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The article reviews the current state of studies of electrical breakdown and discharges in vacuum. The main
attention is devoted to cathode and near-cathode phenomena, which form the physical content of fast

processes in a vacuum discharge. The model of cathode initiation of a vacuum discharge as the result of field
emission with high current density is analyzed. The phenomenon of explosive electron emission is described in
detail. On the basis of ideas developed in study of explosive electron emission, nonstationary processes in
vacuum breakdown and in the cathode spot of a vacuum arc are discussed.
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1. INTRODUCTION

The phyiscal picture of electrical discharges in vac-
uum is rather complicated. In vacuum-discharge pro-
cesses many physical phenomena appear which are not
observed at all under other conditions, Among these
are electron emission with current density at the cath-
ode up to about 10° A/cm?, high-current pulsed electron
and ion currents, high-velocity plasma jets, micro-
pinches with high particle temperature, acceleration of
positive ions toward the anode, pulses of intense x-ray
and ultraviolet radiation, and so forth.!** These phys-
ical processes are the subject of numerous studies,
since progress in understanding them contributes sub-
stantially not only to the development of the physics of
electrical discharges but also to a number of quite dif-
ferent areas: emission electronics, plasma physics,
particle-acceleration physics, radiation physics, and
so forth. Technical interest in vacuum discharges is
due, on the one hand, to the use of discharge processes
in various electrical apparatus and, on the other hand,
to the necessity of avoiding electrical breakdown in nu-
merous devices operating under vacuum conditions.

The basic condition which assures the development of
a vacuum discharge is the creation of a conducting me-
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dium in an evacuated gap. This medium may be in the
form of plasma, vapor, desorbed gases, and micropar-
ticles which, as a rule, come only from the eleetrodes.
The great diversity of experimental conditions, which
cannot be very accurately controlled in space and time,
has not permitted unambiguous information to be ob-
tained on the role of various processes of a vacuum
discharge. Studies of recent years have shown that in
development of a vacuum discharge a fundamental role
is played by field emission (FE) from the cathode,
which then goes over to explosive electron emission
(EEE). The purpose of the present article is to present
up-to-date information on this question. Since the arti-
cle is based to a substantial degree on the results of in-
vestigations by the authors, it reflects their point of
view on the processes discussed, which in some cases
is debatable or controversial.

2. INITIATION OF VACUUM BREAKDOWN BY FIELD
EMISSION

The question of the role of field emission in initiation
of vacuum breakdown has been discussed for a long
time.!*>'° Even in early studies on vacuum discharges,
the prebreakdown currents were assigned to field emis-
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sion. Then, however, it was established that appreci-
able prebreakdown currents appear at an electric field
which is 2-3 orders of magnitude smaller than follows
from the Fowler-Nordheim equation'''° (Fig. 1). This
difference was explained by the existence of micropro-
jections on the cathode, at which the electric field is
enhanced by tens to hundreds of times, (Fig. 2). Elec-
tron emission, as a rule, occurs from just such micro-
projections and therefore is of a local nature.' %8

On increase of the field strength in the gap, the rise
of the field-emission current density leads to heating up
of the micropoint as the result of Joule heating and Not-
tingham heating.'**'®"2 At the same time the portion of
the anode located opposite the micropoint is heated by
the electron beam accelerated in the gap. It is usually
assumed that heating of a local portion of one of the
electrodes to some critical temperature (for example,
the melting point) leads to development of thermal in-
stability and as a consequence to an irreversible transi-
tion to breakdown. This approach has led to appearance
of several varieties of hypotheses regarding the role of
field emission in initiation of vacuum breakdown. Ac-
cording to some ideas, the role of field emission re-
duces to heating, evaporation, and ionization of vapor
of the anode material by accelerated electrons, which
creates a medium for development of breakdown and
produces an enhancement of the field at the cath-
ode.!'?2# 3 According to other ideas, an important role
in initiation of breakdown is played by heating of the
cathode micropoints themselves by the field-emission
current, which leads to development of thermal insta-
bility and transition to breakdown,'®'% %2 For this
reason studies have appeared'®®'? in which attempts
have been made to find theoretically the limits of reali-
zation of the cathode and anode breakdown mechanisms.
In addition, field emission has come to be taken into
account in hypotheses which associate breakdown with
removal of microparticles from the electrodes.!r?®%

Experimental information accumulated in recent
years shows that, regardless of the form of voltage ap-
plied to an evacuated gap and the duration of its action,
the transition directly to breakdown and an arc is deter-
mined in the last analysis by the enhancement of the
electric field of the cathode, the intensification of field-
emission processes, and the transition to explosive
electron emission. The influence of anode processes,
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FIG. 1. Prebreakdown current flowing between clean parallel
electrodes of tungsten, as a function of the voltage applied to
the gap, plotted in the coordinates of the Fowler-Nordheim
equation. !’ The interelectrode distance d has the following
values in centimeters: (1)—0,005, (2)—0. 0025, (3)—0.102,
and (4)—0, 406.
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FIG. 2. Coefficient of field enhancement 8 at micropoints as

a function of the length of the vacuum gap. 1—data of Ref. 22,

2—Ref. 17, 3—Ref. 21.

microparticles, and desorbed gases is important in the
sense that they facilitate this process and reduce the
electrical strength of vacuum insulation. However,
cathode initiation of a vacuum discharge places a direct
upper limit on the electrical strength. For this reason
in this section we shall discuss the case of cathode in-
itiation of breakdown by means of field emission. The
role of other factors in initiation of breakdown will be
discussed subsequently.

a) Heating of a cathode micropoint by fieid-emission
current

Numerous experiments, including those described in
the present work, have established the existence on the
cathode surface of a set of micropoints which arise in
electrical discharges or under the influence of electric
fields. We shall consider a model situation consisting
of a micropoint of cylindrical or conical shape of height
k and radius of the emitting tip », on the surface of a
massive cathode. On increase of the voltage across the
evacuated gap an exponential rise will occur in the den-
sity of the current emitted by the micropoint in accor-
dance with the Fowler-Nordheim equation.’*? On reach-
ing a current density of the order 10°-10" A/cm? as the
result of Joule heating the tip of the point begins to be
heated. The increase of the emitter temperature re-
sults in a transition from field emission to thermionic
field emission, i.e., to a further increase of the current
density. Thus, under certain conditions the interaction
of the emission current density and the energy dissipa-
tion in the tip of the micropoint can lead to an irrever-
sible rise in temperature of the latter, terminated by
its explosive destruction.

The problem of heating of a micropoint of the cathode
by field-emission current is described by the following
system of equations®:

pe L~y 9Ty — Levr 4 jom,
Tihp =Top Tl=o=T,,

i

AVT ]y = —-F Ag; (2.1)

here p is the cathode-material density, c¢ is the heat
capacity, 7T is the absolute temperature, ¢, =7k*T/2¢;,
k is the Boltzmann constant, g, is the Fermi energy,
%(T) is the electrical resistivity, and X is the thermal
conductivity. The symbols |,, and |,, denote the bound-
ary conditions at the base of the point and at the emis-
sion boundary. The latter boundary condition in Eq.
(2.1) takes into account the fact that the average energy
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brought in by conduction electrons from the interior of
the cathode to the emission boundary is different from
the average energy which is carried away by the emis-
sion electrons (the Nottingham effect). The emission-
current density j, and the quantity Ac depend in the fol-
lowing way on the emitting-surface temperature T,
(Refs. 28,32,33,34):

;. nle sin-1 nTe
Te=lo 37, 277 °

n? { kT.\2 nle nl,
AB=T(_EF ) £F+2kT, T; ctg ZT' N

a
je=Jjo-1.16 exp (0.31 ;—;) ,

Te<<1.2T,,

2

]|

1(2.2)
_ m (AT _0.93 % ‘ 2. T,.I

,Ae——(TF) ep+ 2T, (1 0.93T:,), 127, <Te<22T,. |

In the present case j, is the field-emission current den-
sity at T=0, T, =5.67-10°E/Vg, T, is the inversion
temperature, E is the electric field strength at the
cathode in volts/cm, ¢ is the work function in electron
volts, and T, is in degrees Kelvin.

The problem of heating of a point cathode was dis-
cussed for the first time by Dyke and his colleagures.?
In their work they did not take into account the depen-
dence j (T, or »(T) and set Ae=0. They obtained rela-
tions from which it is possible to find the maximum val-
ue of the emission-current density if the maximum per-
missible cathode temperature is specified. A number
of workers'® 2%24-28,30-32 haye attempted to improve on
the results of Dyke et al.?*® The dependence of the cath-
ode-material properties on the temperature were taken
into account (mainly the dependence of the resistivity on
temperature). Levine,* solving the stationary problem,
first took into account the Nottingham effect. In Refs.
29 and 31 it was shown that a situation is possible in
which there is no stationary solution. This circum-
stance permitted one to find the temperature at which
thermal instability leading to cathode destruction de-
velops.

The problem in its most rigorous formulation given
by Eqs. (2.1) and (2.2) was solved in several papers®
by Litvinov, Mesyats, and Shubin.” For the stationary
case the criterion was found for absence of thermal in-
stability for a point cathode of cylindrical geometry:

i<y &, (2.3)
and for a conical geometry:

. sin O »

S Vs (2.4)

Here 7, is the radius of the base and 0 is the half apex
angle of the cone.

In the case in which the current density is sufficiently
high (j,> 10° A/cm?), heating of the cathode will occur
very rapidly. Solution of the nonstationary problem
(2.1) will permit one to obtain an expression relating
the characteristic time of development of thermal in-
stability (the delay time of the cathode explosion f,) with
the field-emission current density:

Jsa<t £ (2.5)

The coefficient f varies weakly as a function of the cath-
ode geometry. Change of the half-vertex angle 6 in the
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range 0.1-0.8 rad changes f in the range from 0.75 to
2.35.% Equation (2.5) is in good agreement with the ex-
perimental results of Ref. 36.

If j,>10° A/cm?, then the cathode heating will occur
so rapidly that it is necessary to take into account the
fact that the relaxation time between the conduction
electrons and the lattice is finite. This situation was
analyzed in Ref. 3. In this case the criterion of devel-
opment of thermal instability appears as follows:

Jeola < z—z. (2.6)
here j,,=env,,, n is the concentration of conduction
electrons, an< v, is the velocity of sound in the metal.
Reference 3/ numerically solved the nonstationary
problem of heating by thermionic field'emission cur-
rent of a cathode in the form of a semi-ellipsoid of
revolution. In Ref. 38 a similar attempt is described
for a cathode with cylindrical geometry. The results
of these studies confirm the validity of the criterion
(2.5).

b) influence of size effects on the thermal regime of
the cathode

In solution of the thermal problems described above,
use has been made of the kinetic characteristics of the
cathode materials (A, ») and their functional dependence,
for example, on temperature, in the form in which they
are known for massive samples. At the same time a
number of experiments (for example Ref. 39) have used
field emitters with linear dimensions of about 107 c¢m.
Microemitters with such dimensions exist on flat cath-
odes and can arise dynamically in spark and arc dis-
charges in vacuum (see Section 3). It is known®® that at
room temperature the electron mean free path in the
metal is L=5-10"° ¢cm, and with increase of tempera-
ture L drops as T™. It follows from this that the pro-
cess of dissipation and diffusion of energy inthe emitter
can be influenced by size effects. Here the kinetic coef-
ficients are described with sufficient accuracy by the
relations*®

(2.7)

For the case of high current densities when the emitter
is heated very rapidly and the effect of thermal conduc-
tion can be neglected, one obtains* the relation

A=Ax (1--&71;-)_‘, u':uo(iv"u;—;),

Uy ~ = i), (2.8)
where L, is the electron mean free path at the cathode
destruction temperature T,,. )

For a stationary situation it is of interest to learn the
limiting current densities which such microemitters
can maintain. Analysis of this situation has led*° to the
expression

ok & = (ioh): (2.9)
If we assume that the microprojection is close in shape
to a truncated cone, then instead of % in Eq. (2.9) we
must substitute the expression »,(r2 —72)/2r2sin(6/2).
Estimates on the basis of Eq. (2.9) show* that under the
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conditions of the experiments of Ref. 39 the limiting
densities of a stationary thermionic field emission cur-
rent can reach values =10'° A/cm?

¢) Initiation of breakdown under the conditions of
superconductivity

Since there is no Joule heating of the micropoints un-
der conditions of superconductivity, we might expect
qualitatively that transition of the cathode to the super-
conducting state can raise the electrical strength of
vacuum insulation substantially. However, in collection
of current from a superconducting emitter the dissipa-
tion of heat at its tip as a result of the Nottingham ef-
fect is not excluded. In this case the solution of (2.1) -
leads to the expression (42)

T:l‘

jore( _:_;)gesine '\ AdT,
0

Az (2.10)
where T, is the temperature of the transition from the
superconducting state to the normal state. Equation
(2.10) determines the limiting field-emission current
density j, which can be drawn from a superconducting
cathode. In a real situation the limiting current density
will be somewhat lower, since there is a critical mag-
netic field which decreases with temperature.*®

Reference 44 obtained experimental data which show
the influence of emission current on the critical param-
eters of a superconductor. Calculations by means of
Eq. (2.10) permitted explanation of the data obtained in
Ref. 44 by the influence of the Nottingham effect.*

Under pulsed conditions for evaluation of the delay
time one can write
TS

(s § G ar)’.
To

(2.11)

In this case ¢ is the heat capacity of a unit volume of
the superconductor.

Since the current density in the Fowler-Nordheim
formula varies rapidly with the electric field strength,
a perceptible change of the emission current is pro-
duced by small changes of the field. In other words,
the limiting stationary prebreakdown fields for a super-
conductor cannot be substantially higher than those
achieveable for a normal metal. Thus, Nottingham
heating leads to the result that the use of superconduct-
ing electrodes provides practically no increase in the
electric strength of a vacuum gap under stationary con-
ditions,*°

An interesting situation can arise if one prepares a
pointed field emitter with a large angle 6 from a pure
type I superconductor. As was shown in Ref. 47,
in this case the characteristic times of destruc-
tion of the superconducting state are in the range
107*~107% sec. One can hope that the Nottingham effect,
which injects nonequilibrium excitations into the elec-
tron subsystem, will not immediately lead to decay of
the superconducting state and that it will turn out to be
possible to obtain under pulsed conditions emission cur-
rents which are supercritical with respect to (2.10) and
(2.11).
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We have carried out measurements of the delay time
of initiation of pulsed breakdown under conditions of
superconductivity (electrodes of Nb),*®* The results of
the present measurements are shown in Fig. 3. It is
evident that in the case of a superconducting cathode
the delay time is increased significantly; this is espec-
ially noticeable at high electric fields. The data ob-
tained are an experimental confirmation of the sugges-
tion made above regarding the behavior of a supercon-
ductor in the presence of field emission with high cur-
rent density (=10° A/cm?).

d) Influence of adsorbed gas on cathode-initiation of
pulsed breakdown

A definite stimulating role in initiation of pulsed
breakdown can be played by gas adsorbed on the cathode
surface. For a field strength E=10" V/cm field-stimu-
lated desorption occurs.! I all atoms are desorbed, the
gas concentration near the surface of the cathode is n,
=N0/Vnt, where N, is the number of adsorbed atoms per
unit surface and V,=10° em/sec is the velocity of the
atoms on desorption. From this formula it follows that
in the presence of a monolayer of atoms (N,= 10'® cm™)
in a time ¢= 107° sec after application of the voltage a
gas layer of thickness 10™ cm and concentration »,~10%
cm™ is formed.

In order that this gas be able to influence the initia-
tion of breakdown, it is necessary that it be ionized by
means of electron impact ionization. For this to occur
it is necessary to satisfy the condition (n,0)™ < V¢ or
N,o>>1, where o is the ionization cross section; ¢
<107'% cm? If several monolayers of gas have been ad-
sorbed on the cathode, the condition Nyo>>1 is satisfied.
However, if the field-emission current density is small,
enhancement of the field at the cathode does not occur
as the result of lack of ionization of the gas. For ex-
ample, for tungsten at E=3-107 V/cm the expected cur-
rent density is j,=10 A/cm?, so that for an emission
area $=107! ¢m? the current amounts to i=107° A and
the average time between the appearance of two elec-
trons will be about 107 sec. The situation changes sub-
stantially when the electric field is sufficiently high but
still smaller than the field at which explosive electron
emission is excited. For an upper-limit estimate of the
influence of the field of the ions we can neglect their
loss as a result of departure to the cathode. Then the
rate of ionization of the gas will be written in the form

dny NoGjo .~y 2.19)
de¢ < Vae e ( ‘ )
tg, nsec
702 L
ot
20}
as ,
5t
zr 2
S EF 50 EMViem
FIG. 3. Delay time of vacuum breakdown as a function of the

average electric field strength in a gap formed by niobium
electrodes with the cathode in the superconducting state (1)
and in the normal state (2).
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It follows from this that

Noajo in -
L4

ny < V,e to

(2.13)

where £, is an initial time equal in order of magnitude
to e/j,S. The necessary condition for enhancement of
the electric field in the cathode region is a significant
excess of the ion concentration over the concentration
of electrons, i.e., n, »j,/eV, For this it is necessary
to satisfy the condition

Ve t
N"UV_nln -;n—>> 1, (2.14)

which is well satisfied since V,/V, = 10°,

For example, for a tungsten cathode at j=10° A/cm?
the electric field is E=6.5:-10" V/cm. This field is in-
sufficient for explosion of a point. If there is a mono-
layer of gas on the cathode, then already after a time
=107 sec the concentration of ions at the cathode will
amount to about 10* cm™, Estimates of the electric
field strength from Poisson’s equation for this case
give a value E=10° V/cm which is sufficient for explo-
sion of a point after a time ¢£,~10™° sec.® Thus, pres-
ence of adsorbed gas on the cathode can lead to an ef-
fect equivalent to enhancement of the electric field by
2-3 times, and this occurs at external field strengths
close to breakdown when the field-emission current
density is high.

Thus, in Section 2 we have discussed the conditions
of appearance of thermal instability of cathode micro-
points due to the flow of the intrinsic thermionic field
emission current on application of pulsed and quasi-
static fields, with allowance for a number of factors,
influence of which has been discovered experimentally.
A quantitative comparison of the cathode criteria with
experiment can be carried out, apparently, in a limited
number of cases in which there is reliable control of
the experimental conditions. In this respect a particu-
larly complicated situation exists in study of breakdown
at constant voltage, which we shall discuss below.

3. EXPLOSIVE ELECTRON EMISSION

The heating of a field-emitting point by its own cur-
rent leads to appearance of a new type of electron
emission—explosive emission (Fig. 4). Experimental
observations have shown®****} that, after a time #,
relative to application of the voltage pulse at the cath-
ode, luminous plasma microbunches appear—cathode
flares, which expand into the vacuum with a character-

FIG. 4.
emission cathode, which characterize the transition from field
emission to explosive emission. At the left we have shown the
heights of the rectangular voltage pulse of duration 40 nsec fed
to the vacuum gap.

Typical oscillograms of current from a tungsten field-
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istic average velocity V=(1-3):10° cm/sec. The expan-
sion of the flares is accompanied by an increase of the
electron current in the gap. After the passage of an ex-
plosive-emission current pulse, erosion tracks are ob-
served on the cathode. Spectral observations show that
the cathode plasma bunches consist mainly of cathode
material. Thus, in the process of explosive electron
emission part of the cathode material is converted into
plasma. In this section we shall discuss the main pro-
cess characterizing explosive electron emission: the
mechanism of cathode erosion and formation of elemen-
tary erosion tracks, the kinetic and emission charac-
teristics of the plasma of cathode flares, possible
mechanisms of passage of electrons through the metal-
plasma phase-transition region, and also processes of
interaction of the plasma with the cathode surface.

a) Behavior of cathode erosion and formation of
microrelief of the cathode surface

Experimentally it has turned out to be easier to study
cathode erosion by working with specially prepared
points.5°52 In this case by photographing a point in an
electron microscope before and after the action of a
pulse of explosive electron emission current it is possi-
ble to determine the change in shape and volume of the
point and in this way to establish quantitative character-
istics of the erosion process. In Fig. 5 we have shown
profiles of points before and after the action of pulses
of explosive electron emission current of various dura-
tion.5* The velocity of the motion of the boundary of de-
struction of the point in the first nanoseconds is =10°
cm/ sec, i.e., it is comparable with the velocity of
sound in the metal. This directly indicates the explo-
sive nature of the destruction process.

Let us investigate the mechanism of erosion of points.
We shall begin with the emission-resistive model of
cathode heating. Neglecting heat conduction, the system
of equations (2.1) in the interior of a cathode of conical
geometry is written in the following form:

aT _ i (xT
P = Tqip

Tlmo=To Q=2n(1—cosb). (3.1)
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FIG. 5. Mass of metal M carried away from the tip of a
molybdenum point as a function of the duration of the current
pulse of explosive electron emission. 6=4° (curve 1), 8°
(curve 2), and 12° (curve 3). The curves are plotted in accor-
dance with Eqs. (3.3). Also shown in the figure are the profiles
of the points before and after the explosive electron emission
current pulse. Uy=20kV, d=0.2 cm,
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Solution of Eq. (3.1) will permit determination of the co-
ordinate 7, or the cross section S, =2, correspond-
ing to the volume of cathode heated to the state of de-
struction:

t 174

wy \ E2 (L) dt’

ol 0
Ted ™ \@ipe In (Toq Tot) ?

where T,,=¢./c and ¢, is the specific heat of sublima-
tion. The mass of cathode material carried away as the
result of erosion is determined as follows:

(3.2)

33

Il

{ n
00T

! N
( %o V2 (1) A
pcln(Tcd To) /

M :% oQriy= (3.3)
The current density in the critical cross section does
not depend on the cathode geometry and is determined
by the constants of the cathode material and by the
emission current:

./ pcln(Ted.To) i*(t) 12
ch—( 7 ) '

i (3.4)
V) de

It falls off as ¢™'/2 for a nontranscendental dependence

i(2).

In Fig. 5 we have shown depende:.ices M(t,) obtained
experimentally and calculated according to Eq. (3.3) for
points of molybdenum.** For ¢, <40 nsec there is satis-
factory agreement of the theoretical and experimental
values. For ¢, =80 nsec the experimental values of the
mass carried away are approximately an order of mag-
nitude smaller than the calculated values. This differ-
ence is due to the fact that the appearance of explosive
emission on the side surface of the point stimulated by
the cathode plasma (this question will be discussed be-
low) leads to a decrease of the current through the cross
section S_, and accordingly to a sharp decrease of the
intensity of erosion of the vertex. In Fig. 5 we can see
distinctly that at =80 nsec a significant part of the
mass carried away from the cathode is provided by ero-
sion of the side surface of the point.

With due regard to the importance of the model exper-
iments described, they do not provide an answer to
questions associated with realization of explosive elec-
tron emission in massive cathodes. For characteristic
sizes of the heat source on a plane cathode 10°-10" cm
and current flow times of 10°-1077 sec, realization of
pure Joule heating is in doubt as a result of the increase
of the role of heat outflow by conduction., References 53
and 54 used a method based on planned study of the reg-
ularities of the expenditure of the metal of conical and
cylindrical “macrocathodes” of radius 102-10"2 ¢m to
determine the current density at a massive cathode and
to analyze its energy regime. On the basis of observa-
tions of the morphology of the surface of cathodes in a
scanning electron microscope (Fig. 6), they considered
the geometrical pattern of the erosion process and found
a relation between the rate of erosion of the cathode and
the number of explosive-electron-emission current pul-
ses. Comparion of this relation with the experimental
dependences led to the following conclusions: 1) the
elementary volume of metal removed from the cathode
consists of the region of contraction of the current in
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FIG. 6.

Craters on the surface of a copper cathode which ap~
peared after one pulse of explosive electron emission current.
Uy=30 kV, d=3 mm, ¢, in nsec =20 (Fig. a), 50 (Fig. b),
100 (Fig. ¢), 300 (Fig. d), 1300 (Fig. e), and 5000 (Fig. f).

the form of a pinch with a solid angle Q < 27; 2) the
emission centers (EC) operate in parallel, and the den-
sity of the centers is about 10° cm™; 3) the current den-
sity in an emission center is j= (3~5) 108 A/cm? Anal-
ysis of the equations for the energy balance at the cath-
ode and comparison with experimental data on erosion
permitted the following conclusion to be drawn®*; only
realization of nonstationary Joule heating in emission
centers, when it is possible to neglect heat outflow by
conduction and the motion of the destruction boundary,
will permit explanation of the experimental results.

The process of functioning of an emission center is as
follows.*?** The initial explosion occurs as the result
of field emission'® with a high current density (~10° A/
cm?), and then near it conditions are realized for ap-
pearance of a new emission center under the plasma,
i.e., the erosion process consists of a series of succes-
sive microexplosions in the vicinity of the initial emis-
sion center.

Use of a scanning electron microscope to study the
formation of the microrelief of the cathode surface dur-
ing explosive electron emission has permitted new in-
formation to be obtained.***” The elementary traces of
the cathode-surface damage are microcraters (Fig. 6).
In the case of a smooth initial surface, the microcrat-
ers are formed at defects (Fig. 6). With increase of the
pulse duration to 100 nsec the crater diameter in-
creased up to (3—-5)-10™* ¢cm. Further increase of ¢, did
not lead to an appreciable increase in the crater diam-
eter, but a more complicated damage-zone structure
began to appear, indicating a shift of the emission cen-
ters.

From the photographs it can be seen that craters are
formed as a consequence of the ejection of liquid metal
from local portions of the cathode surface. The liquid
metal is crowded out of the craters nonuniformly and,
freezing, forms deposits which are piled up on each
other. Part of the metal is drawn out in the form of
microcolumns, at the tips of some of which microdrops
freeze. Removal of a microdrop leads to formation of a
micropoint and a microparticle, and the radius of the
tip of the micropoint frequently turns out to be less than
5:107° cm. The microrelief of the surface of cathodes
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FIG. 7. Surface of the tip part of copper emitters (a—d N
=10% and molybdenum emitters (e and f, N = 10t ). t, In nsec
is 1.5 (Fig. a), 5 (Figs. b and e), 20 (Fig. ¢), 50 (Fig. f), and
100 (Fig. d). Uy=30kV, d=0.3 cm.

subjected to repeated action of current pulses is shown
in Fig. 7. It is evident that the surface has been formed

-as the result of a pileup of a large number of micro-

craters, that the nonuniformities become more regular,
and that their characteristic size depends substantially
on the pulse duration £,. For ¢,=1.5 nsec the sizes of
the irregularities amount to (0,1--0.2)-10™ ¢m, i.e., in
working with pulses £,=107° sec it is possible to obtain
a well smoothed cathode surface.’®°® In Fig. 8 we have
shown the field enhancement coefficient 8 at micro-
points as a function of £,.

The drop fraction of erosion was investigated in Ref.
58. As can be seen from Fig. 9, the distribution curves
of the drops in size have a maximum with a character-
istic displacement toward the region of high disperse-
ness of the particles. The constancy of the position of
the maximum with increase of {, indicates that repeated
cycles of creation and destruction of emission centers
are occurring in accordance with the ideas described
above. Drops are generated by the cathode for ¢,= 5
nsec, and the drop fraction with increase of £, ap-
proaches a value characteristic of quasistationary vac-
uum arcs (=55% for copper according to Ref. 59). A re-
gion of melted metal appears at the place of grouping of
emission centers. A pressure P, acts on the liquid
metal surface from the direction of the plasma of the
flare. The pressure P, amounts to about 107°-10'° erg/
cm®, and the pressure gradient is VP, ~10*-10" erg/
cm®, The action of this force can lead to appearance of
nonuniformities on the liquid surface and to splashing of
the liquid bath. The velocity of displacement of the lig-
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FIG. 8. Average electric field enhancement coefficient 8 at
micropoints as a function of the duration of the pulses of ex-
plosive electron emission. Curves 1-3—Cu, Ref. 55. Curve
4—Mo, Ref. 56.
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FIG. 9. a) Size distribution of drops leaving a copper cathode
for t, as follows: curve 1—10 nsec, curve 2—35 nsec, curve
3—50 nsec, curve 4—100 nsec, and curve 5—300 nsec; b) the
drop fraction of the mass (1) and the number of particles (2)
as functions of the duration of the explosive electron emission
current pulses (d=D),

uid metal®® is

tiq & ‘/% (3-5)

Setting the pressure P=P_,=n kT, and p=nym,, we
obtain

ncf
lqu ‘/ VT (3.6)

In this case »_, is the concentration of particles of the
plasma of the flare, T, is the electron temperature of
the plasma, n, is the concentration of particles of the
liquid phase, and Vch=(ch,/ml)” 2, Equation (3,6) as-
sumes that the force of the plasma pressure substan-
tially exceeds the forces of surface tension and viscos-
ity. Estimates confirm this assumption. Setting VT
=(1-3)-10° cm/sec and n,,/n,~1072-10", we obtain

V,=(1-3)-10* cm/sec. Experiments show that the
emission of the drop fraction of the cathode erosion oc-
curs with just this velocity.® The existence of a pres-
sure on a cathode emission center P=10'° erg/cm?® is
proved by experiments in which appearance of a liquid
phase was observed on a graphite cathode operating in
the explosive electron emission regime.% The charac-
teristic time of development of the erosion process in
emission centers is <107 sec, and the displacement of
the liquid metal occurs to a distance (1-3)-10™

After termination of the voltage pulse, the liquid mi-
cropoints begin to break up under the action of surface-
tension forces and, on cooling off, solidify. Estimates
show that eventually micropoints of height no more than
a few microns are established on the cathode surface.
This is in good agreement with the experimental data
described above. The question of the forming of the
cathode surface in vacuum discharges has been dis~
cussed also in Refs. 56 and 63. In our opinion the auth-
ors of these studies made a number of errors; in par-
ticular they did not take into account the necessity of
outflow of the heat of the phase transition.

b) Properties of the cathode-flare plasma

Experiments studying the spectral characteristics of
the radiation from the plasma of a cathode flare have
shown that the composition of the flare includes ions of
various charge multiplicities, neutral atoms, and free
electrons.® % The expansion of the cathode-flare plas-
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ma into the vacuum with a characteristic average ve-
locity 2-10° cm/sec corresponds to a Kinetic energy of
the heavy component 50-100 eV. Plyutto®” suggested
that the ions of the plasma in this case can be accel-
erated as the result of the existing gradient of the elec-
tron pressure. A formula has been obtained which per-
mits estimation of the energy of an accelerated ion®®:

;= 1.5¢, In (—':—“), 3.7)
where £, is the average energy of an electron in the re-
gion immediately adjacent to the cathode. Setting €,
=5-10 eV and ln(neo/ne)z 3-10, we find £, =50-100 eV,
which correspond to the experimental data. The auth-
ors of Ref. 69 also arrived at ideas of this type.

Analysis of the processes in the expanding plasma of
a cathode flare’™ have permitted the following conclu-
sions to be drawn. In the motion of the particles in the
flare, elastic collisions are important and the condi-
tions of applicability of a hydrodynamical discussion of
the emission process are satisfied. Energy transfers
from the electrons to the heavy component do not occur,
since in each elastic scattering event there is exchange
of a very small energy fraction equal to the ratio me/
m,.”" The nature of the motion of the heavy component
is close to adiabatic. The conditions of the motion of
the electrons are close to isothermal. At high densities
of the electric current flowing through the plasma of a
cathode flare, Joule heating of the electron gas is pos-
sible. The conditions of electron heating have been
realized in experiments.%®

The motion of the peripheral layers of the flare plas-
ma have an inertial nature as the result of the initially
supplied energy. For estimation of the velocity of
emission one can use the formula’®

STk (3.8)

V= 1//
where g, is the initially supplied individual energy and
y is the index of the polytrope. By analogy with explod-
ing wires™ one can set g,=6¢,; 6 is the coefficient of
superheating and g, is the specific heat of sublimation.
For Al, Cu, Mo, and W, £ =(5-10)-10'° erg/g, 5=2-5.
Setting ¥ =5/3, we obtain from Eq. (3.8) V=2-10° cm/
sec. For Pb,e,=10' erg/g and V=(0.5-1)-10° cm/sec,
which agrees with experiment,3:%1171¢

Analysis of the inelastic collision processes has
shown that excitation and ionization of the heavy parti-
cles occurs mainly as the result of electron impact.
According to spectral investigations, in the plasma of
a flare there are singly, doubly, and triply ionized
atoms.

c) Emission of electrons from the cathode-flare
plasma into the vacuum

In the peripheral region of the cathode flare adjacent
to the vacuum, the condition of quasineutrality cannot
be satisfied. The characteristic parameter of the di-
mension of length which enters into plasma problems
with consideration of space charge is the Debye radius
Ly=(kT,/4mne?)/ 2,

Estimates show that the inequality L, < V_,/ is satis-
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fied, i.e., the process of formation of the emission
boundary with separation of charges occurs in a very
narrow region adjacent to the front of the cathode-flare
plasma.

As the mechanism of emission from the flare plasma
it is natural to choose thermionic field emission™;

. ATmeek?T?

eg —1/ SE
7= 73 -

€xp ( #Te ) ¢
where e¢ is the work function of the plasma and E is
the strength of the extracting electric field. On the as-
sumption that the electrons in the flare obey Maxwell-
Boltzmann statistics, the following expression will be
valid for the work function™:

(3.9)

2 (21mekTe)
ep=kT,In -—_'z,::h’e . (3.10)

Substitution of Eq. (3.10) into (3.9) leads to the formula

kTe )1/"—‘ exp (VIE‘)’

= Z n
J=2ene ( 2ame kT

(3.11)

which shows that a so-called thermal current leaves
the flare plasma, since the electron concentration %, is
small and consequently the work function e¢ is small.
The velocity of the electrons leaving the flare is VT.
=10® cm/sec > V., l.e., the process of electron emis-
sion from the plasma front can be discussed using sta-

tionary concepts.

On leaving the cathode flare, the electrons move in
vacuum, and their own space charge turns out to be the
predominant influence on the nature of the motion. In
other words, the 3/2-power law should be satisfied
(jss 2~ U* 2, where U is the applied potential difference)
with the condition j;,,<j." This suggestion for plasma
sources was first advanced by Flynn,” and it was used
successfully for explosive electron emission processes
in Ref. 76. Subsequently numerous experiments have
confirmed this hypothesis (see also Section 4),3:1%:75778

In limitation of the electron current by its own space
charge, three situations can arise. If the current den-
sity j>j,,,, there is at the emission boundary an elec-
tric field which slows down the electrons and acceler-
ates the ions; near it a virtual cathode is formed. The
situation is similar to that which has been analyzed in
Ref. 79. The effect of acceleration of ions (and of the
emission boundary) can be estimated from the relation

dVer
ms

T < e, ViaznkT,.

(3.12)

Estimates using (3.12) for specific experimental condi-
tions® give AV,, < 10" cm/sec. For j=j;,, we can write
for the current of explosive electron emission

(3.13)

P (kTe )1,:
T miVer \27mg ’

or in accordance with the results of Subsection a), tak-
ing into account that V_, = 2(y - 1)™*VykT,/m,;

i=¢

Mo mgt2 y—1
o ()" AL 2ay)

R

T (3.14)
In the case when j<j,,,, the electrons do not screen the
emission boundary of the plasma and the ions are
slowed down under the influence of the pressure of the
electric field. The situation is similar to that which ex-

ne
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ists in stationary plasma sources of electrons.® The
plasma in this case expands in effect into a medium with
an opposing pressure Pg=FE?/87. Choosing the limiting
concentration value in accordance with the equation
BTy n(ny /7)™ = Pg, we obtain for the expansion ve-
locity®;
Va=Valt—(55)7"], (3.15)
where V,,=2-10° cm/sec and P= kT, n,= kT gy~ 10*°~
10%° ¢m™-10™ erg=10°-10° erg/cm®. For typical ex-
. perimental conditions Pp~10°~10* erg/cm® and V!,
(0.9-0.7)V,,.

An experimental study of the formation of the emis-
sion boundary of a cathode-flare plasma was carried
out in Refs. 77, 80, and 82, In Fig. 10 we have shown
a typical oscillogram of the explosive emission current
with characteristic bursts. In Ref, 82 it was suggested
that at the moment of a current burst a plasma pre-
bunch is pulled out of the main plasma of the cathode
flare and acquires a high positive potential with respect
to the flare. In Ref. 80 it was shown that the appearance
of a plasma prebunch is due to a nonmonotonic radial
distribution of the particle concentration in the flare as
a consequence of the nonmonotonic nature of the depen-
dence M(f). This leads to appearance of peaks and val-
leys in the oscillograms of the emission current. In-
deed, at the initial moment of time the emission ability
of the plasma is high and the motion of the emission
boundary occurs in accordance with Eq. (3.12). Then
the saturation stage (3.14) sets in, which is replaced by
the stage of motion with an opposing pressure (3.15). A
denser plasma bunch follows the emission boundary,
moving with a velocity V,. The regime of motion (3.15)
goes over into the regime (3.12), while the explosive
emission current increases. Behind the plasma bunch
there is a lower plasma density. If the extent and den-
sity of the bunch are such that the plasma behind the
bunch turns out to be incapable of transmitting the col-
lected current before the region of the bunch with high-
er density goes over to saturation, then a discontinuity
with a high potential drop arises. The diode is con-
verted into a triode with a grid—the plasma prebunch
which has been extracted from the main flare. This
leads to appearance of a current burst which exceeds
the Langmuir limit. Experiments carried out with use
of the probe technique have confirmed the appearance
in the region near the cathode of a double layer with a
high potential drop at the moment of a current
burst, 5%
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FIG. 10. Oscillogram of explosive electron emission current
in a diode for d=1 ecm, U,=30 kV (a) and the corresponding
oscillograms of the potential of the plasma at a distance fromwr
the cathode r=0:4 ¢cm (b) and 7=0.8 c¢m (c).
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d) Passage of current through the contact of the
cathode surface with the plasma

Here we shall consider two questions; 1) The mech-
anism of emission of electrons from the cathode in the
region of the phase boundary, and 2) the mechanism of
formation of new explosive-emission centers beneath
the cathode-flare plasma.

We can assume that in the explosive-emission process
in the immediate vicinity of the zone of outflow of cath-
ode material the concentration of particles will have a
value 10%°~10%2 cm™, In the general case of contact of
a medium of this concentration with a solid, discontin-
uities of the thermodynamic parameters are possible,
in particular a discontinuity of the chemical potential.

In this case the principal quantities, which have the di-
mensions of length, are as follows: the Debye radius
Lj which determines the characteristic scale of sepa-
ration of the charges; the electron mean free path L ;
the quantum-mechanical wavelength of the electron L,
=RV 2mAcg, which characterizes the degree of damping
of the wave function in passage through the potential
barrier; Aty is the difference of the Fermi levels of the
media in contact; Lep=¢€;/(8e;/8x) is the characteristic
length over which the chemical potential changes.

If Legy > Ly, then the transition region on the average
is quasineutral, the chemical potential changes smooth-
ly, and the electrical resistivity has an ohmic nature.
In the case L, << L, the discontinuity of the chemical po-
tential is important. For L, > L, we can use the meth-
ods of the theory of contact potential difference®; if L,
> Ly, then the Langmuir-MacKeown model®® is applic-
able. If we have the condition L, > L,,, then the electric
current has the nature of field emission from one medi-
um into another. If the inequality L, «<L, is satisfied,
the current through the transition region is thermionic.

Analysis shows that for the region immediately adja-
cent to the destruction zone one has the condition L
> Ly, i.e., this region has ohmic resistivity. Refer-
ences 87 and 88 studied the behavior of the electrical
resistivity and the thermal conductivity as functions of
the relative density n/n,=1-10" for various values of
the specific energy release ¢,. In our case the electri-
cal resistivity can reach values 10°*-10"2 ohm-cm, and
the thermal conductivity A can be in the range 10™3-10"*
J/cm- sec-deg. These values of the kinetic coefficients
make possible an increase of the specific energy release
(g,= 10* J/g) and provide an explosive nature of the ero-
sion process. At such large specific energy releases
the temperature in the emission zone reaches tens of
thousands of degrees in a time of 10°-10"° sec. This
can provide a current density from the cathode of more
than 10® A/cm? as the result of thermionic emission.

In Ref. 89 the authors suggested the possibility of
resonant field emission from the metal into the plasma
under conditions corresponding to explosive emission,
Tunneling sub-barrier electrons can be scattered by
ions of the cathode-flare plasma, and this leads to a
rapid increase of the barrier transmission. Under cer-
tain conditions the emission can have a jet nature in
which a large number of electrons are emitted through

Litvinov et a/. 146




each resonant ion.

Interaction of the plasma with the cathode surface
leads to formation of new explosive-emission cen-
ters.®'%°® From analysis of the cathode surface (Fig.
6) it follows that new emission centers arise both in the
immediate vicinity of the initial ones, leading to forma-
tion of a crater substructure, and at distances of tens
of microns from them. In Ref. 84 the authors described
model experiments in which a thin probe which could
be moved to a short distance from the primary cathode
flare or cathode spot was used to study the conditions of
formation of emission centers on the probe with high
time and spatial resolution. It was established that in a
time ¢, after immersion of the probe into the cathode
plasma an explosive-electron-emission current ap-
peared in its circuits. The appearance of micropoints
on the probe did not lead to intensification of the pro-
cess of emission-center formation under the plasma in
subsequent discharges. In the spark-discharge stage
(di/d¢=5-10° A/sec) three regions of the distance x
from the initial emission center were distinguished,
which differ in the conditions of appearance of emission
centers on the probe. In regionI (x <1072 ¢cm) the prob-
ability of appearance of emission centers increased with
decrease of x and with increase of di/df. The most
characteristic delay time under these conditions was ¢,
<1078 sec. In region II (x = 102-10"! ¢m) emission cen-
ters appeared only on artificial creation of a negative
bias U, on the probe relative to the plasma. In Fig. 11
we have shown the relation #,(x) obtained with U, =-T0
V. In region III (x = 2: 10! ¢m) the emission centers
appeared no earlier than the arrival of the plasma at
the probe, but only at the moment when a spike ap-
peared in the oscillogram of the discharge current.
This moment corresponded to an increase of the poten-
tial of the boundary layers of the plasma in the probe
region to several kilovolts. However, in regions I and
IT the plasma potential remained less than 50 V with os-
cillations of the current. For an arc discharge (i=10-
50 A) the conditions necessary for appearance of emis-
sion centers on the probe turned out to be close to those
which existed in the spark-discharge stage in regions I
and II, while in the region x= 10™ c¢m no current ap-
peared in the probe circuit.

Application of a transverse magnetic field to the
spark discharge leads to the formation of new emission
centers in the direction of the plasma drift in crossed
electric and magnetic fields.® The emission centers
arise triggered by the expansion of the plasma and in-

t usec

7.2r

28+

3 -
’ 2 4« 2,70 %cm

FIG. 11. Delay time in appearance of an emission center on
a probe as a function of the distance x: 1-—the experiment; 2
and 2'—calculated curves kept for Ey,=5- 10% and 1- 10 V/cm.
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crease of the current in the diode. The velocity of mo-
tion of the front of an emission center is about 3-10°
cm/sec. Appearance of an emission center occurs at
the moment of increase of the plasma potential over a
given portion of the cathode to several kilovolts, i.e.,
formation of an emission center on the cathode in this
case occurs in the same way as in a spark discharge
without a magnetic field in region III. However, since
in a transverse magnetic field the plasma expands not
spherically symmetrically but into one half-space, the
new emission centers arise in this direction. With the
transition from the spark stage to the arc stage of the
discharge, the “forward motion” of the emission cen-
ters is cut off and their “retrograde motion” begins with
a velocity =10* ¢m/sec.

In order to understand the reasons for formation of
new emission centers, we analyzed the conditions in the
near-cathode layer for various distances x from the in-
itial emission center.?-% It was shown that the value of
plasma concentration at which the electric field at the
cathode reaches about 10® V/cm (for excitation of ex-
plosive electron emission in a time ~10™ sec) can exist
only at a distance x~10™ cm, i.e., essentially in the
zone of the initial emission center. The characteristic
size of the microinhomogeneities on the cathode should
be much smaller than the value 10 ¢m, since only in
this case will the field be enhanced. Size effects will
facilitate realization of explosions.

A jump of the emission zone to the edge of the zone of
melting, which results in formation of a crater sub-
structure, can be due also to the process of drop forma-
tion. First, when the constriction between the drop and
the point become sufficiently thin, the drop can be
pulled off by the action of the current flowing to the
drop.®® Second, immediately after removal of the drop,
a strong electric field capable of leading to an explosion
arises between the drop and the tip of the liquid micro-
point, 9%

Estimates show that for x = 10°% ¢m the electric field
at the micropoints cannot reach breakdown values E,_
=10° V/em. The most probable mechanism of formation
of new emission centers at these distances is breakdown
of nonmetallic films and inclusions as a conseguence of
their charging by the ion current from the plasma.*

The time of charging of a film (or inclusion) to break-
down voltage with a small outflow of charge is
, (3.16)

(L9
where j,=enV,, is the density of ion current at the
cathode and E,_,=10°-10" V/cm is the breakdown
strength of the electric field.* Since » is proportional
to x™%, the dependence fy(x) should have the form ¢~ x2
In Fig. 11 we have shown calculated dependences #,(x)
for two possible values of E,, which indicate satisfac-
tory agreement with experiment. It was shown in Ref.
84 that the formation of new emission centers at large
distances x in a spark discharge is due primarily to
breakdown of nonmetallic films.

In conclusion let us set forth a number of basic prop-
ositions which follow from the data presented in Section
3. First of all we can consider proven the explosive
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nature of the erosion process from the moment of be-
ginning of the current rise in the gap due to the appear-
ance of a cathode plasma. The rate of escape of the
cathode plasma is determined by the energy stored in
the cathode material in the regions of contraction of the
current, both on the metal side and on the plasma side.
The current density in the contraction region exceeds
(3-5)-10° A/cm?, and here Joule heat has the decisive
influence in the energy balance at the cathode. How-
ever, immediately after the beginning of explosive de-
struction in the region of current contraction, a situa-
tion can be realized with a smooth transition of the par-
ticle concentration from metallic to “vapor” and “plas-
ma”, and the resistance of this transition region will
have an ohmic nature, On the other hand, after a time
of 10°°-107 sec, depending on the magnitude and rate of
rise of the current, the emission zone cools off as a
consequence of decrease of the current density, and the
rise of the electric field in the near-cathode region will
lead to formation of new emission centers at the micro-
inhomogeneities of the liquid phase forced out by plasma
pressure. This is also facilitated by size effects and
the process of drop formation. On a contaminated sur-
face new emission centers appear under the cathode
plasma by the mechanism of breakdown of nonmetallic
inclusions and films, We note a further important as-
pect: the nonmonotonic nature of the generation of the
cathode plasma, which follows from the essence of
cathode processes, determines the presence of a phase
of unstable collection of electron current, which is the
cause of a number of non-stationary processes in a dis-
charge gap.

4. FIELD EMISSION AND EXPLOSIVE ELECTRON
EMISSION IN PULSED VACUUM BREAKDOWN

Studies of pulsed breakdown, especially with use of
rectangular voltage pulses with a steep rise, permit
one to trace most clearly the role of field emission and
explosive emission phenomena in the initiation and de-
velopment of a vacuum discharge. First, under these
conditions it is possible to avoid the influence on the
discharge of a number of slow processes (migration,
diffusion, removal of microparticles, and so forth).
Second, the possibility appears of a quantitative study
of the time characteristics of the breakdown. Third,
here it is possible to study breakdown in electric fields
substantially higher than in static breakdown, which is
extremely important also in practical aspects. Thus,
use of the pulsed regime permits a clearer understand-
ing of the breakdown mechanism.

The principal experimental results on study of the

. mechanism of pulsed breakdown of vacuum gaps have
been obtained with use of high-voltage nanosecond tech-
nique and high-speed oscillography in combination with
the technique of recording rapidly occurring proces-
ges, 34 % 11°15,96,97 On gpplication to a vacuum gap of a
voltage pulse with a rise time of about 10™° sec the
growth of the breakdown current does not occur imme-
diately, but after a certain delay time ¢, (Fig. 12). The
time £, decreases rapidly with increase of the electric
field strength in the gap and depends very weakly on the
duration of the field (Fig. 13). The current rise time
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FIG, 12, Typical oscillograms of breakdown current of a
vacuum gap by rectangular pulses of voltage with a nanosecond
rise time. The small current peak at the left (the bias current)
corresponds to the moment of arrival of the pulse at the vacu-
um gap. d=0.5mm, U;=50 kV, and the electrodes are of
copper. The calibrating sine wave has a period of 2 nsec.

f.om (the commutation time) is arbitrarily measured be-
tween the levels 10% and 90% of the height i,=U/R,
where U, is the amplitude of the voltage pulse and R is
the resistance of the discharge circuit. It has been es-
tablished that the time ¢, does not depend appreciably
on the breakdown voltage of the electric field and rises
linearly with the length of the vacuum gap (Fig. 14). In-
crease of the discharge current by an order of magni-
tude does not lead to a substantial change in the appear-
ance of the oscillograms or of the dependence of ¢, on
d.”® The ratio d/t__ for a large number of materials

com

lies in the range (1-3)- 10° cm/sec.

Electron-optical studies®®%® have shown that the be-
ginning of the current rise coincides with the appear-
ance on the cathode of plasma bunches arising on ex-
plosion of cathode micropoints (Fig. 15). Thus, the
current in the commutation stage (in the spark stage of
the breakdown) is an explosive electron emission cur-
rent, The growth of the current is due to the increase
of the emitting surface of the cathode plasma, which is
expanding into the vacuum with a velocity V,,=(1-3)-10°
cm/sec, depending on the cathode material, the time of
escape, and the value of the explosive electron emission
current. Electrons accelerated in the vacuum part of
the gap bombard the anode, which leads to formation of
an anode plasma. Initially its composition is deter-
mined by materials desorbed from the anode surface
{(gases, impurity vapors).®® With increase of the tem-
perature and transition to conditions of intensive evap-
oration, anode material vapor begins to dominate in the
composition of the anode plasma.®: %1010l Ag 3 result
of the action of the electron flux on the anode, erosion
of its surface and transport of anode material to the
cathode oceur,®®''°? which is many orders of magnitude
greater than the inverse transport.'®*'® In the course
of the action of the accelerated electrons on the anode,
intense x rays arise, the duration of which is compar-
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FIG. 13. Breakdown delay time as a function of the average
electric field strength in the gap for various electrode ma-

terials.
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FIG. 14. Commutation time as a function of the length of the
vacuum gap with electrodes of copper. U is as follows: (1)—
40 kV, (2)—86 kV, (3)—130 kV, and (4)—164 kV,

able with the commutation time,1™+1%

The data which are available at the present time show
that on the whole the scheme of development of pulsed
breakdown does not depend on the length of the vacuum
gap, the electrode material, or the vacuum conditions.
This has permitted an unambiguous conclusion to be
drawn regarding the breakdown mechanism,3+* %11°13

The breakdown delay time is due to delay of the ex-
plosion of micropoints on the cathode. According to Eq.
(2.5),

] 2B
~EF P T

ty= (4.1)
where A and B are the coefficients in the Fowler-Nord-
heim equation.? It follows from Eq. (4.1) that there is a
very strong dependence of the time #, on E. For exam-
ple, if E=10°V/ecm, B=100, and ¢ =4.5 eV, then an in-
crease of the field by 10% will lead to a decrease of the
time ¢, by almost 500 times. A good confirmation of
this conclusion is obtained in the experimental results
of Ref. 106 in the region ¢, <10 sec. For ¢,>107° sec
field emission from micropoints already has a quasi-
stationary nature, and additional factors can influence
the initiation of breakdown (see Chapter 5).

For times £,=107°-10® sec the density of the pre-ex-
plosion thermionic field emission current exceeds 10°
A/em?3® Here the current density is already limited by
electron space charge in the region of the tip of the
point®: :

(BE)*

1/2 4
deﬂ'

1=2.33.10"° (4.2)

where d,,, =~ U/BE is some effective gap in which the
space charge is concentrated (d,,~7,). When this is

- —

- a) G P b) .
FIG. 15. Typical electron-optical chronograms of cathode
luminescence (a) and anode luminescence (b) in a direction
parallel to the electrode axis, recorded in pulsed breakdown
of a 1.25-mm vacuum gap with indium electrodes. The origin
of the sweep corresponds to the moment of beginning of the
breakdown current rise.
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taken into account

fpere
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(4.3)

i.e., in the region of small delay times we have #,~ E™.
This conclusion is confirmed experimentally.®®

Studies of the regularities of the current rise in the
spark stage of breakdown have shown that they are sat-
isfactorily described on the assumption of current limi-
tation by space charge in the vacuum part of the gap be-
tween the cathode plasma and the anode. Thus, in the
case of use of a point cathode and a planar anode for the
condition V.t <<d one obtains!®"®

L) RITA0U (T (4.4)

On appearance of a cathode flare on a planar cathode
and under the same conditions!'™ we have

i)y = 44107407 (1) ( V;ﬂ )z.

(4.5)

When the flare radius V ¢ becomes comparable with the
gap length, we have

P ()~ 7321007 (7 V;f'rt)z.
—rc

(4.6)

From Egs. (4.4), (4.5), and (4.6) one can draw the gen-
eral conclusion that

FO0= 40" 0 Baa{ 5) 5 (4.7)
where F_,, is a function which depends on the shape of
the cathode. If we take into account that U=U,—-iR, we
obtain from Eq. (4.7) F, (¥ 2/d)=I(1-1)"/243U3"/ 2,
where I=iR/U,. If the discharge occurs between planar
electrodes, then one can use Eq. (4.5). Assuming that
one flare arises on the cathode, we have

Vert - oy7—
L 1P -1y Ao

(4.8)

It follows from this equation, in accordance with the ex-
periments, that the time of growth of the current to
some value ] is proportional to d/V,, and depends only
weakly on the applied voltage and the amplitude of the
discharge current.

Under typical conditions of pulsed vacuum breakdown,
heating of the anode by the electron flux occurs rather
rapidly. The plasma which is formed near the anode is
an efficient source of ions, which accelerate the rise of
the current in the gap both as the result of compensa-
tion of electron space charge and as a consequence of
the additional shortening of the vacuum part of the gap

as the result of the contrary motion of the anode plas-
ma, r1% 96,108-110

To consider the question of the heating and evapora-
tion of the anode it is necessary to solve the thermal
problem as was done in Ref. 11, with the only difference
that the source of heat is not a surface source but a
volume source. Analysis shows®®!'Z that at first there
is a rapid rise of the anode temperature, and then the
temperature reaches some quasistationary value T
which varies only slightly over a wide range of density
of energy flow (105-10'° W/cm?) as a consequence of the
rise of the energy loss to evaporation. The tempera-
ture of the anode vapor is equal to the temperature of
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the anode surface, since the energy transferred to the
vapor by the accelerated electron flux is relatively
small.®® Thus, to determine the velocity of escape of
the anode plasma one can use the concept of adiabatic
expansion of a gaseous gphere into vacuum. For y=5/3
and for characteristic values kT =0.6-0.8 eV, the val-
ue of V,, amounts to (5-8)-10° cm/sec, which is in good
agreement with a number of experiments, 198109 112-114

In some cases (Refs. 9, 114, and 113 where the elec-
trodes are made of Bi or Pb) the energy dose delivered
to the anode material by the electron beam exceeds by
several times the heat of sublimation and, obviously,
hydrodynamical conditions of escape are realized,'"! in
which anode-plasma velocities (1-2): 10° ¢cm/sec are
reached.

In spite of the fact that almost all of the energy in a
breakdown is dissipated at the anode, formation of the
anode plasma is a secondary process due to the exis-
tence of explosive electron emission. Since the anode
plasma arises with a delay relative to the beginning of
explosive electron emission current, and, as a rule,
Vo< Vy, the role of the anode plasma becomes impor-
tant only in the final phase of filling of the gap by a con-
ducting medium.

The ideas described above regarding the mechanism
of development of breakdown permit one to explain and
calculate the parameters of the x~ray pulse in tubes of
the diode type.*’® In particular, it has been shown that
the duration of the x-~ray flash and the radiation dose
are proportional to the length of the gap.

5. ROLE OF FIELD EMISSION AND EXPLOSIVE
ELECTRON EMISSION IN INITIATION AND
DEVELOPMENT OF VACUUM BREAKDOWN AT
CONSTANT VOLTAGE

The problem of the mechanism of electrical break-
down in vacuum on application to the gap of a slowly in-
creasing or constant voltage is one of the most contro-
versial questions. This is due in large degree to objec-
tive causes. Indeed, in extended application of voltage,
a large number of different processes occur simultan-
eously on the electrodes and in the gap, among which it
is difficult to distinguish those directly responsible for
the initiation and subsequent development of breakdown.,
It will be possible to overcome these difficulties only by
carrying out studies with use of apparatus possessing
high time and spatial resolution, and also high sensitiv-
ity.

To investigate the mechanism of development of vac-
uum breakdown at constant voltage we have carried out
a series of experiments®®1°%:116:117 5t the Institute of
High Current Electronics, Siberian Division, USSR
Academy of Sciences, including study of breakdown
current oscillograms, the regularities of x-ray produc-
tion, electrode erosion, and the space-time pattern of
development of the luminescence which accompanies
breakdown., Studies have been carried out for various
electrode materials for gap lengths <1 mm. Analysis
of the oscilligrams has shown that the nature of the rise
of current is practically the same for constant and
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pulsed voltages, and the absolute values of the current
rise times are also very similar (Fig. 16). The depen-
dences £, (d) have a linear nature. In Table I we have
given the ratios d/t__ for various electrode materi-
als,®

com

Study of the nature of the current growth in the initial
phases of breakdown is of significant interest for under-
standing the mechanism of initiation and development of
breakdown. By connecting the input of a high-speed os-
cillograph to a nonpotential electrode, we have obtained
oscillograms of the rise of the current with high ampli-
tude resolution (Fig, 17).%** In this figure the dashed
line shows the behavior of the explosive electron emis-
sion current as a function of time according to Eq.
(4.5). It is easy to see the good resemblance of the ex-
perimental and theoretical dependences i(t).

Observation of electrode erosion by the interrupted-
discharge method (the electrical length of the storage
line was less than the time ) showed that, as in
pulsed breakdown, there is an appreciable transport of
anode material to the cathode. This is explained by the
action on the anode of the intense electron flux, For d
=0.5-1.0 mm the beginning of rapid erosion of the
anode is delayed relative to the beginning of the current
rise by 10-20 nsec. The cathode material has the main
influence on the time ¢ . This was proved by experi-
ments in which electrodes of various materials were

" used.®® In the first discharges, when there was little

transported anode material on the cathode, the time ¢ .,
was determined by the cathode material, With increase
of the number of breakdowns the cathode was more and
more covered with anode material, and the time ¢,
gradually approached the value characteristic of the
anode material.

Experiments®!* have also established a complete
analogy with pulsed breakdown in the characteristics of
the x rays emitted by the anode during the current rise.
As in pulsed breakdown, the duration of the x-ray flash
is approximately equal to the time ¢, and is propor-
tional to the gap length (Fig. 16). :

Space-~time studies of the kinetics of breakdown at
constant voltage have been carried out by means of
photoelectric and electron-optical technigues, %118
Even with detection of the integrated radiation and with
the maximum sensitivity of the photoelectric apparatus
it was not possible to detect luminescence in the gap for
the 100 nsec before the beginning of the current rise.
With accuracy ~107° sec the luminescence initially ap-
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FIG. 16. Oscillograms of the pulse of x rays (left) and break-
down current (right) of a gap of length 0.5 mm at constant volt-
age (a) and pulsed voltage (b); (c) calculated shape of x-ray
pulse.
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peared at the cathode simultaneously with the current
rise. Luminescence at the anode lagged behind the be-
ginning of the current rise on the average by 10 nsec
(d=0.7 mm,electrodes of Cu). If we assume that the
delay of the luminescence from the center of the gap is
due to the propagation of the luminous medium from the
cathode, then its velocity is about 210 cm/sec.
Photography by means of an image tube (Fig. 18)'’ (Refs.
98,117) confirmed in its entirety the pattern of lumi-
nescence development obtained by the photoelectric
technique. The difference from pulsed breakdown lies
only in the fact that in breakdown at constant voltage
there is only one cathode flare. This is understandable,
since with a slow increase of the voltage the appearance
of several explosive-emission centers simultaneously is
unlikely.

Study of the moment of appearance of electrode-ma-
terial vapor by the method of detecting the resonance
radiation of atoms by a photoelectric technique has been
carried out also by Davies and Biondi.!*®!'® As a whole
the results of these studies are consistent with the data
of Refs. 98 and 116. However, the use of electrodes of
mixed materials in order to learn what kind of electrode
plays the most important role in initiation of breakdown
is in our opinion incorrect from the methodological
point of view, since in each discharge there is a pref-
erential transport of anode material to the cathode. In
this respect the statement of the authors that the initial
appearance of anode-material vapor near the cathode
simultaneously with the beginning of the current rise is
due to evaporation in flight of an anode microparticle is
not sufficiently justified.

Thus, studies of the development of breakdown at
constant voltage carried out with high time resolution
show unambiguously that the irreversible destruction of
the vacuum insulation in this case also is due to excita-
tion at the cathode of explosive electron emission, This
conclusion makes the search for the causes of initiation
of the vacuum arc in a static breakdown better defined
and more goal-oriented. In our opinion, these causes
must be looked for only in association with processes
leading to enhancement of the electric field at the cath-
ode and, as a consequence, to excitation of explosive
electron emission.

Under conditions of ultrahigh vacuum and high purity
of the electrodes, on the assumption that there is no in-
fluence of microparticles or evaporation of the anode,
excitation of explosive emission involves only develop-
ment of thermal instability of cathode micropoints,

In Ref. 98 a scheme was developed for controlling the timing
rates of an image amplifier directly by the breakdown cur-
rent. This scheme excludes the instrumental dead time,
which is of fundamental importance for study of the kinetics
of static breakdown.
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FIG. 17. Experimental (solid) and calculated (dashed) oscillo-
grams of the initial phase of the breakdown current between
electrodes of molybdenum (a) and indium (b).

Here, in accordance with the data of Section 2, the val-
ue of the critical electric field strength E__=B8E should
not change with the gap. Constancy of E  (d) was estab-
lished experimentally for the first time by Alpert and
his colleagures!” (Fig. 19), and subsequently confirmed
by other groups.''*'?* The values of E_ determined ex-
perimentally for an extensive set of materials are in
the range (5-10)- 107 V/cm and agree satisfactorily with
the theory.!? 2% 2303235 According to the calculations
(see Section 2) the limiting densities of the field-emis-
sion current for a large number of metals are 10'-10°
A/cm?. This means that the critical breakdown
strengths of the electric field for electrodes of various
metals should not differ substantially, since they have
similar values of the work function.

The work of Alpert et al.!” made a substantial contri-
bution to proof of the cathode mechanism of breakdown
initiation at constant voltage. However, an argument
against this mechanism is the so-called “total-voltage
effect”—the decrease of the breakdown field strength
with increase of the breakdown voltage (corresponding-
ly, also of the gap length). At the present time there
are a number of experimental data which permit quali-
tative explanation of this effect while not refuting the
role of explosive electron emission in development of
the vacuum discharge.

1. The total-voltage effect and the decrease of pre-
breakdown currents with increase of gap length can be
due to the presence of adsorbed gases and vapors on
the electrode surfaces. In the presence of surface con-
taminations, the surface migration of atoms of the
cathode material and adsorbate to the region of strong
electric field is greatly facilitated, and this leads to
growth of the microemitters and development of break-
down. A significant portion of the energy necessary for
activation of the migration process is provided as the
result of bombardment of the cathode by ions formed in
ionization of the residual and adsorbed gases by the
electron beam.'?*1?* The total-voltage effect can be due
to the fact that with increase of the voltage (or gap) the
energy and number of the ions produced from the adsor-
bate increases; correspondingly there is an intensifica-
tion of the processes of the microemitters becoming

—
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FIG. 18. Electron-optical chronogram of luminescence in

breakdown at constant voltage., Copper electrodes, d=0.7 mm.
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more pointed and being cleansed of adsorbate (usually
adsorbate atoms are electronegative), the frequency
and amplitude of oscillations of the prebreakdown cur-
rent increase, and this finally leads to an increase in
the breakdown probability.'®'®:12¢ In Ref, 126 it was
shown convincingly that the total-voltage effect can be
reduced to a substantial degree as the result of produc-
ing the cleanest possible experimental conditions.

2. The total-voltage effect can be due to the presence
on the cathode surface of dielectric films and inclu-
sions, Dielectric films in the form of islands are
formed on contaminated electrode surfaces under the
action of discharge processes; here the prebreakdown
electron current becomes appreciable already at a
mean field ~10* V/cm.'¥ The appearance of this con-
duction is due to emission of electrons from dielectric
islands as a consequence of their self-charging, which
leads to enhancement of the electric field at the cathode
and in the dielectric.!¥ On reaching a field strength
~10% V/cm, breakdown of the film occurs, which initi-
ates explosive electron emission. With increase of the
ion energy, the ion-electron emission coefficient in-
creases’™ and the conditions for self-charging of the is-
lands are improved. Consequently an increase of the
gap length requires less than a proportional increase of
the breakdown voltage.

3. On extended application of voltage to the gap, the
anode becomes also a supplier of microparticles.! Ref-
erences 128 and 129 on achieving an average field ~10°
V/cm observed removal of microparticles from a pol-
ished anode surface which left in it valleys of micron
size. Most such valleys were localized at places where
foreign inclusions were present, which were located
mainly along grain boundaries or near them. Nonmetal-
lic particles deposited on the cathode may become ac-
tive in initiation of breakdown.

Experiments with metallic particles artificially intro-
duced into the gap have proved convincingly the exis-
tence of the polarity effect: the breakdown took place
only in those cases when the particles started from the
anode and collided with the cathode.!?*'¢ Little and
Smith'? concluded that inelastic impact of a particle on
the cathode leads to formation of effective micropoints
of melted metal under the influence of ponderomotive
forces. Although these authors'? did not analyze the
further development of the breakdown, the results of
their work, which are particularly clear in the case
when a transverse magnetic field was used to deflect
the electron beam, prove convincingly the cathode
mechanism of initiation and development of breakdown,

7071_L 1 L 3 "
vt oW wt w7 g
FIG. 19. Critical electric field strength at micropoints as a
function of the length of the vacuum gap in the case of clean
electrodes of tungsten.
17.

77 # cm
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1—data of Ref. 22, 2—Ref. 25, 3—Ref.

In order that the impact of a particle on an electrode
be inelastic, its velocity must exceed some value V)
=(20,,,/p)"/* determined by the tensile strength g,,, of
the particle and the target.®® If a particle of radius 7 is
torn out of the anode, its velocity at impact on the cath-
ode will be'®

vp=)/ AL (5.1)
B, is the enhancement coefficient of the electric field at
the anode at the place of removal of the particle. Hence
the minimum breakdown voltage necessary. for inelastic
impact with formation of micropoints is

Clim rd —_
Unim= l/ 4.9]1“&3 @ V’l . (5.2)

Analysis shows'® that for 8,=1 and d=> 0.1-1 c¢m (cop-
per electrodes) the known experimental data can be ex-
plained by formation of micropoints on impact onto the
cathode of particles of radius » <1 um. If one takes in-
to account that in a real situation 8, can be substantially
greater than unity and that the particles can be in a
heated (melted) state, then the mechanism considered
turns out to be acceptable even for particles of larger
size,.

In the case of particles of dimensions tens of microns
or more the velocity acquired by them in the gap is in-
sufficient for inelastic impact. However, on approach
of such a particle to the cathode to a distance less than
7, the electric field between the cathode and the parti-
cle can increase by several orders of magnitude in
comparison with the average field.!»'+132 If opposite
the particle there is a micropoint {(»,~10"® cm, 8= 5},
then the electron current emitted by it can heat the
bombarded portion of the particle surface eventoa
temperature of intensive evaporation.'* In Ref. 131 it
is assumed that in this situation as the result of ioniza-
tion of the vapor a microplasma bunch arises which
plays the role of igniting the discharge. Thus, a micro-
particle by itself is not the direct initiator of the break-
down; it creates either cathode micropoints on inelas-
tic impact or an igniting spark, the plasma of which ex-
cites and maintains explosive electron emission. In ad-
dition to the total-voltage effect, the approach consid-
ered here explains the dominant influence of anode ma-
terial on the static breakdown voltage, ' since there is
a correlation between o,,, and U, and also the reduc-
tion of U,,, with increase of the size of the particles.'*
For realization of breakdown with participation of a
microparticle, an extended flow of an appreciable pre-
breakdown current is not required at all, since the time
from the moment of impact of the particle on the cath-
ode to the explosion of the micropoint or the time of
formation of an igniting spark will be extremely small.

Summing up what has been said, we can conclude that
the enhancement of the electric field at the cathode dur-
ing extended maintenance of the electrodes in a strong
electric field will depend on many processes. All these
processes produce conditions favorable for excitation
of explosive emission. After excitation of explosive
electron emission the development of breakdown at con-
stant voltage occurs in the same way as for pulsed
breakdown.
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6. EXPLOSIVE ELECTRON EMISSION AND THE
CATHODE SPOT OF A VACUUM ARC

Processes in a cathode spot are extremely compli-
cated and in many respects are still not under-
stood.'%!3%°137 Up to the present time the principal at-
tention has been devoted to development of stationary
models of a cathode spot based on solution of a closed
system of equations for the cathode, the near-cathode
layer, and the plasma,'*®'%® or on finding regions of ex-
istence of a solution which determine regions of possi-
ble values of the parameters of a cathode spot.'¥ How-
ever, stationary models have not explained such exper-
imental facts as the rapid displacement of the spots,
fluctuations of the arc voltage, and the existence of
multiply charged ions. In these models the roughness
of the cathode surface and the inhomogeneities of its
chemical composition have not been taken into account.
Analysis of the stationary energy balance in a cathode
spot on refractory metals'®*!%° has shown that over the
entire temperature range possible in reality for a cath-
ode surface under a spot, the energy carried away by
emitted electrons is much greater than the energy
brought in by ions. As a result it has been concluded'?®
that an important role is played by a volume heat
source, which turns out to be more intense than the
surface heat source for a current density in the spot j
2 10° A/cm?,!"1%3 when one can expect that phenomena
of the explosive type, observed in studies of the transi-
tion of field emission to an arc and studies of vacuum
breakdown, will have a nonstationary nature. In addi-
tion, numerous estimates of the strength of the electric
field at the cathode under a spot give a value close to
that at which vacuum breakdown is initiated. For just
these reasons the results of studies of rapidly occurr-
ing processes in vacuum breakdown, and subsequently
studies of electron emission, have attracted consider-
able attention by physicists occupied previously with
study Of the cathode spot.SG, 57,63,94,136,137,144,145

On the basis of studies of processes in vacuum break-
down and explosive electron emission and the phenome-
nological association of them with processes in the
cathode spot, we have repeatedly expressed the opinion
that explosive emission phenomena can have decisive
significance in the functioning of the spot.313:53:14% gince
the state of cathode-spot research as a whole is re-
flected in the literature,'®®™% we shall dwell only briefly
on the new data which characterize the nonstationary
nature of the processes in a cathode spot.

a) Crater formation

Daalder'®” studied the craters left on the cathode after
burning of a vacuum arc and established that in a cer-
tain range of currents which depends on the cathode ma-
terial a direct proportionality is observed between the
average value of the crater radius and the current (Fig.
20). This result is explained satisfactorily in the
framework of the nonstationary Joule model of cathode
heating described in Section 3. Assuming that the cath-
ode spot at a given location dies out at the moment of
time at which heat outflow by conduction begins to play
a role, v, =(xt/pc)*/?, with inclusion of Eq. (3.2) we
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FIG. 20. Average radius of craters on a copper cathode as a
function of the arc current.

can determine the final size of the crater on a flat cath-
ode'*8;

Ay e
T 0 (T 1 Tg) ©

Ter =

(6.1)

An expression close to Eq. (6.1) was obtained by
Daalder.'® The value of the ionic component of cathode
erosion calculated by him with this approach agrees
satisfactorily with the results of experimental study of
the ionic component of the plasma generated by the
cathode spot.®%!®

b) Spot motion

Recently investigators have initiated observations of
erosion tracks left by a single spark or arc discharge
of duration 107-10"® sec on a clean and smooth initial
surface of cathodes of refractory materials, obtained
by melting the tip of a wire in ultrahigh vacuum.?""% In
Fig. 2la it is possible to count more than ten clearly
expressed individual craters. We can assume that the
emission zone stayed in one place for less than 10 nsec.
The photographs presented convincingly confirm the
nonstationary nature of the processes in a cathode spot.
If there are no impurities on the cathode surface, the
emission centers in no case travel further than the re-
gion of melting and, as a rule, are formed at the edge
of the craters. As can be seen from Figs. 21b and c,
the cathode spot is not attached to the grain boundaries
of the microcrystals of molybdenum, and this indicates
that regeneration of microprojections at the crater
edges affects the jumping of the spot. Consequently, a
cathode spot creates craters and micropoints which are
not only the consequence of its functioning, but also a
necessary condition for its further existence,!%5% 9%

The data shown in Fig. 21 indicate once again with
what caution it is necessary to approach a determination
of the current density in a cathode spot. If the current
is divided by the area of the entire erosion track, the

e .. .. c

FIG. 21. Autographs of cathode spots. a) Tungsten cathode,
£, =100 nsec, {=30 A (Ref. 93); b and c) molybdenum cathode,
t, =500 nsec, £ =80 A. c) £=200 A (Ref. 57). Scale: in part
a, 1 cm represents 6 microns; in parts b and ¢ 1 cm repre-
sents 25 microns.
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current density turns out to be ~2-10” A/em? for £=100
nsec and falls to about 2-10° A/cm? at ¢£=500 nsec, al-
though it is quite obvious that the true current density
is substantially greater.

The random motion of rapidly moving cathode spots
(spots of the first type!3®'!%) can be explained by the ap-
pearance of emission centers as the result of break-
down of nonmetallic inclusions and films on the cathode
surface,® !5° and not by explosion of micropoints as was
suggested previously.'* In fact, at a distance of tens
of microns from the initial emission center (the charac-
teristic distance between the fragments of a spot) for
realization of the mechanism of breakdown of inclusions
and films less severe conditions are required in the
near-cathode layer. As was shown in Ref. 84, the min-
inum probe current and the duration of its flow are of
the same order as in the case of fragments of a cathode
spot of the first type. Spots of the first type arise only
on an uncleaned cathode surface.’® After cleaning a
cathode by arc discharges in ultrahigh vacuum, cathode
spots become rather immobile in spite of the presence
on the cathode of a large number of micropoints of vari-
ous sijzes formed in discharges.!®®

The spontaneous formation of new cathode spots ob-
served in spark discharges (di/df= 10° A/sec; see Refs,
135 and 151-153) evidently also occurs by the mechan-
ism of breakdown of nonmetallic films.?* The process
considered is greatly intensified in comparison with an
arc discharge as a consequence of the charging of the
peripheral layers of the plasma to a high potential.
Here the maximum observable velocity of motion of the
front of the spots (=2-10° cm/sec; see Ref. 153) is de-
termined by the velocity of expansion of the cathode
plasma.

The direct motion of cathode spots in spark or arc
discharges in vacuum with high velocities apparently
also cannot be associated with explosion of micropoints
on the cathode,* since after passage of a spot there re-
mains a track consisting of individual craters located at
distances of tens of microns from each other*?: the
same distance is observed between the luminous frag-
ments of a cathode spot.'*

c) Inertial properties of the emission of a cathode
spot

One of the methods which makes possible investigation
of nonstationary phenomena in an arc discharge is the
method of detection of transition processes on a sudden
change of the arc current. By studying the reaction of
an arc to a current jump (di/d¢= 107 A/sec), Kesaev'®®
and later Paulus et al.'®* reached the conclusion that the
duration of the transition stage is determined exclusive-
ly by the inertial property of cathode processes. In
Ref. 155 the reaction of an arc to a current jump with
di/d¢=2-10'° A/sec was studied with use of high-speed
detection of the discharge current and transition vol-
tage, and with probe diagnostics of the plasma potential.
At the moment of the current jump a transition spike of
voltage was observed on the electrodes, the duration of
which ¢, increased in direct proportion to the gap length
d{v,,~d/t,~2-10° cm/sec). For d=0.5-4 mm the arc
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current increased without inertia (Fig. 22a). For d
=4-8 mm the current lagged behind the rise of the ap-
plied voltage pulse (Fig. 22b), and the nature and time
of its growth to the level i, recalled the commutation
characteristics of a vacuum spark. In such cases the
amplitude of the transition voltage reached 2-10 kV.
However, the potential of the plasma at a radius 0.5
mm from the point of ignition always remained less than
100 V.

The results obtained in Ref. 155 show that emission
centers can provide high rates of growth of the current
without a substantial increase of the cathode fall, and
the interia in formation of new emission centers does
not exceed 107 sec. In addition, it follows from Ref.
155 that there is a dominant role of processes in the
plasma column in the transition stage of the discharge.

Indeed, the current i, in a cross section S of the plasma

column is determined by the expression i, =en,V,.S,
where V,_ is the drift velocity. The new value of plasma
concentration »,>>»n, which is established after a time
t,. should correspond to a new current level {,>{,.
However, for d <4 mm the new current value is estab-
lished practically without inertia, which can be ex-
plained only by an increase of the electron drift velocity
Ve

In its dynamics the transition process occurs as fol-
lows. At the moment of the current jump a certain in-
crease of the potential drop near the cathode (by tens of
volts) produces intensification of emission processes in
existing emission centers and the explosive appearance
of new centers. This process is accompanied by gener-
ation of a denser plasma corresponding to the new cur-
rent level. Between the new, denser plasma and the in-
itial plasma there arises a double electrical layer
which moves with the velocity of the cathode plasma Vv,
=2-10° cm/sec. Probe measurements confirm the pic-
ture of motion of the layer. For d=4 mm the concen-
tration of the initial plasma near the anode is so small
that between the newly formed plasma and the anode in
a time <5-107® sec a vacuum gap appears as a conse-
quence of the rapid rise of the thickness of the double
layer.

Analysis of the data of Ref. 155 permits a number of
conclusions to be drawn.

a) The lower limit (di/dt),, at which the process of
filling of the gap with plasma still succeeds in following
the rate of rise of current, and the transition voltage
does not differ substantially from the near-cathode
drop, can be estimated from the expression

400 V
i

2004

FIG. 22. Oscillograms of discharge current (lower traces)
and voltage in the gap (upper traces) characterizing processes
for a jump of arc current, a) d=4 mm, b) d=6 mm.
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(6.2)

di ~ dthe o Ithr Vir

(T)cr ~ Ly ~ a !
where i,,, is the threshold arc current. In application
to Ref. 154 (d=5 mm, V,,=1.2-10° cm/sec) we have (di/
dt),, = 6-10° A/sec.

b) The lower limit (di/d¢),, at which one can already
note the inertial nature of the emission of the cathode
spot can be estimated as follows:

(6.3)

(%) = j ﬁci:j-énV?cft.

For an explosive emission current density j=5-10% A/
em? and a characteristic time £=10"® sec the steepness
of the current is (di/df),, = 10'* A/sec.

¢) The duration of the voltage spikes of the arc at
currents close to threshold is determined by the dynam-
ics of variation of the conductivity of the plasma col-
umn. The fact of correlation of voltage spikes and the
motion of the plasma jets from the cathode in an arc
discharge was established in Ref. 147,

In conclusion we note that at the present time a num-
ber of contradictory ideas have accumulated regarding
the role of explosive emission processes in cathode
spots of vacuum arcs. For example, Mitterauver'** con-
siders that explosive electron emission completely de-
termines the essence of processes in a cathode spot.
According to Ref. 94, explosive electron emission is a
necessary initiating act in functioning of the cathode
spot, but the role of explosive processes increases in
the transition to refractory metals, and also with in-
crease of the arc current. Ekker'®” has pointed out that
processes in a cathode spot can be a superposition of
explosive electron emission and ordinary thermionic
field emission accompanied by quasistationary evapor-
ation of metal atoms, the relation between the explosive
and nonexplosive processes depending on the specific
conditions of the experiment. It is quite possible that
the functioning of nonstationary cathode spots with cur-
rent density j> 10° A/cm? will lead with time to sub-
stantial heating of a portion of the cathode surface and
to a transition to a quasistationary spot with a current
density =5-10° A/cm? and a spot temperature ~4- 103
K.1*® Further research is necessary to answer this
question unambiguously.

7. DISCHARGE IN VACUUM ALONG A DIELECTRIC
SURFACE

An electrical discharge along the surface of a dielec-
tric in vacuum is interesting not only in its physical as-
pect, but also has great practical significance.

The presence of a dielectric in a vacuum gap substan-
tially influences the discharge process. An especially
important role is played by processes at the cathode-di-
electric contact.'*” On application of an electric field,
luminescence appears at this contact and electron emis-
sion begins. The voltage at which luminescence and
electron emission appear is reduced with increase of the
permittivity of the dielectric and the field strength at the
cathode, and depends on the configuration of the cathode
and dielectric at the cathode contact.’®™ In study of a
pulsed discharge it has been established that the electri-
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cal strength is affected by the angle of inclination of the
insulator surface to the normal to the cathode.!*® The
flashover voltage turns out to be greatest for an angle
@=45°

An electron-optical study of the development of a
pulsed discharge along the surface of a ceramic placed
in a uniform electric field showed!®® that, several nano-
seconds after application of voltage, luminescence ap-
pears at the edge of the cathode, which propagates to
the anode. For a field E=(1-2):10° V/cm the velocity of
propagation of the luminescence along the dielectric is
(1-6)-10" em/sec. With the advance of the lumines-
cence, the current between the cathode and anode in-
creases (sometimes up to tens of amperes). It has been
established that this current has a purely electronic na-
ture.'®*!%° When the luminescence reaches the anode,
the discharge current rises rapidly (in a time =107 sec)
to a value limited by the resistance of the discharge
circuit; at the same time the brightness of the lumines-
cence increases rapidly, both in the region of the con-
tact and in the region of the discharge channel in the di-
electric. 5160

The mechanism of the discharge along a dielectric
surface in vacuum has still been inadequately studied.
We shall mention only certain processes which in our
opinion are important.

a) The initiating role is played by field emission from
the cathode at the location of the cathode-dielectric con-
tact. At this contact there always are microgaps of
width 8, and on the cathode there are microprojections
with a field-enhancement coefficient 8. If €0 <«<d, where
€ is the permittivity, then the field at the microprojec-
tions at the cathode contact will be

(1.1)

where E,=U/d is the average field in the dielectric.
Consequently for large values of € we should expect a
significantly greater field enhancement at the cathode
than in the case without a dielectric. This facilitates a
reduction of the breakdown voltage with increase of the
permittivity of the insulator.

E o =~ eBE,,

b) An important influence on the discharge process is
exerted by secondary electron emission from the di-
electric.'*®'%® Part of the electrons from the cathode
contact hit the dielectric and eject secondary electrons.
If the secondary emission coefficient is y,>1, then the
dielectric surface will turn out to be positively charged.
This will create conditions of attraction of additional
electrons from the cathode contact and will lead to fur-
ther rise of the positive charge. However, the rise of
the surface charge cannot be unlimited, since subse-
quent electrons will be attracted to the dielectric more
rapidly than they can acquire the necessary energy
which provides the large coefficient y,. In this case the
value of v, will drop, the growth of the charge will be
cut off, and dynamic equilibrium will be established.
The electrons will migrate in jumps along the dielec-
tric, and here their energy will be determined not by
the applied voltage, but by the length of one link of the
chain. For example, for a voltage between electrodes
of 10 kV the maximum energy of the electrons does not
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exceed 50 eV.'®! Electron-optical studies of a pulsed
discharge have shown!®? that the electric field near the
cathode is enhanced, and near the anode it is weakened.
The process of charging of the dielectric surface propa-
gates from the cathode to the anode with a velocity =10°
cm/sec.

c) A significant influence on the development of the
discharge is exerted by gas adsorbed on the dielectric
surface. The idea of the role of adsorbed gas, first ex-
pressed in Ref. 159, was rapidly accepted.®31%:1%
Knowing the predischarge current i, the velocity of
propagation of the luminescence V, and its geometrical
dimension L, one can determine the relation between
the number of electrons and the number of adsorbed
molecules entering the discharge zone.'*® The rate of
arrival of electrons in the discharge zone is dN,/dt=4/
e, and that of molecules is dN/dt= N,VLm, where N, is
the number of molecules per ¢cm? of a monolayer and m
is the number of monolayers. For example, for several
nanoseconds before quenching of the anode lumines-
cence, i=1 A, and therefore dN,/d¢=10'° electrons per
second. For N2, O,, CO,, H,O, and other molecules
with allowance for the roughness of the surface, N,
=10'5-10 cm™2.*" For V=3+10" cm/sec, L=0.1 cm,
and m=1, we have dN/d¢=10*-10% molecules per sec-
ond. Consequently, even for a monomolecular layer for
each electron there are 102-10* gas molecules.

These molecules are pulled off the dielectric surface
in the predischarge phase mainly as the result of elec-
tron-stimulated desorption, The desorption coefficient
in this case is high (=10° molecules per electron'®®),

Let us estimate in order of magnitude the density of gas
at the dielectric surface in the process of electron-
stimulated desorption: n=yi/eVthL, where V, is the
velocity of the desorbed molecules and ¢ is the time.

If V,=10° cm/sec and ¢=10"° sec, then under the condi-
tions of the experiment of Ref. 159 5~ 10'® molecules/
cm®, which corresponds to a gas pressure of the order
10* Pa in a gas-layer thickness =10™ ¢m. In this gas
layer a discharge can develop. Thus, even a monolayer
of gas can provide conditions for development of a dis-
charge along the dielectric. This amount of gas is held
on the surface of any dielectric regardless of the vac-

uum conditions, Apparently for this reason in a number

of experiments no relation was observed of the charac-
teristics of surface breakdown with the residual gas
pressure, on the one hand, and with the properties of
the dielectric on the other hand.!

d) In the concluding stages of the discharge an impor-
tant role is played by explosive electron emission. With
extremely high electric fields at the cathode (for exam-
ple, if the cathode has the shape of a point) it can arise
directly in a time of about 10™° sec after application of
voltage,'®® as occurs in an ordinary pulsed vacuum dis-
charge. In the process of formation of the discharge,
explosive electron emission arises as the result of en-
hancement of the electric field in the cathode region, on
the one hand as a result of positive charging of the di-
electric, and on the other hand as a consequence of
drift of positive ions to the cathode. In this way one can
explain the appearance of electron current up to tens of
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amperes even before complete breakdown of the gap.!®®
In the final phase of the discharge, explosive electron

emission provides the formation of the cathode spot of

the vacuum arec.

8. CONCLUSIONS

In this review we have devoted the main attention to
the role of emission phenomena in electrical discharges
in vacuum. We have shown that field emission and the
explosive electron emission excited by it play a funda-
mental role in initiation and the subsequent develop-
ment of a vacuum discharge up to the arc phase. On the
basis of a number of experimental and theoretical stud-
ies carried out mainly in recent years, we have pre-
sented proofs that, under conditions of real experi-
ments, various additional processes (for example,
heating and evaporation of the anode, desorption and
adsorption of gases and vapors, migration and diffusion
of atoms, ion bombardment, impact of microparticles,
and so forth) lead eventually to enhancement of the elec-
tric field at the cathode and intensification of field
emission, and thereby make possible the excitation of
explosive emission and the transition to breakdown at
electric fields less than in the case when these proces-
ses do not occur.

It must be noted, however, that study of emission
processes and their role in a vacuum discharge is far
from complete. The great diversity of experimental
conditions hinders considerably the identification of the
most general and fundamental aspects of the phenome-
non. Of the greatest value here are studies with use of
the newest methods of analysis of surfaces and nonsta-
tionary processes on electrodes and in the gap. In the
final analysis, investigations of this type will permit
one to trace in detail in what way various processes, to
some extent mutually related, lead to enhancement of
the electric field at the cathode and to the transition to
explosive emission.

Also presenting undoubted interest is the further
study of nonstationary processes at the cathode in an
arc discharge, since this will permit one to establish
more definitely the role of field emission and explosive
electron emission in the functioning of cathode spots of
vacuum arcs.

The very phenomenon of explosive electron emission
contains a great deal which is still to be learned. Since
the state of the cathode material in the region of the
metal-plasma phase boundary remains unknown, only
qualitative ideas are expressed regarding the mechan-
ism of passage of electrons through the phase boundary.
Here we must point out also the objective difficulties in
study of this phenomenon. First, the extent of the re-
gions in which the processes under investigation occur
is extremely small, and the electric field strength, the
particle temperature and concentration, and the corre-
sponding gradients are extremely high. Second, here
we are dealing with a situation in which the four states
of matter are concentrated in region a few microns in
size and in which intense emission and erosion pro-
cesses are occurring simultaneously. Third, the pro-
cesses considered are clearly nonstationary and have a
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cycle with a time scale in the range 10°-10"° sec. It
appears to us that progress in further understanding of
explosive emission can be achieved both by theoretical
analysis of the phenomenon with inclusion of the
achievements in the field of study of the state of matter
at high energy densitiies, and by experimental study of
the characteristics of a single explosive-emission cy-
cle.

1. N. Slivkov, Elektroizolyatsiya i razryad v vakuume (Elec-
trical Insulation and Discharges in Vacuum), Moscow, Atom-
izdat, 1972.

M. 1. Elinson and G. F. Vasil’ev, Avtoelektronnaya emissiya
(Field Emission), Moscow, Fizmatgiz, 1958.

S. P. Bugaev, E. A. Litvinov, G. A. Mesyats, and D. L
Proskurovskii, Usp. Fiz. Nauk 115, 101 (1975) [Sov. Phys.
Uspekhi 18, 51 (1975)}.

‘G. A. Mesyats. Generirovanie moshchnykh nanosekundnykh
impul 'sov (Generation of High- Power Nanosecond Pulses),
Moscow, Soviet Radio, 1974.

°G. A Mesyats, Prikl. Mekh. Tekh. Fiz., No. 5, 138 (1980)

[ Applied Mechanics and Technical Physics (USSR)].

bv. 1. Rakhovskii', Fizicheskie osnovy kommutatsii élektrich-
eskogo toka v vakuume (Physical Bases of Commutation of
Electric Current in Vacuum), Moscow, Nauka, 1970.

"E. D. Korop, B. E. Meierovich, Yu. V. Sidel’nikov, and

8. G. Sukhorukov, Usp. Fiz. Nauk 129, 87 (1979) [Sov. Phys.

Uspekhi 22, 727 (1979)].

8Gerold Yonas, Fusion Power with Particle Beams, Sci. Amer-
ican 239, No. 5, No. 51 (1978). [Russian translation, Usp.
Fiz. Nauk 133, 159 (1981)].

%S. P. Bugaev, A. M. Iskol'dskii, G. A. Mesyats, and D. L
Proskurovskir, Zh. Tekh. Fiz. 37, 2206 (1967) [Sov. Phys.
Tech. Phys. 12, 1625 (1968)].

10G. N. Fursei and P. N. Vorontsov-Vel’yaminov, Zh. Tekh.
Fiz, 37, 1870 (1967) [Sov. Phys. Tech. Phys. 12, 1370
(1968)1.

1G. A. Mesyats, E. A. Litvinov and D. I. Porskourovsky, in:
Proceedings of the Fourth International Symposium on Dis-
charges and Electrical Insulation in Vacuum.? Waterloo,
Ontario, 1970, p. 82,

2G. A. Mesyats, in: Proceedings of the Tenth International
Conference on Phenomena in Ionized Gases. Invited papers.®
Oxford, 1971, p. 333.

3G, A. Mesyats, in: Proc. VI ISDEIV. Invited Paper, Swan-
sea, 1974, p. 21.

“G. A. Mesyats and G. N. Fursei, in: Nenakalivaemye
katody (Cold Cathodes), Moscow, Soviet Radio, 1974, p. 268,

5G. A. Mesyats and D. 1. Proskurovskii, Pis'ma Zh. Eksp.
Teor. Fiz. 13, 7 (1971) [JETP ILett. 13, 4 (1971)].

¥R, P. Little and W. T. Whitney, J. Appl. Phys. 34, 2430
(1963).

1D, Alpert et al., J. Vacuum Sci. and Technol. 1, 35 (1964).

B[, Brodie, J. Appl. Phys. 35, 2324 (1964).

9p, A. Chatterton, Proc. Phys. Soc. (London) 88, 231 (1966).

2F. M. Charbonnier, C. J. Bennette, and L. W. Swanson, J.
Appl. Phys. 38, 627 (1967).

AT, Utsumi, J. Appl. Phys. 38, 2989 (1967).

2w, s, Boyle, K. P. Kisliuk, and L. H, Germer, J. Appl.
Phys. 26, 720 (1955).

1, N. Slivkov, Zh. Tekh. Fiz. 40, 328 (1970) [Sov. Phys.
Tech, Phys. 15, 238 (1970)].

A, J. Ahearn, Phys. Rev. 50, 238 (1936).

BW, P. Dyke and J. K. Trolan, Phys. Rev. 89, 799 (1953),
W. P. Dyke et al., Phys. Rev, 91, 1043 (1953). W. W, Dolan,
et al., Phys. Rev. 91, 1054 (1953).

%D, K. Davies and M. A. Biondi, J. Appl. Phys. 42, 3089

)

2 Referred to below as Proc. ISDEIV.
P Referred to below as Proc. ICPIG.

157 Sov. Phys. Usp. 26(2), Feb. 1983

(1971).

2'p. A. Chatterton, M. M. Menon, and K. D. Srivastava, J.
Appl. Phys. 43, 4536 (1972).

BE. L. Murphy and R. H. Good, Phys. Rev. 102, 1464 (1956).

2G. Vibrans, J. Appl. Phys. 35, 2855 (1964),

3%, A. Gor'kov, M. L. Elinson, and G. D. Yakovleva, Radio-
tekhn. i elektron. 7, 1501 (1962) [Radio Engineering and
Electronic Physics].

Mp, W, Williams and W. T. Williams, J. Phys. D5, 280 (1972).

2p, H. Levine, J. Appl. Phys. 33, 582 (1962),

Bs. @. Christov, Phys. Stat. Sol. 17, No. 1 (1966), J. K.
Wysocki and S. M. Vodenicharov, Phys. Stat. Sol. A50, No.
2 (1978).

¥E. A. Litvinov and V. P. Dergalév, in: Tezisy dokladov
Vsesoyuznogo simpoziuma po nenakalivaemym katodam
(Abstracts of Papers at the All-Union Symposium on Cold
Cathodes), Tomsk, 1980, p, 162.

®E, A, Litvinov and A, F. Shubin, Izv. vuzov, Ser. Fizika,
No. 11, 91 (1974) [Sov. Physics Journal]. E. A. Litvinov,
G. A. Mesyats, and A, F. Shubin, Izv. vuzov. Ser. Fizika,
No. 4, 147 (1970) {Sov. Phys. Journal]. E. A. Litvinov and
A, F. Shubin, Tzv. vuzov. Ser. Fizika, No. 1, 152 (1974)
[Sov. Physics Journal]. .

%G. K. Kartsev, G, A. Mesyats, D. I. Proskurovskii, V. P.
Rotshtefn, and G. N. Fursef, Dokl. Akad, Nauk SSSR 192,
309 (1970) [Sov. Phys. Doklady 15, 475 (1970)].

313, Mitterauer, P. Till, and E. Fraunschiel, Institut fiir
Industrielle Elektronik. Technische Hochschule Wien. Report
IE-75-01, Wien, 1975, p. 67. .

%Y. A. Nevrovskii and V. I. Rakhovskii, Zh. Tekh. Fiz. 50,
2127 (1980) [Sov. Phys. Tech. Phys. 25, 1239 (1980)].

®Y. G. Pavlov, A. A. Rabinovich, V. N. Shrednik, Zh. Tekh.
Fiz. 45, 2126 (1975) [Sov. Phys. Tech, Phys. 20, 1337
(1975)].

40F, Blatt, Physics of Electronic Conduction in Solids,
McGraw-Hill, New York (1968) [Russ. Transl., Mir, 1971.]

Y1E, A. Litvinov and A. A. Starobinets, Zh. Tekh. Fiz, 49,
887 (1979) [Sov. Phys. Tech. Phys. 24, 521 (1979)].

42E, A. Litvinov and A. A, Starobinets, in: Trudy I Vsesoyu-
znogo soveshchaniya po avtoionnofmikroskopii (Proceedings
of the First All-Union Conf. on Field Emission Microscopy),
Khar kov, 1976, p. 86

“3A. Rose-Innes and E. Rhoderick, Introduction to Supercon-
ductivity, 2d ed, Pergamon, 1977. Russ. transl., earlier
edition, Moscow, Mir, 1972].

UN. E. Alekseevskii, Dokl. Akad. Nauk SSSR 242, 816 (1978)
[Sov. Phys. Doklady 23, 738 (1978)].

E. A. Litvinov, G. A. Mesyats, and A. A. Starobinets, Zh.
Tekh. Fiz. 50, 403 (1980) [Sov. Phys., Tech. Phys. 25, 239
(1980)]. Dokl. Akad. Nauk SSSR 249, 352 (1979) [Sov. Phys.
Doklady 24, 927 (1979)].

45H. Bergeret, Nguyen Tuong Viet, and A. Septier, in: Proc.
VI ISDEIV, Swansea, 1974, p. 112,

47y, G. Bar'yakhtar, V. F. Klepikov, and V. A. Seminozhenko,
Fiz. Tverd Tela (Leningrad) 15, 1213 (1973) [Sov. Phys.
Solid State 15, 817 (1973)]. .

“E. A. Litvinov, G. A. Mesyats, D. I. Proskurovskii, V. F.
Puchkarev, and S. 1. Shkuratov, Dokl. Akad. Nauk SSSR 262,
598 (1982) [Sov. Phys. Doklady 27, 73 (1982)].

491, V. Tarasova and L. N. Khudiakova, in: Proc. III ISDEIV,
Paris, 1968, p. 82.

G, A. Mesyats et al., Izv. vuzov. Ser. Fizika, No. 5, 153
(1969) [Sov. Physics. Journall.

51G. P. Bazhenov, E. A. Litvinov, G. A. Mesyats, D. L.
Proskurovskif. A. F. Shubin, and E. B. Yankelevich, Zh.
Tekh. Fiz. 43, 1255,1262 (1973) [Sov. Phys. Tech. Phys.
18, 795 (1974)].

52G. N. Fursei and V. M. Zhukov, Zh. Tekh. Fiz. 46, 310,
319, 1910 (1976) [Sov. Phys. Tech. Phys. 21, 176,182,1112
(1976-77)].

E. A. Litvinov, G. A. Mesyats, D. 1. Proskourovsky, and

Litvinov et a/. 157



E. V. Yankevich, in: Proc. VU ISDEIV, Novosibirsk, 1976,
p. 55.

ME, A. Litvinov, G. A. Mesyats, D. L. Proskurovskil and
E. B. Yankelevich, Zh, Tekh. Fiz. 48, 541 (1978) [Sov. Phys.
Tech. Phys. 23, 319 (1978)].

%G, A. Mesyats, D. L Proskurovskll E. B. Yankelevich, and
V. F. Tregubov, Dokl. Akad. Nauk SSSR 227, 1335 (1976)
[Sov. Phys. Doklady 21, 228 (1976)]. G. A. Mesyats, D. 1.
Proskourovsky, and E. B. Yankelevitch, in: Proc. VII
ISDEIV, Novosibirsk, 1976, p. 230.

%E. Hantzche, B. Juttner, V. F. Puchkarev, W. Rohrbeck,
and H, Wolff, J. Phys. D9, 1771 (1976).

7B, Juttner, Beitr. Plasma Phys. 19, 25 (1979).

8B, A. Koval, D. 1. Proskourovsky, and E. B, Yankelevitch,
in: Proc. VIIISDEIV, Albuquerque, 1975, p. B5-1,

593, B. Daalder, J. Phys. D9, 2379 (1976).

®L. D. Landau and E. M. Lifshitz, Mekhanika sploshnykh
sred. (Mechanics of Continuous Media), Moscow, Fizmatgiz,
1954 [Engl. Transl. Pergamon Press, Oxford, 1959].

S1T, Utsumi and J. H. English, J. Appl. Phys. 46, 126 (1975).

82y, A. Koval’, D. I. Proskurovskii, V. F. Tregubov, and
E. B. Yankelevlch, Pis’ma Zh. Tekh. Fiz, 5, 603 (1979)
[Sov. Tekh. Fiz. Lett. 5, 246 (1979)].

83E, Hantzsche, Beitr. Plasma Phys. 17, 65 (1977).

“R. B. Baksht, S. P. Bugaev, E. A. Litvinov, and V. P.
Stas’ev, Teplofiz. vys. Temp. 14, 1145 [High Temp. (USSR)].

®R. B. Baksht, A, P. Kudinov, and E. A. Litvinov, Zh.
Tekh. Fiz, 43, 146 (1973) [Sov. Phys. Tech. Phys. 18, 94
(1973)].

%N. A. Ratakhin, Author’s Abstract of Candidate’s Disserta-
tion, Tomsk, 1980,

$TA. A. Plyutto, Zh., Eksp. Teor. Fiz. 39, 1589 (1960) [Sov.
Phys. JETP 12, 1106 (1961)].

€A, A. Plyutto, V. N. Ryzhkov, and A. T. Kapin, Zh. Eksp.
Teor. Fiz. 47 494 (1964) [Sov. Phys. JETP 20, 328 (1965)].

B, Ya. Mmzhes and V. A. Nemchinskii, Zh, Tekh. Fiz, 50,
78 (1980) [Sov. Phys. Tech. Phys. 25, 43 (1980)].

E. A. Litvinov, in: Moshchnye nanosekundnye impul’snye
istochniki uskorennykh élektronov (High-Power Nanosecond
Pulsed Sources of Accelerated Electrons), Novosibirsk,
Nauka, 1974, p. 23.

"E. A. Golant A. P. Zhilinskii, and S. A. Sakharov, Osnovy
fiziki plazmy (Fundamentals of Plasma Physics), Moscow,
Atomizdat, 1977.

2ya, B. Zel'dovich and Yu, P. Ralzer, Fizika udarnykh voln
i vysokotemperaturnykh gidrodinamicheskikh yavlenii“ (Phys-
ies of Shock Waves and High Temperature Hydrodynamic
Phenomena), Moscow, Nauka, 1966. [Engl. Transl. Academ-
ic Press, New York, 1966,1967].

"Exploding Wires, Proc. Conf. Exploding Wire Phenomena,
1959 and 1961, Plenum Press, translated from English, ed.
by A. A. Rukhadze, Moscow, IL, 1963. '

™1, N. Dobretsov and M. V. Gomoyunova, Emisslonnaya
élektronika (Emission Electronics), Moscow, Nauka, 1966.

5p, T, G. Flynn, Proc. Phys. Soc. (London) B69, 748
(1956).

G. A. Mesyats and D. L Proskurovsku, Izv. vuzov. Ser.
Fizika, No. 1, 81 (1968) [Sov. Physics Journall.

"E. D. Korop and A. A. Plyutto, Zh. Tekh. Fiz. 40, 2534
(1970); 41, 1055 (1970) [Sov. Phys. Tech. Phys. 15, 1986
(1971); 16, 830 (1871}].

g, A. Litvinov and G. A. Mesyats, Izv. vuzov. Ser. Fizika,
No. 8, 158 (1972) [Sov. Physjcs Journal].

A, V. Gurevich, L. V. Pariiskaya, and L. N. Pitaevskil,
Zh. Eksp. Teor. Fiz. 49, 647 (1965); 54, 891 (1968) [Sov.
Phys. JETP 22, 449 (1966); 27, 476 (1968)]

8G. p. Bazhenov 0. B. Ladyzhenskii, E. A. Litvinov, and
S. M. Chesnokov, Zh, Tekh. Fiz. 47, 2086 (1977) [Sov.
Phys. Tech. Phys. 22, 1212 (1977)].

8tyy, E. Krelndel’, Plazmennye istochniki élektronov (Plasma
Sources of Electrons), Moscow, Atomizdat, 1977.

158 Sov. Phys. Usp. 26(2), Feb. 1983

824, A. Plutto, K. V. Suladze, E. D. Korop, and V. N,
Ryshkov, in: Proc. V ISDEIV, Pozna.n 1972, p. 145.

83G. P, Bazhenov, O. B. Ladyzhenskii, S. M. Chesnokov,
and V. G. Shpak, Zh. Tekh, Fiz. 49, 117 (1979) [Sov. Phys.
Tech. Phys. 24, 67 (1979)].

¥D, L. Proskurovskii and V. F. Puchkarév, Zh. Tekh. Fiz,
49, 2611 (1979) [Sov. Phys. Tech. Phys. 24, 1474 (1979)].

858, M. Tsarév, Kontaktnaya raznost’ potentsialov (Contact
Potential Difference), Moscow, Gostekhizdat, 1955.

%3, 8, MacKeown, Phys. Rev. 34, 611 (1929).

8TN. N. Kalitkin and L. A. Kuz'mina, Tablitsy termodinam-
icheskikh funktsii veshchestva pri vysokof kontsentratsii en-
ergli (Tables of Thermodynamic Functions of Materials at
High Energy Concentrations), Preprint, Institute of Applied
Mechanics, USSR Academy of Sciences, Moscow, 1975,

8y, A. Alekseev, A. A. Andreev and V. Ya. Prokhorenko,
Usp. Fiz. Nauk 106, 393 (1972) [Sov. Phys. Uspekhi 15, 139
(1972)]. y .

1, M. Lifshitz and B. E. Meierovich, Dokl, Akad. Nauk SSSR
249, 847 (1979) [Sov. Phys. Doklady 24, 988 (1979)].

%G, p, Bazhenov, R. B. Vaksht, G. A. Mesyats, D. L. Pros-
kurovsku, andV, F, Puchkarev Teplofiz, Vys. Temp. 13,
184 (1975) [High Temp. (USSR)].

%G, A. Mesyats, D. . Proskourovsky, and V. F. Puchkarév,
in: Proc. VIII ISDEIV, Albuquerque, 1978, p. C4. 1-8;

D. I. Proskurovskii and V. F, Puchkareév, Zh. Tekh. Fiz,
50, 2120 (1980) [Sov. Phys. Tech. Phys. 25, 1235 (1980)].

925, Ya. Belomyttsev, S. P. Bugaev, E. A. Litvinov, and
G. A, Mesyats, in: Razrabotka i primenenie istochnikov
intensivaykh élektronnykh puchkov (Development and Applica-
tion of Sources of Intense Electron Beams), Novosibirsk,
Nauka, 1976, p. 76.

9V, F. Puchkarév, Author’s abstract of candidate’s disserta-
tion, Tomsk, 1980.

E, Hantzsche, in:
1977, p. 27. .

%G. A. Vorob’8vand V. A. Mukhachev, Proboi tonkikh di-
élektricheskikh plenok (Breakdown of Thin Dielectric Films),
Moscow, Soviet Radio, 1977.

%G, A. Mesyats, S. P. Bugaev, D. I. Proskurovskii, et al. ,
Radiotekhn. i élektron. 14, 2222 (1967) [Radio Engineering
and Electronic Physics]. Dokl. Akad. Nauk SSSR 186, 1067
(1969) [Sov. Phys. Doklady 14, 605 (1969)].

%G, M. Kassirov and G. A. Mesyats, Zh. Tekh Fiz. 34, 1476
(1964) [Sov. Phys. Tech. Phys. 9, 1141 (1965)]. G. M.
Kassirov and B, M. Koval’chuk, Zh. Tekh, Fiz. 34, 484
(1964) [Sov. Phys. Tech. Phys. 9, 377 (1964)].

%ya, Ya. Yurike, Author’s abstract of candidate’s dissertation,
Tomsk, 1974; Izv. vuzov. ser, Fizika, No. 11, 140 (1974)
[Sov. Physics Journal].

%5, P. Bugaev, V. I. Koshelev, and M. N. Timofeev, Izv.
vuzov. ser. Fizika, No. 2, 57 (1974); No. 2, 35 (1975) [Sov.
Physics Journal].

10R, B. Baksht, V. A. Kokshenév, and V. 1. Manylov, Zh.
Tekh. Fiz. 45, 1678 (1975) [Sov. Phys. Tech. Phys. 20,
1069 (1975)].

1R B. Baksht, N. A. Ratakhin, and M. 1. Timofeev, Pis’ma
Zh, Tekh, Fiz, 1, 922 (1975) [Sov. Tech. Phys. Lett. 1, 399
(1975)]. '

12G, A. Mesyats and V. L. Eshkenazi Izv. vuzov. ser. Fizika,
No. 2, 123 (1968) {Sov. Physics Journal].

103y, v, Tarasova and A. A. Razin, Zh. Tekh. Fiz. 29, 967
(1959) [Sov. Phys. Tech. Phys. 4, 879 (1960)].

18p [ Proskurovskii and Ya. Ya. Yurlke Izv. vuzov. Ser.
Fizika, No. 9, 93 (1971) [Sov. Physics Journall].

1R, B, Baksht, Izv. vuzov, Ser. Fizika, No. 2, 140 (1973)
[Sov. Physics Journal].

1%N, F. Olendzskaya and M. A. Sal'man, Zh. Tekh. Fiz. 40,
333 (1970) [Sov. Phys. Tech. Phys. 15, 242 (1970)].

1075 F, Shubin and Ya. Ya. Yurike, Izv. vuzov. Ser. Fizika,
No. 6, 134 (1975) [Sov. Physics Journal].

Proc. XIII ICPIG: Inv. paper, Berlin,

Litvinov et al. 168




1% p, Chalmers and B. D. Phukan, J. Phys. D12, 1285
(1979).

1%R. K. Parker, R. E. Anderson, and C. V. Duncan, J. Appl.
Phys. 45, 2463 (1974).

1107, Maitland and R. Hawley, Vacuum 18, 403 (1968).

g 1. Anisimov, Ya. A. Imas, G. S. Romanov, and Yu. V.
Khodyko, Deistvie izlucheniya bol 'shoi moshchnosti na metal-
ly (Action of High Power Radiation on Metals), Moscow,
Nauka, 1970. .

2R, B. Baksht, G. A. Mesyats, D. I. Proskurovskii,

V. P. Rotshtein, and A. F. Shubin, in: Razrabotka i pri-
menenie istochnikov intensivnykh élektronnykh Puchkov
(Development and Application of Sources of Intense Electron
Beams), Novosibirsk, Nauka, 1976, p. 141,

35, A. Chiles, J. Appl. Phys. 8, 622 (1937).

14K F. Zelenskil, 0. P. Pecherskii, and V. A. Tsukerman,
Zh. Tekh. Fiz. 38, 1581 (1968) [Sov. Phys. Tech. Phys. 13,
1284 (1969)].

115G, A. Mesyats, Zh. Tekh. Fiz. 44, 1521 (1974) [Sov. Phys.
Tech. Phys. 19, 948 (1975)].

8ya. Ya. Yurike, V. F. Puchkarév, and D. I. Proskurovskii,
lzv. vuzov. Ser. Fizika, No. 3, 12 (1973) {Sov. Phys.
Journal].

11y, Ya. Urike, in: Proc. V. ISDEIV, Poznan, 1972, p. 111,

18p, K. Davies and M. A. Biondi, in: Proc. VI ISDEIV,
Swansea, 1974, p. 45.

®p, K. Davies and M. A. Biondi, J. Appl. Phys. 48, 4229
(1977).

120p, Krajec and L. Ruby, J. Vac. Sci. and Technol. 4, 94
(1967).

1213, Brodie, J. Vac. Sci. and Technol. 3, 222 (1966).

12R_ N. Bloomer and B. M. Cox, Vacuum 18, 379 (1968).

18E, E. Martin, J. K. Trolan, and W. P. Dyke, J. Appl.
Phys. 31, 782 (1960).

4G, N. Fursei and G. K. Kartsev, Zh. Tekh. Fiz. 40, 310
(1970) [Sov. Phys. Tech. Phys, 15, 225 (1970)].

5B, Juttner, W. Rohrbeck, and H. Wolff, in: Proc. V
ISDEIV, Poznan, 1972, p. 65,
1261, Wolff, V. Juttner, and W. Rohrbeck, in: Proc. V

ISDE1V, Poznan, 1972, p. 165.

127p, G. Zheleznikov, Zh. Tekh. Fiz. 48, 1224 (1978) [Sov.
Phys. Tech. Phys. 23, 684 (1978)].

18R Hawley and C. A. Walley, Nature 190, 252 (1961).

18R, P. Little and S. T. Smith, in: Proc. II ISDIEV, Boston,
1966, p. 41,

130N, B. Rozanova, Izv. AN SSSR, Ser. Fiz. 26, 1438 (1962)
[Bull. USSR Acad. Sci., Phys. Ser].

1A, K. Chakrabarti and P. A. Chatterton, J. Appl. Phys. 47,
5320 (1976).

12p, A. Chatterton, M. M. Menon, and K. D. Srivastava, J.
Appl. Phys. 43, 4536 (1972).

133N, B. Rozanova and V. L. Granovskii, Zh. Tekh. Fiz. 26,
489 (1956) [Sov. Phys. Tech. Phys. 1, 471 (1957)].

1Mp, v, Poshekhonov and M. M. Pogorel’skii, Zh. Tekh. Fiz.
39, 1080 (1969) [Sov. Phys. Tech. Phys. 14, 811 (1969)].

%1, G. Kesaev, Katodnye protsessy élektricheskoi dugi
(Cathode Processes of an Electric Are), Moscow, Nauka,
1968.

138G, A. Lyubimov and V. I. Rakhovskii, Usp. Fiz. Nauk 125,
665 (1978). [Sov. Phys. Uspekhi 21, 693 (1978)].

13'G. Ecker, in: Eksperimental’nye issledovaniya plazmo-
tronov (Experimental Studies of Plasmatrons), Novosibirsk,
Nauka, 1977, p. 155.

138y, A. Nemchinskii, Zh. Tekh. Fiz. 49, 1373 (1979) [ Sov.

159 Sov. Phys, Usp. 26(2), Feb. 1983

Phys. Tech. Phys. 24, 764 (1979)].

131, Kh. Bek-Bulatov, M. Yu. Borukhov, and R. B. Naga{—
bekov, Zh. Tekh. Fiz. 43, 2211 (1973) [Sov. Phys. Tech.
Phys. 18, 1401 (1974)].

YO0 Hantzsche, Phys. Lett. 50A, 119 (1974).

Uiy, A. Rich, J. Appl. Phys. 32, 1023 (1961).

Wy E, II'inand S. V. Lebedev, Zh. Tekh. Fiz. 32, 986
(1962) [Sov. Phys. Tech. Phys. 7, 717 (1963)].

[ G. Nekrashevich and I. A. Bakuto, Inzh. Fiz. Zh. 11,

59 (1959) [J. Eng. Phys. (USSR)].

4y, Mitterauer, Acta Phys. Austr. 37, 175 (1973).

Uy, 1, Rakhovskii', author’s abstract of doctor’s dissertation,
Moscow, 1973; in: Proc. VII ISDEIV, Novosibirsk, 1976,

p. 38.

Usg, p, Bazhenov, G. A. Mesyats, and D. I. Proskurovskiiv,
in: Matematicheskie i teoreticheskie problemy v kontaknoi
tekhnike (Mathematical and Theoretical Problems in Contact
Technology), Alma-Ata, 1970.

W1y, E. Daalder, Thesis, Eindhoven University of Technology,
1978,

g, A, Litvidnov, G. A. Mesyats, and A, A, Starobinets, in:
Proe¢. VIII ISDEIV, Albuquerque, 1878, p. D3-1.

“Sc. W. Kimblin, J. Appl. Phys. 44, 3074 (1973).

1503, Achtert, B. Altrichter, B. Juttner, ef al., Beitr. Plas-
ma Phys. 17, 419 (1977).

51K, D. Froome, Proc. Phys. Soc. (London) 60, 424 (1948).

182D, B. Cummings, IEEE Trans. Comm. and Electr. 68, 514
(1963).

1537, M. Arsh, V. P. Andronov, and Yu. D. Khromoi, Pis’ma
Zh. Tekh., Fiz, 1, 86 (1975) [Sov. Phys. Tech. Phys. Lett.
1, 38 (1975)].

1541, Paulus, R. Holmes, and H. Edels, J. Phys. D5, 10
(1972). .

55D, I. Proskurovskii and V., F. Puchkarév, Zh, Tekh, Fiz,,
51, 2277 (1981) [Sov. Phys. Tech. Phys, 26, 1342 (1981)].

%M. J. Kofoid, Trans. AIEE, Part III, 79, 991 (1960); °
Electr. Eng. 80, 182 (1961).

57p, H. Gleichauf, J. Appl. Phys. 22, 766 (1951).

138A, Watson, J. Appl. Phys. 38, 2019 (1967).

155, P. Bugaev, A. M. Iskol’dskii, and G. A. Mesyats, Zh.
Tekh. Phys. 37, 1855 (1967) [ Sov. Phys. Tech, Phys. 12,
1358 (1968)].

1805, P, Bugaev and G. A. Mesyats, Zh. Tekh. Fiz. 37, 1861
(1967) [Sov. Phys. Tech. Phys. 12, 1363 (1968)].

1814, Boersch, H. Hamisch, and W. Ehrlich, Z. Angew. Phys,
15, 518 (1963).

1621, E. Thompson, I. Lin, K. Mikkelson, and M. Kristiansen,
in: Proc. II IEEE Intern. Pulse Power Conference, Lubbock,
Texas, 1979, p. 106,

183C, Tourreil and K. Srivastava, in: Proc. V ISDEIV, Poznan,
1972, p. 295,

1843, Gross and K. Srivastaba, in: Proc. V ISDEIV, Poznan,
1972, p. 307,

154, A. Avdienko and M. D. Malev, Zh. Tekh. Fiz. 47, 1703,
(1977) [Sov. Phys., Tech. Phys. 22, 986 (1977)].

18R, A. Anderson and J. P. Brainard, in: Proc. VIII ISDIEV,
Albuquerque, 1978, p. D4-1.

1873, Dushman and J. M. Lafferty, Scientific Foundations of
Vacuum Technique, 2nd ed. , Wiley, New York, 1962. [Russ.
Transl, , Mir, Moscow, 1964].

188g, p, Bugaev and G. A. Mesyats, Dokl. Akad. Nauk SSSR
196, 324 (1971) [Sov. Phys. Doklady 16, 41 (1971)].

Translated by Clark S. Robinson

Litvinov et a/. 159

e e



