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The equilibrium conditions for cathode processes are investigated in
the high-temperature region by simultaneous consideration of evapora-
tion and the thermal autoelectronic emissions as the cooling effect
acting on the cathode surface.

In discharge the cathode functions simultaneously
as an electron emitter and a positive-~ion collector,
in which connection the current density j, atthe cathode
surface is made up of the electron (jg) and ion (j;)
components, so that we can write

fe=litie idie=1v
fe=0/A+ W ie J =01+, 1)

The density of the heat flow to the cathode, generated
by the ion current jj can be determined in this case
from the expression

Fi=(j/e) q: =1%j/(1+ ¥) el g, = (P ./e) g;, (2)

where e is the electron charge, and q; is the energy
transmitted to the cathode by an individual ion.

The ion goes from the plasma to the region of the
cathode potential drop with an energy 2kT;, where T;
is the ion temperature of the plasma at the boundary
with the cathode region. On passage of the cathode-
drop potential U, the ion receives additional energy
eUg, recombining as it approaches the cathode to a
distance of 6—10 A; however, since the formed excited
atom covers the remaining distance in a time that is
explicitly inadequate for spontaneous emission (10~ 2
sec), according to [1], it reaches the cathode in the
excited state and imparts the excitation energy eUgy,
to the cathode. Thus the ion reaches the cathode with
the energy q' = eUg + 2kT; + eUgxe = (L + 1+ v)eU,
and imparts to the cathode only thatportiong; = q' — q",
where g is the energy with which the atom leaves the
cathode surface. In view of the equality between the
mass of the bombarding atom and the atom of the wall
(discharge in the vapors of the cathode material), ac-
cording to Levin [2] q" is identical to the energy of
the evaporating atom, i.e., we can assume that q" =
= 2kT, where T is the cathode~surface temperature.

The accommodation factor p and the energy q; trans-
mitted by the ion to the cathode can be expressed by
the equations

= (¢ —q)Vg = 1—2ET/(1+n + ) eU,,
g=pl+n+vel,.

(3)
(4)

The relative coefficient y = eUgxe/eUe can be
evaluated on the basis of the ion-neutralization mech~
anism described by Oliphant and Moon [3], and sub-
sequently acknowledged by Morgulis [4], Shekhter [5],
Granovskii [1], Massey, and Barhop [6]. On the
basis of these descriptions, the ion approaching the
metal surface sets up a field sufficiently strong for
the field emission from the metal of an electron, re-
combination with which leads to the formation of an
excited atom; the greatest emission probability in
this case is exhibited by the electron whose energy
level in the metal coincides with or is very close to
one of the quantum levels of atom excitations, which
corresponds to the equation

g+ o—e=el;,—el,,, (5)
where g, €, ¢, and eUj are, respectively, the elec-
tron energy at the Fermi level, the energy of the
emitting electron, the work function, and the ioniza-
tion energy.

If the atom exhibits an excitation level to which an
electron with energy € = &, in the metal can pass
under isoenergy conditions, as follows from (5), in
this case

v=(elU;—q)lelU. =w,. (6)
However, in the remaining recombination cases in
which € # g, we have the conditions: y <y where
e < g and y > p; where & > g. Neutralization is
clearly possible for v = y, when T = 0, whereas
neutralization for y > v is possible only when T > 0,
when electrons with an energy € > g appear in the
metal.

Table 1

Values of U, @, U, and y, for Various Metals

metal Ug, V @, eV Ui, v Vo metal |Ues V| @,eV] UV Yo

Cu 16.0 4.0 7.72 0.234 Sn | 12.0] 4.0 7.34 0,278
Ag 15.3 4.3 7.57 0.214 Mo 1 16.0} 4.3 7.10 0,174
Au 15.5 4.4 9.22 0.312 W. [ 16.1 | 4.5 7.98 0.216
Zn 10.0 3.5 9.39 0.589 Fe |15.1] 4.5 7.87 0.223
Cd 9.8 3.7 8.99 0.541 Co | 15,2 4.4 '7.86 0.228
Al 14.4 3.5 5.98 0.172 Ni | 15,0 4.8 7.63 0.189
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In Table 1, together with the quantities U, ¢, and Uj,
taken from [7,8, 9], we present the coefficient v, for
several metals, these having been calculated from the
same data.

As follows from [9], the metal atoms, as a rule,
have excitation levels at which ion neutralization ac-
cording to condition (5) is possible for » = vg; how-
ever, the coefficient p,, as we can see from Table 1,
for most metals exhibits values substantially smaller
than unity.

The relative coefficients n = 2kTj/eU, account for
the effect of the ion temperature of the plasma adja-
cent to the cathode region on the thermophysical cath-
ode processes. There are no data whatsoever with
regard to the temperature of precisely this cathode
region, i.e., at the beginning of the relaxation zone,
and this makes difficult the determination of an exact
estimate for 7n; however, assuming that the ion tem-
perature here does not exceed the temperature in the
experimentally more accessible sections of the chan-
nel—said temperature, as is well-known, reaching
values of 30 000—-40 000° K—the coefficient 1 can be
optimally evaluated at 0.1-0.2,

The evaluation of u follows from the evaluations of
v and 7, as well as from the values of U, (Table 1).
Ag follows from (3), for any real cathode~surface
temperatures all the way to T = 10*° K, the accom-
modation factor remains very close to unity, which
corresponds to the Bauer conclusion [10] regarding
the value u & 1 with respect to heavy ions.

From (2) and (4) we finally find that

Fi=p(4+n+vUj =

=pu(l+n+v) U, (7)

whence it follows that in expressing F; in terms of
jo OF jg the evaluation of the coefficient ¥ assumes
particular importance.

The electron emission from the cathode surface is
associated with the cooling of the latter; the specific
power of the emission process can be determined, in
this case, from

Fe:(je/e) qe:[]c/(1+1p) e]qe=(ji/elp) ds» (8)

where ge is the energy loss by the cathode per one
emitter electron. The value of this quantity is a strong
function of the nature of electron emission.

The basic factors determining the density of the
electron~emission current j, are the electric field E
at the cathode surface and the cathode temperature T.
The relationship j, = f(E, T) is exceedingly complex
and is presently known in the form of individual ex-
pressions, each of which has its own area of appli-
cability within the range of the limited values of E and
T, and namely:

ie, (N.F.) =

= (1.55-10—% E¥p) exp [ —6.85- 107 ¢*2 v (y)/E], 9
I., ®.p.) = 120 T" exp(—q/kT), (10
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fo, D5y =12, m.p.) €3P (4.39 E'r), (11)
fo, g0y = lo, RD.5.) E/SINE, (12)
fe, 1.6 = I, (v.py #SIN%, (13)
je, (M.G.) = 5.2 E[Tt (y)]!/2x
x exp [—1.16-10% /T --5-10% E*8 (2)/T%}, (14)

i @y = {1.55-107° E¥/¢ (y) ¢ + 241 T*[(1—a®)~* —
— P, (B2 — a¥)~1)) exp [—6.85-107 ¢*2 v(y)YE]l,  (15)

where y = 3.62-10~4EY/2/¢, ¢ =1.64-1072 B34/, 5 =
=2.8-104t(y) /2 T/E; z = 2.94‘-104T2/E3/2; o =8.813 -

“10® v(y) @2 T/E; = 1.852; g, = 0.1775; v(y), t(y),

and 4(z) are tabulated functions [11,12]. The quantities
je: E, and @ in each of these expressions are given,
respectively, in the following units: A/em?; V/cm;

and eV,

The well~-known Nordheim-Fowler equation (9) and
the Richardson-Dashman equation (10) pertain, respec-
tively, to the autoelectronic and thermoelectron emis-
sions and are valid in directly opposed situations; the
former is valid when E > 0 and T = 0; the second
equation is valid when T > 0 and E = 0. The remaining
equations, i.e., (11)—(15), pertain to the conditions
of simultaneous effect of E and T and describe the
thermal autoelectronic emission. Among these, Eq.
(11) is the Richardson-Dushman-Schottky equation;
Eqgs. (12), (13), and (14) are the Murphy and Good
equations [12,13] (in writing the latter together with
the quantities &, W, and z we changed from the dimen-
sionless expressions of jg, ¢, kT, and E in the original
to the dimensional values of these quantities on the
basis of the conversion factors cited in [12]: 2.37 - 10
A/em? for jg; 27.2 eV for ¢ and kT; 5.15-10° V/em
for E); and finally, Eq. (15) is the simplified version
of the Guth and Mullin equation [14], derived by An-
dreev [15]. Equations (12) and (13) are valid for rela-
tively small values of & and w [12], while Eq. (15) is
valid for 0.2 = o = 0.9 [15].

Although we know of attempts in the literature to
treat cathode processes on the basis of Egs. (9) or
(10), as correctly pointed out by Rakhovskii, Lev-
chenko, and Teodorovich [16], these are based on
extremely dubious grounds, because it is highly un-
likely that such extreme conditions as T = 0 where
E > 0 or E = 0 where T > 0 can be satisfied in power-
ful arc or pulse discharges. This suggests a need for
an analysis of cathode processes on the basis of ther-
mal autoelectronic emissions, which is precisely what
is being undertaken here. This is the approach taken
by Bauer [10], as well as by Lee and Greenwood [17];
and the further development of this approach is ex-
tremely promising for the understanding of cathode
processes.

There is no emission cooling of the cathode in the
case of autoelectronic emission (qg = 0), while in the
case of thermoelectronic emission it reaches a maxi-
mum and, according to [1], it is defined by
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g, = ¢+ 2kT, (16)

where T is the cathode temperature. With thermal
autoelectronic emission—when the intensity of the
tunnel electron yield remains relatively weak with a
drop in the potential barrier, which is possible under
high-temperature conditions and fields that are not too
strong, i.e., under conditions in which Eqgs. (11) and
(12) are applicable—the quantity ¢ in (16) can be re-
placed by the effective work function ¢* = ¢ — (esE)i/2
so that

g, = ¢— (€%E)""® -+ 24T (17)
However, if the intensity of the tunnel electron yield
becomes relatively great with a drop in the potential
barrier, the expression for g, will be more complex.
Thus, under conditions in which Eq. (15) is applicable,
according to [15],

%= WP — a)/(1— )] £T. (18)

Thus, for high cathode temperatures (T > 4000° K),
accompanying a powerful pulse discharge, we can
limit ourselves to the expression for the specific power
of the emission process which follows from (8) and (17):
¢ — (€°E)'” +-2kT

Fez__e——_‘*jez

o —(@EYP 42T . ¢—(SPE) 2 2kT |
- (1_‘__11))6 Je= e Ii- (19)

One of the unavoidable consequences of pulse dis-
charge is the intensive vaporization of the cathode. This
phenomenon is manifested in the appearance of a strong
cathode flame and is an experimentally undisputed
fact.

The intensive vaporization of metal under the action
of a powerful light flux (a laser beam), as demon-
strated in [18], satisfies the Frenkel mechanism [19]
quite well. The present author adopted this mechanism
[20,21] in studying the thermophysical processes
occurring at electrodes, since the thermal effect of
pulse discharge is competitive in terms of efficiency
with a powerful laser beam.

The outstanding feature of this paper involves the
consideration of elementary cathode processes in the
case of a pulse discharge on the basis of a thermal
autoelectronic emission in conjunction with the Frenkel
mechanism of vaporization in the high-temperature
zone (4000—-8000° K).

According to [19], the rate of atomic vaporization
Gy = dn/dsdt is a function of the atomic bonding energy
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gy and of the temperature T of the vaporization front;
this is determined from

G, = Gy exp (— g, /kT) = Gy exp(— T,/T). (20)

The vaporization of the cathode is accompanied by its
cooling, and the specific power of this process, as
follows from (20), is given by

F,=G.q,= Fyexp(—T,/T). (21)

Tahle 2 shows the values of q, and Gy for several
metals, and these values have been calculated from
the data in [22,23]. For the values of G; in the table,
the vaporization front penetrates into the electrode at
a speed

= vy exp(—T,/7), (22)
where v, is the speed of sound in the material of the
cathode.

Assuming that the quantities F;, Fg, and F,, are
fundamental to the development of the continuing ther-
mophysical process from the instant at which the melt-
ing point tivis reached at the cathode surface, on the
basis of [21,24], we can formulate the one-dimensional
problem relating to the movable vaporization front:

T D) _
ot ,
2
=q —LT;;CT,Q‘+UOQXP[_—TWL/T(OI f)] _aTTgf’__t)__}_

+ CVI Pmetl 1+ aiT (0, £) — Tmelt]} X

X [0, 1) exp(—8x), (23)
T (0, 1) -

ool F,—F,—F,),

o (ac,y 1 (Fi—F, )
T (e, 1) —0; (24)

Ox
T(x, t)~To + (FiM) X
X [(aty/m)'? exp (— x¥/4at;) — xerfc [x/2 (aty) ?]},

0L 2 oo by <Lt hoye (25)

The penetration of the vaporization front into the
electrode is responsible for the transition of the pro-
cess into a steady regime with within a very brief
transition time, particularly in the case of high pulse
power [21]. Integrating (23) over the coordinate in the
semibounded region with boundary conditions (24), for

Table 2

Values of Limit Vaporization Rates and Atomic Bonding Energies
for Various Metals

Metal i Ap, eV |Gy, em® - sec™ | pegal | 9n- €V |Go.cm?-sec’' | pMetal | 9n, eV |G, cm? - sec”
Ca | 3.45 ] 3.08-10%8 Cd 1.14 1.16-1028 w 8.60 2.70.1028
Ag 12,90 1.48.1028 Al 2.34 3.02.1028 Fe 4.00 4.07-10%
Pb 1| 2.02 5.35-10% Sn 3.31 9.90.1027 Co 3.62 4.35.10%
Zn | 1.16 2.86.10%8 Mo 6.80 2.25.10%8 Ni 3.62 4.50.1028
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the steady regime we obtain the equation
Uy [11Gy, + ¢, (T —To)] exp (—T,/T) =
=p(l+n+vUyj, —
— llg —(€E)* +2&TVe) i, +
+ Uomen [T+ 0 (T —Tmae)} /8] ¢, (26)

which under these conditions expresses the law of the
conservation of energy. Here jj, je, igs and T are
steady values for the current densities and the tem-
perature at the vaporization front; n, is the number
of atoms per unit cathode volume and & is the recip-
rocal of the microlune depth.

Equation (26) determines the thermophysical pro-
cess at the cathode. This process must be in equili-
brium with the thermal autoelectronic emission. How-
ever, the latter is determined, on the one hand, by
the temperature which satisfies Eq. (26), while on
the other hand, it is determined by the electric field
of the ambipolar current at the cathode surface, and

this can be expressed from the McKeown equation [25]:

E? = 7.57-10° [(my/m,)"* % j, —j,] UY*. (27)

Thus, to calculate the conditions of equilibrium for
the thermophysical and elementary processes at the
cathode for the thermophysical and elementary pro-
cesses at the cathode, we must simultaneously solve
Egs. (26) and (27), as well as the equation of the ther-
mal autoelectronic emission, for which it is best to

YR T
400?\ ':\ / = E ‘ 1
\\<2<\:: [ |
200t ~<— j
M~ r {\\\ ~ !
S T 1
100 ~ - —
a80 |
260 |- R I N S
ga0k— ey
\(\5 ‘J v y
| YOy
v TN C
[ ;
0/0 ‘—‘"“—")r‘”y/ i ‘f Tj
008 T I g
Q06 / § S -
004 1— l‘ [ l‘ : f I\&
Z | } | \l/ }
q02 L] A
R sIEAN
a0 ' HEERY S
0&05 J/’ |1 M. \\
' T A TN
4006 — 7 Iz”/’ — \
Lo N
Q004 T
i sy [ [
0002 [ l L 1| ‘ I _
w2 4 6 8107 2 4 .6 8 £

Fig. 1. Determination of equilibrium values of coef-
ficient ¥ from intersection of curves 1) 17, 2) 2', 3)
31, 4) 4', 5) 5' (E, V/cm).

take Eq. (12) inthe high-temperature region. Having
expressed the current jj and j in terms of jg on the
basgis of (1), (7), and (19), and turning to numerical
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data, we can represent this system of equations in
the case of copper when 6~1 ~ 10 ym, » ~ 0.234,
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Fig. 2. Equilibrium density of cathode emission current

against a background of current densities of thermal

autoelectronic emission (jo, A/cm? E, V/cm): 1) 0° K;

2) 2000; 3) 3000; 4) 4000; 5) 5000; 6) 6000; 7) 7000; 8)
8000; 9) 9000; 10) 10 000.

n= 0.1, and 4 = 1 in the following form:

j, =120 T2 exp [(4.39 EY* —1.16. 109/T] X

1.64-10—2 E¥9T
sin (1.64-102 E%/T)

R (28)

P =3-10—% 4 7.45.1071° E¥/j,, ' (29)

[1.44-10-17(1020 -+ 7) 4 v* +
+[1.68-107% j, + 2.88- 10~ (1020 +T) j,1 ¥ +
A4 [1.44-1077 (1020 4+ T) 2 —
— (14100 4 T) exp (— 40200/T) —
—1.68-10~5(1.88-10~1 -+ 1.71-10-% E'2 1.
+8.1.10-6T)] = 0. (30)

Here jo, E, and T are expressed in A/cm?, V/em, and
°K; Eq. (28) has been derived from (12); Eq. (29) is
derived from (27); and Eq. (30) is derived from (26).

Curves 1, 2, 3, 4, and 5 (broken) in Fig. 1 have
been calculated from (28) and (29); curves 1', 2!, 3',
4', and 5' {(continuous) have been calculated from (28)
and (30); these calculations have been carried out for
temperatures of 4000, 5000, 6000, 7000, and 8000° K,
respectively, the points of intersection for these curves
determining those values of E and i for a given T which
simultaneously satisfy all three equations, i.e., (28),
(29), and (30); consequently, a curve constructed on
the basis of these points is a curve showing the equilib-
rium between the thermophysical and elementary
processes at the cathode.



256

Figure 2 shows j, = f{E, T), this function corre-
sponding to the system of emission equations (9)~(15)
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Fig. 3. Equilibrium values of main cathode~
process characteristics: 1) Yais 2) Ynes 3

Yens 4 ¥ 5 T. (E, V/em; T, °K) .

in the temperature interval between 0 and 10 000° K

and fields of 10°~10® V/em. The same curve shows

the equilibrium density of the emission current—sat-
isfying Eqgs. (28)—(30)—which, as we can see from

the figure, increases very weakly with a rise in tem-
perature, approaching the level jo = 10% A/em?, where-
as the equilibrium value of ¥ with a rise in tempera-
ture within the same range drops sharply, approaching
a level of 0.003 (Fig. 1).

Figure 3 shows the yield factors vy, Yne: and Yep»
as ¥ and T as functions of the field E in the range
10°-10% V/cm for equilibrium cathode processes.
Here vy,; = Gn/Gi is the number of vaporized atoms
per single ion (G; = jj/e); v, = G,/G, is the number
of vaporized atoms per single emitted electron (G, =
= jo/e); and, finally, v, = Ge/Gn is the number of
emitted electrons per single vaporized atom (yg, =
= yr'lé) . As we can see from the graph, in the region
of weak fields and their correspondingly high tempera-
tures, the coefficients v,; > 1, Ype ® 1, Yen ® 1,
¥ — 0,003, However, in the strong-field region and
the correspondingly low temperatures we have Vi < 1
Yne €15 Yop > 1, and y — 1.

It follows from the calculations thatwe have carried
out that when the cathode processes are analyzed on
the basis of the Frenkel mechanism of vaporization
and thermal autoelectronic emission, equilibrium is
possible over the entire range of fields and the cor-
responding temperatures; no conclusion can be drawn
in connection with the selection of any specific value
for these quantities from the actual equilibrium con-
dition. This can be achieved only from some additional
condition such as, for example, the limitation which
should be imposed on the yield factors. Thus, when
Yni < 1, the occurrence of discharge in the vapors of
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the cathode material is impossible and, consequently,
the value of vp; < 1 in the case of a pulse discharge
cannot be accepted. When v; =1, the discharge in
the vapors of the cathode material becomes possible,
but the formation of a powerful cathode flame—as
observed in the experiment—remains impossible. It is
therefore reasonable to assume that under conditions
of pulse discharge with a powerful cathode flame we
have v > 1, or even possibly v,; > 1.

With high values for v,;, e.g., when v,; = 100 (E =
=8-10% V/em, T = 7100° K), the coefficient vy = 2.5.
This means that the neutral generated by the cathode
spot (with most of this neutral participating in the
flame) may be rather highly ionized, since under these
conditions we have 2.5 emitted electrodes per single
vaporized atom; with the cathode drop in potential,
each of these emitter electrons exhibits energy fully
adequate for ionization. However, this problem should
be studied separately and in greater detail. The infor-
mation derived in this case on the value of any of the
coefficients ypi, Ypes and v,, would make it possible
from the data of Fig. 1 to define E and T uniquely.

The data of Fig. 1 quite adequately serve to explain,
in addition, the evolution of the cathode spot, It begins
its existence as a cold emitter in the case of a rather
strong field, in the absence of cooling effects (F,, = 0,
Fo = 0), and with coefficients ¥ ~ 1, yp; < 1. At this
stage (¢ ~ 1) a rather strongion heat flux F; reaches
the cathode, and with the additional effect of the bulk
heat source ,ojzc, under the influence of the ion heat
flux there is a development of temperature in the sur-
face layer of the cathode. However, the development
of the temperature changes the cathode spot from a
regime of a cold emitter to one of hot emitter, with
the simultaneous "slippage" of the process into the
region of weak fields and values of ¥ « 1 and Yai > 1
at which the function of the cathode spot as a collector
of positive ions is markedly diminished. Under these
conditions, the quantities Fg and F, increase in con-
junction with the corresponding rise in the power of
the bulk heat source pjzc, whereas F; diminishes, and
this means that Fi now becomes inadequate to ensure
two such high-energy processes as vaporization and
thermal autoelectronic emission at the high-tempera~
ture level; these processes now take place under the
action of the bulk heat source.

Thus the change in the cathode spot from a regime
of a cold emitter to a regime of a hot emitter is ac-
companied by a parallel transition of the predominant
efficiency in the thermophysics of the cathode from
the surface (ion) heat source to the bulk heat source.
However, given the predominating effectiveness of the
latter, even during the existence of the cathode spot,
we find volume overheating—the predominance of the
volume temperature over the temperature of the front.
This phenomenon may result in an explosive effect
capable of ending the existence of the cathode spot and
leading to its migration to another region of the cathode
surface.

Consequently, among the various other reasons
usually employed in interpreting the migration of the
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cathode spot, we should also give consideration to
the reason offered here, since it is based on a rather
convineing physical foundation,
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