxation
zone.

17.6.4 Bulk Cathode

Let us study a vacuum arc with solid bulk cathode and plain surface at which a spot
arises [33, 34]. Figure 17.13 shows the dense cathode plasma adjacent to the surface
with characteristic kinetic layers and the further region of expanding accelerated
plasma.

17.6.4.1 Transient Model of Cathode Heating

The transient thermal model takes into account that the plasma plume and conse-
quently the heating are concentrated on the cathode surface. The solution of the
time-dependent heat conduction equation for a solid body heated by a concentrated
heat source has the following general form:
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Fig. 17.13 Schematic
diagram of main plasma
regions presented in
accordance with the kinetic
model of adjacent plasma to
cathode and a region with the
gasdynamic plasma
expansion
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T (t) =
t∫

0

q(T, t ′) f (t ′t0)dt ′ + T00 (17.47)

where T(t) is the time dependent cathode temperature in the spot (see Chap. 3),
q(T,t′) is the time-dependent heat flux density to the cathode surface,T 00 is the surface
temperature before spot initiating, f(t′,t0) is a time-dependent function resulting from
integrating the heat conduction equation in differential form, and t0(a,rs) is a param-
eter indicated the heat flux concentration, determined by thermal diffusivity coeffi-
cient a and by spot radius rs= I/π j. Equation (17.47) is the relationship between the
transient temperature and different terms of the cathode energy balance (Chap. 16).
Using this relationship and the above kinetic system of equations that described the
cathode plasma phenomena, the time-dependent heat flux density q(T,t′) and spot
temperature T(t′) were determined. It was assumed that the dynamics of plasma
parameters and q(t) determined by the transient character of T(t′) (see below).

The temperatures T(t′) and q(T,t′) are appeared as implicit parameters due to
nonlinear effects of the cathode spot phenomena. Therefore, the cathode plasma
system of equations was solved numerically using an iteration method at each time
step of integration of (17.47). Thus, the solution of the cathode system of equations
will determine the dependences qn(T,t), f n(t) at each time step Δt and consequently
the temperature T(t). For the first time step, the initial triggered plasma lifetime τ was
used to determine the initial temperature T in that supported reproduce a secondary
plasma density self-consistently. These parameterswere used for future integration of
(17.47). A relatively small time step Δt was chosen for integration so that calculated
qn(Δt) can be considered as mostly constant during Δt. The solution continues up
to time t = nΔt for which the T(t) as well as the cathode plasma parameters reached
steady state. The calculations were conducted for different cathode materials—Cu
and Cr, as well partially for Ag and Al which have intermediate thermophysical
properties, and also for W, a refractory material.
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17.6.4.2 Calculation Results for Cu and Cr Cathode

For Cu and Cr cathode, time durations τ = 2, 7.5, 10, 50, and 100 ns are chosen for
modeling the arc triggering time [3, 35]. The preliminary study of the total model
shows very complex solution indicating relative small current per spot, around 10 A.
Therefore, for simplicity and to illustrate the main characteristics of the spot, the
below calculations were conducted for I = 10 A. The time step Δt was chosen
sufficiently small (depending on τ ) so that the results of calculation for all spot
parameters were independent of Δt. Also, in order to overcome the complications
for obtaining the solution of the kinetic system of equation, it was taken into account
that plasma velocity is low comparing to the thermal velocity, i.e., b3 is small. The
calculations show that the solution can be significantly simplified if the ion density
obtained without convective term due to small velocity b3 determines the quasineu-
trality condition. In some cases, however, this quasineutrality condition was consid-
ered with convective term. It is sensitive by calculating the difference between direct
and returned heavy particles fluxes in the Knudsen layer that determined the cathode
erosion rate and parameter Ker. This case of the solution will be specially indicated
as “with b3”.

The calculated time dependence of uc is presented in Fig. 17.14 (without b3) in
Fig. 17.15 (with b3), which show the small influence of the quasineutrality condition
with convective term. This result shows that the time dependence of uc and the

Fig. 17.14 Dependence of
uc on time t with τ as
parameter for Cu and Cr
(without b3)
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Fig. 17.15 Dependence of
uc on time t with τ as
parameter for Cu and Cr
(with b3)
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maximal uc are determined by the values of τ , i.e., on the type of spot triggering in
the experiment. The large uc ~ 90–100 V (Cu) and 65–70 V (Cr) were calculated
with the small τ for which solutions of the total system of equations were obtained
for bulk cathodes at 7.5–8 ns (Cu) and ~2 ns (Cr), respectively.

It can be seen that uc significantly decreased with τ and with time t and converged
to a steady-state value ~13–15 V, while the smallest τ determined by the metal
properties. At each step, the heat flux from the plasma to the cathode was obtained
which in turn determined the calculated dependences of the uc and other plasma
parameters on time during the spot development. T(t) time dependences are shown
in Fig. 17.16.

The cathode temperature increased from some initial value T in (obtained at time
τ ) depending on τ to a steady-state temperature that did not depend on the initial
conditions. T in increased with τ for both cathode materials. T in was lower for Cu
(about 3500 K) for τ = 7.5 ns than for Cr (3700 K) even with lower τ = 2 ns.

The calculations showed that the equilibrium neutral atom density (Fig. 17.17)
produced by cathode evaporation increased with time from an initial low values
depending on τ and reached the steady-state level of 2 × 1020 cm−3 (Cu) and 8 ×
1020 cm−3 (Cr) independent of τ . Figure 17.18 shows the time-dependent electron
temperature for Cu and Cr with τ as parameter. T e decreased with time from initial

Fig. 17.16 Cu and Cr
cathode spot temperature as
function of time with τ as a
parameter
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Fig. 17.17 Equilibrium
neutral atom density at Cu
and Cr cathodes as a function
on time with τ as the
parameter
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Fig. 17.18 Electron
temperature for Cu and Cr as
a function on time with τ as
the parameter
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values depending on τ to a steady state of about 1.5 eV, independent of the initial
condition.

The initial T e was larger for Cu than for Cr cathodes. Figure 17.19 for Cu and
τ = 7.5 ns and Fig. 17.20 for Cr and τ = 2 ns illustrate the time dependence of
the atom ionization fractions with charge state αij in the cathode spot where j = 0,
1, 2, 3, 4, 5 and αi0 is the total degree of ionization. The cathode spot plasma was
fully ionized for all initiating plasma parameters considered (<30–40 ns), i.e., αi0=
1 and then decreased to about 0.5–0.6 with time. The ion charge state with the 1st

Fig. 17.19 Time-dependent
degree of atom ionization αi0
and ionization fractions with
charge state αij in the Cu
cathode spot for τ = 7.5 ns
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Fig. 17.20 Time-dependent
degree of atom ionization αi0
and ionization fractions with
charge state αij in the Cu
cathode spot for τ = 100 ns
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Fig. 17.21 Time-dependent
degree of atom ionization αi0
and ionization fractions with
charge state αij in the Cr
cathode spot for τ = 2 ns
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through 5th ions was present, though mainly the 3rd and 4th, for τ = 7.5 ns (Cu)
and τ = 2 ns (Cr). For τ= 100 ns, the plasma mostly consisted of the 1st–3rd ions
(see Fig. 17.21).

An important parameter is the normalized plasma velocity b3 =
√

v23m
2kT3

indicated
a ratio of the plasma velocity at the external boundary 3 of Knudsen layer to the
thermal velocity, sound speed (see 17.4.3). The calculation showed that b3 is very
small (see Fig. 17.22). Another important calculated parameter is the fraction of
the evaporated cathode material Ker is the ratio of the net evaporation rate into the
adjacent spot dense plasma, to the Langmuir evaporation rate into vacuum.

This parameter is important because in many published previously works, the
erosion rate was erroneously studied by cathode evaporation according to the Lang-
muir formula. The kinetic system of equation is very complicated in order to obtain
its solution. As b3 is small, for simplicity, in the above calculations, the quasineu-
trality conditions were considered using the ion density determined from the ion flux
without convective term due to velocity b3. However, the convective term influences
by calculating the difference between direct and returned heavy particles fluxes in
the Knudsen layer that determined the cathode erosion rate and also on parameter
Ker.

Fig. 17.22 Normalized
plasma velocity at the
external boundary 3 of
Knudsen layer as function on
time (with b3)
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Figure 17.23 shows the evaporation fraction Ker decreased with time from about
0.25 to a steady-state value that is of ~0.1 and lower. This parameter is lower than unit
because the plasma is in non-equilibrium and the plasma velocity is lower than the
sound speed at the external boundary of the Knudsen layer. Therefore, the calculation
shows that the ratio of heavy particle density at the external boundary of Knudsen
layer n3 to the equilibrium density n0 increased during the spot development.

The calculated erosion rates for Cu and Cr cathodes are presented in Fig. 17.24. It
can be seen that the dependences are not monotonic initially increase with time then
passing a saturated plateau and then continue to increase with time. This behavior
can be explained by dependence of heavy particle flux from the cathode, which
determined by increase of the density (Fig. 17.17) but with simultaneously decrease
of the convective velocity b3 (Fig. 17.22). The obtained values of G are in range from
about 20 to 50 μg/C and are in accordance with Daalder’s data [36].

The calculation shows that for Cu, the ratio n03 of heavy particle density at the
external boundary of Knudsen layer n3 to the equilibrium density n0 increased during
the spot development. The ratio n03 for Cu increased from initial values of 0.49–0.55
dependent on τ , to a steady-state value of 0.66, while this ratio was 0.31 when the
cathode evaporated in vacuum (with the sound speed at boundary 3) [4]. For a Cr
cathode, this ratio varied in the range of 0.52–0.61 at initial stage, dependent on τ , to

Fig. 17.23 Cu and Cr
cathode evaporation fractions
as a function of time with τ

as the parameter (with b3)
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Fig. 17.24 Dependence of
the cathode erosion rate for
Cu and Cr on time (with b3)
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Fig. 17.25 Cu and Cr
cathode plasma jet velocity
as a function of time with τ

as the parameter
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a steady-state value of 0.67. The cathode spot current density was j ~ 1–3 MA/cm2,
and electron current fraction s varied between 0.7–0.8.

The cathode plasma jet velocity (see Fig. 17.25) for Cu and Cr initially was
relatively large (4–2) × 106 cm/s, and it decreases with time to the measured values
~ 1 × 106 cm/s, independent on τ , i.e., on the conditions of spot initiation [32, 37].
The calculations show that the potential drop in the expanding jet, upl, decreased
with time from about 13 V at the initially to 5–6 V at steady state for both cathode
materials. Themain contribution to the cathode electron current was from thermionic
electron emission (due to the large cathode temperature), enhanced by the Schottky
effect. The tunneling effect also weakly contributed. The contribution of this effect
is determined by the electric field at the cathode surface E that not exceed ~(2–3)
× 107 V/cm. The Ohmic heating of the cathode was low in comparison with the
cathode heating due to the ion and returned electron heat fluxes.

17.6.4.3 Calculation Results for Ag and Al Cathodes

For Al and Ag cathodes, the time of spot initiation was chosen in range τ= 6–100 ns,
and the spot current was 10A. Δt was chosen sufficiently small so that the results of
calculation for all cathode spot parameters were independent on Δt. The calculated
time-dependent uc for Al and Ag is presented in Fig. 17.26. The calculation shows
that uc dependence on time was very sensitive near the value of τ . The larger uc ~
70 V was at first step with τ= 10 ns. For Al cathode, the uc was relatively lower and
increases from 20 to 50 V when τ decreased from 100 to 6 ns.

Figure 17.27 shows the cathode evaporation fraction that is comparatively low
with respect to Langmuir evaporation flux into a vacuum. Ker decreases from about
0.25 to about 0.04 with the spot time in range shown in Fig. 17.27. For Al: Ker= 0.2–
0.05. Figure 17.28 shows the heavy particle increase with time for different initial
values of τ . It can be seen that this density increases from 6 × 1019 to about 1.5 ×
1019 cm−3 when increased from 6 to 50 ns.

When the spot time increases from a few ns to about 100 ns, the spot parameters
are changed for Ag cathode as: the heavy particle density n0= (0.4–2) × 1020 cm−3,
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Fig. 17.26 Dependence of
uc on time t with τ as
parameter for Al and Ag
(with b3)
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Fig. 17.27 Ag cathode
evaporation fractions as a
function of time with τ as
the parameter (with b3)
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Fig. 17.28 Equilibrium
neutral atom density at Al
cathode as a function on time
with τ as the parameter (with
b3)
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electron current fraction s = 0.75 − 0.63, current density j = 2.5 − 1.3 MA/cm2,
electron temperature T e= 8− 2 eV, total degree of ionization αI0= 1− 0.7. Cathode
temperature T = 3040–3800 K, the erosion rate G = 30–60 μg/C. The characteristic
parameters for Al were G = 7.4–12 μg/C, while the measured value is 28 μg/C
[38]); V ~ 2 × 106 cm/s (1.5 × 106 cm/s—experiment [38]), s = 0.75 − 0.65; j ~
(4 − 2) × 106A/cm2, T e= 6 − 1.5 eV.
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17.6.4.4 Calculation Results forW Cathodes

This section applies the proposed model of the virtual cathode concept [39, 40] to
describe the spot on refractory cathodes. The calculations were conducted with a W
cathode to demonstrate a presence of a self-consistent solution. Therefore, the spot
parameters were determined only at the initial times τ , showing the possible solution
that then allows the spot development in time. The calculations were conducted for
a wide range of triggered initial plasma lifetimes τ , from 2 ns to 100 μs.

The spot current was 10A. As it wasmentioned above, the virtual cathode concept
requires the given electrical field at the sheath–plasma boundary which was charac-
terized by coefficient kd. Previous calculations showed that for W cathode, kd was
mostly constant for widely varying spot plasma parameters determined as depen-
dence on electron current fraction and the coefficient kd= 0.1 [39]. Below this value
was taken for calculation in the expected range of plasma parameters.

The calculations show that when τ increased from 2 ns to 100 μs, then the CPD
decreased from 45 to 25 V, the current density from 2 × 107 to 5 × 105A/cm2,
and cathode temperature in the spot from about 10,000 to 7600 K (Fig. 17.29). The
electron temperature decreased from 5.7 to 3 eV, the plasma jet velocity from 1.5 ×
106 to 1.1 × 106 cm/s (Fig. 17.30), and the atom density n0 decreased from 8 × 1020

to 2 × 1019 A/cm2, and Ker weakly increased from about 0.49 to 0.52 (Fig. 17.31)
with τ in mentioned range.

The cathode plasma was mostly fully ionized and consisted mainly of ions with
charge 2 and 3 (Fig. 17.32). Also, the potential drop in the expanding plasma jet Up

decreased from 8 to about 1 V, km varied from 2.5 to 2.9 and Um from 2.6 to 1.9 with
τ . The erosion rate weakly varied in range 170–130 μg/C, the ratio n30 as 0.63–62,
and electron current fraction varied between 0.74 and 0.80.

Fig. 17.29 uc, T, and j for
W cathode as a function of τ
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Fig. 17.30 T e, and V for W
cathode as a function of τ
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Fig. 17.31 Ker and n0 for W
cathode, as a function of τ

100 101 102 103 104 105
0.1

1

10
C

at
ho

de
 e

va
po

ra
tio

n 
fr

ac
tio

n,
 K

er

τ, ns

Eq
ua

lib
riu

m
 a

to
m

 d
en

si
ty

, n
0.1

020
cm

-3

Wn0

Ker

Fig. 17.32 Degree of atom
ionization αi0 and ionization
fractions with charge state
αij in the W cathode spot as
a function of τ
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17.6.4.5 Concluding Remarks to the Calculated Results for the Bulk
Cathode

First of all, it should be noted in this Chapter it was considered the case when the
characteristic particle collision times (electron-electron collisions—tee, ionization—
ti, resonance charge exchange—tia) are shorter than that the primary plasma lifetime
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at τ (even in few ns range) in order to generate the secondary near-cathode plasma
which should support the spot development. Also, the case when the characteristic
times for dense plasma in the spot are shorter than that for solid thermal time was
considered, and therefore, these plasma parameters in the transition period were
determined by the target heating time [13]. The calculations show that the cathode
spot plasma parameters strongly vary in the first 10 ns for Cr (τ = 2 ns) where the
density is 1020–1021 cm−3. For Cu, the density is 4 × 1019–1020 cm−3 in range of
10–20 ns. T e changed from its maximal value to the level of 2 eV and lower very
rapidly (in range from few ns to 10 ns after ignition in the nanoscale of τ ). The
estimations show that tee ~ 10−13 − 10−14 s, ti ~ 10−10 − 10−11 s, and tia ~ 10−10

− 10−11 s [41–43] for T e ~ 2–10 eV and plasma density of 1019 cm−3 (and lower
for larger density), i.e., relatively low indicating that above-mentioned condition is
fulfilled for spot development even in first 10–20 ns. Note that the observed fast
dynamic cathode processes in range 20 ns–100μs were detected only due to average
periods of brightness fluctuations [35, 44].

Let us discuss the obtained dependencies of the plasma and cathode parame-
ters. Firstly, the minimal temperature for each considered τ was determined by a
minimal vapor density, which was fully ionized and needed to support the particle
and energy fluxes for further spot development. Secondly, for smaller τ , larger
energy flux needed to sufficient heat the initially cold cathode. Thus, when the
initial plasma lifetime τ was significantly small, a relatively large energy flux to
the cathode was obtained from the solution to reach the required cathode tempera-
ture for self-consistent producing a new portion of secondary cathode plasma. The
required energy flux can be supported through a corresponding high value of uc.With
time, the cathode temperature increased as well the intensity of cathode evaporation
increased, and consequently, the plasma density grows. In this case, the self-sustained
heat flux from the plasma to the cathode can be supported by lower value of uc. As a
result, the plasma parameter variation and also the decrease of uc with time depend
on the cathode heat regime, which demonstrated by the dependences on the cathode
material properties (see results for Cu and Cr).

The calculation showed that at relatively large spot duration and at steady state,
the sum of uc and upl agrees well with the measured arc voltage of 20 V for Cu and Cr
[3, 32]. But at arc initiation, the calculation showed the necessity of a relatively large
initial power supply voltage (50–100 V), depending on initial plasma parameters, to
insure arc ignition. The voltage up can be estimate from relation like is Iup ~ GV 2.
In essence, Ohmic and electron pressure effects determine up. The, respectively,
contribution of these effects was discussed in [45] and can be obtained calculating
the potential distribution with distance from the cathode in the jet. Such calculation
will be presented in Chap. 18. According to the calculation, the ion charge was
larger at the beginning of spot formation due to larger energy dissipation with larger
uc and smaller for the developed spot. This result agrees well with experimental
measurements of ion charge state for Cu and Cr [46] as well as for other cathode
materials—Mo [47], Pt [48], and Au [49].
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The rate of cathode mass loss (cathode erosion) was determined by the difference
between the evaporated and returned heavy particle fluxes. Here, the other momen-
tums including themomentum flux from the near-cathode electric field (firstly shown
in [2]) compensated the returned relatively large momentum of electron plasma pres-
sure acted at the external sheath boundary. Therefore, it was not influenced on the
heavy particles flow directly in the Knudsen layer (except the electron momentum
by factor exp(−uc/T e). However, the plasma electron energy and momentum (with
small mass comparing to heavy particle mass) were transferred to heavy particles at
some distance from the cathode influencing on the cathode evaporation rate due to
plasma heating as well as producing a non-free (impeded) plasma flow. The subsonic
flow in the Knudsen and electron beam relaxation regions accelerates to supersonic
plasma jet due to energy dissipation and electron pressure gradient discussed in [50].
The external pressure can influence on the location point of sonic velocity. The jet
velocity and jet potential drop were calculated by integral equations using the results
of plasma parameters (density and temperature) in the spot to obtain the estimation
of the mentioned jet values. The phenomena related to the cathode melting and MPs
generation are discussed in previous Chap. 16.

The most important result for the tungsten cathode is the obtained solution using
the vaporization model with a virtual cathode for electron emission. The calculated
sum of uc and up for a W cathode for large τ ≥ 1 μs reaches arc voltage of 25–26 V.
As this voltage in development stage is weakly different from the initial stage (for
large τ ), the calculated value agrees well with the measured arc voltage [1, 32].
Taking into account that the calculated effective cathode voltage is one third of the
total arc voltage, the resulting energy dissipated in the cathode body is enough to
reach an initial temperature, which promote the future spot development with j ~ 107

A/cm2 (low Joule heating). When the triggered plasma appears for a longer time (τ
> 100 ns), the calculated cathode temperature can be relatively low (7500–8000 K),
and the low density cathode vapor is fully ionized with maximal ion flux fraction.
This range of temperatures was determined by the minimum fully ionized plasma
density, when the spot can develop self-consistently, supporting the plasma with
necessity parameters. There the tungsten vapor density reached ~2 × 1019 cm−3 at
relaxation length ~1 μm even at time of 2 ns, while thermionic electron emission
current density was ~6 × 106 A/cm2.

The potential minimum um in the virtual cathode model is also proportional to the
cathode temperature by factor km whichwas calculated relatively small (2.5–2.9) and
therefore um is low (2.6–1.9 V). The evaporation fraction Ker (the ratio of the calcu-
lated net evaporation rate to the evaporation rate into vacuum) is important. Note,
large of the heavy particle flux is returned to the cathode due to rarefied collisions in
the Knudsen layer and impeded plasma flow and thus Ker< 1.
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17.6.4.6 Kinetic Model. Study of the Total System of Equations
for Film Cathode

Kesaev experimentally studied spot and cell behavior of arcs onCu thin film cathodes
deposited on glass substrates [51]. He showed that the spot moved with velocity vs
and left a clear erosion track of width δ, in which all the film was removed. For arc
durations was up to 100 μs, the erosion rate was calculated using measured δ and vs
as

G(g/s) = γ d f dvs, (17.48)

where γ is the specific metal density and df is the film thickness. The spot param-
eters and spot motion were studied using gasdynamic model (Chap. 16) [52] for
different df by taking into account the energy loss in thin film by its heat conduc-
tion and erosion G(g/s), varying uc. The calculations show agreement between the
modeling mechanism of spot motion due to film evaporation under the spot and that
spot behavior observed by its motion in film deposited on a glass substrate. Also,
another important result indicates that the energy loss due to film heat conduction is
comparable with that loss by film evaporation, which cannot be neglected as it was
done previously by the estimation of electron current fraction [51]. The calculation
also shows that the track width observed by spot motion or width of melting isotherm
does not exceed the spot diameter more than by factor 2.

This section will further develop the film spot study using the kinetic approach
calculating not only the parametersG anduc but also the spot velocity from (17.48) for
different df using the calculatedG and δ. The kineticmodel also uses the experimental
finding that the spot moves when the underlying film is evaporated and took into
account the current and df dependence of the spot velocity [51]. The calculations
take into account the film energy balance considering the specifics of heat conduction
process for the metallic film deposited on a glass substrate described in Chap. 16.
Figure 17.33 shows the calculated cathode potential drop uc as a function of df. This
result is comparable with that measured by Grakov for Cu films deposited on a Cu
substrate (~11 V) [53].

This low value of uc for Grakov’s measurements was explained by low energy
losses in the deposited film determined the mechanism of spot motion due to film

evaporation [52]. The normalized plasma velocity at the first boundary b1 =
√

v21m
2kT1

;

Fig. 17.33 Cathode
potential drop as function on
film thickness for Cu film
cathode
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and at external boundary b3 =
√

v23m
2kT3

of the Knudsen layer is shown in Fig. 17.34,
which demonstrated a subsonic plasma flow.

The measured and calculated dependences of tracks width on film tickness
(Fig. 17.37) demonstrate their equality for df = 0.017 μm, while small difference
between them can be seen with increase of df.

The dependence of film cathode erosion rateG in g/C on film tickness is presented
in Fig. 17.35. The calculated result indicatesmostly constant value ofG, whileweakly
dependence on df is obtained in the experiment.

The obtained value of G is used to calculate the spot velocity dependence on df,
which presented in Fig. 17.36. It can be seen that while some difference between
calculated and measured value takes place for very small thickness (0.017 μm),
these values approached on to other with df up to the be equal value at df = 1.4 μm.
Figure 17.38 shows the comparison of energy losses due to film heat conduction
QT and vaporization Qs. It can be seen that Qs > QT for all range of considered film
thicknesses. Table 17.2 presents the range of characteristic parameters of the cathode
spot for the calculated range of df (Fig. 17.37).

Fig. 17.34 Normalized
plasma velocity at the
internal b1 and external b3
boundaries of Knudsen layer
as function of film thickness
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Fig. 17.35 The erosion rate of the film cathode G(μg/C) as function of film thickness
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Fig. 17.36 Dependences of
calculated and measured spot
velocities on film thickness
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Fig. 17.38 Energy losses
due to film heat conduction
QT and vaporization Qs as
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17.7 Rules Required for Plasma Flow in Knudsen Layer
Ensured Cathode Spot Existence

The above study of the partial kinetic mode using equations describing only heavy
particles flow and the calculations of the plasma flow according to the total system
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of equations for microprotrusion as well for bulk cathode show that in the Knudsen
layer the evaporated atom flux is comparable with the flux of the returned atoms
and ions. The evaporation fraction Ker decreased with time, reaching 0.1 in some
cases. The calculated velocity of the dense plasma b3 is significantly smaller than
the “sound velocity” (b3 � 1). Thus, the ion current to the cathode formed at the
boundary 3 is characterized by a convective term, in essence, like as ji3 ~ ji0(1 − b3),
where ji0 is the ion current density determined by the thermal velocity at boundaries
3 and at outer boundary 2 of the ballistic zone. It is clear that near the sound speed
when b3 → 1, the ion current ji3 → 0, and as result, no solution of the closed system
of equation could be found. As the sound velocity characterizes free gasdynamic gas
flow, the cathode plasma flow in the Knudsen layer is not free but rather impeded
due to high plasma density and intense energy dissipation by the electron beam in
the relaxation zone. The impeded character of near-cathode plasma in a vacuum arc
is followed from the presence of number of common phenomena, which provided
the energy flux to the cathode, heating of the cathode and plasma as well energy
dissipation between the cathode body and plasma in coupling with plasma motion
and expansion.

On the other hand, the calculations show that the spot cannot be developed due to
its short lifetime in the case of small spot current. In this situation, power is not suffi-
cient to support the requested cathode surface temperature due to relatively large heat
conduction loss. Such case is occurred in attempt to describe the nano ormicrosecond
high-speed spots at moving on flat surface of a bulk cathode [10, 54]. At the same
time, spot with similar characteristic can be studied in frame of described heremodel,
as example on film cathodes (high velocity, small lifetime), or on protrusion cathode
(small lifetime) with current per spot up to ~0.1 A due to very low heat conduction
loss. Understanding of these factors was obtained by numerous calculations of self-
consistent mathematical study, the common phenomena for different observed spot
types.

Accordingly, two main Principle Rules of the Kinetic Model for the cathode spot
in vacuum arcs were derived [25] and discussed [3, 31]:

I. Plasma flow in the region adjacent to the cathode surface should be impeded
in order to ensure the cathode spot ignition and further self -consistent spot
development;

II. Cathode heat loss must be smaller than the inflow power to a surface of the
cathode with a given geometry [25]. This is equivalent to a presence of the
effective cathode voltage (defined by a ratio of the cathode heat conduction loss
to the current) at least being smaller than the cathode potential drop in the ballistic
zone.

The relatively small subsonic plasma flux in Knudsen layer is the result of a
difference between large direct evaporated atom flux and returned atom and ion
fluxes. Therefore, the formation of this small flux can explain why the observed
cathode spot behavior (with high-pressure plasma near the surface) is sensitive to the
variation of a lower surrounding pressure. The derived rules represent two principles,
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which can be used to explain the multiformity of cathode spot types depending on
arc conditions.

17.8 Cathode Spot Types, Motion, and Voltage Oscillations

Let us consider the spot behavior and their experimental characteristics presented
in Table 7.10 in Chap. 7. Based on the above Principle Rules, mechanisms of tran-
sient spot dynamics, spot motion, and arc voltage oscillation are discussed below.
These non-stationary spot characteristics are explained in frame of thermal cathode
vaporization without any explosions. The main accounted point that the cathode spot
located on the cathode surface with some irregularities, film, and protrusions requires
low input energy to reach sufficiently high temperature for intense evaporation.

17.8.1 Mechanisms of Different Spot Types

Experiments indicate that the spot type and their characteristics are determined by
the arc current, heat loss in the cathode, and ambient vapor or gas. Furthermore,
different type spots occur on bulk and film cathodes (Chap. 7, Table 7.10).

When abulk cathode surface is contaminated by anoxidefilmandother impurities,
super fast spots (SFS) with velocities up to 104 cm/s were observed at relatively
low arc current (~100 A) [55, 56]. It can be understood taking into account that
SFS spots appear due to a rapid rise of the temperature and intense vaporization
of the relatively thin oxides or contamination layer in times from a few tens to
hundreds of nanosecond. This time determined the local spot lifetime and the high
spot velocity (Fig. 17.39, picture 1). An estimation show that heat penetrates into
a 0.1 μm thickness film in ~1 ns. The low spot current is due to low heat loss
in the thin surface layer [52] that in accordance with Principle Rule II is fulfilled.
Usually, SFS spots were observed until that the cathode cleaned by the arc [55].
The non-stationary heat conduction of the cathode body determines the transient
cathode spot operation and its cyclic extinguishing and reigniting. The spot lifetime
is associated with a characteristic thermal time. In the case when the spot current is
relatively small (~10 A), the spot can operate on the cathode micro-area with low
cathode heat losses balanced by the low heat flux from the spot. The thermal time
and subsequently the velocity of the spot on clean surfaces depend by the cathode
roughness (Fig. 17.39, picture 2). The spot lifetime is determined by the thermal
time constant and exhaustion of relatively larger metal irregularities in range from
0.1 to ~1 μm in comparison with the thin contaminated layers <0.1 μm). Due to this
difference in the conditions of the cyclic spot operation, transient moderately fast
spots (MFS) were observed in experiments on cleaned cathodes [55, 57]. Sometimes
a new spot can be observed at large distance from the previously dead spot. This
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Fig. 17.39 CS types. Schematic drawing of spot types: 1. Super fast spot, 2. Moderate fast spot, 3.
Individual spots, 4. Slow grouping spot

new spot can be appeared due to interaction of a protrusion with declined plasma jet
before the old spot was dead.

According to the experiment [2, 27, 58], the spot types influenced by the presence
of ambient gas of pressure significantly lower than the cathode plasma pressure.
This effect can be understood taking into account change of the flow regime formed
in Knudsen layer due to the accumulation of density along the expanding cathode
plasma after the interaction of its rarefied part with the ambient gas [25]. This is
similar to the passing reflected wave from a target, and as result, the plasma velocity,
super sound transition point, and the plasma density adjacent to the cathode can
change.

In low-pressure ambient gas, slow individual spots (SIS) can exist separately [27,
58] because the Principle Rule I is fulfilled due to the gas presence (Fig. 17.39
picture 3). At higher spot currents (<1 kA) on bulk cathodes in vacuum, the heat
loss from the individual spots is compensated by the heat supplied by the large
current and other nearby spots (Principle Rule II). Furthermore, these individual
spots tend to group, thus creating a common vapor cloud that satisfies Principle Rule
I (Fig. 17.39, picture 4). This group spot is favorable, and new spots can be ignited
under the common plasma cloud under impeded plasma flow condition. Slow group
spots (SGS) with a relatively long lifetime (≤1 ms) were observed [27, 59–61]. In
very high current arcs (�1 kA) with intense vaporization, the SIS or SGS types
occur because Principle Rule I is automatically fulfilled [10].

17.8.2 Mechanisms of Spot Motion and Voltage Oscillations

Spot operation and motion are characterized by voltage fluctuations of arcs occurred
with different amplitude and the rate of cathode voltage growth relative to some
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minimal value [50]. The oscillation in low-current (~10 A) pulsed arc occurs with
relatively large amplitude [50], while a low voltage oscillation characteristics are
observed in experimentswith relatively stable and long duration arcs (few second [32,
62–64] or few minutes [65–67]). The spot observation with high temporal resolution
and post arcing photographs of craters indicate that the spot motion on bulk cathodes
can be continuously and also with discrete spot locations [27, 55, 61], while only
continuous spot motion was observed on thin film cathodes [51, 68].

Let us consider the spot behavior. The spot motionmechanism during evaporation
of a microprotrusion on a bulk cathode surface is shown schematically in Fig. 17.40.
When a protrusion is completely evaporated, the spot continues to operate on the
bulk cathode. With time, cathode erodes, and a crater is formed so that the spot
becomes embedded deeper in the body and 3D heat losses increase. The heat loss in
the bulk increases, and the requested voltage (to compensate the loss) reaches such
high values that the old spot dies because Principle Rule II is no longer satisfied,
and a new spot appears at the nearest neighboring protrusion, where the voltage and
heat conduction energy can be smaller. This causes apparent spot motion: i.e., one
spot dies, and a new spot is ignited at a nearby location. The characteristic time for
protrusion evaporation can be relatively small, ≤1μs, and it determines the local
spot lifetime and the consequential high spot velocity (~103 cm/s). As the ignition
direction has equivalent probability, the spot motion resembles a random walk [35,
55].

When a spot extinguishes and reignites at a new location, uc fluctuates (Fig. 17.40).
In essence, voltage oscillation in low current pulsed arcs [51] is associated with time-
dependent uc. When the spot extinguishes (usually before reaching steady state)
and then the next spot appears at a neighboring location, the voltages uc increases

Cathode Cathode Cathode Cathode

uc -Low uc -High uc -Low uc -Increase

Protrusion
Micro-heating
Low heat loss

Spot inside body
3D-large heat loss,
around protrusions

New neighboring 
protrusions provokes
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Fig. 17.40 Clean cathode. Moderate fast spot motion. Voltage oscillation
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depending on temperature at the cathode place which is lower than that in the devel-
oped spot. The power supply must be able to support this voltage fluctuation. In
experiments with relatively long duration and higher current arcs [32, 69], cathode
energy loss can be compensated by dissipation even in bulk cathodes [10].

17.9 Requirement of Initial High Voltage in Electrode Gap
for Vacuum Arc Initiation

Let us consider a requirement of initial high voltage in the interelectrode gap for arc
development [70]. According to the experiment, while the developed electrical arc
is a relatively high current discharge which operates at low voltage, arc initiation
requires higher initial voltage, and an appropriate power supply will be required
[28, 67, 68, 71, 72]. The arc voltage in the developed stage is low and depends on
the cathode materials, ranging from 10 V (Hg) [51] to 26 V (Mo) [32] and for Cu
cathodes is about 20 V. However, after arc triggering or in the presence of an external
initial plasma, the voltage of the power supply should be also much larger (~100 V)
than the burning arc voltage in order to prevent the arc extinction when the voltage
oscillates [73]. This experimental result is in accordance with above calculations of
uc(t) [70]. Really, as the lifetime of triggered initial low dense plasma is short, the
above calculations show the necessity of a relatively high uc in order to continue the
spot development.

After triggering, secondary plasma is generated at the cathode surface during
time τ . So, the secondary cathode plasma parameters (density, ionization fraction,
temperature, etc.) should reach parameters that are suitable to reproduce the electro-
conduction medium in order to support the current continuity in the gap. The total
arc voltage ug for moderate arc currents (~102A) consists of two main parts: (i) the
cathode potential drop which is uc in the electrical sheath, whose thickness is on the
order of the plasma Debye length and (ii) the potential drop in the cathode plasma
jet, upl. Thus, the main goal of the problem is to calculate uc and upl as functions of
time.

During a primary plasma plume appearing, the cathode temperature must increase
from the room value to a value allowing the rate of vaporization needed to sustain the
plasma for cathode spot initiation. As the lifetime of τ is small, the required initial
heat flux to the cathode is relatively large [69] to reach appropriate temperature.
This heat flux can be supported by relatively high initial voltage of the power supply,
which falls in the sheath near the cathode surface.With time, the cathode temperature
increases to a steady-state level, and the energy losses due to thermal conduction into
the bulk of the cathode, electron emission, and cathode evaporation are balanced by
the incoming energy flux from the plasma to the cathode. In steady state, the main
energy losses areminimal—this reduces the required energy flux from the plasma and
therefore the cathode voltage. Thus, dependence of the arc voltage time is a result
from the dynamics of the spot parameters, which evolve along with the cathode
temperature.
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Also, when the spot extinguishes (before reaching steady state) and then the next
triggering spot appears at a neighboring location, the voltages uc and upl can be
increased depending on temperature at the cathode place, which is lower in compar-
ison with that in the developed spot. At this moment, the power supply should be able
to support this voltage fluctuation. This effect explains the use at least the welding
power supplies whose open circuit voltage is typically about 80–100 V. Thus, the
relatively large experimental voltage requested for arc ignition was caused by the
mechanism of the initial spot appearing which is initiated by the interaction of the
triggered low life primary plasma with the cold cathode bulk. The nature of further-
more voltage decreasing caused by the heat flux decrease with cathode temperature
during the time of spot development.

17.10 Summary

The above solution of a system of equations represents a self-consistent investiga-
tion describing the evolution of different parameter characterized spot phenomena.
In contrary, at last decade in the published works, an attempt to study an influence of
coupling arc conditions, as a rule, connected with accounting one effects, but with
some not adequate assumptions regarding to others, although that the authors indi-
cate their studies as self-consistent. Sometimes, the authors of the published works
presented models as self-consistent while using arbitrary input parameters or due to
use a certain physical effect, which can be important for certain arc conditions. On the
other hand, some authors take into account specific effects (or condition) and claimon
completeness of the usedmodel. The examples of different suchworkswere reviewed
in Chap. 15. Thus, it should be noted that the definition of the calculating approach as
a self-consistentmeets someuncertainty. In the present chapter a self-consistent phys-
ically closed model is developed which allows obtain the solution without parame-
ters given arbitrary or given from an experiment except the thermophysical material
parameters. The calculations for given spot current (observed average value) for
demonstration the spot mechanism was conducted due to uncertainty of this value
even during the arc operation discussed above.

The model is applied to different conditions indicating the initial plasma param-
eters that also calculated self-consistently taking into account the cathode thermal
regime for times characterizing experimental methods of triggering arc. It is well
known that the cathode spots appear in various forms depending on unpredictable
conditions, also produced by the arc burning. Therefore, an attempt to completely
spot description can meet unpredictable difficulties. Nevertheless, consequently, the
developing spot theory should be consisted of principle ideas, which is possible to
explain the mechanisms of typical spot phenomena, its characteristics, and behavior.

An advanced physically closed approach is the present kineticmodel developed by
the author. The kinetics of cathode evaporation adjacent to theKnudsen layer together
with gasdynamic plasmaflow in the dense plasma region and in the expanding plasma
jet was investigated. The model describes the returned fluxes of heavy particles and
determines directly the net erosion of cathode material.
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The main difference between the various published models is that the cathode
potential drop uc was a given parameter, whereas in the kinetic model uc, was calcu-
lated as part of a self-consistent set of equations. The present kinetic model newly
examines the role of the arc voltage at the moment of arc initiation and spot develop-
ment. With increase in self-consistently calculated uc, the spot temperature and the
current density do not increase with time unlimited. This, however, occurs for planar
cathode in case of given plasma spatial (crater) and temporal distribution, when a
constant uc or the constant arc voltage was assumed, for example, in work [74]. The
important issue is the understanding that uc is not constant value in a transient arc
when the first spots were initiated. In the developed arc characterized by multi-spot
regime, the uc decreases to the steady-state value.

For stationary arcs (with hot electrodes or high current arcs), the spot can operate
relatively long time, for example, up tomilliseconds. In this case, the cathode temper-
ature increased with time reaching a state when the input energy is compensated by
the energy losses. Then, the temperature and the self-consistent spot parameters
weakly changed approaching to mostly steady state. The above model allows to
obtain such solutions indicating that the time to reach this state is relatively small (at
order of initial plasma triggered time) of around 10–100 ns depending on cathode
metal and spot parameters.

Another advantage of the present physically closed approach is its ability to derive
two fundamental principle rules. According to the rules, an understanding of the
mechanisms appearing of different spot types observed over long period of time was
developed. Considering the above mechanisms of spot types, it is obvious that the
cathode surface irregularities, the metal melting, and self-organized energy due to
the plasma cathode interaction limit the spot lifetime and its parameters, which of
course can be shorter than the steady-state values. The observed arc voltage oscil-
lations, which are significantly larger at low (near a threshold) current, become
an explanation in frame of the two principle rules derived by the kinetic model
of cathode phenomena of a vacuum arc. The parameters including the low value
cathode potential drop for film cathodes (special type of spots) were calculated, and
an understanding a mechanism of operation of spots at such cathodes is presented.
The kinetic model demonstrates a presence of an adequate theoretical description of
cathode spot on tungsten using virtual cathode eliminating the contradiction between
the large electron emissions while low rate of material evaporation.

The above model is formulated assuming atom ionization equilibrium at the jet
origin. This assumption can be estimated by equation:

d(nv)

dx
= βr ni n

2
0

(
1 − n2

n2
0

)
(*)

From (*), the following condition should be fulfilled v

βr n2
0lr

� 1, n0 is the equilib-

rium charge particle density. This condition for Cu is 10−3 and therefore is fulfilled
due to the large plasma density n0 > 1019 cm−3, low velocity near the cathode v
< 104 cm/s, electron beam relaxation length lr ~ 10−4 cm, and βr = 10−27 cm6/s.
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However, in the general case, when the plasma density deviates from the equilibrium
value (e.g., for metals when there is a large convective flux and low degree of ioniza-
tion), the ion current to the cathode should be determined by the ion density near the
cathode surface in region lr in accordance with the diffusion model (Chap. 16).

Some remarks related to the Kesaev’s experimental data [51]. The cell structure
of cathode spots was observed using simple photographing the image of spots on
moving film only for low melting metals as Hg, In, and Pb with melting point of
−38.83 °C, 157 °C, and 356.7 °C, respectively, and therefore, his result cannot be
applied towide range of highmeltingmaterials. For thesematerials, other researchers
studied the phenomena of spot splitting which obtained different result dependent
on thermophysical properties [75]. Another point related to the current per spot, for
which one used Kesaev’s measurements threshold current Id or 2Id. For Cu was used
for study spot in vacuum the threshold current [51] of 1.6 and 3.2 A, respectively,
[76–79]. It should be noted that Kesaev’s measurements of the threshold current were
conducted for arcs in air atmosphere arcs in order to reach stability data, but not in
vacuum [80]. In addition, themeasured spot current significantly depends on cathode
material properties and surface state and can be much different from the threshold
current [35, 75].
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Chapter 18
Spot Plasma and Plasma Jet

Metallic plasma formed in the cathode spots of a vacuum arc expands into vacuum as
highly ionized and considerably accelerated plasma jets. The jet properties determine
its wide use for different applications [1–4]. Therefore, knowledge of the mecha-
nism of jet origin is an issue, which is important not only as scientific subject, but
also has great practical interest. In this chapter, the progress of the models reported
in the literature and their analysis are presented. Also our own developed ideas
allowed to understanding the nature of the cathode jet formation and its expansion
are considered.

18.1 Plasma Jet Generation and Plasma Expansion. Early
State of the Mechanisms

The presence of vapor or plasma flowwas discovered in nineteenth century appeared
as result of repulsion effects produced in electrical arcs. The early experimental
studies (including Tanberg’s [5] measurements of super sound plasma velocity) as
well as the first discussion of the causes of the force between the electrodes and of the
produced plasma jets in the arcs were provided in Chap. 11. The later experimental
investigation of the vacuum-arc plasma jet and jet velocities was detailed in Chap. 12.
To understand the jet origin, let us summarize the basic early published hypothesizes
in first.

The early attempt to understand of the effects of the supersonic flowwas consisted
from separate propositions. The first is the assumption of unrealistic extremely high
cathode temperature up to 5 × 104 K with following intense cathode vaporization
[5]. Compton 1931 [6, 7] suggested for Hg cathode that an interpretation of the high
pressure is to be found in the existence of an “accommodation coefficient” for ions
which accelerated in the cathode potential drop layer, strike, and were neutralized at
the surface. Risch and Ludi [8] assumed that high-energy plasma flow can be realized
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due to potential energy of multiply ions by their neutralization at the cathode surface
causing the observed force.

Tonks [9] developed the most realistic model. He considered the electron pressure
p = nkTe in a cathode spot plasma taken in account a momentum change due to the
rebounding of plasma electrons from the positive ion sheath covering a negatively
charged electrode. In essence, Tonks used the electron pressure to explain Kobel’s
measurements [10] of the force at the cathode of the Hg arc. However, the plasma
density, electron temperature, and ion current fraction were determined arbitrary, and
he did not discussed the measured supersonic jet velocity as result of the explained
cathode force.

Finkelnburg [11] considered a thermal model of the electrode vapor jets by arcs.
He assumed that the energyWj (W/cm2) for vapor production was transferred to the
surface of either electrode by the incident electrons or positive ions accelerated by
the anode or cathode fall, respectively. The velocity of the electrode vapor jet ejected
perpendicularly from the electrode surface was determined by following expression

V = Wj

λsγ
(18.1)

where λs (Ws/g) and γ (g/cm3) are the specifics heat evaporation and density of
the electrode material. It was indicated that the calculated vapor jet velocities are
in agreement with those measured for mercury sparks by Haynes [12] and for the
high-current carbon arc for which the measurements were conducted by the author. It
should be noted that the energyWj was calculated using certain values of the anode
and cathode falls and with unrealistic assumption that the total incident energy was
spent to the cathode evaporation neglecting the other losses, for example, the cathode
heat conduction loss.

Robson and von Engel [13] considered the ions which moved through dense
vapor taking into account that a fraction of their momentum should be transferred
by the returned particles to the cathode. Using equation of particle conservation with
returned particle flux and measured cathode force, Robson and von Engel estimated
the particle velocity as 104 cm/s that shows rather lower than measured by Tanberg’s
106 cm/s. Also, Robson and Engel [14] indicated that electrons from the cathode
gain energy in the cathode fall, and then their random velocity becomes significant
value due to frequent scattering. As a result, an electron pressure was produced in the
plasma, and this pressure acts the cathode with force calculated as F = 50 dyn/A at j
= 105 A/cm2. The electrons interact with atoms by elastic collisions, with the result
that the evaporating atoms are accelerated away from the cathode by the gradient of
the electron pressure. The atoms move into regions of lower density, and in this way,
a beam of fast atoms was formed, i.e., the jet. Thus, in essence, the authors obtained
also that the plasma jet was produced due to gradient of the electron pressure, close
to that assumed by Tonks [9].

Maecker [15] considered a contraction zone due to self-magnetic axial pressure p,
which produces an axial transport of plasma forming a plasma jet. The mathematical
description includedMaxwell equations formagnetic fieldH and equation of Lorentz
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force FL in form:

rotH = −4π j

c
; FL = 1

c
j × H (18.2)

The pressure is obtained assuming

∂p

∂x
= FL (18.3)

For a uniform channel of radius r0 with current I, and current density j = I/πr20 as
radial dependence

p(r) = I j

c2

(
1 − r2

r20

)
(18.4)

To calculate the plasma velocity v, the equation of hydrodynamics plasma flow was
used in form:

4π j

c
= grad p + ρv grad v and

(v grad) v = grad
v2

2
− v × rot v (18.5)

Taking into account that electromagnetic force for motion along the axis, i.e.,. rot v
= 0, the following expression is obtained:

ρgrad
v2

2
= grad p (18.6)

And for maximal magnetic pressure [from (18.4) at r = r0], the equation for plasma
velocity is:

I j

c
= pmax = ρ j

v2

2
; vmax =

√
2I j

cρ j
(18.7)

where ρ j is the plasma mass density in the expanding jet. The estimation of vmax was
conducted for carbon arc assuming arbitrary ρ j = 10−5g/cm−3. For I = 200 A, 2r
= 2.4 × 10−5cm, the velocity vmax was obtained as 3.5 × 104 cm/s. This value is
about the thermal particle velocity determined taking into account the relatively large
carbon cathode temperature, and therefore, it does not explain the plasma expansion
in a vacuum.

Ecker [16] also developed model of cathode jet formation by plasma contrac-
tion due to self-magnetic field. It was indicated that the effect appeared by small
cylindrical symmetry caused by axial pressure gradient. Ecker extended Maecker’s



728 18 Spot Plasma and Plasma Jet

model taking into account also the sputtering, neutralization, and reflection of the
accelerated ions, as well that the emitted electrons accelerated in the space charge
and deliver their momentum to the contraction zone. These processes were denoted
by last term in the following equation:

ρ̄v2max

2
= − I j

c2
+ ρ̄

∫ (
dv

dt

)
0

ds (18.8)

where ρ̄ is the constant average value of densityρ. The solution of (18.8)was obtained
as function of current I, electron current fraction f , ionization potential ui, cathode
potential drop uc, current density j in form

v2max = 2 j

ρ̄
f (I, j, f, ui , ϕ, uc, ρ̄) (18.9)

Equation (18.9) was obtained for reflected ions with following two cases of ion
coefficient neutralization from the surface a+, and atom accommodation coefficient
an:

(a) a+ = an = 0;
(b) a+ = an = 1;

The maximal velocity was calculated as function of ratio j/ρ̄, and the results
are presented in Fig. 18.1. According to Ecker,s description, the thick lines refer
to the C cathode. For this case at j/ρ̄ < 109 A cm/g the thermal vaporization of
cathode material has lower effect on the plasma jet in comparison with other effects.
For lower range of j/ρ̄, the determining influence comes from the collisions of the
electrons emitted from the cathode and the ions reflected at the cathode. The effect
of the self-magnetic field is subordinate and becomes noticeable only with currents
>100 A. With increasing j/ρ̄, the vaporization eventually predominates completely
in the range >109 A cm/g. The lines for I = 1 and 500 A are separated from one to
other at small values of j/ρ̄, while join together at large values of j/ρ̄.

Fig. 18.1 Velocity vmax of
the plasma jet of Cu and C
cathodes for two limiting
cases a and b plotted versus
the ratio of current density
j and average mass density ρ̄

in the jet [16]
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For Cu cathode, the dependencies are quite similar except that overall picture of
the phenomena which is shifted to smaller values of j/ρ̄. The vaporization already
comes into effect when j/ρ̄ is about 105 A cm/g. Below this range, themain influence
is to be found in the collisions of electrons emitted and ions reflected at the cathode.
The self-magnetic field produces deviations noticeable with high current >100 A. In
case, for 1 and 500 A, the curves join in range >107 A cm/g.

Summarizing Ecker’s work, it can be emphasized a fact of his positive attempt to
studymost of published ideas together in order to compare different effects. However,
a detailed analysis of this model indicates that the calculated results can be consid-
ered as only qualitative dependencies. The model consists of a number of arbitrary
assumptions. It is followed from derivation of some expressions by using the second
term in right side of. (18.8) and by using arbitrary input parameters, such as f =
0.9. It was not discussed what is the range of values of j and others. The influ-
ence of the emitted electrons and space charge layer was provided without details of
plasma parameters. The argument j/ρ̄ of calculated dependences is completely not
understandable due to uncertainty of the value ρ̄ in the jet through its expansion.

18.2 Ion Acceleration Phenomena in Cathode Plasma.
Gradient of Electron Pressure

This section considers further modeling of the plasma acceleration by a force due
to gradient of electron pressure produced in the cathode spot plasma. Based on this
force, the models are distinguished by their interpretation.

18.2.1 Plasma Polarization and an Electric Field Formation

Zeldovich and Raizer [17] have studied the effect of plasma polarization and an elec-
tric field production during a shock-wave generation. In the expanding binary plasma,
small change of ion and electron densities due to their diffusion causes generation of
a high volume charges and high plasma polarization, which prevent the further sepa-
ration of the charge particles. The characteristic length of quasineutrality violation
is Debye radius rd . The charge particle separation has supported thermal motion,
and therefore, the potential drop is about of electron temperature. The electron gas is
strongly compressed in strong jump at a length of mean free pass, which is occurred
due to strong compression of the ion gas. In this case, the potential drop is determined
by the compression work of the electron gas in form [17].

e(ϕ2 − ϕ1) = kTeLn
ρ2

ρ1
(18.10)

According to (18.10) potential difference is about electron energy.
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18.2.2 Ambipolar Mechanism

A model of ambipolar acceleration of the ions was presented by Plyutto [18] for a
spherically expanding plasma of the vacuum sparks and arcs. The mode considers a
high rapidmotion of electrons, which is boundedwith the heavy ions by the Coulomb
force, produced by charges separations. The plasma cloud expands due to electron
gas, and the ions are radially accelerated. This collective process transfers the energy
from electrons to the ions similar to plasma polarization [17] and to the ambipolar
diffusion produced in a sheath at contact of plasma isolated wall [19].

Equations continuity and momentum with electron pressure pe:

v
∂ρ

∂r
+ ρ

∂v

∂r
+ 2vρ

r
= 0

ρv
∂v

∂r
+ ∂pe

∂r
= 0 (18.11)

After conversation:

∂(ρv)

∂r
= −2vρ

r
∂(mv2)

2∂r
= −∂(nkTe)

n∂r
(18.12)

After integration from r0 to r and n0v0 to nv assuming isothermal expansion:

∂(ρv)

∂r
= −2vρ

r
∂(mv2)

2∂r
= −∂(nkTe)

n∂r
(18.13)

Ln
ρv

ρ0v0
= −2Ln

r

r0
or Ln

n

n0
= −2Ln

r

r0
− Ln

v

v0
mv2

2
− mv20

2
= −kTeLn

n

n0
(18.14)

mv2

2
− mv20

2
= kTe( 2Ln

r

r0
+ Ln

v

v0
) (18.15)

Taking in account v � v0, the ion energy Wi is:

mv2

2
= Wi = 4.6 kTe Log

r

r0
(18.16)

Plyutto (see formula (1) in work [18]) obtained formula (18.16). Using electron
energy kTe = 25 eV, Log(r/r0) = 2, he explain the experimental values of Wi as
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230–460 eV. It was indicated that the isothermal expansion was supported by Joule
energy dissipation and due to high heat conduction of the small dense plasma cloud.
The region in which the heavy ions effectively accelerated is close to the cathode
[20].

Hendel and Reboul [21] has developed similar mechanism. They indicated that
during the short period (~1μs) of ion acceleration by space charge, only a negligible
amount of heat could be delivered to the ions by collisions with electrons due to
limited transfer of momentum. Therefore, the energy transfer was assumed to be
adiabatic, and thermodynamic equation was used peVv = nkTe and peV 5/3 = c. As a
result, the ion energy is:

Wi =
Vv2∫

Vv1

pedVv (18.17)

And the ion drift velocity was deduced as:

vi =
(
3kTe
m

)1/2

(18.18)

Thus, this approach shows that the final ion energy being approximately equal to
the electron energy. Equation (18.18) allows to explain the parabolic decrease of the
ion energy from about 2 × 106 to 105 cm/s with the ion mass for materials Al, Sn,
Zn, Sb, and Pb, respectively, from a pulsed arc with Te = 25 eV. Tyulina [22] also
explained the observed plasma velocity by acceleration of the ions at the front of a
plasma cloud by space charge field created by the fast electrons.

18.2.3 Model of Hump Potential

Plyutto et al. [23] developed another interpretation of the mechanism of ion accelera-
tion in vacuum arc due to gradient of electron pressure. They assume the presence of
a large electron density in the cathode spot region, in which the vapor of the cathode
metal is ionized and multiply charged ions are generated. The electron density ne
decreases in all directions away from the peak density, causing a potential peak, or
hump, of significant value to occur in the cathode spot plasma region. The ions are
accelerated then by ambipolarmechanismwith humppotential that ismathematically
formulated by following equations.

The equation of motion of the electrons is:

meneve
dve
dx

= −d(nekTe)

dx
+ ene

dϕp

dx
− Rsor (18.19)



732 18 Spot Plasma and Plasma Jet

Using isothermal condition, neglecting the convective terms and the ion–electron
friction Rsor, it can be obtained

kTe
e

d(ne)

nedx
= dϕp

dx
(18.20)

Since the plasma density decreased in both directions to the cathode and from
the cathode as plasma jet, maximal electron density ne0 is produced near the surface.
After integration in the jet direction, the formula presented in work [23] was derived
as:

ϕp0 − ϕp = kTe
e

Ln
ne0
ne

(18.21)

Formula (18.21) indicated the maximal plasma potential ϕp0 that can exceed
significantly the cathode potential drop. According to the work [23] for kTe~5–8 eV
and Ln(ne0/n) = 3, ϕp0–ϕp = 20–40 V.

Davis and Miller [24], also postulate a mechanism for the acceleration of ions,
which move under potentials greater than the arc voltage. They presented a model
of hump potential with following model. The electrons gain energy from the electric
field and ionize the emitted neutrals from the cathode at an average electron energy
which reached a certain value. The onset of ionization produces a sharp rise in the
local positive ion density. The rate of production of ions reaches a peak at some
location and then falls with distance from the cathode. The decrease of ionization
rate occurs because the electrons have yielded up much of their energy and also due
to decreasing of the density of neutrals with distance from the cathode spot.

As the electrons have a much higher average velocity than the ions, they tend
to flow out of the region of production much faster than the ions. This results in a
net local surplus of positive ions, which creates a potential maximum (hump) in this
region. As this potential hump increases in magnitude, the electrons are slowed and
the positive ions are accelerated until the net charge loss rates of ions and electrons
are equal (i.e., an ambipolar diffusion-controlled process). Thus, in the steady state,
new ions are produced in location of the potential hump, and therefore, these ions
must possess energies at least as great as the potential at which they were created.
The authors indicated that the model of a potential hump explains their observation
that the ion energy distributions of the various ions are quite similar if the energies
are given in electron volts/unit charge.
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18.3 Plasma Jet Formation by Model of Explosive Electron
Emission

According to study of the phenomena of explosive electron emission, the speed
of glow boundary motion appeared to be independent on voltage pulse duration
and remained approximately constant during plasma motion within range of (2–
3) × 106 cm/s. To describe this plasma motion, Mesyats [25] used the model of
adiabatic expansion in vacuum [17]) for 1 ns after explosion. In this case, the velocity
determined by the energy accumulated in the cathode protrusion derived in form:

v =
√

4γ

γ − 1
ηε0 (18.22)

where γ is the adiabatic exponent, η is the metal superheat factor, and ε is the specific
heat of metal sublimation. Using η = 2–5, γ = 5/3, the calculation show v = (1–2)×
106 cm/s, which is in good agreement with the measured value. Litvinov [26] used
Zeldovich model and (18.22) to describe the flare explosion. Also, Litvinov et al.
[27] calculated this same value of v ~2 × 106 cm/s for Al, Cu, Mo, and W and v =
(0.5–1) × 106 cm/s for Pb studying (18.21) and (18.22).

The further study [28, 29] of the explosive plasma expansion into a vacuum takes
in account the influence of the electron pressure gradient, which is in accordance
with the Plyutto model [18]. In this case, instead of the energy accumulated in the
condensed phase, the Joule energy dissipation in the plasma plume was taken into
account. As a result, an increase of the electron plasma pressure is occurred. It was
assumed that the velocity of expanding plasma is due to the thermal explosion of the
emission center (EC), and it is equal to the velocity of the vacuum-arc cathode jet.
The final expression for the jet velocity was obtained in form [28, 30]:

v = 2

γ − 1

√
γ
kTi + ZkTe

m
(18.23)

It can be seen that (18.23) describes the plasma sound speed at electron tempera-
ture. Using results of magneto-hydrodynamic calculation for exploding wires [31].
Loskutov et al. [32] studied the expanding plasma produced by explosion of an
emission center. The initial stage of the explosion of a field electron emitter has
been studied considering transition of the state of the material through several phase
stages. 2D plasma expansion was described using combination of 1D equations of
MHD flow for a cylindrical symmetry with r-axis, and 1D hydrodynamic equation
for planar case in direction of z-axis coincides with the emitter direction, divided into
layers along the z-axis, in which the current flows. The calculations for Cu include a
number of input parameters such as tip radius, taper angles, rate of current rise, and
others. According to the calculations, the velocity of plasma expansion was obtained
in range of (2–3) × 106 cm/s, and with rate of current rise of 109 A/s, the explosion
of the tip occurs in 1.5 ns.
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18.4 Ion Acceleration and Plasma Instabilities

Some hypothesizes were published, in according to which the cathode jet formation
in an arc occurs due to collective plasma processes. Aref’ev et al. [33] considered
an anomaly scattering of emission of the electron beam accelerated in the space
charge sheath by its interaction with the plasma oscillations. Two kinds of instabil-
ities develop by such interaction: (i) ion-sound caused by beam motion relatively
the plasma ions and (ii) beam instability caused by beam motion relatively the slow
plasma electrons. The study of the instabilities conducted using gasdynamic system
of equation taking into account the turbulent friction force in the momentum equa-
tion and Poisson equation for self-consistent electric field. However, the analysis
conductedwithout accounting collisions between the charged particles, which signif-
icantly change the condition of electron beam relaxation, and which are important
in the dense plasma of the cathode spot.

Aksenov et al. [34, 35] studied anothermechanism of cathode plasma acceleration
caused by Buneman instability. Buneman [36] initially showed that directed electron
energy is dissipated in a plasma into random energy by “collective interactions”
with the ions. A mechanism for the buildup of bunches from small fluctuations was
described briefly by estimating that the initial electron drift can be destroyed within
some tens of plasma periods. In the further detailed study, Buneman [37] showed that
the growth of a local disturbance in the mentioned phenomena takes place without
effective propagation. The turbulent flow pattern created under nonlinear conditions
was calculated numerically, demonstrating the tendency toward randomization of the
initial drift energy for wide plasma conditions. The effect stops process of “runaway”
in about 100 plasma periods, after which there is “plasma heating” by “collective
interaction.” This instability [38] occurs when the current exceed a critical value, and
then, the electrostatic field perturbations increase exponentially. The authors [34, 35]
try to explain the large kinetic energy and wide energy spectrum of the ions, which
were measured in the discharge with a long interelectrode gap.

Alterkop et al. [39] conducted a consistent theoretical analysis of the conditions
for excitation of the Buneman instability and its influence on parameters of the
cathode plasma jet. The analysis shows that the perturbation leads to the relative
change of drift velocity which is 5 × 10−2 of electron temperature is 0.2 which can
be understood due to Buneman instability. However, as the condition of exciting this
kind of instability occurs at relatively low plasma density, this mechanism can be
considered only at distance far from the cathode at which the plasma jet already was
accelerated.
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18.5 Gasdynamic Approach of Cathode Jet Acceleration

As the plasma pressure in the spot and in the initial part of expanding cathodic jet is
significantly large (according to the experiment and calculations), the plasma flow is
allowed to be considered in a gasdynamic approximation. In first, the model consid-
ered in simple formof integral equations, and then, the study of plasmaflowdescribed
the distribution of plasma parameters using a system of differential equations.

18.5.1 Basic Equations of Plasma Acceleration

Let us consider the gasdynamic system of equation neglecting the influence of
thermal and ionization terms for simplicity and principle analyzing of the acceleration
mechanism in following form:

Equation of mass conservation:

d

dx
[Sa(minivi + meneve)] = 0 (18.24)

Momentum equations for ions and electrons

meneveSa
dve
dx

= −d(SanekTe)

dx
+ eneSa

dϕp

dx
− Rsor (18.25)

mini vi Sa
dvi
dx

= −d(Sani kT )

dx
− Zieni Sa

dϕp

dx
+ Rsor (18.26)

where is the ion charge state, Rsor is the ion-electron friction, Te, T are the tempera-
tures of electrons and ions, respectively. Equations (18.24)–(18.26) should be closed
by a quasineutrality condition. When adding (18.24)–(18.26) and also neglecting the
small terms due to me � m and Te � T, we obtain:

mnivi S
dvi
dx

= −d(SnekTe)

dx
+ e(ne − Zni )S

dϕp

dx
(18.27)

Taking into account the quasineutrality ne = Zni = n, vi = v and G = mnvS,
where S is the cross-sectional area of the expanding jet, after integration from the
spot (index “0”) up to distance x, the equation is

G(vx − v0) = −(Sx px − S0 p0) (18.28)

As vx � v0, due to small velocity v0 in the dense spot plasma with pressure p0
and p0 � px, the expansion in vacuum (18.28) is:

Gvx = S0 p0 (18.29)
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Equation of energy conservation in integral form:

G
v2x
2

= I u p (18.30)

Taking into account the parameter ς = eG
mI (see (16.23) from Chap. 16), (18.30)

can be presented as:

mv2x
2

= Wx = eu p

ς
(18.31)

Equations (18.30) and (18.31) allow to calculate the velocity of accelerated
cathode material eroded in plasma form. Thus, the cathode spot can be considered
as a microplasma accelerator, and the value of ς is the exchange parameter which
indicated the cathode erosion rate ratio to the electron current, i.e., the degree of
electron energy transfer to the ions [40].

18.5.2 Gasdynamic Mechanism. Energy Dissipation
in Expanding Plasma

Equation (18.31) was used by Lyubimov [41, 42] to explain themechanism of plasma
acceleration in cathode jet of a vacuum arc considering the plasma region between
external boundary of space charge sheath and a boundary at which the plasma particle
collisions are disappeared. The analysis shows that the jet can be accelerated due
to energy dissipation current I in the considered region with plasma voltage of up,
and with relatively small up ~1 V. To understand this point, let us calculate the
plasma voltage up for cathode materials analyzed in [41] using (18.31). The results
are presented in Table 18.1 mainly for the experimental data of Plyutto [23] as well
as for data obtained by Tamberg [5] and Eckhardt [43, 44]. The calculation shows
that the request values of up for jet acceleration to the measured energy are very
low and are in range of 0.3–2.6 V for different cathode materials. These values
of up significantly lower even than that measured and which can be obtained by
difference between arc voltage uarc and the cathode potential drop as up = uarc – uc.
The estimation, for example, for Ag, Cu, Al, Zn, and Mg is 4, 5, 5, 2.5, and 3 V,
respectively [45].

The significant difference of calculated up from the measured values is not under-
standable and indicates a necessity of a further studies. Moreover, some estima-
tions conducted by Lyubimov [42] indicate that the momentum equation like (18.29)
cannot be satisfied using the parameters calculated for dense plasma in the cathode
spot. It can be assumed that the calculated values up can be different from real values
due to some additional energy losses appeared through the arcing. All this should be
studied considering the cathode phenomena by self-consistent approach.
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Table 18.1 Results of calculation of parameter ζ and plasma voltage up using Plyutto et al. data
[23] for I = 300 A

Material Arc
voltage, u

Erosion
plasma G ×
10−5 μg/C

Velocity ×
105 cm/s

Energy W,
eV

Ai Parameter

ς =
105G(g/C)

Ai

up = ζW,
V

Mg,
170 A

15.0 4.2 8.8 9.5 24 0.175 1.66

Al 20.8 6 6.5 5.8 27 0.222 1.3

Ni 19.6 5 7 15 59 0.085 1.27

Cu 20.0 6.5 7.8 20 64 0.102 2.0

Ag 17.8 7.2 8.4 39 108 0.0667 2.6

Zn 12.5 16 2.3 2.2 65 0.244 0.54

Cd,
170 A

11.1 31 1.8 1.9 112 0.277 0.53

Hg 10 1 7.5 56.25 200 0.005 0.28

Cu*, I =
32A

1.53 13.1 53.6 64 0.024 1.28

The data for Hg are measurement observed by Eckhardt [43, 44]. Data for Cu* obtained by Tanberg
[5]

The contradiction followed using momentum equation, stimulated Zektser and
Lyubimov [46] to consider the gasdynamic system of equations to describe the distri-
bution parameters of the plasma jet expanding from the region of cathode spot. The
system equations include the particle flux, momentum, and energy fluxes conser-
vations presented in differential form. The plasma parameters were calculated as
dependencies on distance x from the cathode surface. The spot assumed as circular
form, and a truncated cone approximated the jet geometry. The boundary conditions
were pressure p = 0, density n = na + ni + ne = 0, electric field E = 0 at distance
far from the cathode x = ∞.

The initial cross section of the jet (x = 0) was located at outer boundary of
the space charge sheath of the cathode. The system of equations characterized the
spot parameters that were taken according to Beilis model [47]. The solution for
I = 300 A, uc = 15 V, and G = 1.6 × 10−2 g/c is presented in Table 18.2. The
author concluded about agreement between calculated and the experimental jet data.
However, detailed analysis of the model and results of calculation presented by
Zektser and Lyubimov [46] for Cu brings us to the conclusion that this work consists
of a number of contradictions, which is important to discuss:

Table 18.2 Results of calculations obtained by the model of work [46]

Material j, A/cm2 TsK nT , cm−3 α Te, eV v0 , cm/s v∞, cm/s u, V

Cu 3 × 104 3573 2.4 × 1017 0.95 3.84 6.2 × 104 0.97 × 106 19
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(1) First of all, estimation of ion current fraction si from used formula si =
enTαviT /4/j = 0.03, i.e., significantly low and not consist with that calculated
from the spot theory.

(2) At this low si, the cathode temperature calculated from cathode balance (18.16
[46]) does not exceed 260 °C which � Ts in Table 18.2. Also, the electric field
at the cathode surface is also very low at this si and cannot influence in the
cathode sheath.

(3) The plasma velocity in the spot v0 was calculated to be significantly lower than
thermal velocity, and therefore, the near-cathode pressure should correspond
to the saturated pressure at the cathode temperature. However, the calculated
pressure of saturated vapor at Ts = 3573 K [46] is about 2 × 107 bar which
exceeds the pressure obtained from the calculated plasma data, nTkTs = 2 ×
105 bar, i.e., by two orders of magnitude.

(4) At the calculated plasma density of about 1017 cm−3, the electron beam relax-
ation length is ~10−2 cm, while at this length the jet structure is highly non-
uniform according to Fig. 3 from work [46]. It was indicated that the jet is
accelerated to the sonic velocity in distance ~5 × 10−4 cm, and over the same
distance, there are sharp changes in the electron temperature and the particle
density. This means that the significant plasma acceleration and parameters
change occur in region significantly lower than particle collisions of charge
particles (~10−3 cm for Te = 3–4 eV) or charge exchange (~5 × 10−4 cm), i.e.,
in almost collisionless plasma. The sound velocity was reached at distance ~5×
10−4 cm and the measured velocity of 106 cm/s at distance ~10−2 cm from the
cathode surface, i.e., inside of the cathode spot size (spot radius rs = 6 × 10−2

cm).

Thus, the problem was not solved in work [46]. One of reasons of weakness in
the mathematical formulation is related to the assumption of zero plasma parameters
of the jet far from the cathode surface. At first, such conditions can be satisfied by
different parameters occurred in the dense spot region depending on the character of
plasma expanding in vacuum and location of the critical cross section. Secondly, the
plasma parameters can be different from zero at significant distance from the cathode.
Additional analysis of the work [46] brings to conclusion that model formulation was
erroneous, and the solution consists of calculating errors.

In general case, the solutions found for the different regions such as spot and
expanding plasma jet must be matched at some boundary between the regions. An
attempt to study this matching was provided by Beilis [48] considering a consistent
solution for system of equations which described the plasma in the cathode spot [47]
together with (18.29)–(18.30). The possibility of such matching was demonstrated
by an analysis of the space charge sheath, electric field at the cathode surface, and the
thermophysical properties of the cathode material including the pressure of saturated
vapor at the cathode temperature [48]. As a result, this analysis allows understanding
the formulation of a correct boundary conditions at the cathode side as it is the main
requirement defining the expanding plasma flow in the jet. Before formulation of
these conditions, let us consider the published models in which a condition of sound
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speed of the plasma was taken at the cathode side to study the flow of the cathode
jet.

18.5.3 Jet Expansion with Sound Speed as Boundary
Condition at the Cathode Side

Harris [49]wasfirst to use the sound speed as boundary conditions.He assumed sound
velocity of the ions expanding from the ionization zone in direction to the anode (see
Chap. 15). In contrast to the above conical case [46], Moizhes and Nemchinsky [50,
51] developed gasdynamic model using spherical approximation of the plasma jet
expansion. The boundary conditions were given at hemisphere with a radius equal
to the spot radius using experimental data or some arbitrary estimation. However,
these conditions do not correspond to the cathode surface parameters solved with
the equations for cathode body. In this case, a problem appeared, due to uncertainty
between calculated and parameters given from experiment. It should be also noted
that the measured parameters are determined by the experimental conditions, which
cause low accuracy due to spread of the measurements. The sound speed was taken
as condition in the hemisphere (spot), while it is known the plasma flow is subsonic
in the spot near the cathode surface (Chaps. 16 and 17).

Wieckert [52] studied expansion of the cathode spot plasma in vacuum arc consid-
ering stationary, quasione-dimensional two-fluids model with isothermal or cold ion
plasmas. The description starts outside the ionization region at constant area As of a
cross section determined by spot radius rs and by given function A(x) in expansion
direction x as

A(x) = πr2s + Ωx2s (18.32)

The form (18.32) indicates that for large values of x, the expansion becomes
asymptotically spherically symmetric in solid angle. Equations (18.25) and (18.26)
combined together with energy equation for electrons and ions were evaluated in
order to determine the ion acceleration by the pressure gradient force. This force
acts in two ways: (i) in form of electric field responding to the potential hump
and (ii) via the electron–ion friction due to collisions of the charged particles. The
electron pressure depends on electron temperature that is determined by Joule energy
dissipation, i.e., Iup (similar to work [41]). The above equations were reduced to a
form dependent on Mach number M describing the flow with a critical point given
at the ion sound speed. The system of equations integrated taking into account that
a critical point is existed.

The solution was studied for given values of I, j, ji, Z and for a certain value
of ratio of electron-to-ion temperature. As an example, the problem was solved for
Cu cathode at I = 20 A, current density 5 × 105 A/cm2, ion current of 1 A, and
electron temperature Te = 1.5 eV. The dependence of Mach number on distance x
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was obtained with a given boundary value ofM0. It was shown that the transition of
the plasma flow to supersonic regime can be realized for M0 >0.5. The calculations
also show thatM0 decreased with Te, which is used at the critical point as parameter.
However, in all cases of the experimental value of super speed (106 cm/s), the plasma
flow was reached at distance of about 1 cm where the collisions cease. This means
that the Joule energy is relatively small in the region near the cathode. It reached the
value requested for acceleration only at distance of 1 cm.

A more detailed analysis of above-formulated model was conducted in the next
work by Wieckert [53] taking into account the ions of different charges and wider
range of input parameter. The asymptotic mean ion charge state Z, ion energy Ei∞
at x = 1 cm, hump potential location, and its height were studied for Cu, Al, and Ti
in the region of j = 5 × 105–107 A/cm2 and current I = 20 and 200 A. It was shown
that the Z and Ei∞ are higher for Ti and lowest for Al and for larger I and j. The hump
potential strongly increased with j and weakly depended on cathode material. The
present research is useful not just for principle view of the basic dependences, but
also for achieving the complete understanding of the self-consistent investigations
of the spot parameters and cathode plasma expansion.

Krinberg et al. [54] considered the spherical expansion of fully ionized plasma
in the supersonic region of the cathode plasma by the given critical conditions at a
sphere of certain radius r*. The system of equations like (18.24)–(18.26) and plasma
energy balance were used with Ti = 0, taking into account the heat flux from the
plasma. The solution was analyzed from the critical sphere chosen at r* to a distance
x = ∝ far from the r*. A preliminary study was conducted for boundary condition at
x = ∝ as Te → 0 and n → 0 except the sound speed at r*. The solution was provided
at small region (0.8r*) in direction to the cathode and in direction of the expanding
jet up to 105r*. It was shown that some influence of the heat flux from the plasma
on the electron temperature and weakly on the expanding ion energy. The plasma
jet of a vacuum arc was described using additional boundary condition including the
value of sphere radius r0, (assumed equal to spot radius) solid angle  in which the
plasma expanded, current I, the ratio of electron to the ion current γ r , average ion
charge Z, and also ratio I/2r0 = 104 A/cm.

Using the above parameters and conditions, the calculations were conducted and a
discussion with comparison to the experimental data was provided. The research can
be useful regarding to the analysis of different near-cathode processes, estimation
of their importance and to generally considering of the problem. However, the main
deficiency is the uncertainty of the boundary conditions which most of them were
given from measurements far from the cathode (γ r , Z), and also wide scattering of
data related to the spot parameters, such as spot radius, plasma density, and tempera-
ture. The assumption of zero values of the plasma jet parameters at distance far from
the critical section can be not satisfied even at expanding into vacuum (see above). In
addition, such condition may be not correct as they correspond to multiple and not a
unique solution at the point, in which the jet is generated. Therefore, the calculations
can be considered as qualitative results that sometime cannot be adequate to reflect
the problem.
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The above model was continued to be developed by Krinberg [55] in order to
describe acceleration of different ion charges in cathodic plasma expansion. The
mathematical formulation took in account the force due to gradient of electron pres-
sure in the cathode plasma, which is heated by Joule energy dissipation. The ion
heating is due to interaction with the hot electrons, which is proportional to the differ-
ence temperatures between electrons Te and ions T and depended on ion charge state
Z by standard following expression:

QT = 3
〈
Z2

〉
mene

mτe
(Te − T ) (18.33)

The equations described the flow transition through the sound speed vsn were
derived taking the expression vsn = (5〈Z〉Te/3 m)0.5, i.e., also depend on Z. The
resulting equations were obtained in form of dependences of Mach number M and
Te on distance (i.e., on ratio r/rs) from the critical section at the spot radius rs. The
calculations show thatM increases and are saturated from 3.42 to 3.57 when the ratio
r/rs increases from 103 to 105. The value of rs was taken arbitrary as about 1–3 μm.
Thus, even for this small value of rs, the jet velocity increases to the measured value
of 106 cm at distance of about 1 cm. Again, this result is consequent of assumption
of electron heating by Joule energy dissipation.

According to the model [55], the main reason of deviation of each ion charge
velocity from the plasma velocity is: (i) the effect of density gradient, (ii) the depen-
dence of the accelerated rate in an electric field on difference ion charge Zk , and
(iii) the dependence of the ion–electron frictional force on Z2

k . The calculated results
show that the ion velocities of different species in low-current vacuum arcs were
different by about 1%. This conclusion agreed with the measured data indicated
weak dependence of the ion velocity on the ion charge [56, 57].

A similar spherical formulation of the problem was used to study the expanding
cathode jet at the transition zone to supersonic flow [58]. It was described a region
in the initial part of plasma flow where the charge particle density has a maximum
and the ions move in the direction opposite to the plasma flow. In general, the ion
flux from the plasma supports the spot existence, but the location where this flux
is formed should be determined by immediately near the surface and not in the
transition region, where the plasma velocity is equal or larger than thermal velocity
of the ions. Also, using data (γ r , Z) that measured far from the investigated point
can bring to contradicted result.

In another work [59], the authors developed model, in which the cathode plasma
parameters were estimated using data of multi-charged ion state. The cathode spot
parameters were calculated using the measurements of ion charge state [60], Saha
equations, and results of jet expansion indicating a relation between parameters in
critical section and at external part of the jet. The procedure consists in following.
First, the relation between the electron temperature Te and ratio of I/d (d is the spot
diameter), as well between plasma density n and ratio of I/d, was obtained in the
critical section of expanding cathode plasma. Then Te and n were calculated from
Saha equation by substituting the measured charge-state distribution. Using these
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data and their above relation with I/d, the spot parameters including also the current
density, spot sizes, and spot currentwere obtained forwide range of cathodematerials
in range of Te = 4–10 eV, n = 1020–1022 cm2, I = 0.5–1 A, and j = (1–30) × 1012

A/cm2. It should be noted, that correctness of the procedure of this research is not
obvious due to assumption of freezing the charge state and Te, as well due to number
of assumptions by modeling the spherical cathode plasma expansion. Therefore, no
wonder that the calculated values such as spot currents (1 A) or current density (109

A/cm2) look doubtful for cathodes including Cu, Fe and for refractory materials as
Ta, Nb, Mo, W (plasma density 1022 cm−3) considering the steady-state plasma jet
expansion.

Considering the published models of the cathode plasma jet, Hantzsche [61–
64] summarized the remained open questions and emphasizes what is the strength
of the different forces and what are their quantitative contribution to the final ion
energy. In order to understand these questions, a mathematical model was developed
assuming stationary spherical fully ionized plasma expansion characterized by an
averaged charge state. The spot was modeled as a point source of plasma, which
radially expand with radius r � rs. The used equations are like the system (18.23)–
(18.25) with dependence on r, to which added by the energy flux equations for
electrons and ions. The system of equations was presented in form, which allows to
estimate the contribution by electric field, by frictions due to different velocities of the
electrons and ions, as well by energy transfer due to elastic electron–ion interactions,
like (18.33). The system of equations was solved analytically for the jet region much
larger than the critical section using an asymptotic power series. The distribution
of plasma parameters and ion energy distribution were obtained from this solution
using experimental data for Z, I i/I and the asymptotic ion energy E∝ for given value
of current I. The electron and ion temperatures and ion energy distribution were
calculated as dependence of parameter r/I (in range 0–104 μm/A). The results of
these calculations were used to study the contribution of different forces in the ion
acceleration considering the momentum equation of the ions in form:

dEi

dr
= ZeE − dT

dr
− T

ne

dne
dr

+ e(ve − vi )Z
e2ne
σ

+ c0Z
d(Te)

dr
(18.34)

The analysis of (18.34) for copper (E∝ = 100 V, Z = 1.8, I i/I = 0.08, c0 = 0.71)
shows that the ion kinetic energy (left term) is increased by electric field (first term,
~30%), by the ion pressure gradient (second term ~15%, T is the ion temperature),
and by the friction between electrons and ions (fourth and fifth terms ~55%). Note
that, the electric field, which has the opposite direction in the plasma expansion zone,
forming a potential hump (possible up to 10–15 V above the asymptotic potential in
direction to the anode [64]) near the cathode spot. The percentages are indicated for
the case without effect of plasma heat conduction and for Te 	= T [63]. Some redistri-
bution of different forces was shown when taking into account the heat conduction,
convection terms, and for isothermal condition. In order to investigate more carefully
the dependence of the plasma parameters on arc current, the revised model [65] took
in account the variability of the Coulomb logarithm and an influence of the boundary
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conditions depended on spot current. The author indicated that although some influ-
ence of the new input parameter, the formerly derived results and conclusions relating
to the expanding plasma remain valid with only minor numerical changes. It should
be noted that the mechanism of ion acceleration due to gradient of particle pressures
and friction is obviously understandable. However, the electric field mechanism of
quasineutral plasma is requested to be explained.

Afanas’ev et al. [66–68] developed an analytical model of the vacuum-arc cathode
plasma jet.Aparaxial approximationwas used to obtain the solutionof hydrodynamic
equation. This approach was developed for quasistationary axially symmetrical
plasma jet and one-fluid isothermal hydrodynamic flowwithout taking in account the
viscosity, heat conductivity, and radiation. The plasma jet has to pass through a crit-
ical cross section (with sound speed) using a certain relationships between the plasma
parameters. The paraxial approximation means description of a narrow plasma jet.
Formation of the jet boundary was assumed by the self-magnetic field. The boundary
between the plasma flow and the vacuum is considered as a free one with condition:
zero normal components of velocity, current density, and pressure at some boundary
r. The condition of zero pressure assumed absence of a drop ofmagnetic field passing
the boundary, i.e., absence of surface currents. Three independent parameters were
given in critical cross section, which are the temperature, the average ion charge, and
the potential drop between the cathode and the critical point in the jet.

A set of calculations from the critical point (z = 0) were present in direction to
the anode, i.e., in direction of plasma acceleration, as well as in direction (z < 0)
to the cathode. The integration of derived system of equations was conducted for
given I = 20, 50, and 100 A and for series given with the mean ion charges and
temperatures. The results of the axial values of density, temperature, and potential
drop in direction to the cathode were obtained for I = 50 A, T = 5.3 V, and Z
= 3.5. Some difficulties of comparison of the calculated distribution of the plasma
parameters with the published measurements were discussed. The authors [66, 67]
indicated that the model allows calculating distribution of the jet plasma parameters
only at distance of several millimeters from the cathode surface, while the measure-
ments were conducted at great distance, more than 10 cm. This same is related to the
integral characteristics of the arc, in particular, using the voltage measured at low
current ~30 A in a short arc. At z < 0, the calculations can be provided correctly only
up to distance of half spot radius which is sufficiently far from the cathode surface.
Although the mentioned lacks use of a number of free parameters, the model allowed
to understand a general tendency of the plasma parameters dependencies, the critical
cross section, the presence of a hump potential of several values of the temperature,
and others.

A series of mathematical approaches to understand the arc plasma expansion
was developed by Keidar et al. [69, 70] and by Beilis et al. [71]. 2D jet expansion
of supersonic plasma was considered as modeling of the free boundary formed in
radial direction of the expanding jet. It was studied that the arc plasma for disk
electrodes and plasma flow through ring anode. It was shown that a conical shape
of the jet is produced with parabolic radial profile, which depends on strength of
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superposed magnetic field. The model description and the results of calculations
were summarized [4].

18.6 Self-consistent Study of Plasma Expansion in the Spot
and Jet Regions

Let us consider the system of equations and the boundary conditions for self-
consistent processes by modeling of the boundary spot-jet plasma and plasma flow
in the accelerated region.

18.6.1 Spot-Jet Transition and Plasma Flow

Let us consider the problem taking into account the described spot models (Chaps. 16
and 17). It is known that the cathode spot is a source of a high-velocity plasma jet.
Within the vaporization model for flat and smooth surface, high-intensity energy
dissipation takes place in the plasma and at the surface. The near-cathode plasma
flow is strongly collision dominated, and the ions in the expanding plasma capture a
considerable fraction of the electron momentum and energy. The high-plasma flux is
a result of the high pressure at the surface. As the energy dissipation region (i.e., zone
of the electron beam relaxation) is much smaller than the spot radius, a reaction force
is generated perpendicular to the cathode surface. Therefore, within the circular spot,
the radial plasma gradient is smaller than the gradient in perpendicular direction. As
a result, a one-dimensional flow of eroded cathode material is formed at a distance of
order of spot radius from the cathode, and a jet is thus created. At increasing distance
from the cathode, the plasma expands, and the velocity of the plasma increases.
As justification of jet shape of the expanding cathode plasma, it can adduce the
experimental fact that jet has an elongated shape [72].

The plasma is accelerated by several mechanisms [40]. Number of papers
described the arc jet expansion [23, 47, 53, 55, 63]. Firstly, this is the pressure
of the heavy particles near the cathode surface. Secondly, the electron pressure acts
because of the difference between the electron and ion temperature. The first and the
second terms are components of the thermal mechanism, in which the enthalpy of the
particles is transformed into kinetic energy. The energy is acquired by the electrons
in the electric field at the cathode surface and then transferred to the heavy particles
by elastic collisions. Here, we should emphasize that, in the light of the above model,
the boundary conditions defined by the presence of a high-intensity energy source at
the cathode are of great importance in order to generate a jet, contrary to “classical”
jet flow, which is determined by nozzle geometry [73].
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18.6.2 System of Equations for Cathode Plasma Flow

Let us consider the problem of cathode jet issuing into vacuum in the gasdynamic
approximation [74, 75]. The system of equations corresponds to an averaging of the
parameters in the plane of a transverse section of the jet. Here, the distribution of the
parameters assumed to be nearly uniform in the core of the section. The transition
zone at the periphery of the jet is assumed narrow and is replaced by a discontinuity
of the parameters, with the assumption that the pressure and the normal component
of the electric field are zero on the outside of this discontinuity. For this formulation
of the problem, the system of equations reduces to following differential equations
[75]:

1. Equations of continuity, momentum, and energy of heavy particle flow:

d

dx
(mnT vF) = 0; nT = na + ni ; Ta = Ti = T (18.35)

d

dx
(pF + Gv) = eEpl F(ni − ne); p = nT T + neTe; (18.36)

2nT vk
dT

dx
= vkT

dnT
dx

+ evni Epl + 3εne
τe

k(Te − T );

ε = me

m
; τ−1

e =
[
niveT

(
1 + naσea

niσei

)]
(18.37)

2. Electron energy:

[
3

2
nev + 3.2 je

e

]
k
dTe
dx

= uc
F

d( jbF)

dx
+ j E pl − ui

F

d(nivF)

dx

− nekTe
F

d(vF)

dx
− 3εne

τe
k(Te − T ); (18.38)

3. Ion continuity:

1

F

di
dx

(nivF) = Se; Se = βi ni na − βr nin
2
e (18.39)

4. Electron continuity:

1

F

d

dx
( jeF) = −eSe + jb; jb = jb0Exp

⎡
⎣−

x∫
0

(naσi + (ne + ni )σc)dx

⎤
⎦
(18.40)
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5. Equation of electric field:

ε0

F

d

dx
(Epl F) = e(ni − ne) (18.41)

6. Ohm’s law in the plasma jet:

je = σel

[
Epl − 1

ene

d

dx
(nekTe)

]
+ evne; j = evene − evni + jb (18.42)

7. Equation of total current:

I = j (x).F(x) (18.43)

here F is the cross section of the jet, which is always a function of the distance x
from the cathode surface, jb0 is the beam of emission electron current density at x
= 0, nT is the heavy particle density in plasma jet, τ e is the effective time collision
between electron–ion and electron–atom, β i and βr are the coefficients of ionization
and recombination, respectively, σ i and σ c–are the cross sections of atom ionization
and Coulomb collisions, respectively, ε0 is the vacuum permittivity, and ui is the
atomic ionization energy.

Inwriting the gasdynamic (18.38) and (18.40) for the electrons, it is accounted that
there are two kinds of electrons, namely low-energy plasma electrons and electrons
emitted from the cathode and accelerated in the space charge sheath. The beam
electrons (jb) are assumed to be monoenergetic with energy equal to the cathode
potential drop. The scattered beamelectrons are assumed to relax instantaneously into
plasma electrons. This permits the use of the gasdynamic equations for the electrons
[with allowance for the corresponding influx of energy from the accelerated beam
electrons in (18.38)] everywhere outside the Knudsen layer for the heavy particles,
even in the beam relaxation region, which is non-equilibrium with respect to the
electron beam.

In general, the plasma near the electrodes is quasineutral, and only a small devia-
tion from quasineutrality is possible. However, in the equations considered, the terms
proportional to the space charge density were taken in account in order to have the
possibility of matching the solution for the collisional region near the cathode with
the solution in the region far from the cathode, where the particles move mostly
without collisions. In the quasineutral (ne = ni) region, the Epl can be determined
from (18.42). For simplicity, only single ionization was assumed. In order to describe
multi-charged ions, the system of equations should be extended by adding mass
continuity equations for each higher ionized state. Estimation shows that the vapor
is single ionized immediately near a Cu cathode surface [47], and the multi-charged
ions appear far from the electron beam relaxation zone at a distance where the plasma
density is sufficiently reduced.
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18.6.3 Plasma Jet and Boundary Conditions

In formulating the boundary conditions for system (18.35)–(18.41), it is necessary
to take into account the change in the parameters in Knudsen layer for the heavy
particles. Under the investigated conditions, the Knudsen layer extends a distance
of the order of the mean free path of an ion. Structurally, it consists of space charge
sheath, smaller in extent than the mean free path of an ion, and a quasineutral outer
part. Analysis of the distribution of the parameters in such layer shows that ultimately
there exist a number of relations among the gasdynamic parameters of the plasma
at the outer boundary of the layer, the temperature, and physical constants of the
cathode, and the cathode’s potential drop [76].

According to above kinetic model (see Chap. 17), the boundary conditions follow
from analysis of the Knudsen layer for the near-cathode plasma. The parameters
at outer boundary of this layer were obtained assuming that the degree of atom
ionization at this boundary corresponds to an equilibrium at the electron temperature
that satisfied the integrated energy balance in the electron beam relaxation zone (in
essence, theKnudsen layer for emitted electron beam). Thus, the boundary conditions
for the system of differential equations for the jet are formed at boundary 3, where
the velocity distribution functions for the plasma electrons and heavy particles are
in equilibrium. Six boundary conditions are needed for the six differential (35)–
(40). As the equations are of the first order, values for the parameters sought should
be prescribed at the left edge of the jet placed at the external side of the kinetic
layer (boundary 3). There, the parameters (index “w”) suffer a discontinuity, so that
their relation to the equilibrium parameters (index “0”) or to the other parameters
at boundary 3 was derived as boundary conditions from Knudsen layer for heavy
particles [75, 76]:

vw = v3 (18.44)

Tw ≡ T3 = kT T0 (18.45)

niw ≡ ni3 = ki (Te, na3) (18.46)

Gw ≡ G3(g/s) = m(ni3 + na3)v3F3 (18.47)

From Knudsen layer for electron beam (boundary 4, Chap. 17):

Tew ≡ Te3−4 = ke je0 (18.48)

jew ≡ je4 = je0 + ji − jeT (18.49)
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The ion current density ji and the returned electron flux jeT to the cathode are
determined by the plasma density and quasineutrality condition. The kinetic system
of equations is very complicated (Chap. 17), therefore the expressions for boundary
conditions here expressed in simplicity in a concise form,with corresponding propor-
tionality factors kα . These factors, however, represent complicate functions of number
of the plasmaparameters (T, v, n). Each of six equations in the system (18.35)–(18.40)
corresponds each of six conditions (18.44)–(18.49), respectively. The boundary
condition for (18.41) is determined from this equation together with (18.42) through
the jet expansion up to a point, at which the solution for the collisional region in the
jet should be matched with the region, where the particles move without collisions.

The system of (18.35)–(18.43) with conditions (18.44)–(18.49) describes the x-
dependence of the unknowns v, nT , ni, T, Te, Epl, j, je, and F in the jet for a given
arc current I. One of simple approximation of the jet geometry in the initial weakly
expanding region used specified rectilinear boundaries in form

F(x) = F0(1 + x

rs
tgφ) 2 ; F0 = πr2s (18.50)

where φ is the divergence angle of the jet. When the plasma density reduces in a way
that the radial plasma distribution in the jet volume became important, the 2D model
[71] should be used in order to further consider the plasma expansion.

18.7 Self-consistent Spot-Jet Plasma Expansion. Numerical
Simulation

Let us describe the results of coupled study that relates the parameters of the cathode
spot, whose study is extremely complicated, to the parameters of the jet far from the
cathodewhich have been determined experimentally with high accuracy. Themethod
for calculating of the jet based on using boundary conditions that take in account the
processes and parameters at the cathode and in the spot plasma [77]. This approach
makes it possible to study the phenomena in self-consistent formulation that allows
us to match the parameters at left side of the jet with the parameters of certain type
of cathode spot. The jet parameters obtained in the calculations are determined,
through the boundary conditions at the cathode, by processes in the cathode spot,
which evidently corresponds to the physics of the phenomenon. To this end, in
general, it should use the above-mentioned boundary condition that is consequent
of kinetic approach. However, the common study of such conditions together with
jet parameters distribution is dramatically complicated. In order to demonstrate the
spot-jet self-consistent description, this study is conducted using, for simplicity, the
gasdynamic model (Chap. 16) for calculating of the cathode spot parameters.

The above system of (18.35)–(18.43) can be reduced to main five ordinary differ-
ential equations for the electron Te and heavy particle temperatures, the space charge,
the flow velocity v, and degree of ionization (Chap. 16). This system should be added
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by equations for electron emission, electric field, metal saturated pressure, cathode
energy, and electron energy balances. Also, the cathode potential drop uc, the spot
current I, and the cathode erosion rate G are given parameters in accordance with
GDM. The geometry of the stream is the truncated cone in accordance with (18.50).

In addition, a condition was used which determined the transition through a sonic
point (v = vsn) at some point in the stream far from the cathode. The five equations
can be transformed, so that three of them (Te,T and v) will have a structure similar
to that of the equation for reversal of response in ordinary gas dynamics

1

v

dv

dx
= C1 − C2

1 − M2
; 1

Te

dTe
dx

= B2a2 − B1b2
1 − M2

; 1

T

dT

dx
= Te

T

B1b1 − B2a1
a1b2 − b1a2

(18.51)

where:

C1 =
dT
dx + α dTe

dx + Te
dα
dx

1 + αTe
; C2 = ρeEpl FM2

vG
:

a1 = −α

(
1 − 1

1 − M2

)
: a2 = 2 + 1

1 − M2

b1 = 3

2
+ αTe

αTe(1 − M2)
− je

mF

eαG

(
4.3 − αTe

(αTe + T )(1 + M2)

)
;

b2 = T

(αTe + T )(1 + M2)

(
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mF

eαG

)
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1 − 1
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)
+ 1

F
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T
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TeG
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Te

(
I

F
− je

)
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[
− Te
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αTe
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eαG

(
1
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αTe
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+ 1

F

dF

dx

mF

eαG

(
I

F
− jb

)
− jemF

αGσel Te

(
I

F
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)

− 1.8
m

eα

d( jeF)

dxe
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αGTe
− ucm

eαGTe

d( jbF)

dxe

There Ael is the term characterizing the exchange of energy between electrons,
α is degree of atom ionization and heavy particles in elastic collisions [see (18.33)
and in (18.37)]. The fourth and fifth equations, i.e., those for the ion component and
the space charge density, do not have any special behavior at the sonic point. It is
known that the sonic point is located at some distance from the cathode, and then, the
numerators and denominators of (18.51) must go to zero simultaneously. An analysis
shows that under these conditions, this requirement leads to two conditions on the
parameters at sonic point:
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M = 1; C1 − C2 = 0 (18.52)

The equation of motion (18.51) is reduced to a relation for velocity v that has
two branches corresponding to subsonic v = v1(x) and supersonic v = v2(x) flows.
We have solved the Cauchy problem in the numerical calculations with a subsonic
branch v = v1(x) at the initial cross section and an electron temperature Te0 chosen
such that at some point of the stream, with increasing distance x from the cathode
the sonic transition condition (18.52) is satisfied with a given degree of accuracy.
The location of this point is initially unknown and is determined in the process of
solving the problem. The subsequent calculations were done along the supersonic
branch v = v2(x) in accordance with measured value of the cathode erosion rate. At
sonic point, it is v1 = v2 = vsn in accordance with condition (18.52).

Calculations have been done for a copper cathodewith uc= 15V, an aperture angle
of the stream of φ = 45°, and G = 100 μg/C. The present calculations provided for
developed spot when the cathode potential drop decreased to the low experimental
value (see Chap. 17). The group spot is considered, and therefore, the spot current
is I = 100 and 300 A. Although such spot consists of fragments, we assume that the
average parameters of mixed jet not significantly differ from that for the single jets
due to close distribution of the fragments (Chap. 7). Some difference can be expected
due to smaller fragment current and nevertheless use the considered model here to
substantially simplify study of the group spot including mixing process of the single
plasma jets.

The dependences of the jet parameters were plotted along the jet on dimensionless
parameter x/rs (rs is the spot radius) with the origin at the left hand side of the
quasineutral region [77]. The jet velocity increases (passing the sound speed) within
a region of size comparable to rs and asymptotically reaches the experimental value
(106 cm/s) over distances on the order of the 2–3 of spot diameters (Fig. 18.2).

The heavy particles density nT varies mainly over distances greater than the spot
size (Fig. 18.3a). Near the spot (x < rs), nT varies by slightly more than an order of
magnitude (Fig. 18.3b). The temperature distribution (Fig. 18.4) has a maximum. Te

is relatively large already at the spot region, and therefore, this value of Te and large
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Fig. 18.3 a Distribution of
the heavy particle density
along the jet corresponding
to the logarithmic scale of the
length with the origin at the
point x/rs = 1. b Distribution
of the heavy particle density
along the jet corresponding
to the standard scale of the
length with the origin at the
point x/rs = 0
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spot plasma density mainly (large spot plasma pressure) contribute in the forma-
tion of the accelerated jet at relatively low distance from the cathode surface. For
the electrons, the peak is evidently by the increased contribution of gradient and
convective terms to the corresponding energy equation. The peculiarities of the heavy
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particle temperature distribution related to the transfer of kinetic energy through
elastic collisions with the electrons and to the conditions under which the stream
expands.

The location of the maximum in the Te distribution depends on the current and
may lie near the point where the transition through the sonic speed takes place. Te

varies little in the spot region, in agreementwith the earlier [78, Chap. 16] assumption
that Te is constant in the relaxation zone for electron emission beam. Figure 18.5
shows the location of the maximum in potential distribution along the length of the
plasma jet. The potential maximum is roughly the same as that of the peak in the
electron temperature and is a few volts, i.e., of the same order as Te.

The potential drop along the entire length of the jet is 8–10 V for the considered
values of currents, and it is a result of the plasma expansion, but it is not a cause
for any acceleration of the cathode jet. The degree of ionization α of the vapor in
the jet increases substantially over distances about the spot diameter. Figure 18.6
shows the value of α for singly ionized atoms. The calculations show that with
increasing distance downstream from the cathode, the fraction of doubly and triply
ionized ions increases because of the reduced heavy particle density in accordance
with experimental data [23].

Fig. 18.5 Potential
distribution along the
expanding cathode plasma
jet
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Fig. 18.6 Variation in the
degree ionization of cathode
vapor along the expanding
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18.8 Anomalous Plasma Jet Acceleration in High-Current
Pulse Arcs

In this section, we will analyze the phenomena of large jet velocity in experiments
and modeling the mechanism explained the measurements accounting the high rate
of current rise

18.8.1 State of the General Problem of Arcs with High Rate
of Current Rise

Recently in short pulsed high-current vacuum arcs [79, 80] and earlier for sparks [18,
20], a considerable increase of the ion energy in comparison with longer duration
low-current arcs has been observed. The measured ion energy range in microsecond
arcs with current I >1 kA and rate of current rise >108 A/s is 1–10 keV (high energy),
while for I ~100 A millisecond arcs, it is only about 100 eV (low energy) [20, 23,
24, 81]. Let us consider the acceleration mechanism of high-energy cathode plasma.

A mechanism of collective acceleration of high energy ions by electrons in the
expanding plasma was proposed in [18]. Krinberg and Paperny [80] explain the high
energy ions by an additional acceleration of the expanded plasma jet from the spot
at some distance from the cathode due to magnetic plasma pinching. These authors
[80] indicated that the supersonic flow of the cathode plasma is formed at distance
about 2–3 mm and more. An influence the self-magnetic field was studied in theirs
related works [82, 83].While the self-magnetic field affects the jet geometry, Alferov
et al. [84] concluded that self-magnetic pinching decelerates the plasma flow in the
cathode jets.

Therefore, it is important to understand a possibility of the origin of high-energy
ions. Let us consider the problem using gasdynamic mechanism of plasma accel-
eration, taking into account experimental specifics according to which the spot
phenomena at high rate of current rise. Below a respective physical model and its
mathematical formulation can explain the origin of the high-energy ions observed
in vacuum arc with a high rate of current rise. The model will take into account
the multi-charged ions generated in the spots. The influence of the spot parameters
(cathode erosion rate, current, and cathode potential drop) on the ion energy and their
dependence on the rate of current rise will be calculated and discussed.

18.8.2 Physical Model and Mathematical Formulation

Beilis [85, 86] developed the physical and mathematical approach. Let us consider
this approach and take in account that the plasma accelerates in the cathode jets is due
to plasma pressure gradient and by energy transfer from the electrons to the heavy



754 18 Spot Plasma and Plasma Jet

plasma particles by collisions. The plasma heating is determined by the electron
current fraction in the spot and Joule energy dissipation in the jet. Both processes
depend on the spot parameters (e.g., current, cathode potential drop, plasma density,
and temperature) and obviously on the rate of current rise dI/dt. The arc voltage
can sufficiently increase with dI/dt [87]. To demonstrate the principle mechanism
of unusual acceleration in the present analysis, we will use the kinetic (for heavy
particles [88]) model of the cathode spot, modified for the particular features of
a spot with high dI/dt (> 100 MA/s). The following assumptions: a circular spot
was located on a smooth surface. Near the hot surface of the spot, highly ionized
electrode vapor plasma exists, whose structure consists of the following partially
overlapping regions: (1) a ballistic zone comprising a space charge sheath region, (2)
a non-equilibrium kinetic plasma region, (3) an electron relaxation region, and (4) a
plasma acceleration region (see Chap. 17). According to this model, the difference
of heavy particle fluxes formed near the surface can be obtained that determines
the velocity of the mass flow and the net cathode evaporation rate �. The ratio of
this net cathode evaporation rate to the total evaporated mass flux from the cathode
determines the cathode mass loss fraction Ker = Γ /W (Ts).

In the relaxation region, the atoms are ionized by electrons emitted from the
cathode as well as by plasma electrons with temperature Te. The plasma could
be sufficiently heated producing the ions with multi-charged state. The plasma is
collision dominated, and its behavior can be treated by gasdynamic approach. Plasma
quasineutrality requires that ne =∑

Zniz, where niz is the density of ionswith chargeZ
= 1, 2, 3, 4 and ne is the electron density. The plasma energy flux, taking into account
the ionization energy loss for ions, with different ion charge number is expressed as

nev

[
2Te +

Z∑
1

(
fz
Z

Z∑
1

uiz

)]

where uiz is the energy of ionization of ions with charge Z, f z = jiz/j is the current
density fraction for ions with charge Z, v is the plasma mass velocity in the spot
region, and j is the spot current density.

The cathode body is heated ohmically and by the incident ion and electron fluxes
from the near-electrode plasma. In order to understand the cathode energy balance
for large dI/dt, let us consider the spot current change during the spot life. The
incoming heat flux to the cathode surface changes in time and depends on dI/dt. We
consider the case when the current rise time is comparable with the spot lifetime. The
non-stationary heat conduction equation with a time-dependent heat source q(x,y,t)
= f (x,y,dI/dt) should be solved in order to obtain the cathode body temperature. The
term in the right side of this expression is the time-dependent distribution function
of the heat flux onto the cathode surface z = 0, and x and y are Cartesian coordinates
in the directions parallel to the cathode surface.

We assume that the spot current density j is constant throughout the spot lifetime,
i.e., the current increases by the spot area increasing proportionally to the spot current.
Assuming also, a Gaussian spatial distribution of the heat flux, and that f (x,y,dI/dt)
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is a linear function of time t, i.e., spot current I = t(dI/dt) where dI/dt is constant,
the solution of the heat conduction equations can be presented:

Ts(0, 0, 0, t) = uef
2πλT

√
t

πkt

dI

dt

[
dI

dt

1

4πkt j
− 1

]−1

(18.53)

where Ts(t) is the time-dependent cathode temperature in the spot center, kt is the
thermal diffusivity, λT is the thermal conductivity, and uef is the effective cathode
voltage [89] and is dependent on the cathode potential drop uc, ionization energy,
work function ϕ, and cathode erosion rate G(g/C). The ion energy flux toward the
cathode is taken as

ji

[
uc +

Z∑
1

(
fz

Z∑
1

uiz − fz Zϕ

)]
(18.54)

A system of four Saha equations was used to calculate the density of four types
of ions niz with z = 1–4 according to [90]. The ion current density jiz is calculated
assuming that all of the ion velocities toward the cathode are equal. The plasma
pressure in the spot ps reaches a large value, 10–100 atm [90]. At increasing distance
from the cathode, the plasma expands due to plasma pressure, and the velocity of
the plasma increases. The plasma is accelerated by the mechanisms described and
discussed above. These are components of the thermal mechanism, in which the
enthalpy of the particles transformed into kinetic energy. As the goal of the model
is to show the possibility of plasma accelerating in arcs with large dI/dt, instead of
taking the complicated equations in differential form, the plasma acceleration was
calculated using these equations in their integral form. The jet momentum equation
and equation of energy conservation determine the ion velocity and its energy Wi.
The simple expression in an integral form was used as [75]:

Momentum conservation:

px=0Fx=0 + Gv = p j Fj + GVj Fx=0 = πr2s (17.55)

Energy conservation:

Gv2x=0 + 3I
Te,x=0

e
= Gv2x=0 + 2I

Tej
e

+ I u pl (17.56)

where m is the ion mass, j is the spot current density, Vj is the plasma jet velocity
far from the cathode, up is the plasma jet voltage, and px=0 is the plasma pressure
calculated from the spot theory.

The system of equations for the Cu cathode spot (Chap. 16) and using kinetic
approach for heavy particles flow in the Knudsen layer [Chap. 17, 88, 91] were
solved together with (18.53)–(17.56), to calculate Te, plasma density n, Ts, j, and
other spot parameters. For this formulation, the input parameters are the cathode
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potential drop uc and spot current I, or rate of spot current rise. Also, the jet velocity
and the ion energy can be calculated when the erosion rate is given, and vice versa,
the erosion rate can be calculated when the velocity or the jet energy is a given
parameter. Below, we consider the results associated with the influence of the spot
parameters on plasma acceleration as a function of dI/dt.

18.8.3 Calculating Results

It was experimentally observed [79, 80] that arc voltage oscillation increased from
30–50 V up to few hundred volts and the spot current can be also changed with dI/dt.
However, mostly the high voltage was dropped not in the cathode spot plasma but
rather across the cathode–anode gap outside the spot, and the voltage fluctuations
generate new spots, which support the arc current rise with time.

Therefore, the calculations were provided for wide regions of I and uc in order
to understand the character of ion energy dependence on spot parameters, and here,
the possible plasma acceleration mechanism in the spot region is considered with
relatively low uc < 50 V, which is assumed to increase with dI/dt. The dependence
of the jet velocity on I for dI/dt = 1 GA/s and uc = 20 V is presented in Fig. 18.7. It
can be seen that the jet velocity increases linearly with spot current up to I = 1000 A,
and then, this dependence is weaker. For I≈100 A and G = 100 μg/C, the velocity
approaches the low-current experimental data obtained by Davis and Miller [24].
The velocity reaches 6 × 106 cm/s with I = 1000 A and G = 70 μg/C.

Increasing cathode potential drop also increases the plasma jet acceleration
(Fig. 18.8). WithG= 70μg/C, the jet velocity increases by a factor of ~1.5 when the
cathode potential drop increases from 15 to 30 V and then tends towards saturation
with uc >30 V.

The calculation shows (Fig. 18.9) that plasma velocity increases at a distance from
cathode of about few spot radii from 106 to 108 cm/s when G decreases from 100 to
1 μg/C for I = 20 A and t = 10 ns, i.e., the plasma can be significantly accelerated
and Vj is sensitive to variation of G.

Fig. 18.7 Jet velocity V j as
a function of spot current I,
with the cathode erosion rate
as a parameter
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Fig. 18.8 Cathode jet
velocity as a function of the
cathode potential drop, with
the cathode erosion rate as a
parameter
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Fig. 18.9 Cathode jet
velocity as a function of the
cathode erosion rate
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Thus, the erosion rate substantially affects the plasma jet acceleration and the ion
energy. It is important to determine the region ofG that corresponds to the measured
ion energy values for different spot currents. To accomplish this, G was calculated
using measured ion energy dependence on dI/dt data [79, 80]. The results of this
calculation for I = 0.02–1 kA and uc = 20 V are presented in Fig. 18.10. It can be
seen that the cathode erosion rate decreases from about 300 to 10 μg/C when ion
energy increases from 0.1 to 20 keV. Note that for this region of ion energy, the value
of dI/dt increased from 0.01 to 10 GA/s, respectively [79, 80].

Fig. 18.10 Calculated
cathode erosion rate (left
axis) and measured ion
energy [79, 80] (right axis)
as functions of dI/dt for spot
current 0.02–1 kA
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Fig. 18.11 Current density
versus dI/dt with the spot
current as a parameter

108 109 1010
105

106

107

I=20A

I=50A

I=100A

I=103A

C
ur

re
nt

 d
en

si
ty

, A
/c

m
2

Rate of current rise, A/s

Fig. 18.12 Electron
temperature versus
dI/dt when the spot current
is a parameter
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Figure 18.11 shows j as function of dI/dt. The current density j increases from
105 to 5.107 A/cm2 with dI/dt in the considered region of spot currents. The increase
of j rises the electron temperature Te. The dependence of Te on dI/dt is presented in
Fig. 18.12. It can be seen that the electron temperature dependence is similar to the
current density dependence. Te does not exceed 4 eV for uc = 20 V in the considered
spot current range.

However, the calculation shows that Te reaches about 8 eV for dI/dt = 1GA/s and
t = 10 μs when the cathode potential drop is about 40–50 V. The cathode mass loss
fraction Ker as a function of dI/dt is presented in Fig. 18.13. These results indicate
that the back flux of the heavy particles increases, and therefore, the cathode erosion
rate decreases with dI/dt and spot current. It can be seen (18.13) that the calculated
cathode erosion mass flux is in region of 0.5–0.05 of total mass flux evaporated from
the cathode. The heavy particle returned flux is large (Ker<1) which is high due to
relatively high plasma density immediately near the cathode surface. This returned
flux increaseswith dI/dt due to increase of the plasma density in the above-mentioned
parameter range.

The calculation shows that the back flux consists mainly of singly and doubly
charged ions. The ion current fraction f 1 ~0.6-0.7, f 2 ~0.4–0.3 and maximum of f 3
was lower than 10−3 from ions with z = 1, 2, 3, respectively (uc = 20 V).
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Fig. 18.13 Cathode mass
loss fraction Ker as a
function of dI/dt, with the
spot current as a parameter
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Fig. 18.14 Singly charged
ion current fraction as a
function of dI/dt with the
spot current as a parameter
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Figure 18.14 shows f 1 as a function of dI/dt. The ion flux towards the cathode
mostly consists of singly charged ions for relatively small dI/dt (< 108 A/s) and
large spot current, and this flux substantially decreases with increasing dI/dt and
decreasing spot current. The degree of ionization α in the near-cathode plasma is in
range of 0.8–0.85, and the electron current fraction s is 08–0.9 for I ≤ 100 A. These
values decrease to α ~0.7–0.8 and s ~0.6–0.7 for I = 1 kA. The plasma jet voltage up
(for spot current >100 A) increases from about 10 to ~100 V when dI/dt increases
from 108 to 1010 A/s in accordance with experiment. The heavy particle density is
in region 1020–1021 cm−3.

18.8.4 Commenting of the Results with Large dI/dt

The model demonstrates that the observed high-energy ions can be obtained by
calculating the pressure in the near-cathode region and the plasma energy balance in
the case of a high level of dI/dt considering the integral conservation equations. The
present calculations also demonstrate a possible mechanism for the observed high-
energy plasma acceleration, and therefore, they were performed for a wide region
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of spot current, i.e., 20–1000 A. The estimated spot sizes are about 0.2–0.01 cm for
large currents. The considerable ion energy in the cathode plasma jet (at large dI/dt)
is caused by the Joule energy dissipation in the jet volume and by the decrease of
the parameter ζ = eG/m [86, 88], which represents the ion flux-to-electron flux ratio.
Decrease of ζ means that the energy transfer from the electrons to the ions increases.
It should be noted that the cathode erosion rate calculated for low ion energy agrees
well with the measured values for low dI/dt, which is ≤100 μg/C [23], and in the
high ion energy case, the calculated parameter G is in the region measured for high
dI/dt, which is about 1–10 μg/C.

According to experiments [79, 80], the ion energy increaseswith the interelectrode
gap length. Two reasons could explain the measured results: (i) the cathode erosion
can be changed as result of spot type changing with gap length; (ii) Joule energy
dissipation increases as a result of increasing gap voltage. Thus, as the spot param-
eters change with the gap length, the plasma acceleration depends not only on the
phenomena occurring outside the near-cathode region, but also in the near-cathode
region.

There is the question if all current could be passing through one spot at used large
values of current. There are no detailed observations of the cathode region structure
for high dI/dt. It would seem that the appearance of a group spot is most probable.
The arc operation is determined by the sub-spots in the group. As shown in the
present calculation for small spot currents (20–100 A), the jet velocity is determined
by the rate of current rise, the cathode potential drop, and the cathode erosion rate.
The present calculation for large currents (~1 kA) just indicates the tendency of the
dependence.

Another question appears when the large value of spot current used as a param-
eter of the model. The pressure due to the self-magnetic field Pm increases with I.
Nevertheless, an estimation shows that for large currents, the ratio Pm/Pk ~10−2, i.e.,
remain small, where Pk is the kinetic pressure in dense plasma of the spot.

18.9 Summary

An unusual electrode-vapor high-velocity flow is one the first phenomenon discov-
ered while studying the electrical arcs. The cause of such flow was for first explained
by the effect of force observed by repulsion of the electrodes. The consistent exper-
imental studies (including Tanberg’s 1930 measurements) showed production of the
super sound plasma velocity in form of jets. The first hypothesizes subsequently
presented to explain super sound plasma velocity were based on ion accelerating in
region of the cathode potential fall region or accounting of the potential energy of
multiply charged ions producing high ion pressure. An important assumption of large
electron pressure p = nkTe in a cathode spot plasma was provided for first, by Tonks
to explain a nature of the cathode force. There a mechanism should be mentioned,
according to which a contraction zone was produced due to self-magnetic axial
pressure, and which increase an axial transport of plasma forming a plasma jet.
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However, the preliminary models consisted of number of shortcomings, and the
phenomenon remained not understandable. The furthermodeling of the plasma accel-
eration was developed using different mechanisms of the cathode forces. In essence,
the nature of the forces comes to action of a force due to gradient of electron pressure
produced in the cathode spot plasma.Basedon this force, themodels are distinguished
by their interpretation. There are ambipolar mechanism due to high-speed motion of
electrons, which bounded with the heavy ions by the Coulomb interaction, plasma
polarization, and an electric field producing, presence of a the peak plasma density,
causing a potential peak, or hump potential, of significant value which decreased in
the anode direction accelerating the ions in the cathode plasma region.

As the plasma pressure in the cathode region is significantly large, the further
development of plasmaacceleratingwas basedon agasdynamic approach. In essence,
this approach is based on the above-mentioned mechanisms (plasma pressure and
charge particle friction), but the mathematical description become exact formulation
using respective system of equations which expressed the mass, momentum, and
energy conservation law. The preliminary estimations using the equations in an inte-
gral form showed that gasdynamic mechanism of plasma acceleration could explain
the measured cathode jet velocity. The question is what is the value of jet voltage
up and the length of the expanding plasma is requested to that jet to be accelerated.
Another question is related to a possibility to describe the jet expansion coupled
with cathode spot processes taking into account the plasma velocity transition to the
sound speed through a critical cross section of the flow.

As a solution of this problem is very complicated, a number of authors considered
the problem of solving the plasma flow beginning from the critical cross section
using the ion sound speed as boundary condition at the left side of the jet. The
numerical investigations (Wieckert) show that the typical length is relatively large,
about 1 cm, at which the jet velocity become value comprised with that, obtained
experimentally. A fundamental point related to calculating the parameters of the
jet from the critical cross section rather than from the cathode spot should now be
noted. The transition condition together with the existing relations for the current
density, electric field, pressure, and heavy particle density form a set of equations
at sonic point, which are not enough for determining all requested variables. Three
parameters (arbitrary) requested are to be specified at the sonic cross section. In
general, this way to choose and specify these parameters is incorrect. It is since they
could not be independent, and moreover, they are determined by the conditions in the
cathode spot. Even if we simplify the problem and consider a fully ionized isothermal
plasma, the number of unknowns differs from the number of available formulas. The
situation is actually more complicated, since the conditions not only contains the
parameters of the problem but also their derivatives, which must also be specified
at sonic point. This circumstance makes it impossible to use these conditions for a
unique determination of the parameters at the sonic cross section separately from
an analysis of the conditions on the cathode surface. Therefore, in general, it is
impossible to determine the parameters of the cathode spot using calculations of the
jet downstream from the sonic cross section without arbitrarily specifying a number
of parameters at this cross section. Evidently, this applies equally to calculations
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of the supersonic region of the jet. In order to fully describe the problem, a self-
consistent approach for plasma expansion in the spot and jet regions was formulated
[85].

The peculiarity of this formulation consists in description of the boundary condi-
tions determined by jump of the gasdynamic parameters at the cathode plasma tran-
sition in frame of kinetic model of the spot (see Chap. 17). The processes occurring
in the Knudsen layer serving as the boundary conditions studied a substantial effect
on gasdynamic flow of the cathode-ionized vapor. As the full formulation is very
complex, for the first step, the investigations were provided using the cathode spot
parameters as boundary condition calculated for simplicity in frame of GDM. A
numerical simulation for long life group spot allow obtain the distribution of the
heavy particle density, plasma velocity, electron temperature, electrical potential and
degree of vapor ionization along of the expanding jet.

The analysis shows that the jet velocity reaches its measured value at a distance of
about 1–2 spot radius, and the heavy particle density is about 1020 cm−3 and decreases
by two orders of magnitude at distance of about three spot radii from the cathode
surface. The electron temperature and electrical potential both have maximums. The
location of the potential maximum is roughly the same as that of the peak in the
electron temperature (both at about three radii of spot from the cathode surface), and
it is only a few volts, i.e., of the same order as Te.

In the considered model, a circular spot with a Gauss heat flux distribution is
used. This approximation is easy to use in order to obtain an analytic solution for
the cathode temperature distribution. It should be noted, however, that the calculated
cathode temperature in the spot center differs weakly from the temperature calculated
assuming uniform heat flux in the spot when the self-consistent cathode spot model
(Chap. 3) is used. As found previously [47], the spot plasma consists mainly of singly
and doubly charged ions, because of the large plasma density (1020–1021 cm−3) in the
spot. The experimentally observed multi-charged ions are due to thermal ionization
occurring during the plasma expansion. With increasing distance from the cathode,
the plasmadensity significantly decreases,whileTe slightly changes causingmultiple
ionizations (Fig. 18.4). The typical distance in which the multi-charged ion fraction
becomes significant is about 3–5 of spot radii, i.e., in the plasma acceleration region.
The plasma jet expansion was described by gasdynamic equations in integral form,
together with calculated model for plasma in the cathode spot region used to solve.

It was applied for understanding of the anomalies plasma expansion in arcs with
high rate of current raise dI/dt taking into account generation of the multi-charged
ions. The measured high ion energy of 10 keV in arcs with high dI/dt of 0.1–10 GA/s
could be calculated using gasdynamic approach of plasma acceleration. The plasma
jet acceleration is due to large plasma pressure produced in the cathode spot region.
The mechanism related to measured parameters could be explained as a result of a
decrease of the ion to the electron flux ratio (parameter ζ) produced in the spot with
increasing dI/dt. The heavy particle back flux to the cathode surface consists mainly
of singly and doubly charged ions.

The above formulation is relevant for plasma expansion into vacuum (p = 0). In
the case of expansion in an interelectrode plasma or ambient gas of nonzero but small
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pressure, the flow can remain supersonic, but the ambient pressure causes a change in
the plasma parameter distributions along the jet and in the energy production. This
leads to a change in the electric current and voltage of the jet. At higher ambient
pressures, however, the strong disturbance leads to submerged flow regime. Two-
dimensional and effusion effects are now important. At a certain pressure, the flow
will be subsonic, characteristic of the high pressure arc.

Conclusion. As the density and electron temperature in the spot plasma is very
large, the main mechanism of the jet formation and acceleration is by the plasma
pressure gradient of the spot produced due to the intense energy dissipation in the
electron beam relaxation zone lr (Chaps. 16 and 17) by emitted energetic electron
beam indicated by Beilis [48, 92] studied this mechanism. The calculated “potential
hump,” cannot bea causeof anelectrostaticmechanismof theplasmaacceleration,
but rather is only the result of a plasma expansion in which the electron pressure
is larger than the heavy particle pressure [89, 93]. However, at distance r > lr and
r≥rs (Te and up pass the peak), the jet continues to be accelerated by the plasma
pressure gradient by energy Iup [41, 53, 63, 64] produced a plasma electric field, a
transfer energy and friction by Te > T, which that role was estimated by Hantzche.
As the energy Iup can be relatively not large in vicinity of the cathode surface, the
plasma jet acceleration by this mechanism to the velocity reported in the experiment
occurred at significantly larger distance from the cathode surface (~1 cm) showed
by Wieckert.

References

1. Lafferty, J. M. (Ed.). (1980). Vacuum arcs. Theory and applications. New York: Wiley.
2. Boxman, R. L.,Martin, P. J., &. Sanders, D.M. (Eds.). (1995).Handbook of vacuum arc science

and technology. Park Ridge, New Jersey: Noyes Publications,
3. Anders, A. (2008). Cathodic arcs: From fractal spots to energetic condensation. Springer.
4. Keidar, M., & Beilis, I. I. (2018). Plasma engineering (2nd ed.). London, NewYork: Academic

Press, Elsevier.
5. Tanberg, R. (1930). On the cathode of an arc drawn in a vacuum. Physical Review, 35(9),

1080–1090.
6. Compton, K. T. (1930). An interpretation of pressure and high velocity vapor jets at cathodes

of vacuum arcs. Physical Review, 36(4), 706–708.
7. Compton, K. T. (1931). On the Theory of theMercuryArc.Physical Review, 37(9), 1077–1090.
8. Risch, R., & Ludi’s, F. (1932). Die Entstehung des Strahles schneller Molekiile an der Kathode

eines Lichtbogens. Zeitschrift für Physik, 75(11/12), 812–822.
9. Tonks, L. (1934). The pressure of plasma electrons and the force on the cathode of an arc.

Physical Review, 46(9), 278–279.
10. Kobel, E. (1930). Pressure and high velocity vapor jets at cathodes of a mercury vacuum arc.

Physical Review, 36(11), 1636–1638.
11. Finkelnburg, W. (1948). A theory of the production of electrode vapor jets by sparks and arcs.

Physical Review, 74(10), 1475–1477.
12. Haynes, J. R. (1948). The Production of High VelocityMercury Vapor Jets by Spark Discharge.

Physical Review, 73(8), 891–903.
13. Robson,A.E.,&vonEngel,A. (1957).Anexplanationof theTanberg effect.Nature,179(4560),

625–625.



764 18 Spot Plasma and Plasma Jet

14. VonEngel, A.,&Robson,A. E. (1957). The excitation theory of arcswith evaporating cathodes.
Proceedings of the Royal Society of London. Series A. Mathematical and Physical Sciences,
243(1233), 217–236.

15. Maecker, H. (1955). Plasmastromungen in lichtbogen infolge eigenmagnetischer kompression.
Zeitschrift für Physik, 141, S198–S216.

16. Ecker, G. (1961). Electrode components of the arc discharge. Ergebnisse der exakten
Naturwissenschaften, 33, 1–104.

17. Zeldovich, Ya. B., & Raizer, Yu P. (1966). Physics of shock waves and high temperature
hydrodynamic phenomena. New York: Academic Press.

18. Plyutto, A. A. (1961). Acceleration of positive ions in expansion of the plasma in vacuum
spark. Soviet Physics JETP-USSR, 12, 1106–1108.

19. Granovsky, V. L. (1952). Electrical current in a gas. Moscow: Gostechisdat. (In Russian).
20. Korop, E. D., & Plyutto, A. A. (1971). Acceleration of ions of cathode material in vacuum

breakdown. Soviet physics - Technical physics(Engl. Trans.), 15: No. 12, 1986–9 (Jun 1971).
21. Hendel, H. W., & Reboul, T. T. (1962). Adiabatic acceleration of ions by electrons. Physics of

Fluids, 5(3), 360–362.
22. Tyulina, M. A. (1965). Acceleration of ions in a plasma formed by breaking a current in a

vacuum. Soviet Physics—Technical Physics 10, 396–399.
23. Plyutto, A. A., Ryzhkov, V. N., & Kapin, A. T. (1965). High speed plasma streams in vacuum

arcs. Soviet Physics JETP, 20(2), 328–337.
24. Davis, W. D., & Miller, H. C. (1969). Analysis of the electrode products emitted by dc arcs in

a vacuum ambient. Journal of Applied Physics, 40(5), 2212–2221.
25. Mesyats, G. A. (1971, September). The role of fast processes in vacuum breakdown. In

Phenomena in Ionized Gases, Tenth International Conference, Invited Papers (pp. 333–357).
26. Litvinov, E. A. (1974). Kinetics of cathode fIare at explosive electron emission. InHigh-power

pulsed sources of accelerated electrons [in Russian] (pp. 23–34). Nauka, Novosibirsk.
27. Litvinov, E. A., Mesyats, G. A., & Proskurovskii, D. I. (1983). Field emission and explosive

electron emission processes in vacuum discharges. Soviet Physics Uspekhi, 26(2), 138–159.
28. Mesyats, G. A., & Proskurovskii, D. I. (1989).Pulsed electrical discharge in vacuum. Springer-

Verlag.
29. Mesyats, G. A. (2000). Cathode phenomena in a vacuum discharge. Moscow: Nauka.
30. Litvinov, E. A. (1985). Theory of explosive electron emission. The IEEE Transactions on

Dielectrics and Electrical Insulation, 20(4), 683–689.
31. Bakulin, Y. D., Kuropatenko, V. F., & Luchinskii, A. V. (1976). MHD calculation for exploding

wires. Soviet Physics—Technical Physics, 21(9), 1144–1147.
32. Loskutov, V. V., Luchinskii, A. V., &Mesyats, G. A. (1983). Magnetohydrodynamic processes

in the initial stage of explosive emission. Soviet Physics—Doklady, 28(8), 654–656.
33. Aref’ev, V. I., Leskov, L. V., & Nevsky, A. P. (1973.) On anomaly scattering of electrons in

cathode layers of gas discharges. Soviet Physics—Technical Physics, 43(8), 1660–1666. in
Russian.

34. Aksenov, I. I., Konovalov, I. I., Padalka, V. G., Sezonenko, V. I., & Khoroshikh, V. M. (1985).
Instabilities in a plasma of a vacuum arc with gas discharge gap: I. Soviet Journal of Plasma
Physics, 11, 787–791.

35. Aksenov, I. I., Konovalov, I. I., Padalka, V. G., Sezonenko, V. I., & Khoroshikh, V. M. (1985).
Instabilities in a plasma of a vacuum arc with gas discharge gap: II. Soviet Journal of Plasma
Physics, 11, 791–794.

36. Buneman, O. (1958). Instability, turbulence, and Conductivity in current carrying plasma.
Physical Review Letters, 1, 8–9.

37. Buneman, O. (1959). Dissipation of currents in ionized media. Physical Review, 115(3), 503–
517.

38. Kadomtzev, V. V. (1970). Collective phenomena in plasma. Moscow: Nauka.
39. Alterkop, B., Beilis, I., Boxman, R., & Goldsmith, S. (1994, May). Influence of current insta-

bilities on the parameters of the vacuum arc plasma jet. In XVI international symposium on
discharges and electrical insulation in vacuum (Vol. 2259, pp. 76–81). International Society
for Optics and Photonics.



References 765

40. Morosov, A. I. (1978). Physical basis of space electro-reaction-propulsion units. Moscow:
Atomisdat. in Russian.

41. Lyubimov, G. A. (1975). Mechanism of acceleration of cathodic vapor jets. Soviet Physics-
Doklady, 20(5), 830–832.

42. Lyubimov, G. A. (1977). Dynamics of cathode vapor jets. Soviet physics—Technical physics,
22(2), 173–177.

43. Eckhardt, G. (1971). Efflux of atoms from cathode spots of low-pressure mercury arc. Journal
of Applied Physics, 42(13), 5757–5760.

44. Eckhardt, G. (1973). Velocity of neutral atoms emanating from the cathode of a steady-state
low-pressure mercury arc. JJournal of Applied Physics, 44(3), 1146–1155.

45. Kesaev, I. G. (1968). Cathode processes in electric arcs. Moscow: NAUKA Publishers. (in
Russian).

46. Zektser, M. P., & Liubimov, G. A. (1979). Fast plasma jets from the cathode spot in a vacuum
arc. Soviet Physics Technical Physics, 24, 3–11.

47. Beilis, I. I. (1974). Analysis of the cathode spots in a vacuum arc. Soviet Physics Technical
Physics, 19(2), 251–256.

48. Beilis, I. I. (1982). On vapor flow from cathode region of a vacuum arc. Izvestiya Siberian
branch of Academy Nauk SSSR, Seriya Thekhicheskih Nauk, N1, 69–77. In Russian.

49. Harris, L. P., & Lau, Y. Y. (1974). Longitudinal flows near arc cathode spots. Rep. 74, CRD
154. Schenectady, New York: General electric Co.

50. Moizhes, B. Y., & Nemchinsky, V. (1980). Erosion and cathode jets in a vacuum arc. Soviet
Physics—Technical Physics, 30, 34–37.

51. Nemchinsky, V. (1985). Gasdynamic acceleration of a cathode jets in a vacuum arc. Soviet
Physics—Technical Physics, 25, 43–48.

52. Wieckert, C. (1987). Expansion of the cathode spot plasma in vacuum arc discharges. Physics
of Fluids, 30(6), 1810–1813.

53. Wieckert, C. (1987). A multicomponent theory of cathodic plasma jet in a vacuum arcs.
Contributions to Plasma Physics, 27(5), 309–330.

54. Krinberg, I. A., Lukovnikova,M. P., & Paperny, V. L. (1990). Steady-state expansion of current-
carrying plasma into vacuum. Soviet Physics—JETP, 70(3), 451–459.

55. Krinberg, I. A. (2001). Acceleration of multicomponent plasma in the cathode region of a
vacuum arc. Soviet Physics—Technical Physics, 46(11), 1371–1378.

56. Bugaev, A. S., Gushenets, V. I., Nikolaev, A. G., Oks, E. M., & Stachowiak, G. Y. (1999).
Influence of a current jump on vacuum arc parameters. IEEE Trans on Plasma Sci., 27(4),
882–887.

57. Yushkov, G. Y., Anders, A., Oks, E. M., & Brown, I. G. (2000). Ion velocities in vacuum arc
plasmas. Journal of Applied Physics, 88(10), 5618–5622.

58. Krinberg, I. A. (1994). Ionization and particle transfer in an expanding current carrying plasma.
Physics of Plasmas, 1(9), 2822–2826.

59. Krinberg, I. A., & Lukovnikova, M. P. (1995). Estimating cathodic plasma jet parameters from
the vacuum arc charge state distribution. Journal of Physics. D. Applied Physics, 28, 711–715.

60. Brown, I. G., & Godechot, X. (1991). Vacuum arc ion charge-state distributions. IEEE
Transactions on Plasma Sciences, 19(5), 713–717.

61. Hantzsche, E. (1990). A hydrodynamic model of vacuum arc plasmas. In Poceedings of XIVth
Internernational Symposium on Dielectrics and Electrical Insulation in Vacuum. Santa-Fe,
USA.

62. Hantzsche, E. (1990). A simple model of diffuse vacuum arc plasmas.Contributions to Plasma
Physics, 30(5), 575–585.

63. Hantzsche, E. (1991). Theory of the expanding plasma of vacuum arcs. Journal of Physics. D.
Applied Physics, 24, 1339–1353.

64. Hantzsche, E. (1992). A hydrodynamic model of vacuum arc plasmas. IEEE Transactions on
Plasma Science, 20(1), 34–41.

65. Hantzsche, E. (1993). A revised theoretical model of vacuum arc spot plasmas. IEEE
Transactions on Plasma Science, 21(5), 419–425.



766 18 Spot Plasma and Plasma Jet

66. Afanas’ev, V., Djuzhev, G., & Shkolnik, S. (1992a). Hydrodynamic model of the plasma jet of
the cathode spot in vacuum arc. Report of Sankt-Petersburg, A.F. Ioffe Phys.Tech. Inst. RAN,
Russia, 44p..

67. Afanas’ev, V., Djuzhev, G., & Shkolnik, S. (1992b). Hydrodynamic model of the plasma jet
of a vacuum arc cathode spot. I. Calculation of the jet in the critical cross section. Soviet
Physics—Technical Physics, 37(11), 1085–1088.

68. Afanas’ev, V., Djuzhev, G., & Shkolnik, S. (1993). Hydrodynamic model of the plasma jet of a
vacuum arc cathode spot. II. Calculation of the jet.. Soviet Physics—Technical Physics, 38(3),
176–183.

69. Keidar, M., Beilis, I., Boxman, R. L., & Goldsmith, S. (1996). 2D expansion of the low-density
interelectrode vacuum arc plasma jet in an axial magnetic field. Journal of Physics D: Applied
Physics, 29(7), 1973–1983.

70. Keidar, M., Beilis, I. I., Boxman, R. L., & Goldsmith, S. (1997). Voltage of the vacuum arc
with a ring anode in an axial magnetic field. IEEE Transactions on Plasma Science, 25(4),
580–585.

71. Beilis, I. I., Keidar, M., Boxman, R. L., & Goldsmith, S. (1998). Theoretical study of plasma
expansion in a magnetic field in a disk anode vacuum arc. Journal of Applied Physics, 83(2),
709–717.

72. Reece, M. P. (1957). The Tanberg Effect. Nature, 180(4598), 1347–1347.
73. Emmons, H.W. (Ed.). (1958). Fundamentals of gas dynamics. New Jersey: Prinston University

Press.
74. Beilis, I. I., Lyubimov, G. A., & Zektser, M. P. (1988). Analysis of the formulation and solution

of the problem of the cathode jets of a vacuum arc. Soviet Physics—Technical Physics, 33(10),
1132–1137.

75. Beilis, I. I. (2003). The vacuum arc cathode spot and plasma jet: Physical model and
mathematical description. Contributions to Plasma Physics, 43(3-4), 224–236.

76. Beilis, I. I. (1982). On the theory of erosion processes in the cathode region of an arc discharge.
Soviet Physics—Doklady, 27, 150–152.

77. Beilis, I. I., & Zektser, M. P. (1991). Calculation of the parameters of the cathode stream an
arc discharge. High Temparture, 29(4), 501–504.

78. Beilis, I. I., Lubimov, G. A., & Rakhovskii, V. I. (1972). Diffusion model of the near cathode
region of a high current arc discharge. Soviet Physics—Doklady, 17(1), 225–228.

79. Astrakhantsev, N. V., Krasov, V. I., & Paperny, V. (1995). Ion acceleration in a pulse vacuum
discharge. Journal of Physics. D. Applied Physics, 28(12), 2514–2518.

80. Krinberg, I.A.,&Paperny,V. (2002). Pinch effect in vacuumarc plasma sources undermoderate
discharge currents. Journal of Physics. D. Applied Physics, 35(6), 549–561.

81. J. Kutzner and C.H. Miller, Integrating ion flux emitted from the cathode spot region of diffuse
vacuum arc Journal of Physics D: Applied Physics, 25(3), 686.

82. Krinberg, I. A., & Zverev, E. A. (2003). Additional ionization of ions in the interelectrode gap
of a vacuum arc. Plasma Sources Science and Technology, 12, 372–379.

83. Krinberg, I. A. (2005). Three modes of vacuum arc plasma expansion in absence and presence
of a magnetic field. IEEE Transactions on Plasma Sciences, 33(5), 1548–1552.

84. Alferov, D. F., Korobova, N. I., Novikova, K. P., & Sibiriak, I. O. (1990, September). Cathode
spots dynamics in vacuum discharge. In Proceedings of XIVth ISDEIV (pp. 542–545).

85. Beilis, I. I. (2004). Nature of high-energy ions in the cathode plasma jet of a vacuum arc with
high rate of current rise. Applied Physics Letters, 85(14), 2739–2740.

86. Beilis, I. I. (2005). Ion acceleration in vacuum arc cathode plasma jets with large rates of current
rise. IEEE Transactions on Plasma Science, 33(5), 1537–1541.

87. Paulus, I., Holmes, R., & Edels, H. (1972). Vacuum arc response to current transients. Journal
of Physics. D. Applied Physics, 5(1), 119–132.

88. Beilis, I. I. (1985). Parameters of the kinetic layer of arc-discharge cathode region. IEEE
Transactions on Plasma Science, 13(5), 288–290.

89. Beilis, I. (1996). Theoretical modeling of cathode spot phenomena. In Handbook of vacuum
arc science and technology (pp. 208–256). William Andrew Publishing.



References 767

90. Allen, C. W. (1973). Astrophysical quantities. London: Athlone Press.
91. Beilis, I. I. (1986). Cathode arc plasma flow in a Knudsen layer. High Temperature, 24(3),

319–325.
92. Beilis, I. I. (2013). Cathode spot development on a bulk cathode in a vacuum arc. IEEE

Transactions on Plasma Science, 41(8), 1979–1986.
93. Beilis, I. I. (2018). Vacuum arc cathode spot theory: history and evolution of the mechanisms.

IEEE Transactions on Plasma Science, 47(8), 3412–3433.



Chapter 19
Cathode Spot Motion in Magnetic Fields

The near-cathode phenomena in electrical arcs such as spot motion and spot
dynamics, especially in a magnetic field, determine the arc performance and playing
an important role in different applications. The current per spot and spot motion
depend on the arc current, gap length, interelectrode pressure [1–3] and determine the
stability of the vacuumarc. Several of the important vacuum-arc phenomenaobserved
when the arc runs in amagnetic field.While cathode spotmotion is normally random,
in a magnetic field the motion is directed in the retrograde −j × B direction, i.e.,
in the anti-Amperian direction [4–6]. Cathode spot grouping, spot splitting, cathode
spot motion in oblique magnetic field, and acute angle effect are the phenomena that
indicate the complexity of the arc operation as a subject which up to present time is
unclear and needed consecutive study. This chapter summarizes the main physical
hypotheses and models published in the literature as well presented the author’s own
attempts to describe the spot behavior and spot motion in the presence of a magnetic
field.

19.1 Cathode Spot Motion in a Transverse Magnetic Field

Proposed mechanisms for the “retrograde” spot motion were widely reviewed [1–9].
Numerous hypotheses were developed and published in the literature. Although each
new mechanism put in a claim for more clear explanation, nevertheless the overall
state of the art indicates that the problem is still open. Below, the published works
are presented close to their original description with some critical analysis showing,
as it was possible, the progress of the study and why the problem is still open. Also,
description of the models is systematized, some addition point of view or analysis
of works are provided that not considered previously.
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19.1.1 Retrograde Motion. Review of the Theoretical Works

Analysis of the theoretical works below we begin from primary hypotheses and then
the further approaches will be considered.

19.1.1.1 Primary and Developed Hypothesis

Some points related to understand the experimental works were already discussed in
Chap. 13 and part of themwill be just brieflymentioned here. One of first mechanism
was indicated by Stark in [10], who also first observed this effect. He suggested, that
the positive charged ions are shifted in the observed opposite direction under action
of the voltage induced in parallel to the cathode surface due to plasma motion in
a transverse magnetic field and due to Hall effect. This effect was used in further
studies but using different interpretations which will be analyzed in this chapter.

Minorsky [11] explained the observed spot rotation assuming a circular electron
currents produced by radially magnetic field. This mechanism was criticized by
Tanberg’s [12]. He expressed a doubt regarding the mentioned Minorsky’s theory
because that effect of retarding motion does not request a closed trajectory of the
spot motion. In turn, Tanberg proposed model assuming a stream of positive ions
moving away from the cathode that can be deflected the spot in reverse direction.
However, this idea cannot explain the observations because the positive ions moved
not separately but raiser in the form of quasineutral plasma and with relatively low
velocity in the region adjacent to the cathode. Moreover, the supersonic flow in the
cathode jet occurs at distance of about 1–2 spot radii (Chap. 18).

After more than ten years, Smith [13, 14] suggested to explain the retrograde
spot motion in a mercury arc considering the thermomotive force produced due to
negative Righi–Leduc effect. The conduction electrons along a vertical line in the
liquid can appear a thermal gradient. In the presence of a transverse magnetic field
to the direction of a temperature gradient in a conductor, a new temperature gradient
is produced perpendicular to both the direction of the original temperature gradient
and to the magnetic field. According to Righi–Leduc phenomenon, the magnetic
field transverse to the thermal gradient gives a rise to a thermomotive force in the
liquid that transfers heat and moves the spot in the observed direction of motion.
To realize this mechanism, Smith estimated a large temperature gradient of 5 × 108

degrees/cm. This gradient was supported by taking unrealistic electron temperature
of 4000 K near the emitting top Hg surface of the spot while the atomic constituent
of the excited region is at approximately 150–200 °C.

Such an enormous thermal gradient in the liquid could cool the spot and extinguish
the arc due to the thermal conduction. Therefore, Smith assumed that the Thomson
heat counteracts the heat loss by thermal conduction. As the thermomotive force
requests relatively large temperatures in the solids, it is small and also cannot explain
the anomalous spot driving for arcs with different cathode materials. Yamamura [15]
commented that the Smith explanation of spot motion using the negative Righi–
Leduc effect does not seem to be plausible. He indicated that not only the metals
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with a negative coefficient of the Righi–Leduc effect (for instance, Mg, Cu, and
Ag), but also the metals with a positive coefficient (for instance, Fe) show reverse
driving. It is impossible that the coefficient of the Righi–Leduc effect changes its
sign from positive to negative with any change of air pressure. Later Yamamura [16]
indicate that the Righi–Leduc effect is not the primary phenomenon for describing
the magnetically induced arc motion on lead and zinc electrodes.

Significantly, later Kigdon [17] was also used the model of Smith [13]. He indi-
cated that the Hall voltage seems to be too small to be significant, but estimates of
the Righi–Leduc thermomagnetic effect are more promising. Kigdon developed a
semi-quantitatively model of the retrograde motion of the spot in a magnetic field,
which is due to the temperature gradient setup across the spot by the Righi–Leduc
thermomagnetic effect. This model is based on assumption that the random motion
of the cathode spot on mercury is caused by radial temperature gradients at the edge
of the spot and due to fluctuations. It was also assumed that the ion diffusion time into
the cathode material is limited to the surface layers and therefore affects the possible
secondary electron emission from the cathode associated with the neutralization of
the ions. Secondary emission of electrons caused by positive ions is known as an
Auger effect [18–20]. This effect has been studied usually by the interaction ions of
noble gas with metals and has been observed as an external Auger effect when the
ion is immediately outside the metal surface. The last assumption using Auger effect
is questionable in case of Hg arc because some difficulties were appeared with the
energy balance between losses due to Auger electron emission and new ion gener-
ation at cathode potential drop that comparable with the potential ionization of Hg
atom.

The conditions for the presence of positive or negative Righi–Leduc effect were
discussed [17]. A positive Righi–Leduc coefficient will make the retrograde edge of
the spot hot andwill decrease the secondary emission there, so that the spot will move
away from that side in the ponderomotive direction. Conversely, a negative Righi–
Leduc coefficient will make the spot move in the retrograde direction. Estimations of
the temperature gradient were conducted for solid Zn, Pb, Cu, Ag, Sn, and for liquid
mercury. It was shown that some metals which do not show retrograde motion have
positive Righi–Leduc coefficients, whereas all the metals which do show retrograde
motion, except iron, have negative Righi–Leduc coefficients. It was concluded that
the retrograde velocity on bulk liquid mercury is subject to the same velocity limit
of about 104 cm/s as is the random velocity in zero field. The main problem of
the above approach that the Righi–Leduc effect is small to shift the temperature
maximum along some direction at the cathode surface [4, 5].

At the other side, Himler and Cohn [21] assumed that the electrons emitted from
the cathode exert a mutual repulsion on each other, thereby causing some electrons
to move transverse to the arc. This statement is supplemented also by the fact that
electrons are emitted from the cathode in random direction. These authors indicated
that at normal temperature and gas pressure, the mean free path of an electron is very
low, and therefore, the electron diffusion from the region of the cathode spot is small
also.
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Under the mutual action of the electric and magnetic field, the electrons will
tend to travel in a cycloidal path. With the very short mean free path at atmospheric
pressure, the electrons can be considered to travel in short straight line segments,
undergoing collisions with gas molecules. As the pressure is reduced, the electrons
start to travel over larger portions of the cycloid before collision. At longer the mean
free path, the greater will be the deviation of the electrons from straight line motion
and the deviation will be affecting the behavior of the arc by following model.

It was assumed that one group of electrons can travel to the right, another one to
travel to the left (note that is completely arbitrary statement). The force F = q(vB)
will tend to curve the motion of the electrons in different direction, as shown in
Fig. 19.1. Those electrons traveling to the right will be forced back into the cathode
to the right of where theywere emitted, while those traveling to the left will be curved
toward the anode. The electrons which are forced back toward the cathode form an
electron cloud over part of the cathode spot, reducing further emission from that side
of the cathode spot. Electrons traveling to the left, which are the electrons that finally
reach the anode and contribute to the actual current flow in the arc, will collide with
gas molecules to the left of the cathode spot. Thus, positive ions from the plasma
will be formed to the left of the cathode spot and will bombard the cathode on that
side. This will heat up a new region on the cathode to the left of the cathode spot so
that emission can take place from the area just to the left of the initial cathode spot.
This process causes the cathode spot to migrate to the retrograde direction.

The electron diffusion model of Himler and Cohn [21] was used by Yamamura
[15]. He also assumed that electrons with energy corresponding to the cathode fall
diffuse to the left side and are accelerated by the electric field, and thus these electrons
efficiently ionize the gas molecules by collision. The electrons diffusing to the right
side are decelerated by the electric field because these electrons are moving in an
opposite direction to the electric field. Thus, the electrons moving to the right side
cannot efficiently ionize the gas molecules by collision. In this way, the positive
space charge cloud spreads to the left side producing the retrograde spot motion. The
above hypotheses cannot be accepted as an explanation of a real process, because
the electron beam emitted from the cathode is disappearing on the short length of
the electron beam relaxation zone and then the quasineutral plasma flow is occurred
(Chap. 16).

Longini [22, 23] assumes the effect of arc motion in the transverse magnetic field
is due to electron field emission that depends on of space charge and therefore electric
field distribution at the cathode surface. A qualitative model was developed showing
that the space charge distribution can be characterized by a peak. Longini assumed

Fig. 19.1 Diagram of the
cathode spot indicating the
direction of electron motion
at low pressure. Figure taken
from [21]
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that the total electric field distribution at the cathode is independently determined by
ion space charge (ion field) and by electron space charge (electron field) ignoring
interaction between these.

Both charge particles will be deflected in the same direction by the magnetic field
with the electrons being deflected hundreds of times farther than the ions because
of their small mass. When a tangential field is applied, the average instantaneous
position of the ions and electrons will be displaced in the direction of their deflection.
The electron field at the cathode will no longer partially neutralize the ion field
symmetrically as it can see in Fig. 19.2, but will have a greater neutralizing effect in
the direction of their displacement. Thus, while each of the component field is shifted
to the right, the peak of the net field is shifted to left, accounting for the observed
motion of the spot. According to Longini [22], this model demands that spot motion
should reverse its direction as the magnetic field is greatly increased which has been
observed. The absurdity of this hypothesis is obvious.

There should be mentioned work of Jerome Rothstein [24], who reported in 1950
a very doubt idea at the American Physical Society meeting. After an analysis of
spot parameter, Rothstein proposed that as in the anomalous Hall effect the holes are
directed in the retrograde direction, and a number of electron emission are following
the effectively positive holes. Later the ions formedby collisionoutside the spot return
bringing holes to a region shifted in the retrograde direction. Absurdity of assumption
of hole conductivity in the dense plasma in a cathode spot also is obvious.

Ware [25] consider the Ettingshausen effect to explain the discharge behavior in
a transverse magnetic field. He indicated that in the spot a direct transfer of energy
from electrons in the gas to electrons in the metal lead to thermionic emission. Since
the Ettingshausen effect causes one side of the discharge to become hotter than the
other, the position of the arc spot will move in this direction. This is the direction
of retrograde motion. The Ettingshausen effect is dependent on the gas pressure.

Electron field

Ion field

Net field

Peak cathode
spot position

Ion field

Net field
Peak cathode
spot position

Electron field

A B

Fig. 19.2 Qualitative electric fields at the cathode surface withmagnetic field into the paper. A-zero
magnetic field; B- Under magnetic field the peak field is left shifted at the cathode surface producing
left (reverse) spot motion. Figure taken from [22]
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Eidinger and Rieder [7] criticize the work [25] and indicate two problems of this
hypothesis such as necessity of only thermionic mechanism for electron emission
and that the temperature maximum should be actually move by the Ettingshausen
effect and very quickly. They also expressed their doubt asking questions: Does
the effect not occur with sufficient heating of the whole cathode? Is the thermionic
emission was observed at high spot velocities as well as for low boiling point cathode
materials?

St. John and Winans model developed in [26] taken in account that the cathode
spot consisted of a positive ion sheath separated by a dark space from the cathode and
an electron cloud between the positive ion sheath and anode. The emitted electrons
accelerated through the cathode dark space continuing his travel by a curved path
due to the magnetic field and produced new positive ions on the forward side of the
cathode spot.

These new positive ions would be attracted by the positive ion sheath. The new
positive ions are drawn toward the cathode spot region by the forces exerted on them
by the electrons in the cathode (f1), the positive ion sheath (f2), the electron cloud
above the sheath (f3), and the electrons streaming toward the new positive ions (f3)
(see Fig. 19.3). A resultant force would cause them to overshoot the positive ion
sheath in the tangential to the cathode surface direction. When the traveling ions
being pulled into the cathode, a new spot was started in the retrograde direction.

St. John and Winans in [27] extended the above mechanism of arc motion in
a magnetic field to explain the rapid velocity rises with increasing magnetic field
strength by associating them with the effect of Hg2+ and Hg3+ ions. The proposed
model of retrograde spot motion is very qualitative because no any calculations of the
forces f1, f2, f3, and f4 are presented. Therefore, a resultant force, which moves the
generated ions in tangential direction and their overshoot the sheath region, seems
to be stated arbitrary.

Hernqvist and Johnson, in [28], investigated the glow region of the ball-of-fire
mode in a hot cathode discharge which exhibited retrograde motion like the cathode
spot of amercury pool arc. Amechanism for retrogrademotion is proposed assuming
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Fig. 19.3 Schematic presentation of a qualitative description of the cathode spot motion. Figure
taken from St. John and Winans [26]
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presence of a dark space between the cathode and the negative glow of the discharge.
The author indicates that the sheath stability requires that the ratio of ion ji to electron
je current densitiesmust everywhere along the boundary between the dark plasma and
the glow region be equal ji/je = (me/m)1/2. It was assumed that an applied magnetic
field bends the electron flow in the dark plasma. Thus, the density of the dark plasma
is increased on one side of the glow region and decreased on the other side and
the above condition for current ratio violated. As result, an electric field appeared,
which will cause a decay of plasma density at the boundary, and the space charge
sheath will seek to travel into the plasma deficient in density. Since the bending of
the electron flow in the dark plasma is in the direction of electromagnetic force, the
negative glow region will travel in the retrograde direction.

Hernqvist and Johnson indicated that the mechanism for retrograde motion is
valid only for low values of the magnetic field strength because perturbation of the
discharge was induced with increasing the magnetic field. An expression for the
velocity of retrograde motion is derived based on the stability criterion for a space
charge sheath connecting two plasmas. Conclusions from a possible analogy with
the mercury pool arc were made. However, an analysis of cathode plasma taking into
account the plasma particle collisions and their relaxation length was not provided.
Therefore, no bending of the electron trajectory can be in the region significantly
lower thanLarmor radius. It is obvious that the above-mentioned ratio of ion ji to elec-
tron je currents cannot be fulfilled in the space charge sheath. According to Eidinger
and Rieder [7], this theory cannot explain the retrograde velocity with magnetic field
as well the observed sudden increase of the arc velocity in the retrograde direction
when a strong magnetic field was applied.

Robson and Engel proposed in [29] and then extended in 30] an idea based on
some “resultant magnetic field” acting on the cathode region. In essence, to this end
they were one of first to consider an influence of self-magnetic field. The authors
suggested that the applied magnetic field deflects the positive column in the Ampere
direction with respect to the cathode spot and the current path in the arc is curved
in the vicinity of the spot. This deformation of the arc sets up a local self-magnetic
field of the order i/R, where i is the arc current and R an effective radius of curvature
of the arc which depends on the actual field and other discharge parameters. This
field will act so as to oppose the applied field H0 and so the resultant field H in the
cathode spot region will be given by H = H0 − i/R. Thus, the authors assumed that
an arc bent over in the Amperian direction, forms a loop in which the magnetic field
of the arc opposes the applied field to yield the retrograde motion. The resulting field
is composed of the applied field and the “loop” field of the curved current path above
the cathode spot. At low pressure, an increase of the former is accompanied by a
rapid increase of the latter and thus the resultant field changes its sign. In general, the
idea of take in account of the self-magnetic field is positive, but use of the curvature
of the arc and calculation of the self-magnetic field with arbitrary value of R= 10μm
to approve the model cause significant doubt.

Smith [31] provided the analysis of the force theory advanced by Robson and
Engel [29] to explain retrogrademotion. He detailed the problem bymodeling the arc
geometry as it is shown in Fig. 19.4.Amagnetic fieldH0 is perpendicular to the paper.
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Fig. 19.4 Schematic
presentation of the arc
geometry in applied
transverse magnetic field.
Copper arc deflected to right.
Figure is similar to that from
Smith [31]
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The arc path is bent over to the right. The arc was divided into three parts. Region α

is a long, horizontal, round section, β is the elbow, γ is the remainder, including the
current in the massive cathode. The self-magnetic field Hs was calculated for each
arc region. The resultant force per unit area in the retrograde Fr and in Amperian Fa
directions, respectively, were calculated in the point K (Fig. 19.4) as

Fr = (Hs − H0)
2

8π
Fa = (Ha − H0)

2

8π
(19.1)

For current of 3A, and a= 10μm, then the valueHs is 1000 oersteds. In arriving at
this value, the current density assumed of 106 A/cm2. In the experiments, H0 ranged
upward to values near 104 oersteds. Smith commented that calculated Hs appears to
be greater than was really existed, since to get it, a relatively high-current density was
chosen. Smith also noted, whereas expansion of the arc path as it leaves the cathode
is expected to make the radius larger than 10 μm. It seems that the resultant force is
preponderantly in the Amperian direction, and the Robson and Engel theory is not
sustained.

Thus, Smith concluded that the calculations indicate the magnetic field opposing
the applied field is too weak to cause retrograde motion. Arcs apparently not having
a bend in the sense nevertheless show the retrograde motion. Also according to St.
John and Winans [26], this mechanism [30] requires that the retrograde velocity be
nearly proportional to the square of the arc current, while measurements show it to
be less than proportional to the first power of arc current.

Kesaev [4, 5, 32] was also taking in account the self-magnetic field, and for
first time, he indicated a presence a maximum value of resultant magnetic field
located in the opposite side of the spot with respect the Amperian direction. He
used the superposition of self-magnetic field and the external magnetic field and
as results detected the magnetic field asymmetric distribution around the spot (with
maximumvalue). In order to explain the retrogrademotion, Kesaev used the previous
experimental fact that the cathode spot stability increased in the external magnetic
field. These experiments Kesaev explained by the increase of the plasma density
due to electron-optic an action of the magnetic field. Therefore, it was assumed that
the spot moves toward the maximal magnetic field, located on the retrograde side.
However, no similar action in the dense plasma can be occurred due to relation
ωτ � 1. Therefore, although that experiment shows the spot motion in direction of
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larger magnetic field [4, 5, 33], the physics of spot stability and the mechanism of
the spot motion in the presence of a transverse magnetic field remained unclear and
not specified.

Ecker and Muller [34, 35] developed theoretical model of “ion potential tube” in
order to explain the retrograde rotation. They assumed that most of the field lines
do not go directly to the cathode, but leave the space charge in radial directions
and end at electrons in the neighborhood. From this, the authors also assumed that
ions and electrons in the fall region form a kind of potential tube. The curvature of
the tube axis is defined by the path of the heavy ions. The electrons emitted at the
cathode end of the tube are forced to follow the tube axis until their energy has grown
large enough to overcome the radial potential wall. The electrons coming from the
cathode and following the ion path therefore must develop a velocity component in
the retrograde direction. The electrons produce new ions on the retrograde side of
the cathode spot and thus cause retrograde motion.

The radial velocity depends on the deflection of the potential tube. The curvature
of the tube axis was calculated using the equations of continuity and momentum for
ion flow together with the Poisson equation [35]. It was taken into account the voltage
induced by v × B where v is the ion or electron velocities in magnetic field B. The
results indicate that this curvature depends on the extension of the fall region, the
mean free path of electron ionization, and the time to re-establish the new cathode
region. As the theory cannot taken in account, many uncertainties of the experiment,
only, one normalization experimental point was used to study. The calculated results
are shown satisfactory agreement with the experimental dependences. According
to Kesaev [5], the model consists of a number of absurd assumptions although the
obtained results are in agreement with the experiment. Among those assumptions are
the absurdity of inertial and direct motion of the electrons in the space charge region,
the weaker curvature of the electron trajectory in comparison with that trajectory for
ions in the presence ofmagnetic field, themodel of cathode space charge sheath in the
form of an “potential tube” contradict to very small sheath thickness in comparison
with the spot radius and others.

A series of works studied the mechanisms of the spot motion in a transverse
magnetic field were published by Guile, Secker, and co-authors. In one of the early
work, Guile et al. [36] suggested that transverse galvanomagnetic and thermomag-
netic forces modify the electron emission and are responsible for the cathodic arc
motion. It appears that these forces also influence the motion of the anode spot. The
idea appeared due to observed melting of the electrode surface occurred as the spot
moved. So, it was assumed that electron emission has been proceeded by thermionic
mechanism at the higher temperatures. It was assumed that within the cathode area
there is a large electron current density, normal to the electrode surface and also a
large temperature gradient in the normal direction of the surface. In all the experi-
ments, themagnetic fluxwas perpendicular to this normal direction, so that transverse
galvanomagnetic and thermomagnetic forces can arise. It was indicated that these
forces (see above) have been mentioned by Smith and by Ware in connection with
the retrograde motion of the mercury arc.
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Later Guile and Secker [37] have demonstrated new experimental results
(Chap. 13) for magnetically induced arc motion on lead and zinc electrodes indicate
that the Righi–Leduc effect is not the primary phenomenon, as has been previously
suggested. In this connection, the results of Yamamura [16] and Kingdon [17] were
analyzed. According to authors’ opinion [37], the retrograde motion occurred at
reduced pressure is the result of enhanced emission on backside of the spot, either
directly or as a result of the charging of surface oxide layers.

In another work, Guile and Secker [38] studied the published theories (including
the cited above) in order to describe their own experiments (Chap. 13). The authors
reported that since both continuous forward and retrogrademovements of the cathode
spot arise from conditions appeared at the cathode surface, then any theory proposed
for retrograde motionmust take this fact into account. Therefore, they reach the same
conclusions as Smith [31] regarding the theory suggested by Robson and von Engel
[29, 30]. The models do not seem to be adequate since surface conditions were not
into account. Some corrections were conducted by Smith who calculated resultant
magnetic field by providing more complicated analysis of the self-magnetic field for
arc configuration in Fig. 19.4. A new interpretation of the forces Fr and Fa in (19.1)
to, respectively, spot motion was given.

According to the review, Guile and Secker [38] concluded, that theories suggested
for retrograde motion do not appear to be able to account for the dependence of
retrograde cathodemovement on the nature of the cathode surface. Similar conclusion
was provided by comments in work [39]. In particular, it was noted that electrode
influence can be significant (as one of examples, interaction of electrode and column)
and should be accounted by the analysis of experimental results. Also noted that the
spot movement has been found and was not necessarily caused only by electron
emission or arc column friction effects, and that electrode vapor jets are probably
involved [40].

Secker [41] considered a model to understand the influence of the transverse
magnetic field set up by current flow in the electrodes. He showed that the greater
velocity on the magnetic steel electrode caused by the increased transverse magnetic
field set up due to a skin effect at the rapidly moving cathode spot. It was assumed
that a skin effect should be present near the cathode spot, since the current paths to
consecutive emitting sites are changed very rapidly within the electrodes. An expres-
sion was derived for determine the “skin depth,” which accounted the properties of
the conducting medium and the rate of change of current at the cathode spot.

It was obtained that if a certain critical velocity is attained, the skin depth is
so great that there is no appreciable distortion of the current flow pattern in the
cathode electrode. At the critical velocity, however, the reduced skin depth perturbs
the current flow pattern and thus causes an increase in the transverse magnetic field
just outside the cathode. This in turn increases the arc velocity so further enhancing
the skin effect.

Lewis and Secker [42] described experimentswhich demonstrate clearly the effect
of cathode oxide layers on arc velocity. A model of the cathode root region of the arc
which is consistent with the experimental results is proposed. The model taken into
account assumption that the electrons emitted from the cathode will be accelerated
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in the cathode fall region by the positive ion space charge field. As suggested by
Ecker andMuller [34, 35], the positive ions were considered as restricted to a clearly
defined “tube” which is bent by the action of the applied transverse magnetic field.
The authors [42] stated that the predictions of the model, which is applicable to both
Amperian and retrograde motion, are also in satisfactory agreement with results
obtained by the previous investigators. It can be noted that this model has the same
lacks as the model [34, 35], according to which the mechanism of retrograde spot
motion remains not understandable.

The theory of Ecker and Muller [34, 35] was further extended by Guile [43]
to the higher pressures where forward spot motion occurs. The ion potential tube
model taking into account the electron–molecule and ion–molecule collisions in
the presence of a gas were considered. In this case, at the shift of ion and electron
tubes there will also be a shift of the region in which excited molecules also reach
the cathode. The original site, receiving less positive ions and excited molecules, is
likely to decline in emission efficiency. On the other hand, sites in the adjacent region
to which the ions have been directed and will increase in emission efficiency as a
result of the ion layer built up and the heat energy transferred to the surface.

The arc velocity (in the continuous mode) will depend, therefore, on the rates of
decline of emission from the old sites and growth on the new. These were determined
by surface conditions, arc current, gas pressure, as well as by the magnetic field in
the cathode fall space. The author [43] widely analyzed the observed spot motion
under various conditions in light of the potential tube mechanism. According to
this mechanism, relationships between magnetic field and velocity were obtained
for both Amperian and retrograde motion. Sometimes, as the cathode spot moves
in the retrograde direction while the column and anode spot tend to continue in the
Amperian direction. This leads to discontinuous jumping of the cathode spot in the
forward direction.

19.1.1.2 Further Developed Ideas and Models

Bauer in [44, 45] provided an explanation for the irregular movement of the cathodic
arc, by its motion in the magnetic field. Bauer analyzes the Hall effect and assumed
that the direction of the electron drift deviates in the magnetic field from the direction
of the electric field. The field emission current is deflected noticeably to the side by
the Lorentz force. The temperature maximum is pushed aside by the cathode trap
energy of this deflected electron current. The pressure p(r) and T (r) distributions
indicated in Fig. 19.5 results drawn asymmetrical course of the space charge density.
The limit temperature on the side, which corresponds to the Amperes rule, is reached
at a lower pressure p2 compared to p1. Therefore, there is the higher ion density, i.e.,
a maximum on the opposite side. Since the spot zone is favored with the higher ion
density, the spot is deflected noticeably sideways in the direction opposite to the
Amperian force.
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Fig. 19.5 Schematic profile
of the effective temperature,
the pressure, and ion density
in the ionization region as a
function from the center
distance under the action of a
transverse magnetic field.
Figure is similar to that from
[44]
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When the current intensity increased, a splitting of the spot in single spots was
occurred due to the self-magnetic field of the arc current. The average spot current
was of 5 A. The above explanation notice that the temperature grows with reduced
pressure and therefore asymmetrical localization of ionization rate occurred. This
result is not understandable taking into account time dynamic of plasma parameters
in the spot. Besides the conducted statements presented in qualitative manner and
not validated even by some estimations of the physical processes (Chap. 16).

Hull [46] suggested that retrograde motion is caused by the drift of slow elec-
trons produced after atom ionization by electron beam emitted from the cathode
and accelerated in the cathode space charge sheath. The slow electrons move in the
“correct” direction, parallel to the mercury surface, thus weakening the electric field
drawing the positive ions to the surface, so that the ion current on the “retrograde”-
side predominates. But further Hull used that the Tonks result, according to which
the slow electrons are constrained by a magnetic field and they are drift at an angle to
the directionwhich theywould form an existing potential and concentration gradient.
The drift at an angle depends on temperature of the slow electrons.

The spot motion under transverse magnetic field Hull was interpreted for parame-
ters of Gallagher experiment [47] for Hg cathode. Hull suggested that at low ambient
pressure, the drift of slow electrons tends to the right, nearly parallel to the mercury
surface, and creating a negative space charge above the surface. This negative space
charge reverses the electric field above the surface, so that the flow of ions to the
surface on the “retrograde”-side predominates, causing the spot to move in the “ret-
rograde” direction. On the other hand, for spot parameters at high pressure the drift
of the slow electrons is nearly normal to the surface, and their space charge no longer
produces a reverse field near the cathode. The ionization produced farther from the
cathode, by the curved paths of the electron beam, predominates, and the spot moves
in the “correct” direction.

TheproblemofHall’s theory is the absenceof any analysis of the particle collisions
in the plasma above the cathode surface and in the plasma quasineutrality. Another
problem consists in the estimation of energy for slow electrons. The energy of these
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slow electrons in case of mercury cathode is estimated taking into account that the
electron beam first excites the metastable level at 5.44 V, then additionally the beam
ionizes these excite atoms. An averaging of the resulting electron beam energy brings
to the energy of slow electrons of about 0.3 eV. This very low valuewas derived due to
erroneous assumption that the electron beam energy is a difference between cathode
potential drop (10 V) and cathode work function (4.5 eV).

Hermoch and Teichmann [48] used magneto-hydrodynamic approach to explain
the retrograde spot motion. They indicated that in a plasma moving through a trans-
verse magnetic field and there induced an electric field determined as E = v0 ×
B. This field produces a transverse (Lorentz) and a Hall currents. This field E will
further influence in such a way that either there is produced closed current in the
direction of the field or the field induces the space charges, which can be a positive
one and amplifies the electric field intensity in the direction of the retrograde motion,
or a negative one—at the site of a spot corresponding to a normal motion. The most
important influence is a displacement of the ion channel in a retrograde direction. The
magnitude of such a displacement (provided a closing of the current) corresponds to
a drift velocity of the ions in a given electric field.

Thus, the explanation consists of a plasma drift in retrograde direction. Some
validation of the authors’ hypothesis was conducted by qualitative discussion of
the experimental data in light of above MHD description and a correlation between
velocity of the retrograde motion and velocity of the cathode plasma jet [49]. After
that it was arbitrary concluded that the plasma jets in a cathode region established
a situation favorable for the origin of a retrograde motion of a cathode spot in a
transverse magnetic field. However, it is not clear how the low MHD fields or ion
drift induced in the quasineutral plasma of the jet can influence on the phenomena
occur in the cathode space charge sheath with significantly strong electric field. The
other problem arises by explanation that a significant displacement of the ions (by
the field) under intensive convective plasma expansion with velocity measured in the
highly ionized jet. The paradox consists in generation an electric field that can shift
the source that produced it.

Murphree and Carter [50] explained the retrograde arc rotation between concen-
tric cylindrical electrodes, produced due to the presence a transverse magnetic
field, by the generation of electrical current in cathodic arc region caused due to
temperature non-equilibrium. The analysis was based on generalized Ohm’s law
taking into account the gasdynamic forces (pressure gradients) and temperature non-
equilibrium. The plasmawas assumed as partially ionized consisting of three compo-
nents including electrons, single-ionized ions, and neutrals. The viscous effects and
spacial changes in the degree of ionization were neglected in the expressions for
the electrical conduction and current density. It was shown that a reversal of radial
current was induced on retrograde side of the cathodic arc region.

The current density produced by the non-equilibrium effect increased with reduc-
tion in pressure since the degree of non-equilibrium increased. The electrical current
produced by non-equilibrium effect was on retrograde side of the arc, whereas the
current produced by the electromagnetic field is in the positive direction.With reduc-
tion in pressure, a high degree of non-equilibrium is obtained the net current on
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retrograde side of arc region will increase, while the current in positive direction
was reduced. The model describes such arc characteristics as the rotational speed,
arc shape, and arc motion with reduction of the chamber pressure. It seems that the
model used the Ohm’s law was studied for a rest plasma and do not taken in account
the influence of the high-velocity cathode plasma jet.

Seidel and Stefanik [51] indicate that the retrograde spot motions originates due to
asymmetry of high-current density in the spot current of the vacuumarc. They assume
a possibility of retrograde dissipations of the ions trending toward the cathode by
means of a stream of neutral atoms. These ions produce something like an umbrella
around the vapor stream and reach the surface of the cathode at the border of this
of the cathode spot. Therefore, maximum current density should be obtained on the
border of the spot. It was stated, when a transverse magnetic field is superposed, the
ions will be reached the cathode on the retrograde side of the arc, i.e., a new spot
will occur just here. This authors’ opinion was based on dependences of spot current
density and vapor pressure in the spot on current, but the calculations were presented
without explanation of the method and provided independently on the process of
retrograde motion.

Sherman and Webster [52] and later Agrawal and Holmes [53] estimated a satu-
ration velocity of the spot using data of current density j and temperature T from
Ecker’s theory of “existing diagram.” The saturation spot velocity vsm was obtained
using the cathode thermal regime according to Carslaw and Jaeger [54] by modeling
the moving spot as a heat source at the cathode surface and taken the value of juef as
the power density input to the surface for circular spot (I/π j)0.5:

vsm = 1.44at j
1.5 I 0.5

( uef
kT

)2
(19.2)

The velocity calculated using effective voltage due to loss by cathode heat
conduction uef taken according to Daalder’s data. The authors noted that in spite
of widely differing physical properties, the investigated non-refractory metals and
the maximum retrograde spot velocities were obtained between 10 and 100 m/s,
while the measured maximum spot velocities are within the same order of magni-
tude (10–65 m/s). The weakness of such approach considering thermal process is
obvious because the used input values can be varied during the spot motion.

Djakov and Holmes in [55] explained the retrograde spot motion considering spot
movement in a magnetic field formed by electrical current of other spots arise in radi-
ally expanding ring. The self-magnetic field was calculated as an inversely propor-
tional dependence on radius R of the ring-shaped spots formation. The assumptions
are based on arc stability. It is assumed that (i) the lifetime of elementary spot for any
arc current depends on magnetic field in the same way as for a one spot arc; (ii) the
displacement of the spots during their lifetime is neglected so that the spot displace-
ment is considered to be the result only of spot rebuilding. As a result, a relation of
ring displacement R on average current per spot I and lifetime t was derived. It was
indicated that the model based on the experimental data for Hg arc, and therefore, it
is first approach as a simple explanation, which should be improved.
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The further Djakov and Holmes consideration [56] of the retrograde spot motion
based on assumption, in which the heat conduction within the cathode plays an
important role. The model takes into account that in transverse magnetic field the ion
distribution is undisturbed, but an asymmetry is provoked in the electron distribution.
A continuous emitting line was considered that produced by a number of cathode
spots. In this case, a variable potential drop uh (Hall potential) in direction perpen-
dicular to the emitting line was generated in transverse magnetic field. As a result,
the ionization and excitation of the cathode vapor are enhanced by the increased
potential drop on the retrograde side of the spot. The power q delivered by the ions to
the cathode surface per unit area is q = ji(u0 + uh), where ji is the ion current density
and u0 includes uc and other constant components in the power input per ampere.
Due to the asymmetrical heating the temperature maximum at the cathode surface
is displaced in the retrograde direction. The increase of Hall electric field enhances
electron emission on the retrograde side of the spot, and the vapor jet follows the spot
displacement. The calculated results indicated that at relatively low magnetic field,
the spot velocity increased linearly, but at strong magnetic field, the dependence was
declined from linear, which is in agreement with the observations.

Djakov [57] continue the consideration of asymmetry in the cathode heating due
to Hall effect in quasineutral cathode plasma. The high-current arc of 3–7 kA and
spatial distribution of the current I for Cu cathode as well as the Bi, Zn, and Pb
materials for I < 100 A were analyzed. The Hall voltage expressed as uh = rsjB/ene
was produced parallel to the cathode surface in plasma column, where the density
reduced to ne = 1014 cm−3. The Hall voltage estimated as several volts sufficient to
modify the asymmetry of the heat flux to the cathode. It was assumed that the Hall
voltage influences the heat flux distribution because the equipotential lines become
deformed near the metal surface. There we should note, that this assumption is very
doubt due to small Hall voltage arise in the quasinetral plasma and not influence
on the heat flux to the cathode determined by the adjacent to the cathode surface a
large cathode potential drop uc in the sheath. Moreover, even the weak asymmetry in
the heat source cannot determine some asymmetry in the temperature distribution in
metallic cathode with relatively large thermal diffusivity (Chap. 3). This note related
al to other works used the Hall voltage influence.

A similar explanation of the retrograde effect was considered by Moizhes and
Nemchisky in [58] taking into account the increasing of the value of uc by the
generation of an additional voltage drop uh in the near-surface quasineutral plasma
due to Hall effect. It is also assumed that the heat flux to the cathode was determined
by the ion acceleration to the value of uc + uh at the retrograde site of the spot.
However, in the dense plasma at the cathode surface the plasma density is so large
that condition of ωτ � 1 is fulfilled, and, therefore, the effect is negligible small
comparing to the large electric field in the cathode sheath.

Another explanationNemchisky provided in [59] considering the cause of the spot
motion by its jump from one to other location on the cathode surface. He assumed
that such spot jump was stimulated by large energy loss on ohmic resistance of a
plasma of long length produced due to depth crater formation in the cathode body
during the spot operation. The presence of Hall effect determined the asymmetry of
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the resultant voltage. Also it was assumed that, when an increase of the voltage in
the plasma reaches a critical value with increasing its length, the spot changes the
location. A statistical treatment was used to obtain the condition of spot location, and
therefore, the spot velocity as dependence on magnetic field and current. However,
in addition to the above comments, the experiment [60] not always shows a depth
crater filled with a plasma, the crater always is filled with the liquid metal or the
crater with evacuated the liquid metal due to very large plasma pressure acted on the
liquids in the spot.

Hantzsche [61] studied the forces acting on the cathode arc spot surface and
removing themolten layer from the craterwhich composedmainly of the ionpressure,
the neutral gas pressure, and the evaporation recoil. The liquid layer of thickness of
0.1μmat the solid cathode (significantly smaller than the spot radius)was determined
by treatment using the hydrodynamic approach. It should be noted that sometimes the
craters were produced in form like to that presented in Fig. 19.6, i.e., mostly planar in
which the diameter is much larger than the depth. In additional, the calculations [59]
used some assumptions and experimental data that not understandable and should
be discussed separately.

The above hypothesis relating to the increase of plasma voltage produced due to
plasma electric resistance as well as the Hall effect was used to explain the retrograde
spot motion on mercury cathode [62]. For mercury cathode, a spot deepening was
assumed due to sunken of the spot into the liquid by the large pressure. In the later
work of Moizhes and Nemchisky in [63], this same model was used and considering
the dependence on electrode gap as well as an influence of the axial magnetic field.
The Hall effect was also used by Emtage et al. [64] in order to explain the motion of
a high-current arc in forward direction.

In contrary, Daybelge [65] indicated, that the Hall effect is very small, because the
mean free path of electrons is shorter than their gyroradius. He studied the expansion
of metal vapor from an emission center (EC) without consideration of the heating

Fig. 19.6 Crater produced at
Mo cathode according to
Juttner [60]. Used with
permission



19.1 Cathode Spot Motion in a Transverse Magnetic Field 785

problem itself. To analyze the metal plasma, the general magneto-hydrodynamic
system was used including equations of continuity, momentum, and entropy in 2D
approximation. The strong variation of electrical conductivity was taken into account
as well the induced electric field caused by plasma motion across magnetic field. As
boundary conditions the plasma was assumed to outflow from a cylinder of radius
r0 (equal to a crater size) with given initial Mach number M0. All processes inside
the crater region were ignored.

The calculations conducted for distance of 20r0 and for constant self-magnetic
field Bs along the plasma boundary assuming constant arc current in the explosive
electron emission. The influence of the expanding metal plasma on the electric field
distribution around the emission center was studied. It was shown that expanding
metal plasma strongly enhances the electric field in vicinity of the EC, which was
symmetric in the absence of the external magnetic field. In this case, two maxima on
both sides of at crater can activate of new EC on both sides with equal probability,
which is the reason to random walk of the cathode spot. In the presence of the
transverse magnetic field, even neglecting of the Bs, an anti-symmetric electric field
distribution arises around the EC, so that the field was reversed on the Amperian side
of the crater making any electron emission on this side unlikely, whereas strongly
field enhancement on the retrograde side of the crater favoring the rise of new EC on
this side.

Some not understandable questions related to themodel [65] should be noted. The
non-stationary processes of electron explosive emission and plasma expansion from
a transient EC cannot be studied by assuming constant electrical current or current
density. The asymmetry electric field distribution was originated in the quasineutral
expandingplasma.Therefore, it is not clear how this field in suchplasmacan influence
the electric field at a protrusion to support a new EC displacement. Also, it is not
clear how the input parameters, given arbitrary in the model, are related to the real
cathode spot phenomena.

Drouet in [66] and similarly in [67] also was used the asymmetric magnetic field
distribution which results from the asymmetrical combination of the self and applied
magnetic fields. He assumed that the plasma is confined at the retrograde side, and
therefore, the plasma density increase influencing the work function of the cathode
material in way that it is reduced enhancing the electron emission and thus favors
the retrograde motion by the new spot ignition. Let us consider the details.

1. The fact of discharge confinement and asymmetric action in the presence of
a transverse magnetic field was previously reported by Kesaev [4, 5, 31, 32]
and by Emtage et al. and reference therein [68]. Also, Meunier and Drouet [69,
70] experimentally studied the arc behavior with the application of the 850 G
magnetic field. The confirmed influence of the transverse magnetic field showing
that the plasma light was confined along the field lines close to the cathodic plane.
The detected amplitude of the ion flux was more than three times stronger along
the field lines than perpendicular to the field, whereas without field the same
flux intensity was measured in both directions. In the direction parallel to the
field lines the plasma cloud is asymmetric, the luminous region going further
away from the electrodes in the forward or Amperian direction while the arc
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spot propagates in the retrograde direction. The appearance of ejected metallic
droplets was largely reduced with the magnetic field.

2. The work function reduction was based by reference to the Leycuras work [71].
In this work, the lowering of the work function from a metal was explained by
the polarization energy of the excess electrons in a dielectric. It was analyzed
experimental results obtained by widely studied of the work function ϕ for a
number metals immersed in a few dielectric liquids and in argon. The results
showed that reduction of ϕ was determined by the presence of a dielectric. In case
of cathode spot, Leycuras assumed that the role of a dielectric plays the presence
of high dense vapor. This assumption contradicts to well establish opinion about
the near-cathode high dense and highly electro-conductive plasma. In addition,
the self-consistent solution of the cathode system of equation indicated that the
plasma parameters and current density weakly depend on the variation of the
work function [72]. Only the calculated cathode surface temperature weakly
varied with ϕ in order to reach requested electron emission intensity to satisfy
the cathode processes self-consistently.

3. The work of Fabre [73] was cited in order to base the plasma density increases
with the magnetic field. He studied experimentally the capture and containment
of a laser produced plasma with a magnetic field. Experimental results show the
deceleration of the laser product expansion and a dependence of high energy
particle losses due to the large target size. There should be noted that the plasma
production in case of laser–target interaction is a result of action an independent
heat source. Therefore, the near surface plasma generation is completely different
from the plasma generation in case of self-consistent cathode processes, which
are different in different spot types. The difference of both the phenomena can
be considered from the works [74, 75].

Thus, although that Drouet’s assumption about asymmetry of the resultant
magnetic field and its influence on the arc plasma is not new in the literature, there
are unanswered questions about the role of plasma density increasing (which also
proposed by Kesaev [4, 5]) and the interpretation of published experiment about to
reduction of the work function.

Fang in [76] developed a model retrograde motion of vacuum arcs in transverse
magnetic fields considering the outflow of positive ions from the cathode spot with
velocity vz in z-direction perpendicular to the cathode surface. In transverse magnetic
fields, the high-speed ion jets from the cathode to the anode will be deflected in
the retrograde direction and thereby the positive space charge shifts to the same
direction. It was reported about not understandable assumption according to which
the separation of ion charge in plasma jet can occur at the moment of explosion.
While the electrons will be bent in the forward direction, the high-speed ion jets
will be deflected in the retrograde direction by the transverse magnetic fields. The
retrograde deflection of the positive ions will cause a retrograde shift in the location
of the maximum electric field at the cathode surface and thus a retrograde shift in the
location of the high electron emission from the cathode and finally in the retrograde
motion of vacuum arcs.
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The ion deflection was assumed due to force like to expression e(−ua/d + vB),
where ua is the arc voltage, d is the gap distance, v is the ion velocity, and B is
the magnetic field induction. It was obtained the expression for velocity vy of ion
deflection in y-axis indicated direction parallel to the cathode surface. This expres-
sion is depended on number of parameter such as cathode potential drop, ion mean
free path, current density, electron current fraction, cathode surface temperature,
and initial ion velocity in the spot region. The further correction of this expression
was conducted in order to calculate the spot velocity as dependence on the cathode
temperature variation due to the external cathode heating [77]. At numerical study
part of the mentioned, parameters were given arbitrary or calculated using arbitrary
assumptions. Also, doubtful using a force by the average electric field e(−ua/d + vB)
generated in the quasineutral plasma (i.e., not related to the space charge sheath), in
which vB is, as rule, small and was already commented at the analysis of the listed
above similar works. Besides, not understandable problem of above-describedmodel
is the assumption of separate ion flow in the cathode quasineutral plasma jet caused
due to an explosion process.

Harris [78] theorized the different phenomena occurred in group spot of a vacuum
arc including splitting, grouping, and the retrogrademotion of the fragment or a single
cathode spot. He assumed that the retrograde effect is caused by the motion of the
electrons to the edge of the spot. The electrons and heavy ions within the plasma
react differently to the Lorentz force that is applied. In vacuum, the heavy ions could
be considered stationary when compared to the low mass electrons. The velocity of
the electrons is determined by their reaction with the magnetic field (Lorentz force)
and the “drag” that is generated due to electron–ion interaction. The electrons that
are ejected from the cell are displaced in the “forward” direction. Since the electron
space charge is now located at the “forward” side of the cathode spot, the electron
emission on that side is reduce and is increased on the retrograde side of the cell. As
result, the electron emission center will move toward the retrograde side of the cell to
the same degree that the negative space charge will move toward the “forward” side.
And the electron cloud will return to its original position. Although this mechanism
appears to be stable when considering the electron behavior, it is not the case for the
ions. The location change of the electron emission center is accompanied by a change
in the location of the atom evaporation center (after some thermal delay—which is
required to heat the surface). Since the “forward” side of the cell now cools off, while
the “retrograde” side heats up—the plasma is emitted from the retrograde side and
the plasma is shifted backwards. Figure 19.7 shows the time dynamics of electron
beam forward and retrograde new generated plasma altered the space charge fields
displacement explained by the cycle of steps.

This cycle can be described in way reported byHarris. Figure 19.7a who indicated
the situation in the absence of Lorentz forces parallel to the cathode surface. Here
the electron and ion space charge clouds with positive charge approximately of a
mean free path for atom ionization off the cathode surface. The arrows indicate
that the electrons tend to flow away from the cathode perpendicular to the surface.
Figure 19.7b illustrates the change in the electron trajectories in the presence of
transverse Lorentz force that tends to push electrons forward toward the left. Further
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Fig. 19.7 Dynamical cycle of relative displacement of ion and electron clouds caused by Lorentz
forces in a cathode plasma for a in the absence of the magnetic field. The presence of the magnetic
field; b change of the electron trajectories; c electron space charge is shifted slightly to the left of
its original position; d displacement of the mean locus of electron emission, the emitted electrons
cover the exposed remained the positive space charge; e the electron deficiency on the backward
edge is filled in, and the space charge cloud of the fragment is properly compensated; f the picture
is identical to that of (b) except for the retrograde, shift of the fragment plasma and of the emission
site at end of the cycle

after a few electron transits times, the electron space charge in the plasma region
is located slightly to the left as indicated in Fig. 19.7c. Because the transit time of
an emitted electron passing through the plasma region is very low, the estimated
maximum transverse electron displacements were less than a Debye length, which is
of the order of 10−6 cm. Therefore, it is not given rise to significant transverse electric
fields opposing the electron drift. However, the sign of the longitudinal electric field
is changed and that suppresses the electron emission at the edge of the fragment,
while at the same time strongly enhancing electron emission at the opposite side
of the fragment where the electron cloud tends to recede. So, the displacement of
the mean locus of electron emission and the emitted electrons covers the exposed
positive space charge, which is taken to be stationary during these changes.

Figure 19.7d shows the backward shift of the locus of electron emission which
must be equal in magnitude to the forward displacement of the electron cloud. Thus,
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within another few electron transit times, the electron excess on the forward side of
the fragment flows away, the electron deficiency on the backward edge is filled in,
and the space charge cloud of the fragment is properly compensated, as indicated in
Fig. 19.7e. Then ions are created when atoms evaporated from the emitting surface
undergo ionizing collisionswith plasma electrons, as shown in Fig. 19.7e. After some
thermal delay, by a corresponding shift in the locus of atom evaporation as the surface
under the forward edge of the fragment cools and that under the backward edge heats
up. There results a backward shift in the position of the entire plasma as old plasma at
the forward edge of the fragment flows away and is not replaced, while new plasma is
formed opposite the newly emitting area at the backward edge. This process results
in the condition given in Fig. 19.7f, which is identical to that of Fig. 19.7b, except for
the backward, or retrograde, shift of the fragment plasma and emission site. The cycle
then runs again. Finally, amathematical treatmentwas presented that allows calculate
the parameters of retrograde spot motion as dependence on the magnetic field. The
calculation results were in agreement with that obtained from the experiment.

Summarizing, it can be stated that the idea of emitted electrons displacementwhile
the remained ions produced new positive space charge sheath at the retrograde site of
the spot is used in a number above cited works. Harris referred to the similar, but very
qualitative, work of Longini [22]. Again, the main problem that the effect of electron
magnetization is produced at length significantly larger (>10 μm) than the length of
the space charge sheath, or the mean free path (0.01 μm) or even the ionization zone
(1 μm). In other word, all above processes of charge shifting cannot be occurred in
the dense plasma of the spot (fragment). Thementioned charge separation at the edge
of the spot cannot be accepted even if the plasma there is enough rarefied. This is due
to, firstly, not clear position of this edge, and secondly, the intensity of the thermal and
emission processes cannot dominate in the rarefied plasma in comparison with that
in the nucleus and therefore determines the spot shifting. Finally, the quasineutrality
of the plasma remains even in rarefied edge of the spot.

Sanochkin [79, 80] reported an attempt to explain the retrograde effect by
asymmetric curvature of a molten metallic layer generated due to current carrying
microspot surrounding in a transverse magnetic field. The used model considered a
point heat source acted on a liquid metal layer which length is much larger than its
thickness. A thermocapillary force caused a convective motion of the liquid, which
is in general symmetric around the heat source in the absence of the field. In the pres-
ence of a magnetic field, the ponderomotive force is added to the gravitation in the
Amperian direction and as result the level of the molten layer decreased at this side
producing an asymmetric level of the liquid surface around the heat source. Asym-
metry of the molten surface, according to the author’s opinion, leads to asymmetry of
the electrical field, which decreased on side of the pit and it is concentrated around
the higher edge of the liquid meniscus. Therefore, the surface heating due to ion
bombardment is also asymmetric and the heat flux is shifted in direction opposite to
the Amperian force causing respectively shift of the spot in this direction. However,
the observed cathode spot phenomena occur mainly at the solid cathodes and the
liquid area around the spot is about of the spot radius and is not associated with the
assumptions used in the theory of thermocapillary convection. Besides, the surface
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Fig. 19.8 Static pressure
dependence on applied
magnetic field with constant
parameter βb as a parameter.
Using Schrade data [82]
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heating due to ion bombardment cannot be asymmetric due to thickness of the space
charge sheath is much lower than the characteristic scale of the melting region at
the surface. At liquid cathode like Hg, the level of possible cathode temperatures in
the spot is relatively low and not associated with the requested level of temperature
difference corresponding to the modeled phenomena of metallic convection (see also
Chap. 16).

Schrade et al. in a series of publication [81–86] developed an idea of magneto-
hydrodynamic instability, which provokes the ignition of new cathode spots in the
retrograde direction. It was determined, that an arc is stable with respect to a certain
disturbance or displacement if the arc can be restored to its original balanced config-
uration. In 1973, Schrade [82] indicated a parameter βb = Pst8π/B2, which is the
ratio of average static pressure Pst to magnetic pressure. The magnetic field 0.5 T
corresponds to a pressure of 1 atm. If the applied magnetic field is much smaller than
0.5 T, the value of βb becomes much larger than unit for an arc pressure more than
1 atm. In Fig. 19.8, curves of constant βb are plotted in log-log scale as function of
the gas pressure Pst, and the magnetic field B. The arc column can be stable when
βb > 1. According to Fig. 19.8, this condition can be fulfilled for cathode spot dense
plasma. Thus, the value of βb turns out to be a crucial parameter in the stability
criteria of an arc in a magnetic field.

Tseskis work [87] should be mentioned as well. This work pointed that magneto-
hydrodynamic instabilities of the arc column lead to the ignition of new cathode
spots in the retrograde direction. A kink instability as a result of interaction of the arc
currentwith themagnetic fieldwas studied. Ion current fraction in the arc as a constant
parameter obtained experimentally has been utilized. The conducted study leads to
some approximate result regarding to the dependence for the velocity of retrograde
motion on the magnetic field and which include three constant parameters given
arbitrary. The arc instability was studied to find a condition when the discharge axis
will be kink, and this instability will be developed.

A general stability criterion for a discharge channel which emanates (arise) from
a crater of a low-pressure arc cathode attachment was derived later Schrade et al.
[84] in order to explain arc spot motion by a kink instability of the discharge channel
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causing the channel to bend more and more. The model considers dissipation mech-
anisms of a non-stationary single spot by taking experimental data of the crater size
on pure copper and molybdenum cathodes. It was assumed that the current density
distribution over any cross-sectional area of such a discharge channel can be approx-
imated by a so-called eccentric parabola of grade n. A finite channel segment of
certain length and volume of any arbitrarily shaped current carrying plasma channel
was considered. The forces which acted on the particles within this segment were: the
Lorentz force, the centrifugal force, the Coriolis force, and the resultant gasdynamic
force due to convection, pressure, and friction effects. The derived stability criterion
was determined by the ratio of self-magnetic field to the external magnetic field.
The criterion indicates conditions when the channel becomes less stable for small
disturbances in the retrograde direction. The consequence of this fact is a kinking
of the channel in the retrograde direction and an eventual contact with the cathode
surface on the retrograde side of the original spot or crater.

Similarly to above model, Auweter-Kurtz and Schrade [83] studied the stability
of a current carrying plasma channel. The model takes in account that one end is
fixed to the metal surface. It was shown that transverse convective forces induced
by magneto-gasdynamic effects play an important role in the dynamics of a plasma
channel and that the vapor pressure of the evaporated electrode material must be
larger than about twice of the average magnetic pressure across the spot area in order
to obtain a stable arc channel.

Qualitative model of arc instability was described by the authors [88]. Let us
discuss the main aspects of their mechanism. Firstly, the arc consists of an axially
symmetrical current carrying channel having the origin in the cathode spot. The self-
magnetic field of a force profile produces a pressure increase in the plasma channel.
When a fluctuation curved the channel, then the magnetic lines on the concave side
of the channel are condensed and on the convex side were spread out. Therefore,
the radial forces on the concave side become larger than on the convex side and
the force profile, distributed over the cross-sectional area of the channel, becomes
asymmetrical. This asymmetry affects the cathode vapor plasma, which under high
pressure and ohmically heated can now no longer be held together by magnetic force
because it expands or stream out on the weak force side of the channel and was
thereby diverted off the axial direction. So, the axial vapor and plasma jet flowing
out from the cathode spot were deflected in the direction of smaller force fields,
while the intrinsic current carrying channel was deflected in the opposite direction.
This deflection of the current carrying channel can become so strong that a contact
with a neighboring surface point vaporized the cathode and form a new cathode spot
(Fig. 19.9).

The other direction of instability is related to the case when a transverse magnetic
field is applied to the arc channel. With this instability development, the radial force
profile canbecomeasymmetricalwithout additional curvingof the discharge channel.
This asymmetry causes a deflection of the vapor and plasma jet in theAmperian direc-
tion, while a resulting gasdynamic surface force acts on the current carrying channel
in the opposite retrograde direction. It can be shown that under certain condition this
gasdynamic force in the retrograde direction predominates over Lorentz force in the
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Fig. 19.9 Curvature of the arc plasma channel and new spot ignition due to the bending of the
current channel. Figure is similar to that from Auweter-Kurtz and Schrade [83]

Amperian direction. The channel axis is thereby curved in the retrograde direction
until the discharge channel contacts and heats up the cathode surface. As a result, a
new cathode attachment arises on the retrograde side of the original spot.

Thus, the idea and mathematical treatment widely presented in the literature by
Schrade and co-authors is based on study a discharge instability caused the discharge
channel curving. A high degree of discharge channel curvature leads to new spot
ignition due to plasma contact with the cathode. But there is a problem with this
mechanism because any analysis provided by the authors of probability of such igni-
tion is due to contact of rarefied expanding plasma with new cold point at the cathode
surface was absent. Moreover, it is difficult to represent the plasma jet acceleration
up to supersonic velocity at distance of about one spot radius (Chap. 18) that can
be curved up to like to half circular configuration with a contact of dense plasma
at a some new cathode surface. Also, a number of assumptions related to choose a
certain segment, its length, parabolic density profile, and others sound arbitrary and
not related to the real cathode plasma expanding in forward and radial directions at
some distance from the surface.

An ionization–energy model was developed by Bobrov et al. [89] to explain the
spot motion without assumption of new spot ignition at retrograde side of the old
spot. The model was considered as a basic concept approving Kesaev’s principle
of “maximum magnetic field” and his respectively assumption of increase here the
plasma density. This increase can be provided taking into account the neutral gas
ionization in the plasma region by the absorption of the electromagnetic energy,
which is maximal at the side of maximummagnetic field. So, the model describes the
retrograde motion of a cathode spot as a process of plasma propagation to a direction
of maximum dissipation of Poynting energy, which is in the direction opposite the
Lorenz force. Although that the analysis of plasma heating and atom ionization
was conducted, the model is qualitative. This model did not present any calculation
regarding to the level of the plasma heating as dependence on distance from the
cathode surface to understand where this approach is effective. However, it is known
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(see below) that at near-cathode surface at which the plasma density is very high, the
influence of themagnetic field is negligible low due to low value ofωτ ∼ 10−5. Also,
the plasma properties are quietly equalized in the dense highly collisional plasma
(with characteristic time of 10−13 to 10−14 s at electron–electron collisions) even of
some local its parameter fluctuation in the nearest to surface plasma region. Thus,
the proposed approach cannot be accepted, because the released energy can be far
from the cathode surface, where it is actually important.

Jüttner and Kleberg [90–92] presented an excellent experiment in order to study
the spot motion in a transverse magnetic field using an improved technique having
high time and space resolution (see details also in Chap. 13). It has been found that
a plasma cloud expanded in the form of plasma jets in the retrograde direction and
the new spots are ignited in the direction of this plasma expansion. The jet ejection
is assumed as a product of instability of spot plasma confinement in the magnetic
field. The plasma expansion reach velocities of vjet = 5 km/s on average. An attempt
has been made to modeling the spot motion.

The model based on expanding jet motion crossing the magnetic field, producing
an electric fieldsEjet = vjet ×B, which assumed is promote the ignition of a new spots
in the retrograde direction. It should be reminded that the field Ejet and the plasma
drift in retrograde direction using hydrodynamic approach was already studied by
Hermoh and Teichmann [48, 49] and in other above discussed publications (see
above comments). But here is a number of weak points in this approach as well. The
electric field Ejet, in essence, is the field produced inside of the quasineutral plasma.
An estimation shows that it is very low field, in range of 5–50 V/cm for B in range of
0.1–1 T, respectively. Corresponding potential drops even at size of spot (rs = 10μm)
consists of 5–50 mV. Therefore, it is not clear how such weak plasma field in the
quasineutral plasma influences on any phenomena of spot ignition. In the above-cited
works, such field was used to calculate a voltage which was considered as additional
value to the cathode potential drop in the space charge sheath. Such adding is not
relevant and not related to a process of spot ignition (see above). It should be noted
regarding to the instability assumption. The assumption of plasma spot instability is
not agreed with Kesaev [4, 5] observations, which indicated a vice versa fact, i.e.,
an increasing of spot stability observed in the presence of an applied magnetic field.
Usually, the magnetic field influences the instability of intrinsic plasma parameters.
So, the direction of plasma ejection can be formed randomly as result of energy
dissipation due to the plasma instability (ion sound, acoustic, Buneman, and others)
[93]. However, specific configurations of the magnetic field were used to prevent the
random high-pressure plasma motion due to instabilities [94].

Lee [95] reported on a model of radial electric field formation by the gyrocenter
shift due to the neutral density gradient caused by charge-exchange collisions of the
ions and their elastic scatterings. This model, developed early [96] in the field of
fusion plasma physics, was proposed to describe the arc discharges by the general-
ization of the theory resulting from a short mean free path λia compared with the
gyroradius rL. When there is a magnetic field perpendicular to the gradient direction
of ions and neutrals, the ion drifts perpendicular to the magnetic field such as E
× B drift and diamagnetic drift contribute since ions lose their momentum at the
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charge-exchange collisions. When there is ion pressure gradient ∇p oriented in the
same direction of electric field, the force acting on the ion is eE-evDB-∇p/ni, where
vD is drift velocity. After the charge-exchange collisions of an ion with a neutral with
a mean free path λia, the ion starts a new acceleration since the motion of a neutral
is independent from the electric and magnetic fields. The expression for the drift
velocity was derived as [95]:

vD = 1

1 + r2L
λ2
ia

(
E

B
− ∇ p

eBni

)
(19.3)

The expression (19.3) shows that when rL � λia , the velocity vD tends to zero.
This is the case for dense plasma in cathode spot. When the mean free path is
comparable with gyroradius, the term with neutral density gradient in expression for
radial current density becomes weak. It is because the gyrocenter shift was taken
by the average over a circle of gyromotion, and many ions do not make a whole
gyromotion in this case [95]. Therefore, only a limited number of ions fly longer
than gyroradius. This point was accounted by the ratio of this number of ions to the
whole ion number which is Exp(−rL/λia).

While the above model is not applicable to the cathode spot motion in a vacuum
arc (λia/rL → 0), the presented calculation for the case of experimental study using
experiment [50] for discharge in an Argon indicate useful result. The neutral density
of an Argon in front of the cathode sheath is assumed of 1015 cm−3. It is also assumed
that the gas pressure is proportional to the neutral density. The arc voltage dependence
on the gas pressure follows the experimental measurement in which the arc current is
constant, 120 A. The drift velocity was calculated at distance corresponding to 1/20
of the neutral decay length is plotted in Fig. 19.10 for the different gas pressures and
magnetic fields. The results indicate how the ratio of the gyroradius to the mean free
path of charge exchange varies the drift velocity since the gyroradius is a function
of magnetic flux density and the mean free path is a function of gas pressure. It can
be see that retrograde spot motion is appeared at low pressure of an Argon.

Pang et al. [97] discussed a hypothesis to explain their experiment for vacuum arc
with van-type and spiral-type contacts in an applied transverse magnetic field. The
hypothesis is based onBeilis theory [98, 99] according towhich a spot or group spot is
formed preferable under already existed plasma cloud impeded the expanding plasma
plume and save the necessary plasma density for spot development. This model was
confirmed by Pang and co-authors observations indicating that when the cathode
spots are close, an overlapping region of plasma plumes is formed. So, according to
the theory [98, 99] the overlap region impedes the plasma flow, increasing the near-
cathode plasma density. New spots can be ignitedmore easily near these concentrated
cathode spots in the overlap region, which is favorable for the formation of cathode
spot groups.

They also indicate that for the contacts considered in the experiment both a trans-
verse magnetic field and an axial magnetic field exist between the contacts. The
collimating effect of axial magnetic field reduces the plasma density. Meanwhile,
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Fig. 19.10 Profiles of drift velocity calculated by gyrocenter shift and measured arc spot velocity
in [50]. The calculated values in this figure were taken at the distance of 0.15 mm from cathode and
divided by 39. Figure taken from [95]. Used with permission

the transverse magnetic field component drives the plasmas to move in a direction
perpendicular to the magnetic field. The plasma density in this direction is increased
and so is the possibility of the new cathode spots igniting, leading to a phenomenon
in which the cathode spot group moves under the action of the transverse magnetic
field. According to the model [99], a group spot and the retrograde spot motion were
described for an arc in vacuum,whilewith increasing the gap pressure the spot tend to
be separate individual passing to slow individual spot (SIS) type (see Chap. 7), which
also was observed by Djakov and Holmes [100]. Some mixing situations between
conditions in a vacuum and gap filled pressure were discussed in [97].

19.2 Spot Behavior and Impeded Plasma Flow Under
Magnetic Pressure

The observed spot behavior includes the group spot formation, cathode spot motion,
spot splitting, and effect of acute angle in the presence of a magnetic field. The nature
of these phenomena is explained in the frame of the kinetic theory. The physical
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mechanisms are proposed, and the mathematical systems of equations are derived
for quantitative studies. Each phenomenon will be considered in respective sections.

19.2.1 The Physical Basics of Impeded Spot Plasma Flow
and Magnetic Pressure Action

Again we use the result of kinetic theory (Chap. 17, [98, 101]) according to which in
a vacuum arc a new spot could be developed when an initial plasma density is present
near the cathode surface before the spot ignition and the following two principle rules
are fulfilled:

1. The plasma velocity in the Knudsen layer is smaller than the sound velocity,
and therefore, the plasma flow should be impeded near the cathode surface (first
rule).

This principle rule indicated requirement of presence a surrounding plasma or
magnetic pressure as well as heat source in the expanding plasma that could impede
the free plasma flow (with velocity lower than sound speed), which is necessary
to develop the ignited spot. As an improvement, the experiments indicated that
the surrounding gas pressure or an applied magnetic field affect the spot dynamics
[5, 102–105].

2. The heat losses due to heat conduction in cathode bulk should be smaller than
the incoming energy to the cathode from the plasma for spot current and cathode
temperature, which is necessary during the spot operation (second rule).

Based on these two principle rules, the mechanisms of cathode spot motion,
its splitting, and group spot formation explained taking into account the magnetic
pressure action. A mechanism for spot motion consists in a new spot ignition under
a plasma cloud or magnetic pressures in the direction where the pressure is sufficient
to impede the plasma flow. But first, we describe the mathematical formulation of
the forces and pressures due to current–magnetic field interaction.

19.2.2 Mathematics of Current–Magnetic Field Interaction
in the Cathode Spot

Let us consider these phenomenawhen amagnetic field is present, taking into account
the mentioned above two rules. An influence of the magnetic field on the plasma
processes in the spot (electron diffusion, electron drift, etc.) depends on the Hall
parameter β = ωτ , whereω is the electron cyclotron frequency and τ is the electron–
ion collision frequency. The value ofω is 1010−1011 s−1 formagnetic field 0.1–1T.At
the surface of a cathode spot, the plasma density is very high (about 1019–1020 cm−3);
therefore, τ is about 10−15 s and β is very small ~10−5 to 10−4. Thus, the influence of
the external magnetic field on the spot plasma parameters (e.g., potential drop, space
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charge, heat and particle fluxes, etc.) in the dense spot plasma is negligible. However,
the electrical current in the spot and in the cathode plasma jet in vacuum induces a
self-magnetic field, which is superimposed with any applied external magnetic field.
This interaction can influence the spot current and spot velocity. As the cathode
plasma is highly ionized and highly electrically conductive, the magnetic diffusion
time is estimated to be much shorter than the dwell time of the plasma in the vicinity
of the spot. Thus, the magnetic field penetrates into the cathode plasma. In general,
the plasma jet flow in a magnetic field is described by the momentum equation

ρ
dv
dt

= −∇P + j × B (19.4)

and by Maxwell’s equation

μj = ∇ × B (19.5)

where B is the magnetic field, j is the current density, v is the plasma flow velocity,
p is the plasma kinetic pressure, ρ is the plasma mass density, and μ is the magnetic
permeability.

Without external magnetic field in steady state in the case of small radial plasma
expansion assuming radial plasma velocity vr = 0, the force balance per unit volume
in the radial direction r can be obtained from (19.4) to (19.5) in the following form:

dp

dr
= −d(Bsmr)

μrdr
Bsm (19.6)

where Bsm is the self-magnetic induction and r is the radial coordinate. After
integration of (19.6), the radial pressure balance is

p(r0) − p(r) = −μIs0 j

4π

(
1 −

(
r

r0

)2
)

(19.7)

where r0 is the radius of discharge cross section, Is0 is the spot current in the single
spot. The difference between the value of the kinetic pressure on the discharge axis
(r = 0) and its value at the edge of the discharge channel is:

p(r0) − p(0) = −μIs0 j

4π
(19.8)

Equation (19.8) describes the pressure in the current channel when the magnetic
pressure is also included. In the cathode spot, the kinetic pressure generally differs
from the self-magnetic pressure psm (p � psm) and the difference between these
terms depends on distance from the cathode in the expanding plasma. Taking into
account that the plasmadensity decreases due to the expansion of the accelerated axial
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plasma, the self-magnetic pressure can become comparable to the kinetic pressure
at a certain distance from the cathode.

As the pressure ratio is proportional to the current and the spot current grows,
the plasma flow becomes unstable when the magnetic pressure exceeds the kinetic
pressure [106]. In this case, the spot can extinguish, limiting the spot current rise.
In addition, when an external magnetic field is applied, or produced by an adjacent
spot, the non-uniform pressure difference in the radial direction determines the spot
motion.Let us consider the effects ofmagnetic pressure on the cathode spots behavior.

19.3 Cathode Spot Grouping in a Magnetic Field

There the physical model [99, 107] and the results of calculations are presented
demonstrating the spot current dependence on magnetic field which was observed in
a vacuum arc.

19.3.1 The Physical Model and Mathematical Description
of Spot Grouping

The experimental study [92, 100, 102, 103, 108, 109] shows that the spot current,
and therefore, the current per single jet is limited to a material-dependent value. The
cathode spot expansion on the cathode surface in a ring away from their origin as
well as tendency of spot grouping with increase in magnetic field were also observed
[51, 110, 111]. In order to understand the observations, it will be taken into account
that the cathode plasma expands and accelerates to velocity Vs and that the plasma
density, n, and the current density, j, subsequently decrease with distance along the
z-axis-oriented perpendicular to the cathode surface. Also, the self-magnetic field
increase with spot current for a single spot. Therefore, the relation between the
pressure (psm) by self-magnetic field and kinetic pressure along the jet will depend
on the plasma parameter distribution in the axially expanding cathode plasma.

Different models were used in order to calculate the dependence of the plasma
distribution on the distance from the cathode. According to the calculation of the
plasma jet expansion [101, 112, Chap. 18] for a given spot current in the range of
100–300A, the plasma velocity passes the sound speed at a distance of about 2–3 spot
radii rs and then saturates at a distance of about 10 rs. Also, this calculation shows
that the plasma density decreases similarly to the current density after the distance of
velocity saturation and both depends on the cross section of the expanding jet. A two-
dimensional calculation of supersonic vacuum arc plasma jet expansion with a free
boundary, i.e., without any assumption about the jet geometry [113], showed that an
initially the jet remains conical near the origin and the expanded shape depends on the
initial jet angle and spot current. According to the two-dimensional calculation [114]
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in high-current arcs the Joule energy dissipation in the jet is so small that the plasma
temperature in the jet increases onlyweakly. Thus, the kinetic pressure p and pressure
(psm) generated by the self-magnetic field can be comparable, for example, at a
distance of plasma acceleration region, where the plasma density strongly decreases.
In this case, the near-cathode plasma parameters will be disturbed, and as result, the
spot can be converted by forming an additional new spot, which consistent with the
changed self-magnetic field. Therefore, the self-consistent processes in the converted
spots and in the plasma expansion region should be described for some individual
spot or group spot current. Thus, the spot splitting and the increase in spots number
will be sustained by an increase in arc current. When an external magnetic field is
applied (induced a pressure pem), the total magnetic pressure changes; hence, the
spot current must also change to a larger spot current. In order to determine the spot
current, two assumptions will be used in further quantitative modeling.

(1) The group spot splits if the self-magnetic pressure psm is comparable (for
simplicity is equal) to the plasma pressure p anywhere in the accelerated cathode
plasma, i.e., when the following condition is fulfilled:

p

psm
= 1 (19.9)

(2) The external magnetic field affects group spot splitting when the self-magnetic
pressure is equal to the pressure pem generated by the external magnetic field, i.e.,
when:

pem
psm

= 1 (19.10)

Let us consider a single-group spot jet without an external magnetic field. The
pressures decrease with distance from the cathode as the current density and plasma
density both decrease and therefore relation (19.9) along the z-axis will be as:

p(z) = psm(z) (19.11)

where the axial dependence of the pressure (19.8) on the self-magnetic field Psm(z)
is:

psm(z) = μIs0 j (z)

4π
, j (z) = Is0

A(z)
(19.12)

and where A(z) is the cross-sectional area of plasma jet as a function of the distance
z and j(z) is the current density distribution along the z-axis, assuming that the
expanding jet is uniformly distributed in the cross-sectional area A(z). In the cathode
plasma jet, the plasma kinetic pressure p is not an independent variable, but rather is
determined by
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p(z) = nh(z)kT (z) + ne(z)kTe(z) (19.13)

where ne and nh are the electron and heavy particle densities, respectively, and are
functions of the distance z, k is the Boltzmann constant, Te(z) and T (z) are the
electron and heavy particle temperatures, respectively, and are likewise functions of
the distance. The equation of mass conservation is

mV (z)nh(z)A(z) = GIs0 (19.14)

where m is the heavy particle mass, V (z) is the plasma jet velocity, and G(g/C) is the
cathode erosion, i.e., the mass eroded per unit charge transfer. Using (19.12)–(19.14)
and the fact that the plasma jet is highly ionized [101] (i.e., nh ~ ne), the relationship
between the self-magnetic and kinetic pressures in the plasma jet can be obtained as:

psm
p

= μIs0mV (z)

4πGk(Te(z) + T (z))
(19.15)

Taking into account the condition (19.11), and the asymptotic values of jet velocity
Vj, and electronTej, and heavy particleTj temperatures (seeChap. 18), the expression
for the current per single spot can be obtained from (19.15) as

Is0 = 4πGk
(
Tej + Tj

)

μmVj
(19.16)

Let us consider large arc currents, i.e., I � Is0, when numerous spots appear on
the cathode surface. In this case, the spot current Is depends on the relation between
the self-magnetic and kinetic pressures in the plasma jet and the pressure from an
external magnetic field Pem caused by superposition of the self-magnetic field of
others spots [110] or by an applied magnetic field. The magnetic pressure can be
expressed as:

pem(z) = Bem j (z)r(z) (19.17)

Taking into account (19.12), the ratio between the pressure caused by the external
and the self-magnetic fields can be obtained as:

pem
psm

= 4πBemr(z)

μIs
(19.18)

Using condition (19.10), the dependence of the spot current Is on the external
magnetic field is:

Is = 4πBemref
μ

(19.19)
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where ref is the effective radius of the jet for which condition (19.10) is fulfilled, i.e.,
where the external magnetic field is comparable with spot’s self-magnetic field.

19.3.2 Calculating Results of Spot Grouping

Without a magnetic field. The calculations are performed for a copper cathode and
for plasma jet velocity Vj ~ (1–2) × 104 m/s. The electron temperature is Tej ~
1–2 eV, and the cathode erosion coefficient is G ~ 30–100 μg/C [101]. For these arc
parameters, the calculation according to (19.16) gives the group spot current Iso of
50–200 A, in agreement with measured values [100, 102, 103, 108, 110]. The lower
value of Iso is obtained for the low values of Tej and G.

With a magnetic field. The current per group spot is calculated for copper cathode
by (19.19). The calculated results are compared with the measurements of Chromoy
et al. [110] where the linear dependence of the spot current on the magnetic field
is clearly expressed. This dependence occurs, according to (19.19) some effective
radius ref of the plasma jet for which condition (19.10) is fulfilled. Both measured
and calculated spot current dependencies on the applied magnetic field are shown in
Fig. 19.11, where it can be seen that good agreement is obtained when ref = 0.01 cm.

19.4 Model of Retrograde Spot Motion. Physics
and Mathematical Description

In this section, the mechanism of retrograde spot motion developed by Beilis [99]
for arcs in vacuum and in the presence of a surrounding gas pressure is described.

Fig. 19.11 Dependence of
the group spot current on the
magnetic field. Experiment
[110], and the theory
calculation according to
(19.19) [99]
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19.4.1 Retrograde Spot Motion of a Vacuum Arc

Let us consider a single spot on the cathode surface in a vacuum arc. In general, both
the pressure by self-magnetic field and the plasma kinetic pressure are distributed
axially symmetric (Fig. 19.12 left). In this case, according to the spot motion mech-
anism (Chap. 17), the spot moves randomly to a suitable nearby protrusion on the
cathode surface in order to satisfy the second principle rule (low cathode heat loss).
However, with an external magnetic field, the magnetic pressure resulting of the sum
of external magnetic field Bem and the self-magnetic field Bsm is distributed asym-
metrically and the larger pressure is on the side opposite to the Ampere direction
(Fig. 19.12 right). According to the first rule mentioned above, ignition of a new spot
is more probable under the larger pressure, and therefore, the spot appears to move
in the retrograde direction.

As the magnetic pressure is B2/2μ, then the pressure difference between the
two sides is 
P = 2BemBsm/μ. Measurements [110] indicate that the spot current
increases with the external magnetic field; therefore, the pressure difference 
P and
the pressure gradient will also increase with the external field in multi-cathode spot
regime. Thus, the factors, which encourage selective ignition on the retrograde side,
intensify with increasing external magnetic field strength, and hence the probability
for new spot ignition on the retrograde side likewise increases with the external
field, so that the directed retrograde spot velocity increases with the external field.
However, this dependence saturates with the field because the maximal velocity is
limited by the cathode surface state that determines the random spot velocity as well
as by increased gap pressure. Also, the saturated velocity depends on the arc current.
This is due to spot current dependence on arc current for certain external magnetic
field [110]. According to observations [110], the arc current affects the group spot
velocity in the dependence on B only near the saturated velocity. For magnetic field
below a critical value of B, the velocity is independent of arc current but depends on
the magnetic field. We consider two limited cases: (i) the dependence on magnetic
field below this critical value of B and (ii) the dependence of saturated velocity on
arc current, using the fact that the spot motion mechanism is based on the probability
of a new spot being ignited at a given distance and direction from an existing spot
after its extinguishing.

Fig. 19.12 Schematic
presentation of the magnetic
field and pressure difference

P around a spot with
self-magnetic Bsm (left) and
with the presence of an
external magnetic field Bem
(right)
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In order to calculate these dependencies, we assume that the new spot ignition
probability is proportional to the magnetic pressure gradient across the spot, i.e.,

P/2r. Also, we consider a case when the new spot is ignited on the distance about
radius of old spot r during the ignition time 
t and characterized by some plasma
density (ormass density ρs). As the ratio r/
t is the spot velocity vs, then according to
the spot ignition probability the value of v2s should be proportional to
P. Therefore,
taking in account momentum equation and the above expression for 
P, the spot
velocity increase can be calculated formally using the following equation:

ρsvs
dvs
dr ′ = 2BemBsm

μ2ref
= Is

2πr2ef
Bem (19.20)

where r′ is the radial coordinate. Taking in account that the group spot current
increases with magnetic field, as expressed by (19.19), (19.20) can be written as:

ρsvs
dvs
dr ′ = 2B2

em

μref
(19.21)

The integration (19.21) taking in account that the new spot ignition is around ref
where the velocity increases to vs give:

ρs
v2s
2

= 2B2
em

μ
(19.22)

vs = kB B, kB =
(

4

μρs

)0.5

(19.23)

Equation (19.23) indicates that the spot velocity increases linearly with the
magnetic field, in accordance with previous measurements [5, 52, 110].

According to the measurements, the dependence of the retrograde spot velocity
on the magnetic field is saturated when the arc current I is lower or equal to the
spot current, and therefore, the velocity depends only on the current and not on
the magnetic field [110]. As the condition (19.10), i.e., Bem = Bsm is fulfilled in
case of I ~ Iso, then the new spot ignition probability is proportional to the self-
magnetic pressure gradient around the spot, i.e., 2B2

sm/μ2r , and the saturated velocity
dependence on the current is:

ρsvs
dvs
dr ′ = 1

μref

(
μI

2πr2ef

)2

(19.24)

Taking in account that the new spot ignition is around ref where the velocity
increases to vs after integration (19.24):

ρs
v2s
2

= μI 2

4π2r2ef
(19.25)
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vs = kI I, kI = 1

πref

(
μ

2ρs

)0.5

(19.26)

Equation (19.26) indicates that the spot velocity increases linearly with the arc
current, in accordance with the measurements [110]. It should be noted that for
relatively small values of arc current (<60 A) and magnetic field (<0.05 T) [5, 52],
the velocity depends simultaneously on B and I (large transition range to saturated
value) the case, which is not considered here.

19.4.2 Retrograde Spot Motion in the Presence
of a Surrounding Gas Pressure

Let us consider surrounding gas pressure psur and the effect of a strongmagnetic field.
In the case of surrounding gas, there is a channel in the neutral gas that conducts the
arc current between cathode and anode. This conduction channel is constricted due
to thermal conduction into the surrounding gas, as only a constricted current flow can
produce sufficient ionization and electrical conductivity. The ponderomotive force
applied by the external magnetic field on the current I in the channel is proportional
to the channel length Lch and is given by the expression:

F = I BemLch (19.27)

According to the model proposed here, reversal spot motion occurs when the
surroundinggas pressurepsur in the discharge gap is larger than the pressure difference
between the two spot sides generatedby the self-magneticfield, i.e.,when
p � psur.
Retrograde motion is not observed in pressures greater than 1 Torr for relatively large
gap ~1 cm [78]. The estimation using (19.8) shows that self-magnetic field pressure
psm will equal psur = 1 Torr when the current density is about 103–104 A/cm2 for arc
currents of about 100–10A.According to the first principle rule, the new spot ignition
without external magnetic field and large psur in different direction is equiprobable.
However, when the magnetic field is present, the preferable motion is in the direction
of the ponderomotive force acting on the conduction channel in the neutral gas. The
velocity can be obtained from the equation of motion

mch
dvs
dt

= F (19.28)

where mch is the channel mass. Taking into account (19.27) and that mch =
πr2chLchmnch, after integration of (19.28) the velocity is

vs = I BemkTgt

πr2chmpsur
+ C (19.29)
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where Tg is the surrounding gas temperature, m is the atom mass, rch is the channel
radius, t is the time, C is the constant of integration. Equation (19.29) depends on
relation r2ch/t , which is equivalent to the spot diffusion parameter [3].

Another circumstance occurred in Robson and Engel’s experiment [30] when an
arc burned in a gas-filled small electrode gap (e.g., 0.5 mm) and the conduction
channel length, Lch, was also small and the spot moved in the retrograde direction.
This spot motion is due to asymmetric magnetic pressure distribution around the
spot (
p/r ∼ j Bem). As the gap was small, the magnetic pressure was determined
by larger current density near the cathode surface, than in the extended cathode
jet. Therefore, the pressure of the surrounding gas can be lower than the magnetic
pressure, which will impede the plasma flow during the spot ignition. In this case,
the mentioned above first principle rule will be fulfilled because the asymmetric
magnetic pressure although the surrounding gas is presented.

When the spot current I increase, the spot current density decreases [101] and then
the magnetic pressure decreases as well as the magnetic pressure will be decreased
when the external magnetic field decreases. This is the case in the experiment [30]
where the reversal spot motion in short (0.5 mm) gas filled gap is observed when the
current increases and the external magnetic field decreases. In a very strong external
magnetic field (a few T), the ponderomotive force acting on the conduction channel
grow and the spot moves according to (19.26) in the Amperian direction even in the
arcs with gaps of about 2 mm [115].

Thus, according to the present model, the– transition of spot motion from one
mechanism (ignition of a new spot under the asymmetric pressureretrograde motion)
to the second mechanism (spot ignition due to the conduction channel displace-
ment—Amperian motion) depends on the gas pressure, gap length, arc current, and
magnetic field and agrees with the qualitative model in [67]. An excellent illustration
of this transition is shown by Robson’s experiment [115], where the arc moves in the
retrograde direction when the external magnetic field Bem is lower than 1 T, while
the motion changes to the Amperian direction when Bem increases in the range of
1.2–5 T.

19.4.3 Calculating Results of Spot Motion in an Applied
Magnetic Field

19.4.3.1 Results of Retrograde Motion

In order to calculate the retrograde spot velocity, the proportional coefficients in
(19.23) and (19.26) are required.Both these coefficients depend on the plasmadensity
ρs. This parameter is calculated previously from spot theory [101, Chap. 17] and can
be compared with the values obtained from (19.23) and (19.26). The calculation
shows that using (19.23) the experimental value of the proportional coefficient KB =
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(2–10) × 104 cm/(sT) could be obtained when the plasma density ρs is about 0.01–
0.1 g/cm3. Using (19.26), the experimental value of KI = (0.2–0.25) × 102 cm/(sA)
[110] can be obtained when the plasma density ρs is about 0.2 g/cm3. As follows
from these results, the density ρs in both cases can occur in the plasma of spot region
[101, Chap. 17]. In order to obtain more exact results, the self-consistent solution
of the spot theory adding (19.23) and (19.26) is necessary. Here the calculations
are performed in order to demonstrate the measured linear dependencies of the spot
velocities on B and I.

19.4.3.2 Strong Magnetic Field. Amperian Spot Motion

The calculation of the reversal spot motion in strong magnetic field is compared with
Robsonmeasurements (air+ argon, psur = 30 Torr) [115] using (19.29). The constant
C is obtained using the measured initial values of magnetic field and velocity when
the reversal motion is appearing, i.e., C is equal 509 and 173 for two currents I =
5 and 10 A, respectively, and initial B = 1.5 T [115]. The parameter r2ch/t of spot
motion in (19.29) depends on the conditions (cathode surface state, gas state, and
others) in the experiment [115]. As the condition in the experiment [115] is unknown,
this parameter cannot be determined by independent method.

Assuming that the relation r2ch/t weakly depends on B the calculated (solid lines,
Tg ~ 1000 K) according (19.29) and the measured (points) results for arc currents 5
and 10 A show a linear dependence of vs on B (Fig. 19.13). The good quantitative
agreement between the experimental and calculated results (Fig. 19.13) was obtained
for r2ch/t = 3.1× 103 cm2/s when I = 10 A and for r2ch/t = 2.7× 103 cm2/s when
I = 5 A. These values are much higher than that measured without magnetic field
for 100 A vacuum arc (20–30 cm2/s) in [3, 92]. It should be noted that the parameter

Fig. 19.13 Amperian spot
velocity dependence on
strong magnetic fields. The
points are from Robson’s
experiment [115]. The lines
are the calculated
dependencies for 5 and 10 A
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r2ch/t could be reduced taking into account the drag force. The channel radius rch of
arc column in cold gas and strongmagnetic field should be calculated from additional
specific model.

19.5 Cathode Spot Motion in Oblique Magnetic Field.
Acute Angle Effect

When a magnetic field obliquely intersected the cathode, a specific effect was
observed for long time ago (1948). The effect consisted in a drift motion of cathode
spot under some angle θ to the retrograde direction, known as effect of “acute angle”.
A unique experiment later was conducted by Robson [116], which demonstrated
different drift angle dependencies. He measured the drift angle θ between the retro-
grade direction and the cathode spot motion direction (see Fig. 19.14) as a function of
the acute angle of the magnetic field with respect to the cathode surface ϕ, the current
I, and the magnetic field strength B. Below the drift mechanism and the mentioned
dependencies were calculated using a model of retrograde spot motion crossed the
normal component of magnetic field developed by Beilis [117].

19.5.1 Previous Hypotheses

There have been limited attempts to theoretically study the drift angle. An attempt
to explain the mechanism of acute angle was conducted by Litvinov et al. [118].
The model of emission center (EC) (Chap. 15) was used, and the current of returned
electrons from the plasma to the cathode surface at the periphery of the spot was
taken into account. An interaction of assumed ring-shaped currents of the returned
electrons with the magnetic field was considered. The author’ noted that magnetic
field tends turn the ring current in the anti-Amperian direction, while symmetry of the
magnetic field of the spot current is not violated. A calculating formulawas presented
as a final result without details of it derivation. This relation limits the calculation only
by a dependence between the drift angle and the angle inclination of the field. Even
this final relation consists of arbitrary input parameters and assumptions (including
condition R � rs, R is the radius of an electron ring and rs is the spot radius).

Fig. 19.14 Components of
the oblique magnetic field
and of the cathode spot
velocity with on the cathode
plane. Retrograde motion is
in the x- direction
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A similar model using the ring-shaped currents of the returned electrons is also
considered by Barengolts et al. [119]. It was claimed that the occurrence of new EC
is connected with the returned electrons from the plasma. The new EC is appeared
at the location, at which the reverse electron current is larger. In addition, a more
detail consideration of the above model and relation [118] was presented by the
authors [119]. They take in account the asymmetry magnetic field distribution by
the superposition with the self-magnetic fields due to electron ring current and EC
current. The authors indicated the already known opinion that a higher magnetic
field was found on the retrograde side. According to this fact was assumed that a
higher magnetic field leads to a higher kinetic energy of the particles due to the
electromagnetic energy [E × H] dissipation, which reproduce on impact with the
surface of the cathode (see above [89]). Thus, the conditions for vaporization a tip
on the retrograde side are more favorable than on the Lorentz side.

However, number of questions arise indicating strong weakness of both
approaches [118, 119]. According to self-consistent solution of the cathode spot
parameters [101, (Chaps. 16 and 17)], the current of returned electrons is signifi-
cantly lower than the current of electron emission from the cathode, ion current, and
the total current of the cathode spot, and therefore, this reverse current is insuffi-
cient for contribution any cathode heating, besides of some contribution for specific
cases. Furthermore, the reverse electrons are formed in the thin space charge sheath
(~0.01μm) that is significantly lower than the Larmor radius (~10 to 100μm). Also,
it is not understandable how a large density reverse electrons can be occurred far
from the spot location considered for case of large distance between two separately
spots.

The drift cathode spot motion was considered by Garner [120]. He used the
retrograde model of the work in [99] and described above. To reach the goal the
author assumed that density of the ion space charge nsp in the cathode sheath move
with the spot velocity vs and produce a current density jsp in the retrograde direction
(Fig. 19.12). Itwas also assumed that this current generate an azimuthalmagneticfield
Baz producing additional asymmetry of magnetic pressure in azimuthal direction by
interactionwith the self-magnetic field of spot current directed to the cathode surface.
Just a relation between drift angle θ and the acute angle ϕ was derived.

However, the value of magnetic field Baz in Garner’s model should be determined
by a thickness of the space charge sheath and not by radius ref of the cross section of
the expanding quasineutral plasma, as it was done by Garner (in the final published
version [120]). The main lack of this point is that the sheath thickness is a size of a
Debye radius rD (~10−6 cm), i.e., very small. In this case, the calculation shows the
value ofBaz = jspμrD/2≈ 10−5 T, i.e., is very small (by used jsp 1.4× 109 A/m2), and
consequently, the corresponding pressure is significantly smaller in comparison with
that generated in the retrograde direction. As result, the drift angle is also negligible
small.

Thus, the considered above models not presented an adequate understanding of
the mechanism of the drift spot motion. Also, the dependencies of the drift angle on
a magnetic field and spot current were never considered. In particular, the drift angle
dependencies on magnetic field and acute angle measured by Robson [116] weren’t
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analyzed previously and have not been understood. There are several remaining
questions “What is the mechanism of spot drift in an oblique magnetic field?” and
“How do the magnetic field components influence the drift spot motion?” Below an
idea will be proposed which allow to study the mechanism for cathode spot drift in
an oblique magnetic field and calculate the drift angle dependencies on the current,
the magnetic field strength, and on the acute angle of the magnetic field with respect
to the cathode surface.

19.5.2 Physical and Mathematical Model of Spot Drift Due
to the Acute Angle Effect

The current carrying plasma in a magnetic field is subject to the momentum equation

ρdv/dt = −∇ p + j × B + nspeE (19.30)

and by Maxwell’s equation

μj = ∇ × B (19.31)

where e is the electron charge, nsp = ne-Zni, ne is the electron density, ni is the ion
density, and Z is the average charge of the ions, B is the magnetic field, j is the
current density, v is the plasma velocity, p is the plasma pressure, ρ is the plasma
mass density, and μ is the magnetic permeability.

The magnetic field vector B, which obliquely intersects the cathode surface with
an acute angle ϕ, may be decomposed into two components,Bn normal to the cathode
surface (directed along the –z-axis) and Bt tangential (directed along the y-axis) to
the cathode surface (Fig. 19.14). The cathode spot motion, as evidenced by the track
left on the cathode surface [116, 121], may be described by a velocity vector vwhich
may be decomposed into two components: vx in the retrograde (+x) direction, and
vy in (−y) perpendicular to the retrograde direction. The angle θ between v and
the retrograde direction (Fig. 19.14) can be defined as the drift angle and may be
described by:

tgθ = vy
vx

and θ = arctg

(
vy
vx

)
(19.32)

In the following derivation, a model will be formulated for determining the
velocity components vx and vy that can be used to predict the drift angle θ. In general,
the mathematical problem formulated by (19.30)–(19.32) is complex and its anal-
ysis is complicated. Therefore, below a simple approach was developed in order to
understand the physics of spot drift.
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Let us consider the mechanism of the apparent cathode spot motion (see above
two principle rules, Chap. 17). In first, to understand the idea let us again detail the
mechanismof spotmotionwithout andwithmagnetic field (retrograde case).Without
a magnetic field, the cathode spot emits a plasma jet which flows significantly larger
in the axial direction than in radial flow [122]. The axial flow produces the visible
plasma in the interelectrode region at some distance from the cathode, but a portion
of the plasma flows parallel and close to the cathode surface. The cathode spot is in
a fixed location during its lifetime, and it evacuates the melting metal producing a
crater at the cathode surface. As the crater deepens, the heat losses in the bulk solid,
and therefore, the voltage necessary to sustain spot operation, increase.

At some time, operation of a new spot becomes favorable. The plasma close to
the cathode surface concentrates the interelectrode voltage across a thin sheath and
produces a sufficiently strong field, which form a heat flux, supporting the develop-
ment of a new neighbor spot whose operation is more favorable at a tip than that of
the old spot at the bulk. Thus, a new spot might ignite on some protrusion on the
cathode surface, such as debris ejected earlier, or the rim of the crater evacuated by
the old cathode.

Without any transverse magnetic field, the self-magnetic pressure is circularly
symmetric around the cathode spot, and there is no preferred direction for ignition
of a new cathode spot. The probability of dead the old spot and new ignition besides
the above-described mechanism can be also determined by relation between self-
magnetic and own plasma kinetic pressures [99]. Thus, the location of the new
ignition is random. The sequence of new cathode spots igniting and old cathode
spots dying produces random walk motion of the cathode spot location.

For a new cathode spot to ignite, the following processes must occur: (1) The
radial (or lateral [91, 92]) plasma expansion should be such that there is sufficient
plasma to ignite the new cathode spot location; and (2) the new spot must develop,
and in particular the local cathode surface must be sufficiently heated for enough
evaporation of cathode material and sufficient electron emission, so that the new
spot can be sustained. Calculations [123] showed that the heating time is in range
of 10–100 ns depending on the initial plasma density, current, and current density.
The velocity of spot is in range of 102–104 cm/s (Chap. 7). The time required for a
10 μm spot to move 10 μmwill be 0.1–10 μs, i.e., longer than cathode heating time.
Thus, ignition of a new spot in a preferable direction is limited by condition (1), i.e.,
the time required for the direct plasma to expand.

Consider first the case where the magnetic field has only a tangential component,
aligned in the (−y) direction and the model of the retrograde spot motion developed
for an arc subjected to a tangential magnetic field. Superposition of this field with the
azimuthal self-field generated by arc current flow from the plasma into the cathode
produces a stronger magnetic field, and hence a larger magnetic pressure, on the (+x)
side of the cathode spot. This larger magnetic field impedes the plasma flow at the
(+x) side, producing a higher plasma density (non-free expansion) in this direction.
In contrast, on the (−x) side, imposition of the external magnetic field weakens the
total magnetic pressure so that the plasma flows freer in (−x) direction, and hence,
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the plasma density on the (−x) side is lower than on the (+x) side. New cathode spots
are more likely to be ignited where the plasma is most impeded, and the plasma
density is highest, namely in the (+x) direction, which is the −j × B, or retrograde
direction [99].

Now let us note the character of spot motion. As mentioned above, under the
large magnetic pressure the plasma density distribution becomes asymmetric, with
a larger density on the +x side of the cathode spot. Thus, the cathode is heated
more on this side, leading to more evaporation and eventually more new plasma
production on this side, and finally igniting a new spot on this side. With this new
spot, the process of producing another new spot in (+x) direction repeats. It should be
noted that continuous or stepwise character of this motion depends on the magnetic
field strength and surface relief [38]. We will consider this cycle of igniting new
spots on the +x side of previous spots assuming a continuous radial expansion of an
accompanying plasma that also observed optically [32, 124] and by tracks [116].

This approach provides the basis for retrograde motion of the cathode spot, and it
was found that the velocity of the cathode spot can be expressed by using (19.20) as

vx =
(

I Bt

πmnhref

)0.5

Bt = B cosϕ (19.33)

where ref is the distance in the x-direction from the center of the “old” cathode spot
to the location, m is the atom mass, nh is the heavy particle density, and I is the spot
current.

The imposition of an oblique magnetic field modifies the above-described mech-
anism. Let us consider the case where the imposed magnetic field also has a normal
component Bn, i.e., the field is oblique. It is well known that an electric field is
induced when a conducting plasma moves across a magnetic field. In general, if
we consider a fixed laboratory frame and designate the electric and magnetic fields
therein as E and B, and another frame, attached to the plasma, which has a velocity
v, that is much less than the speed of light, then the electric field in the plasma frame,
E′, is given by [106, 125]:

E′ = E + v × B (19.34)

We apply (19.33) to the plasma moving in the x-direction (Fig. 19.14) from the
“old” cathode spot to the site of the “new” spot, across the normal component Bn of
the magnetic field. The electrical current in the cathode spot plasma is mostly normal
to the cathode surface, i.e., in the –z-direction (Fig. 19.14). Accordingly, we neglect
the current flow in the other directions, i.e., we take jx = 0 and jy = 0, and hence Ex

= 0 and Ey = 0. Then the electric field has a y-component E ′
y = vx Bn in the system

coordinate moving with the plasma [125]. This electric field will exert a force on the
positively charged particles whose force density in (19.30) is

Fy = nspeEy
′ (19.35)
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A positive space charge nsp can be formed not only in the sheath, but also in a
transition region between quasineutral plasma and the sheath adjacent to the cathode
and also named presheath [122] (Fig. 19.15). Its value depends on the degree of
plasma ionization. The condition that Zni > ne, (ρsp > 0 and Fy > 0) is fulfilled
in the presheath region, where the ions begin to be separated from the electrons
and where the returned electrons are formed. The ion velocity distribution function
will be shifted in the y-direction by a velocity voy due to the Fy force (Fig. 19.15).
Therefore, during the spot lifetime, an ion flux �y in y-direction is formed due to
asymmetric function distribution in according to

�y = nsp
( m

2πkT

)1.5
∞∫

−∞
v′
ye

− m(v′y−voy )2

kT dv′
y

∞∫

−∞
e− mv2x

kT dvx

∞∫

0

e− mv2z
kT dvz 
 nspvoy

(19.36)

This ion flux is important for new spot ignition near the old spot in the y-direction.
Let us consider the probability of igniting the spot at a location which is shifted in
the y-direction from the retrograde direction. Again, let us consider that the plasma
expands from the old spot with smaller radial flow close to the cathode surface [122]
than in the axial direction. Under the forceFy, (19.35), the peak of the plasma density
distribution is shifted in the y-direction (19.36). Thus, the new cathode spot will be
ignited at a location displaced in the y-direction from where it would have been
with a purely tangential external magnetic field. This process of new spot ignition
repeats and produces an apparent motion of the cathode spot which is displaced in
the -y-direction from the +x retrograde direction.

We also assume that: (i) only the tangential component Bt determines the spot
velocity in retrograde direction, vx, which in turn determined the field Ey and (ii)
the force produced by electric field component Ey

′ determines the component of the
spot velocity perpendicular to the retrograde direction, vy. The velocity vy achieved
between ignitions of cathode spots may be calculated by integrating the equation of
motion using (19.35):
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mnhvy
dvy
dy

= Fy = enspvx Bn Bn = B sin ϕ (19.37)

where m is the ion mass, nh is the heavy particle density. Integrating (19.37) in the
range of velocity from 0 to vy and from y = 0 to y = ref, we obtain:

vy =
√
2evx Bnrefnsp

mnh
(19.38)

This is the velocity at the end of the period of new spot appearing, i.e., when
the space charge plasma arrives at the site of the new spot. Further, the velocity
component of spot shifted in y-directionwill be determined by (19.38). Using (19.32)
and (19.38), the drift angle θ can be obtained as:

θ = arctg

(
vy
vx

)
= arctg

(√
2eBnrefnsp
mvxnh

)
(19.39)

19.5.3 Calculating Results of Spot Motion in an Oblique
Magnetic Field

Equations (19.33) and (19.39) were calculated for an Al cathode to obtain the drift
angle θ as functions ofmagnetic field inclination angleϕ, magnetic fieldB, and the arc
current I. The dependencies thus obtained were then compared to those measured by
Robson [116]. Theoretical study [126] of the spot parameters on Cu and Al cathodes
showed that the heavy particle densities nh were around 5× 1019–5× 1020 cm−3 with
a high degree of ionization. Considering these data, the drift angle θ was calculated
for nh = 1020 cm−3 and for highly ionized plasma with nsp/nh = 0.5.

It was assumed that arc currents used in Robson’s experiments are equal to the
spot current. The calculations of (19.39) in order to describe Robson’s experimental
dependencies should be conducted by choosing parameter ref. In general, this param-
eter can be obtained self-consistently using the closed theory of spot development
and plasma expansion taking into account the cathode surface, kinetic, and hydrody-
namic plasma phenomena [123, Chap. 17]. Such investigation is very complicated
and is beyond the scope of demonstration the model. Therefore, ref was chosen to
match Robson’s experimental dependencies [116] with maximal accuracy and then
obtained ref will be compared with spot radii previously calculated from spot theory.
The calculated data are presented by dotted lines in the below figures while the solid
lines present experimental data.

Figure 19.16 shows the drift angle θ as function of magnetic field inclination ϕ

for magnetic field strengths of B = 0.05, 1.0 and 1.5 T and I = 2.8 A using ref =
40 μm. Both the calculated and measured drift angles increased with ϕ, and their
values were close for ϕ > 30°. Figure 19.17 shows that with I = 2.8 A, θ increases
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with B and that the calculated and experimental results agree when ref = 25 μmwas
used at ϕ = 15o and when ref = 35 μm was used at ϕ = 45°.

The drift angle θ as a function of the arc current is presented in Fig. 19.18with ϕ as
a parameter andB= 0.1 T. In this calculation, it was assumed that spot current density
remains constant when the current increases, and therefore, the spot area increased
proportionally with arc current. As a result, ref(I) was determined by relation ref(I)
= ref(I0)(I/I0)0.5, where ref(I0) is the effective radius at I0 = 2.8 A.

In general, Fig. 19.18 shows that the calculated andmeasured θ (I) agree relatively
wellwhen ref = 20μmatϕ = 15° and ref = 50μmatϕ = 45°.However, themeasured
rate of rise of θ with I was larger than that calculated for ϕ = 45° while these rates
are in good agreement for ϕ = 15°. The matched ref varied with ϕ because the
relation between axial and transverse components of magnetic field can influence
spot characteristic such as spot type, spot stability, and the plasma distribution in the
expanding region.

Fig. 19.16 Drift angle θ as
function of the acute angle ϕ

of the oblique magnetic field.
Experiments [116] —solid
lines, calculations—dotted
lines
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Fig. 19.17 Drift angle θ as
function of the strength of
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oblique magnetic field as a
parameter. Experiments
[116]—solid lines,
calculations—dotted lines
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Fig. 19.18 Drift angle θ as
function on the current I
with the acute angle ϕ of the
oblique magnetic field as a
parameter. Experiments
[116]—solid lines,
calculations—dotted lines
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Thus, the theory developed here agrees with Robson’s results for ref in range of
20–50 μm for different dependencies, and over the relatively wide range of B and ϕ

tested by Robson. Taking into account that the calculated [123] spot current density
for the Al cathode is (1–2)× 106 A/cm2 (I = 10 A), and the spot radius rs is in range
of 13–20 μm and therefore rs can be comparable with ref.

19.6 Spot Splitting in an Oblique Magnetic Field

Let us consider the spot behavior and its characteristics when a magnetic field
obliquely intersected the cathode. The mechanism and calculated approach devel-
oped by Beilis [127] are described.

19.6.1 The Current Per Spot Arising Under Oblique
Magnetic Field

As itwasmentioned above, the experiments [92, 100, 102, 103, 108] indicated that the
current per spot depends on the arc conditions, electrode material, arc time, magnetic
field, etc. In a magnetic field parallel to the cathode surface (named as transverse or
tangential), the current per spot increased with the magnetic field strength [52, 110].
In the last decade, the current per spot was investigated also in fields which obliquely
intercept the cathode surface [128–130]. The arc was operated with constant current
rectangular pulses with amplitude up to I = 300A and durations up to 4μs. Two pairs
of coils produced a uniform magnetic field with components normal and tangential
to the cathode surface, whose strengths could be varied independently in the ranges
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ofBn ≤ 0.35 T and Bt ≤ 0.25 T, respectively. The arc was photographed by a framing
camera to analyze the structure of the cathode attachment of the arc with an exposure
25 μs/frame. Cathode spots could be spatially resolved if the distance between them
was at least 0.25 mm. The current per spot Is was found as the mean over many
frames of I/N, where N is the number of observed cathode spots.

It was found [129, 130] that for an arc on a Cu cathode without a magnetic field,
Is ≈ 65 A. When only a transverse magnetic field was imposed, Is increased linearly
with Bt . However, when a fixed value of Bn was used imposed, a linear relation
was again found for Is versus Bt , but shifted to larger ranges of Bt with increasing
Bn. This means that the spot current decreases with Bn. These results were obtained
with an arc current I sufficiently large to produce the observed dependences, i.e.,
the required number of spots. However, the mechanism of spot splitting under an
oblique magnetic field is an open question. The question is:what is the mechanism of
spot splitting in an oblique magnetic field and how does their component influence
the spot current? Thus, an actual problem is how can be determine the mechanism
for cathode spot splitting in an oblique magnetic field and to formulate a model
which predicts the current per spot, Is, and explains the influence of the tangential
and normal field components, Bt and Bn.

19.6.2 Model of Spot Splitting

The model is based on the relation between the magnetic pressures produced by the
self-magnetic field generated by current flow in the cathode spot and the plasma
jet, and the applied external magnetic field [99]. The plasma jet generated in the
cathode spot expands away from the cathode (in the z-direction). Calculations [101,
122] showed that the plasma density decreases similarly to the current density and
both decrease with increasing cross section A(z) of the expanding jet. The kinetic
pressurePk and pressure generated by the self-magnetic field psm can be comparable,
for example, in the expanding plasma acceleration region, where the plasma density
strongly decreases and reaches a relatively low value [99]. If psm is comparable to
p, the inward magnetic pressure contracts the flow to some degree and disturbs the
near-cathode plasma parameters. In this case, self-consistent processes of the spot
(including cathode heating, emission, evaporation, and atom ionization) and in the
plasma expansion region can be sustained at a particular spot current, which depends
on the magnetic pressure. When the arc current increases, spots split and the number
of spots increases. When an external magnetic field is applied, the magnetic pressure
changes; hence, the spot current will be also changed.

According to the above description, the spot splits if anywhere in plasma jet psm≥
p, or if pem≥ psm where pem is the external transverse magnetic field pressure. These
criteria explain the observed spot current increase with external transverse magnetic
field (see above). Following the idea of self- and external magnetic field interaction
during the cathode plasma expansion, let us take in account the influence of magnetic
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pressures produced by the normal and tangential components of an oblique magnetic
field.

In order to understand the observation [129], it should also be taken into account
that the self-magnetic field in a single spot increases with spot current and the axial
dependence of the pressure by the self-magnetic field is:

psm(z) = μIs j (z)

4π
, j (z) = Is

A(z)
(19.40)

where j(z) is the current density along the z-axis in the expanded jet and is assumed
uniform in the radial direction within the cross-sectional area A(z). In the cathode
plasma jet, the plasma kinetic pressure is determined by

Pk(z) = nh(z)kT (z) + ne(z)kTe(z) (19.41)

where nh and ne are the electron and heavy particle densities, respectively, and are
functions of the distance. The heavy particle density was determined by the mass
conservation equation:

mV (z)nh(z)A(z) = GIs (19.42)

where m is the heavy particle mass, V (z) is the plasma velocity, and G is the cathode
erosion coefficient ing/C. Themagnetic pressure producedby the tangentialmagnetic
field, and the current density can be written as:

Ptm(z) = Bt j (z)r(z) (19.43)

The magnetic pressure Pnm produced by normal magnetic field can be used in the
following form

Pnm(z) = B2
n

2μ
(19.44)

Taking into account that the magnetic pressures due to self-magnetic and normal
magnetic fields can be balanced by the kinetic pressure and pressure due to tangential
magnetic field, the pressure balance can be written using (19.40)–(19.44) as:

μI 2s
4π2r2ef

−
(
M + Bt

πref

)
Is + B2

n

2μ
= 0, M = GDkT

mVπr2ef
D = (1 + αθ), (19.45)

where α is the degree of ionization, θ = Te/T, M is a parameter characterizing the
plasma kinetic pressure, and ref is the effective radius of the jet for which condition
(19.45) is fulfilled. The solution of (19.45) is:
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Is = N + (N 2 − R2)0.5

Q

N = M + Bt

πref
R = Bn√

2πref
Q = 2μ

4π2r2ef
(19.46)

Thus, the different components of the external magnetic field and the magnetic
pressure which they produce influence the spot current. Equation (19.46) determines
the influence of the applied magnetic field on the spot current.

19.6.3 Calculating Results of Spot Splitting

In general, the complete cathode spot model (Chaps. 17 and 18) together with (19.45)
can be used to determine self-consistently the parameters including V, G, plasma
density and temperatures taking into account the applied oblique magnetic field. As
this approach is very complicated, a simple approach is considered below, which
uses measured values of these parameters to demonstrate the effect of the normal
component of the oblique magnetic field [129]. The calculations were conducted for
a copper cathode, and for plasma jet velocity V ~ 1.5.104 m/s, D = 4, G = 30 μg/C
[101]. The resulting dependences of Is on Bt with Bn as parameter (dotted lines) and
the measured results [129] (solid lines) are presented in Fig. 19.19, and it is shown
that Is decreases with Bn.

It can be seen that the spot current linearly increased with Bt for constant Bn

which is in accordance also with early published experimental results [52, 110]. The
calculated shifts with Bn and the slope of the Is-Bt curves agree well with measured
dependencies [128, 129] at some effective radius ref (shown in Fig. 19.19) of the
cathode plasma for which condition (19.45) fulfilled. The values of ref decreased
with Bn. This tendency agrees with the theoretical result [122] and with experimental

Fig. 19.19 Calculated
(dotted lines) and measured
in [129] (solid lines)
dependencies of current
passed by a cathode spot on
the tangential magnetic field
Bt with normal magnetic
field Bn as a parameter for
values indicated in the figure
(from [129]). The respective
effective radius ref for
different Bn is indicated also
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observation that the radial plasma jet cone angle decreased with the axial magnetic
field [131].

19.7 Summary

In general, the arc behavior in the presence of a magnetic field undergo different
changes including cathode spot retrograde motion, drift motion, spot splitting, and
spot grouping. The phenomena of retrograde cathode spot motion in the presence of a
transversemagnetic fieldwere detected experimentally in 1903 and have been studied
over the century. The numerous hypotheses were published, and the main attempts to
explain the phenomena were reviewed and can be divided into few following groups.

(1) The first hypotheses were associated with following assumptions: (i) presence
of a ring-shaped electrical current near the cathode surface; (ii) use a high-speed
cathode jet consisted only of positive ions which can be deflected by Lorentz
force in the Amperian direction while causing the spot motion in reverse direc-
tion; (iii) the thermomagnetic andgalvanomagnetic forces produceddue to nega-
tive Righi–Leduc effect and by the Ettingshausen effect according to which the
heat flux and electrical current in a transverse magnetic field generated asym-
metric temperature distribution at the cathode surface causing an asymmetric
electron emission; (iv) curved line of the current density arising in the arc in the
vicinity of the spot.

(2) The numerous works considered a shifting of positive space charge relatively to
the negative charges at the cathode surface because (i) the different influences
of the magnetic field on electrons and ions; (ii) pulled in retrograde direction
of ions generated from atom ionization by the emitted electrons declined in
the Lorentz direction; (iii) declined ion motion in a magnetic field resulting in
produce a curvature potential tube, through which the emitted electron flows
producing new ions due to the ionization in the retrograde side of the old spot.

(3) A number of model associated with effects of asymmetry (i) of resultant
magnetic field taking into account superposition with self-magnetic field and
assuming an enhancement of spot stability or an enhancement of electron field
emission under maximal field at the retrograde side of the spot; (ii) of the
neutral gas ionization in the plasma region by the absorption of the electromag-
netic energy, which is maximal at the side of maximum magnetic field; (iii) of
electric field and voltage generated in the quasineutral plasma above the cathode
surface and caused by the Hall effect, by high velocity plasma motion (V × B);
(iv) bend of the plasma to the retrograde side due to magneto-hydrodynamic
instability of the plasma column at some distance from the cathode surface; (v)
of electron emission, which reduce in “forward” direction and was increased on
the retrograde direction due to negative charge cloud produced by the electrons
that are ejected from the spot in the “forward” direction; (vi) a displacement of
hot area in a thin molten layer at the cathode due to thermocapillary effect.
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The deficiencies of the published previously hypotheses were commented and
also considered in above. However, there are principle common weaknesses.

(i) Mostly all listedmechanisms describe the behavior and processes of the cathode
quasineutral plasma and not related to the plasma adjacent to the cathode surface
in the spot, which is highly dense (1020 cm−3) and strongly collisional. In this
electron beam relaxation zone (Chap. 16) the electron Larmor radius rL = 6 ×
10−8veT /B = 6×10−3 cm (B = 103G, veT = 108 cm/s), i.e., significantly larger
than the spot radius rs< 10−3 cm. So, the interaction between the dense plasma
in the spot and magnetic field is negligible low due to low value of ωτ ~ 10−5.

(ii) The arbitrary parameters were used to calculate the additional voltage due to
Hall effect or considering mechanisms of appearance of asymmetric parameters
in the plasma. Besides, the additional voltage is induced in the near-cathode
electrically conducting plasma (not in the cathode sheath), and therefore, the
breakdown mechanism is unclear. Also, it should be taken into account that the
plasma properties are rapidly equalized in the dense highly collisional plasma
(with characteristic time of 10−13 to 10−14s at electron–electron collisions)
even by arise of some local fluctuation of plasma parameters in the nearest to
surface region. Therefore, an approach is used asymmetric energy dissipation
(as example, due to asymmetric voltage and others) in the dense near-cathode
plasma cannot be accepted.

Thus, the analysis of previous publications shows that existing explanations of the
retrograde effect are confused, incomprehensible and the phenomena are remained
unclear. The explanations of the spot behavior in an oblique magnetic field and spot
splitting were considered by limited number of works and also were not consisted
of unanimously accepted understanding. It should be noted that most of devel-
opedmodels indicated agreement with the experiment, while consisting contradicted
assumptions. This fact stimulates the continued study of the problem.

Our new approach is presented in this chapter that we hope allowedmore compre-
hension of the spot phenomena in a magnetic field. In this approach, a physical
modeling of the phenomena and mathematical method was described, which devel-
oped using newconcept based on kineticmodel of the spot initiation and development
(Chap. 17). The main aspect of the approach is analysis of the pressure gradient
produced by the magnetic field as a force determined the spot motion, instead of
consideration the influence on the plasma parameters by the magnetic field strength
only. The approach also takes in account the self-magnetic field produced by the arc
current and which first proposed by Robson and Engel 1956, Kesaev 1957, Smith
1957, Guile Secker 1958. Also some details were commented to “maximum princi-
ple” formulated by Kesaev 1957, who first indicated the presence of a maximum in
the magnetic field distribution around the spot. Let us summarize our results.

Transverse magnetic field. Two main cathode spot phenomena in transverse
magnetic field are considered: (1) the increase of spot current with magnetic field
and (2) retrograde spot motion.

The spot current model was based on the comparison between the self-magnetic
pressure and pressure generated by external magnetic field. It was shown that the
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plasma jet flow, and hence, the spot operation will be stable when the self-magnetic
and kinetic pressures are in equilibrium. The stable plasmaflow in the plasma acceler-
ation region and the self-consistent processes of cathode heating, evaporation, atom
ionization, and plasma expansion determine the certain relation between the spot
current and cathode erosion rate and plasma temperature for given cathode mate-
rial. In case of multi-spot arc, the spot current linearly increases with the magnetic
field and this dependence agree well with that observed. In high-current arcs, the
different observed values of group spot currents explained by the dependence of the
spot current on the cathode and electron temperatures and cathode erosion rate (see
19.16), which vary due to different experimental conditions. In general, the electron
temperature in the jet can be increased with external magnetic field strength because
of increase the Joule heating.

The retrograde spot motion model is based on the assumption that an initial pres-
sure is required for new spot ignition, i.e., on the first principle rule (Chap. 17) that
the plasma flow in the cathode region must be impeded. The superimpose of the
self- and external magnetic fields produced a large magnetic pressure on the side of
the retrograde motion, and hence, there is an increase in the probability of new spot
ignition and a retrograde motion of the spot. Although the assumption in [4] (the
electron diffusion coefficient is decreases by factor 1+ β2) cannot be fulfilled due to
small the parameter β, the present model coincides with Kesaev’s principle of “max-
imum of magnetic field” because it is in accordance with used here the maximum of
magnetic pressure.

Drouet [67] also proposed an increase in plasma density (and doubtfully enhance-
ment of electron emission) at the retrograde side of spot, assuming anisotropy in the
confinement of the plasma expanding due to asymmetric magnetic field distribution.
It should be noted that the plasma confinement (mentioned in [67]) could be realized
far from the cathode surface, when the plasma density is sufficiently reduced. In this
case, not clear whether a mechanism that postulates plasma density increases in the
spot region is feasible. According to present model, the plasma flow should be not
only confined but also rather impeded in the Knudsen layer at the cathode surface.
This condition promotes non-free flow (sub-sonic) plasma flow, which can provide
the ion flux to the cathode surface and support the necessity energy flux.

Our numerical analysis using the developed mathematical approach allowed
describe two experimental observations: (i) the linear dependence of the spot velocity
on the external magnetic field and (ii) the linear dependence of spot velocity on arc
current. The developed model also allows understanding of some observation of
the spots behavior using two rules from kinetic theory of the spot. According to the
experiments, the retrograde spot velocity depends on the electrode gap, electrode state
(roughness, temperature) and electrode material. The different velocities that were
observed for different cathode materials [76, 110] are due to different spot currents
and spot types. The retrograde spot velocity decreased with the number of arcing
operations, i.e., after cathode cleaning by the arc, the roughness was reduced and
the surface became smoother [76]. The spot velocity is lower on the clean cathodes
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because the spot mobility at the rough surfaces is determined due to rapid removing
protrusion or film by evaporation. The difference in heat fluxes between bulk and
rough or film cathodes is result of different cathode heating regime needed to the
enough level for spot initiation and development (second principle rule Chap. 17).

Furthermore, the spot retrograde velocity is lower on hot cathodes [77], which also
due to lower heat losses in bulk and film cathodes when the cathode is initially hot
(second rule). Smith [132] observed the reversal of spot motion on a heated tantalum
cathode, while Fang observed retrograde motion of spots on copper and aluminum
hot cathodes (~900 K) [77], and Juttner and Kleberg on hot molybdenum (~2000 K)
[91]. Juttner and Kleberg explained the different results by additional gap pressure
caused by outgazing from the electrodes or as a transition to the spotless arc mode.
The last conclusion (a thermionic arc mode) is also proposed by Smith [132]. Thus,
the observed dependence of the retrograde spot velocity on the surface state can be
understood on base of the second principle rule of kinetic model (see Chap. 17).

When the external gas is present, the gas discharge channel, created between the
electrodes, moves in the Amperian direction due to the ponderomotive force. The
discharge channel affects when the channel length (gap distance) and the magnetic
field are relative large and the ponderomotive force (19.27) and (19.28) determines
the direction of the spot motion. This was observed experimentally by Robson [30] in
very strong magnetic fields (up to 5 T). When the gap distance is small the pondero-
motive force can be negligible, then the new spot ignition and therefore the motion
was determined by the asymmetric magnetic pressure to be in the retrograde direc-
tion. Likewise, Robson and Engel [30] observed retrograde spot motion in short
(0.5 mm) gap atmospheric arcs.

Another circumstance is in vacuum when the gap distance increases. The spot
moves in the retrograde direction due to the asymmetric magnetic pressure. When
the gap distance is increased, the plasma losses also increase, and therefore, the
plasma pressure in the gap decreases. Without a magnetic field and in the low-
pressure gap, the spot mobility is larger (the plasma flow is impeded weakly) and,
as a result, the random spot velocity is higher. With a magnetic field, the retrograde
directed spot velocity also increases [77] because the magnetic field’s role is to
“straighten” the trajectory of random spot motion. The velocity saturates at some
gap distance because the plasma pressure sufficiently low and its effect becomes
negligible. It should be noted that in the small gap the anode secondary processes
(atom desorption, sputtering, evaporation, etc.) also affect the interelectrode plasma
expansion.

Juttner and Kleberg show [91] that in transverse magnetic fields the plasma prop-
agates along the cathode surface in the retrograde direction before that the spot
changes its location. As indicated by the authors, the plasma emanating from a spot
and expand along the surface at some distance from the spot and, naturally, above
the spot. This experimental result could be understood taking into account that at
retrograde side of spot the plasma flow was impeded in the normal direction to the
cathode surface due to the larger magnetic pressure. This fact stimulates the radial
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expansion, i.e., along the surface in the retrograde direction, while at direct side of the
spot, the flow was not impeded. Therefore, at direct side, the plasma is accelerated
and thus the energetic plasma (due to large plasma pressure) expands in direction
normal to the cathode surface (second principle rule Chap. 17).

The further plasma propagation in this direction takes place in the absence of the
pressure asymmetry (because it is far from the spot current). The mentioned plasma
propagation can stimulate a new spot ignition far from the old spot, as it is observed
[91], in the presence of favorable surface condition (spike, protrusion, film). There-
fore, the observed spot displacement can be not straight and has a zigzag character.
However, the new spot can arise when the plasma flow during the spot development
will be impeded in the Knudsen layer at the cathode surface. The mechanism of spot
ignition and dynamics of spot types is considered in Chap. 17.

The maximal direct velocity at a moderate magnetic field is determined by a
random step velocity (in the absence of magnetic field) averaged for a number of
steps. For large magnetic field, the velocity can be exceed the random velocity due
to larger probability to new cathode spot ignition than that probability in the absence
of magnetic field in usual random spot motion. Therefore, the straightened spot
velocity can be larger than chaotically moving spot velocity at significantly high
external magnetic field.

Finally, the model of spot motion in an oblique magnetic field allow to explain the
acute angle effect, in particularly theRobson’smeasurements and also themechanism
of spot current splitting in under tangential and normal oriented magnetic fields.
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Chapter 20
Theoretical Study of Anode Spot.
Evolution of the Anode Region Theory

Limited number of publications was presented concerning to the theoretical study of
the anode region of vacuum arcs up to 70–80 years of the twentieth century. Themost
of arcs were operated with relatively small arc current, and therefore, without or at
small contraction of the electrical current at the anode surface. This provokes for long
time an opinion that the anode plays only a passive role as electron collector, while
the cathode mechanism was traditionally studied as a complicated object supporting
a source of electrons. The further arc applications were connected with development
plasma accelerators, high-current electro-commutation apparatus, plasma jet genera-
tors, and welding plasma devices [1, 2]. It has been an increasing interest in graphite
vacuum arc owing to its use in metallurgy and as plasma source for carbon films
deposition [3]. The new technologies stimulated progress in experimental research
(Chap. 14) and, as consequence, growth of the interest to the fundamental inves-
tigation of anode phenomena. Therefore, the experiments were extended and they
showed different types of anode plasma region and anode spot appearing depending
on discharge conditions [4–6], which caused an attempt to more detailed under-
standing of the physics of anode processes. Moreover, these attempts show that
anode spot mechanism is no less complicated and interesting in comparison with
that for cathode spot. Below a state of the anode spot modeling will be considered
in the period of the twentieth century and up to present time.

20.1 Review of the Anode Region Theory

Let us consider the published approaches close to those presented by the authors to
describe the originality of the results in order to better understand the progress and
weakness of the studies.
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20.1.1 Modeling of the Anode Spot at Early Period for Arcs
at Atmosphere Pressure

In the beginning of the twentieth century, the investigations of arc phenomena were
conductedmostly for arcs in air at atmosphere pressure. The results were reviewed by
Ecker [7]. A constricted plasma region was detected at the anode, for which mainly
the electrical characteristics were studied theoretically and experimentally. An early
typical such research was presented by Gunter Schulze in [8].

Before analysis of the explanation, let as consider his observed data. Schulze
measured the arc voltage including the anode ua and cathode uc potential drops for
a number of metallic and metal oxides anodes with carbon cathode. A carbon probe
was introduced into the arc gap in order to determine the potential drop at different
arc lengths. A precision voltmeter was used and ua and uc were measured with the
help of a switch immediately one after the other. The arc voltage uwas determined as
a sum of ua and uc. Table 20.1 presents the results corresponding to the group from
Mendeleev system for arc current of 4A. The data for l= 0 indicate themeasurements
for very small arc lengths, and another measurement shows the data for arc lengths of
l, most of 8 mm. It was indicated also that for very small arc lengths, the arc voltage
is independent of the arc current. The results were explained taking into account the
anode evaporation and possibly the vapor deposition on the opposite carbon cathode.

The observation of the arc shape shows that both electrodes emit vapor of their
substance and presence of a brightness small arc point at the electrodes (in future in
other publications it named as spots). For example, the size of 1 mm was observed
for small arc point for iron (I = 6 A), while the largest diameter of 5 mm (l = 7 mm)
was for the discharge column. Furthermore, due to its high brightness, the arc point
is so sharply delimited from the surroundings and sends such amounts of steam into
the arc that the boiling point of the relevant electrode substance was assumed.

Schulze explained his voltage experiments by discussion an energy balance
assuming at the arc spot of the electrodes constant temperature. Let us describe
his discussion of the electrode potential measurements. In case of constant temper-
ature, the arc spot must be supplied with as much warmth as is withdrawn from it at
every moment. The input heat could be compensated by radiation, by dissipation into
the electrodes, and by forming the required amount of steam. In case of the current
constant and neglecting the warmth, which arises from the burning of the electrodes
(it could at most be considered at carbon), the voltage reduction is caused by the heat
loss at the arc spots is proportional to the heat loss. It can be assumed that this loss
of power and heat replacement takes place mainly through resistance heating, in that
the current meets a high contact resistance until the boiling temperature is reached
and the sufficient number of vaporizing molecules allows it to escape. In the case of
small arc lengths, the heat loss through radiation must be lower than in the case of
larger ones, since in the former a large part of the heat radiated by one electrodemeets
and heats the other. This mutual irradiation decreases with increasing arc length, so
the heat loss and therefore ua and uc must increase with the arc length.
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Table 20.1 Arc voltage and anode potential drop measured by Schulze [8]

Mendeleev
group

Element Arc
voltage
(V), l = 0

Arc
length, l,
mm

Arc
voltage
(V), at l

Anode
voltage
(V), at l

Temperature, °C

Melting Boiling

I, Alkali Li2O 11.1 8 12.9 7.0. 180 –

Na2O 9.8 6 11.8 6.8 97 900

K2O 9.8 8 11.7 4.9 60 700

II,
Earth-Alkali

MgO 15.4 8 22.4 13.0 750 1100

CaO 13.0 8 19.1 11.3 red heat –

SrO 11.9 8 17.7 9.9 – –

BaO 11.2 8 14.9 7.0 1500 –

I CuO 21.0 5 29.4 19.1 1100 –

Ag 17.0 – – – 957 –

II ZnO 17.0 8 26.9 17.6 412 950

CdO 14.4 8 22.4 13.3 318

IV C 39.7 6 47.0 36.3 – –

Sn 13.9 8 20.6 10.9 233 1530

Pb 11.0 8 17.2 8.7 334 1520

V Sb 15.0 8 22.0 13.4 430 1400

Bi 11.5 8 15.5 8.3 267 1400

VI–VIII Cr 15.4 8 20.6 10.8 >2000

Mn 11.0 8 20.3 11.1 1900

Co 13.9 – –

VI–VIII Cr2O3 20.1 8 26.8− 17.0 >2000

Cr3O4 20.1 8 32.6 22.5 1580

NiO 17.5 8 31.9 22.7 1450

For an arc with vertically oriented electrodes, the upper electrode is heated by
the ascending arc vapor, so it needs less heat itself. Thus, the values of ua and uc
as function on the arc length must be lower if they belong to the upper electrode.
The heat loss suffered by the arc spot is greater and the higher is the boiling point.
The area of the arc spot increases with the current and at the larger spot, the lower
influence of the heat. Since assumption that the temperature of the point of the arc
remains constant and equals to the boiling point [8], the heat dissipation into the
electrodes decreased only as the spot of the arc increases, and therefore, the potential
drop must decrease with increasing current. This decreases greater in the case of
copper than in iron, because in copper the loss of heat through conduction into the
electrodes accounts for a greater part of the total voltage loss than for iron.

The most of theoretical study of anode phenomena in the first half of the twentieth
century is provided for carbon and mercury arcs in air at atmosphere pressure. This
was due to significant application of the discharge with these electrodes for light
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sources. The potential drop, the heat flux to the anode, anode temperature, and the
production of electrode vapor jets mainly were studied experimentally and theoret-
ically developing a thermal theory for plasma region constricted near the anode [9,
10]. The power consumedby the anodewas determined bymeasuring the temperature
increase of the cooling water. This temperature was determined with a thermocouple
and the result compared with the dissipated electrical power in the arc and the anode
region [11]. Most of the research was conducted by Finkelburg, Busz–Peuckert, and
Maecker, and it is summarized in the review [12].

According to Finkelburg [13], the experimental results show differences between
high-current and low-current arcs. In contrast to the falling volt–current characteristic
of the low-current arc, the braking voltage of the high-current carbon arc always
increases more or less strongly with the current. In the case of the low-current arc,
the ionized vapor radiation occurs completely in the direction of the continuous
radiation of the glowing positive crater. A peculiar anode flame is absent.

In contrast, in the high-current arc mostly a very pronounced anode flame always
outweighs the column radiation in front of the anode with air hot temperatures up to
4700 and 5800 K, as well appears as the peculiar crater radiation. According to the
experiments, all characteristics of the high-current carbon sheets depend exclusively
on the material and diameter of the anode carbon and are practically independent of
material and dimension of the cathode carbon. The strong increase of the burning
voltage with the current strength does not depend on the arc length, but is located in
front of the anode [9]. The rising characteristic of the high-current carbon arc is thus
conditioned by an anode region, which is strongly current dependent in contrast to
the low-current arc.

It was indicated that a good insight to describe the conditions of the high-current
carbon arc can be found considering the energy balance of the anode fall (ua) area,
which differs significantly from that of the low-current arc. Assuming that the loss of
energy through thermal conduction, convection, and chemical reactions is negligible
compared with the emission of the anode crater, the balance was used in form

I (ua + ϕ) = πr2aεTσsBT
4
a + Qs (20.1)

where ϕ is the anode material work function, σsB is the constant of the Stefan–Boltz-
mann law, εT is the absorptivity of the anode surface, Ta is the anode temperature
in the crater, and Qs is the energy with evaporation of the anode material. Using a
measured carbon erosion rate of 2.5 × 10−4 g/C for an 80 A arc and assuming a
homogeneity, the number of atoms evaporating per second a contribution of anode
fall was calculated of about 12 V only due to anode evaporation. For the other, more
unlikely, extreme case, which take into account that all carbon atoms recombine to
C2 molecules, releasing the dissociation energy of 8.6 eV volts, the above contribu-
tion was obtained as 8.4 V. Thus, it is shown that in the highly loaded homogeneous
carbon arc, the anode evaporation causes the anode case to increase by 10 V.

In the nextwork, Finkelburg [14] investigated the properties of carbon anode flame
(anode jet). He considered a mechanism of the flame generation and developed an
anode fall theory. Testing of the entire high-current arc with a potential probe yielded



20.1 Review of the Anode Region Theory 833

expected potential jumps hard before the cathode and the anode (cathode and anode
case) and a lowpotential drop in the arc column from the anode to the cathode (column
gradient), however, no potential differences within the very extended anode flame.
The results show that (i) the extent and intensity of the anode flame are completely
independent of the material of the negative carbon electrode and determined only
by that of the positive carbon, and (ii) the length of the anode flame depends on the
evaporation rate of the anode material and grows with it.

The adjacent anode drop region was described defining the energy supplied to
the anode, as it was used in the previous work through anode potential drop ua (also
named as anode fall), in form

W = Ie(ua + ϕ) (20.2)

where Ie is the electron current strength. As a result, this energy, as in the case of the
low-current arc, the heat loss of the anode and its directly adjacent anode fall area due
to heat conduction, convection, and radiationmust be included. Also, the model must
consider the total energy to be expended for continuous generation of the anodeflame,
namely the evaporation heat of the anode material and that for heating the generated
steam under its expansion. This anodic flame energy reappears to a considerable
extent as radiant energy. The other part was dissipated by convection, and especially
by heat conduction in a broader sense, including recombination of electrons and
atoms into atoms, and of atoms into molecules as heat to the environment. If we
denote by A(I) the current-dependent evaporating anode material quantity in g/s and
Q(I) the energy required for vaporization and heating of 1 g of anode material to the
current-dependent anode flame temperature, then, neglecting former processes, the
energy balance of the anode area is

Ie(ua + ϕ) = A(I )Q(I ) (20.3)

and the expression of anode potential drop is

ua = A(I )Q(I )

Ie
− ϕ (20.4)

Depending on the initial velocity of the anode vapor jet V (I) and the anode diam-
eter D, which depends on I again, it is possible to write with the density ρ = 10−5

g/cm3 [14]

ua = 10−5πD2V (I )Q(I )

2Ie
− ϕ (20.5)

An anode dropua growswith the current if numerator in (20.4) and (20.5) increases
the current more strongly than linearly. In uniform carbon arc, the anode temperature
T and thus Q very little depend of I, while according to the measurements A(I) ~
const × I2 [13]. The numerator in (20.4) thus increases approximately quadratically
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and calculatingua increases approximately linearlywith I in the homogeneous carbon
arc. On the other hand, in the Beck arc [13], T and Q, depends significantly stronger
with I, while according to the measurements A(I) ~ const × I3 [13]. The numerator
in (20.4) thus grows stronger than I3, and the anode drop ua is stronger than square
with the current strength I. Experimentally [9] in the homogeneous carbon arc, this
dependence is weaker than linear, but the Beck arc is a powerful, more measured as
a linear increase in the characteristic. The striking difference between the measured
characteristics of the homogenous carbon arc and the Beck arc is therefore correctly
represented qualitatively by the theory, but not the degree of increase.

Finkelburg indicated that according to the observations [14], the cause for this
consists in the fact that the measured loss of anode material is not due, exclusively,
to evaporation, but partly also due to an explosive spewing of small coal particles.
Since the latter effect was just at larger current, the stronger increase of A(I) was
substituted with I, to consider a pure evaporation. In view of this fact, we can say that
the agreement between theory and measurement is satisfactory. The total arc energy
was used in the energy balance to analyze the anode flame formation. Thus (20.4)
and (20.5) also show the experimentally established relationship between the value
of ua and the values A(I) and V (I) which are decisive for the extent and intensity of
the anode flame. It was discussed the necessity is to consider an influence of chemical
reactions in the presence of a surrounding gas on the arc mechanism for experiments
with different gases at various pressures.

Thus, the probe measurements also allow, together with measurements of the
anode burn, to confirm the theory of the anode [14], wherein it was shown that the
anode decomposition actually takes place by evaporation, and only a small part of
the burnup chemical degradation is conditional.

Later Finkelburg in [15] further improved his analysis with revised expression for
anode energy balance

WA = Ie(ua + ϕ) = WN + (A − A0)Q(T ) (20.6)

where WN is the part of energy delivered to the anode, which expended by heat
conduction, convection, and radiation. Another part WA − WN should be expended
to increase the temperature T (I) under expansion in order to evaporate the anode
material and heat the steamunder expansion, thus serving to produce the anode flame.
Q(T ) denotes the energy required to evaporate and heat 1 g to the temperature T. An
estimation of different energy components in (20.6) was provided using measured
data for carbon anodes of Beck arc, ϕ = 4.5 eV and assuming Ie = I, neglecting the
small value of ion current. The estimations show (Table 20.2) that the anode potential
drop (fall) increased from about 10–40 V when the arc current increased from 30 to
100 A and the measured arc voltage from 23.5 to 55 V.

As result of above-reported experimental studies and estimations, the model of
formation of the anode potential drop region and mechanism of anodic processes
were discussed for relatively low arc current. It was indicated that the anode’s role
is generally to absorb the electron stream transported by the column. At the same
time, the positive ions which are required to compensate for the charge of the space



20.1 Review of the Anode Region Theory 835

Table 20.2 Calculated anode fall and energy components of anode energy balance for carbon Beck
arc according to Finkelburg [15]

Arc current A Arc voltage V Anode fall V WA Watt WA − WN Watt

30 23.5 11 465

40 28 14.5 750

50 33 18.5 1150 480

60 40 24 1710 1010

70 47 29.5 2380 1680

80 50 33 3000 2300

90 53 35 3550 2850

100 55 37.5 4200 3500

in the column and slowly migrate to the cathode in the field have to be supplied
by the anode or its gas layer. Since only a very small proportion of ions originate
from the anode itself, an ionization of the anode vapor occurs, which in according
to the spectroscopic findings takes place. The ionization takes place in front of the
anode, and a steep potential gradient forms there integrated over the distance to the
beginning of the column in the anode drop region.

In case of the high-current carbon arc, the energy supplied by the incoming elec-
trons to the anode can no longer be dissipated by conduction and radiation, as in
the case of the low-current arc, and therefore, a vigorous evaporation occurred. The
steam formed in accordance with [14] flows at a speed of the order of 103 cm/s from
the anode end face. This vapor layer at the anode should be heated by the electrons
flowing in from the arc, so that it delivers the ions needed to maintain the column.
In this case, the energy required arises by automatically increasing the anode drop
and thus correspondingly greater acceleration of the electrons is delivered in front
of the anode. By this mechanism of continuous regeneration and efflux of highly
heated steam, Finkelburg explained the anode flame of the high-current carbon arc
in agreement with the experimental findings [14].

Finkelburg [16] summarized the properties (definitions) of high-current carbon arc
and the difference from low-current discharge. It was pointed out the role of high-
current carbon arc as the most powerful and one of the most important radiation
sources. The rising voltage characteristic, the anodic vapor stream which causes its
excel1ent radiation properties, and the contracted arc stream distinguish the high-
current carbon arc from thewell-knownnormal low-current carbon arc. Twoobserved
important distinctions of the high-current carbon arc from the normal low-current
carbon arc were indicated: (a) the deeply molded positive crater is filled with a
streaming, brilliant, high-temperature vapor ejected from the base of the crater which
accounts for the high crater brightness, and (b) for currents above 100 amperes the
arc stream appears to be contracted into a slender flame-like column with a current
density more than ten times that of the low-current arc stream.

The term high-current arc has been introduced to distinguish this general type of
discharge from others that included special compounds in the core of the positive
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Fig. 20.1 Schematic sketch
of the high-current carbon
arc with the different regions
of theoretical importance

Cathode

Contracted arc stream

Anode drop region

Turbulent arc stream

+

Anode vapor flame

carbon. The vapor eruption from the positive carbon influences the arc mechanism.
The general shape of the arc, especially the direction of the anodic vapor flame and
the arc stream as shown in Fig. 20.1, is independent of its orientation in space and
does not result from the convection of hot vapors or gases. It is, rather, a general
property of all high-current arcs of more than 100 A that their specific shape is
greatly influenced by their self-magnetic fields. This arc called as field stabilized in
contrast to the wall-, electrode-, or convection-stabilized arcs.

The high-current carbon arc is operated with anodic current densities between
100 and 400 A/cm2 compared with approximately 40 A/cm2 for the low-current arc.
Evidence for a fundamental difference in the arc mechanism is the rising voltage
characteristic of the high-current arc, which is caused by an increase of the anode
voltage drop with increased current. This rapid evaporation of the positive carbon
affects the core more than the harder carbon shell and thus causes the deeply molded
crater. As a consequence of this evaporation and an additional heating effect, the
positive crater of the high-current carbon arc in contrast to the low-current arc is
filled with brilliantly radiating vapors. These vapors, ejected from the carbon, form
the anodic vapor “flame” mentioned above and indicated in Fig. 20.1.

The theory of the contracted arc stream has been reported according to which the
electric field strength E adjusts itself to such a value that the power input per cm arc
length IE is compensated by the radial heat conduction and by radiation. Also, the
transition from low- to high-current arc streamwas explained.With increased current,
the arc plasma stream can either increase its diameter at the constant temperature of
6800K, corresponding to theminimum of the total heat conductivity, or it can remain
at constant diameter with increased temperature and consequently with increased
electric conductivity. In the above currents of approximately 100 A, the second
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possibility was more favorable for the energy balance because of the exponential
increase of the electric conductivity with temperature.

Immediately in front of the positive electrode, the total current then is a pure elec-
tron current. The resulting negative space charge (anode drop region) causes a poten-
tial drop immediately in front of the positive electrode surface. By it, the electrons
are accelerated and, by ionizing collisions with atmospheric gas molecules, produce
the positive ions which diffuse in the electric field toward the cathode and which are
necessary in order to compensate the negative space charge in the quasineutral arc
stream. It was indicated that obtaining the anode drop of the low-current carbon arc
using an ion-emitting, metal-cored positive carbon was only about 10 V, whereas
the anode drop for a pure homogeneous positive carbon without ion emission is
approximately 30 V.

The anodic mechanism of the high-current carbon arc is based on one premise:
The anodic vapor stream blows away the positive ions from the anode and thus,
by an increased negative space charge, causes the increase of the voltage drop in
front of the anode with all its consequences, and it is these consequences which are
characteristic of the high-current carbon arc. The transition from the low-current
arc to the high-current carbon arc was explained using this anodic mechanism. By
increasing the anodic current density, more energy is transferred to the anode by
the electrons accelerated in the normal anode drop than can be dissipated by heat
radiation and conduction. Consequently, the anode surface begins to evaporate more,
a vapor is ejected as from a nozzle in the anode surface, and the evaporation results
in a vapor stream. The velocity of this stream is given by the amount of electrode
material due to anode heating to the temperature of 6000–8000 K [16].

The vapor stream causes an increase of the anodic voltage drop and thus of the
electron energy transferred to the anode surface, so that in turn the evaporation rate
increases until a state of equilibrium is reached. The energy transferred to the anode
surface by the electrons is dissipated by heat conduction and radiation from the anode
plus the amount consumed for the production of the high-temperature vapor stream.
The rising voltage characteristic of the high-current arc was explained by above-
described mechanism. It pointed out the important role which the magnetic field of
the arc current (>100 A) plays in the stabilization of the high-current arcs.

Blevin [17] studied the behavior of arcs at the anode by photographing the lumi-
nous discharge and by examination of signs of melting and tarnishing left on the
electrode by the discharge (see Chap. 14). Considerable radial contraction of the
discharge is seen to have occurred near the anode, and a highly luminous and circular
“anode spot” is apparent. A Kerr cell shutter has been used to show that such a spot
was established within the first few microseconds of the life of the arc. The main
goal of the work was calculation of the anode spot temperature.

The temperature was calculated in the central region of the active anode surface
area using observation of the extent of melting of the electrode of the transient arc.
Usually, the depth of melting is small compared with the anode thickness and the
theory of melting in a semi-infinite solid can be applied to the physical problem with
reasonable accuracy. It was considered a case of arc time t when the anode can be
represent as a thin metallic slab of thickness da to stude it thermal regime. If the
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Table 20.3 Anode spot temperature according to Blevin’s calculated model [17]

Anode metal Arc duration, μs λlcTmel (at)0.5/da0 Ta/Tmel Spot temperature, Ta °C

Tin 27 1.06 0.22 7.5 1600

50 1.06 0.24 6.8 1460

250 1.06 0.25 6.5 1400

Aluminum 250 0.45 0.63 1.9 1250

Nickel 250 0.43 0.83 1.5 2300

diameter of the discharge greatly exceeds da, there is little radial conduction of heat
in the metal from the center of the active area, and heat entering the anode in that
region is conducted linearly through the slab. It was assumed that for the duration
of the arc, the active anode surface is held at a constant temperature Ta (the initial
temperature of the anode being zero), and that no heat is lost from the back of the
anode slab.

The solution was obtained for parameter λlcTmel (λ is the thermal conductivity, c
is the specific heat and melting temperature Tmel) as dependence on dimensionless
parameter of (at)0.5/da0 (a—thermal diffusivity) for given different values of Ta/Tmel.
da0 is the critical thickness, at which melting just extends to anode back surface
given from experiment. From this solution, the central anode spot temperature Ta

was determined. The results are presented in Table 20.3. It was concluded that for
each metal, Ta is well below the boiling point. However, no any measurements and
some comparison with the calculation were presented and discussed. The calculated
average surface flux of heat is consistent with the value derived from the anode drop
with given values from 2 to 9 V assuming that all the energy of the anode fall enters
the anode.

In general, the theoretical study of the anode region in vacuum arcs is presented
by limited number of publications. Cobine and Burger [18] extended Finkelburg’s
theoretical approach [10] (see above) by studying the anode energy balance. They
proposed to evaluate the relative importance of various physical processes occurring
at the anodes of high-current arcs by examining the contribution of each process
acting alone. This involved some reason of the assumptions appraised by examining
their consequences. The anode spot receives thermal and radiant energy from the
column immediately in front of it. Part of the thermal energy is carried by the electrons
and can be added to the potential component as a term uT . The power delivered to
the anode spot by conversion of the kinetic energy of neutral atomsWm, and that due
to radiant energy from the column Wr , will represent the entire energy received by
the anode

WA = Ie(ua + ϕ + uT ) + Wm + Wr
(
Watts/cm2

)
(20.7)

Here the energy received from excited atoms and from the arrival of negative
ions was omitted, assumed as negligible. Energy balance was analyzed at anode spot
for constant surface temperature and for time of 1/120 s, which included thermal
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energy stored in metal, including melted area, energy carried off by evaporation,
heat of fusion of volume melted, and radiation energy. The amount of heat that flow
into the metal was estimated from heat conduction equation in linear approximation,
which determined an approximate upper limit for penetration of heat in the time
under consideration. The use of this equation for the flow of energy into a metal
from an anode spot is justified that the depth of penetration of heat in the time of
1/120 s is relatively small compared to the diameter of the spot. The temperature
distribution was calculated for given surface temperature of 4000°, 3500°, 3000°,
2500°, and 2000 K for an elapsed time of 1/120 s. The total heat stored in the
metal down to 3000 K, as well as the heat stored in metal above the melting point,
both obtained by integrating the temperature–distance dependences, as a function of
surface temperature. So, for a likely constant value of 3000 K, the temperature is
above the melting point for a distance of only 0.115 cm. Table 20.4 demonstrated
the results of calculations of the anode spot (minima and maxima) temperatures for,
respectively, minimal andmaximal parameters of measured anode potential drop and
current densities [18]. For comparison, the corresponding experimental anode spot
temperatures were indicated also that values are close to the maxima temperatures.

Thus, the main goal of the above-considered works is to study the anode energy
balance and anode temperature taking into account the energy loss due to formation
of the intense vapor stream of the anode material. The main anode region problem
describes transition between cold anode and relatively high-temperature adjacent
to plasma. As the electrical current in the anode region was supported mostly by
the electron flux, therefore near the anode surface a negative space charge sheath

Table 20.4 Anode spot temperature calculated using anode energy balance according to Cobine
and Burger [18]

Material Boiling point, K Anode spot temperature,
K

Experimental temperature, K

Minima Maxima

Zn 1180 1370 1630 1580

Ag 2485 2390 2980 2880

Cu 2868 2490 3040 2920

Al 2600 2640 3320 3270

Ni 3110 3040 3650 –

Fe 3008 3070 3760 3750

Sn 3000 3760 5760 5930

Ti 3550 3870 5040 5050

Zr 3850 4430 5500 –

C 4640 4600 5330 4780

Mo 5077 5380 6810 6580

W 5950 6700 8300 7470
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Fig. 20.2 Schematic
presentation of the plasma
zones in the near-anode
region modeled by Bez and
Hocker [19]
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was produced. This space charge forms an anode potential drop. So, further under-
standing the mechanism of anode region requests an analysis of electron generation
and electron flux formation in the near-anode plasma. Such an attempt to study the
anode plasma processes was primarily modeled by Bez and Hocker in [19].

Let us consider briefly their theory. The anode region was modeled by four zones
presented in Fig. 20.2. The first zone is bound with the arc column plasma in which
the electrical field increases from low value which determined the electron drift to
a value in the second transition plasma zone, in which formation of free motion of
the electrons is occurred. In the third acceleration zone, the electrons acquire the
energy enough for atom ionization (named as field ionization) that occurs in the
fourth ionization zone. The produced ions collide with the atoms in transition zone,
and their distribution is thermalized to temperature corresponded to that in the first
zone.

Bez and Hocker calculated the anode potential drop assuming that the ionization
probability is largely proportional to the energy of the electrons in the following
form:

q∗ = qC(u(x) − ui ) = q f (u) (20.8)

q is the geometric atomic and molecular cross section, u(x) is the potential drop
from the plasma column f (u) yield function, ui is the potential ionization, and C
depends on the nature of each gas and its density. Using the measured current density
at the anode and relation (20.8), the solution of Poisson equation for potential u
distribution was obtained as follows:

x = du + a
4T

α2

[
1

3
(αu0.5 − C1)

3/2 + C1(αu
0.5 − C1)

0.5

]
− C2;

α= 8π je

√
2m

e
; je = ene

√
2eu

m
(20.9)
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There je is the electron current density, two integration constants C1 and C2 are
specified form that the potential curve can be connected to the potential curve in the
transition region in a continuous and differentiable manner.

The potential drop was determined for an arc with carbon anode in air using
ionization potential 14.3 eV of oxygen and nitrogen. According to (20.9) this ioniza-
tion potential is reached at x = du = 2.99 × 10−3 cm, at which the acceleration zone
was ended and the ion current disappears at x = du + 0.45 × 10−3 cm. So, the extent
of the ionization area is in comparison with the acceleration area. The thickness of
the entire anode drop region was calculated as 3.44 × 10−3 cm. For comparison, the
electron mean free path is Le = 5.5 × 10−3 cm. Thus, condition d ~ Le which is
necessary for the application of the condition of free-electronmotion is well fulfilled.
The calculated anode potential drop becomes uan = 18.7 V. The authors indicated
that this value good agrees with the experimental value of Finkelnburg and Segal of
20 ± 1 V [20].

The conditions under which field ionization in the anode case of an arc can occur
were discussed by Bez and Hocker in their next work [21]. It was shown that the
mechanism of field ionization is only possible if the total trap energy is greater than
the ionization energy and two additional conditions must be fulfilled: (i) The corre-
sponding potential must be formed over a distance of an electron path length, and
(ii) the generated ions must be delivered to the column with a disordered movement,
i.e., the length of mean free path for the ions should be lower than the electrons. As
the relation between these lengths depends on the temperature and at some critical
temperature, the field ionization was impossible. The analysis indicated that these
conditions were satisfied for a low-current carbon arc in air under normal condi-
tions with the anode drop mechanism of field ionization, while under the conditions
of high-pressure arcs and large temperature, the plasma density increases and the
abovementioned conditions are violated.

The plasmawas heatedwith the increase of the current density, and themechanism
of charge particle generation was changed to the thermal ionization. The process
of transition from field to thermal ionization was studied taking into account the
current, pressure, and gas type of the discharges. The observed anode potential drop
in frame of thermal ionization mechanism was discussed. It was taken into account
the potential profile in front of the anode of a low-current carbon arc in air, the onset
of thermal ionization and appearance of a contraction of the arc column in front of
the anode as well as arise of the microspots on the anode [22].

Considering the arcs with different anode materials, Rieder [23] and then Cobine
[24] continue to use the anode energy balance like used by Cobine and Burger
[18]. Zingerman and Kaplan [25] investigated the anode erosion due to spot action
as dependence on short gap distance (Chap. 14). Zolotykh [26] studied the crater
diameter (producedby the spot) onCuanode as functionon interelectrodedistance for
different materials (see details in Chap. 8). Sugawara in [27] suggested an extended
analysis of Cobine and Burger approach [18] to lower values of the input power and
to propose a useful method of determining the anode fall for argon at atmospheric
pressure. The heating of the anode is due to electrons accelerated by the anode
fall, the energy of the electrons, and the work function of the anode material were
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considered. The anode is shaped as a straight wire of small cross section so that the
heat flow is one dimensional along its length l without heat loss from the surface.
The non-stationary one-dimensional heat conduction was solved. Delay time before
the anode surface begins to melt, and length melted during a time t after onset of the
arc was determined assuming the melting point Tm at the surface. The comparison
of the measured and calculated dependencies of anode length on arc time allows to
determine the value of anode potential drop as 4.22 V for arc current of 10 A. Noted
that this value is approximately consistent with 7.3 V obtained by Busz–Peuckert
and Finkelnburg [11], bearing in mind that this experiment will give little larger fall
because the anode was directly water cooled.

Anode energy balance and equations of heat conductions were used in order to
study the thermal processes in the anode at different stages of a pulse discharge by
Beilis and Zykova [28] as well as by Goloveiko [29] (see Chap. 14). Konovalov [30]
and Caap [31] used 1D heat conduction with expression for the heat flux to the anode
in the form of Cobine and Burger (see Chap. 10).

Bacon and Watts in [32] discussed the spectroscope measured data using a colli-
sional–radiative model to show how excitation and ionization of A12+ occur in a
small volume of plasma within about 0.3 mm near the surface of the anode of the arc
discharge. A one-dimensional model assumed to describe the plasma within a few
tenths of a millimeter from the anode surface with a constant electron temperature
andMaxwellian distribution of electron velocities. The results were concluded, indi-
cating that the theoretical and experimental data are consistent if kTe/e = 30 V and
Ne = 5 × 1016 cm−3 at the anode surface. At distances greater than 0.3 mm from
the anode surface, kTe/e < 15 V. The discontinuity in Te at distance of 0.3 mm was
explained by the presence of a potential hump in the plasma near the anode that is
separated from the plasma column by a double sheath. The excited states of A12+

were not in partial LTE. A Boltzmann plot of the theoretical excited-state densities
yields a distribution temperature, TD of kTD/e = 2 V that is practically independent
of the Te. The possible non-LTE conditions are discussed as a result, of the low
electron density and the transient nature of the ionization processes.

20.1.2 Anode Spot Formation in Vacuum Arcs

While the anode spot in the arcs at atmosphere pressure appeared at relatively low
current (even < 100 A), the spot in vacuum is initiated in high-current arcs. It is
occurring due to electrical energy dissipation and gas ionization in high-pressure
arcs, while in a vacuum at moderate currents the anode collects electron current from
the cathode plasma uniformly over anode surface (passive operation). Therefore, the
important questions are (i) what is the condition for active anode operation and (ii)
what is the mechanism of anode spot formation. The first theory on anode spot
formation was published by Lafferty [33] based on a thermal runaway effect at the
anode surface associated with a discharge contraction and local vapor emission from
the anode surface.
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The model is qualitative and takes into account that normally the anode is not a
positive ion source and the electric field in the positive column tends to drive the
positive ions away from the anode. This causes an electron space charge sheath to
build up around the anode with an accompanying anode drop of potential through
which all the electrons are accelerated striking the anode. These electrons bombard
the anode with energy corresponding to the anode fall of potential, the average
electron energy, and the electron heat of condensation, thus subjecting it to a much
higher total power input [18]. At a sufficiently high-current density, some local area
of the anode where the heat conductance is poor will be heated hot enough to release
metal vapor. The vapor is immediately ionized by the incident high-energy electron
flux. According to Lafferty [33], the ions neutralize the space charge in the volume
adjacent to the anode area emitting the metal vapor and produce a sharp reduction in
the anode drop of the potential. The lower-voltage drop causes more current to flow
into the anode in this area. This increase in current flow is also aided by an increase in
the random electron current density in the plasma resulting from the increased metal
vapor density. The local increase in current flow to the anode heats it even more
causing additional metal vapor to be emitted and ionized. This leads to a runaway
effect causing a constriction in the arc at the anode with the production of an anode
spot.

It should be noted that a reduction of the anode potential drop cannot cause more
current to flow into the anode, but can reduce the electron energy and further anode
heating. As for our opinion, after vapor ionization the electrical field causes ion drift
in the direction to the cathode, while the produced electrons flow to the anode (as
an additional flux) increasing the electron current and energy flux to the anode. As
a result, an instability occurs associated with infinity increase of the local vapor
emission from the anode surface, their ionization, and finally a contraction of the
anode region.

Kimblin [34] showed that according to the experimental data and theoretical
analysis, the spot formation is associated with a large temperature rise at the anode
surface. He noted that assuming that spot formation is associated with a temperature
rise from about ~1000 °C, anode temperature can possibly influence the formation
mechanism. Kimblin mentioned the temperature-dependent mechanism of Lafferty
[33] and has suggested that this mechanism is consistent with his concept of vapor
starvation. He also concluded that anode spot formation is associated with increase
arc stability due to reductions in themagnitude of the high-voltage oscillations and, in
the case of the smaller anode, marked reductions in themean arc voltage, presumably
due to vapor emission from the anode into a previously vapor-starved region.

Mitchell [35] formulated a model of anode spot formation. He reported that at low
currents (<1000 A), the vacuum arc was diffused with an arc voltage of 20 V. But as
the current in the copper arc is increased to several thousand amperes, the collisions
between electrons and neutral vapor increase a voltage drop in the interelectrode
plasma. The larger voltage reduces the velocity of ions ejected from the cathode
spot region toward the anode. Thus, as the current in a vacuum arc is increased, the
total arcing voltage increases until the plasma voltage drop reaches a value, which
corresponds to the ion kinetic energy. If the arc current ismarginally increased beyond
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this value, or if the contact separation is enlarged at this current, charge neutrality
may not be maintained close to the anode by ions emitted from the cathode spot
region, and the voltage across this thin region immediately in front of the anode will
rise to the enormous values. Thus, once this critical current has been reached, the
total arcing voltage may be expected to rise discontinuously to the value necessary to
produce ionization at the required rate in the region close to the anode. The current
at which ion starvation reached, Mitchell, is termed as the starvation current. At a
higher current, as the anode spot formed, the voltage again decreased and became
less noisy.

It should be pointed out thatMitchell’s assumption about increasing a voltage drop
due to collisions between electrons and neutral vapor in the interelectrode plasma
can be understood taking into account that presence of large amount of neutral vapor
reduces the plasma electrical conductivity. The electron-neutral collisions determine
the conductivity in case of very low degree of ionization. However, it is doubtful
that this situation can be for cathode plasma [36]. For the case of highly ionized
vapor, the plasma conductivity is determined by the electron temperature, which can
increase with the arc current. Therefore, the ion starvation can occur by other effects,
for example, due to reduce of the plasma density with interelectrode distance or by
use of the small active anode surface area.

Ecker [37, 38] studied the instability of the anode region in case when the current
in a “vacuum arc” surpasses a certain critical value and an anode spot formation can
occur. A comprehensive quantitative analysis of the arc phenomena was conducted
including the cathode and anode regions as well the gap plasma (Fig. 20.3). The
following assumptionswere used: (i) The electrode separation is small enough so that
the one-dimensional approach can be treated. The electrodes are planar and infinitely
extended without lateral loss; (ii) vaporization at the cathode must be sufficient so
that the “collision dominated uniform phase” was reached at a time to short after
ignition. A displaced Maxwell distribution throughout the gas except for the sheath
regionswas considered; (iii) the plasmabody isweakly ionized and quasineutral.Heat

Fig. 20.3 Schematic
presentation of the potential
distribution and directions of
the particle current densities
in the vacuum arc according
to Ecker anode region model
[37]

A
no

de

C
at

ho
de

uc uc

Sheath Sheath

ua
ua

ua

Gap plasma

Energy loss 
region

Cathode 
plasma

Potential distribution



20.1 Review of the Anode Region Theory 845

production in the plasma volume goes mainly into kinetic, excitation, and ionization
energy of the neutral gas. The voltage applied to the electrodes is a known function of
time. In some cases, the current form instead of the voltage form may be prescribed.

The anode sheath with potential drop ua accelerates the electrons toward the
anode. Immediately in front of the anode—in the sheath—there were negative space
charge due to the current supported through the diffusion and mobility transport
from the arc plasma. When the current density is large, the negative space sheath is
dominated by positive charge, which keeps some of the plasma electrons back and
allows also partial compensation of the electron Langmuir current through an ion
saturation current.

A general system of transient differential equations includes equations of conser-
vation of particle number, their momentum, and energy taking into account the
excited and unexcited neutrals. Description of the electron and ion components was
presented as balance equations. To calculate the electron temperatures, the energy
balances were used in the energy loss region near the electrode. The regions gain
energy from incoming particle beams and from the electric field which is balanced by
a net loss due to elastic and inelastic collisions. The neutral particle number density
n and the neutral particle temperature T are determined by the boundary conditions.

Using the condition of quasineutrality ni = ne, heat conduction equation, random
electron flux to the anode, the Saha equation, the plasma Ohm’s law ji–je = σ elE and
anode energy balance can be written as

ja Ea = f (Tea)
3kTeane
2τe

(20.10)

where f (Tea) is related to the average energy loss per collision in the anodic energy
loss region. Tea is the electron temperature, and Ea is the electrical field. The energy
loss to the anode consists of several contributions: the loss of kinetic energy, the
loss of excitation energy, and the loss of ionization energy. Remembering that there
is no energy dissipation within the sheaths, the energy loss in the anode region was
characterized by an effective potential drop u’a whichwas defined through the relation

jau
′
a = la f (Tea)

3kTeane
2τe

+ 3kTanavTa
2

(20.11)

In essence, this is the potential required across the anode loss region to compen-
sate for the loss of kinetic, excitation, and ionization energy to the anode surface
(Fig. 20.3). The average transport velocity of the particles within the anode loss
region was determined by the average thermal velocity vTa. Under these circum-
stances, the extension of the anode loss region characterized by la = τ deλ/τ , where
τ de is the lifetime of deexcitation, τ is the lifetime formomentum exchange at excited
collision, and λ is the mean free path for momentum exchange.

The modeling regions—electrodes, sheaths, and plasma body—are matched
through the requirement of particle number and energy flux continuity at their bound-
aries taking into account the ratio of spot area to the total electrode area Fs/F. The
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current pulse was given in the form I(t)= Ipg(t) where Ip is the peak current and g(t)
is a function on pulse time. The current density was determined as j = I/F and the
ion current fraction as f i = uc/2(uc + ui). To calculate ua, the returned ion current
density in the anode sheath (dependent on ua) was used matching it with ion current
density in the cathode region. Matching the various regions results in an equation for
an area of the appeared anodic spot which was a result of an anode constriction insta-
bility. The spot area at the anode surface was calculated as a function of time. This
function allows finding a marginal instability criterion for the onset of any instability
whichmay exist. An expression for a critical current density jcr for the instability was
obtained solving the differential equation for time-dependent neutral density dna/dt.
The value of jcr was determined also by condition when the anode evaporation rate
dominated term in this equation.

The solution of the differential equation for na(t) provides the time dependence of
the anode spot area. First, it was solved for the “non-evaporating phase” and then for
the “evaporating phase”. The solution for the first case showed that practically all of
the energy influx goes into heat conduction if the temperature is small in comparison
with the boiling point temperature. So, there is no indication for a constriction insta-
bility. From this, it was concluded that instability can occur only if the “evaporating
phase” is reached.

For the “evaporating phase,” a critical current density was calculated. To this end,
the characteristic quantities “Te, f , na, ne, Ta ua, ua” as functions of the current
density j were calculated using the system of equations. Then these quantities were
introduced into the expression for jcr yielding jcr(j) determining marginal instability.
Finally, jcr was then found assuming that jcr(j) = j. The dependence of the critical
current density jcr as a function of j evaluated for typical pulse duration t0. As a result
jcr was obtained about 104, 6× 103, 103 A/cm2 for t0 = 1, 10 and 100μs, respectively.
This result was compared with experimental data for the instability onset observed
by Kimblin [34] 1.5 × 102 A/cm2, Mitchell [39] 104 A/cm2, and Rich et al. [40] 4 ×
102 A/cm2.

The calculation agrees well with Mitchel data. From the difference between
Kimblin’s andRich’s experiment, Ecker [38] explainedby assumption that the experi-
ments are not really “small gap devices”.He indicated,with small electrodes and large
electrodes spacing the anode drop ua experimentally and theoretically is expected
to increase. This will also result in an increased energy influx to the anode surface
which according to the theory will shift the critical current density to lower values.
A similar effect can be expected if the assumption of lateral homogeneity is violated
due to the structure of particle beams reaching the anode. Finally, another cause for
a decrease of the critical current density may lie in the presence of local surface
irregularities, which can produce current densities locally much higher than those
calculated from assuming uniform distribution of the total current at the electrode
surface.

Generally, it should be noted a very detailed and useful analysis of the gap
plasma and near-electrode processes is presented by Ecker also considering the
particle elementary collisions in a vacuum arc. Nevertheless, the present mathemat-
ical description consists of numerous formulas, and, moreover, the relations between
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number of them are difficult to understand not only for wide readers, but also for
those close to specific researches of the arc. Questions always appear reading the
large number of expressions and symbols that sometimes were confused. It is first of
all because the assumptions and statements are arbitrary, as well due to the presen-
tation of some not understandable matching conditions. As an example, it can be
indicated the use of the condition of equality between plasma pressures of heavy
particles in the gap is produced only by heavy particle flow from the cathode and
anode sides. However, the electron pressures and the mass velocity of the plasma
flow due the electrode evaporation were not considered, although that the convective
terms were accounted by formulation of the general system of equations.

The final expression of instability criterion that was derived is not obvious. The
model was rather considered for an idealization case that also was indicated by the
author when he discussed the comparison with the experiments. A small electrode
separation with homogeneous plasma parameters was modeled, while a high-current
vacuum arc consists of large numbers of cathode spots with individual plasma jets
even when the electrode diameter is significantly larger than the gap size. The plasma
in the gap was assumed weakly ionized, while the electron temperature is not small.
Also, the difference of the Ecker’s calculations fromKimblin’s data for copper could
be understood taking in account the specifics of the experiment. It was conducted for
different electrode sizes and for a much long period of arcing time of the order of a
half-second, for which an anode spot formed at about 400 A with electrode diameter
of 1.25 cm.

Rich et al. [40] observed a strong correlation between the threshold current I th
for anode spot formation and the thermal characteristic Tm(λTρc)1/2 of the electrode
material (seeChap. 14). To understand this correlation, a temperature rise at the anode
surface as a function of time was studied considering transient one-dimensional heat
conduction equation for a semi-infinite anode, characterized by thermal diffusivity
a and conductivity λT , respectively:

a
∂2T

∂x2
− ∂T

∂t
= 0 (20.12)

Boundary condition:

−λT
∂Ta
∂x

(x = 0) = ja0uaef sinωt (20.13)

Here ja0 is the amplitude of the current density at the anode surface, and uaef is
the effective anode potential drop, which includes, in addition to the intrinsic anode
drop, the anode work function, and the thermal electron energy according to the
analysis of Cobine and Burger [18]. Taking into account a = (λT /cρ) a solution was
obtained in form

Ta =
ja0uaef

√
2
ω
Φ(t)

(λT cρ)0.5
(20.14)
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TakingTa =Tm and ja0 = I th/Fa, the observed dependence of the threshold current
I th for anode spot formation and the thermal characteristic Tm(λTρc)1/2 of the elec-
trode material were obtained. This dependence, withΦ(tm) = 0.95, was discussed in
frameof experiments conducted by the authors and also using published, respectively,
other results. It was indicated that a difference between calculations and themeasure-
ments can be explained by quite likely taking into account the variations of value
ua and dependence of the thermal characteristics on the temperature for different
electrode materials, which were considered as constant in the present approach.

According to Kimblin [41], the vapor pressure of copper at the melting temper-
ature of 1350 °K is only of the order of 5 × 10−4 Torr. Since this pressure is even
below the vapor pressure in the anode region due to the cathode evaporation, it is
somewhat surprising that spot formation should be triggered by the onset of anode
melting. Kimblin suggested that the onset of localized melting results in enhanced
local heating with a resulting rapid vapor pressure increase. A further temperature
increase to 1650 °K, for example, would raise the local vapor pressure to 0.1 Torr
and the particle density to 5 × 1014 cm−3. At this vapor density, the mean free path
of the electrons is low, and ionization can be expected in the anode region.

Further Kimblin discussed the observed increase in the anode voltage drop with
increasing arc current. He noted that it can be also attributed to redistribution of
the cathode spots, which were mutually repelled to the edge of the cathode, and
this reduced the contribution to the anode plasma density due to declined cathode
plasma jets. This is again consisting with the concept of vapor and ion starvation
in the anode region. According to Kimblin’s model prior to the spot formation, the
anode voltage drop can exceed the ionization potential and increase the energy flux
to anode. When metal vapor is released from the heated anode surface, however,
the electrons experience ionizing collisions, the ion density adjacent to the anode
increases, and the overall anode voltage drop reduces. The arc voltage not only
increases from 20 V (cathode region) but exhibits high-frequency and high-voltage
fluctuations. With anode spot formation, the arc voltage is stabilized.

We should note the obvious and known fact that the amount of the cathode plasma
reached the anode decreases with decrease of the anode surface area and with elec-
trode distance increase, independently, the reached quasineutral plasma is collisional
or collisionless. The observed increase of the anode voltage could be considered as
a mechanism (larger resistance) to support an increase of the electron current to the
anode due to plasma starvation near the anode. The simultaneous increase of anode
heating and its surface temperature leads to increase of intensity of the anode evap-
oration rate. As the vapor density grows, the probability of the vapor ionization also
increased and, as result, decrease of the plasma starvation in the anode region. When
this process develops unlimitedly, an anode spot can be formed and preferably local
at some inhomogeneity on the anode surface.

Kamakshiah and Rau [42, 43] showed that value of the threshold current depends
not only on arcing time but also upon the anode material, surface conditions, contact
separation, and electrode diameter, which agree with the previous conclusions.
Lateral inhomogeneity in the gap reduces the threshold value by promoting early
formation of anode spots. The authors detected that the threshold values obtained
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for copper and aluminum electrodes with 1.65 μs arcing time are, respectively, 1.75
and 1.85 times the values at 8 μs arcing time. They explained that the spot formation
one after another may be due to the fluctuations in metal vapor and plasma density
near the anode region due to variations in the volume and direction of vapor emitted
from the cathode spots.

Miller [44] reviewed the theoretical approaches described the transition of the arc
into the anode spot mode in vacuum at time before 1977. Some point of view on these
publications can be found in [45].Miller in his comprehensive review indicated that a
deficiency in the runaway theory [33] is reflected by the observed fact that the anode
spot transition seems to occur for anode temperature less than the melting point (for
most materials), which implies a vapor pressure near the anode surface far below
that necessary to initiate the runaway effect (see above Kimblin’s remark [41]). This
observation has led several researches to prefer a magnetic constriction explanation.
As a result, either magnetic constriction in the gap plasma or gross anode melting
can trigger the transition, indeed a combination of the two is a common cause of
anode spot formation.

Based on the previous works, Miller suggested his own opinion for a reasonable
phenomenological description of the arc transition to an anode spot mode. It is
consists of six stages including (i) at low current, cathode flux impinges upon the
anode surface to carry the current required by the external circuit, so there is no need
for an anode potential drop; (ii) as the arc current slightly increased, the situation
changes only slightly due to increase in the electron collection surface by lateral
anode sides and the cathode ions still have sufficient energy to reach the anode; (iii)
as the current continues to increase, the plasma flow to the anode no longer is enough
to sustain the external current, so a small anode drop develops to pull in additional
electrons; (iv) further, the anode potential approaches themean cathode ion potential,
so no longer can enough cathode ions reach the region near the anode to compensate
for the local electron flux, which is at the ion starvation current.

In order to supply positive ions in this region, an appreciable voltage drop develops
across the region. In addition, magnetic constriction could occur before the ion star-
vation current was reached; (v) the increase in ionization produces a decrease in
anode drop, which causes the current to increase over a broad area. The arc then
constricts, and the anode power density increases sharply; (vi) the constricted arc is
resulting in a large local power density increase rapidly increasing the local anode
surface temperature. This leads to intense ionization of the generated vapor near the
anode, relieving the ion starvation. The final equilibrium high-current vacuum arc
with a fully developed anode spot has a hump potential distribution in the vicinity
of the anode surface.

As for the further publications, the series works of Boxman and co-authors can be
considered. Boxman [46] developed amodel of the anode spot formation considering
a fluid approximation for the interelectrode plasma flow from the cathode to the
anode and generated by a multiplicity of cathode spots in a vacuum arc. A vacuum
arc sustained between 25 mm diameter electrodes separated by 9 mm with a current
of 3 kA by a 9 μs duration half-sinusoidal current pulse.
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The steady-state mass flow in the interelectrode gap was analyzed by applying
the MHD equations considering the conservation of mass (without particle source),
momentum (with self-magnetic force), and energy equations (with Joule energy
dissipation and radiation) assuming radial symmetry and constant temperature. The
mass density, current density, and plasma velocity were given from the experiment
at the cathode side as boundary conditions. The mass density reduction inversely
as the square of distance from the cathode and the radial profile of the jet was
determined by the magnetic force along the distance. In essence, the used approach
is one dimensional with given radial profile of the jet opening with distance. Two
types of calculations were conducted for (i) mass flow (assuming a constant current
flow) and for (ii) current flow (assuming a constant mass flow) in the interelectrode
region. The calculations show that both flows have a tendency to constrict in the
vicinity of the anode. A constriction in the current flow is also calculated, caused
primarily by the Hall current. It was indicated that, when constriction does occur in
the interelectrode plasma prior to the release of significant quantities of anode vapor,
the constriction may play a significant role in anode spot formation. It was noted
that this conclusion is approved by a number of experimental observations, which
support a constriction caused by anode spot formation process.

In another work, Boxman et al. in [47] discussed the threshold current transi-
tion from the low-current to the high-current vacuum arc mode. They indicated
that this current is significantly higher at higher frequencies than at lower frequen-
cies, allowing the application of vacuum switches in certain high-frequency circuits
without the formation of deleterious anode spots. Several possible explanations of
this phenomenon are suggested and cause of the increase in threshold current with
increased frequency was analyzed. The most obvious possibility to that transition is
basically a thermal instability at the anode surface, which studied by Ecker [38].

Boxman and Goldsmith [48] developed an anode region model assuming the
presence near the anode surface of an uniform plasma, produced by mixing of
a number of cathode jet, having a very low electric field and existed up to the
boundary of anode collisionless sheath region. The anode surface will be modeled
as a perfectly absorbing surface. A simple calculation indicated that the potential
difference between the anode and the edge of the plasma region must be negative.
The particle flux in the direction of the anode results from thermal motion of the elec-
trons. In order to insure current continuity, the negative sheath potential should arise,
which repel most of the incident random electron flux. Thus, the anode must insure
that the net current incident to the surface is equal to the circuit current. In order
to calculate the particle density, their fluxes, energy fluxes, the potential drop, and
electric field in the sheath, the electron distribution function was approximated by a
truncated Maxwell–Boltzmann distribution. The ion distribution is represented as a
monoenergetic beam. Further generation of additional neutrals in the anode region
was accounted by two ways, sputtering and anode evaporation using the Langmuir
model. It was pointed out that the sputtered neutrals and the evaporated neutrals
were rapidly ionized. Thus, the model of the anode region was taking this additional
generation of the charge particle density into account.



20.1 Review of the Anode Region Theory 851

The overall analysis shows that both components (ions and electrons) have the
same order of magnitude, with the ion heat flux dominating at lower values of Te,
while the electron component dominates at higher values of Te. The overall energy
flux is given by jua where j is the current density and ua is an effective anode drop
whose value in a Cu arc ranges from 13 V for Te = 1 eV to 33 V for Te = 9 eV.
Neutral atoms are evaporated from the anode surface when the anode has been heated
sufficiently. The sputtering is significant in the case of theCu arc, producing a value of
the neutral density of about 37%of the ion density. In general, the approach developed
for a uniform discharge, with the bulk plasma. Nevertheless, the authors noted that
the model may be easily extended by modifying some of the input parameters to
describe other cases including non-uniform discharges. It should be indicated that
the proposed model allows calculating heat flux, either directly for the case of a
uniform discharge as well with modifications, which describe the early stages of
anode spot formation.

Later the anode surface melting prior the anode spot onset was studied by Gold-
smith et al. [49] using a thermal model [48]. The threshold peak current Ipt was
determined for the onset of anode surface melting. The melting process of the anode
obtained by balancing the energy influx to the anode evaluated according to the anode
region model with the energy outflux through heat conduction. The value of Ipt was
determined both by the thermophysical properties of the anode and by the physical
properties of cathode produced plasma. The calculated Ipt was inversely proportional
to the anode potential drop and directly proportional to parameter Tm(λTρc)1/2 [40].
It has been showed that the anodic evaporation occurred at the onset of the arc, which
may be increased by at least one order of magnitude when melting of the anode was
observed.

Izraeli et al. investigated the influence of the self-magnetic field [50] aswell as both
the external axial and self-magnetic field [51] on the current distribution in the inter-
electrode plasma by solving a two-dimensional model using equations of magnetic
field transport and arc current conservation. Assuming a uniform conductingmedium
and a uniform current density at the cathode, they showed that the electrical current
was constricted near a boundary layer adjacent to the anode, while application of an
external axial magnetic field reduces the degree of the constriction.

Beilis et al. [52] developed a two-dimensionalmodel of plasma jet expansion in the
vacuum arc with the free lateral boundary. The plasma expansion was modeled using
the steady-state gasdynamic equations and equations for electrical current, which
were solved self-consistently with the expanding free lateral boundary of the plasma
jet taking into account the influence of the self-magnetic and external axial magnetic
fields. The free boundary surface was characterized by the jet angle α, which depends
on axial distance. In contrast to previousmodels, the presentmodel takes into account
the plasma jet angle α0 at the starting plane. The current–voltage characteristic of the
arc and its dependence on the magnetic field were also determined. The anode sheath
potential distribution was calculated, using the theoretical plasma density, velocity,
and current distributions in the near-anode region.

The calculations were based on the experiment, which show that the arc current
distributed at the cathode surface as separate groups of spots even in high-current arcs
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is of few or few tens of kA [1]. As result, the expanding plasma cannot be uniform
that already discussed by Schellekens [53] and shown later appeared, especially, in
the presence of an axial magnetic field [54]. Therefore, the used spot current was
varied in the range of 100–500 A and the boundary conditions at the cathode side
used the data of cathode plasma jet study [55]. This approach, in essence, allows to
obtain the plasma parameters of the jet expanding from cathode far from the surface
in comparison with simple assumption of diffuse plasma near the anode with a total
arc current. The present analysis shows that the critical current for the transition from
the negative to the positive sheath potential depends on the initial jet angle. The initial
plasma jet angle α0, which has a strong influence on the plasma flow, depends on the
processes occurring in the cathode spot and on the plasma expansion in the dense part
of the cathodic plasma jet. The self-magnetic field does not substantially influence
either the plasma jet shape, density, velocity nor the current density distribution for
arc currents I < 200 A, while the plasma jet angle at the starting plane and the radial
plasma density gradient force in the expansion region strongly influence the plasma
and current flow. The plasma jet expands radially rather than constricting even in
the α0 = 0 case. The two-dimensional calculations showed that the plasma density
decreases in the axial direction if I < 200 A and α0 > 15°. However, at the higher arc
current (I = 500 A), both the centerline electrical current flux and the plasma density
increase in the axial direction, despite the overall expansion of the jet boundary.

The most significant result of the described work [52] is the prediction of a critical
current to reach ua = 0, whichmatches previous experiments at an appropriate choice
of the free parameter α0. The cause for the decrease in the magnitude of the negative
anode potential with respect to the adjacent plasma is a decrease fraction of the
plasma intercepted by the anode when the plasma jet radius at the starting plane
increases with current. This effect alone would lead to a much lower value for the
critical current. However, magnetic constriction in the plasma flow also increases
with current and partially offsets the above effect. As noted by Djuzhev et al. [56,
57] and Kutzner [58], the appearance of a positive sheath potential is closely related
to anode spot formation and signifies the inability of the plasma to supply sufficient
electron current at the anode sheath to match the arc current. A possible mechanism
of anode spot initiation proposes an increase of heat flux associated with the positive
sheath, which leads to evaporation and ionization of material from the anode, and
this additional plasma source supplies the electron current to the anode.

Harris [59] analyzed the constrictionmechanism developed byBoxman andEcker
as an instability effect. He explained the results of the plasma density measurements
considering the possible constriction, which caused a localized concentration of the
heat flux to the anode, taking into account the cathode plasma jet properties and
the characteristic parameters of particle collisions in the plasma. He assumed that
at the constriction in the anode surface temperature rises rapidly with increase of
the heat flux, and relatively cool anode vapor was emitted. This momentarily cools
the anode plasma and increases the recombination rate, and thus causes the sudden
decrease in electron density near the anode, which agreed with the experiment. Using
this analysis, Harris concluded that the exact nature of the constriction mechanism
remains unknown although the preceding discussion suggests that a plasma energy
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flux constriction, rather than an anode vapor-triggered phenomenon, was a more
likely mechanism for the transition to the anode spot mode. Harris noted that no
constriction in the electron density profile was observed by the experimental study,
but this does not exclude from consideration several proposed magnetic constriction
mechanisms [39, 46] since (i) the constriction may occur in the directed velocity
profiles rather than the density profiles, (ii) the constriction may be so localized as
to be undetectable with a 3 mm diameter interferometer beam, or (iii) the ion and/or
neutral mass flows may constrict independently of the electrons.

Schuocker [60] indicated that according to the evaporation instability model
in high-current vacuum arcs, a critical vapor density at the anode calculated by
Ecker [38] and needed for anode spot formation was by two orders of magnitude
larger than that measured by Boxman [61]. However, it should be mentioned that
Ecker’s mechanism needs a critical gas density immediately in front of the anode
and Boxman measured his density right in the middle between the electrodes. Never-
theless, Schuocker developed a model to explain this difference, which is important
to describe in order to understand its weakness. The model is based on anode vapor
calculation by Herz–Knudson approximation, the electron temperature was taken in
form deduced by Ecker [38], and electron density was determined by Saha equation.
The anode temperature was determined from anode energy balance including energy
with heat conduction loss, but neglecting the electron potential energy (work func-
tion). The electric field in front of the anode was obtained from Ohm’s law using
Spitzer’s plasma conductivity. Finally, the equilibrium between magnetic pressure
and thermodynamic pressure was taken into account.

The numerical analysis has been carried out in the following sequence. First, the
anode surface temperature was calculated for given values of current and column
radius as the simultaneous solution. Second, the vapor density was calculated. Third,
the electron temperature Te is varied step by step in order to find the proper value that
fits the Ecker’s model and then the electron density from Saha was calculated. For
these results, the ratio of magnetic pressure to thermodynamic pressure was used,
and finally, the electric field is calculated. This procedure was conducted only for
one special value of current at stepwise reduced anodic discharge radius. It has been
assumed that the cathode and the plasma column, in the middle of the gap and at the
anode have the same radius 3 cm. Further, it has been assumed that the initial diameter
of the column very near the anode before magnetic constriction is the same as in the
middle of the gap. The calculation indicated that for currents lower than 900 A, the
initial magnetic pressure is lower than the thermodynamic pressure, and no magnetic
constriction takes place near the anode. For current higher than 900A, an equilibrium
radius was reached. The temperature corresponding to that equilibrium radius rises
with rising current and approaches the boiling point for very high currents.

Thus, the mathematical analysis of Schuocker’s model shows that the predicted
constriction near the anode is possible. The vapor density obtained at the anode
surface can reach a value by more than two orders of magnitude higher than in the
plasma column and the absolute value is high enough to start the anode spot instability
due to evaporation of the anode. Nevertheless, the author indicated that neither a pure
magnetic constriction model nor a pure anode evaporation model can account for the



854 20 Theoretical Study of Anode Spot. Evolution of the Anode Region Theory

effects observed. But the self-magnetic field enhances evaporation instability model
for anode spot formation in high-current vacuum arcs, and therefore, both effects
contribute considerably to the phenomenon of anode spot formation in high-current
vacuum arcs.

Commenting this work, it should be pointed out that the presented results are
obtained with a number of arbitrary assumptions, and some of these assumptions can
be indicated here. The electron temperature Te is given as input parameter of a certain
value referred to the Ecker’s work, while Te depends on the discharge conditions
and could be varied. The anode temperature was obtained from an energy balance,
in which the anode evaporation rate was assumed in vacuum that not takes place.
The anode heat conduction loss was determined using arbitrary value of the heat
penetration depth. The anode region parameters cannot be determined from priory
given condition indicating the equilibrium between magnetic and kinetic pressures
and then conclude about the effect of magnetic constriction.

Drouet [62] showed that the current threshold values associated with the onset of
anode spots in a vacuum arc were correlated with the solid angle of the expanding
jet emitted from the cathode center and subtended by the anode and by the angular
distribution of the current collected at the anode. A study of the mentioned solid
angle was presented by Kutzner [63] as well by Kutzner and Zalucky [64] showing
that it depends on the electrode gap determining the plasma amount (measuring the
ion current) reached the anode surface.

Jolly [65] studied the anode spot formation by developing a simplified model
to calculate the temperature rise of the anode surface in vacuum arcs. The known
anode energy balance was used including the input energy flux by the electrons and
neutrals, while the energy losses were by anode heat conduction (described by the
one-dimensional equation), its evaporation, and radiation. Each term of the balance
was analyzed including the effective anode fall and time-dependent arc current in
order to determine the functional dependence of current at the melting point taking
into account experimental variables. The threshold current was found solving the
thermal anode problem by setting the anode temperature equal to themelting temper-
ature Tm. The model predicts the threshold current for anode melting as a function of
the properties of the arc and electrode materials (W, Mo, Cu, Al, Ag). The calculated
and measured currents agree well for considered anode materials. The author noted
that his modeling results were consistent with the suggestion of Lafferty that local-
ized heating of the anode trigger anode spot formation by the anode vaporization.
It found out a magneto-hydrodynamic pumping of the local liquid metal producing
droplets, which were quickly vaporized in the arc column. The current necessary
to significantly deform the surface of a melted region was estimated using a force
balance between the electromagnetic stresses and the surface tension. The value of
such current was estimated as about 1 kA. Again as in other models assumed input
parameters determined the results.

Dyuzhev et al. [66] presented a critical analysis of the runway and magnetic
constriction models of an anode spot formation in a high-current vacuum arc. Instead
a qualitative condition of an anode spot formation in a vacuum arc was discussed.
This condition was based on the experimental results obtained by studying anode
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phenomena in a low-pressure arc [56, 57]. The authors concluded that a change of
the sign of the anode voltage drop (from negative to positive) is the key to an anode
spot formation (see Chap. 14).

Nemchisky [67] studied the effect of magnetic constriction in vacuum arc simul-
taneously for both plasma and current constriction suggested by Boxman [46]. The
plasma jet and the current in the gap were described by a system of magneto-
hydrodynamic equations for plane-parallel electrode geometry with radius R and
gap width d. This system was simplified to describe the trajectory of the ions by
an equation for collisionless motion of an ion acted by Lorentz force. It was indi-
cated that when the arc current increases, ion trajectory passed close to the anode,
eventually reaching at the critical current, at which the ion location zc corresponds
to the gap width. The critical current Icr was calculated as function on R/d for given
cathode jet velocity, ratio of the ion current to the arc current, and for an effective
ion charge state and for different metals. The calculated values of Icr were discussed
by comparing with those presented by the experiments. The comparison shows that
differences between the calculated and measured results are less than a factor two.
The cause of the difference was discussed in frame of uncertainty of used input
parameters.

In the further work, Nemchisky [68] studied the plasma compression effect on the
anode spot formation due to the presence of an axial magnetic field. The equation of
motion was analyzed, in which the force due to plasma acceleration was balanced
by the force j × B, while neglecting the force due to plasma pressure gradient.
An expression for a critical current was obtained using a number of assumption
and arbitrary input parameters. The dependence of the Icr on the magnetic field
was calculated. The satisfied agreement between calculated and measured data was
obtained by selection of a certain ratio of the ion current to the arc current as 0.6.
Here, it should be noted that the used above approaches are very simplified ignoring
the influence of magnetic field on the plasma flow, plasma pressure gradient, and the
current density distribution in the expanding plasma. Such influence was studied by
the model developed in the later work [69].

20.1.3 State of Developed Models of Anode Spot in Low
Pressure and Vacuum Arcs

In the last few decades, an attention to understand the mechanism of anode spot
functioningwas further enhanced. Some progress of a number of characteristicworks
is considered below.

Lyubimov et al. [70] used transient equations of heat conductions in cylindrical
symmetry, relations Saha, traditional expression for energy flux to the anode, and
random electron flux to the anode in order to calculate the plasma and spot parameters
for aluminum anode. The zero anode fall and waveform of discharge pulse current
of about 1 μs and time-dependent measured anode spot radius ra(t) were given
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as input parameters. The pulse current form I(t) was used to determine the time-
dependent energy flux to the anode as boundary conditions for heat conduction
equation neglecting terms determined by anode erosion rate. The current density j,
plasma density ne, and electron temperature Te were calculated as functions on time.

The results show strong increase of the calculated parameters, which then sharply
decrease in the initial stage less near 100 μs and after which the parameters attain
significantly lower stationaryvalues.Due to thepresenceof difference forTe in steady
state 0.3 eV andmeasured 0.76 eV, the results were averaged to value of 0.52 eV. The
calculated parameters were compared with experiment [70] (see Chap. 14). It should
be noted that the analysis of the obtained results indicated significant difference
between the measured current density and that presented after calculations in the
work [70]. One of the reasons can be the problematic way for determination of
the electron temperature using Saha equation, and, besides, it is difficult to provide
correct accuracy of such calculation in case of the highly ionized plasma. The data of
anode temperature and the neutral atom density at the anode were not reported. The
presented model not considered the plasma energy balance, which is an important
issue to describe the anode spot.

Nemchinsky in [71] studied the electron and ion motion in an anode layer solving
Poisson equation instead of the usual expression for electron flux from plasma to the
anode. He assumed that the ion density determined by atom ionization and electron
density was derived from the relation between their thermal velocity and the current
density. The solution was obtained by simplifications using a number of assumptions
that needed to be based. The anode voltage was found as sum of the potential drop in
the space charge sheath and a potential drop in the near-anode quasineutral plasma.
The first part of anode potential drop was determined by “3/2” law, in which the
thickness of sheath ha was determined by a distance, at which the most of evaporated
atoms were ionized. The potential drop in the quasineutral plasma was determined
by plasma electrical conductivity from Laplace equation. The electron temperature
Te of 2.5 eV was given as free input parameter. A “minimal principle” was used. The
calculated parameters for Cu anode and current of 400 A were j = 3.6 × 104 A/cm2,
Ta = 2700 K, and ua = 8.6 V.

In essence, it was assumed that the anode sheath equal to the ion mean free path
length li was determined by the atom ionization. This value strongly depends on the
ionization cross section and for calculatedworkua significantly exceeds (li >10−3cm)
the ion mean free path length determined by charge-exchange collisions (10−4 cm).
In addition, at Te > 1 eV the degree of ionizations increases that lead to increase in
the role of charge particle collisions, which was not taken into account. Therefore,
at given work Te the anode vapor was fully ionized and the mean free path of charge
particles is ~10−6 cm. So, the sheath (>10−3 cm) cannot be assumed as collisionless.
Besides, according to the calculated plasma pressure of 0.4 atm, the plasma density
is 1018 cm−3, which was at fully ionization state. Taking this into account and that the
electron thermal velocity is veT ~ 108 cm/s, the resulting current density determined
by the electron flux significantly exceeds the value obtained from the model [71]
using the minimal principle. Thus, the assumptions of this model contradict to the
calculated results.
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Lefort and Andonson [72] calculated the anode (Cu and Ag) parameters using
anode energy balance, equation of total current by given arc current and condition
that gas kinetic and self-magnetic pressures are equal to one to other. The anode
currentwas supported by the electron current from the cathode andby electron current
emitted from the heated anode. The space charge sheath was assumed with negative
anode potential drop, and the anode erosion rate was determined by Langmuir–
Dushman formula (vaporization with a sonic speed) at a temperature of the anode
[73]. The current density j, anode temperature Ta, and anode spot radius calculated
by the given arc current I as parameter varied up to 10 kA. The linear growth Ta with
I and sharp rise of the j were obtained at values of I < 1 kA. The last dependence
can be caused not only by lower input of the energy due to the lower arc current,
but also due to assumption of equality between kinetic and self-magnetic pressures.
Here it should be noted that the model did not consider the anode plasma, the plasma
parameters were not calculated, and the plasma pressure was determined only by the
neutral atoms of the anode vapor. Also, the application of the Langmuir–Dushman
formula as well as the assumption that the vapor flows from the surface with sonic
speed is correct only for vaporization into vacuum [74].

The model described in [72] was used by Lefort and Parazet [75] to calculate
the spot parameters for graphite anode for high current up to 10 kA and also by
Salihou et al. [76] for arc study at low current in the range 2–6 A. The model of
the last work was modified using calorimetric measurement of the electrical power
to the anode for an arc burning in argon. The arc was drawn at fixed current with
an electrode spacing of 0.4–1 mm. The temperatures were recorded at different
points by thermocouples distributed along the anode axis until the steady state was
reached. These values were then approximated to use the temperature as a function
of thermocouple position, with which an expression for power dissipated into the
anode was obtained. Assuming that the power from this expression is approximately
equal to that transferred through the anode spot area into semi-infinity anode, the
spot radius ra was calculated. Using this ra, the corresponding current density ja
was calculated for circular-shaped anode spot. These parameters determined in such
a way were defined as experimental data. This means that the value of ra was not
determined by some observation of the spot geometry, but, in essence, calculated
using the experimental data as an input parameter. On the other hand, the values of
ra and ja were determined by numerical solution of the system of equations repeated
from the work [72] (with limitations mentioned by the comments above), but defined
by the authors as theoretical data. The calculations were conducted for Cu, Ag, and
W anodes, and the anode potential drop was varied in th range from negative −2 V
up to positive value of 7 V.

The results show that the power lost by conduction Pcd into the anode linearly
increases with arc current. Moreover, both results theoretically and defined as exper-
imentally show that Pcd is higher for tungsten than for copper and silver anode,
respectively. These results are consistent with the thermal properties of these mate-
rials such as thermal conductivities, which are higher for silver than for copper or
tungsten. The current densities ja are of the order of (1–13)× 106 A/cm2 and decrease
with increasing arc current. The higher values of ja were for silver than for copper
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and for tungsten, respectively. In both experimentally and theoretically, the anode
spot radii linearly depend versus the arc current. Experimental data were between 2
and 7 μm, while the theoretical results lie between 3 and 18 μm. In both cases, the
lower limit of the spot radius was for a silver anode and the upper limit corresponds
to tungsten. Finally, it should be noted that here the presented results characterized
as a comparison between experiment and theory, apparently, are not correct because
both used different input experimental data.

Abbaoui and Lefort [77] studied the energy transmitted by the arc spots to the
electrode material. Two simulation approaches 1D and symmetrical 2D are used, and
both the results are compared between one with other and together with these found
by other authors. To study the anode material phase and temperature evolutions in
each point, heat conduction equation was solved in the form of the enthalpy problem
as follows:

∂H

∂T
= div(λT∇T ) (20.15)

H, k, and T represent, respectively, the material enthalpy, the thermal conduc-
tivity, and the temperature. A finite element method is used with moving boundaries
and ablation to simulate the time evolution of the solid liquid limit and of the liquid
vapor limit. When a node enthalpy is higher than the vaporization enthalpy, this
node is removed and the energy flux is transmitted to the next liquid (or solid) node.
To formulate the boundary conditions, the power density on the anode surface was
analyzed according to that reported byCobine andBurger [18]. The same approxima-
tion was made for the power density, supposed that it is transmitted in the beginning
to the anode material with the anode spot carrying a 1000 A current. It finds the
radius of anode spot ra = 0.5 mm, the transmitted energy flux to the surface W =
5 × 105 W/cm−2, and the arc duration ta = 1 μs.

The calculated results of phase state of the material were presented for a copper
anode as the temperature distribution for liquid and vaporization phases along the
anode (z-axis) with arc time (0.2–1 μs) as parameter. The temperatures decreased
from about 3000 K to the room value at radius of about 0.08 cm for 1D while at
0.06 cm for 2D approach. Also the liquid and vapor volumes were presented as
dependences on time used for calculation of the anode erosion rates. It was obtained
that at ta = 1 μs the liquid and vapor phase radii are, respectively, equal to 520
and 465 μm. The vaporized volume in 2D approach gives the erosion evaporation
rate of 181 μg/C. The results were discussed in frame of comparison with the early
published investigations.

Ulyanov [78] considered the anode region assuming a negative anode potential
drop taking into account that an effective directed velocity of electrons v0 from
the plasma to the anode should be lower than their thermal speed vT . A kinetic
mathematical model of Langmuir layer was developed, which consists in applying
the Maxwell function distribution that is shifted by the value of the directed velocity
for electrons in plasma. An equation is derived for determination of the negative
anode drop as a function of the ratio v0/vT . It is shown that, in the case of small
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values (v0/vT � 1), the derived expression asymptotically reduces to the Langmuir
formula and obviously that the dependence of electron concentration on the potential
differs from the Boltzmann law.

As examples, the current density distribution and the anode drop distribution
over the anode surface were calculated in case of the high-current vacuum arc in
an axial magnetic field. The study was conducted under strong current contraction
taken into consideration a dimensionless parameter that is equal to the ratio of the
axial magnetic field to the field created by the current of the arc itself. A limit of the
Langmuir formula was utilized as a boundary condition with a strong contraction
of electron current including the presence of the saturation current was discussed.
The calculating results are presented for the low-pressure discharge. It obtained the
potential drops across the region of the inhomogeneous near-anode plasma. The
space charge layer was obtained using previously published characteristics of the
positive column of the electric low-pressure discharge in the axial magnetic field.

A series of work of high-current vacuum-arc simulation using magneto-
hydrodynamic (MHD) approach was published in last decade by researches from
Xi’an Jiaotong University [79–83]. The anode phenomena were taken into account
as a region contacted with the diffuse plasma column. Some last results are discussed
below. Wang et al. [84] presented a two-dimensional deflected anode erosion model
in vacuum switch devices, where a generated transverse magnetic field deflects the
plasma column from the electrode center. The published data for energy flux per unit
area from anode plasma to the anode in the anode spot region were used. The anode
erosion under different deflection distance was simulated and analyzed, as well the
anode surface temperature, anode melting process, and evaporation flux from anode
surface were calculated and discussed.

In their work, Wang et al. [85] studied the two fluid three-dimensional (3D)
magneto-hydrodynamic (MHD) model of high current of tens kA vacuum arc. In
this work, it was accounted that the strong anode evaporation drives the evapo-
rated atoms from the anode surface to the arc column and then to interact with the
cathode plasma considering the inelastic particle collisions. According to an analysis
of previousworks, the temperature of the anode surface assumed tobedistributedwith
a maximum of 2100 and 2500 K in the center, which then exponentially decreases
along the radial direction. In the considered simulations, the anode temperature is
fixed. The simulation results show that when the anode vapor enters into the region
of the arc column, the ionization effect occurs, and the ion density increases rapidly,
while the anode vapor density decreases rapidly. Anode vapor has the same tempera-
ture with the anode surface, which is much lower than the temperature of arc column
plasma, so it has a significant cooling effect on the plasma. When the anode temper-
ature is low, the anode vapor pressure is less than arc column plasma pressure, so the
anode vapor cannot enter the arc column, and the anode receives plasma from the
arc column region passively.

Tian et al. [86] developed a model of fluid flow and heat transfer to the anode
combined with a magneto-hydrodynamics plasmamodel of the high-current vacuum
arc. The numerical simulations for an arcing time of 10μs (half-cycle of 50Hz power
frequency) are considered using open-source computational fluid dynamic software.
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The anode material is pure copper. The diameter of the anode and the contact gap
are 40 mm and 10 mm, respectively. An axial magnetic field of 10 mT/kA is applied.
Crater formation is observed in simulation for a peak arcing current higher than
15 kA which can be assumed as a possibility formation of an anode spot. The anode
temperature distribution and characteristics of liquids flow were studied. However,
the energy loss due to anode evaporation was calculated taking into account the
evaporation rate in a vacuumwhich is not correct [74]. It is because the vapor pressure
can be significantly large at the calculated temperature level (2800 K at 25 kA), and,
therefore, the results presented by the authors should be corrected.

Zenhing Wang et al. [87] simulated the anode phenomena under high-current
vacuum arcs of vacuum interrupters considering the anode sheath effects on regu-
lating the energy and momentum transfer from the arc column to the anode surface
in vacuum arcs. A model for the anode sheath using particle-in-cell method was
developed. The arc currents were in the range from 5 to 15 kA and are subjected
to an axial magnetic field of 10 mT/kA, assuming the vacuum arc to be in diffuse
mode. The anode was considered as an inactive collector for electrons and ions. The
required input parameters are obtained from a magneto-hydrodynamic model for
the arc column and for a collisionless sheath near the anode with a negative voltage
drop. The ion temperature is set to 3 eV, and the current density is assumed to be
uniformly distributed depending on the ratio of the current amplitudes and the contact
areas. Two different input anode temperatures, 1600 and 2000 K, were tested. At the
boundary between the sheath and plasma column, it was assumed that the electron
density is ne0 = Zni0, where Z is the average charge of the ion and was taken as 1.85.
However, this value cannot be taken into account at this boundary, because it was
measured in the vacuum cathode jet and not related to the subject.

The results indicated distributions of the ion temperature, axial ion and electron
drift velocities, ion pressure, and axial current density distributions along the radial
direction at the anode with arc current as parameter. These data show relatively low
variation of the mentioned parameters inside the arc column, while these parameters
strongly change at the periphery of the column. The sheath acceleration effect has a
significant impact on the kinetic energy, and the random kinetic energy also accounts
for a large part that cannot be ignored. The input energy and momentum upon the
anode surface are not obviously affected by the evaporated atoms under the surface
temperatures of 1600 and 2000 K. The authors concluded that the arc pressure on
the anode surface is mainly caused by ion impact, due to the ion accelerating in the
anode sheath. It should be noted that this conclusion is not understandable because
the electromagnetic momentum was not discussed.

20.1.4 Summary of the Previous Anode Spot Models

In general, the above-considered hypotheses and extending models of anode region
for vacuum arcs represent different mechanisms in order to describe the anode
phenomena detected experimentally. The first analysis is based on the study of the
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anode energy balance in order to estimate the anode potential drop in the anode space
charge layer or to determine the anode temperature. The most important contribution
in the anode region theory was related to understanding the mechanism of anode spot
initiation considering the anode thermal mechanism with vaporization runaway (in
different approaches) or to a magnetic constriction in the plasma from the diffusion
discharge mode before the anode spot onset. While the first mechanism seems to be
consistedwith cathode large energy fluxes at high-current arcs, the second (magnetic)
mechanism meets some difficulties with the cathode current distribution in the form
of multi-cathode plasma jet, especially, in the presence of an axial magnetic field. At
the same time, experiment showed that the threshold current associatedwith the onset
of anode spots correlated with the solid angle subtended by the anode of the cathode
and the angular distribution of the current collected at the anode. This current is also
compared with the erosion flux emitted from the cathode indicating importance of
the cathode plasma jet to control the onset of anode spots.

As the investigated anode region is enough complicated multi-parametric (similar
to the cathode phenomena) subject, depended on the arc conditions, the problem was
not completely understood by the existing solutions. The complication of different
anode processes can be clear from the very detailed listing by Ecker [37, 38]. The
weakness of the approaches is first of all due to disability in modeling the anode
region using closedmathematical approaches.Most of themathematical descriptions
used a standard system of equations included the anode energy balance, equation
for the total current, electron flux to the anode, and some relation for anode vapor
pressure and its evaporation rate. Because the system of equation is not closed,
the different authors used some free input parameters such as anode radius, electron
temperature, or arbitrary conditions such as Steenbeck’sminimumprinciple, equality
of self-magnetic, and the vapor pressure in the spot.

In some early theories, the erosion processes were not considered. When these
processes were considered, the plasma velocity in spot was arbitrarily assumed to
be equal to the sonic speed. In this case, the erosion rate was calculated using the
Dushman relationship. However, the application of the Dushman formula and the
assumption that the vapor flows with sonic speed are not correct, while in the arc the
vapor pressure in the anode region is very high. Most of the theories did not consider
the plasma processes and the plasma energy balance for the anode spot besides
Ecker’s work [38]. However, his plasma energy balance was determined only by the
equality between the energy gains from an electric field in the plasma (with doubtful
expression for the thickness) and corrected by a f -factor accounted non-elastic colli-
sions. In additional it was assumed low degree of anode vapor ionization, while the
electron temperature was proposed and calculated using Saha equation. Most of the
mathematical descriptions remain at a state of mathematical formulation without
any calculations. The data about electron temperature were absent, and therefore,
the degree of ionization cannot be obtained. Therefore, the Ecker’s way to study the
plasma parameters not only considerable complicate, but also represents a confusing
approach. Thus, the main question of the anode region theory related to the mech-
anism of the plasma electron heating and information of the degree of anode vapor
ionization inside of the anode spot remains unsolved and requests further study.
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A fundamental issue in the study of anode spot in vacuum arcs is the relation-
ship between arc current and plasma parameters (density, temperature) and anode
erosion rate. The understanding of the anode spot phenomena related to the study
of the mechanism of plasma generation should be based on a description of the
kinetics of the anode vaporization and following atom ionization. In contrast to the
cathode, for which the energy and the region of its produce arise by the presence
of accelerated beam of the electron emission, in the anode region such a possibility
is absent. This feature does not allow correctly to formulate the energy balance in
the anode region, which is necessary to calculate the electron temperature. An indi-
rect analysis shows that it is impossible to obtain degree of vapor ionization with
enough accuracy due to strong dependence of the ionization rate on Te. Analogical
problem arises using experimental value of Te. However, the necessity of correct
data for plasma ionization is an important issue. The estimation shows that even
for constant current density, the velocity of the plasma flow and, consequently, the
rate of anode erosion strongly depend on the relation between neutral and charged
component in the plasma. Therefore, the further development of the anode processes
model should be considered taking into account a relation between the anode erosion
and the spot parameters. An understanding of coupling the different anode processes
was studied below in frame of kinetic model allowed to calculate the jump of gasdy-
namic parameters in the non-equilibrium region at the anode vaporization and to
obtain their relations with the vapor velocity, vapor ionization, and the anode spot
parameters. This kinetic approach and the mentioned relations are described below
based on the theory developed by Beilis [88, 89].

20.2 Anode Region Modeling. Kinetics of Anode
Vaporization and Plasma Flow

Anode region is described firstly considering the spot and plasma region as a common
subject. The mechanism of anode vaporization with non-equilibrium (Knudsen)
layer is presented using kinetic approach of velocity particle function distribution
development. A physics of the transition between kinetic and gasdynamic regions is
described. The mathematical model of plasma parameters in gasdynamic region is
formulated, and a solution for the spot parameters is obtained and discussed.

20.3 Overall Characterization of the Anode Spot
and Anode Plasma Region

An analysis of the experimental results shows that the behavior of the constricted
anode region even before the spot appearance depends on the anode material and,
therefore, the anode spot initiated in the metal vapor. This followed from the spectral
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study of the anode region and from observation of the spot dynamics, the time of the
spot initiation, which strongly depends on constant, characterized the pressure vapor
of the anode material. Basically, the anode spots have low mobility. The observed
spot has correctly circular form with a radius of 160 μm for luminous region and
250 μm for the crater observed at Al anode. Thus, it may consider the anode spot as
an object operated in the vapor of the anode material.

Let us consider the plasma parameters on example of Cu anode spot at spot current
of 400 A. We consider a case when all the arc current is equal to the spot current.
In this case, the current density is about 104 A/cm2, anode erosion rate is about
10 μg/C, and the arc burning occurred at a positive anode potential drop. Therefore,
the electron flux to the anode can be determined by the random particle flux to a
wall and, consequently, the electron density is about 1016 cm−3. Assuming that the
electron temperature for Cu is close to that measured for Al anode of about 1 eV, then
the equilibrium degree of the vapor ionization can be reached about α ≈ 0.1–0.01.
In this case, the characteristic length of mean free path for electrons is le ~ 10−3

cm and for ions lia ~ 10−3 to 10−4 cm. The length of negative space charge sheath
determined by the “3/2” law is han ~ 0.1 μm. Taking into account that energy fluxQa

to the anode surface is determined at least by the work function, this value is already
enough to anode heating to a temperature Ta = Qa/2πra ≈ (2–3) × 103 K, at which
an intense vaporization takes place.

An important parameter characterizing the mass flow in the anode region is the
ratio between direct mass velocity v of the heavy particles to their thermal velocity
vT . Let us define this ration v/vT using the experimental data of anode erosion rate
Ga by following expression 105αGa (Te/T )0.5. The estimation shows v/vT ~ 10−2 to
10−1. The vapor ionization in anode region occurs preferably by thermal mechanism.
An estimation indicates relatively low electric field in the quasineutrality plasma
(Chap. 16). In order to estimate the ionization length li, let us use the expression for
the diffusion particle fluxes (see Chap. 4). After simple computation, the following
expression can be derived as

Da
∂2ne
∂x2

= βn20ne

(
1 − n2e

n20

)
(20.16)

According to (20.16), the value of li is determined by coefficient of ion
ambipolar diffusionDa, equilibrium density n0 of the charge particles, and coefficient
recombination β in form

li =
√

Da

βn20
(20.17)

In the considered conditions, the neutral density na ~ 1018 cm−3, β ~ 10−26 cm−6

s−1, and therefore li ~ 10−3 cm, i.e., of order of le. This estimation shows that the
ionization processes occur basically at distance significantly larger than the length
of space charge region, and that the diffusion phenomena in the anode region can be
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Fig. 20.4 Schematic presentation of the anode physical model including expanding plasma jet

negligible. The electron flux to the anode can be determined by the plasma parameters
close to the anode surface.

Consequently, at the anode surface, similarly as at the cathode, the locally heated
anode produces enough dense and relatively highly ionized cloud of the vapor, which
is separated from the surface by collisionless sheath and with an equilibrium heavy
particle velocity function distribution. The overall anode region and expanding anode
plasma jet are schematically presented in Fig. 20.4. This means that the description
of the anode vaporization can be conducted like that for cathode vaporization taking
into account the specifics of plasma heating and plasma generation characterized the
anode region.

During the anode current carried plasma expansion, it can be considered that
the plasma electrons are heated by the Joule energy dissipation as well by energy
of accelerated cathode jet in which particles can scatter in the anode plasma. First
of all, let us estimate the characteristic length lJ of energy dissipation assuming
that the Joule energy heats the electrons to temperature of ~1 eV. Such estimation
shows that lJ = 2Teσ el/j ~ 6× 10−3 cm, i.e., at distance of order of anode region and
corresponds to the hydrodynamic plasma flow. The estimations show that the lengths,
le, li, and lJ , are significantly lower than the anode radius ra, and therefore, the plasma
parameters near the anode can be the treatment in one-dimensional approximation.
The problem consists in quantitative analysis of the gasdynamic plasma parameters
at the beginning of the anode jet and in a determination a degree of their declination
at the anode surface from the equilibrium values. These data allow to find the relation
between direct plasma velocity of the anode erosion flux and the anode temperature
as well the anode current density.
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20.3.1 Kinetic Model of the Anode Region in a Vacuum Arc

Themodel is based on a kinetic treatment of atom evaporation [36, 90, 91, Chap. 17],
aswell as on plasma production and plasma energy dissipation processes at the anode.
The anode surface is assumed to be plane. The plasma consists of ionized electrode
vapor taking into account the experimental results indicated that in spot mode, the
anode potential is positive with respect to anode plasma [56, 57]. The region near the
anode, at the spot location, consists of (1) a space sheath, (2) non-equilibrium plasma
layer, and (3) a plasma acceleration region. Four characteristic boundaries can thus
be distinguished in the near-anode region, defined by a coordinate system whose
origin is at the spot center, where an x-axis is set normal to the electrode surface
(Fig. 20.5). The x-axis coincides with the direction of vapor flow and with generated
anode plasma jet. The four boundaries are parallel to the electrode surface. Boundary
1 is set at the coordinate origin, boundary 2 is set at edge of the near-anode space
charge zone, boundary 3 is set at the edge of the non-equilibrium (Knudsen) layer,
whose length is of the order of several heavy particle mean free path. Boundary 4 is
set at the location where the plasma is enough heated by Joule energy dissipation in
order to provide significant atom ionization and after which the plasma accelerated
to its velocity equals the anode jet velocity.

Due to the different particle fluxes to the anode from the first flow region, a strong
jump in the plasma parameters takes place between boundaries 1 and 3. This analysis
is made here by use of the bimodal velocity distribution function method that was
used to study laser–target evaporation [92] and cathode spot physics (Chap. 17). The
gasdynamic parameters (density, velocity, and temperature) at the boundaries are
denoted as nαj, vαj, Tαj, where indices α—e, i, a are the electrons, ions, and atoms,
respectively, and j = 1, 2, 3, 4 indicates the boundary number, and ne0a and n0a
are the equilibrium electron and heavy particle densities determined by the anode
surface temperatureT 0a. Thevelocity functiondistribution (VDF) is half-Maxwellian
(positive velocity vαx) with a temperature at the first boundary in accordance with
particle emission from the anode determined by evaporation for atoms [93] and
for electrons [94]. The evaporated atoms are significantly ionized within one mean
free path [95], therefore the reverse flux consists of atoms and ions, whose velocity

Fig. 20.5 Schematic
presentation of the anode
kinetic processes at
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distribution (negative velocity vx) at boundary 1 can be approximated as shifted half-
Maxwellian ones by the plasma parameters determined at this boundary from the
problem solution [92].

At the external boundary 3 of the Knudsen layer, the heavy particles are in equilib-
rium. Therefore, the heavy particle distribution function is a shifted full Maxwellian
with parameters nα3, uα3, and Tα3. For electrons, the VDF consists of a shifted full
Maxwellian for the plasma electrons moved to the anode surface and a shifted half-
Maxwellian for the electron emission beam. At boundary 4, the particles are in equi-
librium, and therefore, there the distribution functions are shifted full Maxwellians
with parameters nα4, uα4, and Tα4. Between the boundaries, 1 and 2 are the space
charge sheath. At boundary 2, the beam of electron emission and the returned ions
to the anode are considered, while the electrons from the plasma are accelerated to
the anode with energy euan, where uan is the anode potential drop.

The velocity distribution function of the particles for vαx < 0 is denoted by f −
aj

and for vαx > 0 is by f +
aj where

f
+−
α j = naj

(
mαhα j

π

)3/2

exp
{−mαhα j

[
(vαx − vα j )

2 + v2
ay + v2

az

]}
(20.18)

and where hαj = (2kTαj)−1, vαy, vαz are the random particle velocity components in
the y- and z-directions, mα is the particle mass and k the Boltzmann constant.

Next, the conditions at the boundaries are written.

At boundary 1 : f a1 = f +
oa1 + ξ−

a1 f
−
a1, f +

oi1 = 0 (20.19)

f +oα1 is the half-Maxwellian VDF of particles emitted from the anode at anode
temperature Ta = T 0 with neutral density na = n0 and electron density ne = ne0.

At boundaries 2 and 3: fa j = ξ+ f +
aj + ξ−

aj f
−
aj j = 2, 3 (20.20)

At boundary d 4 fa4 = f +
a4 + f −

a4 (20.21)

where f +oα1= 0 for α = i and ξ αj is the correction factor to the Maxwellian function
distributions. The correction factors are about of unit [92].

20.3.2 Equations of Conservation

Two atomic fluxes exist near the anode surface, consisting of evaporated atoms,
flowing from the electrode, and a return flux of atoms that formed in the non-
equilibrium plasma layer (before boundary 3). The difference between these fluxes
determines the anode mass erosion in vapor phase. The return flux of ions is small
due to positive anode potential with respect to the adjusted plasma. To determine the
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spot parameters, it is only necessary to know the parameters on the abovementioned
boundaries, and not their variation between the boundaries. Hence, the problem is
reduced to the integration of the conservation equations, for each particle between
these boundaries. The general form of these equations is

∫
vx f (v)dv = C1;

∫
v2
x f (v)dv;= C2

∫
vxv

2 f (v)dv = C3; (20.22)

where f (v) is the velocity distribution function, v is the velocity vector, vx is the
velocity component along the x-axis, and C1, C2, and C3 are integration constants.
Equation (20.22) at the above boundaries are expressed in following form [94, 96]:

nα(x) =
∫

f (x, v0α)dvα;
∫

vαx f (x, vα)dvα = nα(x)v0α(x);
m

2

∫ [
(vαx − v0α)2 + v2

y + v2
z

]
f (x, vα)dvα = 3nα(x)kTα(x)

2
; (20.23)

where f (x, vα) is the velocity distribution function at the control boundaries, vα is the
velocity vector, vαx is the particle velocity component in the x-direction, v0α is the
shifting velocity of particle flow, and vα is the velocity of the ionized vapor.

The integration is done between boundaries 1 and 3. These integrals enable us to
calculate the differences and the relations between the various particle fluxes, and
differences between the equilibrium and non-equilibrium values (at the boundary 3)
of the parameters: particle densities, particle temperatures, and particle velocities.
The plasma region after boundary 3 is much larger than the heavy particles mean
free path. The plasma is quasineutral, and its flow can be described using a hydro-
dynamic approximation. Thus, plasma flow occurs in two different flow regions:
a non-equilibrium, kinetic flow before boundary 3 and a hydrodynamic flow after
boundary 3.

20.3.3 System of Kinetic Equations for Anode Plasma Flow

Using the definitions and (20.18)–(20.23), the procedure of integrating brings
following system of equations to describe the heavy particles and electrons flow
after their vaporization from the anode surface and taking into account specifics of
atom ionization and plasma generation during the flow of the particles.

Equation of heavy particles conservation:

n1 = n0
2

+ na1
2

[1 − Φ(ba1)] + ni1
2
[1 − Φ(bi1)] (20.24)

Equations of heavy particles continuity:
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n1v1 = n jv j j = 2, 3; n j = naj + ni j (20.25–20.26)

n2v2 = na0
2
√

πda0
− na1

2
√

πda1

[
exp(−b2a1) − ba1

√
π [1 − Φ(ba1)]

] − Ai1 (20.27)

Ai1 = ni1
2
√

πdi1

[
exp(−b2i1) − bi1

√
π [1 − Φ(bi1)]

]

= ni2
2
√

πdi2

[
exp(−b2i2an) − bi2an

√
π [1 − Φ(bi2an)]

]
(20.28)

Equations of heavy particles momentum flux:

n0
4d0

− na1
2da1

[
(0.5 + b2a1)[1 − Φ(ba1)] − ba1√

π
exp(−b2a1)

]

+ ni1
2di1

[
(0.5 + b2i1)[1 − Φ(ba1)] − bi1√

π
exp(−b2i1)

]
+ Be1

= Ba2 + Bi2 + Be2 + F(E12) (20.29)

Be1 = ne0
2de0

[
exp(−b2ean)

bean√
π

+ 0.5[1 − Φ(bt1)]

]

= ne1
2de1

[
exp(−b2e1an)

be1an√
π

+ (0.5 + b2e1an)[1 + Φ(be1an)]

]

Bi2 = ni2
2di2

⎧
⎨

⎩

(0.5 + b2i2)
[
2 + Φ(−bi2an) − Φ(+bi2an) + 2Φ(bi2)

]

+ bi2√
π

[
2 exp(−b2i2) − exp(−+b2i2an) − exp(−−b2i2an)

]

⎫
⎬

⎭

Bα j = nα j

2dα j
(1 + 2b2α j ); j = 2, α = e, a; j = 3; α = e, i, a;

F(Ei2) = Fe(Ei2) − nikTi

[
1 − exp

(
−euan

kTi

)]

Fe(Ei2) = je

(
2euan
me

)0.5

− ne0kT0

[
1 − exp

(
−euan

kT0

)]

Equations of heavy particles energy flux

n0√
πd3/2

0

+ na1√
πd3/2

a1

[
(2.5 + b2a1)[1 − Φ(ba1)]ba1

√
π − (2 + b2a1) exp(−b2a1)

]

+ ni1√
πd3/2

i1

[
(2.5 + b2i1)[1 − Φ(bi1)]bi1

√
π − (2 + b2i1) exp(−b2i1)

] = Wa2 + Wi2

(20.30)
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Wα j = nα j√
b2α j/d

3
α j

(2.5 + b2j ) j = 2, α = e, a; j = 3, α = e, i, a

Wi2 = ni2

2
√

πd3/2
i2

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

[
(2.5 + b2i2)

[
2 + 2Φ(bi2) + Φ(−bi2an) − Φ(+bi2an)

]
be2

√
π−]

−3

√
di2
dian

exp(−−b2i2an)bi2bian + 2(2 + b2i2) exp(−b2i2)

−(2 +− b2i2an) exp(−−b2i2an) − (2 ++ b2i2an) exp(−+b2i2an)

⎫
⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎭

∑

α

Ba2 =
∑

α

Ba3 + F(E23) α = a, i, e (20.31)

∑

α

Wa2 =
∑

α

Wa3 − qel
23 α = a, i (20.32)

ne1 = ne0
2

[1 − Φ(bean)] + ne1
2

[1 + Φ(be1an)] (20.33)

Equations of electron flux continuity:

Ae1 − ne1ve1 = ne0
2
√

πd0
exp

(
−euan

kT0

)
(20.34)

Ae1 − ne1ve1 = −nejvej j = 2, 3 (20.35–20.36)

Ae1 = ne1
2
√

πde1

[
exp(−b2e1an) + be1an

√
π [1 + Φ(be1an)]

]

= ne2
2
√

πde2

[
exp(−b2e2) − be2

√
π [1 − Φ(be2)]

]
(20.37)

Equation of electron momentum flux:

Bej = Bej+1 + Fe(E j j+1) j = 1, 2 (20.38–20.39)

Equations of electron energy flux:

We2 = We3 + qel
23 + qn−el

23 − qg
23; qn−el

23 = (n3v3 − n2v2)ui (20.40)

We2 = ne0

2
√

πd3/2
e0

exp(−b2ean)(2.5 + b2ean) − ene1ve1uan

+ ne1

2
√

πd3/2
e1

[
(2.5 + b2e1an)(1 − Φ(be1an))be1an

√
π − (2 + b2e1an) exp(−b2e1an)

]

(20.41)

nej = ni j j = 2, 3 (20.42–20.43)
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Definition of the following expressions:

hα j = (2kTα j )
−1;mαhα j = dα j ;mαhα0 = dα0;mαhean = dαan;α = e, i

α—e, i, and a are the electron, ion, and neutral atom, mα—mass of the particles

±b2α jan = (vαan ± vα j )
2dα j ; b2α j = v2

α j dα j ; b2αan = v2
αandα0; v2

αan = 2euan
mα

qg
j j+1 is the input energy, in regions 1–2 from the electric field E and determined

by uan. qel
j j+1 and qin

j j+1 are the energy losses by plasma electrons in elastic and
inelastic collisions with heavy particles. �(bαj) is the probability integral function,
je0 is the emission current density, and ui is the ionization potential. F(Ejj+1) is the
input momentum from the electric field in the corresponding regions. Estimations
using calculated data from gasdynamic model show that these terms are important in
regions 1–2 where they are determined by uan. The term qel

j j+1 is small in comparison
with the convective term which follows from ratio jm/(evemenex). This ratio reached
about 1 at x = 1 cm, i.e., at distance significantly larger than the spot size ra. The
above system of equations was obtained assuming that the spot current density before
boundary 3 is constant, and the emitted electron beam from the anode is scattered
after the boundary 2. Description of the charge particles in the space charge sheath
takes into account the corresponding velocity shift and partial plasma ion reflection
at the boundary 2 due to the presence of the potential barrier. In order to describe
the parameter between boundary 3 and conditional boundary 4, it is accounted for
the plasma expansion, which lies to increase of the cross-sectional area of the jet
between considered boundaries. The corresponding equations are derived in form:

n3v3F3 = n4v4F4 F3 = I/j (20.44)

ne3ve3F3 = ne4ve4F4 (20.45)

∑

α

Ba3F3 = (mn4v
2
4 + mene4v

2
e4)F4 α = a, i, e (20.46)

Be3F3 = ne4ve4F4 + Fe(E34) (20.47)

∑

α

Wa2F3 = ve4(mn4v
2
4 + mene4v

2
e4)F4/2 − qg

34 + qn−el
34 α = a, i (20.48)

We3F3 = mene4v
2
e4F4/2 + qel

34 + qn−el
34 − qg

34 qn−el
34 = (n4v4 − n3v3)ui (20.49)

At four boundaries, for three types of particles (a, i, e) and three gasdynamic
parameters (T, n, v), the total unknown consists of 36. This number can be reduced
to 27 assuming equality of the parameters for the heavy particles Tij = Taj, nij =
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naj, vij = vaj. The system of (20.24)–(20.49) consists also of 27 equations including
additionally the Saha equation in the plasma equilibrium region, while the spot
current I and the anode positive potential drop are given data. The above system
should be added by equations for electron emission, anode energy balance, and
pressure of vaporized atoms (described in Chap. 16) in order to determine je0, ne0,
na0, and Ta. Besides, in general, the parameters of cathode plasma jet can be used to
describe the current continuity of the arc operated in an electrical circuit. A solution
of such complicated general system is very complex. The estimations show that it
is because of a strong sensitivity of the solution and its dependence on the emitted
electron current density jeo, due to very small value of jeo.

Taking this into account, themathematical approach could be simplified in order to
study the physics of the kinetic and gasdynamic processes. Therefore, to demonstrate
the jump parameters in the Knudsen layer, and to determine the parameters of the
anode region in the spot mode, a simplified approach is illustrated below, considering
the equations for kinetics of heavy particles describing the anode plasma flow and a
resulting anode vaporization flux.

20.4 System of Gasdynamic Equation for an Anode Spot
in a Vacuum Arc

The analysis of the gasdynamic flow region is provided using the boundary condition
from solution of kinetic model for plasma parameters on boundary 3. In the gasdy-
namic region, the atoms are ionized by plasma electrons. The plasma electrons are
heated by the Joule energy dissipation which produced in current carried expanding
plasma. It is assumed that the heavy particles temperature T in the gasdynamic region
equals T 3, at boundary 3. Electron temperature Te differs from the temperature T,
and both are assumed constant in the dense plasma region. These assumptions are
based on the calculations of plasma particle temperature distribution in cathode jet,
where the mentioned temperatures are not changed substantially (Chap. 16). The
heavy particle density nT and velocity v vary from their values n3 and v3, respec-
tively, at the boundary 3 to their values in plasma jet during the plasma acceleration
in the gasdynamic region at boundary 4. In this region, the plasma is quasineutral,
having a considerably weak plasma electrical field Epl, [88].

For the plasma in the gasdynamic region as well for the anode body, the system
of equations is presented in the integral form. The processes of energy and mass
transfer are described.

1. Equation continuity of anode spot current density.

j = je − jeo − ji (20.50)

where j is the net anode spot current density, je is the current density of the electrons
moving from anode plasma to the anode surface, jeo is the anode electron emission
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current density, and ji is the current density of the ions returned in the anode sheath
from the anode plasma determined by Boltzmann relation [88]. The electron flux to
the anode �eD is determined by the equation of mass transfer including the fluxes
due to plasma particle gradient and electric field mechanism (Chap. 16). In the case
when the plasma particle gradient near the anode wall appeared at distance of about
mean free path, the flux �eD is approximately equal to random electron flux �eT

[95] from the anode plasma at the boundary 3. The plasma density is determined
by the assumption that the electron density inside the gasdynamic region is equal
to the ionization equilibrium value ne. This assumption is based on the fact that at
boundary 3 the velocity distribution function of the particles is in equilibrium [74]
and the plasma density is relatively large (>1016 cm−3). The value of ne is obtained
from Saha equation taking into account the heavy particle density n3 at the boundary
3, when the electron temperature Te is known.

2. Equation of the electron plasma current:

je = e�eT ΓeT = eneveT
4

(20.51)

where veT is electron thermal velocity and e is the electron charge.
3. Equation of the electron emission:

je0 = 4eπmekT 2
a

h3
Exp(−ϕ + eua

kTa
) (20.52)

Equation (20.52) corresponds to electron current density je0 by thermionic emis-
sion [88] from the hot anode in the spot. ϕ is the work function, h is the Planck’s
constant, and ua is the positive anode potential drop in the anode sheath.

4. Equation of total spot current I with spot area Fa:

I = j Fa, Fa = pr2a (20.53)

5. Plasma energy balance. The plasma electron temperature Te is determined by
the balance between the energy carried by the Joule energy in the anode plasma jet,
as well by the cathode jet energy, and the energy dissipation caused by ionization of
atoms, energy convection brought about by the electric current and energy, required
for plasma acceleration in the plasma anode jet

I u p + Qce + Qci = I uiας + 2kTe
I

e
(1 + ας) + GV 2

ja

2
+ Qel + Qr (20.54)

Qel = I

∞∫

0

3meni
jmτ

k(Te − T )dx ς = eG

mI
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Here G(g/s) is the anode erosion rate and up is the anode jet voltage, which is
determined by Ohm’s law in the anode plasma jet. Qce and Qci are the cathode jet
energy by the electrons and ions, respectively, Qel is the energy losses by elastic
collisions, τ is the effective collisions time for elastic collisions between electrons
and heavy particles, Qr is the energy plasma loss by radiation, and Vja is the anode
plasma jet velocity.

6. Anode plasma jet Ohm law:

u p =
(

I j

4πσ 2
el

)1/2

(20.55)

where σ el is the plasma electrical conductivity
7. Equation of plasma state:

p = nT T + neTe, nT = na + ni pa(Ta) = nT kTa (20.56)

where pa(Ta) and na are equilibrium pressure and heavy particle density as function
of anode temperature Ta, respectively [88], p is the plasma pressure, and nT is the
plasma heavy particle density. The relationship between the values p and pa as well
between T and Ta was obtained from the analysis of equations for the kinetic layer
(see above and in [88]).

8. Equation of plasma flow momentum:

GVja = pFa (20.57)

9. Anode energy balance [88]:

j (ua + ϕ + 2kTe) + qJ = qT + (λs + 2kTa
m

)
G

Fa
+ σsBT

4
a ; qJ = 0.32ra I jρel

(20.58)

where λ s is the specific heat of evaporation of the anode material, ρel is the anode-
specific electrical resistance, qT is the heat flux into the anode due to heat conduction,
and σ sB is the Stefan–Boltzmann constant. The value of qT is obtained from the
solution of the non-stationary heat conduction equation for the anode bulk (Chaps. 3
and 16). It is assumed that the temperaturewithin the spot is equal toTa, the calculated
temperature in the spot center. It is further assumed that the time dependence of spot
parameters is determined only by the time dependence of the anode heat conduction
(Chap. 16). Anode heating takes place in electron bombardment of the anode, and
by Joule heating of the anode body qj according to Rich [97] and used also by
Ecker [98, 99]. The terms of the left part of (20.58) correspond to these processes.
Anode cooling results from thermal conductivity, electron emission, evaporation
of the electrode (erosion rate G in g/s), and radiation from the spot according to
Stephan–Boltzmann law.

10. Equation of mass flux conservation
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G = mnT va Fa (20.59)

The system of 10 (20.50)–(20.59) together with Saha equation allows the determi-
nation the following 11 anode spot parameters: j, je0, je,Ta, ra, na, ni, va,Te, up,Vja, as
functions of the erosion rateG. Also the anode potential drop is a given parameter. The
relations between n3 and na0 as well between Ta and T 3 are obtained from analyzing
the kinetic approach considering equations for the heavy particle by conditions va
= v3 and nT = n3. This system of equations describes in a self-consistent manner
the mutual processes in the near-anode plasma as well as in the anode bulk and on
the anode surface. The relation between the net anode mass flux (anode erosion rate)
and the evaporated anode material flux determined by Langmuir–Dushman formula
at the anode temperature, denoted as Ker , will be also calculated below.

20.5 Numerical Investigation of Anode Spot Parameters

The dependence of anode spot current density, anode surface temperature, plasma
density and plasma temperature, and anode plasma jet velocity on electrode erosion
rate for given spot current and spot lifetime is also investigated. In the case of the
vacuum arc with planar copper electrodes (anode and cathode), the anode spot
appeared when the threshold current reached 400 A reported by Kimblin [34].
However, the anode spot threshold current can decrease in the case of planar anode
and rod cathode in the presence of an ambient gas at relatively low pressure [28]. In
this case, the experiments [28, 44] showed that when ambient gas pressure was in
the range of 0.1 to 100 mTorr, an anode spot was formed on different anode mate-
rials at currents that could be low as 5–50 A. Therefore, below parameters of the
anode region are calculated for spot current in the range of 10–400 A and for initial
room temperature. The anode potential drop in the anode sheath is relatively small,
taken as 2 V [72]. The influence of the cathodic plasma jet was not taken into account
considering appropriate electrode configuration. This is the case for a relatively large
interelectrode distance, when only very small fraction of the cathode plasma jet is in
contact with anode spot area.

The influence of the initial temperature and spot lifetime was calculated in the
previous work for an arc with graphite anode [89]. The calculations showed that
the effect of initial anode temperature in the range 300–1500 K on main of spot
parameters is not large, while the degree of ionization and spot current density
strongly depends on spot lifetime. As an example, the spot current density increases
with decreasing spot lifetime from steady-state operation to 0.1 μs by an order of
magnitude. The degree of ionization decreases with decreasing spot lifetime.
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Fig. 20.6 Anode erosion
rate G (in g/s for show in the
scale), degree of atom
ionization α, dimensionless
velocity at the anode surface
boundary b1, and at the
external boundary of
Knudsen layer b3 as function
on electron temperature with
current density as parameter
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20.5.1 Preliminary Analysis Based on Simple Approach.
Copper Anode

A preliminary study of the solution shows that some parameters are very sensitive
to variation of some others. Therefore, the equations of kinetic layer for heavy parti-
cles were solved with the gasdynamic system without (20.54) and (20.57) in order
investigate the influence of varied Te for given j. The results of calculations for Cu
anode are presented in Fig. 20.6 and illustrated by the values in Table 20.5. It can be
seen that plasma parameters (G, b1, b3) sharply rise at some critical Te at which the
solutions exist, and then the rate of increase of their values is reduced. Especially,
it is related to the plasma velocity at external boundary of Knudsen layer v3, char-
acterized by dimensionless parameter b3. This parameter is the ratio of the plasma
velocity on the boundary 3 to the atom thermal velocity. Therefore, the increase ofG
approaches the same dependence as it is determined by the velocity v3. The degree
of ionization also significantly increases with weakly change of Te.

The anode erosion rate sharply increases with electron temperature Te and then
saturated, and degree of ionization increases with Te more than order of magnitude
larger for lower value of j because of lower density of the heavy particle density
(Table 20.5). The absolute values and the range of Te are very small for fixed j, but
larger Te was obtained for j = 2 × 104 A/cm2 than for j = 1 × 104 A/cm2. So, the
solution is significantly sensitive to change the Te.

20.5.2 Extended Approach. Copper Anode

The extended study of the anode region was conducted by considering the equations
of kinetic layer for heavy particles which were solved with the gasdynamic system
including (20.54) and (20.57) in order investigate dependences on the anode erosion
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rate for anode spot current varied in the range of 10–400 A for usual spot lifetime of
1 μs. According to the calculations (Fig. 20.7), the anode temperature (Ta = T 0) in
the spot region increases with anode erosion rate G(μg/C), but decreases with spot
current I.

Similar dependences are shown inFig. 20.8 for heavyparticle densityn0 calculated
by the saturated anode vapor pressure at the respective anode temperature. As it
is expected, the value of n0 increases in accordance with increase of the anode
temperature. Figure 20.9 shows the dimensionless plasma density n30 at the boundary
3, which is the ratio n3 to n0, as function on erosion rate with arc current as parameter.
It can be seen that the value of n30 decreases in the non-equilibrium (Knudsen) layer.
Thedensityn3 relativelyweakly different fromn0 indicating on large returnedparticle
flux to the anode and that the value of n30 decreases with G but increases with I. As
it follows from this calculation returned to the anode, surface heavy particles flux at

Fig. 20.7 Anode
temperature in the spot as
function on erosion rate with
arc current as parameter
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Fig. 20.8 Heavy particle
density n0 as function on
erosion rate with arc current
as parameter
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Fig. 20.9 Dimensionless
plasma density n30 at the
external boundary of
Knudsen layer as function on
erosion rate with arc current
as parameter
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the external boundary of Knudsen layer decreases with increase of the anode erosion
rate.

The electron temperature weakly decreases with G at fixed I but it also decreases
with I (Fig. 20.10). Taking into account the dependence of the heavy particle density,
electron temperature, and decrease of the degree of ionization with G (Fig. 20.11), it
can understand the calculated relatively weakly increase of the spot current density
with anode erosion rate (particularly at <200 μg/C), which is shown in Fig. 20.12.
The large returned heavy particle flux to the anode provokes relatively low plasma
velocity at the external boundary of Knudsen layer b3 as dependences on G and I,
which is shown in Fig. 20.13.

This dependence indicated the presence of subsonic plasma flow in the anode
region formed in the non-equilibrium layer and relatively low anode erosion fraction
(Fig. 20.14) indicating significant difference from the anode evaporation rate in
vacuum.

Fig. 20.10 Electron
temperature as function on
erosion rate with arc current
as parameter
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Fig. 20.11 Degree of anode
vapor ionization as function
on erosion rate with arc
current as parameter
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Fig. 20.12 Spot current
density as function on
erosion rate with arc current
as parameter
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Fig. 20.13 Dimensionless
plasma velocity b3 at the
external boundary of
Knudsen layer as function on
erosion rate with arc current
as parameter
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Fig. 20.14 Anode erosion
fraction Ker formed at the
external boundary of
Knudsen layer as function on
erosion rate with arc current
as parameter
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Thus, the plasma flow is not free (impeded) as that for plasma flow in the cathode
region. In fact, the flow regime is determined by the plasma contraction in the
anode spot, formed by condition of self-sustained discharge. The heat source in
the spot supported necessary vaporization regime for the spot operation depends on
the formed plasma flux at the anode surface.

This follows from the fact that an electron density flux (determined the heat flux)
fromplasma to the anode depends on the plasma density, which in turn depends on the
electron temperature, degree of ionization determined on the velocity of plasma flow.
In other words, the regime of plasma motion is determined by relationship between
rate of anode evaporation dependent on the energy flux density to the anode, degree of
atom ionization dependent on the energy dissipation in the plasma flow, and degree
of plasma contraction (current density). Therefore, the regime of plasma flow is
different from the sonic regime.

20.6 Extended Approach. Graphite Anode

Asmentioned above (Sect. 20.1), the electrical arc with graphite electrode was inves-
tigated for many years [12] due to its use in welding and light devices. An increasing
interest is in graphite vacuum arc owing to its use in metallurgy and as plasma source
for carbon films deposition [3].

The graphite anode is interesting because its electrical conductivity is by three
orders of magnitude lower than good electrical conductivity of the copper. To study
the graphite anode region, the calculations were conducted for steady-state case at
wide range of parameters indicated above. The solutions of the equation system are
obtained for spot currents in the range of 10–400 A, fork function of 4.34 eV, specific
heat of evaporation 6.25 × 104 W/g, and for graphite specific resistance 10−3 � cm.
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The calculations indicate that some anode spot parameters vary weakly before
about 100μg/C. Figure 20.15 shows that the anode temperature Ta weakly increases
up to 60 μg/C in the range of 3000–4000 K, and then the increase occurs sharply,
while Ta decreases with spot current. As a result, the heavy particle density n0
determined by the saturated anode vapor pressure demonstrates this samedependence
(Fig. 20.16). However, the dimensionless plasma density n30 at the external boundary
of Knudsen layer initially decreased passing a minimum value and then also sharply
increased (at 100 μg/C) with erosion rate (Fig. 20.17). The evaporated atoms are
ionized due to thermal mechanism with the plasma temperature that weakly changed
with G up to 100 μg/C and then sharply increased. However, the range of Te change
is relatively small (Fig. 20.18).

The calculated degree of atom ionization as shown in Fig. 20.19 monotonically
decreases with anode erosion rate and increases with increasing spot current. For

Fig. 20.15 Anode
temperature in the spot as
function on erosion rate with
arc current as parameter
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Fig. 20.16 Heavy particle
density n0 as function on
erosion rate with arc current
as parameter
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Fig. 20.17 Dimensionless
plasma density n30 at the
external boundary of
Knudsen layer as function on
erosion rate with arc current
as parameter
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Fig. 20.18 Electron
temperature as function on
erosion rate with arc current
as parameter
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Fig. 20.19 Degree of anode
vapor ionization as function
on erosion rate with arc
current as parameter
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the considered region of anode erosion rate and spot current, the calculated value
of degree ionization is relatively small and is in region 3 × 10-4 to 2 × 10−2.
Figure 20.20 presents the dependence of anode spot current density on erosion rate,
when spot current is a parameter. Again, the current density weakly increases with
increasing erosion rate and decreases with increasing spot current. Mainly, the value
of j increasesweakly by increase ofG in the range of 3–60μg/C and then significantly
increases with G up to 300 μg/C.

Figure 20.21 shows dependence on G and I of the dimensionless plasma velocity
b3 at the external boundary of Knudsen layer, which is significantly small due to
large returned heavy particle flux. As a result, the small anode erosion fraction Ker

formed at the external boundary of Knudsen layer, shown in Fig. 20.22, indicates
significant difference of the metal vaporization in the anode region in comparison
with that into vacuum determined by the Langmuir–Dushman formula. It can be seen
that Ker initially increases passing through a maximum and then decreases with G.

Fig. 20.20 Spot current
density as function on
erosion rate with arc current
as parameter
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Fig. 20.21 Dimensionless
plasma velocity b3 at the
external boundary of
Knudsen layer as function on
erosion rate with arc current
as parameter
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Fig. 20.22 Anode erosion
fraction Ker formed at the
external boundary of
Knudsen layer as function on
erosion rate with arc current
as parameter
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Analysis of the anode energy balance indicates some contribution of the Joule
energydissipation in the anodebody.Thepower fraction of resistive heating relatively
to the total electrical power inflow to the anode is presented in Fig. 20.23 as function
of the erosion rate for different spot currents. This fraction practically does not depend
on spot current and is negligibly low down to 100 μg/C and then sharply increases
with the erosion rate reaching about half of the total input power.

The calculation shows that in the considered ranges of anode erosion rate, spot
current, and spot lifetime, the anode spot radius ra is in the range 0.38–0.012 cm
for graphite and 0.05–0.0015 cm for copper anodes when the current decreases,
respectively, from 400 to 10A. In Table 20.6, the anode spot parameters are presented
for experimental anode erosion G = 50 μg/C [75] by assumption that this value not
substantially changed is considered here as spot current range. It can be seen that the
anode temperature, heavy particle density, and current density are larger for Cu than
for graphite anode. In contrary, the velocity at the external boundary of Knudsen

Fig. 20.23 Joule heat
fraction dissipated in anode
body as function on erosion
rate with arc current as
parameter
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Table 20.6 Anode spot parameters calculated for anode erosion rate of 50 μg/C

I, A Ta, K n0, 1017

cm−3
j × 103

A/cm2
v3 × 103

cm/s
α Ker,

cm/s
Te,
eV

n30 b3

10 4156.6 25.16 21.34 29.62 0.0055 0.311 0.629 0.719 0.118

50 3895.8 6.026 4.35 24.67 0.0048 0.274 0.578 0.735 0.101

100 3807 3.536 2.361 22.59 0.0045 0.256 0.57 0.742 0.0913

200 3735.5 2.26 1.381 20.41 0.0041 0.2364 0.545 0.751 0.085

400 3682.5 1.6046 0.884 18.2 0.0037 0.2148 0.532 0.759 0.0761

10 4710.7 4648.4 1359.7 1670.2 0.0018 0.044 0.534 0.824 0.0139

50 3853.3 896.5 209.7 1332.9 0.0015 0.0389 0.475 0.826 0.0123

100 3640.3 524.0 110.9 1204.4 0.0014 0.0362 0.457 0.827 0.0114

200 3509.1 363.9 68.79 1074.6 0.0013 0.033 0.443 0.828 0.0104

400 3448.3 304.2 50.50 942.34 0.0011 0.0292 0.434 0.830 0.0092

layer v3 is larger for graphite anode than for Cu. Therefore, the erosion fraction Ker

is also larger for graphite anode. The calculation also shows that for graphite anode,
the potential drop up in the plasma jet varied in the range of 5–8 V and the plasma
jet velocity in the range of 1–1.6 cm/s. The obtained values are correlated with the
experimental data for low-voltage vacuum arc at relatively low values of G = 10–
100 μg/C. These parameters calculated for copper anode are significantly larger for
graphite anode. However, they can be reduced by improving the calculated model
taking into account that not all plasma enthalpy in the spot is realized during the
plasma jet expansion already shown for cathode region [36].

20.6.1 Concluding Remarks

Anode spot parameters including anode temperature, current density, plasma temper-
ature, density, and the return atom ion fluxes to the anode are determined self-
consistently by considering the processes in the kinetic layer and in the plasma
acceleration region. The calculation shows that the degree of atom ionization in
anode plasma is small (~0.001) in comparison with highly ionized cathode spot
plasma (Chap. 16). This result can be understood taking into account that the anode
current density was supported by the electrons whose velocity is significantly larger
in comparison with the ion velocity supporting the cathode current density. As a
result, a lower electron density in the anode plasma in comparison with that density
in the cathode spot is necessary for reaching this same current density.

Almost all above calculated anode spot parameters sharply increase by some
critical anode erosion value, while all these parameters weakly depend before this
critical value. This value occurs due to large energy losses in the plasma energy and
anode energy balances by some value of anode erosion rate. It should be noted that
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the anode erosion in the present model is considered in vapor phase. An experiment
[100] indicates that even the graphite erosion can be also in macroparticle form and
the MP fraction strongly depends on the graphite material processing. Our calcula-
tions, however, indicate that in general the influence of MP contribution on the spot
parameters is through the anode energy balance and plasma parameters obtained by
taking into account the MP fraction in this case are not substantially changed due to
their relatively small velocity and therefore low kinetic energy.

The calculated results show that, in general, the anode spot parameters are in
agreement with the existing experimental data [37, 38, 75]. However, only small
numbers of measurements (no complete anode experimental data existed) occur for
vacuum-arc copper and graphite anode that can be compared with the theoretical
results. According the experimental data [75], the graphite anode erosion rate is
50 μg/C measured for arc current 70 A. The measurement graphite anode spot
temperature is about 4000 K [12] and 4780 K [18, 75], while the present calculation
for graphite is in the range 3500–4900 K. The experiment for copper anode indicated
some range of data (see Sect. 14.4.1), while it is comparable with present calculation
(Fig. 20.7).

The plasma density and electron temperature were measured for Al anode (see
above). Therefore, it can be compared by some trends of these parameters predicted
by the theory. The calculated electron density, in general, is agreed with the density
measured in anode spot for Al (~1017 cm−3) [9] and in near-anode spot region for
Ni (~1015 cm−3) (Chap. 14, [101]) and illustrates the lower anode plasma density in
comparison with the plasma density in cathode spot (~1019 cm−3) (Chaps. 16 and
17). This same conclusion is related to electron temperature, which also sufficiently
is lower in anode spot (measured value for Al is 0.67–0.47 eV (see above) and present
calculation is about 0.5–0.8 eV) in comparison with electron temperature in cathode
spot (1–2 eV). The order of magnitude of plasma jet velocity (106 cm/s) is also
comparable with results discussed by Ecker [7]. The high velocity anode plasma jets
were observed by Hermoch [102] for a number of materials.

The net anode mass flux can be relatively small due to large returned atom flux
from the plasma to the anode. The anode erosion fraction for graphite varies in wide
range (8–30%),) and it is larger in comparison with cathode spot erosion fraction in
vacuum arc (3–5% [103]). The calculated, here, anode erosion fraction for copper
0.2–10% indicated lower difference from that calculated for cathode of about 4% at
spot lifetime larger than 100 ns. This fact can be explained by smaller anode spot
plasma pressure in comparison with plasma pressure in the cathode spot for graphite
material, while these pressures for copper electrodes differ less.
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Part IV
Applications



Chapter 21
Unipolar Arcs. Experimental
and Theoretical Study

Igor Tamm and Andrei Sakharov in 1950 are the first physicists who proposed an
idea to use toroidal camera for high-temperature plasma confinement named then
as Tokamak. The first tokamak, the T-1, began operation in 1958. Also in 1958,
the model of the Harwell controlled Zero Energy Thermonuclear Assembly (ZETA)
was demonstrated in London. High-temperature plasma exposes a high heat load
the facing a divertor material and first wall in fusion reactors. Different materials
were used for tokamak construction. One of these materials, tungsten, was used as a
metal with high durability against the high heat load and low sputtering yield. When
the sprayed tungsten was exposed to the helium plasma, the surface was covered
with arborescent nanostructured tungsten containing many helium bubbles inside
the structure.

The below description reports first the experimental investigation and the main
observations of the arcing in the fusion devices. The next part of the chapter presents
results of theoretical study of unipolar arc occurred at the walls in fusion devices
including Tokamak.

21.1 Experimental Study

Although that the first tokamak was constructed in 1954, the unipolar arc appearance
was already observed in period of few years after. The principal problems of such
discharges are the contamination of the plasma by material eroded from the walls.
Some presentation about first investigations of arcing phenomena in fusion devises
can be found considering thematerials ofworkshop, Tennessee [1]. In this section, the
arcing experiments are described including the primary and developed observations
of the arcing on the metals as well on the nanostructured surface presented in the last
decades.
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21.1.1 Unipolar Arcs on the Metal Elements in Fusion
Devices

Robson and Hancox in [2] informed that the metals are superior to insulators in
thermal properties and ease of fabrication, but tend to form “unipolar” arcs when
exposed to plasma. The occurrence of unipolar arcs is a general disadvantage of
metals exposed to plasma. Considering the presentations at previous on International
Conferences [3], they discussed results of experimentally detected unipolar arcs both
in transient formon isolatedmetal plates exposed to pulse discharges, and on thewalls
of Zero Energy Thermonuclear Assembly (ZETA). Noted, that in a thermonuclear
reactor it would be essential to eliminate unipolar arcs completely, since a single arc
carrying only a few amperes will introduce more impurities than can be tolerated.
The authors analyzed the problems of the torus, the plasma contaminations, and
the fundamental characteristics, which affect the choice of material and method of
construction.

A few conditions at the surface of themetal were studied in order to prevent the arc
initiation. One approach to the elimination of unipolar arcs relies on careful choice
and preparation of thematerial of the toruswall. The results of such experimental data
determinedby the arc formation conditions are given.A secondmethodof eliminating
unipolar arcs relies on the empirical observation that a minimum current is required
to maintain an arc on a metal cathode. Known, that the current in a unipolar arc is
proportional to the exposed area of the metal surface. When this area is restricted so
that the surface cannot collect the minimum current required for a cathode spot, the
unipolar arc should not form. A third possible method of eliminating arcs is to coat
the metal with a thin layer of an insulating material. As result, a critical review is
given of a number of possible torus designs.

The effect of inclusions on the arcing behavior was studied by Pfeil and Griffiths
in [4] and then by Hancox [5] on initiation of the arc using metal specimens known
to contain microscopic alumina inclusions. Hancox suggested that the dielectric
charging and subsequent breakdown of these inclusions initiated arcing process. The
experiment shows that the time lag before arcing occurred was inversely proportional
to the ion current using alumina inclusions of 1μmsize. The time lagwas independent
of voltage for any given ion current. The arc initiation was also independent of the
nature and pressure of the gas. Pfeil and Griffiths microscopically examination of the
surface after experiments with unipolar arcing revealed that surface damage of the
specimens had occurred around certain types of inclusion in the metals while other
part of the surface being unaffected. A correlation has been observed between the
resistivity of inclusions and their influence as arc-initiators.

Maskray and Dugdale continue investigation the importance of contamination in
arc initiation on molybdenum [6] and on stainless steel in [7] exposed a toroidal
hydrogen discharge, considering the effects of oxygen, nitrogen, and neon. The
results demonstrate that using Mo the arcing occurs through the agency of oxide
and nitride particles formed by impurities present in the molybdenum. In the case
of the nitride-forming impurities, the concentration near the metal surface can be
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Fig. 21.1 Arcing rate ~1 s number of discharges for fingered specimens of stainless steel at 1 kV,
8 A/cm2 after a degreasing and vacuum baking at 320 °C, 10−6 torr; b degreasing and vacuum
baking at 1000 °C, 10−5 torr; c bombardment with argon ions at 2.5 kV, 1 mA/cm2 for 2 h [7]

reduced by repeated testing to a stage at which arcing becomes improbable with
nitrogen present. It was explained by the evaporation of the precipitated particles
by action of the arcs. The addition of oxygen or nitrogen gas to the torus has weak
effect while the arc initiation is entirely due to both organic and inorganic contam-
inants on the cathode surface. The involved inclusions in the steel were ineffective
arc initiators because the contamination has been removed by arcing, by sputtering
with argon ions, or vacuum heat treatment.

The arcing rate measured during the experiments was defined as a number of
arcs, which occurred in twenty-five discharges. This parameter was measured as a
function of the number of discharges and as a function of temperature. Figure 21.1
shows these dependences for different conditions. It can be seen that increase of the
wall temperature and cleaning by argon ion bombardment decrease the probability
of arc initiation. The results show a statistical variation in the arcing rate which
explained as a variations in the ion current density from one discharge to another.

Panayotou et al. [8] studied the plasma–wall materials interacted with a dense,
hot deuterium plasma, which approximates the energy and particle fluence expected
to bombard the first wall in a CTR tokamak power reactor. The wall was made of
1.27 cm thick OFHC copper, nickel, stainless steel and others. Some of the damage
was found to penetrate into the bulk of the material. One of the damage areas, the
unevenness of topology and the appearance of ruffled edges, is indicative of areas that
may have experienced localized melting and resolidification. The average equivalent
diameter of these melted areas is about 5 μm.

Miley [9] reported that compared to vacuum breakdown, arcing between plasma
and a conducting surface introduces entirely a new phenomenon. They discussed
the importance of both vacuum breakdown and unipolar arcs occurrence in CTR
devices. The experiment demonstrated that arc spot superimposed on a blister on a
6mm niobiumwire. Such arcing shown bymicroprobe detection of traces of cathode
material.
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Awide kind of investigations of plasma surface interactions, of origin of impurity,
of unipolar arcs, etc., in controlled fusion devices provided by McCracen and co-
authors in a series works from second half of 1970. One of the first, the impurity
concentration studied in a variety of different types of discharge in the Divertor
Injection Tokamak Experiment (DITE) [10]. The metal density was detected with a
probe, which allows both the radial distribution and time resolution measurements.
The results indicated some correlation between the different metal densities and
the electron temperature near the boundary, namely, high these temperatures lead to
high metal influx. The amount of material removed by arcing was correlated with the
density of metal measured in the plasma [11]. Unipolar arcs have been observed in
the DITE tokamak, which arise on the fixed limiter, on probes inserted in the plasma
and on parts of the torus structure. The technique of thin layer activation used for
erosion measurement of the metallic elements. The arc tracks were observed. The
tracks were approximately 10 μm wide and varied from continuous overlapping of
melted regions to a discontinuous series of craters. In all cases, a retrograde direction
of motionwas observed [12]. The observations of arc tracks in the torus and results of
measurements reported by the authors show that the impurity levels erosion rateswere
consistent with the arcing phenomena being the dominant mechanism for metallic
impurity production.

An attention to the arcing caused also by observation of metal film deposited on
collectors during tokamak discharges. This metal deposition was responsible by arcs,
which leave arc tracks on limiters and probes observed directly [12]. Observations
with the scanning electronmicroscope (SEM) show that the linear tracks are typically
of 10 μm wide. They are normally discontinuous with small craters at irregular
intervals and also consist of a series of overlapping melted regions.

The results of published researches were reviewed by McCracken [13] to analyze
the role of arcing and sputtering in experiments of tokamaks. Different aspects of the
investigations were considered including characteristics of unipolar arcs and their
initiation, time dependence of arcing, theways to reduce arcing phenomena, evidence
for sputtering such as sputtering due to the plasma ions and by impurity ion.

The review shows significant progress presented in the last few years in the study
of both arcing and sputtering in tokamaks. The arcing has been observed in most
tokamaks, and inmost cases, it occurred during the initial rise of the discharge current.
Noted, about the presence of a critical density for arcing and it occurred when the
local density increases for short periods during the instability. The evidence from
DITE indicated the instabilities occurring at some rational heat flux at the limiter.

The most evidence of arcing is the observation by the tracks, which the arc left on
a surface after exposure to a plasma [12]. The tracks are often visible even by eye as
separate lines when the surface has to be well polished for the arc tracks to be easily
seen (Fig. 21.2). On surfaces that parallel to the toroidal field, the arc spot runs along
the B × j direction (where the current j was electrons emitted from the surface).
Observation with an optical or scanning electron microscope shows the track to be
made up of a series of small craters, typically −10 diameter (Fig. 21.3).

Mioduszewski et al. [14] studied the arcing phenomena in tokamak by using the
electrical and optical measurements. Arc currents on the samples varied in range
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Fig. 21.2 Two types of arc track observed on a molybdenum probe exposed for many discharges in
the DITE tokamak. a The “linear” arc; b the “fern” arc. Photographed using an optical microscope.
Figure taken from [13]. Used with permission

Fig. 21.3 Scanning electron micrograph of a linear arc track on a molybdenum surface exposed in
the DITE tokamak. Figure taken from [13]. Used with permission

between 10 and 50 A, but mainly the current amplitude was around 20 A. The arcing
signals were related to pin-diode measurements detecting the soft x-ray fluctuations,
which were ameasure forMHD activity. Each disruption of the plasmawas indicated
by a breakdown in the pin-diode signal. The arc tracks in the ISX tokamak were
observed on the limiter, in the inner-wall surface and in samples. The tracks were
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found on various materials such as stainless steel at the limiters, walls, samples, as
carbon at the limiter as aluminum and gold at samples. The many of these tracks are
several cm long and up to 50 μm wide.

The arcing signal shows several fast spikes at the initial breakdown of the plasma
and in the quenching phase at the end of the discharge. The duration of a single arc
is about 50 μs. A comparison with a SEM picture showed that the track consists
usually of a number of single cathode spots. Using typical data of 1 μs total pulse
length and a 10 mm total path length, the resulting estimation indicates spot velocity
as 10m/s, in amagnetic field of typically several tenths of a tesla. Noted, this velocity
may vary a lot with the surface conditions.

The authors indicated that arcing occurred usually during the initial breakdown,
i.e. at period when plasma is not confined. Also, the arcing was observed during the
quenching phase at the end of the discharge. At the stable discharge, arcing occurred
only along with plasma disruptions. They noted that described results valid only for
a specific clean-up state of the tokamak, which conditioned with respect to arcing. In
addition, the probability of arcing determined by the operating processes appeared
in the tokamak.

The sputtering phenomena also occurred in different tokamaks, but mainly during
the constant current phase. This was because the impurity influx is not only local
during arcing during the whole length of the discharge. It can be also due to the
energy of the ions reaching the limiter as the sheath potential is considerably higher
than the local electron temperature. Although that not clear whether the sputtering
was due mainly to plasma ions or to the light impurities ions, the last data of the flux
and energy of ions arriving at the limiter indicate that the sputtering of the limiter
may be larger than previously indicated.

Many objectives in tokamak plasma require some control. One of them consists
in handling the MHD instabilities and improving the plasma confinement, while
maintaining some current, temperature, and pressure density profiles [15]. This goal
was reached determining some specific nonuniform profiles of the 1D plasma safety
factor q-profile, an important parameter for both plasma stability and performance.
This factor can be characterized the ratio between the magnetic toroidal field and the
poloidal one, and it is approximated by inversion of the plasma current profile [15].

Goodall [16] detected the arcs using time-resolved probe at the sameminor radius
as the fixed limiter. The arc detection probe consists of two concentric cylinders.
The probe placed in a top vertical port of the torus and connected electrically by
a resistor. The end face of the probe is viewed through a window on the opposite
bottom vertical port. Arcs are detected bymeasuring the current at the inner electrode
while simultaneously observing the emission of a neutral spectral line of the probe
material. A good correlation between the arc current and optical signals found. This
agreement makes it possible to use both signal as an indication of arcing and the
optical signals. For example, use data of Langmuir probes, and MHD activity, i.e.,
signals with plasma different variations simultaneously.

Themeasurements show that arcing inDITE is characterized by prominent current
pulses during the initial stage of the discharge. The correlation between the arcing
periods, the loop voltage pulses, and rational safety factors q shows that the prominent
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arcs in the initial phase of the discharge are caused by plasma instabilities. For most
discharges, the arc pulses with amplitude of 5–20 A were observed in the first 20 μs
of the discharge during the plasma current rise time. This has been observed in
hydrogen, deuterium, and helium using probes from molybdenum and titanium. The
strong arcing in disruptive discharges shows that conclusions drawn from the visual
observation of arc tracks could bemisleading, since a few disruptive discharges could
well dominate the normal arc. Also, arcing signals often observed during neutral
injection and at small amplitude current was registered.

To obtain independent observations of the occurrence of arcing in DITE, high-
speed time films were also taken of the region near an inner fixed limiter. The films
show evidence of events occurring with lifetimes <l μs, consistent with arcing. In
addition, however, much longer events were observed, some lasting more than 10μs,
in which glowing particles entered the plasma from the wall with a velocity of a
few m/s. At later stages of the discharge, the arcing contributes significant impurity
levels. At this stage, the arcs in DITE appeared as a lower intensity and two types of
arc tracks have been observed for the same discharge, which indicate substantially
different amount of erosion. This result was compared with experiment reported by
Zykova et al. [17]. They have also identified two types of arcs onmolybdenum probes
exposed in DITE and have estimated the arc current from the dimensions of craters
in the tracks. Thus, the arcs have currents in the range l–3 A with velocities of 104

cm/s for one group and 5–10 A with velocities from 3 × 103 to 104 cm/s for the
second group. McCracken (1980) also discussed this experiment [17].

The Nedospasov [18] group continued the study of arcing phenomena in toka-
maks. Bogomolov et al. [19] reported about experimental investigations provided to
clear up the nature of the emf causing arcing in the course of minor-disruption MHD
instability.

The experiments [19] were conducted in a hydrogen torus with plasma density
~1013 cm−3, toroidal magnetic field of 1.4 T, plasma current of 13–15 kA, discharge
duration 7–8.5μs. Segmentedmovable arc test probes of various configurations were
used as plasma limiters. Movable rail limiters were inserted through the horizontal
ports on the outer side of the torus. Local magnetic probes registered the MHD
activity. Periodic oscillations of the rate of magnetic field increase having frequency
of 160 kHz were observed at safety factor of qpr > 3. Minor disruptions occurred
recurrently when at safety factor of qpr < 2.5. During the disruptions, the plasma
current at first increased by 100–300 A and later decreased by 300–800 A. The most
intensive arcing is initiated between the limiter and the liner or through the limiter.
The current through the limiter from the anode to the cathode flows along a helical
magnetic line of force. If the current from the limiter (anode) flows along the helical
line to the liner (cathode), a cathode spot was formed where the magnetic line of
force touches the wall. Indicated, that the emf required for arcing initiation was of
inductive nature. Therefore, the major part of arc currents was observed during the
final stage of the disruption when plasma current decreased.

Nedospasov et al. [20] presented a review considering the main characteristics of
the unipolar arcs occurred in different tokamaks. Noted, that the traces of the cathode
spots on the surfaces parallel to the magnetic field are linear, while the tracks were
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branched and consist of melted craters up to 100 μm in diameter on the surfaces
perpendicular to the magnetic field. The correlation between the arc appearance and
the development of MHD instability was discussed. In the case of a stable discharge,
arcing occurred during the initial and final stages of the discharge. The current of the
arc in different tokamaks varied from 4 A to 1.6 kA. The arc duration varied from
10μs to several hundredmicroseconds. Themaximumvalue of the arc current 1.6 kA
in tokamak T-3Mwas 5–7% of the main current. Arcing probability on the limiter in
in tokamak TV-1 exponentially decreases with increasing distance from the limiter
edge facing the plasma. The mean current densities on the anode and cathode on
the limiter surfaces attain 5 × 102 A/cm2. The authors concluded that the existence
of the unipolar arcs in the future tokamaks is dependent to a considerable extent on
the plasma temperature near the wall. Noted, the experiments showed that when the
plasma temperature near the surface decreased to few eVs by using a divertor then
no arcing was observed. If the temperature near the divertor plate in the tokamak is
about 100–200 eV, then hundreds of unipolar arcs can occur.

Stampa and Kruger [21] modeled the unipolar arcs ignition without applying
an external voltage using a plasma produced in a pulsed high-frequency discharge
with a frequency of 1 MHz and duration of 1 μs. The produced plasma flux was of
density 10 l3 cm−3 and a temperature of 5–25 eV in point located at distance of 50 cm
outside the discharge. The investigations were provided with wall probes from Cu,
Cd, stainless steel, and brass of areas in range of 2–50 cm2. The smoothed probes
were polished and finally cleaned chemically. A homogeneous magnetic field <0.1 T
was applied. The arc current was measured with a circular copper disk of radius
15 mm, and a central stainless steel pin, radius 3 mm.

The results showed thatmostly the arcs have a current 9–15Awith amost probable
value 11 A. No arc with a current lower than 4.5 A was observed. The direction of
propagation of the spot in a static magnetic field parallel to the surface of the wall is
retrograde, i.e., in the anti-Amperian direction. The arc velocitieswere in range of (3–
30) × 103 cm/s. The erosion was concentrated on a linear trace 0.3–1 mm wide and
5–30 mm long. In some cases, it was observed a splitting into two or three branches,
which made it possible to determine the direction of propagation of the spot and to
investigate the starting point of the arc. Mostly, fast arcs caused the observed erosion
phenomena, while the overlapping craters at the end of a trace indicate a transition
to low moving arcs. The spot formation typical was predominated for contaminated
surfaces at the beginning of a trace, while the spot formation was typical for clean
surfaces at end of the trace. Therefore, it was suggested that the arc arises at a more
contaminated part of the surface and is extinguished in a relatively clean region.

Herrmann et al. [22] focused their investigation of the arc characteristics at the
inner divertor with arc tracks analysis using modern techniques. The results show
that the track width as well as the effective depth decrease with increasing distance
from the edge of the tile. The large width (150 μm) at the tile edge is partly due to
an overlap of arc tracks. The crater depth is in average 5.5 μm at the edge of the tile.
A broad of length distribution of the arc track was observed between 0.5 and 3 mm
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with a pronounced maximum at 1.5 mm. The lifetime of an arc was estimated in the
range of 5–37 μs using the averaged spot velocity of 290 m/s from measurements
at 1 μm thick tungsten coatings and that measured at massive tungsten (40 m/s for
10 A).

The arc track density as derived from a scanning region of 11 × 12 mm2 at
the edge was 12%. The arc did not evaporate a significant fraction of the tungsten
material and splashed of as liquid metal, and redeposited as droplet. Using SEM and
profilometry technique, such droplets were detected not only in the crater bottom, but
also at other surface areas. For 10% of the material eroded as droplets, 108 droplets
(5 μm diameter) were ejected. The region of the inner divertor where the arcs are
observed shows a local enhancement of plasma density, ~1014 cm3, and pressure of
the neutrals as 0.1 mbar, increasing probability of the arc ignition. A high sheath
potential at the beginning of an ELM is a trigger of the arc.

Rohde et al. [23] studied the arcs induced by isolating layers. For this investiga-
tion, two similar tiles were installed at the baffle of the inner divertor. One tile was
coated with a tungsten layer, and the other one with an additional isolating TiO2

layer on top. Arcing was studied by probe current and by arc light emission. In addi-
tion, photographic techniques, profilometry, and scanning electron microscopy were
developed to investigate damage by the arc. A fast camera was used to monitor the
inner divertor baffle with a high spatial and temporal resolution. It was detected that
the typical dimensions of arcs are about 10 μm. The W layer at the TiO2-coated tile
is by a factor of 5 more eroded than at the pure tungsten tile, showing significant
erosion at deposition-dominated areas. Video observations with high temporal and
spatial resolution showed correlation of the onset of arcing with the appearance of
ELMs at the inner divertor baffle. At the inner divertor baffle region, erosion by
arcing dominates in comparison with the physical sputtering by a factor of 7. The
number of arc traces only depends on the position of the tile. The effective erosion
strongly depends on the surface resistivity.

21.1.2 Unipolar Arcs on a Nanostructured Surfaces
in Tokamaks

The exposed to energetic helium bombardment as in the plasma-facing components
of fusion devices, tungsten will grow a mat of “fuzz” and form narrow grass-like
mats of tendrils. The fuzz is typically a few tens of nanometers in diameter and up
to several microns in length. Melting traces were found on the surface after the laser
pulses irradiated the surface even though the pulse energy was lower than that for
melting bulk tungsten. A numerical temperature calculation of the sample suggested
that the effective thermal conductivity near the surface dramatically decreased by
several orders of magnitude due to the formation of nanostructured tungsten. It was
shown that tendrils grown under lower energy helium plasmas bombardment are both
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finer and smoother than those grown under bombardment by high energy plasma.
Additionally, the both families of tendrils are nanocrystalline with fine-scale cavities,
believed to be helium bubbles, just a few nanometers in size.

21.1.2.1 Surface State Under He Plasma–Wall Interaction in Fusion
Devices

Doerner et al. [24] studied an equilibrium conditions between a fuzz development
in a steady-state plasma (surface temperature and energetic helium flux) and also
the fuzz erosion with a rate that will determine the equilibrium thickness of the
surface fuzz layer. The parameters necessary for fuzz growth is an energetic helium
bombardment of a tungsten surface at a certain surface temperature (in the range
1000–2000 K). However, the plasma can remove material from a surface in one of
two ways. Firstly, due to overheating of the surface, when the temperature excursion
either results in sublimation from the surface or melting of the surface followed by
splashing of the melt layer. It was also assumed that at the used temperature the
tungsten fuzz would not chemically erode. The second way to remove material from
the surface is due to sputtering, which depends on the incident energy, charge state,
and composition of the plasma ions. It was indicated that both the fuzz growth rate
and the sputtering yield decrease with the thickness of the fuzz layer. So, as the two
competing processes will balance each other, an equilibrium layer thickness should
be established in steady-state plasma.

The effects of a transient heat load on the damaged material were investigated in
the divertor simulator NAGDIS-II using ruby laser pulses with a pulse duration of
~0.6μs [25].When the ruby laser pulses irradiated the bulk tungsten surface, the sub-
micrometer holes disappeared at the pulse energy higher than 58 J/cm2. According
to the numerical calculation, the surface temperature became close to the melting
point, and consequently, the recrystallization process alleviated the surface damage
during heating. It was indicated that the heat load used by ruby laser irradiation
corresponds to that of typical in fusion device. Therefore, this result suggests that the
transient heat load may alleviate helium holes/bubbles even if helium holes/bubbles
are temporarily formed on the surface by helium plasma irradiation.

A similar formation of micron-sized structures on tungsten surface due to helium
ion irradiation has been investigated in the linear divertor plasma simulatorNAGDIS-
II [26]. The surface variation during the helium plasma exposure was determined by
studying the optical reflectivity measured by using a He–Ne laser and a photodiode.
It was detected that a great amount of bubbles and holes were formed by the exposure
with the ion fluence of 1.8 × 1023 cm−2 and for helium ion energy of 15 eV. At the
incident ion energy of 30–50 eV, the surface is covered with fiber of nanostructured
tungsten. When the laser pulse energy exceeded 120 J/cm2 with duration of 0.6 μs,
the surface reflectivity recovers to the initial value.

Kajita et al. [27] investigated the formation of the nanostructured tungsten. The
nanostructured samples processed by the focused ion beam (FIB) milling was
observed by transmission electron microscope (TEM) during the helium plasma
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irradiation and the nanostructure formation. The experiments were performed in
the linear plasma device NAGDIS (Nagoya Divertor Simulator)-I and II. In the
both devices, the electron density was on the order of 1012 to 1013 cm−3, and the
temperature was 5 eV.

The result indicated that the growth of helium bubbles under the nanostructured
layer could lead to the formationof tungstendusts,which can influence to the tokamak
operation at certain conditions. Figure 21.4 shows the cross-sectional TEM micro-
graphs of W with helium fluence of 2.4 × 1021 cm−2. The thickness of the nanos-
tructured layer is approximately 450 nm in average. Figure 21.4a is the bottom part
of the fiber form structure. There is a layer packed with nanometer-sized bubbles on
the bottom part. The thickness is in the range of 10–100 nm. Figure 21.4b shows
a plate-like structure in the part A, and ring-like structure is shown in the part B.
Figure 21.4c shows the cross-sectional TEMmicrographs ofW-5, the helium fluence
of which is 5.5 × 1021 cm−2. As increasing the helium fluence, the structure grows
and becomes more complicated.

The above-described tungsten surface state determined a phenomenon of unipolar
arc, which appeared by helium plasma interaction with the wall of fusion devices.
Let us consider the experiments in context of a cathode spot arise.

Fig. 21.4 Cross-sectional
TEM micrographs of helium
irradiated tungsten with the
helium fluence of a and
b 2.4 × 1021 cm−2, and
c 5.5 × 1021 cm−2. Figure
taken from [27]. Used with
permission
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21.1.2.2 Arcing on a Nanostructured Surfaces

A series of experimental study [28–30] showed some damage of a tungsten coating
on graphite. Kajita et al. [31] demonstrated unipolar arc experiments using irradiated
by laser tungsten in a helium as an arcing electrode in a linear plasma device. They
observed that a unipolar arc initiated and continued for a much longer time than the
laser pulse of 0.6 μs duration and power of ~500 J/cm2. Before a laser pulse ignited
an arc, the plate, immersed in He plasma, was biased to −75 V, because of which
the surface was heated to 1900 K and a net-like nanostructure was formed on the
plate surface. The action of laser radiation modeled type-I ELM led to the result that
the electrode potential increased and arc spots were generated. The helium fluence
was of the order of 1022 cm−2. The laser pulse width and power were similar to the
heat load accompanied by edge localized modes in ITER resulting in the electrode
potential increase, and arc spots were generated. The plasma density and the electron
temperature of NAGDIS-II were 2× 1013 cm−3 and ~ 6 eV, respectively. Themoving
unipolar arc was detected by a fast camera and by traces on the surface.

At arc ignition, the potential increased by 20–30 V from the floating potential,
which was approximately of 60 V and continues for ~2.8 μs far beyond the pulse
width of the laser. In response to increase of the potential, the current was increased
approximately tenfold and exceeded 10 A. The observed luminous size of the spot
did not significantly change during exposed time in range from 0.352 to 0.592 μs.
However, it was also observed that the arc spot was amendable to a fragmentation.
This fact indicates that the arc spot is sometimes composedof a groupof sub-arc spots.
When the laser pulse irradiated the same positionmore than once, the unipolar arcing
was not initiated due to destruction of the nanostructure on the surface. Therefore,
it was suggested that the nanostructure on the tungsten surface as a fusion product
could significantly change the ignition property of arcing, and become a trigger of
unipolar arcing.

Kajita et al. [32, 33] studied the unipolar arc motion initiated on a nanostructure
tungsten a helium plasma using the laser, fast framing camera and other diagnostic
technique described by Kajita et al. [31]. Ignition conditions of arcing were inves-
tigated systematically by changing the laser power, plasma conditions, and surface
nature. The experimental condition of the investigations satisfies the necessary condi-
tion for nanostructure formation. The typical electron density and temperature were
1013 cm−3 and 5–15 eV, respectively.

It was observed that the arc trace depend significantly on the applied external
magnetic field strength.. The width of the track (from SEM micrographs) varies and
can be even greater than 50 μm. However, the track has an inner structure, which
consists of sub-arc tracks of ~10 μm. Character of these tracks is the same as that of
a single arc spot randomly moving on the nanostructured surface. This result shows
that several arc spots form a group and move together. Kajita et al. [34] demonstrated
the group spot formation.

It was revealed that the retrograde speed of arc spot linearly depends on transverse
magnetic field as it was observed early for bipolar arcs. The measured velocity was
about (0.3–1.5) × 104 cm/s, and the coefficient of proportionality was estimated
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as (3–15) × 104 cm/s/T, which is larger than the previous reported values for Cu
(6 × 103 cm/s/T). It was concluded that the obtained large value of this coefficient
determined by the nanostructured tungsten surface.

The arc spot, appearing at two different thicknesses of the W nanostructured
layer, half of which has a thin and the other half has a thick nanostructured layer, has
been investigated [35]. The bright arc spot was observed with a fast framing camera,
and the velocity of the arc spot was evaluated. The cross-sections of nanostructured
layers were observed by scanning electron microscope (SEM), and the thickness of
the eroded layer caused by arcing was obtained. At arc initiation, the target potential
increased from −83 to −38 V, and the current increased from 0.27 to 4.2 A. The
camera images showed that the width of the single arc trace was 5 μm in the narrow
trail, and 10 μm in the wide trace. It was detected that the trail width changed
sharply as the arc spot moves across the boundary of the two different parts of the
nanostructured surface. An analysis of the surface of the specimen showed that the
averaged trace width on the thick layer was 3.3 times wider than that on the thin
layer. It was thought that the difference in the velocities resulted from the formation
of the group spots.

It was also observed that the velocity of the arc spots significantly varied when the
thickness of the nanostructured layer varied. The velocity of the arc spot on the thin
layer was larger by factor of 6.7 than that on the thick layer. The thin nanostructured
layer was estimated to be ~1 μm for the thin layer, and 5 μm for the thick layer. The
erosion rate was measured as 2 mg/C for the thin layer, while 10 mg/C was for the
thick layer. It can be noted that the observed difference of the velocities and the trace
width for thin and thick nanostructures can be understood in frame of film cathode
theory [36]. According to this theory (for Cu film deposited on a glass substrate),
the spot velocity is larger for thinner film due to lower time of the evaporation of the
film under the moving spots (Chap. 17).

A recent review of arcing on fiber form nanostructured W produced by the inter-
action between He plasma and W plate under fusion conditions was presented by
Kajita et al. in [37]. He described experiments on tungsten substrates conducted in
NAGDIS-II device. A ruby laser with the pulse of ~0.6 μs and of 60 J/cm2 was used
to ignite arcing on the surface biased at 90 V before arc ignition, and the current
was limited by power supply in range of 5–20 A. Figure 21.5 shows framing camera
observation at different time indicated in the frames.

At 0.325 s, the brightness of laser irradiation can be seen before development
of the further spot dynamics. Figure 21.6 shows SEM micrographs of an arc trace
formed on nanostructured tungsten surface. The arc spot (although random local
motion) moves in average in retrograde direction due to influence of magnetic field.
It can be seen that the traces detected under fusion conditions are similar to that
observed in vacuum arc.
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Fig. 21.5 Images of arc spots in an arc ignited from laser irradiation [37]

21.1.3 Film Cathode Spot in a Fusion Devices

As example of spot appearing on the film cathode can be considered the arcs observed
in fusion devices by Laux et al. [38–40]. The measurements were provided on
tokamak tiles (ASDEX Upgrate, IPP Garching) where some of graphite tiles have
been coated by a W-film using plasma arc deposition and on laboratory system. The
experiments have been carried out in vacuum to study arc behavior arise on graphite
cathode covered by a tungsten film. It was originated from the usage of similar
materials at first wall in fusion devices where a large number of arcs appeared at
the contact with plasma. The standard measurements of current and voltage, optical
observations of the arc spot in transversemagnetic field to determine the spot velocity
were conducted.
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Fig. 21.6 Spot trails on
nanostructured W surface by
different magnification
obtained from micrographs
of scanning electron
microscope [37]

21.1.3.1 Tokamak Experiments

The experiments conducted at 0.3 and at 1 μm thin films [39, 40]. Numerous arc
tracks have been identified at several locations (Fig. 21.7). One of the favored places
are plates of the divertor baffle. Generally, they have a linear configuration due to the
retrograde motion in the strong parallel to the surface magnetic field (~2.5 T). For
both layer thicknesses (0.3 and 1 μm), the tracks consist of perforations of the layer.
Arc traces on the 0.3 μm films consist of multiple chains with numerous divisions
and dead ends, and they do not exhibit typical molten forms. These traces appeared
as mosaic of adjoining polygonal holes.
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Fig. 21.7 Arc tracks on a lower W-coated (1 lm) tile of the divertor baffle of ASDEX Upgrade.
Figure taken from [40]. Used with permission

On graphite tiles coated with 1 μmW-film, the arc tracks consist of broader (10–
30μm) continues furrows intercepting the layer and their rims clearly exhibit molten
structures. The traces also extend though the whole film until the graphite substrate
(Fig. 21.8). The number of tracks found [38] on pure graphite was about 10–15%

Fig. 21.8 Eroded region from an arc track at a baffle tile with 0.3 μm films demonstrated that the
layer is removed completely and the graphite substrate is exposed. Figure taken from [40]. Used
with permission
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lower than on the tungsten coated tiles. The distribution of the trace lengths follows
an exponential law, thereby defining a characteristic length that was 12 and 6.3 mm
for the two different W-covered tiles, respectively, and 8.1 and 5.6 mm for the pure
graphite tiles.

21.1.3.2 Laboratory Experiments on W Layer

The laboratory arcs were ignited between a Mo wire anode and a sample as cathode
in a vessel with ultra-high vacuum. An external magnetic field of about 0.4 T was
applied parallel to the sample surface. A capacitor bank with a time constant of about
300 μs allowed provide arc currents up to 15 A was used. An IMACON 486 camera
was used to study the behavior of the cathode spot. Electron microscopy and surface
analysis techniques have been used to specify the geometric structure of the tracks.

The behavior of arcs on 1μmW-coated graphite vacuum arcs was obtained from a
number of frame-series of a high-speed camera. The traces of arcing show a bundle of
tracks starting at each ignition location, which extended into the retrograde direction
orientated by the external field until the edge of the sample. The arc velocity of the
retrograde motions of 2.9 × 104 cm/s was estimated. Using an electron microscope,
numerous scattered holes observed, which perforating theW layer locally up to clean
graphite [38]. The degree of perforation of the layer was found to vary along a bundle
of laboratory arcs in the same manner as the arc current did, although the variation
of the current was rather poor. The holes differ significantly from usual arc craters
on bulk metals, although their edges show faint traces of melting. The diameters of
the holes are typically 10–20 μm, and they are larger than those for craters on bulk
W by about a factor of 2. The fraction of the area perforated was about 8% at a
current of about 10 A. Through the perforation, substrate-carbon was available to all
erosion processes. The holes differ significantly from usual arc crater on bulk metals,
although their edges show faint traces of melting. The diameter of the holes were
typically of about 10–20 μm.

21.2 Theoretical Study of Arcing Phenomena in a Fusion
Devices

The specifics of an arc occurred in high electron temperature plasma–wall layer are
studied. The description begins from first principle ideas of the arc processes, and
then continued by involving the publications, where these ideas were developed.
Finally, the last models including some mathematical approaches were discussed in
order understand the plasma parameters in the vicinity of the spot and in not disturbed
plasma of a fusion device.
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21.2.1 First Ideas of Unipolar Current Continuity in an Arc

Robson and Thonemann in [41] were one of first to show that the floating potential of
the electrical layer produced at the plasma–wall contact can be enough large (at large
electron temperature) to support significant energy flux to the wall. The zero total
current of electron and ion fluxes to the wall at high value of the electron temperature
supported a large floating potential uf . As result, a local hot area can be appeared from
which a thermionic electron emission arises. The strong local emission of electrons
from it will reduce the potential difference between the wall and plasma, i.e., from uf

to some potential uc, which is the cathode potential drop when the current increased
to a value for an arc development.

As noted by Robson and Thonemann, with increase of the electron emission
more electrons can reach the wall against the retarding potential and, except in the
immediate vicinity of the cathode spot, net electron current flows from the plasma to
thewall. This current returns to the plasma through the arc spot, thereby satisfying the
condition that the total current to the wall should be zero. Two equilibrium potentials
are therefore possible. In the first case, the wall is at floating potential uf with respect
to the plasma (uf < 0) and receives a uniform and equal current density of particles of
each sign, and in the second case, the wall was at uc (uc< 0) and there is a circulating
current through a cathode spot.
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This arc is maintained by the thermal energy of the plasma electrons as a source,
which converts the thermal energy to the electricity. As this arc requires only one
electrode, it is the reason to call it a “unipolar” arc. This model assumed a constant
electron density and a constant potential of the sheath over the whole plasma–wall
boundary, contributing over a large area of the wall.

The further theoretical investigation of the unipolar arc mainly related to that arc
occurred in fusion devices including Tokamak. As indicated by Robson and Thone-
mann, the main concept of the models consists in presence of relatively high electron
temperature of fusion plasma bordered with the wall. As the emitted electrons influ-
ence not only on the electrical sheath, but also on the plasma temperature and density
the further investigation considered different approaches to describe the plasma
parameters in the unipolar arcs. The above-reviewed publications demonstrate the
unipolar arcs with different form of spot.

Miley [9] used the above model [41] to describe their experiments of vacuum
breakdown and unipolar arcs appearance in CTR devices. The model assumed that
the plasma takes on a positive potential relative to a surrounding plate or electrode.
Unipolar arcing then occurs due to surface imperfections; small hot spots occur on
the wall. Pfeil and Griffiths discussed this fact [4], which has been established a
correlation between the resistivity of inclusions in the metal and their effectiveness
as unipolar arc-initiators. After unipolar arcing, the spots vigorously emit electrons
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Fig. 21.9 a Plasma potential Vp at equalize ion and electron currents to the wall, b plasma potential
V ′

p at electron emission from the hot spot developing, c the potential V ′′
p has decreased to a point

where the increased electron current over the broad surface area sustains a very intense “unipolar
arc” [9]

that flow back into the plasma. As an equivalent to an outward flow of ions, this
electron current allows the plasma potential to fall below its original value, and this
in turn allows larger electron leakage currents from the plasma electrical load.

Figure 21.9 shows different stages of the potential development. Initially (A),
a positive plasma potential Vp develops to equalize ion and electron currents. The
floating potential Vp= uf . When the hot spot developed, the balance of the currents
violated due to presence of electron emission leading to plasma potential V ′

p < Vp

shown in (B). Finally, in (C) the potential has decreased to a point V ′′
p < V ′

p
(potential V ′′

p = uc) at which the increased electron current over the broad surface
area sustains the unipolar arc.

Thus, a balance is established where the excess plasma electron current just
matches the return current from the spot. In essence, electrons are collected over
a broad area of the wall, but they are returned from a small area corresponding to the
arc spot. Considering for a copper arc the current densities of the order of 105–107

A/cm2 and rate of mass loss 10−5 to 10−4 g/C, the author [9] showed that the unipolar
arc formation at a plasma–wall interface lead to erosion rates of several orders of
magnitude larger than for normal ion sputtering.

Wieckert [42] studied the unipolar arc by considering the mechanism of elec-
tromotive forces together with the arc spot mechanism at the contacting walls and
the current flow. Two models considered for the external plasma, which exemplify
with respect to the induced electromotive forces and with respect to the current flow.
The typical spot parameters calculated previously by Ecker [43, 44] are accounted:
a minimum current I0 = 13 A that cannot exceed the value of 2I0, current density of
j0 = 5 × 105 A/cm2, and the cathode potential drop uc = 15 V. These data are taken
as prescribed values. The first model considers a situation, where the electromotive
force is solely present in the sheath, and the current flow is unipolar. The second



914 21 Unipolar Arcs. Experimental and Theoretical Study

model studies the situation, where in addition to an electromotive force induced in
the sheath, there is also a contribution from the electromotive force induced in the
plasma volume. The electrical current origin in this case is bipolar.

The Laplace equation in cylindrical coordinates (r, z, ϕ) with the origin in the
center of the spot was solved according to the firstmodel. The potential distribution in
the plasma was calculated using boundary conditions, for which chosen the potential
as zero at infinity, but at left boundary (r = 0), the Robson–Thonemann (21.1) was
chosen for the current density, which depends on floating potential uf and uc. For
given values of the spot radius rs, electron density ne and temperature T e and for the
prescribed value of the cathode drop uc, the calculations show equipotential lines in
a hydrogen plasma as well the radial dependence of the sheath edge potential and the
corresponding current flow to the wall. The author indicates that the essential part of
the potential drop occurs in the immediate neighborhood of the cathode spot. This
solution of Laplace equation cannot be considered as surprise due to given small spot
radius rs.

The second approach modeled a bipolar current flow in a spherical geometry.
Assumed that plasma is weakly ionized with a constant neutral particle density
occurred between two half-spheres of the radii rs and r, which connected by an ideal
conductor. Charged particles are generated by electron impact proportional to ne. The
flux of the particles assumedmove under the influence of mobility and diffusion. The
calculated result shows that the plasma volume may contribute a significant part to
the electromotive force, which even can dominate the floating potential.

Wieckert [42] concluded fromhis study that in anyplasma contactwith conducting
walls, a large variety of arc discharges are possible, which can be supported by
electromotive forces induced in the sheaths or in the volume or—for the mixed
types—by a combination of external electromotive forces and induced ones. They
also can show different current flow pattern in the sense that the anode flow returns
to the same electrode (unipolar flow), respectively, goes to another one (bipolar flow)
or to many other ones (multipolar flow).

21.2.2 Developed Mechanisms of Unipolar Arc Initiation

Hantzsche [45] developed an extended model that include the superposition of two
completely different plasmas. The first is the tokamak plasma, and second is the
cathode spot plasma of the arc. The wall layer potential uc was determined taking
in account the ion and electron currents to the wall as well the secondary electrons,
which liberated from the wall in the case when an ion hits the wall. This potential
differs from the floating potential uf due to equality plasma ion and electron currents
to the wall. The existence conditions of the unipolar arc were studied. As first condi-
tion, the relation between uc and uf should satisfied according to model [41]. The
second decisive condition for the unipolar arc existence—apart from the potential
condition, namely the entire current flowing through the cathode spot must return
in the anode zone. To this end, the current distribution at the anode site was studied
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taking into account that the integral of such distribution should be equal to the spot
current at the cathode site. Different mechanisms of electron emission from the wall
were considered. A third condition arises from the requirement that the arc current in
the plasma must be transported by electrical conduction and by plasma convection.

The model allows derivation of the radial dependencies of the current densities
and voltages produced between plasma and wall and of the plasma parameters. The
result indicated that the anode region collected the arc current is a ring-shaped area,
which situated at distances from the arc cathode spot between 0.3 and 1 cm. The
plasma density decreased with radius r according to r−2 to r−3 that followed from
the current balance condition. The ignition problem and the effects of magnetic fields
were discussed.

In anotherwork,Hantzsche [46] developed a simplemodel of the electrical current
rise in tokamaks when a plasma flux tube intersected by limiters. He showed that the
limiter space charge sheaths act as additional resistances. Therefore, a part of voltage
was dropped at this resistance limiting the current. Additional diminishing the current
density was limited both by the plasma conductivity and by the ion saturation current
of the sheaths. The analytical analysis show that the induced secondary electron
emission has no influence at all on the obtained results.

Schwirzke and Taylor [47] used laser-produced plasma of short duration to model
the onset and development of arcing on a stainless steel surface. It was considered
a laser-produced Fe–Cr plasma with electron temperature of 100 eV, which expand
rapidly from the focal spot on the target surface in the normal and in radial directions.
Although no external voltage was applied, about 20,000 unipolar arc craters were
observable on the stainless steel surface, whichwas exposed to the radially expanding
plasma for the short time of a few hundred nanoseconds. The observed crater sizes
were explained by estimations the rate of Fe ionization, the value of produced floating
potential and an electric field at the surface in the electrical layer assuming equal to
Debye length. As the provided analysis consist of number arbitrary assumptions and
arbitrary parameters, the calculations indicate a qualitative result.

Schwirzke [48, 49], one of the first, modeled an onset of the unipolar arc consid-
ering the increase of plasma density due to ionization of neutrals produced by desorp-
tion of a gas and evaporation of metal atoms. The further ion bombardment leads to a
locally increased surface temperature,which in turn furthermore increases the plasma
density. It was assumed that the local increase of the plasma pressure provoked an
electric field, which drives the arc current and promoted the electron return current
flow to the surface. The increased electric field strength on surface protrusions will
also increase the field emission and the ion flux from the plasma to these spots.
Similar scenario of cathode spot development (increase of plasma density produced
by cathode evaporation and ionization in time) was previously also considered for a
conventional vacuum arc (for example [50]).

However, the model [48] does not enough justified mathematically. The model
remainsmainly qualitative due to arbitrary assumption at estimations of an additional
neutral density and their rate of ionization. For example, the atom density calculated
of about 2 × 1018 cm−3 in a Debye layer could not be obtained at Fe melting
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temperature of 1526 °C (see [48]). At such low temperature, the atom density is only
about 1014 cm−3 at Fe saturated vapor pressure. The estimated additional ion density
is lower than ion density in the background plasma of the fusion device.

Moreover, not clearwhat is themechanismof the current continuity in the unipolar
arc at the device wall. The mechanism was explained using the ambipolar electric
field (gradient of plasma density) and, associated with this field, a decrease of the
plasma potential in a ring-like area surrounding the higher plasma pressure above the
arc spot in radial direction. Then, it is assumed that in a ring-like area, the potential
was reduced and a more electrons than ions will return to the cathode surface, which
closes the electron current loop of the unipolar arc. However, at the spot periphery, the
current structure only controlled by the background plasma conditions producing the
floating potential independent from the spot plasma. In addition, it should be taken in
account that the ambipolar electric field, which is the gradient of electron pressure in
direction perpendicular to the surface, is reduced due to plasma acceleration, which
not analyzed (Chap. 18).

Considering the relationship between current density due to radial gradient of
electron pressure and current density limited in the space charge layer, Schwirzke
[49] concluded that the surface heating by ions at high current density of the unipolar
arc could provide the “explosive” formation of cathode spot plasma. To explain the
explosive process, the authors assumed that the ion energy is deposited only within
a few atomic layers at a time instead of an entire whisker volume. Since the neutral
contaminants are only loosely bound to the surface, the onset of breakdown by this
mechanism requires much less current than the Joule heating mechanism. However,
no any explosionmechanism due to action of surface heat source by ion flux has been
reported, which more preferable than due to evaporation or sputtering. In addition,
no numerical data of ion current density was discussed to analyze this model for
fusion device.

Hothker et al. [51] demonstrated experimentally that for metal–plasma contact
there a possibility of purely plasma-induced unipolar arcs, and the existence of
thresholds for the electron temperature and for the arc current which sustain plasma-
induced unipolar arcs. The results are consistent with a Robson and Thonemann
theoretical model calculating the requested floating potential using minimum elec-
tron temperatures for unipolar arcing from the minimum voltage for bipolar arcs [52,
53]. These results indicate that unipolar arcs are maintained by the potential drop
of the sheath, which is determined by the electron temperature, and that the cathode
processes for unipolar arcs and vacuum arcs are similar. This conclusion can be seen
also considering the crater from photograph in Fig. 21.10 [51], which is similar to
that obtained in case of vacuum arcs [53].

Different models of unipolar arcs as an impurity source in tokamaks were widely
studied by Nedospasov and his group. As in the previously mentioned papers, these
models also take in account the presence of relatively high electron temperature of
the plasma bordered with the wall. In order to understand the phenomena in fusion
devises the presence of a magnetic field was taken in account.

Some conditions required for arcing were considered by Nedospasov and Petrov
[54] by modeling the wall as a smooth surface, which is parallel to magnetic field
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Fig. 21.10 Erosion crater on
a stainless steel. Typical sizes
is in range of 3 to 15 μm.
Figure was corrected from
[51]. Used with permission

lines. In this case, at large distance from the wall, the plasma diffusion is ambipolar
and the electric field vanishes. However, at a distance of about an ion mean Larmor
radius, the fastest ions begin to reach the wall and a plasma potential will build up. At
small distances from the wall, less than the electron Larmor radius, the electric field
will retard electrons and so it directed toward thewall.At this distance, quasineutrality
no longer exists. Under these conditions, the cold electrons emitted from the arc
spot have the possibility of intersecting the magnetic field lines and mixing with
the hot ones coming from the plasma bulk. Thus, arcing is possible even under
ideal coincidence of the wall surface with a magnetic surface. In modern tokamaks,
magnetic field lines periodically hit the limiters. The more rapid leakage of electrons
along magnetic field lines results in a positive potential of the plasma relative to the
surrounding walls and so the possibility of arc formation emerges. The model allows
calculation of the ratio J/eI as dependence of T0/�ϕ, where �ϕ is the potential
drop of an arc (20–40 V), J is the arc current, I is the ambipolar leakage of the
ions and electrons to the limiters. The calculation show that the ratio J/eI increased
sharply up to about 8 at T0/�ϕ = 16 V and then passed to saturation value of 12
at T0/�ϕ = 40 V. So, the arc current is larger than the ion leakage. An additional
estimate shows that plasma pollution due to arcing can be a great danger to tokamak
operation.

The further their theoretical model of unipolar arc was developed in [55] to study
the discharge at the wall as an impurity source in tokamaks. The plasma parameters
in the limiter shadow was used as Te = T i = 10–100 eV, the plasma density n =
1011–1013 cm−3, which are approximately constant along the magnetic lines. The
plasma density is assumed to be exponentially decreasing with the radius r. The hot
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plasma entering the tube with low potential supports a stationary arc current. The
ion influx to the tube from the central tokamak region was due to the diffusivity,
which determined by the Bohm diffusivity. The used system of equations included
the balance equations for the particle fluxes, electron energy, and ion energy balance,
provided an equality between diffusivity and thermal diffusivity and Ohm law.

The calculations show that the ratio J/eI varied from 1 to 3.5 when the plasma
temperature characterized plasma entering the tube from the central tokamak region
increased from 25 to 150 eV. Themodel shows agreement with the observed impurity
quantities. The effective erosion can be 0.2–0.3 atoms per ion. Commonly, 1013–1014

impurity atoms per 1 cm2 are deposited on the wall surface during a discharge. The
arc erosion also occurred due to sputtering by the limiter material ions arrived into
plasma from the arc spot. They gain energy from the plasma and then hit the limiter.
The ions gain the additional energy passing through the potential drop of the electrical
layer at the limiter. The arcs at the initial period of a discharge supply the plasma
with the primary impurity ions that subsequently take part in self-sputtering. The arc
becomes impossible if the radiation due to impurities and recycling strongly cools
the plasma in the limiter shadow.

The plasma energy balance taking into account the plasma conductivity and
plasma heat conduction was analyzed to calculate distribution of the plasma parame-
ters in the vicinity of the electrode spot of unipolar arc [56]. The Ohm law accounted
the gradient of electrical potential and gradient of the plasma pressure. Calculated
results indicate dependencies of theminimal plasma temperature andminimal plasma
density, at which the given arc current can be supported. Considering the plasma
energy balance of the unipolar arc, it was shown grows of the current density with
distance from the arc spot in contrast to that result obtained byWieckert [42]. Another
result indicated that the plasma potential far from the spot should be larger than the
potential drop in the spot in order to eject the electrons from the cold plasma with
impurity near the spot.

The unipolar arc arises due to interaction of a hot plasmawith ametal surfacewhen
an intense evaporation initiated at some heated local area. The local thermal mecha-
nism of arc spot initiation in vacuum was developed early by Lafferty [57] for anode
and then for cathode by Beilis and Lyubimov [50]. This thermal mechanism was
considered also to study a discharge contraction at divertor plate of tokamaks [58]. A
potential drop in a space charge layer at the metal–plasma boundary was calculated
from balance between ion and electron currents taking into account secondary and
thermionic electron emission. The plate energy balance was used to calculate plate
temperature T. The balance includes the ion energy flux to the plate due to ion energy
acquire in the layer and its temperature. The energy loss was due to heat-surface
exchange by Newton law and by Stephan–Boltzmann radiation. The critical heat
flux as dependence on plate temperature and critical plasma density as dependence
on electron temperature were calculated for different arbitrary combination between
spattering coefficients and given electron temperatures. These critical values used
in discussion to interpreting how the discharge contraction can develop from slow
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increase of average heat flux and electron temperature. As it can be understood, the
developed model of discharge contraction mainly characterized by the undisturbed
plasma and plate geometry in tokamaks. The arc initiation due to local grows of the
plate vaporization was not considered.

Tokar [59] studied the mechanism of the discharge transition to the detached
plasma state based on the edge plasma cooling instability. The edge plasma in toka-
maks was detached from a limiter due to change of its parameters. In the state of
“detached plasma” (DP), the discharge power was transferred to the wall in a form
of the neutral and radiation of light impurity The charge exchange of the light impu-
rities on the hydrogen atoms arising as a result of the plasma recombination on the
linear surface take in account. The study was based on an analysis of particle flux
and energy balances.

Tokar et al. [60] further developed the mechanism of enhancement of the heat
flux from the plasma to the wall with the increase in the thermionic emission of
electrons (see [58]), by investigating an instability of small perturbations of homo-
geneous stationary states. According to the observation, the hot spots were generally
localized on those areas of the tokamak walls, which are oriented perpendicularly
to the magnetic field B. Taking into account the fact, an analytical approach was
developed considering the energy transfer. It was studied the heat transport in the
SOL plasma (see Rozhansky et al. [61]) the non-stationary equation governing the
heat conduction in a wall bounding a plasma and the stationary heat regime along the
y-axis, which is orthogonal to the xz plane (the z-axis is directed along the magnetic
field vector B) of the wall–plasma system. The dependences of the plasma temper-
ature and the wall surface temperature on the heat flux density in stationary were
calculated. From the analysis of the homogeneous plasma, the authors concluded
that states might develop, which are non-homogeneous along the y-direction. They
can be both non-stationary processes and as steady–state auto-solitons. The stability
of plasma–wall system was studied by standard method, using linearization of equa-
tions for heat transfer in the plasma and in the wall for small perturbations of the
variables near their stationary values.

This relatively complex auto-soliton theory takes in account the characteristic
parameters of hot spots and a comparison of its analytical results with the measured
data from JET and TFTR. The authors concluded that the formation of hot spots and
the development of carbon blooms in tokamaks could be explained by contraction
of the thermal contact area between the plasma and wall surfaces, which is due to
intensification of the thermionic emission of electrons. It should be noted that this
conclusion follows from assumption that the plasma potential with respect to the
wall determined by the condition of zero electric current onto its surface. However,
the assumption of zero current can be problematic at the case of spot ignition and
development.

Philips et al. [62] also showed that a unipolar arc formation with hot spot is
due to thermal electron emission. This evidence was provided developing a similar
calculating model for carbon limiters. The observed development of the hot spot
was explained by an increase of the local power loading due to the breakdown
of the sheath potential by thermal emission of electrons from the carbon surface.
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The sharply increase of the carbon release from the surface associated with the
appearance of the hot spot. This increase explained by carbon thermal sublimation.
The intense sublimation leads to the surface cooling resulting in establishment of the
quasiequilibrium temperature at about 2700 °C.

21.2.3 The Role of Adjacent Plasma and Surface Relief
in Spot Development of a Unipolar Arc

The distribution function for ions near the plates is necessary for determining heat
and particle fluxes in the designed fusion reactors. The scale length of transition zone
between a quasineutral plasma and the Debye space charge zone near the plates is
an important issue. To study the ion distribution function, Igitkhanov [63] devel-
oped one-dimensional kinetic model, in which a plasma flux was given, which value
formed from infinity (at the symmetry plane) to a divertor/limiter plate. The plate
was assumed as completely absorbing. A collisional term is represented by the BGK
approximation. Igitkhanov considered two cases. In first, a kinetic equation consid-
ered for the ion distribution function with a collision term represented a low-energy
ion acceleration under electrostatic potential. Assuming that the electron current
very small in comparison with random electron motion and that the electron density
distributed in form of Boltzmann’s distribution with constant electron temperature
Te, potential distribution was obtained using the Poisson equation. The second case
considers the ion velocity significantly larger than their thermal velocity. In this case,
a change in the ion density under electric field is mainly related to acceleration of
the ions. A change in the density of such ions was estimated in the hydrodynamic
approximation. The ion density, their velocity, and mean energy were found from
the solutions of the integral equations at a given potential.

The numerical solution obtained in the constant relaxation time approximation
indicated a deviation from the Maxwellian distribution when approaching the plate.
Near the plate, the distribution becomes almost one-velocity, with a minimal velocity
corresponding to a potential difference in the layer. The amount of such ions some-
what exceeds an equilibrium value, meanwhile the amount of higher-velocity ions
becomes smaller. A noticeable deviation fromMaxwellian distribution was observed
only for the particle with velocities exceeding 2–3 of thermal velocities.

Igitkhanov [64] analyzed the existing models of the unipolar arcs. He concluded
that the published mechanisms cannot completely explain the observed experimen-
tally dependence of arc ignition and stationary burning from the treatment of surface.
The author reveals another possible mechanism for a transversal current diffusion
related with electron scattering on the surface roughness. His model assumed that
under radial electric field formed by the beam of emitted electrons from the spot,
the electrons drift along the electrode surface. Colliding with the surface roughness,
they lose an initial drift velocity, and, as a result of each collision, shift along the
plate surface by the cycloid height, in the direction of a radial electric field. The
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current provided by collisions of the electrons with the surface roughness flows in a
thin, near-wall layer, an electron Larmor radius thick. This current determined by the
so-called near-wall conductivity. These electrons enter a weak radial electric field
region, reach the adjacent magnetic field lines, and reduce the potential on them. A
magnitude of the surface current depends on the nature of electron scattering by the
surface roughness, and therefore, a quantitatively uncertainty of such scattering in
the general case makes difficulties to obtain an expression for this current. Some esti-
mations show that the considered mechanism takes place, when the roughness size h
> 5 μm. For dimensions of a microrelief at a level 1 μm and less, the roughness size
is lower than the Debye radius. Therefore, the Debye layer screens the roughness and
the surface not support the above mechanism. The author noted that the developed
mechanism of spot initiation predict the way of avoiding the impurity generation
due to thermal unipolar arcs by careful treatment of the wall surface, to prevent the
second type (see Chap. 7) of spot occurred.

Igitkhanov and Bazylev [65] developed model of unipolar arc initiation using an
analysis the specifics of the electric field and the role of the corrugated surface. The
modeled relief initially consists of the typical diameter of brushes 0.5–1.0 cm; depth
of the gaps between the brushes of 1 cm,width of the gap, 0.5–1mm. In order to avoid
sharp corners, each brush element was rounded with a radius R that varies from 0.5
to 1 mm. The surface roughness is much less than 1 mm. However, an evolution of
the corrugated surface was observed under recurrent impact of a heat flux density of
1.6 MJ/m2 with pulse exposition time of 0.5 μs. After exposure to number of pulses,
the process of surface heating, melting, and molten material resolidifies in between
pulsed eventually leads to the appearance ofW-wedge-like shape of a brush elements.
The electric field profile in the vicinity of corrugated W-wedges was determined by
solving the 2D Poisson’s equation. The numerical analysis show that the electric field
of ~3.5 × 107 V/cm at the tips vicinity is sufficient for triggering the field emission
current on the level of ~1 A/cm2.

Furthermore, authors modeled similar to that for vacuum spot initiation. Namely,
the emitted electrons accelerate within the sheath potential and acquire a kinetic
energy of ~100 eV. At that energy, the tungsten atoms are ionized and the ions
accelerate toward the tips of the wedge. The tungsten ion bombardment leads to
heating of some area, augmenting the electron thermal emission and vaporization.
The initial electron field emission breaks the sheath potential and eventually drops
itself. The high temperature at the spot allows the arc current sustained by increased
thermal electron emission and evaporation of tungsten atoms from the hot spot. Some
estimations allow the authors to conclude that calculated current density exceeds the
minimum arc current (determined in [66]) needed for sustaining an unipolar arc and
the associated surface heating by ions can result in the formation of hot spots and a
strong tungsten impurity ejection.

It should be noted that the electrode processes are mainly studied qualitative. For
some calculations, arbitrary input parameters were used, which can be significantly
varied in the considered conditions and that can be obtained by self-consistent study.
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Fig. 21.11 View of a single
W-brush after melting and
displacement of the molten
layer for various numbers of
pulses [65]
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Another problem is the calculated very large electrical field of ~3.5× 107 V/cm. The
value cause big doubt taking into account presented sizes of a single W-brush after
melting and displacement of the molten layer due to a number of exposure pulses
[67] (see Fig. 21.11).

Chodura [68] discussed basic problems of modeling the particle and energy flux
flowing from a magnetically confined plasma core from the plasma boundary to
the wall. An analysis of previous publications was provided, which considered
the stationary, kinetic solutions under the assumptions of a perpendicular magnetic
field and without collisions among plasma particles. The modeling of the ion trans-
port including collisions also was analyzed. This analysis stimulated the authors to
consider another phenomenon, which arise when a magnetic field B strikes the target
under an oblique angle of incidence. In this case, ion flux does not directly parallel to
themagnetic field in front of the target. As result, the ion space charge produces a new
layer length scale into the potential profile near the wall. The following model was
discussed. The electric field, perpendicular to the target, tries to pull the ions away
from their path along a magnetic field line. On the other hand, the electrons motion is
along magnetic field due to their small mass and gyro-radii. Thus, a double structure
of the electric sheath ahead of the target arises. One of them is a magnetic sheath,
which thickness determined by the combination action of electric and Lorentz forces
on ions. The other is the electrostatic sheath of Debye thickness. A mathematical
model was developed. The calculated fluxes of the particle mass and energy in the
layer were discussed using analytically derived expressions.

Gielen and Schram [69] developed a three-dimensional approach modeling of
an axisymmetric arc, in which both sheath and plasma phenomena were taken in
account. An isothermal plasma was considered assuming that both the background
and cathode plasma have the same electron temperature of 3 eV. The sheath thickness
assumed of the order of the Debye length is small compared to the size of the
cathode spot. Therefore, the description of the plasma above the sheath, the electric
potential of the sheath was used as boundary conditions. The sheath potential was
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calculated using (21.1) for given perpendicular component of the current density.
This potential was kept constant in further calculations taking into account that the
sheath potential drop in vacuum arc for Cu cathode is of 15 V (measured data for
vacuum arc). The plasma considered as only singly ionized atoms assuming the high
degree of ionization to neglect the electron-neutral friction in the electronmomentum
equation. This equation was presented as the Ohm law, which determined the current
density j by different forces, including the electron pressure gradient, the electric
field, and plasma resistivity and by the magnetic field. The electrons carry the current
almost completely. The magnetic field was as a sum of external and a self-generated
one due to electric currents in the plasma components. The electron density and
temperature profiles were assumed known and constant during iteration procedure.
The calculation described a quasistationary expansion of a plasma from the cathode
spot on an electrode surface. For this quasistationary expansion, the current density,
electric field and magnetic field distributions were calculated. The most important
force term in the electron momentum equation is the pressure gradient term. The
obtained result indicated that the electrical current distributed over one electrode,
which serves both as cathode and as anode approving the discharge as a unipolar arc.

Rozhanskij et al. [70] noted that unipolar arcs can exist only when there is a return
current flowing from the plasma to the surface close an electrical current circuit.
This current produced by the difference between the electron and ion fluxes to the
surface due to intense electron emission from a hot spot. The authors concerned
with understand of a physical mechanism responsible for the transport of plasma
polarization across a magnetic field over relatively large distances from the surface.
To this end, they studied the potential distribution near the emitting surface for a
small emission current to determine the area collecting the return current. This case
is related to the situation before arc formation, when the plasma density in front
of the emitting surface is almost unperturbed. The model considered nonuniform
fully ionized plasma with a density n(z) restricted by a conductive surface. Elec-
trons and ions are created in pairs by the source I(z) and are driven toward the wall
by the pressure gradient. Electron and ion temperatures are considered as constant
values. The mathematical formulation consists of continuity equations of particle
fluxes, momentum equations for ions and for electrons including terms of the elec-
tron pressure gradient, the electric field, plasma resistivity, and by the magnetic field.
As for boundary condition, the potential inside the plasma at the sheath edge was
determined by the current, flowing from the plasma to the wall. The potential profile
was determined by the classical conductivity along the magnetic field and by the
perpendicular ion viscosity across the field. The potential distribution was calculated
both analytically and numerically. The main advantage of the work is to establish a
criterion of unipolar arc formation. According to the criterion—when the reduced
potential in front of the emitting surface is larger than the cathode voltage drop of the
arc and the return current exceeds the minimal current typical for the arc, the ignition
of the arc is possible. It was shown that the perpendicular ion viscosity determines
the characteristic transverse scale of the return current region. This scale is much
larger than the emitting channel width, while the longitudinal scale depends on the
classical plasma conductivity.
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21.2.4 Explosive Models of Unipolar Arcs in Fusion Devices

Mesyats in [71] proposed another application of the local explosive model and
phenomena of explosive electron emission. He indicated that these processes must
play a part in unipolar arcs. This claim based on the observations showed identical
behavior of the cathode spots in vacuum discharges and in unipolar arcs: the presence
of microcraters on the surface, the retrograde motion of the spots in a magnetic field,
the readiness of their formation on surface impurities, etc. It was stated that when a
cathode spot appears under the hot plasma, then during operation of it cell, conditions
arise for the formation of new dense near-cathode plasma, which interacts with the
surface irregularities resulting in initiation of new emission center. Thus, in contrary
to EC model (Chap. 15), for which the EC functioning is initiated by explosion of
the protrusion, the new interpretation of EC considers the thermal interaction of a
protrusion with a hot plasma resulting in following its explosion during the thermal
process.

The “explosive” formation of cathode spot plasma of the unipolar arc was further
developed in a series works based on the model of EC for spot initiation under hot
plasma of fusion devices development up to explosion of the EC. Barengolts et al.
[72] developed a calculating schema based on significantly modifying Uimanov’s
model [73] (Chap. 15). They calculated the increase of protrusion temperature and
current distribution as dependencies with time for a wide range of plasma densities
(1014–1020 cm−3) and electron temperatures (0.1–104 eV), which were free varied
as parameters. The thermal regime of a microprotrusion contacting with plasma was
studied taking into account the energy carried by plasma ions and electrons, as well
as Ohmic heating and heat removal due to heat conduction.

The calculations were conducted for a protrusion of 0.8 μm base diameter placed
at center of flat surface of 4 μm size. The results show the temperature T growth
and increase of the current density j with time in nanoscale. The final stage of
heating and increase of T and j was assumed at a moment, when the values of
temperature and current density reached 104 K and 108 A/cm2, respectively, after
which should be a subsequent “explosion” of the microprotrusion. It was found that
such an explosive type of heating of the microprotrusion is determined by flux of
energy transferred to the surface at certain critical parameters of the plasma. Such
threshold value of energy flux was calculated as 200 MW/cm2. This energy density
corresponds to Ohmic overheating of the microprotrusion heated by a plasma with
a density exceeding (3–5) × 1018 cm−3 during approximately 10 ns. The presence
of the protrusion on the surface ensures the necessary density of released energy in
a microvolume.

The EC explosion model [74] was considered to describe the experimental results
of Kajita et al. [31, 34] in which an arc was ignited by a laser pulse radiation of the
nanostructuredW plate immersed in He plasma. This structure consisted of nanosize
protrusions. Their thermal regime and overheating conditions of such protrusions
were analyzed. The laser radiation was absorbed in the nanostructured W layer
leading to it intense vaporization.
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It was assumed that ionization of the evaporated atoms gives rise to W plasma
of density ~1019 cm−3 with T e ~ 6 eV. For these parameter range, a large electric
field in the Debye layer was estimated providing current density greater than 108

A/cm2 through the protrusion and as result it overheating and explosion. Note, that
the laser plasma velocity is also significantly high (~106 cm/s) and therefore the
produced plasma will be shifted to 10–100 μm already during 1–10 ns. As result,
after finishing of the laser pulse the plasma density can be significantly decreased at
the immediate vicinity of the surface. Thus, when the spot will be initiated during
the laser pulse, then it could develop without any explosion phenomena.

Similar study of explosion phenomenon under interaction of a W-fuzz with rela-
tively hot plasma was conducted in work of [75]. The heating of W-fuzz nanowires,
the sheath–wall interaction, plasma–wall interaction, and the emitted electron beam
interaction with plasma were studied as function on heat flux density varied as input
parameter in range of 104–108 W/cm2. In essence again, the vaporization model was
used considering Mackeown and electron emission equations, etc. At some certain
input parameters of the plasma, the electron emission beam heated the W plasma
enhancing both the electric field and emission current density up to about tens of
megavolts per centimeter and an emission current density to je ~ 100 MA/cm2.

As result, at such large value of je, the volume was strong heated by Joule energy
and that leads to electric explosion of the W-fuzz nanowire layers. The calculated
critical condition for the explosion is similarly to that obtained previously in [71]. It
should be noted that, as the hot plasma interacted with very small size of a subject
like W-fuzz nanowires, it is obvious that at some critical point, a strong overheating
can be induced, but the question is how the W-fuzz nanowire is destroyed.

Note, the used above approach considered the thermal regime of amicroprotrusion
contacting with plasma which studied taking into account the energy carried by
plasma ions and electrons, as well as Ohmic heating and heat removal due to heat
conduction is similar to the GDMmodel described in Chap. 16 and applied to study a
protrusion cathode in Chap. 17. However as the usedmodel is not closed the obtained
unlimited increase of the temperature and current density finally was interpreted as
explosion of the protrusion.

21.2.5 Briefly Description of the Mechanism for Arcing
at Film Cathode

According to the observations (Sect. 21.1.3 film spot), the spot after initiation rapidly
move out the initial point. In essence, the spot move on the tungsten film (also
between arising holes). Taking into account that the electrical conductivity and heat
conductivity of the graphite substrate are significantly decreased with the tempera-
ture, the energy loss to this substrate can be neglected. Therefore, the mechanism of
spot motion and its operation will be determined by the tungsten film evaporation.
Using the Beilis and Lyubimov model [36] for film cathode, the erosion rate can
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be determined from equation G = γdf δvs (Chap. 17). Taking the track width of
δ = 1 μm (the hole size is much larger because the spot was fixed), the erosion rate
G ≈ 6 × 10−3 g/s for above-mentioned spot velocity (2.9 × 104 cm/s) with tung-
sten thickness (1 μm) in laboratory experiment (Sect. 21.1.3.2). According to the
experiment, [35] the erosion rate was measured as 2 mg/C for the thin layer, which is
comparable with above calculated value at spot current about 3 A. Therefore, in order
to detail description of such spot behavior and approval the model, it is necessary
additionally to measure the current through the tracks and its width, spot velocity
and the erosion rate for given film thickness, like to that measurements conducted
by Kesaev [76].

21.3 Summary

In general, at the contact wall–plasma, the charged negative dies to faster electron
motion. A usual electrical sheath arises due to ambipolar plasma particle diffusion
when the particle energy is relatively low. Another case is such contact with hot
plasma in fusion devices. The hot electrons bring significant energy flux to the wall
casing an electron emission into the plasma from strong hot spot appeared on irreg-
ularities at the not ideally smooth surface. This fact reduces the negative charge of
the wall. As an equivalent to an outward flow of ions, this electron current allows
the plasma potential to fall below its original value, and this in turn allows larger
electron leakage currents from the plasma. There the current flow is in the sheath
region named as unipolar and a circulating current through a hot spot described by
Robson and Thonenmann [41]. This is not the case when an external electrical load
determined the current between two electrodes.

According to Wieckert’s study in any plasma contact with conducting walls, a
large variety of arc discharges are possible, which can be supported by electromotive
forces induced not only in the sheaths but also in the plasma volume. The plasma
volume resistivity can play as an internal electrical load. The current flow in this
case is bipolar. The discharge in fusion devices can be considered similar to arcs
in appeared at the wall with a plasma flow across a magnetic field in channels. In
essence, it can be discharge between wall as one electrode and the plasma as the
second electrode. In tokamaks is the case when the potential drop between wall and
plasma deviated from floating value. So, the current can be not closed at the same
wall as an electrode.

Considering the research results of the discharge appeared in the fusion devices,
it is obvious that there are two main issues: (1) understanding the mechanism of arc
initiation under specifics of hot plasma with energetic electrons and (2) explaining
the spot parameters arising in such conditions. As for first point, the above-reviewed
theories extensive studied the unipolar arc initiation taking in account different
device conditions showing the plasma parameters determined the arc development.
A progress of such study was demonstrated by Hantzsche, Schwirzke’s group and by
Nedospasov’s theoretical group. The second issue concerned to the spot operation is
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like to the mechanism of usual spot behavior in vacuum arcs. It is follows from the
observations of the spot dynamics in the developed unipolar arcs.

As for vacuum arcs, the experiment show that the unipolar arc appearance signifi-
cantly depends on the surface state, its geometry and on the applied externalmagnetic
field strength. The SEM micrograph showed relatively wide arc tracks even higher
than 50μm, but having an inner structure, which consist of sub-arc tracks of ~10μm.
Thus, a group spot formation was demonstrated. A several arc spots form a group and
move together. The arc spot randomlymoves on the nanostructured surface; however,
in the presence of transverse magnetic field, the spot move in retrograde direction.
The velocity can reached large values 30–150 m/s, when this motion occurred on the
nanostructured tungsten surface or on deposited thin films.

Therefore, the parameters of a formed cathode spot in a unipolar arc can be studied
using the theory developed for a cathode spot operated in a vacuum arc considering
the specifics of surface devices, such as material, films, nanostructured objects, and
others. Namely, the similar behavior of the both cathode spots in vacuum and in
fusion devices, stimulate the application of explosion approach (EC) to the unipolar
arc study. The example of application of film cathode theory is demonstrated above.
However, the complete descriptions of the spot behavior from it initiation and spot
development can be provided using the gasdynamic (Chap. 16) and kinetic (Chap. 17)
theories. As for the initial conditions, the resulting plasma parameters can be served
obtained from the researches of the unipolar arc initiation. Some such attempt was
conducted relatively recently by Igitkhanov and Bazylev, by Gielen and Schram as
well by Rozhanskij (see above).

In contrast to vacuum arc cathode spot, description of the unipolar spot behavior
canmeet distinctive features such as spot sudden extinction and new initiation during
stepwise spot motion and especially under transverse magnetic field in the fusion
devices. These specifics of unipolar arc should be taken in account in some cases by
studying the craters and tracks.

Another important question is how the unipolar arc can be suppression. Levchenko
et al. [77] studied some possible mechanism of arcing suppression. It was shown that
the external high-frequency electrical field could effectively suppress the unipolar
arcing. The sharp cutoff was found independently for both breakdown rate and the
eroded mass. The quantity of unipolar arcs per second (throughout referred to as
breakdown rate) influences directly the electrode surface erosion. The dependence
of this value for two different pressures is shown in Fig. 21.12. It can be seen
that the breakdown rate decreases considerably with the frequency approaching
10 MHz of high-frequency generator (HFG), and approaches zero with the HFG
frequency approaching 15 MHz. This phenomenon, which is very important for
practical applications, was called “HF cutoff.”
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Fig. 21.12 Breakdown rate
as a function of the HFG
frequency f with background
pressure as a parameter [77]
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Chapter 22
Vacuum Arc Plasma Sources. Thin Film
Deposition

In the last decades metal plasmas deposition techniques have progressed and have
been utilized in different applications. Ion bombardment is an important tool in
producing new materials and structures. Thin metallic films are extensively used
in microelectronics. Among the important applications is the formation of diffu-
sion barriers and conducting metal layers in high aspect ratio vias and trenches in
integrated circuits [1, 2].

Several metallization techniques using ion bombardment are used in industry
and described in the literature, including ionized physical vapor deposition (IPVD),
chemical vapor deposition (CVD), electron beam (EB) evaporation, DC magnetron
sputtering and others. Vacuum arc deposition (VAD) is an IPVD technique, which
is extensively used in the tool industry. Vacuum arc-generated plasma has different
important technological applications. The vacuum arc is a well-known plasma source
for producing metallic coatings, which has a long history [3–5]. The most common
application is the deposition of metallic and ceramic thin films, utilizing the cathodic
plasma jet.

Some of applications require high-quality metallic plasma, free from liquid
droplets or solid particles (collectively known as macroparticles—MPs) which are
alsogenerated fromcathode spots of the vacuumarc [6]. Suchplasmacanbeproduced
using magnetic filtered cathodic vacuum arc plasma jets, by anode evaporation in hot
anodic vacuum arcs [7]. During the past decade, two VAD variants, the hot refrac-
tory anode vacuum arc (HRAVA) [8] and vacuum arc with black body assembly
(VABBA), have been investigated at Tel Aviv University (TAU). In this chapter,
different techniques including HRAVA and VABBA plasma source measurements
are characterized. The plasma sources using vacuum arcs with refractory anodes and
producing by the source metallic film deposition characteristics are compared with
other deposition techniques and the results are summarized.
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22.1 Brief Overview of the Deposition Techniques

In this section, we consider the typical systems in order to overview main feature
and the deposition rate possible to compare of different deposition systems.

22.1.1 Advanced Techniques Used Extensive for Thin Film
Deposition

PVD techniques include evaporation, magnetron sputtering (MS) (including DC,
r.f., and pulsed), ion beam sputtering, and different types of arc plasma for coating
applications in the metal, biomedical, optical and electrical industries. Various
ionized PVD (IPVD) sputtering techniques (DC and impulse) have appeared that
can achieve a high degree of ionization of the sputtered atoms and recently reviewed
by Helmersson et al. [9]. A novel biasing technique for magnetron sputtering that
controls the ion flux and energy to the insulated samples was considered by Barnet
[10].

Self-sputtering magnetron deposition (SSMD) was discussed for DC [11, 12] and
pulsed magnetrons [13]. This technique can work without gas and can reach the
deposition rate of about 2μm/min at a distance of 10 cm with 80W/cm2 for Cu film.
It has been demonstrated that self-sputtering in vacuum can deliver extraordinarily
high metal–ion current [14]. Richter et al. [15] used a circular magnetron source with
graphite target placed 50 mm above the substrate. For the typical discharge power
of 900 W and argon pressure 0.4 Pa the deposition rate was obtained as 0.7 nm/s.
Horwat and Anders [16] showed that the dense High power impulse magnetron sput-
tering (HIPIMS) plasma occupies a near-target zone, and therefore, the sputtered
atoms have possibility before they arrive to the substrate, to be an appreciable proba-
bility of ionization. Copper plasma with significant directed velocity 8.8 eV and low
temperature 0.6 eV has been obtained using self-sputtering far above the runaway
threshold. In other work Anders et al. [17] considered the HIPIMPS studying insta-
bilities that are essential in providing the physical, non-classical mechanism for
electron transport across magnetic field lines. The specific feature of this system that
the target supplies a large fraction of the to-be-ionized neutrals. It was established
that the plasma is concentrated in ionization zones that travel azimuthally in the same
direction as the electrons drift.

Wang et al. [18] studied a performance of Zr–Ti–Ni thin film deposited with or
without nitrogen atmosphere by magnetron sputtering as a diffusion barrier between
silicon and copper layers. Compared to the samplewithout nitrogen purging, nitrogen
atoms in the deposit were found to increase the failure temperature from 700 to 800
°C by retarding crystallization of the deposit and diffusion of copper. The failure
mechanism of the barrier was also investigated.

Recently, Wahl et al. [19] studied the widely used thermal evaporation of Al,
the industrially important high deposition rate processes sputtering and electron
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beam evaporation for aluminum electrodes. The authors examined the influence of
different deposition methods on the solar cell performance. The results show that
industrial deposition techniques as sputtering or e-beam evaporation are possible
alternatives for applying front contact layers for solar cells andmodules. Also studied
a combination of these Al deposition methods in order to further enhancements of
the layers.

Electron Beam (EB) evaporation is extensively used to produce thin films [20] and
for the deposition of metals may reach deposition rate of about 1000μm/min and for
compounds of about 60μm/min [21]. Illés et al. [22] used evaporatorwith the electron
beam—physical vapor deposition (EB-PVD) method to the Sn thin film deposition
onto 1.5-mm-thick Cu and ceramic substrates. The applied cathode heating current
was 100 mA with 7 kV acceleration voltage. A high vacuum (10−3 Pa) was used,
and the evaporation time was 25 min. The spontaneous whisker formation studied,
which can cause reliability issues inmicroelectronic appliances. The longest filament
of such whiskers reached 300 μm in length. Hershcovitch et al. [23, 24] developed
devices and techniques for coating of various surface contours or very long small
aperture pipes by technique of physical vapor deposition.

CVD techniques are important for formation of thin films on complex structures and
selective deposition used in mechanical, optical, electronic and other fields [25–27].
Typically, the deposition rate is low—about hundreds Å/min at optimal temperatures
of 200–300 C [28]. Plasma-assisted CVD (PA CVD) is used when low deposition
temperatures (<200 °C) are required [29]. Babayan et al. [30] reported using plasma-
enhanced CVD about deposition rates of 0.1 μm/min.

Electroplating is suitable for filling complexes structures. Electroless is a method of
deposition from solutionwhere the electrochemical reaction consists of two reactions
in which one generates electrons, while the second neutralizes the metal ions with
the electrons from the first reaction [31, 32]. The electroless copper deposition is a
low-cost, highly selective process and widely used for depositing Cu films with low
resistivity ~2 μ� cm and deposition rate of about 0.1 μm/min. Richter et al. [15]
using ion plating technique workingwith pressure of about 0.2 Pa indicate deposition
of hydrocarbon films with rate in range of 0.5–1 nm/s.

22.1.2 Vacuum Arc Deposition (VAD)

VAD utilizes plasma jets with a very high degree of ionization of atoms evaporated
from the electrodes and with a high velocity (and kinetic energy) [6, 33]. Let us
summarize the main vacuum arc characteristics from above chapters to represent
this arc as a plasma source for metallic deposition. The arc plasma is attached to the
cathode by visible “cathode spots” [6, 34, 35]. The spots are very small (10–100μm)
and move randomly with velocities of 10–104 cm/s and current density of 105–107

A/cm2. The ions in the energetic plasma jet have a multiplicity of charge states [36,
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37]. The ion current fraction in the jet is 0.07–0.1, and the heavy particles in the jet
are mostly fully ionized. Different types of cathode spot and of mechanism operation
on different cathode metals [38] were detected including a transition spot [39], spot
grouping and motion (including in transverse magnetic fields) [40] and plasma jet
generation [41, 42].

While the cathode spot generates energetic plasma, the arc also produces MPs
[43], which must be separated from the plasma jet to deposit high quality films.
Different methods to reduce or eliminate the MPs have been proposed in the last
decades [6, 44–46].

Rother et al. [47] reported about DC cathodic arc evaporation process for graphite.
A computer controlling of the electric potential of a cathode shield and the external
magnetic fields distribution to fix the arc spot position were utilized. This allowed
reaching a uniformity of the eroded cathode surface. The arc ignited at pressure 10−3

Pa with arc current 125 A. The distance between the cathode and the substrate was
30 cm. The film was formed by the carbon ions at bias voltage of about −600 V. The
deposition rate was ~0.1 μm/min, but MPs were not prevented.

Filtered vacuum arc deposition. The first magnetically collimated arc plasma
transport in a straight duct was described by Aksenov et al. [48] who obtained an
output ion current of 17 A with an arc current of 190 A. The overarching idea is to
remove large macroparticles (MP) from the plasma jet. Aksenov et al. [49] were also
first to use a quarter-torus filter to separate themetallic plasma fromMPs generated by
cathode spots. Various types of MP filters have been proposed, and their advantages
and disadvantages were reviewed [6, 7, 50, 51]. Falabella [52] indicated that his knee
sources deliver over 3 A of ions and a maximum deposition rate of 0,8 μm/min of
TiN was obtained for an arc current of 100 A. Other filtering systems include the
in-plane ‘S’ and twisted ‘S’ filters [53].The ion transmission of in twisted ‘S’ systems
was only 6%. Trench filling by Ta and Cu using a magnetic filtering system with a
pulsed [54] and plasma gun was demonstrated [55]. It was theoretically predicted
[56] and then was experimentally observed [57] the plasma remains consisting with
a MPs that reached the coated substrate [58, 59].

A filter using simple shielding of the substrate by an intermediate deflection plate
[60] filtered the droplets diameter over 5 μm and reduce the number of large sizes of
MPs (1–5 μm) by an order of magnitude, while the deposition rate is low, ~1 μm/h
of TiN. Pulsed high-current (~1 kA) vacuum arc and obstacle plates preventing
the MPs from reaching the substrate were described by Ryabchikov et al. [61]. A
rectangular dual-filtered-arc source deposited uniform films with a deposition rate
of 1–2 μm/h [62, 63]. A large area coating system using a rectangular duct with two
45 bends in opposite directions produced an in-line deposition rate of 100 nm/min
[64, 65]. Therefore, alternative to conventional filtering techniques was proposed
and considered in the next sections.

Siemroth and Schuke [54] reviewed the problems of metallization in microelec-
tronics and the needs for a higher activated PVD and CVD techniques. Filtering
vacuum arc evaporation was described as a process having the potential, to solve
some actual deposition problems, because the droplets can be eliminated. Noted
that disadvantage of filtering is the reduction of the deposition rate due to plasma
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losses in the filter. Schultrich [66] developed modified vacuum arc using pulsed
arcs to control the spot motion in a suitable manner instead of modifying the spots
themselves working with pulse currents in the kiloampere range.

The laser arc method [67] is restricted the propagation of the cathode spots by
short-pulse times below 100 μs in the immediate neighborhood of the ignition point.
This method allows displacing the area of arc-induced target evaporation in a very
controlledmanner. On the other hand, the high-current arcmethod can be used longer
pulse times of about 1 ms. Thus, with the high-current arc and the related laser arc
method, effective and intense ion sources are available. They yield ion currents up
to 100 A and more and thus meet the demands of activated high-rate coating. Pulse
frequencies up to 300 Hz have been successfully tested corresponding to deposition
rates up to 300 nm/s.

A practically achievable deposition rate for a 300 mm wafer is in the order
of 60 nm/min. Anders et al. [68] used a dual-cathode arc plasma filtered source
combined with a computer-controlled bias. The method has been applied to the
synthesis of metal-doped diamond-like carbon films, where the bias was applied
and adjusted when the carbon plasma was condensing and the substrate was at
ground when the metal was incorporated. This species-selective bias method could
be extended to multiple material plasma sources and complex materials

High-current arc (HCA) deposition current pulseswith peak of 4–5 kA and filtered
high-current pulsed arc deposition (f-HCA) were described by Siemroth et al. [69],
where deposited copper, pure aluminum and an aluminum alloy. The deposition rate
filling SiO was reported of 10 nm/s (0.06 μm/min) for Cu and Al and ~2 μm for
ultra thin carbon coating [70].

Hot cathode vacuum arc (HCVA) is a discharge with a hot volatile cathode in
vacuum [71] in which the cathode is heated by the arc current itself. Kajioka [72]
used an electron beam (EB) to heat the cathode and termed this arc as an “arc-like
discharge” to deposit titanium nitride films. Goedicke et al. considered spotless arc
deposition (SAD) that was a cathodic arc with EB heating of a rod [73, 74]. The
deposition rate was 50–1000 nm/s (0.05–1 μm/s) using an arc with EB evaporator
of 300 kW. Chayahara et al. [75] demonstrated a metal plasma source using an “arc-
like discharge” in order to develop theMP-free plasma-based ion implantation (PBII)
without a magnetic filter.

A different vacuum arc plasma source is based on the hot anode vacuum arc
(HAVA) [76, 77] where metallic plasma is produced by the evaporation of anode
material. In this arcmode, the arc current heats the anode until its temperature reaches
sufficiently high values so that the anode surface becomes an intensive source of
vapor.TheHAVAplasma is diffusely attached to thehot electrode surface andmetallic
plasma has not contaminated the droplets as in conventional cathode spot or anode
spot vacuum arcs. Therefore, cleaner coatings could be obtained. The HAVA occurs
when the anode is more volatile and smaller than the cathode [78–80]. The arc with
20–40 A and Al, Ti, and Cr anodes initially operates by cathode evaporation, but in
steady state mostly in anode vapor reported by Erich and co-authors [81–84]. The ion
energy is relatively low 5 eV. The deposition rate was in range 1–10 nm/s depending
on the arc current and anode material. The degree of atom ionization was 5-10%.
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The reported deposition rates in above-mentioned literature summarized compared
with that from the vacuum arc source researches, and the results are presented below.

22.2 Arc Mode with Refractory Anode. Physical
Phenomena

The cathode material of HAVA plasma sources is usually selected to be less volatile
than that of the anode. In contrast, in considered below arcs the anode should of
refractory material.

22.2.1 Hot Refractory Anode Vacuum Arc (HRAVA)

HRAVA. This arc mode has been first studied [85, 86] using copper cathode graphite
anode and then developed as a plasma source for metallic film deposition [87]. The
HRAVA used cylindrical electrodes with planar faced onto other surfaces (Fig. 22.1).
In this discharge,material evaporated from the cathode is transported to the refractory
anode.

As the arc developed, two phenomena were observed: (i) anode heating,
(ii) condensation of the cathode material at initial stage when the anode was cold
and the arc operated in multi cathode spot mode, and (iii) re-evaporation of the
cathode material deposited on the hot anode from on the developed stage of the arc
(Fig. 22.2). As the HRAVA evolves, the anode significantly heated (~2000 K [85]),
and an intensely radiating plasma plume is created at the anode surface, expanding
with time in the axial and radial direction. Spectroscopically, the plume radiates lines
of the cathode material [86].

The HRAVA plasma is sufficiently hot and dense to result in the evaporation of
the macroparticles produced by the cathode spots during their passage through the
interelectrode gap. Thus, the radially expanding HRAVA plasma (shown schemati-
cally in Fig. 22.3 and during the arc burning in Fig. 22.4) has the potential to be used
as macroparticle-free plasma source in technological applications, and in particular
in thin film deposition [88]. To optimize the usability of such source evolution of
the HRAVA plasma parameters, i.e., electron temperature, particle density, particle
fluxes, and heat flux for different arc currents was determined [89].

Fig. 22.1 Electrode
configuration in a HRAVA
systems

Cathode Anode
h

z
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Fig. 22.2 Mechanism of condensation and re-evaporation of cathode material from hot refractory
anode

Fig. 22.3 Schematic presentation of the radially expandingHRAVAplasma,which has the potential
to be used as macroparticle-free plasma source
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Fig. 22.4 Cathode spots and
plasma jets in the initial
stage and anode plasma
plume at the development
HRAVA stage

22.2.2 Vacuum Arc with Black Body Assembly (VABBA)

VABBA. In this arc mode [90], the material eroded from the cathode spots as
plasma jets containingMPs impinges on a cup-shaped refractory anode,which almost
encloses a volume bounded by it, a water-cooled cylindrical cathode and a planar BN
insulator ring separating the cathode from the anode. The arc simultaneously heats
the anode. Initially, when the anode is cold, cathodic plasma material condenses on
the anode. With arc time, when the anode is sufficiently hot, the condensed material
is re-evaporated from the anode.

In steady state, a dense high-pressure plasma is formed within the enclosed
volume. In the closed VABBA configuration, the plasma expansion is not free. Part
of the particles and arc energy returned and dissipated in the cathode. Therefore,
the effective cathode voltage is twice that measured in the HRAVA [91] or in free
burning conventional cathodic arcs. The VABBA acts toward the plasma and MPs
somewhat analogously to how a “black body” acts toward photons, i.e., not permit-
ting condensation, while allowing a flux to escape through small apertures [90].
Different anode geometries are shown in Fig. 22.5. The escaping plasma forms an
expanding flow. The used electrodes in VABBA system are constructed of different
configuration with frontal shower, one-hole, and radial shower anodes in order to
obtain distributed plasma around the anode or from the frontal anode surface as well
in form of plasma jet (Fig. 22.6). The material utilization efficiency using VABBA
can be quite high, due to utilization of the most of eroded cathode included the MPs.

22.3 Experimental Setup. Methodology

Experimental apparatus and electrodes assembly include two cylindrical stainless
steel chambers: (a) 400 mm length, 160 mm diameter (Fig. 22.7) and (b) 530 mm
length and 400 mm diameter (Fig. 22.8). Both chambers were water-cooled using
U-shaped channels welded onto the chamber walls. The chamber was pumped by
diffusion pump to (0.6–2) × 10−5 Torr. During the arc, the pressure in the chamber
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Anode
Anode front

surface

One Hole Radial Shower

Fig. 22.5 Electrode configuration in a VABBA systems with frontal shower, one-hole, and radial
shower anodes

Fig. 22.6 Plasma plume generated in VABBA from frontal shower, one-hole cold and hot anode

was about (0.05–1)mTorr. The dischargewas ignited between awater-cooled cathode
and anodes of different geometry.

Two cylindrical Mo radiation shields, 60 and 70 mm diameter, surrounded the
anode to reduce radiative heat losses. The anode was supported by a water-cooled
thin tungsten rod, which also connected it to the electrical circuit. A shutter was used
to determine the deposition time window. A substrate holder kept the substrate in
the mid-plane of the arc, facing normally the plasma flux. The anode was produced
from different refractorymetals. Arc current was supplied by awelding power supply
(Miller XMT-400 CC/CV). The anode was grounded, and the chamber was floating.
The arc currents were Iarc= 150–340 A and the arc duration up to 200 s. The most
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Fig. 22.7 Vacuum arc deposition system

Fig. 22.8 Vacuum arc deposition system
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Fig. 22.9 Schematic of the HRAVA configuration

used interelectrode gap h was 10 mm. Some specific parameters will be indicated in
the results of the experiments described below [85–87].

A few causes for the cooling system using (i) the measurements conducted in
the vacuum chambers with the power of arc operation about 3–4 kW and (ii) the
heat flux by the plasma and by radiation heated the camber walls causing intensive
outgassing and corrupting the vacuum. The used a cooling systemwas supportedwith
refrigerator and closing water circulation that allow firstly, to save the total amount
of the water in each experiment and secondly, to thermostating the electrode and
chamber walls and to choosing the necessary electrode heat regime. The electrode
configuration with electrical supply is shown schematically for HRAVA in Fig. 22.9
and for VABBA in Fig. 22.10.

Substrate. Stainless steel and glass sheet substrates were used to collect deposi-
tions from the arc [87]. The substratesweremounted at distancesL from the electrode
axis on a holder, so that they faced the plasma flux emanating from the interelectrode
gap. The holder was placed in a substrate chamber, which was separated from the
arc chamber by a shutter. The substrate was placed at two positions: (i) along the
mid-plane of the electrodes normally facing to the plasma flux and (ii) shifted rela-
tive to the mid-plane of the electrodes on the holder plane, in direction parallel to
the electrode axis toward cathode. The cathode sometimes was surrounded by a thin
shield (Fig. 22.9) protruding 2 mm below the cathode surface, to block any MP flux
originating at cathode spots on the side of the cathode from reaching the substrate.
The shutter shown in Fig. 22.1 was used to determine the exposition time window.
The substrates were cleaned with cotton wool dampened with alcohol.
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Fig. 22.10 Schematic of the VABBA configuration

Methodology for coating characterization. As observed previously [8, 87, 92],
the cathode shield position determined the location of a boundary between regions
on the substrate with low and high MP contamination, designated as the anodic
(A) and cathodic (C) regions, respectively (Fig. 22.9). Figure 22.11 illustrated the
detail configuration of the different deposited regions together with electrode-shields
geometry. When the cathode shield was not used, these regions were depended by
the cathode size and the gap. The C-region faced the cathode and was exposed to
MPs emitted from the cathode spots. The A-region faced the anode and collected
anode plasma that was almost free of MPs.

The MPs and deposited films in the A-region, in a strip 2 mm adjacent to the
A–C boundary at distance between 3 and 5 mm, were characterized. The MPs were
counted using an optical microscope equipped with a digital camera and a video
display [90]. The MPs which could be visually resolved (larger than approximately
1–3 μm) were manually counted on the video display in regions with a width of
100 μm (measured with a transparent scale placed on the substrate), and a length of

Fig. 22.11 Diagramof the substrate placement along y-axis and the definition of theAandC regions
(HRAVAsystem). The boundary line indicates the placement ofA andC regions at different distance
from the electrode axis
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10mm, which was determined by the field of view of the microscope/camera/display
combination. The substrate was then moved to examine an adjacent region using a
micrometer-controlled microscope stage translator, until the coated width of the
substrate (10 mm) was examined. The number of MPs in each 100 μm × 10 mm
region was summed and the sum divided by the total area of the all examined number
of strips, and reported as the MP density. The anode surface contamination was also
observed visually, and the microscope studied the substrate deposit after different
arc time duration beginning from 10 s.

Cathode erosion rate. The cathode erosion rate was determined by weighing the
cathode before and after arcing with a known arc current and arc duration.

Deposition rate. Coatings were deposited on substrates with various arc currents.
Using the shutter, the substrates were exposed to the arc during a controlled time
window. The coating thickness was measured by profilometry. The deposition rate
(Vdep) was determined by dividing the film thickness by the exposure time. Some-
times the deposition rate was obtained by weighing the substrate (with an accuracy
10−5 g) before and after deposition.

The above methodology mainly was used to obtain the described below experi-
mental results. Some additional details will be explained using different conditions
of film deposition. However, before let us consider the theoretical approach and
calculated results in order to understand the mechanism of vacuum arc operation
with refractory anode as a new mode of arc discharge with relatively high current.

22.4 Theory and Mechanism of an Arc with Refractory
Anode. Mathematical Description

The HRAVA plasma phenomena are very complex, and a model of the mutual
processes was extensively described by Beilis et al. [93]. The theoretical descrip-
tion includes non-steady and nonlinear plasma-anode heat transfer, evaporation of
deposited cathode material from the anode surface, interaction of the evaporated
atoms with the cathode spot plasma jet, as the formation of the anodic plasma,
i.e., the plasma obtained by the ionization of the evaporated material, and its radial
expansion beyond the interelectrode gap. The mathematical formulation permits for
given arc current, electrode geometry and materials calculate the anode temperature,
its spatial and temporal distribution, anode heat balance, anode-effective voltage,
plasma electron temperature and density, and plasma particle and energy fluxes to
the anode. The physics of particle condensation, the radial plasma flow in the gap, the
anode plasma generation, density, plasma energy balance, and others were studied.
Belowwe describe themain equations and the results of themodel [92] to understand
the evolution of the anode heating
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22.4.1 Mathematical Formulation of the Thermal Model

The one-dimensional thermal model for a solid cylindrical anode with radius R
and length L used to determine the anode temperature T is a function of the arc
time t and the distance x from the surface in contact with the plasma, x = 0. The
thermophysical coefficients of the anode depend on the temperature, which initially
is at room temperature and then increases with time to a steady-state value. The
temperature distribution in the anode cylinder was calculated from the solution of
the following time-dependent and nonlinear heat conduction equation:

ρ(T )c(T )
dT

dt
= dT

dx

(
λ(T )

dT

dx

)
+ ρe(T ) j2 − 2

R
εeff(x)σs B T 4 (22.1)

The boundary and initial conditions are:

−λ(T )
dT

dx
= qin(T ) − qr0(T ) − qev(T ) at x = 0 (22.2)

−λ(T )
dT

dx
= qr L(T ) at x = L (22.3)

qr0(T ) = εgσs B T 4(x = 0) (22.4)

qr0(T ) = εgσs B T 4(x = L) (22.5)

T (t = 0, x) = T0 (22.6)

where ρ(T ), c(T ), λ(T ), ρe(T), and εg are the mass density, heat capacity, thermal
conductivity, electrical conductivity, and emissivity of the anode material, respec-
tively; qin(T ), qro(T ), qrL(T ), qev(T ) are the temperature-dependent incoming heat
flux, the flux radiated by the upper surface, the flux radiated by the lower surface, and
the evaporation heat flux, respectively. The radiation energy flux from side surfaces
is taken into account in this model by the last term of (22.1), using the Stefan–Boltz-
mann law with emissivity correction. The parameter εeff(x) is the radiation flux that
escapes from the sides of the anode via the gap between the anode and radiation
shields [8, 85]. The evaporation heat flux qev(T ) was calculated using published data
for the vapor pressure and the heat of vaporization of Cu. The heat flux to the anode,
qin, is calculated below, using the above described plasma model.
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22.4.2 Incoming Heat Flux and Plasma Parameters

The random electron current to the anode surface is much larger than the arc current
(100–300 A), and therefore, an anode sheath with a negative potential drop ua is
formed near the anode surface. As the electron temperature in the cathode spots is
about 1–2 eV and the density is high, the plasma jet emitted from the cathode in the
beginning of the HRAVA discharge is highly ionized. The anode is heated by the
energy fluxes of the cathode electrons (qeb) and ions (qib), and the corresponding
interelectrode plasma fluxes (qep) and (qip). Hence, the incoming heat flux to the
anode surface is:

qin = qeb + qib + qep + qip (22.7)

The electron energy flux of the cathode plasma is:

qeb = (I/Aa/e) (1 + f ) (2Tek + ϕ)Exp
(−h/Lef

)
(22.8)

where ϕ is the work function of the anode material.
The ion beam energy flux is:

qib = (I/Aa/e) f
∑

Exp
(−h/Li f

)
fi z(uiz + Tib)

+
∑

Ekin −
∑

z fizϕ +
∑

z fizeua (22.9)

where, f iz is the ion current fraction of ions of ionicity z [94] and uiz is the ionization
energy of ions with charge state z. The ion beam energy flux includes the ionization
energy of the ions and their kinetic energy [93], which is determined by the jet
velocity and acceleration in the anode sheath. The anode plasma electron energy flux
to the anode surface is:

qep = �ep(2Tep + ϕ) (22.10)

�ep = �rdExp
(−ua/Tep

)
(22.11)

ua = TepLn(�ep/I ) (22.12)

�p = �rd − �i p + �eb(0, t) − �ib(0, t) (22.13)

where �rd and �ip are the random electron and ion particle fluxes from the plasma to
the anode surface, respectively. Equations (22.9)–(22.14) facilitate the calculation of
qin by (22.8). The ion energy flux from the anode plasma toward the anode surface
is:
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qip = qipp + qipk = �i p(2Tip + ui1 − ϕ + eua) (22.14)

The radial plasma energy losses qr can be determined as the sum

qr = qep + qir (22.15)

qer = �r
(
2Tep + ui1

)
�r = (I G[1 − kcc(T )] − Gc)/(m Ar )

qir = �r
(
2Tip + Erkin

)
, Ar = 2π Rh,

where Erkin is the loss of kinetic energy due to radial plasma expansion.
The anodic plasma ion energy balance can be written in the form:

qic(0) = qir + qipk + qels (22.16)

where qipk is the kinetic energy flux due to ion flux �ip, qir is the energy fluxes
transported by the particle fluxes �ir, and qels is the electron energy flux lost by
elastic collisions between ions and electrons. Using (22.16), the electron energy
balance of the plasma could be written in form:

qec(0) + f (I/Aa/e)
∑[

1 − Exp
(−h/Lef

)]
fi zuiz + (I − Ie(x))eu p/Aa

= �ep
(
2Tep + eua

) + qer + 3ε
(
Tep − Tip

)
hnνei (22.17)

where νei is the electron–ion collision frequency, ε = me/m. The plasma ion energy
balance is:

qic(0) + 3ε
(
Tep − Tip

)
nhνei = qir + (�i p + �ic)2Tip (22.18)

where �ic = Gc/Ac/m. The last term in (22.18) and (22.19) describes the energy
transfer by elastic collisions between electrons and heavy particles. Taking into
account that the anode vapor is highly ionized, the anode plasmadensity is determined
by:

n(T ) = I G(1 − kc(T )) − Gc

2π RmhvR
(22.19)

The arc voltage uca is calculated from the power, Iuca, which is dissipated in the
electrodes and in the interelectrode plasma, and by use of the expressions for anode
and radial energy losses:

uca = uef-c + uef-a + ur + u p − ums (22.20)
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where, uef-c is the effective cathode voltage. This voltage wasmeasured (Chap. 8) and
calculated previously using cathode spot theory [94], uef-a = qinAa/I is the effective
anode voltage, ur = Ar /I is the effective voltage associated with the radial energy
losses, up = Ih/(πR2σ el) is the ohmic voltage in the interelectrode plasma and σ el is
the electrical conductivity of the plasma. The value of Erkin (the average ion energy
in the radial flow) was measured up to 20 eV [95]. The value of the effective voltage
associated with the radial energy loss in the stage of conventional vacuum arc was
also measured (Chap. 8) to be ums = 3 V.

22.4.3 Method of Solution and Results of Calculation

The radial expansion of the plasma from the gap assumed as the main loss mecha-
nism, and that the ion flux to the cathode is negligible compared to the radial flux. The
plasma ion temperature was assumed equal to the anode temperature and the plasma
velocity at the exit of the gap vR is equal to the sound velocity vsn. There are ten vari-
ables—T (t, x), qro, qrL, qin, qep, qr , Tep, n, ua and uca, that should be determined from
the ten equations—(22.1), (22.4), (22.5), (22.7), (22.10), (22.12), (22.15), (22.17),
(22.19), and (22.20). This equation system was solved for a discharge with a copper
cathode and a graphite (DFP-1 Poco Graphite Inc.) anode with length L = 30 mm
and diameter 2R = 32 mm, εg = 0.84, and arc currents I = 340 and 175 A. The
electron temperature of the cathode plasma jet is 1–2 eV [6]. The above-coupled
nonlinear system of (22.1)–(22.7) was solved by finite difference technique.

The calculated time-dependent temperatures of the upper anode surface T (0), of
the anode body 5 mm from the surface T (5) and on the lower surface T (L) were
compared with the respectively experimental dependences of T exp(0), T exp(5), and
T exp(L) [8, 85]. The results are presented in Fig. 22.12a, for I = 175 A, and in

0

500

1000

1500

2000

0 40 80 120 160

Te
m

pe
ra

tu
re

, K

Time, s

175 A

T(L)

T(0)

Experiment

Tex(5)

Tex(0)

Tex(L)

T(5)

a) 
0

500

1000

1500

2000

2500

0 40 80 120 160

An
od

e 
te

m
pe

ra
tu

re
, K

Time, s

T(0)
T(5)

340 Ab)

Experiment

Tex(L)

Tex(0)
Tex(5)

T(L)

Fig. 22.12 Time dependence of anode temperature. Solid curves T (0), T (5), and T (L) are the
calculated anode temperatures at x = 0.5 mm and L = 2.5 cm, respectively. T exp(0), T exp(5), and
T exp(L) are measured anode temperatures at the same locations [8, 75]: a I = 175 A and b I =
340 A
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Fig. 22.12b for I = 340 A. As can be seen, the calculated temperature–time depen-
dencies agree well with the experimental data [8, 85]. The calculated plasma electron
temperature T ep shown in Fig. 22.13a (175A) and Fig. 22.13b (340A) decreaseswith
time from the initial value of (1.5, 1.8) eV to a steady-state value (0.9, 1.05) eVwithin
~(80, 30) s for 175, 340 A arcs, respectively. The measured electron temperature [89]
agrees well with that calculated.

The calculated time dependence of the effective anode voltage for the total
incoming heat flux, several of its components, and effective voltages for different
components of the anode energy losses (from upper and down surfaces and lateral
side), are shown in Fig. 22.14a (175 A) and Fig. 22.14b (340 A). The effective anode
voltage uef-a is initially 11 V for 175 A, and 12 V for 340 A, and both decrease with
time to the steady-state values of ~6.6 V after ~70 s for I = 175 A and after ~20 s
for I = 340 A. These steady-state values are slightly larger than the steady-state
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plasma electron heat flux, uep, and to energy flux of the ions of the cathode jet uia, effective voltage
of the fluxes radiated by upper surface of the anode ur0, by the lower surface urL and by the lateral
anode surface us and measured effective anode voltage rex [8, 75]: a I = 175 A and b I = 340 A
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values of plasma electron heat flux, uep = qep/I = 6.1 V (175 A) and 6.3 V (340 A).
The difference between uep and uef-a is due to energy flux of the ions of the cathode
jet, which is larger for the 175 A arc (uia ~0.5 V) than for 340 A arc (~0.3 V). The
effective anode voltage agrees well with uex, the measured effective anode voltage,
which are also shown in Fig. 22.14a, b. The agreement in the transitory period is
better for I = 340 A than for I = 175 A. It should be noted that the contribution
of the anode plasma ion energy flux to the anode is smaller than that associated with
the anode plasma electrons.

Regarding the energy losses from the anode, in the steady state approximately
half of the energy flux into the anode is radiated by upper surface of the anode (ur0)
and the remainder is divided between radiation by the side surface (us) and the lower
surface (uiL). The calculated arc voltage uca in initial stage of HRAVA obtained about
21V, and it increases with time to the steady-state values of ~23V (175A) and 24.5V
(340 A), which is in agreement with the measured values [6, 36].

The calculated and measured plasma densities (n) anode sheath potential drop
(ua) reach a steady-state value after ~(80, 25) s for I = (175, 340) A, respectively.
The calculated steady-state values are n = (2–3)× 1014 cm−3 and ua = 2.5–3 V. The
measured plasma density is in region (3–10)× 1014 cm−3 and exceeds the calculated
values by factor 2–3 [89]. The discrepancy between the calculated and measured n
can exceed an order of magnitude in the first few seconds, while the general tendency
of the density evolution with time (initially a sharp grow and then saturation) agrees
with observation.

The observed characteristic time to steady state of the luminous plasma expanding
from the anode toward the cathode is smaller than all other characteristic times, and
this difference is larger for a 175 A arc (Table 22.1). The characteristic time to
steady state for the plasma density is shorter than that of the anode temperature.
The calculated characteristic times of the arc voltage, electron temperature, effective
anode voltage and anode sheath potential difference are approximately equal. The
agreement between the calculated results and measurements is generally reasonable.

Table 22.1 Experimental and calculated characteristic times (s) to reach steady state for different
arc parameters [93]

Characteristic time to reach steady state (s)

Arc parameters I = 175 A I = 340 A

Experiment Theory Experiment Theory

Luminous plume 40–50 – 20–30 –

Anode temperature 100 100–110 50–60 50–60

Arc voltage 120 80 40–50 30–40

Electron temperature 80 80 30–40 30

Plasma density 80–100 80 30–40 25

Effective anode voltage – 70–80 – 25–30

Anode potential drop – 70 – 20–25
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22.5 Application of Arcs with Refractory Anode for Thin
Films Coatings

This section demonstrates the possibility of thinmetallic film producing by both elec-
trode configurations (HRAVA and VABBA) with strongly reduced MPs contamina-
tion. The wide thermophysical properties of cathode materials were tested including
volatile, intermediate, and also refractory metals. The typical dependences on arc
time, arc current and other parameters are considered below to show the effect
of clean deposition due to MPs re-evaporation from the hot refractory anode. All
investigations conducted in discharge laboratory of Tel Aviv University and the data
presented for volatile in works [97–99], intermediate in works [87, 90, 100–104] and
for refractory materials in works [105]. The results of these researches are reviewed
and analyzed below.

22.5.1 Deposition of Volatile Materials

Different techniques were used for thin film deposition of volatile materials, the
physical vapor deposition (PVD) such as evaporation source [106, 107], magnetron
sputtering [108–110], the pulse laser deposition [111], the electroplating [112].

Sn thin films have several applications. Bimetallic Cu–Sn thin films are used as
bonding components in many electrical and electronic devices to join Cu conduc-
tors [113]. Bimetallic Cu-Sn thin films were prepared by a consecutively depositing
560 nm of Cu and either 200 or 500 nm of Sn by e-beam vaporization onto 2.54 cm
diameter-fused quartz disks at a rate of about 0.5 nm/s [1]. Sn coated Cu plates
were used to make rotating capacitors [114]. Inaba et al. [115] used electroplating to
deposit thin Sn films on copper substrates. Sn thin films are used to produce an anode
layer in thin film Li-ion batteries due to its high Li storage capacity in comparison
to graphite anodes. Nimisha et al. [116] fabricated Sn thin films by radio-frequency
discharge sputtering. The substrate to target distance was 5 cm with a deposition
rate of 1 nm/s. Thus, the mentioned methods had relatively low deposition rates.
Traditional deposition techniques, such as physical vapor deposition (PVD), chem-
ical vapor deposition (CVD), or pulsed laser deposition (PLD) were extendable used.
The specifics of these techniqueswere reviewed in [8]. The goal of the present section
is tomeasure and understand deposition rate,MP contamination, and cathode erosion
rate during Sn HRAVA film deposition for different arc parameters. In contrast to
previously used techniques the relatively larger deposition rate using arcs with hot
anodes is demonstrated.
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22.5.1.1 Al and Zn Film Deposition Using a HRAVA Plasma Source

A diffusion pump pumped the chamber of cylindrical vacuum system (b) to pressure
of 1.3× 10−2 Pa before arc ignition. During the arc, the pressure in the chamber was
5.3 × 10−2 Pa. The arc was sustained between a water-cooled mainly Al, Zn source
cathodes and refractory (graphite, Mo, and W) anodes, for times up to 150 s, and
current (I) of 100–225 A. Cathode and anode material and geometry is presented in
Table 22.2. Partially Sn cathode was tested for comparison, but detailed investigation
for Sn was provided separately and the results presented in the next section.

A stainless steel cylindrical radiation shield of 70 mm diameter surrounded the
anode to reduce radiative heat losses during Al and Zn deposition. The cathode
was surrounded by a boron nitride square box-shaped shield with side 65 mm and
positioned at different axial locations relative to the cathode surface. The shield
blocked MP flux originating in cathode spots located on the side of the cathode from
reaching the substrate. The shield prevented also the MP flux originating on the
cathode face from reaching a portion of the substrate. The W anode used with Sn
cathode was relatively thin, and the radiation shield was not required. In addition, no
shield was placed around the Sn-filled Cu cup. The interelectrode gap was 10 mm.

Substrate preparation and mounting. The substrates were 76 × 26 mm glass
microscope slides. The substrateswere pre-cleaned by liquid soap andwater andwere
then soaked in alcohol. The substrate mounted on a holder which was movable in the
radial direction was positioned at distances of 80–165 mm from the electrode axis,
facing the plasma flux emanating from the interelectrode gap. The holder was sepa-
rated from the arc chamber by a shutter (Figs. 22.9 and 22.10) which controlled the
deposition onset and exposure duration of 15 s. TheMP and the deposited films were
characterized in the A-region (about 3–5 mm from the boundary of A–C regions).
The cathode was surrounded by a square boron nitride box-shaped shield with side
65 mm. This shield is positioned at different axial locations relative to the cathode
surface for three cases (Fig. 22.15): (i) cathode surface recessed 3 mm, (ii) flush, and
(iii) protruding 3 mm with respect to the shield edge. The shield blocked MP flux
originating at the cathode from reaching a portion of substrate and designated the
A-region.

Results of arc visualization. Photographs of 175 A arcs with Al, Zn, and Sn
cathodes (without shields) 30 s after arc ignition are shown in Fig. 22.16. The Al
arc emission color is light green while Sn is green color and the Zn is blue color.

Table 22.2 Electrode characteristics

Cathode Anode

Material Length (mm) Diameter (mm) Material Length (mm) Diameter (mm)

Al 40 30 Graphite 30 32

25 9 32

Zn 30 Mo 30 32

Sn 10 60 (in Cu cup) W 10 60



954 22 Vacuum Arc Plasma Sources. Thin Film Deposition
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Fig. 22.15 Schematic diagram of the cathode surface location with respect to the cathode shield:
(left to right) cathode surface protruded 3 mm, flush-mounted, and recessed 3 mm

Fig. 22.16 Arc photographs with Al and Zn and Sn cathodes

Cathode spot appeared on the cathode surface, while the anodes were covered by
a diffuse discharge. Later (t > 30–60 s) an anodic plasma plume filled most of the
electrode gap and expanded in the radial direction.

Film morphology. Two characteristic regions with sharply different MP densities
were observed on the substrate surface. Typical micrographs of Al films from the
two regions are shown in Fig. 22.17: the “A-region” facing the anode and mostly
without MPs and the “C-region” facing the cathode with many MPs.

Deposition Rate. Aluminum time-dependent Al deposition rates V dep for a
graphite anode are presented in Fig. 22.18 for flush-mounted and in Fig. 22.19 with
cathode protruding 3 mm with respect to the anode shield edge (Fig. 22.20).

It can be seen that V dep increased with time to a peak and then decreased to a
steady-state value. The peak value weakly depended on the current and the peak
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Fig. 22.17 Al film clean deposition in the anode region and withMPs contamination in the cathode
regions
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Fig. 22.18 Time-dependent rate of Al film deposition, L = 110 mm and 30 mm graphite anode for
flush-mounted cathode

time decreased with I. The maximal deposition rate increased with arc current, for
both the cathode surface was flush-mounted or protruded 3 mm above the end of
the shield. The dependence of maximal deposition rate on the cathode position with
respect to the cathode shield was V dep~1.1 μm/min when cathode surface was flush-
mounted with the shield edge and ~1.6 μm/min when the cathode surface protruded
above the shield (for I = 225 A and L = 110 mm). V dep~0.8 μm/min when cathode
surface was recessed mounted with the shield edge (not shown).

The deposition rate with the shorter (9 mm) anode and for an Al cathode surface
flush-mounted with the shield edge is shown in Fig. 22.20. The peaks occurred much
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Fig. 22.19 Time-dependent rate of Al film deposition, L = 110 mm and 30 mm graphite anode for
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Fig. 22.20 Time-dependent rate of Al film deposition, L = 110 mm and 9 mm graphite anode for
flush-mounted cathode

earlier and the peak is narrower than with the 30 mm anode. V dep at the peak and at
steady state were about the same as with the 30 mm anode.

The Al film thickness distribution on the substrate was measured in y-direction
(i.e., perpendicular to the electrode axis) from A–C boundary (Fig. 22.11) in the
A-region for currents 175, 200 and 225 A, with distance L from the electrode axis
to the substrate as a parameter. The result indicated that the film distribution close
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Fig. 22.21 Zn deposition rate versus time with arc current as a parameter, 30 mm Mo anode, L =
110 mm. The measured deposition rate with a graphite anode and recessed cathode for I = 120 A
and 200 A is presented at three times

to uniform for L ≥ 110 mm at y up to 5 cm, while for lower L the thickness is larger
[96, 97].

Zink. The deposition rate with a Zn cathode recessed 3 mm below the shield edge
and 30 mm height anode is shown in Fig. 22.21. The rate increased with current in all
of the arc stages.V dep increasedwith time during arcing of about 120 s from about 0.3
to 0.7 μm/min for 100 A, and from 0.5 to 1.2 μm/min for 175 A. At higher currents
(200 and 225 A) a peak of 2.1 μm/min appeared after ~2 min of arcing, and then
V dep decreased to 1.4 and 1.8 μm/min, respectively. The deposition rate with a Zn
cathode recessed 3 mm below the shield edge and 10 mm height anode is shown in
Fig. 22.22. The deposition rate (short anode) increases with arc time and arc current
monotonically (without peak, except 225 A). For comparison, the Zn deposition rate
for short graphite anode (175 A) is also presented indicating lower V dep than for
Mo anode for t > 45 s. Also the Zn film thickness distribution on the substrate in
y-direction, co-axial with electrode axis in the A-region (from the boundary of A-C
regions) for 200 and 225 A is relatively uniform for L ≥ 80 mm.

The preliminary study of Sn deposition rate [96] showed that initially V dep was
almost constant, but then increasedwith time after some critical timewhich decreased
with I. The arc current affects significantly on V dep. It can be seen that V dep for I =
175A exceed the V dep for 120 A by factor 5 at 2 min of arc duration. Let us consider
the extended study of the Sn deposition [98].
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Fig. 22.22 Zn deposition rate vs time with arc current as a parameter, 10 mm Mo anode, L =
110 mm. The measured deposition rate with 9 mm graphite anode and recessed cathode for I =
175 A is presented also

22.5.1.2 Sn Thin Film Deposition Using a HRAVA Plasma Source

The vacuum system (a) with water-cooled cylindrical Cu cathode modified in form
of a cup to fill with Sn shown schematically in Fig. 22.23 [99]. The chamber was
evacuated by an oil diffusion pump to 1.3 × 10−2 Pa. During the arc, the pressure in
the chamber was 5.3 × 10−2 Pa. The arc was sustained between the cathode and a
non-consumable cylindrical anode, for times up to 180 s, operating with a current I
= 60–175 A. The outside diameter of the Cu cup was D = 30 or 60 mm and the Sn
filling had a thickness of d = 10 mm (Fig. 22.24). The 30-mm-diameter cathode was
tested with two graphite anodes having d = 9 and 15 mm thickness. Both graphite
anodes were D = 32 mm, and the gap between the cathode and the anode was h =
10 mm. The cathode with D = 60 mm was used with a W anode with d = 10 mm
thickness and D = 60 mm diameter and gaps of h = 10 and 15 mm.

A cylindrical stainless steel radiation shield of 70 mm diameter surrounded the
graphite anodes to reduce radiative heat losses. The W anode was used without a
radiation shield. The D = 30-mm cathode was surrounded by a square boron nitride
box-shaped shield with 65-mm sides, and the cathode was recessed 3 mm behind
the shield. The D = 60 mm cathode was used with a flat boron nitride plate shield
positioned between the cathode and the substrate. The cathode was recessed 7 or
10 mm behind the shield for the case with h = 15 mm, while with h = 10 mm no
cathode shieldwas used. The purpose of above shieldswas to blockMPs emitted from
the cathode from reaching a portion of substrate, designated theA-region (Fig. 22.11).
The cathode erosion rate was measured by weighing the cathode before and after
arcing.
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Fig. 22.23 Schematic diagram of the chamber, cathode–anode assembly, Cu cup filled with Sn and
the substrate position, illustrating the A and C regions

Fig. 22.24 Cylindrical Cu
cathode modified in form of
a cup to fill with Sn

All substrates were 75 × 25 mm glass microscope slides. The pre-cleaned
substrates were mounted on a holder which was movable in the radial direction and
was positioned at distances of L = 110 or 125 mm from the electrode axis (95 mm
from cathode edge), facing the plasma flux emanating from the interelectrode gap.
The holder was separated from the arc plasma by a shutter, which controlled the
deposition onset and duration of 15 s in all of the experiments. At least three or four
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Fig. 22.25 Time-dependent rate of Sn film deposition—D = 60 mm cathode without shield, d =
10 mm W anode, h = 10 mm, L = 125 mm

measurementswere conductedwith separately prepared samples, and the valueswere
averaged for each graph point in the results reported below.

Deposition Rate. Figure 22.25 presents the measured Sn deposition rate depen-
dence on time beginning from arc ignition, with I as a parameter, using a D = 60 mm
cathode, W anode, L = 125 mm, electrode gap h = 10 mm, and without a cathode
shield. It can be seen that V dep increased with time with all arc currents studied. For
I < 100 A, the V dep was mostly not changed in comparison with that for larger arc
currents. For I > 100 A, the V dep changed very significantly, i.e., V dep increased from
0.5 to 3 μm/min when the arc time increased from 45 to 105 s (I = 175 A).

The measurements showed that for this cathode with the BN cathode shield
protruding for 7 mm above the cathode surface and h = 15 mm V dep increased
from 0.3 to 2 μm/min (I = 175 A). When the cathode shield is protruding 10 mm,
V dep is slightly lower. V dep is 0.58 μm/min in comparison to 0.62 μm/min measured
for 7 mm cathode protruding above the shield, at arc time of 150 s.

The time-dependent deposition rates forD = 30mmcathode and d = 9 and 15mm
graphite anodes are shown in Figs. 22.26 and 22.27, respectively. The BN cathode
shield protruded 3 mm above the cathode and h = 10 mm. It can be seen that V dep

increased with time to a peak (for I ≥ 80 A), and then decreased to a steady-state
value.

The peak value depended on the current (with d = 9 mm, 0.74 and 0.84 μm/min
for I = 120 and 175 A, respectively) and the peak time decreased with I (from 60 to
30 s for I = 120 and 175 A respectively, d = 9 mm). At steady state with d = 9 mm,
V dep increased from 0.3 to 0.7μm/min when the arc current was increased from 60 to
175A. The deposition rate for the thicker anode (d = 15mm) also had peaks for same
arc currents (Fig. 22.27), but the peaks occurred much later (90 and 60 s for I = 120
and 175 A, respectively) and were wider than with the d = 9 mm anode. In addition,
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Fig. 22.27 Time-dependent rate of Sn film deposition—D = 30mm cathode recessed 3mm behind
box shield, d = 15 mm graphite anode, h = 10 mm, L = 110 mm

V dep at the peak for d = 15 mm was lower than with the d = 9 mm anode (0.57 and
0.80 μm/min for I = 120 and 175 A, respectively). The measurements shown that
the film thickness decreased with distance in y-direction for the considered range of
I, and it reached about half of the maximal value at y = 2–3 cm, depending on I.
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22.5.1.3 Macroparticle Contamination at Volatile Films and Cathode
Erosion Rate

MP density as function of arc current in the A-region is shown in Fig. 22.28, for
different recessed cathodes, L = 110 mm, and t = 60 s after arc ignition. The MP
contamination in the Al film increased almost linearly with current, from about 5 to
32 particles per mm−2 when the current increased from 100 to 250 A. For Zn, the
MP density decreased when the current increased from I = 100 to 145 A and then
increased till I = 225 A. The MP density in the A-region of Sn films increased with I
and exceeded by a several times that in Al films. However, the Sn MP contamination
in the A-region was a few orders of magnitude lower than in C-region. In the all
C-region, the MP density was ~103 mm−2 and the MP diameters were in the range
of 15-40 μm.

The Sn MP density as a function of I measured for D = 60 and 30 mm cath-
odes with 10 and 9 mm anode thickness, respectively. For comparison, previously
measured MP density for Al, Zn, Cu, and Cr cathodes [7, 8] is also presented. The
substrates were exposed for 15 s after 60 s of arcing, L = 110 mm, h = 10 mm.
The MP density for Sn is larger than for other relatively low melting temperature
materials like Al and Zn, and increases with I up to 80 A, and then decreased with
further increasing of I. The Sn MP density decreases with I from their maximum
values (at 80 A) of 45–35mm−2 (D = 60mm) and from 37 to 17mm−2 (D = 30mm)
at 175 A. The MP density for intermediate materials like Cu, Cr significantly was
lower than for Sn.

Relation between deposition rate and cathode erosion rate. Al cathode erosion
rates G (μg/C) almost linearly increased from about 80 to 94 μg/C when arc current
I increased from 100 to 225 A, while for Zn, G = 85 μg/C was constant up to I =
150A and thenweakly decreased to 78μg/Cwith I increase up to 225A (Fig. 22.29).
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Fig. 22.28 Dependence of MP density on arc current for Sn, Zn, and Al (left axis) and for Cu, Cr
(right axis), recessed cathodes. The substrate was exposed after 60 s for 15 s, L = 110 mm
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It should be noted that the erosion rates are lower by factors 1.5 and 4 for Al and Zn,
respectively, than those measured by [6] in conventional cathodic arcs. The cathode
erosion rates G (μg/C) for Sn with D = 30 mm as functions of arc current I. The Sn
erosion rate decreased from ~500 to ~320 μg/C for d = 9 mm when I was increased
from 60 to 140 A and then increased to ~550 μg/C for I = 175 A. For d = 15 mm,
the erosion rate decreased from 470 to 380 μg/C when I was increased from 60 to
130 A and then increased to 410 μg/C for I = 175 A.

For d = 15 mm the erosion rate decreased from 470 to 380 μg/C when I was
increased from 60 to 130 A and then increased to 410 μg/C for I = 175 A. The Sn
cathode erosion rate measured here exceeds that of Cu by a factor of four, which in
general agrees with the previous data for Sn cathodic arcs with I = 100 A [VAST]
(~300 μg/C—total and ~100 μg/C—ion erosion rate).

To compare the deposition rates of different cathode materials let us introduce
parameter

F = V1depρ1G2

V2depρ2G1
,

where the indices 1,2 designate different cathode materials. F is the ratio of S =
V depρ/GI for two materials and characterizes the ratio of the portion of the mass
flux of two materials condensing at a given location in the A-region near the A–C
boundary.F for different material pairs as a function of I is presented in Fig. 22.30 by
taking into account the peak of V dep for Al and Zn cathodes and G = 110–115 g/C
for Cu [8] (recessed 30 mm cathodes). Figure 22.30 shows that the parameter F
varied weakly with I. F(Cu/Al) > 1 and slightly increases with I. F(Cu/Al) for
steady state significantly exceeds S(Cu/Al) at the deposition rate peak. In contrast,
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the difference in F(Cu/Zn) between peak and steady state was small. It also can be
seen that F(Cu/Zn) < 1, while F(Al/Zn) < 1, both at peak and steady state.

Thus, the above calculations indicate that the Cu mass deposition rate was larger
than that for Al cathode and lower for Zn cathode, whereas Al mass deposition
rate is lower than that for Zn cathode. This result can be understood taking into
account that the film thickness is determined by the large difference ofmetal densities
(ρ(Cu)/ρ(Al) = 3.3) when the cathode boiling temperatures are identical such as
Cu-Al pair. On contrary, the film thickness is determined by the low difference
temperatures Tm and T b (moreMPs evaporation and their conversion the plasma due
to lower Tb) when the metal densities are identical (ρ(Cu)/ρ(Zn) = 1.25) such as
Cu–Zn pair.

22.5.1.4 Remarks to the Mechanism of Deposition Rates and MPs
Generation

The appearance of a peak in the deposition rate versus time graphs can be under-
stood taking into account that the MPs accumulated early during the arc on the cold
anode surface, and evaporated from the anode during a relatively brief interval when
the anode was heated to an appropriate temperature. At the steady state, the MPs
previously accumulated at the cold stage significantly disappeared. The deposition
rate then declined toward its steady-state value when a balance was achieved between
material impingement and evaporation at the hot anode surface. The deposition rate
peak reached significant level for low melting temperature metals such as Al and Zn
cathodes, and negligible with Cu, Cr, and Ti cathodes (see below). The peak in the
time dependence of deposition rate occurred earlier when using a short anode than
a long anode, because the shorter anode was heated faster since it had smaller mass
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and reached a higher steady-state temperature due to its radiative heat loss rate was
less because of its smaller surface area.

The deposition rate depended on the cathode surface position with respect to the
cathode shield. The rate V dep was lower when cathode surface was recessed or flush-
mounted with respect to the shield comparing to the cathode surface protruded above
the shield. This is because the material ejected from the cathode remained on the
internal walls of the shield. Therefore, the amount of the cathode material reached
the anode surface depends on cathode position, and in turn, different amount of
condensed material was re-evaporated from the anode. As result, different intensity
of anode plasma plume is radially expanded to the substrate.

Sn. According to the present measurements, the deposition rate behaved differ-
ently with time, depending on anode geometry and arc current. A V dep peak for Sn
was observed with the smaller (D = 30 mm) anode, for I ≥ 80 A. In this case, V dep at
the peak increasedwith I and the time of the peak appearance increasedwith d. AV dep

peak was not observed with D = 60 mm in the measured range of arc current. These
effects can be understood, firstly, taking into account that in the HRAVA the thermal
mass of the anode increases with d, and power delivered to the anode increases with
I, and thus the heating rate decreases with d and increases with I [117]. Secondly,
the relatively large MP production from the Sn cathode spots should be noted.

The rate of rise of the anode temperature influences the rate of rise of the evap-
oration rate of the anode material, and this effect can explain the different time-
dependent V dep for different electrode geometries. For relatively large I and small
D, the anode was quickly heated [116]. Therefore, the rate of vaporization of the
previously condensed cathode material (including MPs) on the anode also quickly
rose, increasing the anode plasma density during the transient period, and leading to
theV dep peak appearing before the steady-state level ofV dep was reached. In contrast,
for small I and largeD the anode heating rate is lower due to the larger anodemass. In
this case, it can be assumed that the deposited cathode plasma and the depositedMPs
were re-evaporated gradually from the anode surface, while the anode temperature
T increased with time t. This explains the observed monotonic increase of V dep for
I < 80 A with D = 30 mm and for considered range of I with W anodes having D =
60 mm.

In addition, the W anode reached a higher temperature and had a higher rate of
rise of the temperature than the graphite anode, and that also explains the monotonic
V dep(t) dependence. As the heating time [116] was larger with thicker anodes, the
V dep peak for d = 15 mm appeared later than for d = 9 mm. Similar results were
observed with Zn cathodes. When the D = 60 mm cathode was not shielded, all of
the generated plasma flux was extracted from the gap and a higher V dep (3 μm/min)
was obtained. When the cathode surface was recessed with respect to the shield, the
plasma flux to the substrate was partially shielded and therefore Vdep was reduced.

Another experimental result showed that V dep with D = 60 mm electrode pairs
exceeded that for D = 30 mm electrode pairs by a factor of 2.5–3.0 (I = 175 A, time
>80–90 s, Figs. 22.25, 22.26 and 22.27). As the erosion rate is independent of the
cathode diameter, the above-mentioned difference ofV dep can be understood because
of a significant accumulation of the cathode material from plasma jets on the large
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Table 22.3 Melting and
boiling temperatures

Material Tm (°C) Tb (°C) (Tb–Tm)/Tm

Cu 1083 2595 1.40

Al 660 2447 2.71

Zn 420 907 1.16

Cr 1903 2642 0.28

Ti 1668 3280 0.966

Sn 232 2687 0.086

anode. The larger amount of the deposited material (including MPs) on the anode
surface is vaporized with gradually heating in time leading to monotonic increase
V dep (Fig. 22.25). Therefore, the larger V dep for D = 60 mm electrode pair was also
reached at time 150–180 s.

In general, theMPdensity in the deposited films depends on the relation between
the melting point T m and boiling point T b. Table 22.3 illustrates the boiling and
melting temperatures and difference between Tb and Tm, characterized by parameter
(Tb–Tm)/Tm which is large for Al and very low for Sn. The boiling temperatures of
Al and Sn are close to that for Cu and the generated from the cathodes MP will be
evaporated with close rate. However, Tm is lower for Al, Zn, and much lower for Sn
than for Cu, and therefore, the rate of MP generation for Al, Zn, and Sn occurs with
larger rates than for Cu. The difference of Tm and T b for Zn is lower than for Al,
and therefore, the MP density for Zn was observed less than for Al. The difference
of Tm and T b for Sn is larger than for Al, and therefore, the MP density for Sn was
observed larger than for Al. The observed MP density for Al, Zn, and Sn cathodes
was significantly exceeded this density for cathodes fromCu and Cr. TheMP density
for Al, Zn was comparable with that for Cu films deposited only when I < 140 A.

Sn. Microscopic observation of the present substrates also suggests that the
cathode mass loss occurs largely in droplet form (Fig. 22.17). Due to large difference
between the very low Sn melting temperature (Tm = 232 C) and large Sn boiling
point (T b = 2687 °C), the rate of MPs generation is relatively large, the in-flight
evaporation of the MPs is relatively weak, and MPs account for a large fraction of
the Sn cathode erosion. The relatively large spread between T m and T b explains also
the large MP contamination detected in Sn films (Fig. 22.17), compared to Cu, Ti,
and to Al, Zn (I < 150 A) for which the difference between Tm and Tb is significantly
less (Table 22.3). The Sn MP contamination in the deposited films was reduced with
arc current I due to MP interaction with the anode plasma, which density increased
with I (see Fig. 22.28).
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22.5.2 Deposition of Intermediate Materials

In this section, the time dependence of Cu film deposition from a plasma generated in
a HRAVA and VABBA configurations having either a single-hole and shower-head
anode was studied.

22.5.2.1 HRAVA Copper Thin Film Deposition

The first measurements of the HRAVA Cu deposition film were conducted in 2000
[87] with graphite anode in the stainless steel chamber (Fig. 22.7) of above described
system (a). Coatingswere deposited on 20× 20× 0.5mmground stainless steel sheet
substrates with various arc currents (175–340 A). Using the shutter, the substrates
were exposed to the arc during a controlled time window. The deposition rate was
obtained by weighing the substrate (with an accuracy 10−5 g) before and after depo-
sition. The Cu films were deposited on stainless steel and glass substrates displaced
15mmaway from themid-plane parallel to the electrode axis and toward the cathode.
Thus, these substrateswere shielded froma direct line of sight from the cathode by the
cathode shield in order minimize the MPs in the A-region of the deposited substrate.
Coatings were deposited on substrates with area As for different arc currents and
exposure time �ts. The deposition rate V dep was calculated as the ratio

Vdep = �ms/(As�tsr)

where �ms is the substrate mass gain. It was assumed that the deposited film density
ρ is that of solid copper, 8.9 g cm−3. The measured mass deposit �ms as well as
the calculated rate V dep for different arc currents and exposure time are presented in
Table 22.4. The deposition rate was relatively large, about 2 μm/min.

The next study was conducted with a tungsten anode [101], which reached rela-
tively high surface temperatures of ~2500 K at an arc current of 250 A in comparison
to the graphite temperature of about 2000 K at 340 A. The higher anode temperature
significantly reduced the MP contamination in the deposit. The arc was contained
in the stainless steel chamber (Fig. 22.8) of above described system (b). A diffusion
pump, before arc ignition, pumped the chamber down to a pressure of 0.67 mPa.

Table 22.4 Measurement
data of the deposition rate on
stainless steel substrates

I (A) �ms (mg) �ts (s), shutter
closed/open

Vdep (μm/min)

175 7.5 0/60 2.11

175 1.6 60/15 1.8

175 3.5 60/30 1.97

250 5.3 0/80 2.3

340 2.2 60/15 2.5
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During the arc, the pressure in the chamber increased to about 13 mPa. The arcs
were operated at currents of I = 150–300 A for periods up to 190 s. The cathode–
anode assembly is shown schematically in Fig. 22.9. The arc was sustained between
a 30-mm-diameter cylindrical, water-cooled, copper cathode and a 32-mm-diameter,
30-mm-length tungsten anode. Two Mo cylindrical radiation shields, 60 and 70 mm
diameter, surrounded the anode to reduce radiative heat losses. The cathode was
surrounded by Mo shield with diameter of 50 mm (Fig. 22.9), whose position deter-
mines location of the boundary between regions on the substrate with small (“A”)
and high (“C”) MP contamination. The interelectrode gap h was set to 5 or 10 mm.

The substrates for deposition were 75 × 26 mm2 glass microscope slides. The
slides were mounted on a water-cooled holder, located at distances of L = 80–
165 mm from the electrode axis. AMo shutter was used to control the exposure time
of the substrate to the plasma. The film thickness (H) distribution was measured in
the A-region by profilometry along the y-axis (in the substrate plane, perpendicular
to the C–A boundary, for each value of L as shown in Fig. 22.11). Film thickness
distributions H(y) were determined for L = 90, 110, 140, and 165 mm, h = 10 mm,
I = 200 A for different L. It was observed that (1) the thickness was maximal at
y = 0, (2) the film thickness decreased with L, and (3) thickness distribution was
more uniform with larger L. The film uniformity was characterized by the non-
uniformity coefficient kn-u representing an average rate of thickness variation with y:
kn-u = <�H/(H�y)> × 100%/cm. The estimations showed that kn-u decreased from
~50%/cm at L = 90 mm to more uniform distribution after 140 mm reaching about
10%/cm at L = 165 mm.

Deposition rate. The temporal evolution of the deposition rate at y = 0 (see
Fig. 22.11) is presented in Fig. 22.31 for h = 10 mm, L = 80 mm, I = 200 A. The
deposition rate Vdep was determined from the film thickness measured after 15, 45,
60, 90, and 120 s deposition times beginning from arc ignition. V dep was determined
as the ratio between the incremental film thickness growth ΔH in an incremental
deposition time divided by differences of deposition times Δt, i.e., V dep= ΔH/Δt. It

Fig. 22.31 Deposition rate
versus of arc time (L =
80 mm, I = 200 A, h =
10 mm, y = 0)
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can be seen that the deposition rate started from~0.5μm/min in the initial stage of the
arc and reached a steady state of ~2 μm/min in the developed HRAVA (≥70–80 s).
About the same value (~2μm/min) was found previously with aMo anode [99]. V dep

in steady state was also determined in experiments, where substrates were coated for
15–25 s beginning 60 s after arc initiation, and the subsequent film thickness was
divided by the exposure time. Steady-state V dep increased almost proportionally to
the arc current, from 2μm/min at I = 200A to 3.6μm/min at I = 300A (h = 10mm,
L = 80 mm and y = 0). With L increasing from 80 to 110 mm, the steady-state Vdep

decreased from ~3.6 to ~2.0 μm/min for I = 300 A.
MP contaminations were determined by two characteristics: (1) the MP size

distribution function (number of MPs per μm diameter (D) and per Coulomb charge
transfer in the arc per mm cylindrical height like to MP size distribution function
presented by Daalder [43]), and (2) the total MP flux density (the average number of
MPs per mm2 per minute). The MP size distribution functions for a Mo anode [90]
and for the W anode [101] were obtained previously and are presented in Ch. 9. The
MPnumber decreasedwith theMPdiameter andwas slightly lowerwith theWanode
than with the Mo anode. MPs with diameters more than 20 μmwere not observed. It
was observed that MP flux density in the A-region decreased approximately linearly
with the arc current and reached ~3 mm−2 min−1 for I = 300 A.

Cathode erosion rate. The cathode mass loss was determined in two experimental
series. In first series, the cathode mass loss, measured after running a 175 A arc for
390 s and a 250 A arc for 360 s, was �mc = 17.5 g. In second series, the cathode
mass loss, measured after running a 175 A arc for 1055 s, was �mc= 18.7 g. The
cathode erosion rate, defined as the cathode mass loss �mc divided by the charge
transfer, was thus G = 110 μg/C in first and 101 μg/C in the second series.

22.5.2.2 VABBA Copper Thin Film Deposition

Experiments were conducted in stainless steel vacuum chamber (Fig. 22.8) of above
described system (b) that was diffusion pumped to a vacuum of about 0.67 mPa
(5μTorr) before arc ignition and about 13mPa (0.1mTorr) due to outgassing pressure
rise during arcing. The arcs were operated at a current of I = 200 A for a one hole
(OH) and for frontal shower (FS) anodes and I = 150–275 A for a radial shower
(RS) anode and these anode configurations described above.

The VABBA configuration, with a cylindrical shower-head anode, is shown
schematically in Fig. 22.10. The arc was sustained between the 30-mm-diameter
water-cooled Cu cathode and a 50-mm-diameter refractory W or Ta anode. The gap
between the front cathode surface and inner anode surface was about h = 10 mm.
The arc was triggered by explosion a Cu wire placed between the cathode and anode.
In the FS configuration, plasma was ejected through an array of 250 holes of 0.6 mm
diameter for Ta and 1 mm diameter for W anodes. In OH anode, the diameter of
the single aperture in the center was 4 mm. The RS anode had 230 holes of 0.8 mm
diameter arranged on the lateral side of a W anode. The close of the interelectrode
volume was completed with a boron nitride insulating ring. Figure 22.32 shows a
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Fig. 22.32 Photograph of the Ta shower-head cap-shaped anode with 0.6 mm diameters of 250
holes

photograph of the Ta FS anode.
The substrates were 75 × 25 × 1 mm glass microscope slides. In addition, a

185-mm-diameter glass disk substrate was used to deposition on large distances.
The substrate was shielded from the depositing flux by a shutter, which was opened
for 15 s (exposure time) at all different times after arc ignition. For RS anode, the
substrates were located on cylindrical holder with radius of 190 mm. The distance
between anode lateral surface with perforation and glass substrate was L = 70 mm.

The deposited during 15 s films were observed by an optical microscope, and
XRD analysis was conducted. SEM images were obtained using Quanta 200 FEG
Environmental Scanning Electron microscopy. The images of the plasma plume and
the hot anode were recorded with a digital camera. Cathode erosion was determined
by weighting it before and after several arcs with known duration and arc current.

Results. The anode temperature increasing was observed by changing the anode
color from black to red and then to white. Partially it is demonstrated in Fig. 22.33 for
VABBA with one-hole Ta anode and with W shower anode. When the shower anode

Fig. 22.33 Photographs of a Cu plasma jet ejected from a one-hole Ta anode, cold (left) and hot
(middle), and from a W frontal shower anode (right), at indicated times after arc ignition
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Fig. 22.34 Frontal shower anode deposition rate with distance L as a parameter Ta-06mm holes
diameter, I = 200 A)

reached white color, the blue plasma already difficult seen due to large brightness
area for shower anode. Thus, when the arc was ignited, cathode plasma heated the
anode and it relatively high temperature was reached with arc time [118]. In the
case of Cu films, a few MPs can be observed when the arc time was lower than
40–60 s while at larger arc time >60 s, the deposited films were practically without
MPs. Below the maximal thicknesses (in the substrate center) was used for rate of
deposition calculation.

VABBA with FS anode. The time-dependent Cu deposition rate using the Ta FS
is shown in Fig. 22.34. The measurements were conducted at arc current I = 200 A
with anode-to-substrate distances of L = 65, 80, 100, 120, and 180mm. It can be seen
that V dep increased with time to a peak, and then decreased to a mostly steady state.
The time width of the peaks was larger for larger L and was weak for L ≥ 120 mm.
At relatively large distance (L = 180 mm) V dep increased from about 0.08 μm/min
at 35 s to 0.24 μm/min at 45-60 s, and further decreased to 0.16 μm/min at 105 s.

At L = 80, 100, 120 mm the peak of V dep was about 0.65–0.55 μm/min (but
with different duration), and at L = 65 mm was 0.8 μm/min. V dep decreased to its
steady state of about 0.28, 0.3, 0.32, 0.36 μm/min at L of 120, 100, 80 and 65 mm
respectively. Figure 22.35 presents the deposition rate with the W FS anode as a
function of time from arc ignition before plasma exposure. These experiments were
conducted at I = 200 A with the anode-to-substrate distance L = 80 and 120 mm.
When the substratewas placed at distance from the anode frontal surfaceL =120mm,
the deposition rate increased with time after arc ignition from 0.4μm/min at t = 30 s
to maximal V dep = 3.12 μm/min and at Ls = 80 mm increased from 1.48 μm/min at
t = 30 s to maximal to V dep = 3.6 μm/min. The maximal deposition rate occurred
at 75 s for both substrate distances.
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The next experiment with FS W (1 mm) anode shows the VABBA thin film
deposition on relatively large substrates and at large distances. The deposition with
I = 200 A was done at Ls = 280 mm with 15 s substrate exposition and at 70 s after
arc ignition.

The deposition rate profile on substrate of 185mmdiameter glass disk is presented
in Fig. 22.36. The maximal V dep= 0.47 μm/min was at the substrate center and then
decreased to about 0.3 μm/min at 30-40 mm and then weakly changed up to a radius
of 80 mm of the disk substrate.
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Fig. 22.37 One-hole anode deposition rate with distance L as a parameter (W—4 mm holes, I =
200 A)

VABBA with OH anode. The deposition rate from OH (W-4 mm) anode is shown
in Fig. 22.37 for I = 200 A and Ls= 30, 40, and 50 mm. The deposition rate had
peaks of about 0.6, 1.2, and 1.7 μm/min for Ls= 50, 40, and 30 mm, respectively.
After about 90 s of arcing, V dep decreased to its steady state value of 0.4, 0.6, and
0.9 μm/min for Ls= 50, 40, and 30 mm, respectively.

VABBA with RS anode. Experiments using the RS anode were conducted to
determine the possibility of its application for deposition on the inside surface of
hollow objects (e.g., inner surface of tubes). Arc current was I = 175 A, and the film
was deposited at L = 70 mm without any shutter for 90 s. The deposition thickness
wasmostly equally relatively to different substrate locations, withmaximumof about
0.22 μm at the center of the substrates (corresponds to the central circumference of
perforated lateral anode surface) and decreasing to about 0.07 μm at the substrate
(specified as 70mm) periphery. Figure 22.38 presents themeasured time dependence
of RS deposition rate with arc current as a parameter. For all arc currents considered,
there were peaks in the deposition rate with values of about 0.2, 0.3, 0.47, 0.64, 0.8,
and 1 μm/min for I = 150, 175, 200, 225, 250, and 275 A, respectively. The peak
time decreased from about 70 s for I = 150 A to 25 s for I = 275 A. After the peak,
the deposition rate declined to mostly a steady-state values depended on arc current
in range 200–275 A. For 175 and 150 A arcs, the deposition rates continue weakly
decrease from their relatively low peaks.

The XRD pattern is obtained for Cu thin film deposited with the FS Ta anode,
I = 200 A, L = 100 mm, and with an exposure time of 20 s beginning 60 s
after arc initiation. Only polycrystalline Cu was detected, and the grain size was
30 nm. Figure 22.39 shows an SEM image of this Cu film. Optical microscopy of
the deposited film shows that rarefied MPs were deposited for times 30–60 s, while
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Fig. 22.38 Radial shower anode deposition rate with arc current as a parameter (W—0.8 mm, Ls
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Fig. 22.39 SEM image of a Cu thin film, Ta (0.6 mm) anode, I = 200 A, Ls = 100 mm, 60 s shutter
was closed and deposition time was 20 s (shutter was opened)

at more than 60 s after arc ignition, no MPs were detected anywhere on the substrate
area (25 × 75 mm2).

Cathode erosion was found to be about 26, 43, and 55 μg/C for the FS, RS, and
OH anodes respectively. This is lower than in a normal cathodic arc configuration
having a freely expanding arc plasma jet (~100 μg/C) and in HRAVA electrode
configuration [119]. The relatively low cathode erosion rate was possible due to
large plasma back flux to the cathode reflected from the hot anode in the closed
electrode assembly. This result indicates larger VABBA deposition efficiency using
the cathode erosion material comparing to the erosion rate for vacuum arc with open
electrode configuration.
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The peak appearance in theV dep dependence on arc timewas possibly due toMP’s
contamination in the cathode plasma flux, which was deposited on the cold anode
at the initial stage of VABBA deposition re-evaporated when the anode was suffi-
ciently hot producing the additional plasma contribution. Larger W anode aperture
diameter significantly increased the film deposition rate that was demonstrated by
the result obtained from W (1 mm) shower anode in comparison with also refractory
Ta (0.6 mm) cathode reaching relatively large rate of 3.6μm/min at L = 80mm. This
conclusion based on the assumption that the temperature reached sufficiently high
for both refractory anodes (W and Ta) to completely cathode material re-evaporation
from the anodes.

The VABBA demonstrated that the plasma plume expansion from radial electrode
configuration can be used for thin film deposition on an internal tube surfaces with
a large deposition rate (about 1 μm/min with I ≥ 275 A). Also at large substrate
distances from the frontal surface and at large substrate (~160 mm diameter), the
metallization can be produced with rate of ~0.3 μm/min at relatively large distance
~280 mm. The deposition uniformity can be improved using rotating tube.

22.5.2.3 Cu Filling Trenches in a Silicon Wafer

Thin metallic films are extensively used in microelectronics. One of the important
steps in integrated circuit (IC) manufacturing is the production of metal connections
betweendifferent parts of the circuit [120]. For example, submicronhigh conductivity
interconnects are a limiting factor in further miniaturization of ultra-large-scale inte-
grated circuits (ULSI). These connections are in the form of trenches or vias etched
in dielectric material. It is required to fill them with metal completely. Usually, Al
was commonly used as an interconnect material. Recently, a preferred material for
ULSI metallization is copper due to its high conductivity and better electro migration
reliability [121].

Several processes have been demonstrated to deposit Cu into vias and trenches.
CVD [122], with a typical deposition rate less than 100 nm/min, electrochemical
plating [123] and electroless plating methods [124, 125] with typical deposition
rates of about 150 nm/min and physical vapor deposition (PVD), e.g., based on
thermal evaporation and sputtering, which produce mostly neutral particles [119].
Another approach, ionized physical vapor deposition (I-PVD) [126] techniques, was
developed from conventional sputtering and has a typical deposition rate of about
200 nm/min [9]. The main disadvantages of the PVD processes are relatively low
deposition rate, and high sidewall and low bottom deposition, creating a void. The
main disadvantage of the electrochemical and electroless processes is that plating
baths must be disposed, posing both practical and environmental concerns.

The main disadvantage of using cathodic vacuum arc plasma is the presence of
droplets, known as macroparticles (MPs), which also generated from the cathode
spot. Several techniques for eliminating or reducing the MP density in the coating
are used [6, 55, 127], but generally have poor material utilization or pulse vacuum
arc. The radially expanding anodic plasma in a HRAVA can be used to produce
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mostly MP-free metallic coatings with deposition rates of up to 2 μm/min [89, 90].
In this section, the trench filling using the HRAVA is demonstrated.

Cathode–anode assembly The arcs were conducted in a stainless steel chamber
(Fig. 22.8) of system (b). A diffusion pump before arc initiation pumped the chamber
down to a pressure of 0.67 mPa. The experimental system is shown schematically
in (Fig. 22.10). During the arc, the chamber pressure increased to approximately
13 mPa. An arc current of 200 Awas applied for a period of 180 s between a 30-mm-
diameter cylindrical, water-cooled, Cu cathode and a W anode, 32 mm in diameter
and 30 mm in length. The arc was initiated by momentarily touching the cathode
with a trigger electrode, electrically attached to the anode through a current-limiting
resistor. The anode was supported on a thin W rod that also connected it to the
electrical circuit. A molybdenum shield surrounded the cathode, 40 mm in diameter,
placed flush with the cathode surface. The interelectrode gap was approximately
10 mm.

The substrate was a silicon wafer with a top layer of 1.2 μm thick SiO2, in which
trenches of 300 nm depth andwidths down to 100 nmwere etched. The wafer was cut
into samples with areas of approximately 10×10 mm2. The substrates were mounted
on a holder, which allowed orienting the substrate perpendicularly face the plasma
flux emanating from the interelectrode gap in the anode region [90]. The substrates
were located at a distance L from the electrode axis, which was varied from 74 to
125 mm.

The substrate consisted of twomain layers, a top SiO2 layer facing the plasma flux
and a bulk silicon layer to which bias voltage was connected. As the top SiO2 layer
was an insulator, applying a DC bias via the substrate does not affect the potential
of the surface exposed to the plasma, and hence does not influence the energy of
the incoming ions. Barnat et al. [10, 128] studied the influence of pulsed bias to
eliminate surface charging, in order to deliver an approximately mono-energetic ion
flux while varying the pulse width. It was shown that for bias a voltage of −100 V,
pulse frequencies between 0.1 and 1000 kHz and a duty cycle of 70–90%, the average
surface potential of the insulating substrate was minimized to within about 1–5% in
a frequency range of 50–90 kHz.

In the considered work, Cu deposition with a HRAVA system using conditions
close to the optimum found by Barnat et al. [10, 127] was studied. Specifically, in
this case a bias voltage of -100 V a duty cycle of 80% and pulse frequency of 60 kHz
were used. In order to best utilize the HRAVA properties, the substrate was isolated
from the particle flux by a shutter during the first 60 s after arc initiation in order to
allow the HRAVA mode to be established [90], and thus producing MP-free plasma
and the highest deposition rate.

The deposited films were examined [129] using a high-resolution scanning elec-
tron microscope (HRSEM). The cross section of the deposited substrates was exam-
ined after cleaving the substrate, to determine fill quality, film thickness, and deposi-
tion rate. The sheet resistance was measured on the top surface of the coating using a
Signatone S-301-6 manual four-point probe, with a 62085TRS head. The resistivity
was calculated based on the film thickness measured with HRSEM in flat regions,
i.e., without trenches. An X-ray diffractometer equipped with Cu–Kα radiation (λ
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= 1.5406 Å) in Bragg geometry was used to analyze the structure of the deposited
films.

Results. TheHRAVA-deposited films indicate aCu-deposited substratewith a row
of successfully filled trenches. A bias amplitude of 100 V, 60 kHz bias frequency,
duty cycles of 80 at a distance of about 110 mm from the electrode axis was applied
for aspect ratios of 0.5, 1, 1.5, and 3 trenches. The exposure time to the plasma of
2 min. The narrowest trenches were 100 nm wide and 300 nm deep (aspect ratio of
3). Figure 22.40 shows the cross-sectional microstructure of deposition.

The deposition rate dependence on the distance L of the substrate from the arc
axis is presented in Fig. 22.41. It can be seen that the deposition rate decreased
with distance. The film thickness was in range from 350 to 850 nm. The maximum
deposition rate was 425 nm/min. Figure 22.42 shows the dependence of average
resistivity of the deposited films versus distance from the electrode axis. The films
were deposited using a bias voltage amplitude of −100 V, duty cycle of 80%, and
frequency of 60 kHz. The resistivity decreased with decreasing distance. At the
distance of 55 mm, the resistivity decreased to a value of 1.72 μ� cm, while the
intrinsic resistivity of copper is 1.67 μ� cm.

The average resistivity increased with distance from the electrode gap axis. This
may be caused by lower plasma density and lower heat flux density at the substrate
with the lower deposition rate at the increased distance, due to radial plasma expan-
sion [11]. With increased distance, a smaller part of the emitting flux will reach the
substrate, thus reducing the plasma density and the substrate temperature, and as
consequence the defect density and microstructure of the film are affected [130].

It was found that the trenches were always completely filled using 80%duty cycle.
With duty cycles about 50%, some of the trenches were filled and some were not.

Fig. 22.40 Trench depth 300 nm, widths 600, 100, and 200 nm. Deposition time—2 min, arc
current 200 A, L = 110 mm, pulsed bias of −100 V, 60 kHz and 80% duty cycle
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Fig. 22.41 Deposition rate
versus distance from the
electrode axis, bias voltage:
−100 V, 80% duty cycle,
60 kHz. The dashed curve is
a fourth-order fit to the
experimental data
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Fig. 22.42 Average
resistivity and deposition
rate of the deposited films,
using a pulsed bias voltage
of 100 V, with a frequency of
60 kHz and a duty cycle of
80%
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The observed films on the overlying flat surfaces and partially filled wide trenches
had the same average grain size, 45 nm. Figure 22.43 shows a typical XRD pattern,
showing strong (111) texture—the intensity ratio between the (111) and (200) planes
was 3.4.

The deposited film texture depends on the deposition processes. Typically, the
Cu film texture is (111) and (200) [121]. In our case, (111) and (200) texturing was
observed in the deposited Cu films, and the diffraction peaks at 2α = 43.3° and 50.4°
were assigned to the (111) and (200) reflection of Cu. The ratio between (111) and
(200) is more than twice stronger than that ratio (about 1.5) according to the standard
random sample (JCPDS card no. 04-0836). This is important and beneficial for circuit
lifetime because (111)-oriented Cu films have better electromigration reliability than
(200) oriented films [131].
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Fig. 22.43 Typical XRD
pattern of the deposited film
(figure taken from [129].
Used with permission)

The obtained result confirmed the validity of our initial selection of the bias
parameters. As discussed by Barnat et al. [126], the charging effect depends on the
bias voltage, the structure of the substrate and on the plasma parameters—especially
the plasma density. The values of first two parameters were close in our experiment
and in Barnat’s. The plasma density near the substrate in our case was about 1011

cm−3, and it is in the 1010–1012 cm−3 range inBarnat’swork [127]. Therefore, despite
the difference in the systems, the experimental results show that in both cases, pulsed
bias was effective for biasing the surface of insulating SiO2 top layers facilitating
metal deposition. Themuch higher deposition rates in theHRAVAsystemare because
in the case of magnetron sputtering, the plasma consisted of Ar ions, which do not
condense and form a metal film, while the HRAVA plasma was composed of Cu,
which condenses on the substrate and forms a metal film.

22.5.2.4 Chrome and Titanium Thin Films

Vacuum Chambers and Electrodes. Cr and Ti HRAVAs were studied in separate
stainless steel chambers of systems: (a) 400 mm length, 160 mm diameter and (b)
530 mm length and 400 mm diameter, respectively. The cathode–anode assembly
was mounted in the chambers as shown schematically in Fig. 22.9. The chambers
were diffusion pumped down to pressures of (a) 2.6 mPa and (b) 0.67 mPa before arc
ignition. During the arc, the pressure in the chamber increased to about (a) 26 mPa
or (b) 13 mPa. The arcs were operated at currents of I = 200–300 A for periods up to
120 s. The anode was grounded, and the chamber was floating. Both the water cooled
cathode and the anode were surrounded by Mo shields. The anode shield reduced
radiative heat loss from the side of the anode. The electrode and shield dimensions,
as well as the chamber differed according to the cathode material, as detailed in
Table 22.5 [103]. The interelectrode gap was h = 10 mm in all experiments. The
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Table 22.5 Systems type and
dimensions of electrodes and
shields [103]

Cathode Cr Ti

Systems a b

Cathode diameter (mm) 30 60

Cathode height (mm) 20 25

Cathode shield diameter (mm) 50 70

Anode diameter (mm) 32 60

Anode height (mm) 30 1.5

Anode shield diameters (mm) 60, 70 None

cathode shield prevented the MPs emitted from the cathode spots from reaching the
“A region” of the substrate. The cathode shield position determined the location of
the boundary, designated as y = 0 (Fig. 22.11), between regions on the substrate
with low and high MP contamination, designated as the anodic (A) and cathodic (C)
regions, respectively.

The substrates were 75 × 26 mm2 glass microscope slides. The slides were
mounted on a water-cooled holder, located at distances of L = 80–145 mm from
the electrode axis. MP flux was determined using an optical microscope equipped
with a digital camera. MPs with diameters > 3μm were counted at y = ~5 mm in
the A-region on substrates exposed to the plasma for a 30 s deposition time starting
60 s after arc ignition. The film thickness (H) was measured by profilometry.

The thickness growth (ΔH) was determined between times 0–15, 15–30, 30–45,
45–60, 60–5, 75–90, 90–105, and 105–120 s from arc ignition. The arc current was
varied as I = 200, 250 and 300 A. Film thickness growth was measured as a function
of distance from the electrode axis for the Ti and Cr cathodes for I = 200 A and L
= 80, 100, 115, 130 and 145 mm.

Results Deposition rate. The temporal evolution of the deposition rate V dep is
presented in Fig. 22.44. For Cr with L = 80 mm, and in Fig. 22.45 for Ti with L

Fig. 22.44 Temporal
evolution of the deposition
rate at L = 80 mm for Cr (I
= 200, 250 and 300 A). The
curve for Cu (I = 200 A)
from [102] is presented to
comparison
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= 100 mm, with I = 200, 250, and 300 A as a parameter. It can be seen that the
deposition rate for Cr with I = 300Awas ~0.4μm/min at ~15 s after arc ignition, and
reached a steady-state level of ~1.4μm/min in the developedHRAVA, approximately
after 60–70 s from arc ignition. It was observed that the deposition rate increased
with arc current. For comparison, the temporal evolution of the deposition rate for
Cu (I = 200 A) was also presented in Fig. 22.44. It can be seen that V dep for Cu
significantly exceeds the deposition rate for Cr after 45 s of arc operation.

For Ti with I = 300 A (Fig. 22.45), the deposition rate was ~0.54 μm/min ~20 s
after arc ignition and reached a steady state of ~1.8μm/min in the developedHRAVA
stage. The dependence of steady-state deposition rate versus distance for Ti and Cr
cathodes with I = 200 A is shown in Fig. 22.46. The deposition rate decreased with

Fig. 22.45 Temporal
evolution of the deposition
rate for Ti (L = 100 mm, I =
200, 250, and 300 A)
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Fig. 22.46 Dependence of
the steady-state deposition
rate versus distance for Ti
and Cr cathodes (I = 200 A)
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Fig. 22.47 HRAVA titanium
nitride deposition as
dependence on arc current
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distance approximately as L−2. With L increasing from 100 to 145 mm, the steady-
state deposition rate V dep decreased from ~0.88 to ~0.38 μm/min for the Ti cathode
and from about 0.7 to 0.21 μm/min for the Cr cathode.

The deposition rate increased with arc current because the total cathode mass
erosion increases as GI, where G (μg/C) is the total cathode erosion coefficient. The
deposition rates for Cr and Ti cathodes are close to each other because they have
close values of G (Cr-40 μg/C, Ti G = 50 μg/C) [6]. In contrast, G for Cu is 2.5–3
times larger, 100–130μg/C [6], and hence the previously determined deposition rate
for Cu was larger (e.g., for I = 300 A, 3.6 μm/min [101]), compared to 1.4 μm/min
(Fig. 22.44.) for Cr and 1.8 μm/min (Fig. 22.45) for Ti.

TiN deposition. The position was conducted with tungsten anode of 60 mm. Ti
cathode of 60mmwas recessed 1mm into shieldwhen it was used. The distance from
electrode axis was L = 100mm and gap distance h 10 and 15mm. The pressure of N2

was varied reaching optimal result at ~30 mTorr. Figure 22.47 shows the dependence
of deposition rate V dep on arc current at 60 s of arc duration at open shutter and at
60 s closed shutter with deposition with15 s exposition for N2 pressure 30 mTorr.
The V dep decreased from 0.55 to 0.1 μm/min when pressure increased to 200 mTorr
and weakly depends on h.

Macroparticle contamination. The MP flux density in the A-region decreased
approximately linearly with the arc current and reached ~1 mm−2 min−1 for I =
300 A (Chap. 9). The MP flux density for the considered arc currents was larger for
Ti, on the order of 10 mm−2 min−1. MPs with diameters more than 20 μm were not
observed.

The electrode geometry used with the Cr cathode was chosen to be this same that
used previously for Cu cathode experiments. In contrast, larger electrode diameters
were chosen for Ti to allow for effective water cooling of the cathode, because of the
poor thermal conductivity of Ti. Accordingly, for Ti, the minimum L was selected
to be 100 mm. The larger electrode diameters in this case produced a lower plasma
density and a lower anode temperature for a given arc current, and therefore, MP
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flux density was larger for Ti than for Cr. The Ti cathode will be investigated with I
> 350 A in the future.

22.5.3 Advances Deposition of Refractory Materials
with Vacuum Arcs Refractory Anode

In general, the cathode spot is particularly suitable for generating plasma comprised
of refractory metallic elements (i.e., with high melting temperatures and low equi-
librium vapor pressure), such as W, Nb, C, Ti, Zr, and Ta. In some applications,
such metals requested to be deposited as thin films and coatings. Refractory films
have been used for investigating arcing in tokamaks (on tungsten coated graphite)
[132], reaction of Ti, Nb, W, Zr, and Mo films (deposited by rf sputtering) with
Al2O3 (motivated by microelectronics applications) [133], and properties of metal
containing diamond-like carbon coatings [(Ti, Nb,W)-DLC] deposited bymagnetron
sputtering [134]. Hoffman and Thornton [135] presented data for up to 0.3 μm thick
sputtered onto glass substrates at a nominal deposition rate of 1 nm/s over the pres-
sure range 0.067–4.0 Pa of argon. Lia et al. [136] reported on CVD carbon growth.
Girginov et al. [137] reported electrodeposition of refractory metals (Ti, Zr, Nb, Ta).
Pogrebnyak et al. [138] fabricated new nanocomposite (Ti Zr Hf V Nb)N coatings
using vacuum arc deposition. Thus, while refractory metal films were deposited by
several methods with low rate of deposition, it is important investigate a possibility
of the deposition method from a vacuum arc with a refractory anode. The present
section shows the deposition rate of W, Nb and Mo films with HRAVA and VABBA
electrode configurations [104].

The VABBA electrode configuration is shown schematically in Fig. 22.9. The
cathode–anode distance was h = 10 mm. The aperture diameters were 1 mm (250
holes) and 1.5 mm (113 holes) for W and Nb anodes, respectively, and one hole of
4 mm diameter for Ta anode. The front wall thickness (with aperture) of the anodes
was 8 mm. The HRAVA electrode configuration with h = 7 mm, L = 110 mm
(except Zr cathode, h = 10 mm, L = 125 mm) is shown schematically in Fig. 22.10.
The cathodes were mainly water cooled. In the HRAVA configuration, the anode
was surrounded by Mo shields, which reduced radiative heat loss from the side of
the anode. A long-duration arc was ignited between the cathode and anode, which
were both fabricated from refractory materials. The characteristics of electrode pair
configurations are summarized in Table 22.6.

The substrates were 75 × 25 × 1 mm glass microscope slides. Also a 185-mm-
diameter glass disk substrate was used for deposition at large distances from the
electrodes. They were pre-cleaned with detergent and alcohol and placed at different
distances L from the VABBA anode surface (Fig. 22.10) and at L = 110mm from the
arc axis in the HRAVA configuration (Fig. 22.9). The substrate was shielded from the
depositing plasma flux by a shutter, which was opened for an exposure time of 15 s at
various times after arc ignition. The deposition rate Vdep was determined by dividing
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Table 22.6 Electrode materials and pair electrode configurations [105]

Number Electrode configurations

Cathode Anode Cathode Anode

(1) (I) HRAVA, cathode not water cooled (II) HRAVA, cathode not water cooled

Zr 60 mm diam W 60 mm diam W 32 mm diam W 32 mm diam

Cylindrical electrodes. The pressure
was 26 mPa (0.2 mTorr) during
arcing.

Cylindrical electrodes. The
pressure was 78–104 mPa
(0.6–0.8 mTorr) during arcing. h
= 6 mm, L = 110 mm

(5)

(I) HRAVA, water-cooled cathode. (II) VABBA, water-cooled cathode

(2) Mo 32 mm diam Mo 32 mm diam Nb, W 32 mm
diam

Ta, W 50 mm
diam

The pressure—0.013 mPa and
0.01 mTorr during arcing

Cylindrical electrodes. The pressure
was 78–104 mPa and 0.6–0.8 mTorr
during arcing.

W shower-head anode,
250 holes, 0.85 mm diameter
with W cathode

(6)

(3) Nb 32 mm diam W 32 mm diam W shower-head anode,
250 holes, 1 mm diameter with
Nb cathode

(7)

Cylindrical electrodes. The pressure
was 26 mPa (0.2 mTorr) during arcing

Ta one-hole 4-mm-diam cup
anode

(8)

(4) W 32 mm diam W 32 mm diam Nb 32 mm
diam

Nb 32 mm
diam

Cylindrical electrodes. The pressure
was 26 mPa (0.2 mTorr) during arcing

Nb shower-head anode with 113
holes of 1.5 mm diameter

(9)

the film thickness by the exposure time. HRSEM images were obtained using JEOL
JSM-6700F high-resolution scanning electron microscopy.

Results. A photograph of Mo and Nb films obtained using Mo and W anodes,
respectively, deposited with configuration (I) with a 200 A arc and L = 110 mm is
shown in Fig. 22.48. As can be seen, both films had a mirror-like finish, as seen by
the reflection of a fluorescent lamp. It should be noted that the anodes worked with
different refractory cathodes were clean after 20–30 s of arcing.

Mo Nb

Fig. 22.48 Photograph of Mo and Nb films obtained using configuration a with a 200 A arc, L =
110 mm
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Fig. 22.49 Water-cooled
Mo cathode-Mo anode.
Deposition rate as function
of current, at distance L =
100 cm, for arc time before
deposition 60 s, with h =
7 mm (configuration 2 in
Table 22.6)
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Below, the maximal deposition rate is presented for the VABBA, in the center
of the substrate, and for the HRAVA, at side deposited from the anode plasma. For
the VABBA, the thickness was parabolic distributed like shown for Cu in [103]. In
the HRAVA, the thickness was slightly decreased from anode to the cathode side.
In a previous Cu deposition experiment, a sharp boundary between an anode and a
cathode deposition region (Fig. 22.11, A andC regions) was observed for theHRAVA
[8].

In contrast, however, the present refractory films had no such sharp boundary (see
Fig. 22.48). Here the thickness distribution along the substrate was not measured.
Such similar distributions can be observed considering the results for Cu by VABBA
[103] and for Sn by HRAVA in [98] depositions.

Tungsten film deposition rate as function of arc current with a W shower-head
anode, 0.85 mm hole diameter, for arc time before deposition 100 s, (configuration 6
from Table 22.6). Figure 22.49 shows molybdenum and tungsten deposition rate at
200 A. The measured V dep was 0.8 μm/min. A water-cooled Mo cathode-Mo anode
was used to deposit aMo film using system (I)-HRAVA, h = 7mm (configuration (2)
in Table 22.6). The deposition rate sharply increased when the arc current exceeds
225 A and reached about 2.2 μm/min at 275 A and L = 100 mm. V dep increased up
to 0.7 μm/min after 60 s of arcing. Tungsten film deposition with a W head shower
anode (with 0.85 mm holes) as a function of I at L = 60 mm and 100 s is presented
for configuration (6) from Table 22.6. In this case, V dep reached 0.6 μm/min.

The Zr film produced using system (I), configuration (1) in Table 22.6, was
deposited at L = 110 mm and 90 s after arc ignition with 15 s exposure time,
arc current 200 A and h = 10 mm. The measured V dep was 0.8 μm/min. The time
dependences of Nb and W film deposition rates with HRAVA configurations (3) and
(4), respectively, from Table 22.6 are presented in Fig. 22.50. V dep sharply increased
after1 min forW up to ~1μm/min. The dependence of V dep on time after arc ignition
for W films deposited using configuration (5) from Table 22.6 with two cylindrical
W electrodes, L = 60 mm, and h = 8 mm is shown in Fig. 22.51.

Figure 22.52 presents the VABBANb film deposition rate at 30 s after arc ignition
as a function of arc current using anode configurations (7)–(9) of Table 22.6. V dep

increased with arc current for all anode types. With the W shower-head anode, when
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Fig. 22.50 Nb
(configuration 3) and W
(configuration 4) HRAVA
deposition rates as functions
of time
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Fig. 22.51 W deposition
rate as a function of time
after arc ignition by both
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Fig. 22.53 HRSEM images of the films deposited with Mo (HRAVA, (2), 200 A), Nb (VABBA,
(9), 325 A), and W (HRAVA, (5), 225 A)

arc current increased from 200 to 275 A V dep increased from 0.13 to 0.3 μm/min.
When the distance to the substrate decreased from 100 to 80 mm, V dep increased
from 0.15 to 0.3 μm/min. When arc current increased from 150 to 225 A for one-
hole Ta anode V dep increased from 0.05 to 0,25 μm/min. The HRAVA Nb film
deposition rate as a function of arc current was also presented for comparison. It
was significantly larger than the VABBA deposition rate with all other conditions the
same. Generally, noMPswere observed in theVABBA-deposited films. Figure 22.53
shows HRSEM images of Mo, Nb, and W films. Only a few MPs were observed in
the HRAVA-deposited films on the anode side.

In general, the above results show that the refractory material (W, Nb, Mo) film
deposition rates were lower than previously obtained for Cu, Cr, or Al deposi-
tion [8]. This is due to the relatively low rate of evaporation from the refractory
cathode. In addition, the overall feature of the deposition indicates a relatively good
re-evaporation from the hot anode of the previously condensed cathode material. It
might be explained by very low adhesion on the hot surface, which increases during
the anode heating with arcing time [139]. The relatively lower MP contamination in
the deposited films was due to lowMP generation show for high melting temperature
and low vapor pressure cathode materials [9].

The deposition rate strongly depends on the electrode configuration and distance
to the substrate due to strong expansion of the ejected plasma. V dep reached much
higher values with HRAVA (Figs. 22.49 and 22.50) than with VABBA (Figs. 22.51
and 22.52). This is because the plasma expansionwas relatively free in the planar disk
configuration comparing to the plasma ejection from the small apertures of mostly
closed discharge volume. However, the VABBA technique allows obtain mostly
total MPs conversion to the plasma state significantly increasing the performance
of the cathode erosion products. The obtained results demonstrated that mainly the
deposition rate from VABBA was influenced by the aperture sizes and distance to
the substrate (Nb deposition, Fig. 22.52).
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22.6 Comparison of Vacuum Arc Deposition System
with Other Deposition Systems

In this section, the main features of various deposition techniques are compared with
deposition using vacuum arc plasma source with refractory anode. Different aspects
including the system complexity and deposition rate are discussed.

22.6.1 Vacuum Arc Deposition System Compared to Non-arc
Deposition Systems

Conventional PVD includes evaporation and sputtering. In evaporation systems, the
source material is held in a crucible or hearth, which is heated resistively, induc-
tively, or by an electron beam (EB). The deposition rate is limited by the evaporation
rate of the source material. Usually, the source material is molten, requiring upward
orientation of the source. Large power supplies are required maintain refractory
deposition materials at sufficiently high temperatures to obtain a useful deposition
rate. The deposition is effective when the sample surface is normally oriented to the
vapor stream, which propagates in a straight line from the evaporation source. Conse-
quently, the coverage on vertical walls is poor. It is generally difficult to evaporate
alloys from a single source, if its various components have different vapor pressures.
The energy of the evaporated atoms is determined by the source surface temperature
and is relatively low. As a result, the coating density and adhesion are also low.

EBevaporation canhavedeposition rates in rangeof 0.1–100μm/minon relatively
cool substrates with very high material utilization efficiency. However, the hardware
is complex as radiation damage, and X-ray and secondary electron emission must be
addressed.

Magnetron sputtering (MS) can be conducted at lower substrate temperatures
comparing to other systems, but it leaves residual compressive stress in the film. In
MSsystems, the ions froma low-pressure glowdischarge bombard the target and eject
mostly neutral atoms. Conventional MS cannot fill vias and trenches—often voids
are formed due to the broad angular distribution of the sputtered atoms especially for
trenches with high aspect ratio [1, 9]. The deposition rate and deposition quality for
samples having surface structures were significantly improved by relatively complex
plasma-assisted IPVD or SSMD techniques [1, 30].

CVD, electroless and electroplating techniques have some advantages over PVD
technology. Highly conformal films can be deposited on very complex shaped
substrates. The gas composition or the substrate temperature can control CVD film
composition. However, in CVD, the film growth takes place at high temperatures,
and corrosive gaseous products may be formed and incorporated into the film. The
energy of the depositing atoms is low in chemical techniques. Film morphology,
texture, and other properties depend strongly on the deposition parameters. The Cu
film structure in electroplating has more randomly oriented grains than by MS PVD
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[54]. Electroplating baths must be disposed, posing both practical and environmental
concerns.

In comparison, theHRAVAdeposition system is relatively simpleworkingwithout
magnetic systems, plating baths, and complex power sources. A plasma source using
HRAVA or VABBA configurations generates highly energetic (~20 eV) and highly
ionized (~0.6) metallic plasma. The expanding plasma has potential to metallize
different substrate shapes including plane, bands, rings, and internal surfaces. High
deposition rates can be achieved, e.g., ~3.6 μm/min for Cu films. The deposition
rate obtained with various technologies is summarized in Table 22.7. It can be seen
that only by EB-PVD exceeds the HRAVA deposition rate. However, the apparatus is
complex, and the electrical power required to reach the cited deposition rate is much
larger (~100 kW) [73] than needed for HRAVA deposition (~6 kW). According to
Schultrich et al. [66], this advantage of EB-PVD is restricted by the negligible vapor
activation (low degree of ionization) in the conventional electron beam techniques
caused by the low interaction of high-energy electrons with the vapor.

22.6.2 Comparison with Other Vacuum Arc-Based
Deposition Systems

Two vacuum arc deposition systems using different techniques, filtered vacuum
arc deposition (FVAD) with a quarter-torus MP filter, and HRAVA, were directly
compared experimentally using I = 200 A, deposition time 120 s, and a Cu cathode
in both systems [101]. The deposited area, cathode utilization efficiency, thickness
deposition rate, mass deposition rate, ion flux fraction in the total depositing flux,
and MP contamination were compared. The HRAVA films were deposited on a
cylindrical region co-axial with the electrode axis with a characteristic area of S =
2πRΔh = 100 cm2,whereΔh = 2 cm is the characteristic half-width of the thickness
distribution in the axial direction. The mass deposition rate Δmtot was calculated by
integrating the measured film thickness on the whole deposited area. The mass depo-
sition in the FVAD system was calculated taking into account its axially symmetric
thickness distribution. The average cathode mass utilization efficiency f m was found
as the ratio between the total mass of the whole deposited film and the total mass
eroded from the cathode [101].

The measured HRAVA mass deposition rate (400 mg/min) was about 40 times
higher than for the FVAD system (9.5 mg/min), and the cathode mass utilization
efficiency f m for the HRAVA system was about 36% in comparison with 0.8% for
FVAD. The HRAVA coated a much larger substrate area than the FVAD system
(100 cm2 compared with 30 cm2), azimuthally uniform around the electrode axis
[101]. V dep was an order of magnitude greater by HRAVA deposition than by FVAD,
2.3 and 0.25 μm/min, respectively. In the FVAD system, the substrate is placed at a
relatively large distance from the cathode to reduceMPflux, resulting in considerable
plasma losses to the filter walls, as well as a bulky system. In the HRAVA system,
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Table 22.7 Characteristics of film and method deposition

Method Material Deposition rate
(μm/min)

Substrate
temperature (°C)

References

PVD (magnetron
sputtering)
Ionized physical
vapor deposition
High-power
impulse
magnetron
sputtering

Ti 0.017 25 Rossnagel [1]

Al on SiO2 0.01 25 Barnet [10]

Cu and Ti films By factor of 2
lower

– Helmersson [9]

AlOx from an Al By factor of 3–4
lower than with
DC sputtering

– Helmersson [9]

Self-sputtering
magnetron
deposition

Cu 2 25 Radsimski [11]

Cu on Si wafer 0.14 25 Posadowski [13]

Reactive: Al2O3 0.02–0.4 25 Posadowski [13]

Electron beam
PVD

Metals and
alloys

30–50 – Movchan [20]

Oxides, carbides,
and borides

15–20 – Movchan [20]

CVD Cu on TiN
sample

0.2–0.05 250–200 Cho [28]

Cu on Si wafer 0.05 190–140 Bollmann [27]

Cu on TiN 0.05–0.01 140–110 Bollmann [27]

Plasma-assisted
CVD

Si2O2 on
Si(100) substrate

0.1 115–350 Babayan [30]

Cu on SiO2, Al,
Ta, and TiN
samples

0.02–0.004 240–160 Lakshmanan [29]

Electroless
deposition

Cu on Si wafer 0.1–0.16 70 Hasegawa [32]

Cu on Si wafers 0.1–0.12 55–90 Shacham [31]

VAD with
straight duct

C on Si wafer 0.1 – Rother [47]

Cu and Al 0.18 – Boxman [80]

Shield filter TiN 0.016 – Miernik [60]

Filtered
high-current arc

Cu on Si wafer Few – Simroth [54]

Hot anode
vacuum arc

Al, Ti, and Cr 0.06–0.6 <70 Erich Hasse [79]

Al 0.48 Erich [82]

Arc-like (EB
gun) or spotless
arc
deposition-SAD

Ti- stainless
plate

0.132 220 Kajioka [72]

Ti and TiN 3–60 Goedicke [73]

FeCrNi on steel 0.1–2 Scheffel [74]

(continued)
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Table 22.7 (continued)

Method Material Deposition rate
(μm/min)

Substrate
temperature (°C)

References

Hot refractory
vacuum arc (on
glass)

Cu 2.3 (200 A),
3.6(300 A)

25 [102]

Ti; Cr 1.8; 1.4 (300 A) [103]

Al; Zn; Sn 1.6(22 5A);
2(225); 3(175 A)

[97–99]

Mo; W; 2.2(275 A);
1(200 A)

[105]

Nb; Zr 0.6(200 A);
0.8(200 A)

[105]

Vacuum arc
black body
assembly

Cu ~3(200 A) 25 [104]

W; Nb 0.7(225 A);
0.3(275 A)

[105]

almostMP-free plasma flux is obtained directly from the anode plasma plume; a large
source–substrate separation was not required. The plasma jet in the FVAD system
was sometimes not stable due to the presence of the magnetic field near the cathode
surface. [140]. In contrast, in the HRAVA system, a magnetic field was not required.

The mass utilization rates obtained with other FVAD systems reported in the
literature were also examined. Their cathode mass utilization was calculated from
the reported ion current assuming that the depositing flux is fully ionized from:

fm = Iion
Iarc

m

ZeG
(22.21)

where G (g/C) and Z are the erosion rate and ion charge [6, 36]. Table 22.8 shows
that f m = 36% for HRAVA exceeds the highest value for a quarter-torus FVAD
system [141, 142] by three times. The ratio of ion current at the filter exit to Iarc
is less than 2.5% for most FVAD systems [33], corresponding to f m = 8.8%. It
was also presented the data of steady state [143] and pulsed [144] FVAD sources
for comparison in Table 22.8. Small MPs have been observed to be transmitted with
plasma flow even in curved filter ducts [57]; this result explained theoretically byMP
reflection from the duct walls [56]. In the HRAVA, most of the MPs are evaporated
in the dense plasma and on the hot anode surface.

Themaximum deposition rate was 425 nm/min, and the resistivity was 1.7μ�·cm
obtained for Cu film filling trenches with aspect ratio of 3 by HRAVA source. The
resistivity was higher than in bulk Cu. It should be noted that thin Cu films with low
electrical resistivity (decreased from 3.6 to 1.8μ� cmwhen film thickness increased
form to 25 to 135 nm) have been deposited on glass substrate with DC arc by FCVA
technique [147, 148]. Trench and vias filling using a pulsed vacuum arc technique
was demonstrated by Witke and Siemroth [149] (deposition rate of 10 nm/s with
4 kA arc current) and Montiero [55] (the deposition rate was not reported).
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Table 22.8 Comparison of the cathode utilization efficiency for the HRAVA system and several
FVAD systems

Apparatus Reference Operation
type

Cathode Iarc (A) Iion (A) Cathode
utilization
efficiency (%)

HRAVA Shasuurin
et al. [101]

Steady state Cu 200 – 36

Quarter torus Shasuurin
et al. [101]

Steady state Cu 200 0.37 0.8

Davis [142] Steady state Cu 110 0.25 0.8

Zhitomirsky
et al. [140]

Steady state Ti 320 0.9 1.3

Aksenov
et al. [49]

Steady state
wall bias +
20 V

Ti 100 0.85 4

Anders et al.
[145]

Pulsed Ti 150 3.8 12

Bilek et al.
[146]

Pulsed Ti 300 4.5 7

Table 22.7 also presents the deposition rate using straight ducts, systems using
filtering shields, and evaporators using hot cathode and hot anode vacuum arcs. A
relatively high deposition rate is observed with�-HCA and spotless hot cathode arc,
comparable with HRAVA deposition. However, very high EB power (up to 300 kW)
is required for intense cathode evaporation, and hence, the apparatus is relatively
complex. The plasma flux generated in the low-current hot anode source is weakly
ionized.

22.7 Summary

Vacuum arc with refractory anodes is a discharge that serves as a long time highly
ionized energetic plasma source produced from the cathode material. This relatively
new type of investigated in last two decades as a source for thin metallic film deposi-
tion. The deposition rate increaseswith time because the anode temperature increases
with time [93, 101, 150]. Initially, the cold anode collects almost all of the cathode
plasma and MPs incident on it, and thus, the deposition rate of the substrate, which
is shielded from the cathode surface, is nearly zero. Only when the anode heats
up and finally reaches a temperature (~2000 K), at which cathodic plasma will not
condense and MPs (if they should reach the anode surface) are quickly evaporated,
the deposition rate in the A-region (faced the anode in HRAVA) will become signif-
icant. The small area at the C-region become directly the cathode plasma (including
MPs) which cannot be used and could be excluding from the process by respectively
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shifting of the substrate. Furthermore, with formation of the anode plasma plume, the
interelectrode plasma density increases, increasing the rate at which MPs evaporate
during their flight through the A-region, and this evaporated material adds to the
depositing flux.

It should be noted that due to the MP evaporation in the anode plasma plume, the
MP sizes were significantly lower (<20 μm [101]) when deposited in the A-region
of the HRAVA than when deposited with conventional cathodic arcs (for Cu, up
60–70 μm [90]). This is one of the advantages of using the HRAVA for deposition
of metallic films. Cu deposition characteristics were improved by increasing the
arc current and using tungsten anode. In a 300 A HRAVA, the deposition rate was
very high, e.g., 2.0 and 3.6 μm/min at L = 110 and 80 mm, respectively. The MP
contamination was very low, e.g., ~3 mm−2 min−1 at L = 110 mm. Trenches with
an aspect ratio of 3 were filled with Cu using the HRAVA plasma source and pulsed
biasing A deposition rate of 425 nm/min (0.42 μm/min) was reached. The minimum
film resistivity was 1.7 μ� cm.

Cu film was successfully deposited on glass substrates using a vacuum arc with
VABBA closed cathode–anode configuration and with one-hole, frontal, or radial
shower anodes. The rate of deposition was relatively high with frontal shower W
(1mm holes) anode. The cathode erosion rate in the VABBAwas about by a factor of
2–3 lower than in the conventional cathodic arc, presumably due to the large plasma
back flux to the cathode from the hot anode. One experiment was demonstrated
VABBA wafer (160 mm diam) deposition rate of 0.47 μm/min on the substrate
center at distance 280 mm (200 A), which then decreased to about 0.3 μm/min at
30–40 mm and then weakly changed up to a radius of 80 mm.

Thin films of low melting temperature cathode materials (Al, Zn and Sn) were
obtained by HRAVA deposition, where the MPs are significantly converted to the
plasma state at the non-consumable hot refractory anode surface and in dense anode
plasma in the electrode gap.

Important issue is deposition refractory metal thin films for the first time using
a refractory anode vacuum arc. The deposition rates using the HRAVA mode were
lower for refractory materials, (up to about 1 μm/min, except Mo at I > 250 A)
than for intermediate materials (Cu, about 2–3 μm/min) under similar conditions.
With the HRAVA cathode, for Zr and Nb cathodes with a W anode, V dep was 0.8
and 0.6 μm/min, respectively, and for a pair of cylindrical W electrodes, V dep was
~1 μm/min. For the VABBA configuration, Nb deposition with one-hole Ta anode
reached 0.25 μm/min at I = 225 A. The rate of deposition of 0.3 μm/min was
measured using aNb cathode and aW shower-head anode, whilewith both electrodes
fabricated fromW, V dep reached 0.6μm/min.W deposition rate as a function of time
after arc ignition by both W planar cathode–anode configuration (5), L = 110 mm,
h = 8 mm.

A comparison of deposition techniques including PVD, CVD, and their plasma
enhanced variants shows that theymostly produce filmwith relatively low deposition
rates. The exception is technique using EB heating; these, however, require high
power, and these systems are complex. In comparison, HRAVA apparatus is simple,
and the main disadvantage of cathodic vacuum arc deposition, MP contamination, is
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avoided. In the HRAVA, the MPs are converted to plasma by evaporation at the hot
refractory anode surface aswell as in the dense gap plasma, and subsequent ionization
of the neutrals. This increased the extracted ion current and the deposition rate in
comparison to those using cathodic arcs. HRAVA apparatus requires no additional
ducts or magnets, the plasma losses are minimal, and the cathode mass utilization
efficiency is relatively high. The high degree of ionization permits effective substrate
biasing to increase film adhesion. The radial plasma flow deposits a film over a
relatively large cylindrical area placed around the source. MP contamination can be
almost eliminated by mounting components only in the A-region. Rapid Cu trench
filling without MP contamination was demonstrated.
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Chapter 23
Vacuum-Arc Modeling with Respect
to a Space Microthruster Application

The vacuum arc has generated a great interest as very promising mechanism for
micropropulsion is capable of providing orbit maneuvers of a spacecraft weighing
on the order of few 10 kg or smaller.

23.1 General Problem and Main Characteristics
of the Thruster Efficiency

The vacuum arc is a unique source of supersonic, highly ionized, high energetic,
and quas-neutral metallic plasma jet [1–4]. The metallic plasma accelerators based
on vacuum arc and their applications in industrial devices were developed in the
early reported works [5–8]. It has high pulse stability and lower energy consumption
per ionized metal mass due to the relatively low ionization potential of atoms and
operation with higher repetition rates since the metal melting temperature can be
relatively higher than that, for example, of polymer propellants in another type of a
thruster. The advantageous and the relatively simple design of the arc plasma source
has potential to use metallic plasma as a propellant for an arc thruster in order to
control the microsatellite orbit [9, 10]. Therefore, the vacuum-arc thrusters produce
efficiently highly ionized supersonic and directional plasma at very low average
power. The characteristics of the vacuum arc thrusters were widely reviewed and
discussed [11–16] recently by Kolbeck et al. [17], where various aspects of electric
propulsion technology based on vacuum arcs are considered and emphasized the role
of vacuum-arc thrusters in space missions.

The vacuum-arc thrusters are characterized by a few important parameters [13,
17]. One of them is the specific impulse that describes the thrust efficiency of a
propulsion system and can be defined as follows

Isp = V

g
(23.1)
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whereV is the effective exhaust velocity of theworkmediumand g is the gravitational
acceleration. The unit of the Isp is seconds. The specific impulse (23.1) is used to
calculate the thrust T in form

T = Isp
dm

dt
g = V

dm

dt
(23.2)

where dm/dt is the propellant mass flow. Electric propulsion systems have very high
specific impulses in the range of thousands of seconds and thrust levels ranging
from micronewtons (vacuum-arc thrusters) and other devices such as electro-spray
thrusters to a few newton’s [18].

The thruster performance (efficiency) is defined as

η = Pjet
Pin

or η = mV 2

2I uarc
(23.3)

where Pjet is the plasma (or ion beam) jet power, Pin is the total electrical power
supplied to the thruster, I is the arc currentand uarc is the arc voltage.

One of first in 1966 Gilmor [19, 20] suggested the application of the cathode jet
of a vacuum arc to space propulsion. He demonstrated experimental model using
the vacuum arc–coaxial arc diode configuration showing thrust with an efficiency
of 30% for an OFHC copper cathode and a magnetic field of 500 gauss. The thrust
was computed to be over 10 millipounds, and the specific impulse was over 1200 s.
Efficiencies over 20% were obtained with type-304 stainless steel and titanium for a
variety of magnetic field and power levels. Gilmor et al. [21] presented results of a
program of research and development for thrusters having total impulse capabilities
from 300 to 2000 Ns, impulse per pulse capabilities from specific impulse of 1000 s,
and pulse repetition frequencies from less than one pulse per second to several tens
of pulses per second. Experimental results presented include thruster characteristics
as functions of voltage, capacitance, time, and magnetic field.

Dethlefsen [22] measured the thrust impulse per pulse, specific impulse of
different cathode, and performance for two electrode configurations of vacuum-arc
thrusters using high-current pulse with magnesium and copper electrodes. The test
thrusters were provided with pendulum, so that the integrated impulse of about 1000
shots was determined by the change in pendulum deflection. The high velocity of
the plasma jets was determined by a time-of-flight technique on thruster with anode
and cathode erosion. Two Faraday cups were placed at 65 cm to measure the signal
of the ion current. A velocity of 4.2 × 106 cm/s corresponding to a specific impulse
of 4300 s for the ions was obtained for a magnesium plasma. This value indicates
a rough agreement with the specific impulse determined from thrust measurements
on the cathode jet. The thruster performance of magnesium was reported as about
12%. For copper electrode, the specific impulse was measured as 1500–1900 s and
performance as 7.7–9.6 depending on the applied voltage.

The presence of droplets by arcing tends to reduce the thrust efficiency because
they are not accelerated to the high velocities as the ions [23]. However, the droplets
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were minimized through the action of thermal and mechanical inertia if a current
pulse of sufficiently short duration on the order of 10 µs is used in a pulsed vacuum-
arc thruster. Use of the pulsed operation was demonstrated, and the thrust efficiency
was found to be dependent on the electrode material, the amplitude, and duration of
the current pulse.

In general, a vacuum arc is established by using a coaxial geometry with a rela-
tively small diameter cathode, which is surrounded by an insulator and an anode. The
breakdown mechanism in the microcathode arc thruster has been studied [24]. The
different developed designs and the advantages of the vacuum-arc application were
widely discussed [25, 26] comparing to other microthrusters used a gas as propel-
lant [27]. It employed the vacuum-arc source as a plasma source for the ion thruster
[9]. For this case, the measured energy efficiency was about 80% that is compa-
rable to that of the xenon ion thruster. An important characteristic is the performance
of the vacuum-arc thruster that is determined by the plasma jet parameters. Polk
et al. [18] showed that the performance could be improved when the arc plasma was
subsequently accelerated electrostatically. It was found also that the application of
a magnetic field leads to ion acceleration by a factor of ~2 in the free expanding
plasma plume [28].

23.2 Vacuum-Arc Plasma Characteristics as a Thrust
Source

Themeasurements of the force originated at the cathode of electrical arc andproduced
highly energetic plasma jet (Fig. 23.1) were analyzed in Chaps. 11 and 12, and the
nature of cathode jet rise is considered in Chap. 18. Some progress in understanding
of the phenomena is demonstrated. Let us briefly summarize the data of cathode
force measurements in order to determine the thrust characteristics. Tanberg [29]
measured for a Cu cathode with arc current in the range of 11–32 A, and the vacuum
chamber pressure was ~10−4 torr.

Fig. 23.1 Cathode plasma
jet configuration
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Fig. 23.2 Schematic
diagram of the spot, plasma
jet, and the cathode reaction
due to plasma pressure
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The average cathode jet velocity of the order of 1.6 × 106 cm/s and the average
reaction force from the freely swinging cathode of ~17 dyn/A were obtained.
Robertson [30] measured the reaction force of a copper cathode for a range of pres-
sures from 1 to 10 torr. The largest force measured was ~15 dyn/A at a pressure
of 1 torr with arc currents of 7–20 A. Kobel [31] measured the force on a mercury
cathode indicating the force in range of 19–53dyn/A for currents of 30–37Aandpres-
sures of 1–0.5 torr. Chabrerie et al. [32] measured for Ag cathode 15.33 dyne/A, and
the maximal force for Cu cathode was about 14.7 dyne/A at ~1.5 kA. Our measure-
ments [33] using pendulum deflection due to cathode plasma jet action showed about
40 dyn/A for Cu and about 20 dyn/A for Al cathodes.

According to the theory (Chap. 18), the cathode force, in general, can arise due
to electron pressure gradient [34], self-magnetic axial action [33, 35], additional
to self-magnetic axial action by the sputtering, neutralization, and reflection of the
accelerated ions, as well by the emitted electrons accelerated in the space charge,
and deliver their momentum through the plasma acceleration [36, 37].

The theoretical analysis show that the main mechanism generated the force in the
cathode region, and the plasma jet acceleration is the gradient of plasma pressure
adjacent to the cathode surface region (Chap. 18). The force acted on the cathode is the
reaction of the plasma expansion that is schematically shown in Fig. 23.2. The force
at the cathode surface was determined by the erosionmass flow and the jet velocity as
it was used for the measurements [29, 38]. According to the measurements, relation
between the force F(dyn/A), the cathode erosion rate G(g/C), and plasma velocity V
(cm/s) was determined as

F = GV (23.4)

The force (23.4) is in essenceof the thrust (23.2) defined to characterize the thruster
systems. The plasma velocity V and the erosion rate G measurements indicated a
relatively narrow range of V from 6 × 105 to 3 × 106 cm/s and (20–60) µg/C,
respectively, for different cathode materials [1, 18]. The data of V ~1×106 cm/s
and G ~35 µg/C for copper cathode correspond to the force, which agrees with that
measured byMarks et al. [33]. The measured arc parametersG, V, and F represented
averaged values over some time of arc duration. At present, the time-dependent data
of the mentioned quantities as well as of the thrust performance were absent for
transient arc operation. An important question is: how the arc plasma parameters in
time during the cathode spot development and how the conditions of spot initiation,
pulse duration, cathode material etc. influence the trust performance?
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To understand themechanism of time-dependent cathodemass loss and plasma jet
formation, the above physical model for transient spot is used. The time-dependent
cathode phenomena in a vacuum arc produced the force by the cathode spot devel-
opment on a bulk cathode which is considered. The kinetics of cathode vaporization
into the adjacent to the surface plasma generated from the cathode erosion material
is taken in account considering also the plasma flow in hydrodynamic acceleration
region. The analysis is performed for microscale electrode configuration as well for
configuration of free jet expanding by plasma spot at bulk cathode.

23.3 Microplasma Generation in a Microscale Short
Vacuum Arc

A short microscale vacuum arc is investigated in order to understand what arc and
plasma parameter can be used as propellant for microscale vacuum-arc thruster.

23.3.1 Phenomena in Arcs with Small Electrode Gaps

The calculation using gasdynamic model of the cathode plasma expansion showed
that the plasma is accelerated to the supersonic velocity at the distance about 2–3
of cathode spot radii Chap. [18, 39], and therefore, the vacuum-arc source can be
used in devices of very small sizes for micropropulsion applications. This calculated
result is important because the velocity measurements cannot be conducted at such
small distance from the cathode surface. Usually, the plasma jet was produced in the
cathode region using conventional (large gap) vacuum arcs [1]. The plasma flow in
the expanding part of the jet was calculated using free boundary expansion model
[40]. It was found that the plasma jet had a conical shape, and for axial distances
relatively far from the cathode surface, the radial velocity becomes comparable with
the axial velocity if no magnetic field is imposed. However, in microscale devices,
the plasma is generated in a short gap of the vacuum arc where the phenomena in the
cathode and anode regions should be taken in account. Therefore, the short vacuum
arc (SVA) is an important scientific subject to study the microplasma generation.

The SVA with gap of 1–10 µm and low current (<10 A) pulse (0.3–3 µs) was
investigated for contact systems [41–43] and in electrical discharge machining [44].
The plasma pressures 100–400 atm, and the spot current density about 106 A/cm2

was determined by the electrode craters examination. A low-current short vacuum
arc with gap about 200µmwas used for investigation of soft X-ray generation, when
negative high-frequency voltage was applied to the cathode after arc extinction [45].
In accordance with this work, the absent of knowledge in the short vacuum arc
about plasma parameters (density, temperature), which are determined the sheath
phenomena and X-ray generation after the arc extinction, is most important problem.
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Similar conclusion regarding the necessity of the plasma parameters knowledge
in a short gap vacuum arc to understand the phenomena in vacuum switchgears
and nature of SVA maintenance was indicated also by Dong et al. [46]. The short
vacuumarcwas considered experimentally [47] and theoretically [48] in case of high-
current commercial interrupters. No diffuse mode was observed for gap distance less
than 4 mm. Strong coupling of the anode, cathode, and the discharge plasmas was
indicated.

Meng et al. [49] indicated that electrical breakdown in atmospheric air across
micrometer gaps is critically important for the insulation design of micro- and nano-
electronic devices, and planar aluminum electrodes with gaps ranging from 2 to
40 µm were fabricated by microelectromechanical system technology. The influ-
ence factors including gap width and surface dielectric states were experimentally
investigated. Radmilovic–Radjenovic and Radjenovic [50] studied the phenomenon
of field emission role in the deviation of the breakdown voltage from that predicted
by Paschen’s law within the range of high electric fields. It was shown that high
fields obtained in small gaps may enhance the secondary electron emission and such
enhancement could lead to a lowering of the breakdown voltage and a deviation from
the result indicated by Paschen curve. Kolachinski [51] developed a unified math-
ematical description of re-ignition phenomena in a short arc with analysis of the
cathode and anode layers. The author concluded that the influence of the thermionic
emission of non-refractory cathode on arc re-ignition is negligible, while the volume
and surface Townsend processes of charge particle generation are mainly responsible
for the re-ignition formation

Thus, while the conventional arc (large gap) was relatively studied, the SVA
remains mostly unknown subject. The main questions are: (i) how the near-cathode
and near-anode phenomena influence on the current continuity in a SVA? (ii) How
the anode mass losses influence the plasma jet formation? (iii) What is the nature
of the force generated in the microscale gaps? A physical model is formulated in
the present section, and calculation of the plasma and electrode characteristics are
studied to understand the principal mechanism of the microscale SVA operation.

23.3.2 Short Vacuum Arc Model

A calculation using the cathode spot model showed that the cathode plasma density
in a microscale vacuum arc (MVA) gap near the anode surface was sufficiently large,
and therefore, the anode spot was created (Chap. 14). As a result, the common plasma
in the MVA was produced from the cathode and anode spots. To obtain the plasma
jet, a configuration with planar anode and ring cathode was considered (Fig. 23.3).
Circular cathode and anode spots are assumed. In general, the anode and cathode
spots can have different radius. Kinetic models developed for cathode (Chap. 17)
and anode [52] spots were used.

According to these models, the ionized electrode vapor structure consists of the
several partially overlapping regions, which include a ballistic zone comprising a
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Fig. 23.3 Schematic
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space charge sheath at the surface, a non-equilibrium (Knudsen) plasma layer, and
an electron emission relaxation zone. Two heavy particle fluxes (evaporated and
returned) are formed in the Knudsen layer. The difference of these fluxes determines
the plasma velocity v and the net rate of mass evaporation. In the cathode relaxation
region, the atoms are ionized by electrons emitted from the cathode as well as by
plasma electrons.

The ionization in the common plasma and in the anode region is by the plasma
electrons. The system of Saha equations determines plasma multi-charge state. Two
erosion fluxes are produced: from the cathode Gc(g/C)= mcncvc/I and from the
anode Ga(g/C)= manava/I, where I is the current, mc,a, nc,a, and vc,a are atom mass,
heavy particle density, and velocity for cathode and anode, respectively. The resulting
erosion mass flow G(g/C) from both electrodes is G = Gc+ Ga.

Both the electrode bodies are heated ohmically and in addition (i) the cathode by
the incident ions accelerated in the ballistic region (sheath) with cathode potential
drop uc and by returned electron flux; (ii) the anode by electrons and returned ions
from the adjacent plasma. The anode is also heated by a part of electron beam emitted
from cathode that is not relaxed in the MVA gap. An anode’s negative potential
drop is produced when the flux of thermal electrons exceeds the arc current I. The
returned ion and electron fluxes (toward the cathode) and ions (toward the anode) are
formed in the ballistic and in Knudsen layers. The electrode is cooled due to body
heat conduction, electron emission, and electrode erosion. The plasma electrons are
heated by part of the electron beam emitted from the cathode that relaxed in theMVA
gap as well as ohmically, which is determined by Iup, where up= jh/σ pl, is voltage
drop in the gap with distance h, j is the current density, and σ pl is the electrical
conductivity of the highly ionized plasma. The negative potential drop ua formed
near the anode surface determined by the electrical current conservation as:
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ua = Te ln

[
jethaFa

I + ( jia + jema)Fa − jebKhFc

]
(23.5)

where Te is the electron temperature in eV, jetha is the thermal electron current density
at the anode side, jia is the back ion current density to the anode, jema is the electron
emission current density from the hot anode, jeb is the electron emission current
density from the cathode in the spot, Kh is the coefficient of cathode’s electron
beam absorption in the plasma gap h at the anode side which depended on the cross
sections of electron beam collisions with plasma atoms, ions, and electrons, and
Fa and Fc are the areas of anode and cathode spots, respectively. For considered
electrode configuration, the plasma is expanded into vacuum as a jet, and the plasma
velocity V is determined by the equations of momentum and energy conservation.
The plasma is accelerated by the ion and electron pressures and by the electron–ion
friction.

The mathematical model also includes the equations of electron emission in
general form, and equations for total spot current, electric field E at the cathode
surface, kinetics of direct and back heavy particle fluxes, fluxes of the charge parti-
cles to the electrodes, electrode energy balances, and plasma energy balance (see
Chap. 16, [52]). The calculated parameters are Te, ua, E, heavy particle density n,
degree of ionization α, cathode T c and anode T a temperatures, erosion rate G, total
current density j, ion current density ji in the cathode spot, plasma jet velocity V for
given uc, spot current I, and anode spot radius ra. The calculated parameter is also
the net cathode Ker and anode Kera evaporation fractions, which are the ratio of the
net of atom evaporation into the ambient dense plasma to the Langmuir evaporation
rate (i.e., into vacuum). Below, the calculation for copper electrodes and uc= 19 V
is presented in order to characterize the parameters in a MVA as dependence on gap
distance and cathode potential drop.

23.3.3 Calculation Results. Dependence on Gap Distance

The calculation were conducted according to above-described model for I = 25,
50 A, arc duration t = 1 ms, and gap h = 2–100 µm. The results presented in
Figs. 23.4, 23.5 and 23.6 were calculated for ra= 2rc. According to the solution, a
dense plasma ~1020 cm−3 was obtained with mainly single charged ions and degree
of ionization ~0.1, Te~1 eV, plasma jet velocity few of 105 cm/s, ua= −(5 ÷ 6) V,
and E ~107 V/cm.

The cathode spot current density j decreases from 2 to 0.2 MA/cm2 when h
increases from 2 to 100 µm and j exceeds ji by factor of about three. The electrode
temperatures in the spots decrease with h (Fig. 23.4), and T a in the anode spot
significantly exceeds T c in the cathode spot and is weakly dependent on arc current.
The anode evaporation fraction Kera is significantly larger than Ker, which increases
with h (Fig. 23.5) indicating that the degree of anode plasma non-equilibrium in
the anode Knudsen layer is larger than that of the cathode plasma. The dependence
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Fig. 23.4 Cathode T c and
anode T a temperatures in
spots as dependence on
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Fig. 23.5 Net of cathode
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evaporation fractions as
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Fig. 23.6 Cathode Gc and
anode Ga erosion rates in
(g/C) as function on
interelectrode distance
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of cathode Gc and anode Ga erosion rates in (g/C) as function on h is presented
in Fig. 23.6. It can be seen that Gc increases with h, and Gc is significantly lower
than Ga, which weakly depends on h. The calculated force per Coulomb, which is
equalGV/I and generated in the anode region, increases from 3.4 to 4.9 mN/A while
this force for conventional cathodic arc is much lower, about 0.2 mN/A [29]. The
obtained large anode evaporation fraction in the short arc agrees with the anode spot
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theory for conventional arc [52] and not contradicts the measured result [53], but in
conventional arc, the anode spot occurs usually for very large arc current (few kA,
Chap. 14).

The anode temperature exceeds the cathode temperature because the large electron
current (j > ji) cools the cathode andwarms the anode. As result, the degree of plasma
non-equilibrium in the anode spot and the mass flux evaporated from the anode is
larger than that for the cathode. This explains calculation results for the larger anode
erosion rate and the nature of larger force generated in the anode region. In next
section, the calculations extend in order to study the influence of ratio ra/rc. It was
found that the gap plasma inMVA is dense and highly ionized, and therefore, the uan<
0 was obtained. Thus, the nature of the force and mass flux in microscale vacuum
arc are determined by the anode phenomena, and they exceed the force and flux
generated in a large gap cathodic arc. Therefore, the MVA can be suggested for
exploitation in exceptional microthruster concept for spacecraft propulsion and for
microplasma source applications by using the jet fromMVA common plasma instead
of the cathode plasma jet in conventional arc.

23.3.4 Calculation Results. Dependence on Cathode
Potential Drop

In general, the model can be developed for different anode configurations. For
simplicity of presentation and for understanding the plasma phenomena in a short
arc, a planar cathode and anode are considered. The arc is sufficiently short that the
cathode and anode spots produce a common plasma column. A circular configuration
of the spots is assumed. In general, the anode and cathode spots can be of different
radii. Therefore, the column geometry is assumed as a truncated cone (Fig. 23.7). As
above, the kinetic models for cathode and anode spots were used. Below, an illus-
tration of simple example of calculation for arc with copper electrodes, I = 50 A,
and gap h = 2 µm is presented in order to characterize the wide parameters in a
short vacuum arc as dependences on cathode potential drop. The calculations were

Fig. 23.7 Schematic
presentation of the cathode
and anode regions and the
truncated cone plasma
column

Plasma

A
no

de

C
at

ho
de

Spots



23.3 Microplasma Generation in a Microscale Short Vacuum Arc 1013

Fig. 23.8 Total and ion
current density in the
cathode spot as dependence
on cathode potential drop
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performed according to above-described model varying uc and spot lifetime t. The
results presented in Figs. 23.8, 23.9, 23.10, 23.11, 23.12 and 23.13 were calculated
for ra= 2rs.

It is obtained that the relatively dense plasma is with mainly single charged ions
and neutrals with heavy particle density ~1020 cm−3, degree of ionization ~0.1,

Fig. 23.9 Total and ion
current densities in the
cathode spot as dependence
on spot lifetime
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Fig. 23.10 Cathode T c and
anode T a temperatures in
spots as dependence on
cathode potential drop
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Fig. 23.11 Cathode
evaporation fraction Ker and
normalized velocity bkn of
the heavy particle flux at the
external boundary of
Knudsen layer as function on
cathode potential drop
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Fig. 23.12 Cathode Gc and
anode Ga erosion rates in
(µg/C) as function on
cathode potential drop
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Fig. 23.13 Anode
temperature T a and anode
erosion rate Ga in (µg/C) as
function on anode spot
radius ratio to the cathode
spot radius (uc = 19 V)
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electron temperature ~1 eV, plasma plume velocity few of 105 cm/s, ua= −5–6 V,
and electrical field at the cathode surface ~107 V/cm.

Figure 23.8 shows that the cathode spot current density decreases with uc, and
j exceed ji by factor about three. The current density decreases with spot lifetime
reaching about 10 MA/cm2 for short lifetime of about 100 ns (Fig. 23.9).
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The electrode temperatures in the spots decreasewith uc (Fig. 23.10), and T a in the
anode spot significantly exceeds T c in the cathode spot. Figure 23.11 shows that at
low uc, the cathode evaporation fraction Ker as well as the normalized (by (2T/m)0.5)
velocity bkn of the heavy particle flux at the external boundary of Knudsen layer
is relatively small. These parameters are increased with cathode potential drop (the
cathode spot ionized vapor is strongly non-equilibrium). The calculation indicates
that the degree of non-equilibrium of the anode plasma in the anode Knudsen layer
is larger than for the cathode plasma. The dependence of cathode Gc and anode
Ga erosion rates in (µg/C) as function on cathode potential drop is presented in
Fig. 23.12. It can be seen that Gc increases with considered range of uc by the order
of magnitude, and Gc for the cathode is significantly lower than Ga for the anode,
which weakly depends on uc. The anode erosion rate and the anode temperature in
the spot increase with ratio ra/rs (Fig. 23.13). The increase is more for T a than for
Ga.

According to the calculation, the electron current is relatively large (the fraction is
about 0.7) in a short arc. The emission electrons cool the cathode andwarm the anode.
Therefore, the anode temperature exceeds the cathode temperature. As a result, the
plasma non-equilibrium in the anode spot aswell as themass flux evaporated from the
anode is larger than that for the cathode. This fact explains the calculated larger anode
erosion rate. The relation between cathode and anode erosion rates is determined by
cathode and anode energy balances as well as by plasma energy balance, which are
depended on the ratio ra/rs. The expanding plasma plume velocity is determined by
the energy dissipated in the dense gap plasma and by amount of the expanding mass
flux.

The smaller plasma plume velocity in comparison with cathode jet velocity for
conventional arc is due to larger total electrode erosion rate in the short arc. However,
the force per Coulomb, which is equal GV and generated in the short vacuum arc,
exceeds such force generated in the conventional cathodic arc for all considered
ranges of uc. This result is important for a microthruster designing using a short
microscale vacuum arc.

23.4 Cathodic Vacuum Arc Study with Respect to a Plasma
Thruster Application

In this section, time dependent of the plasma jet parameters and thruster perfor-
mance were studied for vacuum arc with free expansion of the cathode plasma jet
for intermediate and refractory cathode material thermophysical properties.
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23.4.1 Model and Assumptions

The theoretical study describes the time-dependent cathode phenomena in a vacuum
arc producing the force during the development of the cathode spot in time on a bulk
cathode. It is taken into account the kinetic model of cathode vaporization into the
adjacent to the surface plasma generated from the eroded material from the cathode
and by considering the hydrodynamics of plasma flow (Chap. 17). According to the
kinetic model, the difference between evaporated and returned heavy particle fluxes
produces the net cathode mass loss flux at the external boundary of Knudsen layer
in form

G(g/s) = m(na3 + ni3)v3, (23.6)

Equation (23.6) describes the cathode erosion rate G(g/C) = G(g/s)/I, where m
= mi = ma and I is the electrical current. The relation of b3 = v3/vth defined the
velocity fraction relatively to the thermal velocity vth = (kT 3/m)0.5 at the external
boundary of the Knudsen layer.

Previously, the distribution ofCu cathode plasmaflowparameters along the jetwas
calculated using the equations of momentum and energy conservation in differential
form [54], (Chap. 18). The result obtained from equations in form of differential
approximation was in good agreement with the measurements [1, 2] and showed that
the plasma expands with a mostly frozen electron temperature of about 1–2 eV for
100 A spot and that sometime only part of internal momentum was converted to the
direct jet velocity. It is also importantwhen the jet velocity is calculated froma simpler
model using the momentum equation in an integral approximation (Chap. 18). In this
case, the calculated velocity using the complete spot plasma pressure at the cathode
site and zero pressure at the vacuum condition can exceed sometime the measured jet
velocity [1]. This is a critical point for cathode force calculation, for which requested
a high accuracy of the velocity estimation, for example, to comparewith experimental
value of the force.

Therefore, as will be shown below, results were obtained for transient spot on bulk
cathode according to the model presented in Chap. 17 for the parameters uc, electron
temperature Te, heavy particle density n, degree of ionization, cathode temperature
T, erosion rateG, cathode electric field Ec, current density j, electron current fraction
s, and the fraction of cathode material evaporation Ker. However, the jet velocity is
calculated using the experimental value of the cathode force. The given parameters
are the cathodematerial properties and a characteristic small lifetime τ , duringwhich
the system of equation was solved to determine the primary plasma parameters that
initiates the spot. The calculations were conducted for cathode materials of Cu, Ag,
and Al, which have intermediate thermophysical properties, and for W, a refractory
material. The behavior of mentioned above parameters was already presented in
Chap. 17, and the plasma jet velocity was determined from simple integral equation
in the expanding region using the value of measured force [55]. The obtained jet
velocity was used to calculate the thrust efficiency η.
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23.4.2 Simulation and Results

As it was mentioned above, the character of cathode plasma jet generation and the
cathode plasma force were determined by the time-dependent energy dissipation
in the cathode body and in the cathode spot dense plasma and by returned plasma
flux. As a result, the time-dependent uc, electron temperatures, cathode temperature,
current density, electron current fraction, etc., were produced. For Cu, Al, and Ag,
the time of spot initiation was chosen in range τ = 6–100 ns, and the spot current
was about 10 A. The calculation shows (Chap. 17) that uc dependence on time was
very sensitive near the value of τ . The larger uc was at first step with τ = 10 ns.
For Al cathode, the uc was relatively lower and increases from 20 to 50 V when τ

decreased from 100 to 6 ns. The cathode evaporation fraction Ker decreases from
about 0.25 to about 0.04 with the spot time in range shown for Cu and Ag, while
for Al lower Ker = 0.2–0.05 was calculated. The characteristic parameters for Al
were: G = 7.4–12 µg/C (28 µg/C-experiment [1]), V ~2 × 106 cm/s (1.5 × 106

cm/s-experiment [1, 2]), s = 0.75–0.65, j ~ (4–2) × 106 A/cm2; Te = 6–1.5 eV.
The jet velocity dependencies are obtained using the calculated parameters of

G(g/C) for Cu (Fig. 23.14), for Ag (Fig. 23.15), and for Al (Fig. 23.16). It used the
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Fig. 23.15 Plasma jet
velocity as dependence on
spot time t with τ as
parameter for Ag cathode
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Fig. 23.16 Plasma jet
velocity as dependence on
spot time t with τ as
parameter for Al cathode
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measured force for Cu cathode about 40 din/A (also assumed this value for Ag and
W) and 20 din/A for Al [33]. As shown in figures, the jet velocity depends on primary
time τ of spot ignition and sharply decreased with spot time near τ . While the value
of V is around the measured 106 cm/s, the velocity for Cu is comparable with that
for Al and larger than for Ag by factor two.

Figure 23.17 illustrates the time dependencies of η for Cu and Ag cathodes with
τ as parameter. A minimum of η is calculated in the dependencies of Fig. 23.17, and
the range of η for Cu (0.25–0.5) is larger than that for Ag (0.1–0.22). For Al cathode,
η = 0.2–0.46 (Fig. 23.18) approximately for all values of τ .

The cathode thrust performance Ken was defined as

η = mV 2

2I uarc
(23.7)

where m is the heavy particle mass and uarc is the arc voltage, which is the sum of uc
and the plasma jet voltage up.

The primary plasma parameters for W cathode was calculated varying the initial
times in range from τ = 2 ns to 10 µs. The spot current was 10 A. The plasma jet
velocity slightly increases with τ (Fig. 23.19), and it is around 1.6× 106 cm/s (1.4×

Fig. 23.17 Dependencies of
the cathode thrust efficiency
on spot time t, with τ as
parameter for Cu and Ag
cathodes
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Fig. 23.18 Cathode thrust
efficiency η as dependencies
on spot time t with τ as
parameter for Al cathode
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Fig. 23.19 Cathode thrust
efficiency η and plasma jet
velocity as dependencies on
spot initial lifetime τ for W
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106 cm/s -experiment [2]). Figure 23.19 illustrates the dependence of cathode plasma
thrust efficiency η. It can be seen that η is relatively large and increases from 0.5 to
0.85 withτ while calculation indicated relatively small values of b3 (0.02) and Ker

(0.08) slightly changed with τ (not shown in the figure).
In the calculated range of τ , the plasma heavy particle density significantly

decreases (from 7 × 1020 to 1 × 1019 cm−3), the cathode erosion rate is mostly
constant (25–24 µg/C), and electron current fraction slightly increases from 0.7 to
0.8 when τ increase in the above indicated range. Also, the plasma in the spot is fully
ionized and mainly consists of ions with charge fraction of 1+ (0.09), 2+ (0.40), 3+

(0.44), and 4+ (0.06) for τ = 2 ns and 1+ (0.03) 2+ (0.39), 3+ (0.56), and 4+ (0.02)
for τ = 10 µs.

Explanation. The difference between direct and back heavy particle fluxes in the
Knudsen layer produces the erosion rate that according to the calculations changed
approximately by factor two during the considered ranges of spot time. This result
explains the change of plasma jet velocity by using the measured cathode plasma
force 40 dyn/A. The difference between the calculate velocities for Cu and Ag cath-
odes is due to difference of G(g/C) for these cathodes. The small minimum in the
dependencies of V on time t for both cathodes is caused by those dependencies of
G(g/C) on t, which is determined by a time-dependent combination of heavy particle
and plasma velocity at the external boundary of Knudsen layer b3.
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The minimum in V(t) dependence produces similar minimum in the time depen-
dence of cathode thrust performance, which is adequately different for Cu and Ag
cathodes and reaches about 0.5 for Cu and 0.25 for Ag. It should be noted that η is
lower for Ag although its larger atom mass (Ai = 108) in comparison with Cu (Ai =
64). It can be understood considering the expression for jet kinetic energy and force
F as

Kev ∼ mV 2 = m

(
F

G

)2

= m

(
F

mn3v3

)2

(23.8)

Taking into account that the calculated heavy particle density n3 and plasma
velocity v3 at the external boundary of the Knudsen layer are close for both Cu and
Ag cathodes and equal force F, the following dependence can be derived (with weak
change of F and Iuarc) from (23.8) as:

Kev ∼ 1

m
(23.9)

The relation (23.9) shows that is η inversely proportional to the atom mass. The
erosion rate (proportional to m) agrees approximately with that measured and which
for Cu (0.3–0.4 µg/C) was lower than for Ag (0.8 µg/C) and comparable with Al
(28 µg/C) [1]. The relatively larger part of η for Al was determined by reducing uarc
with time and low Ai = 27. The larger η is obtained for W cathode at primary time
of spot development τ due to lower uarc, b3, and lower rate of calculated cathode
erosion that is determined by lower heavy particle density (low evaporation rate) for
W with respect to the density for Cu and Ag cathodes.

In frame of proposed transient model, the calculation shows that G and V are
changed during the spot development. This change is relatively weak (factor two
after time 10 ns) and indicates the resulting relatively weak change of cathode force
with spot time (even forwithout use of themeasured force). It should be noted that the
force and the jet velocity could be obtained correctly independently using the more
complicated approach for jet expansion in differential form. The present simpler
approach illustrates the mechanism of the force formation and the importance of
cathode plasma flow in the kinetic region, which studied self-consistently with the
plasma flow in hydrodynamic regions during the spot initiation and development.
This result allows to understand and to determine the contribution of cathode mass
loss and plasma jet acceleration in the reactive force formation at the cathode of a
vacuum arc.

23.5 Summary

A mechanism describing the momentum generation in the vacuum arc has been
proposed in this Chapter. The plasma plume generation and plasma jet formation in
amicroscale vacuumarc (MVA) is unique subject of the force generated by a common
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plasma plume extracted from cathode and anode spots in MVA. A calculating model
for microplasma origin was developed taking into account the atom ionization and
the phenomena in the non-equilibrium layers near evaporated surface in the cathode
and anode regions. The interelectrode plasma in the short microscale vacuum arc is
relatively dense ~1020 cm−3. The anode temperature in the anode spot is larger than
that parameter in the cathode spot. It was found that relatively large anode erosion
rate and force at the anode surface in MVA in comparison with the force usually
occur at the cathode in arcs with large gap. This result of MVA is important to
use in an exceptional microthruster concept for spacecraft propulsion and for anode
microplasma source.

The calculations for free expanding plasma show that the time-dependent range
of G agrees well with the measured data, and the jet velocity V calculated from
the experimental data of cathode force is also close to that velocity obtained in the
literature. The trust performance was obtained larger for W cathode than that for Cu
and Ag cathodes. When the spot time increased from few ns to ~1 µs, the cathode
evaporation fraction Ker decreases from about 0.25 to about 0.04–0.07. The plasma
flow and the cathode vaporization rate in a vacuum arc are far from that into vacuum
due to relatively large density of the cathode plasma that supported the request current
density. The observed cathode force was determined by the kinetics of cathode mass
loss flow and plasma jet expansion. The mechanism of the force formation was due
to mutual influence of the cathode and plasma phenomena during the spot initiation
and its development.

One particular recent implementation of vacuum arc technology for spacecraft
propulsion is the microcathode arc thruster (µCAT) [12]. The technology is scalable
and could beused for spacecraft of up to 50kg inmass,whichwould roughly represent
a 50 UCubeSat. TheµCAT is an electric propulsion system that is based on the well-
researched (see this Chapter) vacuum-arc or “cathodic arc” process. This physical
phenomenon is known to erode the negative electrode (cathode)with every discharge.
For space propulsion, this is highly desirable as the cathode material is the thruster’s
propellant. Therefore, during each discharge, a small amount of metallic propellant
is eroded, ionized, and accelerated. The efficiency is enhanced by a magnetic field.
The arc current generates the magnetic field as it travels through a magnetic coil
prior to arcing between the electrodes. Summary of some µCAT parameters and its
comparison with other thruster technologies are shown in Table 23.1.

In general, number of space applications can be considered in which electric
micropropulsion such as µCAT can be beneficial. This includes station keeping,
altitude control that generally require small thrust of about 10µN and high efficiency
of propellant utilization. More significant space maneuvers such as orbit transfer
might require of mN thrust level and in this case more powerful µCAT thrusts or
array of multiple thrusters can be considered.

The system uses a solid metal as a propellant and therefore, does not require
any pressurized tanks or other components that may be required when dealing with
gaseous propellants such as xenon. This is advantageous because it greatly reduces
the system’s complexity and risk involved.Additionally, only an electrical connection
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Table 23.1 Comparison of micropropulsion technologies [12]

µCAT
(GWU)

PPT
(Clyde
space)
[56, 57]

PPT
(Busek
Co)
[58–60]

Electrospray
(MIT)
[61–63]

Electrospray
(Busek Co)
[58, 59]

VAT
(Alameda)
[64]

System mass (g) 200 160 550 45 1150 600

System volume
(cm3)

200 200 500 300 500 200

Propellant Metal Teflon Teflon Liquid Liquid Metal

Isp (s) 3000 590 700 3000 800 150

Propellant mass
(g)

40 10 36 20 75 40

Delta-V (for
4 kg satellite)
(m s−1)

300 15 63 150 151 151

Efficiency (%) 15 4.7 16 71 31 9.4

Thrust-to-mass
ratio (µN g−1)

0.63 0.03 0.18 0.5 0.65 0.22

Ionization
degree

High Low Low High High High

Cost Low Low Low High High High

Technical
readiness level
(TRL)

6 7 7 2–3 5 4

is required to operate the thruster, since the propellant and all necessary components
are integrated within the thruster’s structure.

TheµCATsystemhas beenflownonBRICSat-P,which is a 1.5UCubeSatmission
led by the United States Naval Academy (USNA) (Fig. 23.20) [65]. Preliminary
reports show that the propulsion system was capable of de-tumbling the satellite to a
rate of less than 1 degree per second on all axes within 48 h of deployment. Another
recent mission was Canyval-X, which is a joint project between NASA Goddard
Space Flight Center, the Korean space agency KARI and the Yonsei University in
Korea. Canyval-x was launched on Jan 12, 2018.
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Fig. 23.20 µCAT thrusters installed on the NASA/KARI CANYVALx spacecraft. Courtesy of Dr.
Michael Keidar
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Chapter 24
Application of Cathode Spot Theory
to Laser Metal Interaction and Laser
Plasma Generation

Numerous applications indicate that laser–matter interaction is technologically
important [1]. In particular, the interaction of intense laser beams with plasmas is
highly relevant to laser fusion [2], material science and medicine [3], and nanoparti-
cles generation [4]. The interferometric diagnostics was established as a technique to
probe dense plasmas using optical wavelength laser beams [5]. A large electric field
was generated in plasma by high-power lasers in order to accelerate electrons [6–8].
The laser plasmas are used for target surface treatment [9, 10], for thin film deposi-
tion [11–13], for high-energy atomic beam generation [14], laser welding [15], for
laser beam machining (see review Dubey et al. [16]), and for ion beam generation
[17].

24.1 Physics of Laser Plasma Generation

One of the important phenomena is plasma generation near a target surface by the
impingement of laser radiation of moderate power density (106 − 1010 W/cm2)
focused onto a very small area. Several phenomena occur during laser–target inter-
action (LTI). When the laser pulse is absorbed by the target, energy is converted into
thermal and mechanical energy, ablating the target. When the laser pulse is absorbed
by the vapor, energy is converted into thermal energy of the vapor particles and
then into plasma formation. Then, the laser radiation will interact with the generated
plasma. Understanding the physics of energy conversion is useful for choosing the
laser and target characteristics suitable for different applications, taking into account
ablation. This understanding can be achieved by theoretically modeling laser plasma
generation and plasma expansion. Below the developed models are based on experi-
mental studies of the laser interaction phenomena. Therefore, first, the state of plasma
measurements is discussed to formulate the main problem of moderate power laser
interactions with metallic targets, and then, results are used for modeling of the
laser–target interaction and laser plasma generation.
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24.2 Review of Experimental Results

A laser pulsed beam with 6 ns pulse durations and 3.2 mJ energy impinges on an Al
target and modified it. Using scanning electron microscopy (SEM), Henc-Bartolic
et al. [18] observed that molten droplets with radii between 0.1 and 0.5 μm, Al
vapor, and surface craters of ~30 μm depth were formed after 50 laser pulses. The
electron temperature of the Al plasma was estimated as 1.4 eV, using spectroscopic
data and that the laser energy was mostly absorbed by the plasma particles. The
plasma produced by a pulsed nitrogen laser beam (6 ns, 9 mJ) impinging on a Ti
target was studied spectroscopically by Henc-Bartolic et al. [19]. It was found that
the electron density was ne ~ (1.5 − 3) × 1018 cm−3 and that Stark broadening is the
dominant broadening mechanism. The electron temperature Te measured from the
relative intensities of two Ti spectral lines in vacuum was approximately 2.7 eV.

Hermann et al. [20] recorded time- and space-resolved spectra to investigate
the plasma formed from 20 ns pulsed excimer laser irradiation of Ti targets. The
laser intensity was varied from the vaporization threshold at 25 MW/cm2 up to
500 MW/cm2, which generated plasma. Electron temperature Te at a distance of
2 mm from the target decreased with time, from 2 to 3 eV at 150 ns after the laser
pulse, to 1.5 eV at 300 ns. At fixed time of 100 ns after the laser pulse, density
ne decreased with distance, from 1018 cm3 at 0.5 mm to 1017 cm3 at 2 mm, as
measured using the Stark broadening of Ti atom and ion lines. When the power
density increased from 25 to 500 MW/cm2, the directed ion velocity increased from
2.105 to 2.106 cm/s.

Chang et al. [21] used a copper vapor laser (CVL) and varied the intensity from
0.1 to 10 GW/cm2 to investigate the parameters of plasma generated from aluminum
and carbon steel targets. Schlieren images were captured by a charge-coupled device
(CCD). A narrowband filter centered at the probe laser wavelength was used to block
the plume radiation and scattered CVL light. The measured speed (3 − 20) × 105

cm/s was used to determine vapor density, temperature, and pressure during the end
of the CVL pulse through the hydrodynamic relations describing adiabatic shock
expansion and Knudsen layer jump conditions. It was found that Te was 1–2 eV and
ne= 1020 − 1021 cm−3. These data correlated with published measurements even
though the reverse approach was uncertain.

The energy distribution of ions ejected from solid and liquid Si and Ge and from
solid Cu targets by a high-fluence (1–8) J/cm2 excimer laser was determined by
analyzing the time of flight (TOF), by measuring the current pulse delay of ions
overcoming an adjustable electrostatic potential barrier applied before a detector
[22]. For both solid and liquid targets, the ion energies were found of the order of
100 eV per ion charge and depended little on the laser fluence.

Abdellatif and Imam [23] determined the spatial distribution of Te using Boltz-
mann plots ofAl II lines and the spatial profile of ne using Stark broadening, produced
by a 7 ns pulse laser with wavelengths 1064, 532, and 355 nm. When the laser wave-
length was 1064 nm, Te ~ 1.17 eV at the target surface, and it increased gradually
to 4.2 eV at a distance of 500 mm from the target surface and then decreased with
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distance to about 1 eV. When the laser wavelength was 355 nm, maximum Te was
about 5.7 eV and ne = (0.85 − 0.35) × 1018 cm−3. Rieger et al. [24] investigated
the emission Si and Al plasmas produced by a KrF laser with 10 ps pulse and power
densities (0.05–50) GW/cm2 and also with 50 ps pulse and power densities (10–
104) GW/cm2. It was shown that 50 ps, 100 GW/cm2 pulses generated Al plasma
with ne ~ 1022 cm−3, Te ~ 14 eV, while 10 ns, 0.5 GW/cm2 pulses produced 1020

cm−3 and ~2.4 eV.
A 7 ns pulsed Nd:YAG laser producing a 52 mJ, 335 nm, 1010 W/cm−2 beam

was irradiated on a Cu target in vacuum and argon [25]. Te was determined by a
Boltzmann plot and ne by Stark broadening. Also, a single Langmuir probe was
located 3.5 mm from the target. In vacuum, Te increased from 1.6 eV at the surface
to 3.8 eV at a distance of 2 mm from the surface, and then decreased, reaching 0.6 eV
at 10 mm. The plasma velocity was found as 5.3 × 105 cm/s. The electron density
was ne ~ 1.4 × 1016 cm−3 at the surface and decreased by more than one order of
magnitude at a distance of 10 mm from the target.

Plasmas produced by a 200 mJ, 8 ns pulse in air on a target from a ~60% Cu,
~40%Zn brass alloy, were studied spectroscopically [26]. It was reported that ne was
1016 − 1018 cm3 and Te 0.7 − 1.2 eV. Aguilera et al. [27] studied plasma induced
by a (3.5–4.5) GW/cm2, 4.5 ns, laser beam in atmospheric pressure air and argon
and focused onto a Fe target and determined the temporal and spatial distributions of
Te and ne and neutral atom density. In air, the Fe emissivity and atom density were
maximized when the focal plane of the lens was placed 10 and 12 mm, respectively,
below the sample surface, whereas higher temperature (1 eV) was obtained when the
focus was 5 mm below the surface and decreased for deeper focusing positions. This
behavior was explained by plasma shielding at high laser irradiance. The emission
intensity in Ar was about twice of the intensity in air due to higher temperature in
Ar. Also, a maximum of the emission intensity was found for both gases at a focus
distance of ~10 mm.

Laser-generated metallic plasma was widely investigated by Torrisi and co-
authors, and the details of their methods were described by Margorone et al. [28]
and Torrisi et al. [29]. They used a Nd:Yag laser with a 3–9 ns pulse and fluence
of (0.1–9.3) J/cm2. Electrostatic ion energy analyzers and the TOF technique were
used to measure the ion energy and charge-state distributions. The mass loss per
pulse was obtained by measuring the crater depth profile. The radiation emission
spectrum, Te and ne, was investigated by optical spectroscopy using a CCD camera.
They found, for metal targets with a wide range of thermophysical properties, that
the ion distribution function was a shifted Maxwellian distribution, which depended
on laser fluence, and that the energy shift increased linearly with the ion charge. For
carbon it was ~65 eV/charge [30] and for Si ~300 eV/charge, with ion charge from
+1 to +4 at 150 mJ laser energy [31]. Using the maximal energy ion distribution
shift, the estimated singly charged ion velocity for carbon was 2.8.106 cm/s and for
Si was 4.5.106 cm/s. The energy shift increase with the ion charge was explained
assuming that an electrostatic field is present within a Debye length similarly with
that electric field occurred for high intensity fs and ps laser pulse irradiation.
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For Ta target, the ion energy was higher, ~200 eV/charge at 30 J/cm2 and
~600 eV/charge state at 100 J/cm2, [32]. The average width of the distribution indi-
cated a relatively large ion temperature, (7 − 26) × 105K, i.e., ~60–200 eV, while
the average plasma velocity was reported as (0.7 − 1.4) × 106 cm/s. Later, for Ag
plasma Te ~ 5 eV and ne ~ 2.1016 cm−3 were obtained spectroscopically [28]. Simi-
larly shifted Maxwellian ion distributions were observed by Bleiner et al. [33]. The
average width of the distribution indicated ion temperature depended on the target
material: 18, 27, 30, and 45 eV for Al, Fe, Sn, and Zn, respectively. Torrisi et al. [34,
35] measured the target mass loss from the craters by weighing the targets before and
after irradiation by 1000 pulses of 9 ns and 875 mJ and found 0.25, 0.51, 0.55, and
10.5 μg/pulse for Cu, Al, Ni, and Pb, respectively. Another group of materials, Au,
Ti, W, and Ta, had higher mass loss, 0.8–1 μg/pulse. A linear dependence of mass
loss on fluency in range of 1–6 J/cm2 was measured for Al, Cu, and Ta targets by
Caridi et al. [36]. Kasperczuk et al. [37] showed that the craters have a semi-toroidal
shape when the laser was focused inside of the target, and when the laser was focused
at the front position, they resemble a hemisphere.

Zeng et al. [38] spectroscopically measured Te and ne in plasma produced by
nanosecond laser impinging on Si target with a flat surface or cavity. Te was 3 eV
and ~4 eV, and ne was ~5× 1018 cm−3 and (1− 3)× 1019 cm−3 with flat surface and
cavity, respectively. Te and ne were uniform up to 1.5 mm from the target surface.
The plasma expanded at a velocity of 5 × 105 cm/s.

The spatial evolution of Te and ne in plasma generated on SiC samples by a
Nd:YAG laser beam at wavelength of 1064 nm, pulse width of 10 ns, and power
of 0.2–2 GW was spectroscopically studied by Chen et al. [39]. They found that ne
decreased from 1.8 to 0.73 × 1017 cm−3 and Te from 1.4 − 1.7 to 1 eV with distance
from the target up to 9 mm. In the region between 3 and 9 mm, ne fluctuated and Te

decreased slowly. Further investigations of these authors determined the Te and ne
dependence on the time after the pulse [40–42]. It was shown that Te substantially
and ne moderately decreased with time in range of 50–600 ns. For example, at 1 mm
from the target surface, Te decreased from 3.3 to 1.75 eV and ne decreased from 2.6
× 1017 to 2.25 × 1017 cm−3 at 50 and 400 ns, respectively, after the laser pulse. Te

and ne had maxima at ~2 mm from the target surface.
Cristoforetti et al. [43] spectroscopically observed that ne increased from 0.7 ×

1016 to 2× 1017 cm−3 and Te from 0.85 to 1.15 eV when the irradiance of a Nd:YAG
laser beam of Al target increased from 3 × 108 to 5 × 109 Wcm−2. Ablated plasma
flow from a liquid Ga-In target was studied with laser power density1 GW/cm2 and
pulse duration 2.7 ns [44]. The average ion energy and the directed ion velocity
were measured using a mass-energy and time-of-flight methods, respectively. They
found an energy of ~400 eV, indicating that there was an electrostatic field in
the plasma plume. However, a relatively low velocity of about 3.105 cm/s was
measured. Measured characteristic plasma parameters published in the last decades
are summarized in Table 24.1.

Concluding remarks: When the laser power density exceeds 108 W/cm2, the
plasmawas producedwith broad ion kinetic energy distributions. Furthermore, when
multiply charged ions are detected, it was found that their most probable kinetic
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energy increases linearly with the ion charge. This energy reaches few hundred eV
per ion charge and was identified with a correspondingly large potential drop in
the plasma, which was not always correlated with the moderate plasma velocities
(5 − 20) × 105 cm/s that were observed by TOF. Also, the electron temperature
was usually low, 1–2 eV, and the direct spectroscopic measurements never exceeded
5–6 eV, while the measured average width of the ion velocity distribution func-
tion corresponded to relatively large plasma temperatures, reaching few tens eV
depending on target material and laser fluence.

While these measured plasma parameters were briefly explained by the discus-
sions in the corresponding publications, they considered only separate phenomena
and were limited usually by comparison with other observations. The mechanism
of ion acceleration developed for high-power (>1014 W/cm2) laser impingement
was used to explain the ion energy measured by the moderate laser power (<109

W/cm2) irradiation, which is not correct due to different physical phenomena and
plasma parameters. The measured relatively large ion energies were not correlated
with the low electron temperatures measured spectroscopically, and this fact was
not explained. Let us consider the theoretical works and the calculated results for
moderate power density.

24.3 Overview of Theoretical Approaches of Laser–Target
Interaction

Material ablated from the target from the impingement of a laser beam expands away
from the surface in form of a plasma jet. Jet expansion into vacuum is described by
the hydrodynamic equations, expressing the conservation of mass, momentum, and
energy. Plasma formation by the impingement of nanosecond (3–7) J/cm2 pulsed
laser beams on Cu, Ba, and Y targets was modeled by Singh and Harayan [46].
After interaction of the laser beam with the target the plasma formation and heating
were considered. The plasma expansion was studied by two approaches, as initial
3D isothermal expansion and then the adiabatic expansion and thin film deposition
were investigated. The dynamics of thin film laser deposition was obtained using the
time evolution of the calculated plasma velocity and measured Te.

Gamaly et al. [47] described the process of vaporization of a target material;
the properties of the vapor and plasma flow and film deposition on a substrate for
high repetition rate laser evaporation were studied. For this purpose, the evaporation
atom flux was previously described for a single pulse and for different conditions
of absorbed laser radiation (<1010 W/cm2), solving the target one-dimensional heat
conduction equation. In case of absorption at the vapor–solid interface, all parameters
at the interface between solid and vapor are related to the absorbed laser intensity
via conservation laws for mass, momentum, and energy. The vapor was considered
as an ideal gas with an adiabatic exponent and sound velocity. It was indicated that
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the proposed theoretical method allowed defining the optimal conditions for efficient
evaporation of a target, with given thermodynamic properties.

An important part of LTI study is to correctly define the temperature-dependent
boundary conditions at the target–plasma interface. Itina et al. [48] proposed a
combinedmodel to describe the laser-induced plasma plume expansion in vacuum or
into a backgroundgas. Themodel takes into account themass diffusion and the energy
exchange between the ablated and background species, as well as the collective
motion of the ablated species and the background gas particles. The system of gasdy-
namical equations in the divergent form for non-equilibrium (i.e., Te �= T ) plasma
expansion into surrounding gas was simulated. The thermal evaporation model is
used, so that the vapor pressure at the surface is obtained from the Clasius–Clapeyron
equation. The flow parameters are calculated using Anisimov’s [49] jump conditions
at the Knudsen layer boundary at sound plasma velocity, which derived, however,
for expansion in a vacuum and not in a gas pressure. Only a singly charged ion was
assumed, and no information about the data of electron temperature as a boundary
conditionwas presented. The developed approach bridges the gap between theMonte
Carlo modeling of the plume expansion in a low-pressure regime and hydrodynam-
ical models in the high-pressure regime. The authors indicated, “Despite a number
of simplifications, the modeling has provided a physical picture of the complicated
phenomenon of laser plume expansion into a gas. This picture has yielded the expla-
nations of a number of experimental results obtained in the presence of both inert
and reactive background gases.”

A three-dimensional computer code was used by Wang and Chen [50] to solve
the hydrodynamic governing equations, to study the plasma plume characteristics
in laser welding for iron vapor in an ambient gas. The temperature, vapor, and gas
velocity as boundary conditions at the target were used as parameters.

A model of laser ablation in an ambient gas taking into account the phenomena of
target–vapor interaction was proposed by Gusarov et al. [51, 52]. A weakly ionized
vapor was considered, and the given plasma pressure at the target–plasma kinetic
boundary was used as a parameter, assuming plasma equilibrium (i.e., Te = T ).
Gusarov et al. [52] considered the thermal emission of electrons from the Cu and Al
targets, kinetics of ions and neutrals, and an electrostatic sheath that was formed at
the surface. The potential drop in the electrostatic sheath was determined taking into
account the electron fluxes from the target and plasma. The problem was solved for
given plasma pressure at the external boundary of the Knudsen layer as a parameter
assuming temperature equilibrium for the plasma particles.

A theoretical modeling of expanding plasma plume induced during welding of
iron sheets with CO2 laser in a shielding gas (argon, helium) was developed, a 2D
approach by Moscicki et al. [15]. The set of equations consists of the equations of
conservation of mass, energy, momentum, and the diffusion equation was solved for
a given vapor velocity and temperature, as well as given gasdynamic parameters of
the flow shielding gas. The main goal of this work was to study the interaction of
vapor–gas taking into account two plasmas: shielding gas plasma and metal plasma.

An overview of different modeling approaches was reported by Bogaerts et al.
[53] for laser interaction with a matter operating in different regimes of wavelength
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(UV, Vis, IR), laser irradiance (104 − 1010 W/cm2), and pulse length (fs, ps, ns). It
was concluded that the entire process of laser ablation and the subsequent behavior
of the ablated material cannot be described with one single model, and therefore,
it should be described step by step taking into account target heating, melting and
vaporization, plume expansion in vacuum, and plasma shielding of the incoming
laser light. Such a numerical model was developed by Bogaerts et al. [53] and by
Chen and Bogaerts [54] for Cu target. The equation for target heat conduction was
solved in a one-dimensional approximation. The plasma formation was considered
near the target surface, where the ions and electrons emission from the heated surface
are described by the Langmuir–Saha equation and in the vapor volume by Cu atom
ionization to Cu+ and Cu++ ions by the Saha–Eggert equations, assuming common
temperature for the electrons, ions, and neutrals. This temperature was determined by
the laser beam absorption in the plasma, which was accelerated during its expansion.
The plasma expansion was calculated using an equilibrium condition for the pressure
and vapor density and thermal velocity for evaporated atoms.

Thus, different approaches were considered previously assuming an equilibrium
boundary condition for plasma expansion, thermal equilibrium in the plasma, or
weakly ionized vapor, neglecting collisions between charged particles. A local speed
of the vapor flow in the Knudsen layer was used as sound, which is not correct
at large laser power density (≥10 MW/cm2). The calculated results for moderate
power density were obtained using some arbitrary parameters (plasma equilibrium
(i.e.,Te = T ), given plasma pressure at kinetic boundary, temperature, vapor velocity,
and low ionization assumption). The used Langmuir–Saha equation to describe the
surface ionization mechanism is not available for materials with the potential of
ionization of the atom larger than the target work function. The multi-charged (>2)
ion generation and the ion energy dependence on charge in the expanding plasma
were not considered.

At the same time, the previous calculation indicated a relatively large particle
temperature and a large degree of ionization of the vapor. Therefore, a space charge
region with high potential drop and large electrical field at the surface and as a
result large ion and electron emission currents at the target is expected and should be
investigated. An understanding of the measured results requests to consider the LTI
as mutually dependent phenomena. In this case, there were the following important
questions: What is the plasma structure in the near-target region by plasma–target
interaction? How does the ion heat flux influence the target heat balance? How does
the energy of emitted electrons influence the plasma energy balance?

As the main point of the present chapter is to study the physics of plasma inter-
action with a target, the laser power absorption in the expanding plasma which
is taken into account by using an effective coefficients KL from published results
is described as a well-known mechanism of such absorption. The tractability of
moderate energyLTImeasurementswill be clarified considering the coupled physical
phenomena which determined the produced laser plasma parameters as ion energy,
plasma temperature, etc. To this end, the physics of laser ablation and plasma gener-
ation will be considered, taking into account the kinetics near the target-plasma
interface, the hydrodynamics of plasma flow based on the existing mechanisms of
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plasma acceleration, and using a previously developed self-consistent approach to
LTI. Therefore, the phenomena description will be detailed separately to base the
developed plasma model for LTI. Thus, the LTI is studied by analyzing vaporization
and electron emission, considering vapor breakdown mechanisms, sheath forma-
tion, electron emission and mechanism of plasma heating, the plasma expansion by
analysis of the existing mechanisms of plasma acceleration.

24.4 Near-Target Phenomena by Moderate Power Laser
Irradiation

The pulsed laser ablation and plasma formation are complex, and various phenomena
occur simultaneously (Fig. 24.1). First, these phenomena are characterized separately
and the present state of art is analyzed. The obtained results are involved formodeling
of self-consistent processes by laser interaction with a target. The laser power density
qL was absorbed in the plasma by value KLqL and so, reaching the value at the target
by (1 − KL)qL.

24.4.1 Target Vaporization

During the laser irradiation, the target evaporates, and evaporating layer determines
the heavy particle flow. The kinetics of vaporization described in Chap. 2. Aden et al.
[55] studied laser-induced vaporization of Al and iron targets in air at atmospheric
pressure. It was assumed that u= usn is an upper bound for the vapor velocity, and for
an absorbed intensity, the vaporization is independent of the ambient gas. However,
in general, the vaporization depends on the near-target pressure, which determines

Fig. 24.1 Laser–target
interaction. Power density qL
distribution between a
plasma and irradiated target
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the flow properties in the Knudsen layer. The definition of plasma flow as a non-free
(impeded) when M < 1 and as free into vacuum when M = 1 was introduced in
Chap. 17. A strongly impeded mass flow was characterized the cathode evaporation
in a vacuum arc due to energy dissipation in the near-surface dense plasma. The
developed kinetic approach in Chap. 17 could be used to study the vaporization target
material and determine the structure of the Knudsen layer in case of zero electrical
current of laser irradiation. In this case, the parameters at the external boundary of the
Knudsen layer determine the boundary condition for the hydrodynamic flow along
a path from the surface.

24.4.2 Breakdown of Neutral Vapor

When the laser power density is relatively low (<1 MW/cm2), the evaporating flux
consists of neutral atoms. At significant laser power density, the laser irradiation
accompanied by an electric field provoking a vapor breakdown and plasma genera-
tion. Gas breakdown by laser irradiation was discovered in 1962–1963 and found to
be similar to spark discharges [56]. The electrical breakdown occurs when an elec-
tric field of 3 × 106 − 107 V/cm, depending on the pressure and gas, was produced
by the light wave, which can be reached in laser radiation with power density of
1010 − 1011 W/cm2 [57]. The atoms can be directly ionized by the quantum, or
by the multi-quantum photo effect and due to excited atom ionization by energetic
electrons. Atoms can be ionized by a mechanism, similar to the tunneling effect, i.e.,
an electron emitted from the atom by a static electric field. The breakdown develops
by electron avalanches created by the primary electrons. The gas breaks down when
the laser power density exceeds some threshold value. Gili et al. [58] measured the
threshold breakdown electric field for a 50 ns, 30 MW laser beam as a function of
Ar, He, and N pressure. Minimum breakdown fields have been found taking into
account the electron impact ionization and electron heating through energy transfer
from laser light wave to the electrons.

The laser intensity of breakdown threshold is lower for plasma generation in
metallic vapor due to the lower ionization and excitation energies of metal atoms,
compared to gas atoms. This threshold intensity is determined by a mathematical
model as a function of the laser wavelength [59]. Mathematical modeling with the
given shape and duration of the pulse showed that the threshold intensity of the radi-
ation was 2× 107 W/cm2, and the optical breakdown time did not exceed 30 ns. This
time reduced to about 10 ns for ~109 W/cm2. The phenomenon was studied consid-
ering charged particle generation kinetics and taking into account different atom
ionizationmechanisms.However, target heating and evaporationwere not considered
explicitly.

Rosen et al. [60] studied the optical breakdown in aluminum vapor by excimer
laser radiation where the laser threshold intensity for a 0.5 μs pulse was 5 × 107

W/cm2. The vapor breaks down at shorter times with laser power density. The exper-
imental result was found in good agreement with predicted by a model for plasma
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initiation included evaporation, photoionization, atom excitation, and others. Thus,
the plasma was initiated during the time comparable with the regular small laser
pulse time for laser power significantly larger than the threshold laser intensity.

24.4.3 Near-Target Electrical Sheath

A general comprehensive review by Eliezer and Hora [61] reviewed the problems
related to laser produced plasma. They showed that in laser-generated plasma, the
target–plasma transition comprises a sheath formed by plasma floating potential with
respect to a negatively charged wall. The sheath should be taken into account consid-
ering the LTI [52]. Considering a self-consistent study of sheath-surface transition,
Beilis [62] showed that the ion and electron fluxes across the sheath with potential
drop ush determined a new phenomenon, namely the back energy flux to the target
previously absorbed in the plasma by laser irradiation (see below).

24.4.4 Electron Emission from Hot Area of the Target

During LTI, targets are irradiated by highly energetic photons, which transport
substantial energy flux which heated the target. At another hand, an electric field
is generated in the sheath at the target–plasma interface. Thus, the electrons can be
emitted from the target by several mechanisms including photoemission, thermionic
(T) emission, field emission by electron tunneling (F), and combined thermal and
field (T-F) emission. The photo effect and electron emission current were generated
byUV laser action on Zn target [63]. Relatively, low laser power density ~1MW/cm2

was studied when mainly photoelectric mechanism determined the electron emis-
sion. Dolan and Dyke [64] calculated the energy distribution of emitted electrons
for different temperatures T and electric fields E. Beilis [65] developed this method
showing the transition from T- to F-emission and the intermediate case. According
to these calculations, electron emission by T- and T-F emission mechanisms can be
important for laser power density >107 W/cm2.

24.4.5 Plasma Heating. Electron Temperature

An important question is how the plasma can be heated and what is the mechanism
of energy transfer to the electrons by laser irradiation? According to Raizer [56],
plasma electrons can acquire energy in a laser radiation field. Energy absorption
from the field is quantum-like. Electrons can acquire instantaneously a large amount
of energy from the field from collisions of many photons [57]. Energy absorption
is frequency-dependent process. Photon energy is absorbed by free electrons in the
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inverse Bremsstrahlung process, producing higher energy free electrons. Another
mechanism is due to acceleration of the electron emission in the near-target sheath.
The energy acquired by the electron beam heated the plasma electrons in an electron
beam relaxation region [66]. The electron energy, absorbed from the field electron
beam, is lost via atom excitation, ionization, and plasma outflow. Thus, a balance
between energy gain and energy loss determines the electron temperature Te. This
balance will be studied by LTI mathematical formulation.

24.4.6 Plasma Acceleration Mechanism

Let us consider the possiblemechanisms for accelerating fully ionized plasma having
conductivity σ . The equation of ion motion in general form is [67]:

m
d �Vi

dt
= ∇Pi

ni
− ej

σ
+ e

(
E + 1

c

[ �Vi �H
])

; (24.1)

where Pi is the ion pressure, Vi is the ion velocity, j is the electrical current density,
and �H is the magnetic field vector. The electric field E is limited by high electron
mobility in a quasineutral plasma. In order to study the electrical field generation
mechanisms while maintaining quasineutrality, the equation of electron motion with
velocity Ve and pressure Pe may be considered in the following form:

e

(
E − j

σ

)
= −∇Pe

ne
− med �Ve

dt
+ e

c

[ �Ve �H
]
; (24.2)

The sum of (24.1) and (24.2) in simple case where H = 0 and j = 0 for moderate
laser power is:

m
d �Vi

dt
= −∇(Pi + Pe)

ni
− me

d �Ve

dt
; (24.3)

Considering (24.3), the following forces accelerating the plasma can be noted:

(1) Forces due to gradient of charged particle density and by particle heating in the
flowwhen the inertial term of electrons can be neglected. This is the gasdynamic
or heat mechanism (see below).

(2) When E � j/σ , electron inertia from the last term in (24.2) gives:

E ≈ me

e

d �Ve

dt
, (24.4)



24.4 Near-Target Phenomena by Moderate Power … 1041

Thismechanism contributes with strongVe variation in a small time. For example,
when an electron velocity increases to 5 × 107 cm/s in 0.1 ns, the electrical field of
about 280 V/cm can be induced.

(3) Force in the rarefied part of the expanding plasma is caused by an electric
field at the plasma front due to significantly fast motion of the hot electrons in
comparison with the ions, resulting in a strong violation of quasineutrality. The
ions stream into vacuum with electrons is preceded by a characteristic length at
which a space charge can be induced. This space charge at the boundary of the
expanding plasma produces the accelerating electrostatic field at the ion front.
The most energetic electrons extend into vacuum, maintaining an accelerating
field determined by the electron temperature.

Eliezer and Ludmirsky [68] estimated electric fields between ~5 × 105 and 5 ×
106 V/cm at widths from 10 to 100 Debye lengths for a sheath produced by Nd:YAG
laser intensities between 1012 and 1015 W/cm2. The ion acceleration with the electro-
static field E caused by the hot electrons in the freely expanding plasma model was
considered by Denavit [69]. The expanding ions were described by the ion continuity
and motion equations taking into account the electron–ion collisions. The electrons
were assumed in isothermal equilibrium, and their distribution was given by the
Boltzmann relation taking into account the quasineutrality of the plasma plume. A
self-similar solution gives E = Te/L; L = vsn t, where vsn is the ion sound speed
and t is the expanding time. Thus, in essence, gasdynamic acceleration of the ions
due to the electron temperature gradient was considered. The problem of ion accel-
eration in a time-dependent ambipolar field was developed for the case when the
electron energy strongly depends on time during a powerful sub-picosecond laser
pulse by Gamaly [70]. Wickens et al. [71] observed a significant difference with the
well-known case of isothermal expansion.

The shifted Maxwellian ion energy distribution was measured for relatively
moderate laser power density (≤1010 W/cm2). The shifting of the ion energy Torrisi
and Gammino [72] proposed to explain by an electrostatic acceleration of the ions.
The corresponding electric field was estimated as the measured equivalent voltage
ratio to the Debye length. It was indicated that this electric field is in accordance with
that obtained for significantly larger power density (1 − 5) × 1019 W/cm2 for fs and
ps pulse experiments [73–75]. The electrostatic field model for ion acceleration was
developed by Hatchett et al. [76] with scale length L given by the Debye length.

However, using one- and two-dimensional numerical simulations, Liseikina et al.
[77] indicated that in contrast to the electrostatic (and similar TNSA) mechanism
used to explainmost of the experiments with ion acceleration from solid targets, laser
radiation pressure acceleration (RPA), predicted from theoretical studies, becomes
dominant at intensities exceeding 1023 W/cm2 and produces highly collimated ions
with energies approaching GeV values. Previously, Attwood et al. [5] presented
interferometric data that confirmed the significant role of radiation pressure during
laser–plasma interaction (1023 W/cm2). The electrostatic acceleration mechanism or
TNSA and RPA models are mainly applicable for extremely high-intensity LTI (see
discussion below).
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24.5 Self-consistent Model and System of Equations
of Laser Irradiation

The plasma produced by laser irradiation near the target [47, 53, 78] and the plasma
generated in the cathode region of a vacuum arc [79] have similar characteristics.
Both surfaces interacted with large power density, and the plasmas are very dense
and appear in a minute region, known as laser spot and cathode spot, respectively.
It is expected that the character of plasma interaction with the matter in both cases
is also similar. Cathode spot theory was modified for current-less laser-generated
plasma [66]. The developed approach based on a previously presented kinetic model
of the cathode was spot by Beilis [79], (see Chap. 17) and modify it for the particular
features of a laser-generated plasma taking into account that the net electrical current
is zero in the laser spot, in contrast to the current carrying vacuum arc cathode spot.
The laser spot phenomena also described non-equilibrium plasma flow and a jump
of plasma parameters in the Knudsen layer at the solid surface–plasma interface. The
mechanismof near-target laser plasma generation andflowusing the kinetics of target
vaporization, plasma heating and atom ionization was considered self-consistently
in a mathematical model without arbitrary given parameters [62].

The laser spot located on a smooth surface is assumed as a circular with radius
Rs. The near-target vapor is a partially ionized vapor that separated from the surface
by an electrical sheath across which there is a potential drop ush. The sheath voltage
accelerates the charged particles. Similar to the cathode spot, here are two groups
of electrons: (i) accelerated electrons emitted from the heated target and (ii) slow
plasma electrons. The energy of emitted electrons dissipates in a zone of the electron
beam relaxation. Since the energy of accelerated electron beam exceeds the slow
electron energy by an order of magnitude, then the beam relaxation zone is much
larger than the plasma ion or electron mean free path. Thus, inside the relatively
large electron beam relaxation zone, a collision-dominated plasma is formed, which
is heated by the accelerated electron beam.

As the ionized vapor near the heated surface is not in equilibrium, a kinetic
(Knudsen) layer of several ion mean free path lengths is originated. Recall that at
Knudsen layer external boundary, the velocity function distribution of the particles
approaches equilibrium. This layer is considered in the hydrodynamic treatment as
a discontinuity region [49], where two heavy particle fluxes are produced. The first
is a flux of atoms evaporated from the target (Langmuir flux) at a rate of evaporation
W (T 0), where T 0 is the surface temperature. The second flux is a returned atoms
and ions from the plasma toward the target surface. The difference of these fluxes
determines the mass velocity flow and the net target evaporation rate G. The ratio of
net evaporation rate to the total evaporated mass flux determines the target mass loss
fraction Ker= G/W (T 0).

As in the cathode spot kinetic theory (Chap. 17) in the laser spot model, four
characteristic boundaries are distinguished in the near-cathode region indicated by
j = 1, 2, 3, and 4 (Fig. 24.2). The origin of the coordinate system is defined at the
target surface, and the x-direction coincides with the direction of the vapor flow.
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Fig. 24.2 Schematic presentation of the kinetic regions and hydrodynamic laser plasma expansion

Also, four regions are the space charge sheath or the ballistic zone, Knudsen layer,
electron beam relaxation zone bounded by the boundaries 2, 3, and 4, respectively.
After boundary 4 the expanding region is arise, in which plasma accelerated. The gas
parameters at these boundaries denoted by density nαj, velocity vαj, and temperature
Tαj, where indices α—e, i, a are the electrons, ions, and atoms, respectively, and
j = 1, 2, 3, 4 indicates the boundary number. The equilibrium electron ne0 and
heavy particle n0 densities are determined by the target surface temperature T 0 from
equations for electron emission current density jem and saturated heavy particle flux
from the target.

Anisimov [49] proposed the distribution functionwithin the non-equilibrium layer
to approximate by the sum of two known terms before and after the discontinuity,
by considering the laser evaporation of metals in form of neutral atoms. The model
was extended by Beilis [80] (Chap. 17) for electron emitted metals in form of charge
particle evaporation and plasma flow in the Knudsen layer.

The evaporated atoms have a half-Maxwellian VDF, and this DF was served as a
condition at the evaporated surface x = 0 with the surface temperature and a given
density. In the region between boundaries 1 and 2, the plasma electrons are returned,
while the ions and emitted electrons are accelerated with energy eush. At boundary
2, the ion velocity is determined by the condition at the sheath–plasma interface, and
then, the ions are accelerated toward the target (to boundary 1) in the space charge
sheath. At boundary 3, the heavy particles VFD are in equilibrium shifted by mass
flow velocity. At boundary 4, the electron beam disappears. It is assumed that Tij=
Taj (j = 1, 2, 3) and vij= vaj (j = 3). In general, the ion flux Γ iw from the electron
beam relaxation zone to the cathode is determined by a diffusion mechanism with
Saha’s equations for different ions at boundary 4 (see Chaps. 16 and 17). The ion
current to the cathode consists of an ion current with different ion charge z = 1, 2, 3,
4 and ji = ∑z

1 ji z . If the ionization–recombination length and plasma velocity are
small in comparisonwith the length of the relaxation zone and to the thermal velocity,
respectively, then Saha’s equations for different ions are fulfilled in the volume of
this zone. The electron energy balance in the relaxation zone is in form:
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KeKLqL + jem(Ush + 2Ts/e) = jet(2Te/e +Ush) + ji

z∑
1

(
fz
ez

z∑
1

uiz

)

+
z∑
1

(
nzi4v4

z∑
1

uiz

)
+ 2TeΓe (24.5)

where uiz is the potential of ionization of ions with ionicity z, f z is ion current fraction
of ions with ionicity z determined as jiz/ji, Ke is the coefficient of laser energy
absorption in the relaxation zone, and KL is the coefficient of whole laser energy
absorption in the expanding plasma. The equation (24.5) show that the electron
temperature is determined by inflow of the energy absorbed from the laser with
power density qL and energy of emitted electrons accelerated in the sheath with
potential drop ush. The energy losses are due to dissipation by atom ionization,
convective transport of the electrons Γ e = ne4v4, and ions ni4v4 outflow through
external boundaryof relaxation zone. Plasmaquasineutrality requires thatne=∑

zniz,
where niz is the density of ions with ionicity z = 1, 2, 3, 4, and ne is the electron
density. The plasma pressure Pj= ∑

najTaj (j = 3, 4). The target is heated by the
incident ions with current density ji (bringing energy flux jiUsh) and by reverse
electron with current density jet from the adjacent to the target–plasma and cooled
by electron emission and due to body heat conduction.

(1 − KL)qL + ji

(
ush +

z∑
1

(
fz

z∑
1

uiz − fz zϕ

))

+ jet2Te/e = jem(ϕ + 2Ts/e) + qG + qT (24.6)

qG = (λs + 2kTs
m

)
G

S
;

qT = 2
λT√
S

(Ts − 300)

(
2

π
arctg

√
4πat

S

)

where qG is the energy loss due to target ablation and qT is the energy loss in the target
body due to its heatingwhich is obtained by the solution of the three-dimensional heat
conduction equation. The zero electrical total current at the target–plasma interface
is also considered, and therefore, the following equation can be used:

je + ji = 0, je = jem − jet (24.7)

The expression for potential drop in the sheath can be obtained using (24.7) in
form:

ush = TeLn

(
0.6

√
2πme

m
+ jem

enes

√
2πme

Te

)−1

(24.8)
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where me is the electron mass and m is the atom mass. The rate of target ablation
which is a mass flow of the ionized vapor G is obtained by

G(g/s) = Smn3v3, m = mi = ma, n3 = na3 + ni3. (24.9)

Electron emission current density is determined in the form (See Chap. 2)

jem = 4emekTs
h3

∞∫
−∞

Ln
[
1 + Exp(− ε

kTs
)
]
dε

Exp
[
6.85×107(ϕ−ε)1.5θ(ỹ)

E

] − jeT (24.10)

θ(ỹ) = 1 − ỹ

[
1 + 0.85 sin

(
1 − ỹ

2

)]
;

ỹ =
√
e3E

|ε| ; je = jem − jeT ; s = je/j

The equation for electric field at the surface targetwas obtained solving thePoisson
equation, assuming that positive ion flux and negative beam electron emission and
back electrons from the plasma to the target form the volume charge (See Chap. 2):

E2 − E2
pl = 16ε−1

0

√
ush

me

e

{
ji

(
m

me

)0.5

exp(0.5)

[
z∑
1

((
1 + kTe

2zeush

)0.5

+
(

kTe
2zeush

)0.5

−
√

kTe
2eush

(
1 − exp(−eush

kTe
)

))]
− jem

}
(24.11)

The plasma parameters at boundary 3 serve as boundary conditions for hydro-
dynamic equations of mass, momentum, and energy in the expanding plasma jet.
In general, the plasma jet parameters can be described by a set of 2D hydrody-
namic equations, which was developed by Keidar et al. [81, 82]. Assuming plasma
expansion in the geometrical form of a truncated cone (Fig. 24.2) with cross section
depended on distance from the target, the mathematical model is developed by Beilis
[83]. With increasing distance from the target, the plasma expands due to large
plasma pressure, and the velocity V of the plasma increases in the jet. The plasma is
accelerated by the thermal mechanism in which the enthalpy of the particles is trans-
formed into kinetic energy. To demonstrate the influence of laser power density, for
simplicity, the resulting jet velocitywas calculated using the hydrodynamic equations
in the following integral form.

The integral form of jet momentum equation:

GV = p3S, S = πR2
s , (24.12)
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Jet energy equation:

[(1 − Ke)KLqL + 2TeΓe]S = (
V 2 − V 2

0

)
G/2 + Qr (24.13)

Equation (24.13) is determined by the ion velocity V of the accelerated jet by the
plasma pressure p3 at the boundary 3 and spot area S [83]. Here, Γ e is the electron
flux density flowing from the electron beam relaxation zone into the plasma jet
expansion region, and Qr is the energy loss by the radiation [53]. In the case when
the characteristic gasdynamic time is much shorter than a time for solid thermal
diffusion, the plasma parameters in the transition period will be determined by the
target heating time [78]. The above mentioned system of equations, taking into
account the heavy particle flow in the kinetic layer, was solved to study the target
ablation. In the above formulation, the spot radius Rs and laser power density qL were
the given parameters. The plasma density n, Te, Ts, ji, jem, jet, αiz, ush, E, V, Ker and
other spot parameters were calculated. An example of the calculation is presented
below, showing the contribution of plasma heat flux in target heating, rate of target
ablation, and plasma density.

24.6 Calculations of Plasma and Target Parameters

The above system of equations was solved numerically by iteration method
for different target materials in accordance with kinetic model of vaporization
phenomena. The results present the dependence of the target and plasma param-
eters on laser power density qL and time of laser irradiation. The given parameters
were spot radius Rs= 100 μm, the coefficient characterized the power absorption in
plasma of expanding jet KL, and the coefficient which characterized the radiation
absorption in plasma of electron beam relaxation zone Ke. For simplicity, in most of
the calculations, KL was chosen constant as 0.4 and Ke was chosen as 10% of KL

according to the numerical analysis [53, 54]. The values of these coefficients also
varied in order to study their influence on the calculated result while qL was held
constant.

24.6.1 Results of Calculations for Copper Target

As an example, the calculations were provided for the typical copper target. Pulse
duration t was varied as 10 ms, 1 μs, 10, 1 ns. The laser radiation intensity density
qL was assumed constant during the laser pulse and varied in a wide range (10−3

− 1) GW/cm2. It was considered also qL close to minimal intensity for which the
solution of the system of equations can be found, i.e., when the laser plasma can be
created.

It can be seen that the potential drop in the sheath ush decreasedwith qL (Fig. 24.3),
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Fig. 24.3 Potential drop in
the near surface sheath as a
function on laser power
density
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and it is larger for lower pulse duration varying from 2 to 25 V. The electrical
field at the target surface E is also larger for lower pulse duration (Fig. 24.4), but
the dependence on laser power density is non-monotonic and a maximum of E is
calculated for some certain qL determined by t. This electric field can be very large,
more than 10 MV/cm. The target temperature increases with qL (Fig. 24.5) and

Fig. 24.4 Electric field at
the target surface as a
function on laser power
density
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Fig. 24.5 Electron
temperature Te and surface
target temperature T0 versus
laser power density
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Fig. 24.6 Degree of atom
ionization dependence on
laser power density
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decreases with pulse duration when a lower range of qL was used. For shorter pulse
duration, the rate of temperature increase is larger.

Figure 24.5 shows that the electron temperature sharply decreases to a relatively
small certain value and then weakly changes with qL. Te can reach up to about 5 eV
for short laser pulse duration (~1 ns). Similarly, the degree of plasma ionization
depends on qL (Fig. 24.6), and plasma is passed from weakly ionized (α ~ 0, 01)
to fully ionized state increases to few eV. In the fully ionized state, the plasma also
consists of two and three charge ions. Different fractions of high charge ions (αi1

for Cu+, αi2 for Cu++, αi3 for Cu+++) as dependence on laser power density were
calculated for laser pulse duration 10 ns (not shown in the figure). The high charge
ions appear mainly for qL = (0.09 − 0.12) GW/cm2, and for qL > 0.12 GW/cm2,
the plasma consists mostly of one charge ions. The ion fractions αi2 and αi3 sharply
decreased when qL increased from 0.1 to 0.15 GW/cm2.

The electron emission current density dependence (Fig. 24.7) is in accordance
with temperature dependence, i.e., jem also increases with qL and decreases with
pulse duration for a lower range of qL. For each pulse duration, jem sharply increases
with qL (growing by about 105 − 106 times) in the beginning, and then, the rate of this
increase significantly decreases with qL. At the same time, the ion current density to

Fig. 24.7 Electron emission
jem and ion ji current
densities as function on laser
power density
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Fig. 24.8 Normalized
velocity at the Knudsen layer
b3= v3(m/kT3)0.5 and
evaporation fraction Ker
dependences on laser power
density
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the target (Fig. 24.7) grows significantly smaller with qL for each pulse duration (by
about 10–15) times and saturated to some certain value with laser power increasing.

Figure 24.8 shows that the plasma flow is sub-sonic near the target surface in
the dense part of the plasma jet. This fact is characterized by the dependence of
normalized velocity at the external boundary of the Knudsen layer b3= v3(m/kT3)0.5

on the laser power. Parameter b3 increases with qL indicating that plasma flows
with velocity smaller than the ion thermal velocity by a factor less than 10−2. As a
consequence, the ratio of net evaporation rate to the total evaporated mass flux—the
parameter Ker—also increases with qL (Fig. 24.8).

The heavy particle density increases by a factor of about 104 with qL for each
laser pulse duration (Fig. 24.9). The similar dependence is calculated for target
ablation rate in g/s, which increases according to the heavy particle density growth.
The degree of vapor non-equilibrium near the target surface is characterized by
normalized heavy particle density at the external boundary of the Knudsen layer n30
= n3/n0. The calculated dependence of n30 on laser power density shows that this
parameter is in range of 0.8–0.7, indicating the degree of vapor non-equilibriumwith
qL.

The calculation shows that the jet velocity decreases with qL for constant KL

because of the increase of the target ablation rate (see Fig. 24.14, KL= 0.4). In

Fig. 24.9 Heavy particle
density as a function on laser
power density
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Fig. 24.10 Plasma jet
velocity versus absorption
coefficient KL for 10 ns laser
pulse duration and Ke = 0.1
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the case of KL �= const, this velocity depends on the energy absorbed in the plasma
expanding region and characterized byKL. Therefore, the jet velocity was calculated
as a function on laser power density with given KL as parameter.

The solution presented in Fig. 24.10 indicated that the velocity increases with
KL. In order to compare the measured rate of target ablation with an experiment, the
calculation was also taken into account with the change of KL. The dependencies
of target ablation rate per pulse vs. full pulse energy density (Fig. 24.11) demon-
strate good agreement between the measured by Caridi et al. [36] and calculated
results when KL changed with pulse energy in accordance with dependence shown
in Fig. 24.11 (Ke = 0.05).

To understand the plasma energy contribution by its interaction with the target,
the calculation was also provided considering only laser irradiation, i.e., neglecting
the plasma energy fluxes. This result was compared with that considering the plasma
contribution. The calculations indicate significant difference of all parameters in both
mentioned approaches.
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Fig. 24.11 Cu target ablation rate per pulse time measured by Carridi et al. [36] and that calcu-
lated by the present model as a function on pulse energy density (left axis) and corresponding KL
dependence (right axis) used in the calculation (Ke = 0.05)
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Todemonstrate the plasmacontribution in the target heat regime, the target temper-
ature Tq was calculated considering only laser irradiation, i.e., neglecting the heat
flux from the plasma by the ions and energy flux to the plasma by the electron emis-
sion. Figure 24.12 shows the calculation of Tq and T 0 as a function on pulse energy
density for condition presented in Fig. 24.11. The difference between T 0 and Tq is
in region of 300–3000 °C. The calculations show that this difference substantially
depends on coefficient of energy absorption in the electron beam relaxation region
Ke.

Figure 24.13 shows the temperatures Tq and T 0 as a function on coefficient of
energy absorption Ke with qL as a parameter. It can be seen that the difference
between Tq and T 0 significantly grows asKe and qL increase. For qL = 0.2 GW/cm2,
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Fig. 24.12 Target surface temperature T0 calculated taking into account the plasma energy flux for
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Fig. 24.13 Target surface temperature T0 calculated taking into account the plasma energy flux
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of energy absorption Ke in the electron beam relaxation region with qL as a parameter



1052 24 Application of Cathode Spot Theory …

the difference between T 0 and Tq reaches more than 1000 °C. As a result, the rate
of target ablation is also larger in comparison with that calculated without energy
flux from the plasma, which originated due to laser radiation absorption. This is an
important result showed that the ion energy flux contributes significantly to the target
heating and reduces the critical laser power radiation when the laser plasma appears.

24.6.2 Results of Calculations for Silver Target

The plasma parameterswere calculated for the conditions corresponded to conditions
of the experiment by Margarone et al. [28]. In this experiment a 10 ns, power density
qL= 10–100 MW/cm2 laser beam was incident on a 3 mm2 spot of an Ag target. The
dependencies on qL were calculated, when, for simplicity, the coefficient of power
absorption in the plasma jet was taken as a constant KL= 0.4. And, to determine the
influence of KL on the plasma parameters, it was varied while qL was held constant
[53]. The coefficient of power absorption in the electron relaxation region was taken
as Ke= 0.1.

It was found that the potential drop in the sheath and the electron temperature
Te decrease with increasing qL (Fig. 24.14). The target temperature T 0 increases,
and therefore, the target evaporation fraction Ker also increases with qL (Fig. 24.15)
indicating the vapor non-equilibrium degree at the target. As T 0 increases, the heavy
particle density n0 also increases, so that the degree of ionization α decreases with
increasing qL (Fig. 24.16). The emitted electron current density je increases by six
orders of magnitude, while ion current density ji increases by one order of magnitude
with increasing qL [45].

The calculated electrical field at the target surface increases with qL to amaximum
of 4MV/cm at qL= 15MW/cm2 and then decreases with further increase of qL, while
the target ablation rate G increases by six orders of magnitude with qL. G increases
because the target temperature increases with qL. The laser plasma is significantly
accelerated by the gasdynamic mechanism, above 106 cm/s, and the velocity V as
well the kinetic jet energy (mV2/2) increases with KL for constant qL (Fig. 24.17).

Fig. 24.14 Potential drop in
the space charge region near
the target surface and plasma
electron temperature as a
function on laser power
density, 10 ns pulse
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Fig. 24.15 Surface target
temperature T0 and target
evaporation fraction Ker
dependencies on laser power
density, 10 ns pulse
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Fig. 24.16 Dependencies of
heavy particle density n0 and
degree of ionization α in the
beam relaxation region as
function of laser power
density, 10 ns pulse
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Fig. 24.17 Jet velocity V,
jet energy W, and heavy
particle density no as
function of coefficient of
energy absorption αL in the
plasma jet calculated for Ag
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However, when KL is constant, the velocity V decreases with qL.
These different dependencies can be understood from relation between KL, qL,

and n0 in form:

V ≈ KL

n0kT

qL
(1 + αTe/T )

(24.14)
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The relation (24.14) is obtained combining the equations of jet momentum
(24.12) and energy conservation (24.13) in integral form, taking into account that
the absorbed power density KLqL causes the plasma heating and its acceleration.
The self-consistent calculation shows that the character of heavy particle density
dependence on KL and qL variation determines the dependence of V.

When KL is constant, n0 increases with qL which is significantly larger than the
increase of qL (Fig. 24.16), and therefore, V decreases with qL, as it follows from
(24.14), while the heavy particle density significantly decreases with αIB for constant
qL, and therefore, V increases [also see (24.14)]. The experiments showed that the
observed peak energy of different ion species increasedwith laser energy [29, 32, 36].
This result indicates that laser energy absorption is nonlinearly function on distance
in the expanding plasma jet, and the plasma velocity is determined by a dependence
KL(x) which, as example, was used by Bogaerts et al. [53] for Cu and power density
>108 W/cm2.

24.6.3 Calculation for Al, Ni, and Ti Targets and Comparison
with the Experiment

Beilis [84] was found the solution for laser irradiation of Al, Ni, and Ti
targets in conditions of experiments [85]: spot area S = 0.7 mm2, laser
fluence in the range of 3-21 J/cm2, and pulse duration of 3 ns. Param-
eter KL = 0.97 − 0.98 characterized the target reflection and therefore was
taken as the coefficient of laser power density absorption [85] in the plasma.
Figure 24.18 shows the ablation yield for Al, Ni, andTi measured (solid lines)
and calculated (dash lines) as functions of laser fluence. It can be seen that
the theoretical results fit sufficiently well the experimental linear dependence
(Ke = 0.01).

The number of heavy particles Nt per laser pulse for Ni target measured by
Torrisi et al. [86] is presented in Fig. 24.19 (solid line) as a function of laser fluence
(in range of 5–80 J/cm2). A good agreement with data calculated by the theoretical

Fig. 24.18 Target ablation
yield per pulse as function on
laser fluence for Al, Ni, and
Ti, shown for the
experimental and calculation
data with Ke = 0.01
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Fig. 24.19 Number of heavy
particles per pulse Nt as
function on laser fluence for
Ni with fitted coefficient of
Ke: experiment (solid lines)
and calculation (dash lines)
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Fig. 24.20 Target
temperature T and target
evaporation fraction Ker as
dependence on laser fluence
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model (obtained using heavy particle density nh) was reached when the coefficient
Ke decreased with laser fluence according to the dependence illustrated in Fig. 24.19.

Let us consider the plasma and target parameters calculated, as an example, for
Ni with Ke = 0.01. The dependencies of electrical field and sheath potential drop on
the laser fluence are presented in Fig. 24.20. These parameters decrease with laser
fluence, but the electric field remains sufficiently large (1–10 MV/cm). While the
target temperature T increases with laser fluence and slightly exceeds 9000 K, the
target evaporation fraction Ker significantly decreases as it is shown in Fig. 24.20.

The change of parameters n30 and b3 on the external boundary 3 of the Knudsen
layer as functions of the laser fluence for Ni is illustrated in Fig. 24.21. When the
ratio n30 increases, the dimensionless velocity b3 decreases with the laser fluence.
Figure 24.22 indicates that the calculated degree of atom ionization near the target
decreases with the laser fluence. The measured data [86] at laser fluence of 10 J/cm2

is in good agreement with the calculated value at this fluence. The electron current
inessentially changes at the level of (2–3)× 107 A/cm2, but the ion current decreases
from 4 × 106 to 2 × 105 A/cm2 with laser fluence for Ni. Velocity of the plasma
jet increases in range of (1.1–3) × 106 cm/s, and the electron temperature decreases
from 1.3 to 0.9 eV with the laser fluence. These values are in region of that data
calculated above for other target metals.
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Fig. 24.21 Normalized
velocity at the external
boundary of Knudsen layer
b3 and normalized heavy
particle density n30 as
dependence on laser fluence
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Fig. 24.22 Degree of atom
ionization as function on
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data [85]
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24.7 Feature of Laser Irradiation Converting
into the Plasma Energy and Target Shielding

According to the calculation, the most important phenomena occurred at the plasma–
target transition, which is realized by an electrical sheath. The electric field at the
target surface depends mainly on two parameters ush and ji. ush decreases while ji
increases with qL in region of relatively low qL, and ji saturates with qL for relatively
large qL . Therefore, amaximumof electric field in the dependence on qL is calculated.
The plasma for sufficiently high qL mostly consists of one charge ions. However, the
ion charge state dramatically changed for the low region of qL (at the minimal qL),
and two and even three charged ions occurred due to a sharp increase of the plasma
temperature.

When the laser power is down, this potential drop increases in order to support
the further plasma generation by increase of the plasma electron temperature and as
a consequence by the degree of atom ionization growth. According to the calcula-
tion, the surface temperature decreased, and therefore, the vapor density decreased
substantially (exponentially with T 0) when the laser radiation intensity and pulse
duration decreased. As a result, the vapor approaches to fully ionization, and α
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increases to 1. The high rate of atom ionization supports the high level of ji, and
therefore, the large heat flux to the target surface increases the plasma energy
contribution.

The calculation shows the presence ofminimal andmaximal values of qL , at which
the solution is obtained. Let us discuss the dependencies of plasma parameters on
qL and time t for a given absorption fraction of the incident laser power. (1) The
ion current and electron emission decrease considerably when qL decreases to the
minimal value of qL and t. Below some critical laser irradiation qL, plasma cannot
be generated because the incident laser power is sufficient only for target vapor-
ization and the laser irradiation interacts the matter as an independent heat source
without plasma contribution. Above this lower critical radiation, the plasma gener-
ates additional heat flux, and the surface temperature is increased. As a result, the
rate of target ablation increased in comparison with that calculated without energy
flux from the plasma, which originated due to laser radiation absorption. The lower
critical power was determined as a minimal laser irradiation, for which the self-
consistent solution of the mathematical model is absent. Consequently, the sum of
low plasma heat flux and laser irradiation to the target lower than the critical power
cannot reproduce the plasma density, even in case of fully ionized vapor. (2) On
the other hand with further increase of qL, the heavy particle density and electron
emission current density substantially increase due to increase of the target temper-
ature. Therefore, the degree of ionization is dropped with heavy particle density no.
The electron temperature also dropped due to relatively large energy losses by the
returned electron current jet, which increases because ush decreased with qL. As a
result, for some large critical qL, the plasma cannot be reproduced due to very low
degree of ionization (density no) of the vapor in the electron beam relaxation zone.
The larger critical power was determined as a maximal laser irradiation, for which
the self-consistent solution of the mathematical model is absent.

In both cases, the plasma significantly shields the target, and this phenomenon
can be considered as a mechanism of instability by laser–target interaction during the
radiation pulse. According to the calculation, a relatively large difference between
plasma parameters, as well as between target temperatures, is obtained using the
present model and model where the heat flux from the plasma by the ions and energy
flux to the plasma by the electron emission were neglected. The obtained result
indicated that the plasma energy flux contributes significantly to the target heating.
This means that the laser-generated plasma not only passively shields the target from
the laser radiation but also converts the absorbed laser energy to kinetic and potential
energy of plasma particles, which were transported not only in the expanding plasma
jet, as it was considered previously, but also to the target surface.

The solution indicates that the plasma flow in the Knudsen layer is sub-sonic, and
the low values of normalized plasma velocity b3 and the heavy particle evaporation
fraction Ker are much less than a unit. This means that returned flux of the heavy
particle is relatively large and that the net of target evaporating flux significantly
differs from the Langmuir rate of target evaporation into the vacuum. The relatively
large returned flux from the high density plasma is formed near the target surface
by high-intense laser radiation, and therefore, the vaporization is not free. As b3
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and n0 increase with qL, then the rate of target mass loss G increases by the target
evaporation. In the case of constant KL, the jet velocity decreases because larger
ablative mass was accelerated with qL due to the increase of G. On other hand, the
velocity increases with KL. The last result agrees with results calculated by Bogaerts
et al. [53] and with measured plasma energy by Caridi et al. [36] indicating the
important role of laser absorption efficiency in comparison with increase of G with
qL in real time-dependent process. The validation of this conclusion follows also
from the comparison of calculated dependence of the rate of target ablation on a
pulse energy density with such dependence measured by Caridi et al. [36].

24.8 Feature of Expanding Laser Plasma Flow and Jet
Acceleration

The experiments and theoretical study show that the laser–target interaction (LTI)
consists of number of complex phenomena. The observed and calculated behaviors of
the plasma parameters, plasma expansion, and ion acceleration are result of number
physical processes, which appear during laser plasma formation and its expansion.
The kinetics of vaporization in the region adjacent to the target surface with further
hydrodynamic plasma flow considered together with target heating determined the
phenomena of laser irradiation. The phenomena are developed with time at different
stages.

The first stage of LTI is the intense target ablation when mainly neutral atoms are
produced and the breakdown of neutral vapor occurred in the second stage with the
laser plasma plume formation. The next stage occurs when the near-target–plasma
has been generated and the plasma plume expands simultaneouslywith target heating
and ablation, and the part of laser energy dissipated in the plasma. At this stage, the
important issue is to determine the plasma parameters, taking into account themutual
phenomena solving the mathematical problem self-consistently.

In general, the above calculations show that the target vaporizes in a dense near-
target–plasma that is separated from the solid surface by an electrical sheath with a
relatively large potential drop and by a Knudsen layer across which there is a jump
of plasma parameters and a mass flux returned toward the target. The electron beam
emitted from the hot target is accelerated in the sheath, and its energy is dissipated
in the electron relaxation region whose length is significantly larger than the length
of the Knudsen layer. The dense plasma and the beam energy dissipation impede the
plasma flow near the target surface. This is very important point in formation of the
target ablation rate.

The laser plasma acceleration depends on the laser energy absorbed in the target
and in the generated plasma. The important issue is to understand the mechanism
producing the observed ion energy distribution, and the shifted equivalent voltage
per charge state studied the LTI with intermediate values of power density 108 −
1010 W/cm2. One of the approaches proposed in these published works uses Target
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Normal Sheath Acceleration (TNSA) mechanism developed by works in [87–89].
The TNSA theory (named also electrostatic) considered laser interactionwith a target
assuming that at the first stage, the laser energy is converted into hot electrons usually
having energy of several 100 keVs. When the hot electrons get out through the rear
surface of the target, they create a large electric field. This field ionizes the atoms,
and then, the ions are pulled and accelerated by the electric field.

Although this mechanism was widely used, the sheath structure was not consid-
ered and, especially, for moderate laser power density when the electron tempera-
ture is relatively small, the ion acceleration in the expanding electrical sheath is not
detailed. The authors assumed that the plasma quasineutrality is violated, and a space
charge region with a potential drop uf (whose value depends on Te) can appear. In
most cases, the characteristic length of the space charge region was chosen to be the
Debye length. The electric field E was calculated using the measured shifted equiva-
lent voltage as uf and Debye length LD, i.e., E = uf /LD. In this case, the acceleration
mechanism remains unknown because namely uf should be determined. Although
the particle acceleration determined by the electrical field, the particle energy is
determined by potential drop in the space charge region. Note also that Debye length
is a parameter that characterizes the scale of E where the quasineutrality violated and
the potential of charged particle interaction ~Te/e. The electrostatic TNSA mecha-
nism cannot explain the observed relatively large ion energy shift per charge also
because the spectroscopic direct measurements showed that the expanding plasma
has relatively low Te for intermediate laser power density.

The effect of quasineutrality violation takes place also at the expanding plasma
front, but the characteristic length depends on the whether the plasma is expanding
into vacuum, into a gas, or impinges onto a solid wall. In this case, the particle energy
acquired by electrostatic acceleration in the space charge region cannot exceed the
electron temperature although there is a relatively large electric field in a small
region (whose size is the Debye or other length). Wilks et al. [90] concluded that the
electrostatic accelerationmechanism (i.e., TNSA) is applicable only for ultra-intense
(1017 − 1020 W/cm2), short-pulse (fs and ps) lasers when Te ~MeV and L ~ 10 μm.
Therefore, the ion acceleration by the electrostatic mechanism described well the
experiment with ultra-intense laser irradiation when Te is about MeV.

The ion acceleration can be described taking into account that there a strong
gradient of plasma pressure in the expanding plasma [91]. Thus, the laser plasma
acceleration is determined by the energy absorbed in the relaxation region that
produces a plasma gradient in the expanding plasma. As a result, the observed plasma
jet velocity is determined by the gasdynamic mechanism of plasma acceleration. In
the gasdynamic region, the plasma is quasineutral, and therefore, the electric field is
relatively small. The ion energy W due to the pressure gradients can be considered
by analysis of (24.3) for multi-charged ion density niz with charge z, taking into
account the mass densityρ = m�niz, ion pressure pi = T�niz, and electron pressure
pe = Te�zniz.
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Integrating (24.3) across somecharacteristic length in the plasmaexpansion region
between distances x0 and x, the ion energy increase �W = W (x) − W (x0) can be
obtained in form:
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And in simple form, this dependence is:
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where ze f =
∑

z zniz∑
z niz

,W =mV2/2 is the ionkinetic energy, f (x) are the limits of integral
function with boundary conditions at x0, and F(T, niz, z) is a function expressing the
sum of the first terms in square brackets on the right side of (24.16) which describes
the influence of the pressure gradient by ion temperature. Taking into account that
the ion pressure gradient is lower than electron pressure gradient, the (24.17) shows
that the ion energy linearly depends on the effective ion charge state, as observed
experimentally. The ion energy also depends on a jump of plasma parameters. A
strong jump of Te and ne can appear over a region of few mean free paths at the
plasma front [91, 92]. Eliezer and Hora [61] indicated the simultaneous existence
of “hot” electrons and “cold” electrons, which induce rarefaction shock waves with
discontinuities in the plasma potential. The jump characteristic should be studied
taking into account the plasma front interaction with the incident laser pulse.

Another result that should be understood is the relativelywide dispersion observed
in the ion energydistribution that increases for ionswith larger charge.This dispersion
was interpreted as a very large ion temperature, up to about 105 K. However, the
measurements and calculations show that Te is low in the dense plasma region, as
mentioned above (see Table 24.1). The plasma is in non-equilibrium, i.e., Te �= T, and
the efficiency of energy transfer from the electrons to the heavy particle is too weak
to reach equilibrium. One possible interpretation considers that the effect of the wide
ion energy distribution is similar to that measured in plasma jets of a vacuum arc
[93]. The ion energy distribution in the vacuum arc was explained by superposition
of the jets generated by multiple cathode spots [94]. It can be taken into account also
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that the ion energy substantially increases when the erosion rate decreases in arcs
with large rate of current or power rise during the discharge pulse [95].

Thus, similar to the vacuum arc phenomena, the energy dispersion of laser
produced ions can be explained taking into account different plasma jet parameters
generated, for example, in experimentswithmulti-pulse laser irradiation of the target.
In this case, the plasma parameters measured by a laser pulse irradiation depend on
the target surface features produced by the previous pulse. Indeed, Schwarz-Selinger
[96] showed roughening of Si surfaces treated by nanosecond laser pulses. Conse-
quently, the plasma parameters are determined by the vaporization rate of surface
irregularities, and a target erosion rate will not be uniform. Surface non-uniformity
causes the observed ion energy variation because the ion acceleration depends on
the target local erosion rate, which depends on the local target surface morphology.
The morphology varies from pulse to pulse. The origin of ion energy variation can
be explained taking into account the large incoming laser power intensity in short
laser pulses and the mechanism of ion acceleration depending on target ablation rate
by analogy to the cathode erosion rate in arcs [95]. It should be noted that plasma
structure formation due to non-uniformity of power density distribution within the
laser spot in single laser pulse also was indicated by Hora [97].

24.9 Summary

Aphysicalmodel of laser plasmageneration taking into account the electron emission
relaxation region with self-consistent mass and energy exchange at the solid-plasma
interface was described in this Chapter. The model includes the plasma phenomena
in a space charge sheath near the target surface, electron emission, kinetics of target
ablation, vapor heating, atom ionization, and plasma jet expansion. The specifics
of the theory consist in finding additional to the laser radiation energy two types
of energy fluxes. One heats the near-target–plasma by energy flux from the emitted
electrons accelerated in the sheath. As result, the vapor is highly ionized. For Cu
target, the ions with charge up to Cu+3 were calculated for laser power density
<1 GW/cm2.

The second is due to incoming energy flux to the target from the adjacent plasma
by the accelerated ion and by electron flux returned from the plasma toward the target.
The large ion current to the target was supported by a relatively large electric field
at the target surface in the space charge sheath formed near the target. It was shown
that the absorbed laser power in the plasma was converted into kinetic and potential
energy of the plasma particles and was returned to the target. The target surface
temperature calculated, taking into account the plasma energy flux, was sufficiently
larger than that without this flux. These energy fluxes in the electrical sheath, which
arise at the target surface, was not considered previously.

The minimal and maximal laser power densities were detected that determined as
values when near-target–plasma can be reproduced by an additional plasma energy
flux to the target depending on the vapor ionization state. It was indicated that
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for power density qL lower than the maximal value, the plasma produced self-
consistently in the relaxation region near the target, while for larger qL, the plasma
can be produced by vapor interaction with laser radiation in the expanding vapor jet.

The calculation for Al and Cu targets shows:

(i) the dependence of target rate ablation on pulse energy density well agrees with
experiments;

(ii) the energy flux from the adjacent plasma significantly contributes to heating
the target;

(iii) the calculated electron temperature of 1–5 eV agrees well with other calcu-
lated results and is the range measured by direct spectroscopic methods (see
Table 24.1).
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Chapter 25
Application of Cathode Spot Theory
for Arcs Formed in Technical Devices

One of the important issues is the electrical arc initiation and development in devices
with flowing plasmas or in high-pressure systems. Such arcing occurred in gener-
ators of low-temperature plasmas, in plasma accelerators, in plasma of products of
combustion, and in a rail gun [1–8]. The plasma devices consist of complicated
designs and different types of electrode assemblies. In this case, different problems
arise by the projection of the assemblies and their optimization. In the presence of
hot plasma, a large number of electrode parameters such as design and conditions of
cooling to reach electrical characteristics for different work regimes should be taken
in account. To understand the approaches for optimization, amodeling of the plasma–
electrode interaction is a significant factor. It is obvious that a universal theory that
describes any new apparatus and electrode configurations are absent. Therefore, the
developed models should consider the typical phenomena in order obtain rules to
prevent the destruction of the assembly. Some of the most important processes are
following: the influence of the heat flux from the plasma to the surface, large temper-
ature gradients, effects of current constriction, conditions for saving the plasma and
surface doping, and the influence of the geometry of the electrode-plasma contact.
Two types of current carrying electrodes are typically used: hot ceramic and cold
metallic electrodes. Usually, the front surfaces of both types of electrodes faced the
high-temperature plasma flow, while the rear surfaces are water cooled. In case of arc
at high pressure, the discharge column configuration was formed by surrounding gas
stabilization. Let us consider different electrode types and specifics of their thermal
and electrical characteristics for discharges in different conditions.

25.1 Electrode Problem at a Wall Under Plasma Flow. Hot
Boundary Layer

When a cathode contacts with plasma flow, a boundary layer arises in which the
temperature increased from the value at the cathode surface Tw to the value of plasma
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volume temperature Tpl. The cooled rear cathode surface is at value T 0. At relatively
low-current density j, the value of Tw is determined by the heat flux from the plasma.
With increase j, an addition heating occurs in the cathode volume due to Joule
energy dissipation resulting in an increase in the cathode surface temperature. The
electrode-plasma characteristics that occurred with these phenomena are described
below.

25.2 Hot Ceramic Electrodes. Overheating Instability

In this section, different phenomena are studied and analyzed of a condition for
transient thermal regime, unstability and stability state of the current carrying elec-
trodes due to their overheating by Joule energy dissipation in the volume and by heat
flux from a hot plasma to the electrode surface. The double layer approximation is
described based on the previous research [9, 10].

25.2.1 Transient Process

The problem includes the transient heat conduction equationwith nonlinear boundary
condition. The mathematical formulation of the process can be presented in form:

∂T

∂t
= a∇2T + j2

σ(T )
; σ(T ) = A0Exp(B0T )

div j = 0, j = σ(T )E, E = −∂ϕ

∂x
(25.1)

Boundary conditions:

T |x=0 = T0 T (x)|t=0 = T0

− λT 2
∂T2
∂x

∣
∣
∣
∣
x=0

= α(Tw − T1) (25.2)

Dimensionless form

h2
∂θ

∂t
− a

∂2θ

∂ξ 2
= Ane

−Bθ , An = jh

cγ σ0(T1 − T0)

θ = T − T0
T1 − T0

, θw = θ |x=w B = B0(T1 − T0) (25.3)

Boundary condition
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θ |ξ=0 = 0, θ |ξ=1 = θw

− ∂θ

∂ξ

∣
∣
∣
∣
ξ=1

= Bi(θw − 1); Bi = αh

λT
(25.4)

Characteristic time

h2
∂θ

∂t
= Ane

−Bθ and after integrating θ |t=0 = 0, θ |t = θw

eBθw − 1

B
= Ant

h2
(25.5)

where ξ = x/h, λT are the heat conductivity.A0 andB0 are the experimental constants.
Let us determine t = τ , when θw = 1, i.e., the temperature in the electrode volume
exceeds the plasma temperature and direction of the heat flux can be reversed. In
this case, it is easy to see that τ ~ j−2B. According to characteristic parameters j ~
0.5–1 A/cm2 and B ~ 6 [10] the time of transient regime is a few second. Therefore,
for long-time working of the devices, the problem can be considered in steady-state
approximation.

25.2.2 Stability of Arcing and Constriction Conditions

The transition from diffuse discharge form to an arc form occurs as a jump process.
The arc current can be controlled is by an additional load resistance Rr . In general,
for arc stability, the sum of arc voltage uarc and voltage at the load resistance ur = IRr

should be equal to ponderomotive voltage ε of the source [11, 12]. A dropping volt–
current characteristic of the arc and a linear volt-load characteristic are presented in
Fig. 25.1.When the current varied, the voltage of load characteristic can be expressed
as ud = ε − ur . Figure 25.1 shows two points (A and B), at which the condition of

Fig. 25.1 Schematic
presentation of arc dropped
volt–current and resistance
Dropping volt-current
characteristic characteristics
and arc stability condition at
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Fig. 25.2 Schematic
presentation of arc with
growing volt–current and
linear load characteristics
and the arc stability
condition
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ud = uarc is fulfilled, however, only at one point the arc is stable when the current
fluctuated. Let us consider the point A. When the current increases to point A1, the
voltage ε − ur − uarc > 0, i.e., ud > uarc and therefore the source voltage allows and
further increase the current.

When the current decreases to point A0 the voltage ε − ur − uarc < 0, i.e., ud <
uarc, and, therefore, the current decreases, which then leads to further decrease up to
state that the arc extinguish. Thus, the arc at point A is unstable under the current
fluctuation. At point B, when the current increases to point B1, the voltage ε − ur −
uarc < 0, i.e., ud < uarc, and therefore the current decreases returning to point B. When
the current fluctuated to point B0, the voltage ε − ur − uarc > 0, i.e., ud > uarc, As a
result, the current increases passing again to point B and thus the arc at this point is
stable.

A case with growing volt–current characteristic of the arc and a linear volt-load
characteristic are presented in Fig. 25.2. At point A, when the current increases to
point A1, the voltage ε − ur − uarc < 0, i.e., ud < uarc, and therefore the current
decreases returning to point A. When the current fluctuated to point A0, the voltage
ε − ur − uarc > 0, i.e., ud > uarc. As a result, the current increases passing again to
point A. Thus, the arc with growing volt–current characteristic is always stable.

25.2.3 Double Layer Approximation

In general, the high-temperature plasma devices should operate with minimal power
losses due to thermal and electrical processes. It can be achieved with hot wall
using ceramic materials for electrodes cooled at rear surface. However, the elec-
trical conductivity of such materials strongly depends on the temperature and it is
significantly reduced in the cold zone, limiting the circuit current [9]. To prevent
this effect, a block of two elements was used. The part faced to the cooling system
(current terminal) consists of a ceramic with high thermal and electro-conductivity in
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comparison with the ceramic part (current collector) faced the hot plasma. Analysis
of thermal processes of such current carried electrodes related to study of the over-
heating problem [13, 14]. The specifics of the problem are present in a volume heat
source (Joule energy dissipation) characterized by strong dependence on the temper-
ature. The previous study of this problem allowed to understand the breakdown
phenomena in the dielectrics [15] and in the low-temperature plasma [16, 17].

The volt–current characteristic and the temperature distribution were studied for
ceramic electrode in case of exponential dependence of the electrical conductivity on
temperature and for heat flux according to the Newton law at the front surface. The
result shows that the temperature distribution in the body passes through amaximum,
which level is determined by intensity of the volume heat source and volt–current
characteristic, and then the temperature increased asymptotically to a maximum
value. In case of contact two ceramics with different thermal and electrical properties
(double layer model), it is important to understand the influence of additional energy
dissipation in the different parts of the body on the electrode parameters at different
discharge current as well the dependence on the relation between the sizes of the
current terminal and current collector.

Let us consider the double layermodel in one-dimension approximation assuming
that the current density j is constant along the electrode thickness and the value of
j and the coefficient of heat exchange α in the Newton law can be given as varied
parameters [10]. The simple schema of a double layer electrode with thickness h in a
flowed plasma with temperature Tpl is presented in Fig. 25.3. Coordinate x begins at
the cooled side (x = 0) with temperature T 0 and thickness δ of the first layer (current
terminal) directed to the front surface with temperature Tw. The temperature of the
boundary between two layers is T δ .

The mathematical formulation of the problem includes the steady-state nonlinear
heat conduction equation with nonlinear boundary condition and equations for
electrical characteristic.

Nonlinear heat conduction equation:

λT j
∂2Tj

∂x2
+ j2

σ j (Tj )
= 0 (25.6)

Fig. 25.3 Schematic
presentation of double layer
electrode model with two
different thermal and
electrical properties

x,

T
0

T

Tw

T0

T

Tpl

1

2
h

hT

Plasma

=1
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Boundary condition

T |x=0 = T0

T1|x=δ = T2|x=δ, λT 1
∂T1
∂x

∣
∣
∣
∣
x=δ

= λT2
∂T2
∂x

∣
∣
∣
∣
x=δ

− λT 2
∂T2
∂x

∣
∣
∣
∣
x=h

= α
(

T2(h) − Tpl
)

(25.7)

where λTj are the heat conductivity of the layers with index “j” (current removable
1 or current terminal 2, layers respectively),

σ j = A0 j e
bjTj (25.8)

Dimensionless form

∂2θ j

∂ξ 2
= −A je

−Bj θ j (25.9)

Boundary conditions:

θ1(0) = 0, θ1(s) = θ2(s)

∂θ1

∂ξ
(s) = λ0

∂θ2

∂ξ
(s),

∂θ1

∂ξ
(ξ = 1) = Bi(1 − θ2(1))

Definitions:

θ = (T1 − T0)

(Tpl − T0)
, Bi = αh

λ2
, A j = j2h2

σ0λ j (Tpl − T0)
(25.10)

where ξ = x/h, Bj = bj(Tpl − T 0), σ 0j = σ j(T 0), s = δ/h, λ0 = λ1/λ2.
The solution of (25.6)–(25.10) can be represent for different electrode layers

taking into account that heat flux can change the direction, characterized by sign of
following parameter CT and Cs:

CT = λ−2
[

D2(M− − N ) + Bi2(θw − 1)2
]− D2

TExp(−BT θg)

Cs = Bi2(θw − 1)2 − D2N , D2
j = 2A j

B j
, R j = 2A j

B jc j
= D2

j

Cs j
(25.11)

M± = Exp(±Bθg), N = Exp(−Bθw)

At region 0 < ξ < s:

For CT < 0 θ(ξ) = 2

BT
Ln

{√
R sin

[
BT

√
CT

2
sξ + arcsin

√
R−1

]}
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For CT = 0 θ(ξ) = 2

BT
Ln

(

1 + DT BT

2
sξ

)

For CT > 0 θ(ξ) = 2

BT
Ln
{

0.5
[

Exp(BT

√

CT sξ)
(

1 +√

RT + 1
)

+1 −√

RT + 1
]}

−√

CT sξ (25.12)

At region s < ξ < 1:

For Cs < 0 θ(ξ) = 2

B
Ln

{

R sin

[
B

√
Cs

2
(1 − s)ξ + arcsin

(√
R−1M+

)]}

For Cs = 0 θ(ξ) = 2

B
Ln

[√
M+ + DB

2
(1 − s)ξ

]

For Cs > 0 θ(ξ) = 2

B
Ln
{

0.5
√
M+

[

Exp(B
√

Cs(1 − s)ξ)
(

1 + √
RM− + 1

)

+1 − √
RM− + 1

]}

−√

Cs(1 − s)ξ (25.13)

Electrical characteristics:

div j = 0, j = σ(T )E, E = −∂ϕ

∂x
(25.14)

The electrode voltage is obtained by the integration of (25.14).

u = j

⎧

⎨

⎩

hT∫

0

dx

σT [T (x)]
+

h∫

hT

dx

σ [T (x)]

⎫

⎬

⎭
(25.15)

Dimensionless parameters:

ū = λ̄

√

2

B

[
D2

T

D2

(

1 − Exp(−BT θg(s))
)+ λ̄−2

(
2

B
(M−

s + Ns)

)

+ Bi2

A
(θw − 1)2

]0.5

− Bi

A0.5
(θw − 1)

j̄ = √
A = jh

[σ0λ(T1 − T0)]
0.5 , ϕ̄2 = ϕ2σ0

λ(T1 − T0)
,

M−
s = Exp(−Bsθ(s)), Ns = (−BT θw) (25.16)

The calculated parameters are electrode temperatures and volt–current charac-
teristics, while the varied parameters are Bio Bi, D2

2 , and B2, which characterized
the convective heat change in plasma boundary layer, current density, and electrical
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properties of the electrode materials, respectively. It was used the following experi-
mental values [10, 18]: Tpl = 2600 K; λ = 0.38W/m/K, A02 = 6.8× 10−4 O−1 m−1,
A01 = 3.79 O−1 m−1, b1 = 2.4 × 10−3, b2 = 6 × 10−2.

Figure 25.4 shows the temperature distribution in the electrode body (on ξ ) for
two layers as dependence of dimensionless varied parameters and parameter s = δ/h
indicated ration between the layer sizes. The curves at s = 0 and s = 1 correspond
to calculated distribution at for one layer of current terminal and current collector,
respectively. The parameter Bi influence mainly at the electrode front surface. When
the thickness of the first layer increases, the temperature gradient near the cooled
surface significantly decreases. When the current density relatively low (D2

2 ≡ D
< 10) the temperature linearly increases, and the inclination angle changed passing
from layer 1 to layer 2 depending on s (Fig. 25.4).

With current growing, firstly the temperature arise as a nonlinear dependence at
contact location and then the dependence saturated and passes through a maximum,
which location is determined by to Joule energy dissipation in the electrode volume.
Decrease ofB2, (below, for simplicity, denoted asB) characterized the rate of conduc-
tivity rise with electrode temperature and leads to decrease the influence of layer
properties difference on the calculated parameters that depend on discharge current.
For B = 6, this influence begin at D = 105, (Fig. 25.5).

Let us consider the electrical electrode parameters. Figure 25.6 presents a dimen-
sionless electrode voltage as dependence on dimensionless current density D at
different thicknesses of the current terminal part of the electrode. The curves at s

Fig. 25.4 Dimensionless temperature as function distance in two-layer electrode with current
density D as parameter, B = 14, Bi = 1
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Fig. 25.5 Dimensionless
temperature as function
distance in two-layer
electrode with current
density D as parameter, B =
6, Bi = 1-solid curves, Bi =
5-doted curves, Bi =
10-dash-dot curves

Fig. 25.6 Two-layer
electrode voltage as function
on dimensionless current
density D with thickness
fraction s as parameter, Bi =
1, B = 14

= 0 and s = 1 correspond to calculation in one-layer approximation. The mentioned
dependences are monotonic functions of discharge current density.

However, presence even very thin layer (s = 10−4) with higher conductivity
remove the saturated part of the volt–current characteristic and to arise a branch with
a dropping dependence.With increasing of parameter s, in the beginning, the dropped
fraction increase and then the potential drop decreases at the constant current on the
increasing branch of the curve. The obtained characteristic in double layer approxi-
mation is due to sharp electrical conductivity increase in the current terminal layer.
The higher limit of the electrode voltage with current increasing can be expressed as

ū =
(

2σ02λ1

B1σ01λ2

)1/2

(25.17)
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Fig. 25.7 Electrode voltage
dependence on thickness of
the current terminal, Bi = 1,
B = 14-solid curves, B =
6-doted curves

According to (25.17), the limiting voltage of the electrode does not dependent
on parameters of the plasma boundary layer. With B2 decrease, the more expres-
sion of the peak is obtained in the volt–current characteristic. The electrode voltage
dependence on thickness of the current terminal is shown in Fig. 25.7 at fixed current
density (parameterD). The beginning of saturation in the dependences on s indicates
the relatively values of the thickness, after which the calculated results correspond
to one-layer model. For example, for D = 1, the s = 0.01, and for D = 106, the indi-
cated effect is absent. Analogy dependences are calculated for the electrode electrical
resistance on parameter s.

Thus, the calculations show that use the materials with higher electrical conduc-
tivity in the cold part of the electrode significantly influence on the thermal and elec-
trical electrode parameters. This influence is ambiguously. At one hand, increase of
the thickness fraction with large electrical conductivity cause significant decrease
of the temperature gradient in the cooled layer of the electrode and, consequently,
decrease of the heat losses. When the fraction s increase, the electrode voltage
decreases. Therefore, it is preferable to increase contribution of the current terminal
layer. At another hand, strong increase of parameter s, the front surface temperature is
significantly decreasing and decreases the current density, at which a dropped branch
appeared in the volt–current characteristic. This is a difficult case because the role of
plasma boundary layer increases by increase of the heat flux to the electrode surface
and arise conditions for overheating instability.

Analysis of the current instability at the branch of dropping characteristic at the
contact of different materials occurs due to violation of the energy balance at the
boundary layers. This current instability interpreted as a condition for a current
constriction [14]. This effect can be appeared as heat breakdown similar to that
occurred in the dielectrics [15] promoting an electrode destruction. According to the
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above calculation, the probability of the current instability reducing can be reached
by decrease the thickness of the current terminal layer. Herewith, for values s < 0.5,
the front surface temperature decreases weakly.

The study in 2D approximation [19] shows the influence of two-dimensional
effects during the ceramic filling of the combined electrode under current and the
role of the Joule energy release in its volume. When calculating the temperature
field, the effects of two-dimensionality become especially important near the cold
metallic framework of the combined electrode. The latter circumstance, as well as
the contribution of the Joule energy dissipation, largely depends on the level of the
wall cooling temperature. The temperature distribution in the metallic framework of
the combined electrode as well the discharge parameters are determined by presence
of a film dopant on the surface condensed from the plasma flow containing a doping
[20] (see below).

25.2.4 Thermal and Volt–Current Characteristics
for an Electrode-Plasma System

In the above double layer model of the plasma thermal characteristic is approxi-
mated by variation criterion Bi in accordance with heat change process at Newton
law. To understand the correspondence between electrode and plasma parameters
determined by thermal and electrical phenomena, the triple layer approximation
should be studied [21]. In general, at the electrode-plasma interface a space charge
layer can be considered. However, at the hot electrode, this influence can be assumed
significantly lower than the complex heat flux from the hot plasma. The calculated
schema is based on the model of turbulent layer, assumed local thermodynamic equi-
librium and exponential electro-conductivity dependence on the plasma temperature
considered by Khait [13, 14]. In essence, in order to study the conjugate combined
electrode-plasma problem, the above double layer mathematical formulation should
be added by similar equations described the plasma processes (Fig. 25.3).

For x0p = x − h equation of plasma heat conduction is

∂

∂x0pl

[

(λT p + λTr )
∂T

∂x0pl

]

+ j2

σpl(T )
= 0, σpl = A0plExp(B0plT ) (25.18)

Using Prandtl hypothesis about turbulent viscosity and universal logarithm profile
of velocity in the boundary layer according to Khait [13, 14], for study the stability
of electric discharge in a dense plasma (25.18) can be converted to form

∂

∂x0pl

(

1 + x0pl
δ0

)
∂T

∂x0pl
+ j2

λplσpl(T )
= 0 (25.19)
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Introduce for plasma region dimensionless coordinate ξ tr = Ln(1 + kpξ 0), and
temperature θ = θ+ξ tr /Bpl, where kp = δ/δ0, ξ 0 = x0pl/δ, and δ are the thickness of
plasma boundary layer, determined by “1/7” profile at absence of the current. In this
case, (25.19) can be presented as

∂2θtr

∂ξ 2
tr

= −Aple
−Bplθtr , Apl = j2δ2

λplσ0pl(T1 − T0)
, σ0pl = σpl(T0) (25.20)

Boundary conditions:

θ |ξ0=0 = θw and qpl = qw, θ
∣
∣
ξ0=1 = 1 (25.21)

According to (25.20) and (25.21), the plasma dimensionless temperature distri-
bution is:

For Cpl < 0 θ(ξ0) = 2

Bpl
Ln

{

√

Fpl sin

[

Bpl
√

Cpl

2
Ln(k0) + arcsin

(√

F−1Mpl

)]}

For Cpl = 0 θ(ξ0) = 2

B
Ln

[

k−0.5
0

(

M0.5
pl + Dpl Bpl

2
Ln

k0
2

)]

For Cpl > 0 θ(ξ0) = 2

Bpl
Ln
{

0.5
√

Mpl

[

k
2Ψpl

0 (1 + Cpl) + (1 − Cpl)
]

k
−(1+2Ψpl )/2
0

}

(25.22)

where some parameters in (25.22) are defined as:

Cpl =
[

λ

λpl s0
Bi(1 − θw) + B−1

pl

]2

− D2
plExp(−Bplθw)

Bpl = B0pl(T1 − T0), D2
pl = 2Apl

Bpl
, k0 = 1 + kξ0 · Ψpl = Bpl

√

Cpl

2

Fpl = 2Apl

BplCpl
= D2

pl

Cpl
, s0 = h

δ0
, Gpl =

[

1 + D2
pl

Cpl
Exp(−Bplθw)

]1/2

(25.23)

Here, the heat flux to the electrode from the plasma is expressed as above through
criterion Bi, which now determined by the common solution of system (25.12),
(25.13), (25.22), and (25.23). The equations for electrical parameters are similar
to that presented in (25.15), (25.16). The calculations were provided for parameters
indicated for double layer calculations and for s= 0.1. Dependence σ pl(T ) was taken
in form presented by Khait [13, 14]. Figure 25.8 shows the temperature distribution
in triple layer region. It can be seen that significant change of the plasma temperature
profile T (ξ 0) occurred at relatively high volume heat source in the electrode body
(D > 103). However, the temperature distribution in the electrode body practically is
not changed in comparison with the result obtained in double layer approximation.
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Fig. 25.8 Temperature
distribution of triple layer
electrode-plasma system
with dimensionless current
density as parameter

This result indicates that the electrode thermal regime is determined only by
its electrical properties. At larger current density (D ≤ 104) corresponding to the
measured values, an interesting effect was found, namely, a temperature maximum
arises in the plasma layer. The volt–current characteristic of electrode-plasma system
is presented in Fig. 25.9, which is similar to that obtained according to the double
layer model (doted curve). An interesting dependence of calculated parameter Bi on
D is presented in Fig. 25.10. The sharp increase of Bi at D = 103 − 104 indicate on
the unlimited rise of the heat flux from the plasma to the electrode surface due to
Joule energy dissipation and on possible electrode destruction.

Thus, the developed complex model of electrode-plasma phenomena allows
(using tabulated material properties) not only calculate the parameter distribution
in the different layers of the system, the intensity of volume heat generation of elec-
trically load electrode, but indicate a local region (current terminal, current collector,
or plasma regions) possible current instability development, due to overheating
phenomenon.

Fig. 25.9 Volt–current
characteristic of
electrode-plasma system
with plasma processes (solid
curve) and without the
processes (dotted curve) for
B = 14, Bio = 1, and s = 0.1
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Fig. 25.10 Dependence of
parameter Bio on dimension
less current density D for B
= 14 and s = 0, 1

25.3 Current Constriction Regime. Arcing at Spot Mode
Under Plasma Flow with a Dopant

Relatively new phenomenon—arise of cathode spot at contact of the electrode with
a plasma flow contained light-ionization dopant. The specifics of the condition
consisted of dopant deposition and thin film formation determined the spot prop-
erties. This phenomenon is described in this section based on the developed models
[22, 23].

25.3.1 The Subject and Specific Condition of a Discharge

A detailed study of the observed luminescing regions on metallic cathodes of a
constricted discharge under plasma flow consisted dopant shows that behavior of
these formations (named also cathode spots) differs from analogous formations
arising under vacuum or under a noble gas. The difference is related to character
of spot motion, of spot current, lifetime and condition of their appearances. There-
fore, a study of the behavior of such spots arising under doped plasma is of inde-
pendent subject. The number of existing attempts in the literature described of the
constrict discharges of this type is extremely limited and, as a rule, are incomplete
and erroneous.

For example, Agams and Robinson [24] used a not mathematically closed system
of relationships with arbitrary parameters including spot size, the angle of plasma
cone of the arc, and other. The obtained results are of qualitative character. These
authors, as well Dicks et al. [25, 26] assumed model, in which the spot sustains its
existence at the expense of vaporization of the material of the electrode, although,
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as it is follows from experiment, such an assertion is unfounded. Below, we describe
the cathode spot models developed for discharge with cathode at metallic electrodes
taking into account that they arise under dopant plasma flow. It was used the data
of actual experimental investigations, reported in references, which can be found in
mentioned works [22, 23]. Let us briefly consider the data. The cathode spots on
copper in a flow of ionized gas with potassium additive have a velocity about 10 −
102 cm/s, radius rs ~ 0.01 cm, a spot current of I ~ 10 A, lifetime >0.1 ms and a heat
flux is taken off to the electrode with passage of the current QT ~ 20 × I in Watt.

The cathode erosion rate was not measured. However, it was evaluated using an
indirect empirical data. The experiment shows that at the moment, when the current
is switched on, the original layer of additive on the electrode, with a thickness of d ≈
0.1 cm, is rapidly (~1 min) cleaned off by the discharge, which subsequently burn on
the “clean” surface. When the current is switched off, the above-mentioned layer of
additive redeposits in a fewminutes.Here, according to the data, erosion of the copper
itself is insignificant and lies within the limits (1–5) × 10−6g/C. Therefore, the spots
vaporize mainly the film of previously deposited additive (a potassium compound).
In a first approximation, the mass flow rate from the spots can be evaluated from the
condition that a volume of additive Sd (S is the area of the surface of the electrode
on which the spots burning) with the density ρ is vaporized in time t. From this G
= Sdρ/Nt (N is the number of spots). Taking into consideration that the diameter of
the electrode is equal to 40 mm, d ~ 0.1 mm, t ~ 100 s, N ~ 10, the obtained value of
G ~ 3 × 10−3g/s. A more exact calculation can be made using the analogy between
heat and mass transfer. Such estimation shows G = (6–30) × 10−4g/s depending on
number of spots 2–10. This result confirms the mentioned above estimation about
considerably greater erosion of the potassium compounds in the spots in comparison
with erosion rate of the pure copper.

On the other hand, an evaluation of the temperature arising at the electrode under
the action of the heat flux arriving from an arc spot can serve as a confirmation of the
smallness of the erosion of copper. Under the assumption that the electrode is a semi-
infinite body, the calculated temperature of the spot is ~1000 K, for a moderate heat
flux QT and for its observed size under fully established conditions. The pressure
of copper vapor at such a temperature is negligibly small and it is not surprising
that there practically no erosion of copper. Thus, it is found that copper does not
participate in the formation of charge carries of the near-cathode plasma of the arc
spot and, consequently, it is not possible to explain the experimental data based on
Cu vaporization model [26]. In addition, these data are also not explained by the
transfer of current at the spots due to the density of potassium ions in the flow, since
its value is found to be too low (1016 cm−3).
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25.3.2 Physical Model of Cathode Spot Arising Under
Dopant Plasma Flow

An attempt is made to elucidate themechanism of the burning of cathode spots taking
account of the above analysis of the participation of the additive in the burning of the
spots, on the basis of theory describing the corresponding processes at film cathode
in a vacuum [27]. In accordance with this model, at a film cathode there can exist a
heat spot, whose rate of displacement is determined by the rate of vaporization of the
material beneath it. It has been shown that the spot radius is close to the width of the
autograph that it leaves. Let us make the evaluations needed to formulate the model
assuming that after the removal of the originally deposited thick layer of additive
d, on the electrode there remains a thin layer of it, δ, which determines the further
existence of the spots. According to model [27], the thickness of this layer is equal
to δ = G/2rsvsρ. Substituting into this expression the value of the mentioned above
quantities, we obtain a thickness of the thin film on the order of δ = 10−5 − 10−3cm.
The relatively high cathode temperature in the region of a spot (>1000 K) leads to a
situation in which the potassium is decomposing state, and the transfer of the current
takes place due to potassium ions, because the corresponding atoms have the smallest
ionization potential.

Following [28] it can be evaluated that the density of potassium ions at an arc
spot from the expression for the random component of the ionic current as: ni =
3 × 1014j(1 − s) = 3 × 1018(1 − s) cm−3, where s is the electron current fraction,
j (A/cm2) is the current density. Thus, with a degree of ionization of the plasma of
the spot α ~ 0.1 [28], the total density of the heavy particles is found to be on the
order of 1019 cm−3. The presence of a high density of atoms makes it possible, in
what follows, to use an analysis of the equations for the near-cathode plasma at a
spot in accordance with those presented by model of Ch16. Here, a satisfaction of
the condition of the smallness of the rate of outflow of the cathode vapor, 105 ×
αG/4Aij) �1 (Ai is the atomic weight), is also required. With the conditions under
consideration, this ratio is ~ 10−3 and, consequently, fulfilled.

Now, the spot model can be formulated as follow. A cathode spot, arising at the
electrodes under the condition of MHD ionized doped gas flow, burns because of
the vaporization of a thin layer of potassium compounds deposited from the flow.
Its displacement to a new location is determined by the time of vaporization of the
layer of thin film right down the surface of the solid electrode. The film is heated
by the bombardment of ions, which transmit to it their potential and kinetic energy.
Cooling of the film takes place mainly by it thermal conductivity, by vaporization of
the copper material and by the emission of electrons. An evaluation of the relative
value of the temperature drop ε over the thickness of the film for characteristic
values of the specific heat flux q, the temperature T of the spot, and the specific
thermal conductivity λf of the film material shows that ε is not great, of order of
0.1–0.01. The work function is assumed to be work function of the potassium. This
assumption is controlled by a change in the value of ϕ on the results of the solution.
The emission electrons, passing through the region of the space charge formed by
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ions at the cathode, heat up the near-cathode plasma, in which the generation of new
ions takes place due to thermal ionization.

25.3.3 Specifics of System of Equations. Calculations

In general, the parameters of the model can be calculated by the system of equation
described inChap. 16,modified in the region of the near-cathode plasma for condition
of dopant plasma flow. As a first approximation [22], an analysis of experimental
data and corresponding calculation of the arc base parameters was conducted for
copper considering the equations for processes for the cathode and the space charge
region immediately around it including cathode energy balance and ion flux to the
cathode. The arc is maintained as a result of the evaporation of a thin film of impurity
deposited at the cathode surface. The results show good agreement between calcu-
lated spot radius and that obtained experimentally and presence of relatively high
plasma density (1019 cm−3) at high degree of ionization. A more complete analysis
was provided taking into account the processes occurring in the near-cathode plasma
[23]. Corresponding estimation shows that the spot parameters such as the fraction
of the electron current and the cathode temperature sensitive to the self-consistent
description of the plasma and cathode processes. The system of equation (Chap. 16)
was solved for given spot current and measured effective voltage determined the heat
flux to the cathode (instead of the cathode potential drop, which here is the calculated
parameter).

In using the system of equation for conditions at coated cathode, it is important to
correct describe the heat losses by heat conduction in the energy balance for cathode.
The specific of these losses depends mainly on the thermophysical properties and
thickness of the film, mainly on the thermophysical properties and thickness of the
film, and also on the substrate [26]. For electrodes of thermal conductivity comparable
with that of the film, it is necessary, in the case of thick films, to take into account the
temperature distribution both in the bulk of the cathode and over the film thickness.
For considered arc according to the above estimations, the filmat the electrode surface
is so thin (<1 μm) that the temperature drops over its thickness may be neglect. In
this case, the energy balance equation at the cathode may by take analogously to
that balance for a bulk cathode (Chap. 16), in which the term taking into account the
heat losses in the cathode is determined by the conductivity of the bulk substrate.
The film temperature is then equal to the temperature of the electrode surface in the
region of the arc spot.

The system of equation (Chap. 16) was solved for experimental region of spot
current 5–15 A and varied heat flux in the electrode (effective voltage) [23]. The
mean electrode surface temperature T 0 and the time t that the arc remains at some
location were taken in account. Steady electrical and hydrodynamic parameters were
assumed, and the temperature was calculated from non-steady equation. The results
are shown in Table 25.1 and in Fig. 25.11.



1084 25 Application of Cathode Spot Theory for Arcs Formed …

Ta
bl
e
25
.1

C
at
ho
de

sp
ot
C
at
ho
de

sp
ot

pa
ra
m
et
er
s
un
de
r
ex
te
rn
al
do
pe
d
pl
as
m
a
[2
3]

E
le
ct
ro
de

m
at
er
ia
l

Q
T
,W

/A
I,
A

T
O
,
K

u c
,
V

α
W

e
=

1.
5
kT

e
eV

s
T
s,
K

j.1
04

A
/c
m

2
E

×
10

6
,

(n
a
+
n i
),
10

20
,

cm
-3

n i
.1
01

8
,c
m

−3

V
/c
m

St
ea
dy
-s
ta
te
pr
oc
es
s

C
op
pe
r

20
5

30
0

23
0.
08

0.
81

0.
21
6

14
60

4,
1

5,
6

1,
1

8,
8

10
00

22
,8

0,
01
3

0,
6

0,
20
0

15
70

0,
98

2,
8

1,
65

2,
1

14
00

22
,7

0.
00
1

0,
4

0,
18
8

15
20

0,
04
4

0,
5

1,
36

0,
1

15
30
0

22
,8

0,
02
3

0,
65

0,
20
6

15
40

1,
55

3,
5

1,
5

3,
3

60
0

22
,8

0,
01
2

0,
59

0,
20
1

15
70

0,
96

2,
7

1,
65

2

10
00

22
,8

0,
00
4

0,
51

0,
19
6

15
60

0,
32

1,
6

1,
6

0,
7

60
30
0

22
,8

0,
00
6

0,
52

0,
19
7

15
50

0,
41

1,
8

1,
54

0,
88

15
60

30
0

17
,8

0,
00
8

0,
56

0,
24
4

16
20

0,
79

2,
2

1,
9

1,
6

5
30
0

13
,3

0,
27

1,
1

0,
36
6

14
50

16
8,
6

1,
04

28

80
0

12
,9

0,
08

0,
83

0,
34
2

15
80

7,
26

5,
9

1,
7

13

12
00

12
,8

0,
02

0,
66

0,
32
4

16
50

2,
41

3,
4

2,
13

4,
24

10
15

30
0

13
0,
06
8

0,
82

0,
34

15
80

6,
6

5,
6

1,
7

11
,6

80
0

12
,8

0,
02
4

0,
68

0,
32
7

16
50

2,
9

3,
8

2,
1

5,
1

St
ai
nl
es
s
st
ee
l

20
10

30
0

22
,7

2,
7.
10

−4
0,
35
6

0,
18
4

14
60

0,
01
3

0,
32

1,
05

0,
3

1X
18
H
10
T

10
10

30
0

12
,7

5,
1.
10

−4
0,
39
2

0,
29
6

16
20

0,
05
3

0,
52

1,
93

0

t,
s

N
on
-s
ta
ti
on
ar
y
pr
oc
es
s,
Q
T

=
20

W
/A

C
op
pe
r

10
-3

5
30
0

22
0,
09

0,
83

0,
21
8

14
60

4,
5

5,
9

1,
08

9,
8

10
00

22
,8

0,
01
6

0,
61
5

0,
20
3

15
60

1,
16

3
1,
56

2,
5

10
-4

5
30
0

22
,8

0,
07

0,
54
4

0,
19
8

15
70

0,
55

2,
1

1,
7

1,
2

(c
on
tin

ue
d)



25.3 Current Constriction Regime. Arcing at Spot Mode … 1085

Ta
bl
e
25
.1

(c
on
tin

ue
d)

E
le
ct
ro
de

m
at
er
ia
l

Q
T
,W

/A
I,
A

T
O
,
K

u c
,
V

α
W

e
=

1.
5
kT

e
eV

s
T
s,
K

j.1
04

A
/c
m

2
E

×
10

6
,

(n
a
+
n i
),
10

20
,

cm
-3

n i
.1
01

8
,c
m

−3

V
/c
m

12
00

22
,8

0,
00
2

0,
45
7

0,
19
2

15
50

0,
15

1,
1

1,
5

0,
32

St
ai
nl
es
s
st
ee
l

1X
18
H
10
T

10
-2

5
30
0

22
,7

0,
00
1

0,
42

0,
18
9

15
20

0,
06
7

0,
72

1,
3

0,
15

13
00

22
,7

0,
00
01

0,
33

0,
18
3

14
40

0,
00
6

0,
21

0,
97

0,
01
4

10
-4

10
30
0

22
,8

0,
00
7

0,
54

0,
19
8

15
80

0,
54

2
1,
7

1,
16

30
0

22
,7

0,
00
25

0,
47

0,
19
3

15
60

0,
19

1,
2

1,
6

0,
4

10
-3

5
13
00

22
,7

0,
00
05

0,
38
3

0,
18
7

15
30

0,
03
1

0,
5

1,
4

0,
07



1086 25 Application of Cathode Spot Theory for Arcs Formed …

j, A/cm² 10ˉ 10ˉ³ 10ˉ² 10ˉ¹ t, s

10

10²

10³

300 700 1100 1500 T, K

1  a

2 a

3a

2a

1a

9

6 1 2

1
2

10
3

8
5

α

1

4

Fig. 25.11 Dependence of current density (QT = 20 W/A) on mean electrode temperature T0.
Calculation (steady process), I = 5 A (1, 1′), 15 A (2, 2′). Curves 1′ and 2′ are calculated for QT
= 10 W/A. Steel, I = 5 A, t = 10−4s (3), 10−3 (4), 10−2 (5). Experiment [23]: (6), (7), (8). The
relations between current density and spot temperature Ts is shown at right side by curves 1a–3a,
5a, 1′a, 2′a at parameters corresponding to curves 1–3, 5, 1′, and 2′. Dependence of current density
with arc time t for T0 = 300 K at (9) copper, I–5 A, (10) steel, I = 10 A [23]

The analysis of the calculated results reveals that, whereas the current density
(curves 1–3, 5, 1′, 2′) and hence the spot are may change significantly with change
in T 0, the spot temperature (curves 1a–3a, 5a, 1′a, 2′a) is a weak function of the
electrode temperature in the range investigated. It is interesting that the solution
can be obtained up to values close the spot temperature Ts. At T 0 = Ts, numerical
analysis shows that there is no solution of the system and the spot radius rs → ∝.
Physically, this means that only at T 0 > Ts conditions for transition to distributed
discharge mode may be realized even at cold metallic cathodes. Evidently, this may
serve to explain the presence of arc spots, recorded experimentally in a wide range
of electrode background temperature.

According to experiments in the absence of a current, the impurity layer melts at
T 0 ~ 1100 K and at T 0 = 1200 K may be completely absent. In the latter case, the
mechanism of an electric discharge on pure electrodes can be differ fundamentally
from that outlined above. For example, it should be taken into account that in colli-
sions of potassium atoms (ionization potential 4.3 eV) with the metallic electrodes
of work function ≥4.5 eV (Cu, Ni, W, etc.) surface ionization may occur. From the
experimental and theoretical data [29], it follows that for these metals in the temper-
ature range 1000–2000 K the surface ionization of potassium ni/na ~ 0.8, i.e., almost
all the atoms are ionized. For the typical potassium density (na ~ 1016 cm−3), the
ionic current density is found to be of order 102 A/cm2, i.e., close to value of j at the
electrodes at high temperature.

The calculation of cathode erosion rate shows a dependence on observed spot
types. According to the experiment [22], one spot type is observed in incoming-flow
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region (a type due to the evaporation of the impurity film) and the other in the flow-
breakaway region. In terms of external parameters, the second is distinguished from
the first only by a slight increase in area and a low displacement velocity (~10 cm/s).
Since this type of spot burns at the boundary between the pure surface and surface
with a thick layer of impurity (0.1 cm), the mechanism underlying its activity may
differ from that described by the faster spot. For example, the role of copper atoms
in the near-cathode processes of low moving spot (the lifetime of which at one
point is considerable larger than that for faster type) may be significantly larger, the
erosion rate would then also increase. This conclusion considers with experimental
finding that the main damage (even presence of craters) observed precisely in the
flow-breakaway region.

Overall, it should be noted that the main features of the calculated parameter
agree with experimental data. In particular, as in the experiment the spot area rises
significantly when the mean electrode temperature is increased. Numerical analysis
of the effect on the spot parameters of its time of existence, on the assumption that
QT = const shows that in contrast to copper, the arc discharge on stainless steel is
significantly non-steady. The above calculations also demonstrate the effect of QT ,
the experimental value of which has considerable scatter, on the spot parameters.
It follows that, generally speaking, the spot parameters are changed when QT is
halved. The most important change is in the uc, which also roughly halves. It is
noteworthy that all the other parameters have no effect on uc at all in the present
model. Therefore, the accuracy with which uc is determined in solving the system
of equation (Chap. 16) is determined by the accuracy with which QT is specified.

25.4 Arc Column at Atmospheric Gas Pressure

Different published approaches described the constriction of arc column was
analyzed. Amathematical model allowed to calculate the plasma columnwithout use
the “minimal principle” is presented, which take in account the physics of column
formation and developed previously [30].

25.4.1 Analysis of the Existing Mathematical Approaches
Based on “Channel Model”

In comparison with the near-electrode region, the plasma column in a high-pressure
electrical arc was studied more extensively. The plasma column is mainly isothermal
and in thermodynamic equilibrium, with Maxwellian distribution of the particle
velocities and by absence of layers with sharp gradients of the parameters. Never-
theless, study even this simple subject meets some difficulties. The problem mainly
related to the specifics of column origin as a result of discharge plasma constriction.
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The main goal of arc plasma study consists in the development of a methodology
to determine the radial distribution of the temperature T (r), the electric field E(r),
and the radius of column contraction r0. The existing approach to solve this problem
was developed so-called channel model [7, 31, 32]. The mathematical formulation
consists of equation of energy balance in differential form (Elenbaas-Heller equa-
tion), Ohm’s law and Steenbeck’s “minimal principle” [33] of the power for three
unknown. As the minimal principle is only a condition, the column theory is not
closed and therefore it was further developed in order to find some closed approach
[34–38].

In general, the problem can be solved if dependence of the electrical conduc-
tivity on the temperature of the discharge plasma is known. This point discussed
by Raizer [35] considering the channel model (constant conductivity inside of the
channel) deriving corresponding additional relationships. Raizer [7, 35, 36] devel-
oped a physical model taking into account that the energy dissipated in the discharge
drawsmainly at the external boundary of the channel by heat conduction,which deter-
mined by a small difference of the temperatures at the axis and at the boundary of
the channel. In order to determine of the channel radius, an expression was obtained
following both from physics of the process and from the integral theorem for the
vector of heat flux. Although the expression contains the arbitrary type of elec-
trical conductivity dependence on the temperature σ el(T ), nevertheless, at its use the
condition of σ el = const (channel approximation) was assumed in the region of main
dissipation of the electrical energy. Leper [39] used variation method to calculate
the characteristics of arc column. He showed that Raizer’s approach allow to obtain
results indicated on possibility solution the problem of the arc column without use
of Steenbeck’s minimal principle.

In contrast, Zhukov et al. [40] developed an integral approach by a condition that
the total energy dissipated in the discharge is absorbed by the wall. An arbitrary
temperature profile was chosen to satisfy the given conditions at the axis and at the
wall. A volt–current characteristic of the discharge was determined using Ohm’s law
and the integral energy balance used the chosen temperature profile. Therefore, the
solution significantly depends on type of the temperature profile. It was noted that the
calculated results well agree with the experiment for parabolic temperature profile.
Benilov [41] analyzed the characteristics of a cylindrical arc by method of matching
of asymptotic expansions. He also obtained the solution without use the minimal
principle. The mathematical formulation of this method is available in presence of a
small parameter, indicated a ratio of twice value of the temperature at the discharge
axis to the potential of ionization of the atoms of used gas, which not always satisfied
to the requested condition.

The above analysis shows that models were developed primarily in order to solve
the problem of arc column without use the minimal principle. Practically absent
calculation of the temperature distribution. The considered thermal regime not takes
in account a real dependence of the electrical conductivity in the discharge column.
In some cases, the temperature is given as an integral profile or assumed as constant
(channel model) . When the temperature distribution is calculated, the electrical
conductivity is given in form of stepwise approximation [42]. A model described
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below was developed without any assumption of channel approximation of the elec-
trical conductivity in the discharge plasma column. Let us consider this model and
the calculation approach based on the results of [30].

25.4.2 Mathematical Formulation Using Temperature
Dependent Electrical Conductivity in the All
Discharge Tube

A cylindrical arc is considered at relatively low arc current I when the energy loss by
the radiation can be neglected and electrical conductivity is an exponential depen-
dence on the plasma temperature. A not moving gas in the discharge tube is at atmo-
sphere pressure in thermodynamic equilibrium. The energy balance is described by
Elenbaas-Heller equation in following form [32]:

1

r

d

dr
rq + σel(T )E2 = 0

q = −λT (T )
dT

dr
, σel(T ) = ATExp

(

− ui
2T

)

(25.24)

where λT (T ) is the dependent on the temperature, AT is the conductivity constant,
r is the radial coordinate of a cross section of the discharge in the tube with radius
R, ui is the ionization potential and the wall temperature of Tw. As rotE = 0, the
electrical field E not depends on r.

Boundary conditions:

q(0) = 0, T (R) = Tw (25.25)

Ohm law:

I = 2πE

R∫

0

σel(r)rdr (25.26)

Energy dissipation in the arc volume:

W = I E (25.27)

Let us introduce a potential of heat flux

Sp =
R∫

0

λT (T )dT
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Taking into account function σ (Sp) (25.24) is

1

r

d

dr

(

r
dSp

dr

)

+ σel(Sp)E
2 = 0, ϕ(T ) = ui

2T
, σel(Sp) = ATExp

[

ϕ(Sp)
]

(25.28)

The strong dependence of σ el(Sp) leads to presence of the main fraction of the
current near the discharge axis [7]. Therefore, it is convenient to divide into two
regions-internal regions (main part of current) with radius r0 and external region r0
< r < R, in which the heat fluxmainly transferred to the wall. In this case, the problem
can be solved in the mentioned regions taking into account matching conditions of
continuity of the temperature and heat flux on the boundary r0 between the regions.

Equation for external region

d

dr

(

r
dSp

dr

)

= 0, Sp(R) = Sw (25.29)

The solution of (25.29):

Sp = Sw + CLn

(
R

r

)

(25.30)

C is the constant determined bymatching condition. In order to obtain the solution
for internal region, let us expand the exponential function of the conductivity on gas
temperature in a series and take it first term. Then, (25.28) can be presented in form:

1

r

d

dr

(

r
dSp

dr

)

+ σel0E
2Exp

[

dϕ(Sp)

dSp

∣
∣
∣
∣
Sp=Sp0

(Sp − S0)

]

= 0, σel0 = ATExp[ϕ(S0)]

(25.31)

where S0 is the potential of heat flux, which corresponds to the temperature T 0 at the
discharge axis (r = 0). Note that the applicability of expansion of the exponential
function is limited by condition of small temperature drop �T in comparison with
the temperature T 0 at the discharge axis.

Now for simplicity find of the solution, let us introduce a function

θ = dϕ(Sp)

dSp

∣
∣
∣
∣
Sp=Sp0

(Sp − S0)

And take in account that

dϕ(Sp)

dSp

∣
∣
∣
∣
Sp=Sp0

= dϕ

dT

dT

dSp

∣
∣
∣
∣
Sp=Sp0

= ui
2λT0T 2

0
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ϕ(T ) = ui
2T

,
dT

dSp
=
(
dSp

dT

)−1

= λ−1
T (T ), λT 0 = λT (T0)

Then, (25.31) can be written in dimensionless form

1

ξ

d

dξ

(

ξ
dθ

dξ

)

+ 8Exp(θ) = 0, ξ = r

ach
, a2ch = 16λT 0T 2

0

uiσ0E2
(25.32)

For boundary condition dθ /dξ = (0) at ξ = 0 the solution of (25.32) is

θ = Ln

(
C1r2

a2
+ 1

C1

)−2

(25.33)

Taking into account that C1 = 1 for θ(0) = ui (Sp(0)−Sp0)
2λ2

T0
= 0 then (25.33) is

Sp = Sp0 − Q

4
Ln

(

1 + r2

a2

)

, Q = 16λT 0T 2
0

ui
(25.34)

Using condition of equality of heat fluxes at r = r0, for which the corresponding
expression can be derived by differentiation of (25.30) and (25.34) for Sp, it can be
obtained

C = Q

2

(

1 + r2

a2

)−1

, then Sp = Spw + Q

2

Kch

1 + Kch
Ln

R

r
, Kch = r2

a2
(25.35)

According to the condition of equality of the temperatures at r = r0 it can be
obtained:

Sp0 = Spw + Q

4
Ln

[

(1 + Kch)

(
R

r

) Kch
1+Kch

]

(25.36)

The total electrical power loss due to heat conduction from internal region can be
expressed as:

Win = −2π

(

r
dSp

dr

)

r=r0

= πQ
Kch

1 + Kch
(25.37)

Equations (25.30), (12 25.35)–(25.37) and Ohm’s law is fully determine volt–
current characteristics and temperature distribution in the discharge tube. The param-
eter a represents the channel radius, at which the dissipated electrical power trans-
ferred by the heat conduction process. This radius should be equal to the radius r0,
when the current totally concentrated in the channel and in this case Kch = 1. This
conclusion corresponds to the below results of calculations and it is consequence of
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the mentioned methods [7, 36, 37, 40] of thermal calculation of the arc when the
function σ el(T ), is known. It should be noted that by introducing a channel radius
r0, at which the solutions are matched is a conditioned approximation it is easy to
obtain an analytical expressions. Therefore, the solution can be obtained with some
accuracy. In reality, the plasma parameters across the discharge in the tube change
smoothly up to the values at the wall. Using a numerical approach (parameter r0 is
absent), the accuracy of the solution is determined by an approximation schema of
the equations in a differential form.

25.4.3 Results of Calculations

In order to study the applicability of the above analytical approach, the calcula-
tions were conducted for discharges in different gases, by given Tw and varying the
parameter Kch. For comparison, also (25.24) with boundary conditions (25.25) was
solved numerically for all arc zones using modified method of Runge-Kutta. In last
case, a Koshi problem was analyzed using experimental value of T 0 and condition of
symmetry at the arc axis as boundary conditions [30]. The results are compared with
experimental data andwith other calculation [42]. The data of dependence λT (T ) [43,
44], dependence of σ el(T ), and the effective potential ionization ui [7] were taken
from experiment.

Figure 25.12 shows the calculated volt–current characteristic of a discharge with
different tube diameter dt = 2R in air (dt = 3 mm), nitrogen (dt = 3 mm), CO2 (dt
= 5 mm), and Ar (dt = 4 mm). It can be seen that good agreement exists between
numerical and analytical results (solid lines) at Kch = 1 and also with the experiment
[30] (dash lines). Small deviation between calculated and experimental data at large
arc current can be due to neglecting the radiation. The calculation shows that the

Fig. 25.12 Volt–current
characteristics of a discharge
in air, nitrogen, CO2, and Ar.
Experiment-dashed lines.
Numerical and analytical
calculations-solid lines
(shown by captions). For
nitrogen and argon, the
numerical and analytical
results are practically
coincided one to other
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channel model [42] relatively worse agree with experiment than the developed here
analytical approach.

The calculated temperature distribution along the tube radius r/R is presented in
Figs. 25.13, 25.14 and 25.15. A comparison of the analytical with numerical results
is provided for Kch = 0.5, 1, and 2. It can be seen that better coinciding between
these results is obtained when Kch = 1.

This fact confirms the above condition of a ≈ r0. An analysis of the temperature
profile in the discharge plasma shows that calculation at Kch > 1 leads to strong

Fig. 25.13 Temperature
profile for discharge in air
(dt = 5 mm): I–I = 60 A,
II–I = 32 A. Solid lines
calculation according to
present model at Kch = 0.5,
1, 2. Dash line-numerical
calculation, dash-dot line
experiment [30]

Fig. 25.14 Temperature
profile for discharge in CO2
(dt = 4 mm) for I = 25 A.
Solid lines calculation
according to present model
at Kch = 0.5, 1, 2. Dash
line-numerical calculation
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Fig. 25.15 Temperature
profile for discharge in N2
(dt = 5 mm) for I = 32 A.
Solid lines calculation
according to present model
at Kch = 0.5, 1, 2. Dash
line-numerical calculation

temperature drop �T or �Sp in the channel with r0 and to violation of the base
condition of applicability the analytical model

�Sp

Sp0
< 1 (25.38)

At another hand, using Kch < 1 corresponds to process, at which not all dissipated
power in the arc transferred by the heat conduction loss, i.e., some of power fraction
�W not taken in account by the energy balance, i.e., violated the other condition of
applicability the analytical model

�Win

Win
� 1 (25.39)

The conditions (25.38) and (25.39) consequently limited the chosen deviation of
parameter Kch from unit to it upper and down values at relatively low arc currents,
above which not only heat conduction but also radiation will take place. Taking into
account that condition Kch = 1 corresponds to the experiment, from (25.37), we can
obtain relation

Win = πQ

2

8πλT 0T 2
0

ui

This result does not contradict to experimental volt–current characteristic
(Fig. 25.12) and coincides with results obtained in frame of channel model [7].
The above mathematical formulation use only first term of the series of exponent
expansion in (25.31). Additional numerical calculations were provided in order to
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estimate the contribution of the subsequent terms. Such analysis shows neglecting
role of these terms [30].

The influence of the wall temperature is conducted by calculation varying Tw,
because the corresponding experimental data is limited. For example, for nitrogen at
60 A in discharge tube of R = 0.25 cm at Tw = 0 the calculated axis temperature is
T 0 = 11700 K, for Tw = 5000 K, the value of T 0 = 11680 K, and for Tw = 6000 K
the value of T 0 = 11250 K. These calculating data and analysis of the temperature
distribution show that profile T (r) in the discharge tube practically not changed up
to Tw < 6000 K.

25.5 Discharges with “Anomalous” Electron Emission
Current

Two types of the hot-cathode vacuum arc (HCVA) were observed experimentally:
those a) with a hot refractory (non-consumable) cathode in a noble gas atmosphere
and b) with consumable hot-cathode thermally insulated in a crucible.

In the first case, the specifics of discharge characteristics at refractory cathodes
in ambient of inert gases (He, Ne, Ar, Kr, and Xe) for pressure ranges from 1 to
760 torr was investigated by Dorodnov et al. [45] with W rod of 1 mm diameter
and by Anikeev [46] for rod (3–10 mm) and flat electrodes with thickness up to
2 mm. The arc duration was up to 60 s. The cathode temperature was measured
by optical pyrometer. The main goal of the experiment was measurement of the
current density as dependence on the cathode temperature, i.e., j = f (Tc) for different
gases and pressures. The cathode potential drop uc was determined using electrical
probe. The results show that the no cathode erosion was observed (spotless regime),
dependence j = f (Tc) was not linear, the value of j increases up to 400 A/cm2

when Tc increases to 2600–3100 K. The cathode was destructed when a large Joule
energy dissipation in the volumewas reached. The volt–current characteristic weakly
depends on the gas pressure and only on gas type. The value of uc observed lower
than ionization potential of gas atom. The main result was related to comparison
of the experimental dependence j = f (Tc) with that current density dependence
jR(T ) calculated according to thermionic electron emission of Richardson law. It was
obtained that the ratio j/jR is significantly large and varied from 104 to 10 depending
on cathode temperature for current densities of 100–500 A/cm2 and in considered
gas pressures. The ratio is lower for higher gas pressure. The contradiction between
measured arc current and calculations of the current based on known mechanisms of
cathodic electron emission, the authors interpreted as effect of “anomalous” electron
emission. This conclusion was discussed using measured data for heat conduction
qT , radiation qr losses, heat flux from the plasma qpl (not explained), and by Joule
energy qJ . As a relation between these components is obtained in form of qpl > qJ >
qT + qr . the author claim (without justification of a mechanism) that qpl (of unknown
nature) should be compensated by an energy loss due to some current of electron
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emission [45]. The authors [47] further developed analogical study, calculating the
thermal regime of a rod electrode indicating presence of a maximum temperature in
the electrode body near the surface faced the arc plasma. An another also limited
energy balance [48] was studied using Richardson-Schottky law with Mackeown
electric field and natural assumption of presence of ion current from the plasma to
the cathode in form

Ii (uc + ui − ϕe f ) + qpl = Ieϕe f

whereqpl is the radiationflux from the plasma to the cathode,whichwas not explained
how it is determined. Also, the cathode heat conduction loss qT and the electron
current due to ion charge neutralization at the surface in the total current were not
considered. As a result, a small value of the ion current fraction for argon was
obtained as f i = (ϕef − qpl)/(uc + ui) = 0.2. With this low value of f i, the measured
current density cannot be explained. Therefore, the authors again claimed that this
current is result of an “anomalous” electron emission. Also, to explain stability of
the discharge, they arbitrary assumed an effect of “electron” cooling of the cathode.

Nevertheless, Nemchinsky [49] and Zektser [50] suggested that current measured
by Dorodnov et al. [45] can be maintained at the cathode surface completely by ion
flux. Their approach is analogous to the model used in explaining cathode spots on
cold cathodes. In the model [49], the cathode plasma is considered as isothermal,
without accounting the heat conduction loss in the cathode energy balance for temper-
ature Tc. The gas temperature Tp was determined from a relation described the ion
current to the cathode and the plasma energy balance determined by the beam energy
of electron emission jem acquired in the cathode sheath uc. The arc parameters Tc, Tp,
and uc in the cathode region were determined as dependence on current density for
values of heavy particles corresponding to given two gas pressures 20 torr and 1 atm.
It was concluded that the ion current increases with total current density increasing.
However, no data about any contribution or some fraction of the ion current density
was presented. In the model [50], the ion diffusion mechanism determines the ion
flux to the cathode. The electron temperature Te was determined according to Kerre-
brock formula [51] by the elastic collisions between electron and heavy particles,
instead of using the full plasma energy balance taking in account the non-elastic
and other losses. The cathode energy balance and effect Schottky in the thermionic
emission are not considered. The result presented a total current density as depen-
dence on varied cathode temperature for Ar and Ne arc at different pressures. Also,
the contribution of the ion current density in the total that value was not discussed.
Therefore, the role of ion flux to the cathode from the plasma remains unclear.

In the second case, diffuse attachment to the cathode is obtained with current
density in range of 10–100 A/cm2 with a hot volatile cathode in vacuum [52] and
arc current 40–400 A. For a Cr cathode, the arc voltage was 12–14 V, the cathode
temperature was 1900–2200 K, the electron temperature was Te ≈ 2–4 eV and
the electron density was about 1013 cm−3 [52]. There is also the main problem is
“anomalous electron emission” because the experimental arc current significantly
exceeds the calculations of the current based on known mechanisms of cathodic
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electron emission. Thus, the calculated thermionic emission is between factors of
102–105 lower than the arc current. This means that the electron current fraction is
10−2–10−5. Dorodnov [45, 52, 53] suggests that the discrepancy could be explained
if the work function of the cathode material were lowered by approximately 1.5 eV,
but offers no explanation about what might cause this. The observed experiments
cannot be explained by role of individual electric field of ions [49, 54] and due to
presence hot electrons in the metals (Chap. 15).

The main problem, however, is the possibility to explain the measured high elec-
tron temperature in case of assumption that the measured current provided by the
ion flux. Baksht and Rybakov [55] theoretically analyzed of the energy relationships
in the cathode region of a high-current atmospheric arc. They show that the energy
required generating ions in an atmospheric arc with planar cathode and other energy
losses in the cathode region cannot be made up by the energy supplied from distant
regions of the plasma. As the electron beam is low and corresponding heating of the
plasma electrons heating can be provided by Joule energy dissipation (j2lJ /σ el) in
the plasma volume due to the electrical current (Ohmic plasma). The characteristic
length of lJ at which the plasma reaches of Te ≈ 2 eV can be determined from the
plasma energy balance assuming the small energy losses by the returned plasma
electrons to the cathode as well by elastic collisions between electrons and heavy
particles (Chap. 16). In this case, the expression for energy balance is

j2lJ/σel = ji (ui + Ti ) + 3 jTe

from which, assuming only ion current f i = 1 the length is

lJ = (ui + 3Te)σel/j.

Taking in account the mentioned above data for the arc at Cr cathode (ui = 6.8 eV)
the calculated length lJ = 6 cm, i.e., relatively large even for j = 100 A/cm2.

To understand the mechanism of arc current supporting by the ion current, let us
taken in account that the arc is operated with expendable Cr cathode and the presence
of an expanding jet and it is highly ionized state established measuring the rate of
cathode erosion by weighing and using the saturation ion current by Faraday cup.
Considering this fact, the role of the ion current can be demonstrated in frame of
gas dynamic model, considering for simplicity, only part of equations from the total
system of equations [56].

The mathematical formulation includes the equation of heat conduction for a
disk Cr cathode [see experiment 52], the equation for the cathode screening sheath,
like as for Hg [56], cathode energy balance, equation for electron emission, and the
equations for plasma momentum and for plasma energy of expanding the cathode
jet. The solution was obtained for given current of 40 A, initial temperature of T 0 =
1500 K, and erosion rate of G = 10−4g/C as dependence on jet velocity.

The calculation shows that the electron current fraction s very low decreasing
from 0.08 to 4 × 10−5 (Fig. 25.16), the arc voltage increases from 11 to 18 V and
the cathode temperature decreases from 2800 to 2000 K, and degree of ionization
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Fig. 25.16 electron current
fraction s and degree of atom
ionization α versus plasma
jet velocity in a hot-cathode
vacuum arc (Cr cathode)
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increased up to 0.99 when the jet velocity increases from 1.2 × 106 to 2 × 106 cm/s.
These calculated values are in good agreement with the experimental data mentioned
above and the value of s indicates that cathode current continuity in the HCVA
can be supported by ion flux. The predicted values of the ion density ~1015 cm−3,
which necessary to account for current continuity at the cathode surface, are exceed
measured the probe value of 1013 cm3 [52]. Also, the calculated electron temperature
is near the value of 1 eV, i.e., lower than that measured. The difference can be caused
by relatively far probe location from the surface, where the density decreased. Thus,
further investigation, in particular, of the plasma density distribution, is necessary
for understanding of the mentioned parameters.

25.6 High-Current Arc Moving Between Parallel
Electrodes. Rail Gun

One of the promising methods of high-speed acceleration of bodies is the electrody-
namic method implemented in magneto-plasma accelerators (MPA) of rail gun type.
The acceleration of a dielectric body placed in the MPA channel is carried out when
the arc plasma is exposed to it in a vacuum. The efficiency of acceleration is limited
not only by the strength of the rail gun and working body, but also depends on the arc
plasma properties. Modeling of the arc phenomena appeared in specific conditions
of a rail accelerator is the subject of this section based on our work [57].
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25.6.1 Physics of High-Current Vacuum Arc in MPA. Plasma
Properties

Artsimovich et al. [58] first developed amethod (named as electromagnetic) of accel-
eration of a plasma produced in an arc between parallel electrodes. The mechanism
is based on a force due to interaction of the self-magnetic field with the arc current.
Brast and Sawle [59] considered such mechanism of the plasma acceleration in a
rail gun to accelerating solid-state shells using the arc plasma as a pushing gas.
Boxman [60, and this see Ref. 2 (1973)] studied experimentally the motion of the
arc column sustained between Cu electrodes in a vacuum when driven with currents
of 15–35 kA. The column velocities in the positive Amperian direction of (0.1–3.5)
× 103 m/s were observed in a self-magnetic field of ~50 G/kA.

An analysis of a high-current arc moving at 1 km/s and more between elongated
planar parallel electrodes was conducted in a number of theoretical works [61–67].
They show that at current 105–106A, the field strength is about 100 V/cm, plasma
length in the propagation direction ~10 cm and transfer dimension about 1 cm. The
models assumed that the plasma is single ionized and isothermal, while the gaskinetic
pressure and longitudinal dimension were fixed and correspond to experiment [60].
The plasma parameters have been determined from measured data for resistivity
using Ohm’s law, in which the potential difference across the core of the plasma was
taken as a certain part (~1/3) of the potential difference between the electrodes. The
plasma temperature was determined of (3–6) × 104 K.

Powel andBatteh 1984 [62] considered the stationary casewith plasmaparameters
distributed along the discharge migration direction. The force-balance equation was
combinedwith the energy equation, which incorporated heat transfer due to radiation
from thebulkplasma. For the [60] typical conditions, the plasma length andmaximum
temperature were calculated correspondingly as about 10 cm and about 7 × 104 K
on the assumption that the plasma mass was constant and equal to the mass of the
metal foil used to initiate the discharge. In [63], the same researchers gave a two-
dimensional description, where by comparison with [62] the maximum temperature
was calculated of about 4 × 104 K. In works [64, 68], a stationary description
was given in the lumped-parameter approximation. The solutions were presented as
functions of the plasma mass and discharge current. For conditions close to those
considered in [61–63], the temperature was calculated as (3, 4) × 104 K.

In all the above studies, the temperature estimates were at the (3–7)× 104 K level,
and although they agree with the measured temperatures [61, 65], there should be
indicate a number of factors to critique of themodels [61–64, 67]. Firstly, in all exper-
iments conducted for similar conditions, it has been found that the potential differ-
ence between the electrodes is constant independent on the arc current [69], being
150–300 V for 105–106 A. However, the above calculations give a voltage depen-
dence on the discharge current that increases more rapidly than linearly. Secondly,
the models involve the assumption that the plasma mass does not vary as it moves,
whereas measurements [70] show that a satisfactory description can be obtained on
the assumption that the mass increases.
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One needs to mention also the later theoretical study of Zhukov et al. [71], which
show that surrounding gas and electrode ablation mass can influence on acceleration
of the plasma in a rail gun. However, the rate of electrode ablation was used as an
arbitrary input parameter. Finally, none of those studies contains a description of the
arc model or incorporates processes governing the current continuity at the plasma-
electrode boundary or the arc maintenance mechanism during rapid displacement,
or phenomena related to mass and heat transfer near the walls and to formation of
the plasma channel. The main purpose of this study is to devise a model for a high-
current dischargemigrating between longplane-parallel electrodes based on coupling
between the processes in the electrodes and in the plasma, as well as phenomena in
the layers near the electrodes. The result in a self-consistent treatment enables one
to determine the parameters for the moving plasma and for the working surfaces.

25.6.2 Model and System of Equations

Let us consider our developed model of moving arc between parallel electrodes.
When the arcmoves at a speed over 1 km/s, the time it spendswithin the characteristic
length scale l ~ 10 cm is ~10−4 s (Fig. 25.17). During that time, the contact with the
plasma heats an electrode layer having thickness ≤(at)0.5 ~ 10−2 cm (a is thermal
diffusivity for the electrode material, in particular, copper), which is much less than
the electrode thickness (~1 cm), so one can take the electrodes as infinitely extended
in the thermal-wave direction in order to consider the thermal processes there.

An estimation shows that the thickness of the electromagnetic skin layer is
~(t/σ elμ0)0.5 (σel is the electrical conductivity), which is much greater than the
heated thickness ~(at)0.5. The volume density of the energy dissipated in an elec-
trode because of the current is qe ≤ μ0(I/b)2/2π (b is electrode width), which for
these conditions is much less than the density of the thermal energy deposited in the
thermal skin layer in time t. Therefore, we neglect the bulk heat sources in describing
the heat propagation in the electrode. The contact with the arc (I ~ 105 A) for t ~ 10−4

s heats the surface to T ~ (Iuef /bl)(at)0.5/λT ≈ 103 K (λT is the thermal conductivity
of copper and uef ≈ 10–20 V is the voltage equivalent of the thermal effect from the
arc on the electrode), which can produce melting and evaporation.

With these plasma parameters, kinetic processes occur so quickly (in about 10−8

s) that one can use the electrical and gasdynamic equations subject to thermodynamic

Fig. 25.17 Schematic
configuration of arc
plasma-body assembly in a
magnetoplasma accelerator
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equilibrium there, while the processes in the electrode layers are described utilizing
the concepts for relatively slowly moving erosion arcs (Chap. 7). The impedance
changes as the arc moves, which in general affects the current. To simplify the
description and analysis, we consider the current as set and constant.

The heat deposited in the gap is dissipated in melting and evaporating the surface
and by conduction into the electrodes, as well as heating and ionizing the electrode
material and producing radiation. The electrodes evaporate essentially in the closed
arc column volume bounded by the electrodes and the insulatingwalls, namely by the
inertial boundary on one side and themagneticwall on the other. The balance between
the flux of heavy particles from the electrodes and the reverse one to the channel wall
from the vapor governs the heavy particle density. The heavy particle density can
be determined via the effects of the ponderomotor force on the conducting plasma,
although that complicates the treatment; therefore, to identify the major general
trends, we neglect those forces. There are considerable differences in thermophysical
parameters between the electrodes and the insulating walls, so we neglect the reverse
particle fluxes from the latter and assume that the fluxes to the insulating walls
correspond to the electrode consumption rate.

The current is maintained during migration by the electron emission from the
heated metal; in that model, the task is to determine the discharge parameters such
that the electrode heating provides for carrier reproduction in the amount necessary
to maintain the set current at a high migration speed. This involves considering the
coupled processes in the electrode, the arc column, and the electrode layers. For a
given current, the unknownparameters are the cathode temperatureTs, anode temper-
ature Ta, and plasma temperature T, along with the heavy particle density nh, is the
degree of ionization α, the current density j, the fraction of electron component s, the
arc longitudinal dimension l, and the electrode erosion rate G in g/C, in conjunction
with the potential drop across the plasma column upl.

The description is based on a system derived for an arc burning in the electrode
vapor (Chap. 16, [57]) with the above conditions, particularly, the initial electrode
temperature, as the transverse electrode size is finite in relation to the arc longitudinal
dimension. The energy balances at the cathode and anode are represented (Chap. 16,
[57]) by

Cathode:

I uce f + F

[

σSB(T 4 − T 4
c ) + Γ c(mλs + 2kT ) − W (Tc)(λs + 2kTc

m
)

]

= Qc
T

(25.40)

Anode:

I uae f + F

[

σSB(T 4 − T 4
a ) + Γ a(mλs + 2kT ) − W (Ta)(λs + 2kTa

m
)

]

= Qa
T

(25.41)
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Here, m is atomic mass, σ sB is the Stefan’s constant, λs is the latent heat of
evaporation, k is the Boltzmann’s constant, � is the random heavy particle flux from
the plasma to the electrodes, W are the mass fluxes from the electrodes, which are
governed by the material properties, F is the total area of the arc contact with the
electrode. Index “c” and “a” is related to the cathode and anode, respectively. The
effective potential uef characterize flux to the electrodes from anode bombardment
by electroflux and from cathode bombardment by ion flux, being dependent on the
cathode potential drop uc and the anode one ua, as well as the fraction of the electron
component in the current and effects associated with electron transition at the metal-
plasma boundary. QT is the total heat flux due to conduction into the electrodes,
which is determined from the two-dimensional non-stationary treatment of the heat
propagation along the x-axis into the electrode from a normally distributed source
moving along the surface in the y-direction:

dT

∂t
= a�T − v

∂T

∂y
(25.42)

Boundary condition:

−λT
∂T

∂x

∣
∣
∣
∣
x=0

= q(y, l), T |t=0 = T0 (25.43)

where q(y, l) is the heat flux per unit area, which is uniformly distributed along the
z-axis. Equation (3) has been solved and examined in [72], and we use those results,
which were obtained in an analytical form, in examining (25.40) and (25.41).

We represent the plasma energy balance as

s j

(

uc + 2kTc
e

)

+ ju pl =
∑

i

Γi ui + ξ j
kT

e
+ σSBT

4 + qc(T ) + qbs(T )

(25.44)

where ξ is a coefficient that corrects for the electron energy transport [73], while
qc and qbs represent the convective energy transport by the heavy particles and the
backscattered electrons (Chap. 16). The first term on the right in (25.44) describes
the total energy loss by ionization, while ui are the ionization potentials for order i,

Γi = ni

√

kT

2πm
(25.45)

being the corresponding ion-flux densities and ni the concentration of ions with
charge i. The expression for �i does not incorporate the diffusion-dependent compo-
nent of the particle flux because the thickness of the non-equilibrium layer here does
not exceed the ion mean free path. We put �inz as the random particle flux to the
insulating wall in order to write the heavy particle flux balance equation as
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1

m
[W (Tc) + W (Ta)] = Γ c + Γ a + 2Γinz = nT

√

8kT

πm
(25.46)

The total current is

I = F j = √
π jbl (25.47)

Ohm’s law gives the potential difference across the arc column:

u pl = jh

σel(T )
(25.48)

where h is the distance between the electrodes. Equations (25.40)–(25.48) may be
supplemented with a condition for the arc speed and by Saha’s formulas together
with an expression for the electro-erosion transport G = 2 m�inz/j and the electron
emission equation (Chap. 16) in order to obtain a complete system of equation for
the above unknowns. The characteristic arc speeds are taken as the values typical of
[61, 67, 69] as well estimated from equation of plasma motion (see below).

25.6.3 Numerical results

A numerical iterative method was used for copper electrodes at 104–106A, while the
conductivity was calculated from the fully ionized gas model [74]. Table 25.2 gives
results for uc = 20V. Themetal vapor is almost completely ionized, andwithT ~ 2 eV

Table 25.2 Parameters of the arc in a magneto-plasma accelerator for different arc current [57]

Conductivity 1 × σ el 2 × σ el

Parameters Electrode length 1 m 2 m

Arc current, A 106 5 × 105 105 104 5 × 105 5 × 105

Tc K 3180 3185 3310 3495 3230 3410

Ta K 2700 2690 2690 2700 2775 2600

nh, 1018 cm−3 1.4 1.4 1.5 3.6 1.7 2.7

T, eV 1.87 1.89 1.9 2.1 2 2.15

G, mg/C 1.16 1.15 1.16 1.01 1.2 1.1

upl , V 200 200 214 520 218 174

j 104, A/cm2 1.63 1.65 1.78 5.02 2 3.5

Pr , V 78 78 74 40 86 63.3

Psum-c, V 106 105 102 65 115 92

Psum-a, V 88 87 84 50 97 68

l, cm 34.6 17.1 3.2 0.1 14.1 4.6
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consists mainly of singly charged ions. In that current range, the plasma parameters
vary comparatively little, particularly, the temperature and current density, so the
potential difference is almost independent of the current at about 200 V, which
agrees well with measurements. The length of the plasma bunch is proportional to
the current as the temperature is relatively constant. Below 10 kA, the energy flux to
the electrode decreases substantially. In order to provide the necessary density of the
charge particles, the solution of the system is modified by change of current densities
and corresponding potential drop in the plasma column, although that variations of
these quantities are not large.

The energy reaching the cathode from the plasma as the radiation Pr and the
total energy Psum-c together suggest that the contribution from the processes near the
electrode cannot be neglected although it is only slightly dependent on the current.
Anode processes are less important in the current transport because the anode is
cooler. G has a weak dependence on the current in the range used and is about
10−3 g/C. The conductivity may be dependent on factors not considered here, so
we performed calculations with variable conductivity. For example, when it was
doubled relative to the Spitzer values (=2σ el), the plasma length decreased so greatly
that the increase in current density almost balanced the increase in conductivity, so
the potential difference altered only slightly and remained in the 200 V range.Gwas
substantially reduced because the eroded area fell as the current density increased.

Considering the measurements [61, 66, 67, 69, 70], it can be concluded that the
model gives a satisfactory description of various parameters: arc scale l ~ 1–10 cm
and current density j ~ 10 kA/cm2, together with the plasma temperature T ~ 2 eV
and the potential difference, which is only slightly dependent on the current and is
about 200V. This description gives a comparatively lowheavy particle concentration,
which is due to neglecting the ponderomotor force. Estimates show that the correc-
tion by accounting this force not merely increases nh but also somewhat increases the
electrode consumption. Although the formulation is restricted, the model is better
than in [62–65, 68] in representing the mechanism that maintains the moving arc,
while given satisfactory description of various observed [57, 66, 67, 69, 70] param-
eters such as upl, j and T, where in particular it shown that such a discharge can exist
at relatively low heavy particle density.

25.6.4 Magneto-Plasma Acceleration of a Body. Equations
and Calculation

The physical phenomena in the plasma dynamic discharge, occurred by conversion
of the electric energy in a kinetic energy, are determine the acceleration mechanism
in rail gun devices. Understanding this mechanism is important issue for obtaining
high efficiency of the conversion process and maximal velocity at given power of
the source of the magneto-plasma accelerator. The ponderomotor force acts on the
arc causing plasma motion and the plasma accelerated the attached body. On one
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hand, the acceleration determined by electrical energy dissipated in the plasma. On
the other hand, different reasons could limit the velocity of accelerating bodies in the
accelerator. Thephenomenabreaking the accelerationprocess include themechanical
strength of the device, thermal loads inside it volume, instability of the discharge,
the power system forming the current pulse. These reasons were detail discussed by
Ostashev et al. [75].

In this section, we develop a calculating model which describe the arc charac-
teristic related to the mechanism of it operation in vacuum, which can influence
the acceleration parameters. Namely, the vacuum arc can be ignited and developed
when a certain density of electrode vapor can be reached and the arc current can
be supported. This means that with increase of the accelerator power and therefore
with increase the arc current the plasma density should follow to the current value
and to the current distribution. So, the plasma mass in the discharge increase with
the current. The self-consistent processes of the plasma-electrode system determine
the relation between indicated parameters. The magnitude of the plasma column
mass should not be confused with the electrode erosion rate, which can influence in
form of an energy loss or developed separately in case, when the erosion amount is
not large. Below the physics of plasma-body acceleration is analyzed when the arc
current increase with the source power and taking into account the self-consistent
change of column mass. The mathematical formulation is reduced to consideration
of momentum equations for the plasma and for a body.

Equations of momentum for plasma column:

d(ρplv)

dt
= −∇ p + j B → v

∂(ρpl)

∂t
+ ρplv

∂(v)

∂x
= −∂p

∂x
+ j B (25.49)

Equations of momentum for body

mb
dv

dt
= pSb → v

∂ρ

∂t
+ (mb + mpl)v

∂v

∂x
= pSb (25.50)

Multiply both sides by a volume (hblpl, Fig. 25.17) of (25.49) is

v
∂(ρpl)

∂t
+ mplv

∂(v)

∂x
= hblpl

(

−∂p

∂x
+ j B

)

= −pSb + μ0 I
2 (25.51)

Here is assumed that lpldp/dx = �p≈ p, i.e., the plasma pressure change occurred
at the size lpl. Considering steady-state case, after sum of (25.49) and (25.50) it is

(mb + mpl)v
∂v

∂x
= μ0 I

2 (25.52)

Let us determine mass of the plasma columnmpl in (25.50) using plasma pressure
as p = (1 + α)nTkThb, and then from modified (25.50) can be derived mpl:
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Fig. 25.18 Influence of
mass grows of the arc plasma
with arc current increasing
resulting in deviation from
linearly dependence of the
arc velocity increase with the
current
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(25.53)

Substitutempl from (25.53) into (25.52) it canbeobtained relation for plasma-body
velocity in form:

v4 + Abv
2 + C = 0

Bb = 2(1 + α)kT bx

m

j

I
, Cb = 4(1 + α)kT bj

mTm
μ0 I x

2 (25.54)

The calculation result for body of 1 g and electrode length of x = 100 cm by
(25.54) is presented in Fig. 25.18 using the j and T calculated in Sect. 25.6.3. It
can be seen that in the beginning the plasma-body velocity increases linearly as it
is follow from Newton law, i.e., proportional to the body mass. However, at current
about 100 kA, the dependence declined from linearly and then it is approached to
saturation.

The analysis shows that such dependence is caused by increase of the plasma
mass that exceeds the mass of body. The plasma velocity reached value of 8 × 105

cm/s when the arc current increase to 8 × 106 A. In general, the above calculating
saturated velocity can be corrected taking into account the complete model (with
equations of Sect. 25.6.3 or the condition of some certain experiment. Although of
this, it should be noted, that the experimental value of the velocity is reported as
(5–7) × 105 cm/s and in a separately cases as (8–11) × 105 cm/s for body of 1 g
[75].
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25.7 Summary

Different arc types and plasma and electrode phenomena occurred in the technical
devices. The phenomena depend on the device working regimes. In one of most
extended type of electrical apparatus, the electrode wall is surrounded by the hot
plasma flow. The discharge arises in the boundary layer at the wall containing a
hot ceramic or water-cooled metallic electrodes. In order to effective working of the
apparatus, a stable regime of the discharges is required for the two types of electrodes.

The overheating phenomena are due to strong dependence of the electrical conduc-
tivity on temperature σ (T ) as described, which triggers unstability of the current in
the hot ceramic electrodes. For this case, the main problem occurs in region of
the rear water-cooled electrode side due to increase of the resistivity and large Joule
energy dissipation. Complex electrodes were constructed with layers using materials
of different dependences of σ (T ) in order to reduce the probability of the overheating
problem. The developed calculating approach for triple layer (included double layer
electrode and boundary plasma layer) allows study the temperature distribution
and the volt–current characteristic of such current carrying system. The numerical
analysis of the characteristics is provided in a wide range of input parameters. As a
result, the material properties in different electrode layers and the values of discharge
current densities were determined as conditions, which can predict the stable state
of the system.

The instability of discharge at the water-cooled metallic electrodes appeared in
form of an arcwith a number of cathode spots. Themechanism of existing of the spots
were described in frame of a model taking into account the experimental condition
for plasma flow contained a light ionized dopant. The model takes into account
the assumption about presence of thin film of dopant material deposited on the
cold cupper electrodes and uses the previously developed theory for film cathode
(Chap. 16). The numerical analysis allows explaining the experimental data for these
spot (size, lifetime, current etc.), which cardinally different from these data observed
in a vacuum.

Another phenomenon is related to the century-old problem regarding the mecha-
nism of electron emission from the cathode for different arc discharges. This problem
was again discussed due to the experimental data for electrical current and temper-
ature at refractory cathode for atmosphere pressure arcs as well for arcs with hot
expendable cathodes at low gas pressure. The significant difference between the
experimental dependence of current density j = f (Tc) and that current density depen-
dence jR(T ) calculated according to thermionic electron emission of Richardson law
(by factor varied from 104 to 10 depending on cathode temperature and current
density) the authors interpreted as an effect of “anomalous” electron emission.
The existing literature works attempt to explain the mentioned difference taking
in account presence of an ion current instead the not understandable “anomalous”
process. The analysis of these works show that these attempts contain free input
parameters and assumptions indicating that the models are not without lacks. Finally,
the authors not presented any data about the ion fraction in the total arc current. The
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presence of significant contribution of ion current was demonstrated using the gasdy-
namic model of cathode spot (Chap. 16) taking into account the experimental fact of
plasma expanding in arcs burning with hot expendable cathodes at low gas pressure.

The last decades were commemorated by developing approaches described the
long-time problem about the nature of plasma column constriction in atmospheric
pressure arcs. The proposed approaches attempt to solve the problem without tradi-
tionally used Steenbeck’s “minimal principle.” In the present chapter, the proposed
approaches were reviewed, and the weakness of different works was analyzed.
Considering the specifics of such arc, we developed an analytical mathematical
model including the nonlinear heat conduction equation with a volume source of
Joule energy dissipation, Ohm’s law for plasma column and relation for total arc
power. The solution is searched for two separate regions. The model takes in account
that in the internal regionof radius r0, themain fraction of arc current andof dissipated
electrical energy are concentrated, in which the electrical conductivity exponentially
depends on the temperature, (not constant) while in the external region take place the
heat conduction process. The conjugation of the parameters at the boundary between
two regions was provided at the radius r0 determined by equality of all dissipated
electrical energy to the energy loss by the heat conduction process to the tube wall in
the second region. The temperature distribution and volt–current characteristics were
calculated. These results of analytical solutionwere comparedwith the exact solution
obtained numerically using finite-difference approximation of the equations, as well
as with experimental data for arc burning in different gases. Good agreement between
the mentioned data indicated that the developed analytical approach could be used
to explain the phenomenon of constriction of the plasma column for atmosphere arc
without consideration of the “channel” approach and of the “minimal principle.”

Finally, a high-speed acceleration of bodies by the electrodynamic method in
magneto-plasma accelerators (MPA) of rail gun type is discussed in frame of above-
proposed theory in Chap. 16. This method was intensively developed recently due to
presence the new tasks of physics, modern engineering, and technology and powerful
power supply systems. In the experiments, the arc column scale, current density,
the plasma temperature, and the potential difference at the plasma column were
determined. At the same time, however, it was experimentally detected a presence
some limiting plasma-body velocity in spite of significant increase the power of the
supply system. In this chapter, in first step, the theoretical models of cathode and
anode spots were used to understand the arc plasma column generation between two
parallel rail electrodes. The calculation according to the formulated mathematical
system of equations shows the possibility to explain the observed plasma column
parameters. At the second step, the arc motion in the rail gun was studied taking
into account the dependence of the plasma column mass on the power of the supply,
i.e., on the arc current. The calculation shows that dependence of the velocity of
the plasma-body assembly on arc current is deviated from linear character at some
certain value of arc current, indication the influence of plasma mass increase. This
dependence then approaches to a saturation indicating the experimental effect of
limiting velocity presence at large arc currents. The analysis shows that the calculated
velocity saturation is caused by increase of the plasma mass that is larger than the
mass of body.
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Conclusion

The importance of the study of vacuum arcs is motivated by multiple of their appli-
cations, some of which are reported in this book. Numerous experimental and theo-
retical publications on the topic of cathode spots (the key phenomenon that supports
existence of the arc) demonstrate the complicated nature of the problem. The evolu-
tion of the investigations described in this book illustrates the progress over the years
in obtaining improved experimental data and theoretical understanding. Startingwith
idealized hypotheses that considered isolated processes in the cathode spot, further
studies have evolved into considering important stages leading to themore consistent
recentworks.While the primary hypotheses suggested in the early days to understand
the mechanisms of electron emission or the cathode thermal regime are still used,
the later attempts are based on systems of equations describing a number of coupled
cathode processes to explain the observed spot parameters (current density, minimal
arc current and others). Nevertheless, the main problem of current continuity in the
cathode region, which is the relation between electron and ion currents, remained
unsolved for a long time. New experimental spot data stimulated further theoretical
analyses and treatments.

At the same time, further theoretical approaches continued to use non-closed
systems of equations, i.e. studying the coupled cathode phenomena, as a rule, the
models attended to some selective effects, while being based on inadequate assump-
tions regarding to others. As a result, the mathematical descriptions employed some
arbitrary parameters. Namely, models consisted of a system of equations with param-
eters given arbitrarily, such as ion current density, electric field, surface temperature,
and/or electron temperature.

Another problematic point is use of initial geometric factors (spike, protrusions,
and initial craters, determining initially given current density) in models consid-
ering development of the cathode spot or thermal mechanism of crater formation.
It is obvious that the obtained solution depends on given geometric factors. As an
example, the employment of a very small initial crater size (~0.1 µm) as an initial
spot radius (extremal value of current density and Joule heat source presence) brings
a violation of the cathode energy balance due to radius increasing at the transient
thermal regime of the cathode and to cessation of the electron emission at time in
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nanoseconds range. This time was interpreted as a time of an elementary act, so
named, Emission Center (EC), which further used to explain the cathode spot mech-
anism.Note that this result is changed dramatically according to spotmodel involved,
which instead of mentioning some problematic assumptions used other assumptions
or arbitrary parameters.

Sometimes, the microscopic geometric factors of the emission area at the cathode
surface are also assumed for studying the cathode spot numerically using standard
commercial software requiring these initial factors as input parameters. The problem
of such approach is due to necessity to use a number of arbitrary given multiple
parameters characterizing different sides of spike and its variation on time at cathode
surface. As result, the significance of these calculations and conclusion based upon
them is limited, because they depend on input conditions, which are sensitive (espe-
cially on the given initial characteristic time) and can be different from the initial
conditions in a real situation. Moreover, results obtained by such models cannot be
compared with results of other models that used different sorts of assumption and,
in particular, that did not use protrusion sizes as initial geometric condition.

Further advances in development of the cathode spot theory occur due to devel-
opment of the modern plasma science in low- and high temperatures and astrophys-
ical plasma. In particular, the physics of plasma-wall transition, mass and energy
transfer in multicomponent plasma, the particle elementary processes in the plasma
including electron atom and charge particle collision, the physics in partially- and
highly-ionized gases as well the plasma particle interaction with the metallic wall
and energy flux formation to the surface.

This book summarized our new approaches taking into account different scien-
tific disciplines considering plurality of physical processes occurring in the cathode
and adjacent plasma. Such approaches are based on the modern plasma physics.
The most important detailed analysis of the cathode plasma illustrated the impor-
tance of coupling between electron-atom, atom-ion and charge particles between
one another while considering the modern state of characteristics of elementary
collisions in the atomic physics. The analysis indicated the important role colli-
sions of resonance charge exchange and relationship between the mean free path of
the plasma ions and electrons to the electron beam relaxation length. The corre-
sponding mathematical treatment allowed description of the origin of mass and
energy fluxes in hydrodynamic approximation considering the diffusion phenomena
in the cathode plasma based on the developed theory of multicomponent plasma
physics. The derived cathode plasma equations together with equations for cathode
body and cathode surface make a mathematically closed self-consistent system of
equations in accordance with gasdynamic model of the cathode spot. This system
enabled understanding of the nature of the long standing problem of electron current
fraction in the cathode spot. It also determined directly its time dependent value,
largely unknown, in addition to analyzing the main parameters of cathode body and
cathode plasma.

The next development of the spot theory takes into account the electrode vaporiza-
tion into the adjacent dense plasma separated by an electric sheath from the surface.
Two Knudsen layers for heavy particles and emitted electron beam were studied
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considering the kinetics of cathode evaporation and plasma generation. The model
describes the returned fluxes of heavy particles and determines the net erosion of
cathodematerial and potential barrier controlling the flux of the returned plasma elec-
tron, finally determining the cathode potential drop. Thus, this advanced approach
constitutes the physically closed mathematical system of equations in the frame of
the Kinetic Model of the cathode spot. The closed self-consistent model was defined
as an approach, which allows obtaining the solution without parameters given arbi-
trarily or taken from an experiment. The spot mechanism and spot parameter were
investigated together with gasdynamic plasma flow in the dense plasma region and
in the expanding plasma jet. The nature of spot motion in transverse and oblique
magnetic fields was understood using the kinetic model taking in account the rela-
tions between pressures of self-magnetic and external magnetic fields. The nature
of different spot types and the character of spot splitting were considered taking
in account the cathode surface irregularities, the metal melting and self-organized
energy due to the plasma-cathode interaction limit, the spot lifetime, and its parame-
ters. These parameters of course can be different from that in the steady state and spot
lifetime can be shorter than the time to reach the steady state. The theory can show
some dependence on time of the ion current fractions and erosion rate per coulomb
unit. This result can explain their changes for different types of cathode spots. The
corresponded experiments indicatemostly constant their values because themeasure-
ments were obtained as integral characteristics as averaged on large number of arcs
and time.

The main difference between the various models is that in some, the cathode
potential drop uc was assumed, whereas in the kinetic model uc was calculated
as part of a self-consistent set of equations. This last model newly examines the
role of the arc voltage at the moment of arc initiation and spot development. With
uc self-consistently calculated, the spot temperature and the current density do not
unlimitedly increase with time (interpreted as unstable state leading to explosion
process) in case of planar cathode or it uncertain determination in case of given the
plasma (crater) spatial and temporal distribution, as occurred when a constant uc or
arc voltage was assumed. In additional, the kinetic model allows description of the
super-fast spot type (of very small current) in contrast to models with given constant
uc as an input parameter. The developed cathode spot theory allows consideration
of the role of the arc discharge in broad types of applications explaining the elec-
trode phenomena in systems for metallic thin film deposition and in vacuum arc
micro thruster. Understand the mechanism of body acceleration in magnetoplasma
railgun, during the laser and laser plasma interaction with the target, as well the
arcing mechanism by metallic wall interaction with plasma flow containing dopant
atoms.

It should be noted that the cathode spot is a confusing object that was open for
modelling and discussion mostly about two centuries. Different reasons contributed
to this. Primarily, it is because the cathode spots appear in various forms depending on
unpredictable conditions, which are also produced (surface modification, outgassing
and others) during the arc burning. Therefore, an attempt to complete the spot descrip-
tion can meet unpredictable difficulties. As a result, probably some general theory
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produced on base of unitary principles, in essence, cannot be constructed to describe
any observed arc discharge phenomena.Consequently, the relevant and correct theory
has to contain non-contradictory assumptions.However, due to uncertainty in cathode
spot diagnostics the agreement with experiment should be considered as necessary
but not enough as some criterion for approval of the theory.

The spot theories reported in this book are self-consistent and as such allow
explanation of the mechanisms of cathode plasma generation to support the current
continuity, the plasma jet acceleration, the typical spot phenomena, its characteristics,
behaviour as well the phenomena and the parameters of the anode spots. The author
hopes that the detailed description of approaches developed over many years will be
useful for students and researchers to understand the fundamentals of the electrical
arcs. These tools hopefully will assist in describing new original phenomena and will
serve as a springboard for further improvements in theory and understanding.
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Cathode boundary condition, 737–740, 744,
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Cathode erosion rate, 215, 218, 220–222,

224, 228, 229, 231, 232, 234, 237–
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588–592, 1067, 1080–1082, 1084,
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Cathode spot theory, 599, 627, 628, 634,
635, 670

Cathode trace model, 564, 566, 567
Cathode vaporization, 555, 582, 585, 588,
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Channel model, 1087, 1088, 1093, 1094
Characteristic physical zones, 605
Classical approach, 14, 17
Collisionless approach, 127
Collisions cross-section, 8, 10
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Contact electroerosion phenomena, 216,
219, 221

Contact phenomena, 144
Current constriction, 1067, 1076, 1080

D
Debye radius, 2, 8
Deposition systems, 934, 942, 976, 979, 988,

989
Developed spot models, 849, 855
Double layer electrode, 1071, 1107
Double sheath model, 633, 638, 639
Double-valued current density, 562
Dropping volt-current characteristic, 1069,

1075

E
Effective voltage measurements, 285, 303
Electrical breakdown, 143, 148, 149, 152,

154, 157
Electric field, 113, 114, 117, 120–128, 130,

131, 134, 135
Electrode erosion measurements, 241, 249
Electrode repulsive effect, 308, 316, 319
Electron beam, 3, 4
Electron emission, 37, 44–51, 53, 54, 56–58,

545–547, 549, 550, 553–556, 562–
565, 568, 569, 571–575, 577–580,
582, 584, 588–590

Electron pressure gradient, 726, 729, 731,
733, 741, 761

Electron relaxation length, 604, 639
Energetic and momentum length, 604
Equations of conservation, 672, 676, 677,

685
Erosion-air, 243
Erosion-vacuum, 216, 226, 227, 237, 240,

241
Evolution models, 829, 858
Excite atoms interaction, 552
Experiment & electrode energy losses, 285–

287, 302
Explosive electron emission, 56, 58
Explosive electron emission center, 563,

578, 579, 582, 586, 587
Explosive model, 733

F
Fermi-Dirac distribution, 47
Filling trenches, 936, 975, 976, 991, 994
Five-component diffusion, 109, 110

Force measurements, 312, 317, 320, 321,
327, 332

Fusion devices, 895, 896, 898, 903–905,
908, 911, 912, 916, 924, 926, 927

G
Gap distance, 1008–1010
Gasdynamic acceleration, 735, 753, 761,

762
Gasdynamic approximation, 864
Gasdynamic-film cathode, 650
Gasdynamicmodel, 624, 625, 627, 635, 650,

658, 661, 663
Gas pressure arc measurements, 292

H
Heat conduction energy, 286, 292, 304
Heat conduction in a body, 69
Helium plasma, 895, 903–906
High current erosion, 223, 227, 242, 243, 248
High field emitters, 245, 246
Highly ionized plasma, 604
Hot anode macroparticle generation, 277
Hot refractory anode, 295, 296, 298
Hump potential, 731, 732, 739, 740, 742,

743, 761, 763
Hydrostatic pressure, 308, 314, 316, 319,

329

I
Impeded plasma, 708, 713, 715
Impeded plasma flow mechanism, 795, 796,

822, 823
Initial specific conditions, 718
Intermediate materials, 962, 967, 993
Ion and magnetic field, 352, 393–396, 403,

415
Ion-atom, 601, 602, 611
Ion charge state, 347, 354, 355, 358, 360,

363, 369, 373, 375, 377, 396–398,
400, 402–404, 412–415

Ion current, 347, 352–354, 359, 360, 363–
368, 370–373, 375, 376, 393–396,
402, 404–415

Ion current & refractory anode, 368
Ion diffusion, 602, 611, 661
Ion energy, 347, 351–365, 373, 375–377,

397, 401, 412–414
Ion fraction, 354, 356, 357, 365, 367–369,

371, 373, 376, 394, 395, 398, 400,
402, 404–407, 412–415
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K
Kinetic-film cathode, 709
Kinetic model, 670, 673, 685, 690, 696, 697,

709, 713, 718, 719
Kinetics anode region, 862, 865
Kinetics cathode vaporization, 671, 674, 685

L
Laser breakdown, 1038
Laser electron emission, 1057
Laser energy absorption, 1039, 1044, 1054
Laser energy converting, 1056
Laser irradiation, 1028, 1029, 1031, 1037–

1039, 1042, 1046, 1050, 1051, 1054,
1056–1059, 1061

Laser plasma, 1027, 1029, 1030, 1035–1037,
1039, 1042, 1043, 1046, 1052, 1057–
1059, 1061

Laser plasma acceleration, 1058, 1059
Laser plasma heating, 1052
Light-ionization dopant, 1080
Local explosion, 551, 563, 575, 588, 589,

591

M
Macrodroplets formation, 656
Macroparticle charging, 264–267, 271, 273–

276
Macroparticle contamination measure-

ments, 255, 275, 277, 278
Macroparticle generation, 255, 277
Magnetic field spot motion theory, 769, 805
Magneto plasma acceleration, 1104
Mathematically closed approach, 612
Mechanism “hot electrons”, 548
Mechanism of thermal plasma, 547
Metallic deposition, 933, 935, 938, 992, 993
Metallic tip erosion, 245
Metal vaporization, 40
Methodology of heating calculations point

heat source, 93
Microplasma, 1007, 1012, 1021
Microscale, 1007, 1008, 1012, 1015, 1020,

1021
Modes high current, 497, 499, 503, 505, 506,

508, 509, 514, 518–523, 528, 536,
538

Modes moderate current, 506
Moving heat source, 73, 74, 76–79, 82–84,

93
Multicomponent plasma, 101
Multiple charged ions, 130

N
Nanosecond cathode spots, 620, 661
Nanostructured surfaces, 895, 903, 906, 907,

927
Non-equilibrium cathode region, 670
Non equilibrium (Knudsen) layer, 38, 40
Nonlinear heat conduction, 94, 98
Normally distributed heat source, 77, 79, 83
Normal-strip heat source, 80–83

O
Oblique magnetic field, 769, 807, 809, 813–

818, 820
Overheating instability, 1068, 1076

P
Particle recombination, 25
Particle transport phenomena, 101
Physically closed approach, 669, 685, 719
Plasma acceleration-mechanism, 734–736,

753, 759, 761, 763
Plasma boundary layer, 1067, 1073, 1076,

1078, 1107
Plasma density gradient, 601, 611
Plasma double layer, 132, 133, 136
Plasma instabilities, 734
Plasma-macroparticle interaction, 269–271
Plasma oscillations, 2–4
Plasma particle, 1, 2, 4, 8, 30
Plasma polarization, 729, 730, 761
Plasma-substrate interaction, 269, 271
Plasma velocity, 351, 352
Positive space charge, 546, 552
Primary hypothesis, 770
Protrusion cathode, 690–692, 713

Q
Quantum mechanical approach, 13, 17

R
Rail gun, 1067, 1098–1100, 1104, 1108
Rate of current rise, 620–623, 661, 662
Refractory cathode sheath, 130
Refractory metals deposition, 993
Resonance charge-exchange, 599, 661
Retrograde motion, 769–787, 789, 790, 792,

794, 795, 801, 804, 805, 807, 810,
811, 819–822
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S
Saturation vapor, 38
Schottky effect, 48, 52, 54
Self-consistent study, 744, 748
Sheath stability, 116, 118, 119
Short arc, 1007, 1008, 1011, 1012, 1015,

1021
Silicon wafer, 975, 976, 990
Sound speed, 733, 739–741, 743, 750, 761
Sound speed plasma, 671, 695, 701, 702
Space charge, 113–118, 120, 121, 123, 127–

129, 132
Spot formation mechanism, 842
Spot grouping, 769, 798, 801, 819
Spot-jet transition, 744
Spotless mode, 504–506
Spot-refractory cathode, 627
Spot splitting, 769, 780, 787, 795, 799, 815,

816, 818–820
Spot types-mechanisms, 714, 718, 719
Spot-volatile cathode, 601, 624
Strong magnetic field, 775, 783, 804–807,

810, 822
Structured spot, 562
Surface relief, 920
Surrounding gas, 796, 801, 804, 805
System of equations approach, 557, 582

T
Target electrical sheath, 1039, 1042
Target vaporization, 1036, 1037, 1042, 1057
Temperature field, 80–88, 93, 96
Thermionic, 44, 45, 47, 50, 53
Thin film deposition, 933–935, 938, 952,

958, 967, 969, 972, 975, 993

Thin plate heating, 75, 79, 91, 93, 94
Three-component diffusion, 103, 104
Threshold current, 507–511, 513, 514, 516,

521, 529, 536, 537, 539
Thrust, 1003–1006, 1016, 1018–1021
Thruster efficiency, 1003, 1004
Tokamaks, 895, 897–903, 908, 909, 912,

914–919, 926
Transient heating, 95
Transient model, 695, 696
Transport coefficients, 101
Triggering mechanisms, 149, 154
Tunneling electrons, 50, 51, 53–55

U
Unipolar arcs, 895–898, 901–903, 905, 906,

912–921, 923, 924, 926, 927
Unipolar arcs mechanisms, 913, 914
Unipolar spots, 927

V
Vacuum arc, 1003–1005, 1007, 1008, 1012,

1015, 1016, 1020, 1021
Vacuum arc measurements, 285
Vacuum spot grouping, 787
Velocity function distribution, 672, 675
Virtual cathode, 115, 128, 129
Voltage oscillations-mechanism, 715

W
Wall-plasma transition, 113, 121
Weakly ionized plasma, 601
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