
L I M I T E D  C A T H O D E  P R O C E S S E S  U N D E R  C O N D I T I O N S  O F  

A P O W E R F U L  P U L S E  D I S C H A R G E  

A ,  G .  G o l o v e i k o  a n d  S .  P .  R z h e v s k a y a  UDC 537.50 

We examine the thermophysieal processes at the initial and final stages of a pulse through 
joint consideration of surface evaporation and thermal field emission as cooling effects and 
the effects of all heat sources acting on the cathode. 

In comparison with the anode, the role of the cathode in the development and maintenance of dis- 
charge is more significant. Functioning as a collector of positive ions, the cathode at the same time ap- 
pears as a powerful emitter of electrons, as a consequence of which we have a two-component current in 
the zone of the cathode potential drop (Jr = Je + Ji)" The space discharge of the latter, as demonstrated 
by Mackeown [i] excites an electric field at the cathode surface, i.e., 

E 2 = 7.57.105U~/2 [(4/%) - -  t] ]~, (1) 

where ~ and ~0 denote ji/Je and (m e/mi) I/2. 

In the initial stage of the pulse, when the cathode temperature remains quite low, the cathode spot un- 
der the action of the cited field may function only as a cold emitter. This means that the density of the 
electron component of the cathode current must be subject, in this case, to the Nordheim-Fowler equa- 
tion [2], i.e., 

]~ = (1.55.10-6E2/q~) exp [--  6.85.107 ~3/~v (g)/E[, (2) 

where  the d i m e n s i o n l e s s  funct ion v ( y ) ,  c o r r e c t  to 0.1%, m a y  be a p p r o x i m a t e d  - a s  a s s u m e d  by A n d r e e v  [3] 
-by the e x p r e s s i o n  

v (g) = 0.965 -- (1.05.10-TEtq02). (3) 

(The quantity Jr, Uc, E, and q0 in (1)-(3) must be expressed, respectively, A/cm 2, V, V/cm, and eV.) 

Equations (I) and (2) include the three quantities E, ~, and Je which are functions of the pulse :regime, 
or what is the same, the equations include E, r and Jr, where Jc = (i + ,~)je- Eliminating E from (1)-(3), 
we can derive a separate equation for the two remaining quantities: 

]c = A(1 + 4 ) / [ (4 /4~  1] {B + In [ (4 /4~  I] }2, (4) 

where  the cons t an t s  A = 5.80 �9 109~3/U~ / 2 and B = 0.157 + ( 7 . 2 / @ / 2 )  + In (Ute / ~/q~) have individual va lues  
fo r  the v a r i o u s  m e t a l s .  Data  on these  m e t a l s  a re  p r e s e n t e d  in Table 1, on the bas i s  of the e x p e r i m e n t a l  
e s t i m a t e s  of U c,  based  on the w o r k  Kesaev  [4]. 

The r e s u l t s  f r o m  the solut ion of (4) and (1) a r e  shown in Fig .  1, which i l l u s t r a t e s  the funct ional  r e l a -  
t ionship between E ,  r and Jc o v e r  a r a t h e r  b road  range of pulse  r e g i m e s .  As  we can see  f r o m  the f igure ,  
with a change in the density of the cathode spot the coefficient r changes within extremely broad limits. 
Since it determines the relative value of the ion current which transmits the thermal surface effect to the 
cathode, it is clear that these variations in the coefficient will be markedly reflected in the thermophysical 
process of the cathode at the initial stage of the pulse. 

The density of the ion heat flow transmitted to the cathode is determined [5] from the expression 

F, ~ (1 -t- n + '~) Uc ], = [4/( 1 q- 4)]~ (1 -b ~1 q- w) Uc/c (5) 
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T A B L E  1. V a l u e s  of the Cons tan t  A ,  B,  and ~0 fo r  C e r t a i n  M e t a l s  

Met als Cd Zn A1 Cu W 

A 
B 
~o 

9,32.101~ 
3,75 
2,25.10 -a 

7,75.101~ 
3,91 
2,92.10 -3 

6,32.101~ 
4,1t 
4,48.10 -3 

9,27. IO t~ 
3,76 
2,96.10 -s 

1,31.10 n 
3,44 
1 ,73 .10  -8 

w h e r e  the s u m  of the r e l a t i v e  c o e f f i c i e n t s  ~/ = 2 k T i / e U  c and v = U i / U  c a s s u m e s  a va lue  no l a r g e r  than 
0 .3 -0 .5 ,  whi le  the e x p r e s s i o n  g (1 + ~ + v) r a n g e s  wi th in  the l i m i t s  of 1.2 to 1.5 fo r  the v a r i o u s  m e t a l s .  

Wi th  a o n e - d i m e n s i o n a l  a p p r o x i m a t i o n  of the t h e r m o p h y s i c a l  p r o c e s s  fo r  a s e m i b o u n d e d  ca thode  
(0 --- x '  -< ~o) the t h e r m o p h y s i c a l  p r o b l e m  at  the i n i t i a l  s t a g e  of the p u l s e  can  be f o r m u l a t e d ,  a s  fo l lows  f r o m  
[6], in the fo l lowing  m a n n e r :  

OT (x', t) - - a  
at ax" 

X aT (0, t) 
Ox' 

O T ( ~ ,  t) = 0 ;  
Ox' 

02T (x', t) + bUi c " OT (x', t) + u] 2 
Ox ~ c 

- -  - [ , 1 0  + , ) ]  ~ (i + ~ + ~) u i ~ -  

T (x', O) = T o, 

(6) 

(7) 

in which we have taken into consideration all of the heat sources : the surface source, and the Lenz-Joule 

and Thomson volume sources. Here the quantities a = k/c V, u = p/c v, and b = ~r2k2k/e%L0 can be treated 

as constants, for which we can limit ourselves to their average values in the temperature range for the 

initial pulse stage (up to the cathode melting point Trap). 

Problem (6)-(7) can be presented in dimensionless form 

00 (~, "0 0~0 (~, "0 + B O0 (~, "0 
0~ 0~ ~ 0~ [-- 1, (8) 

oo (o, ~) oo (oo, ~) = o; o (~, o) = o, 
0~ ----- - -  q; 0~ (9) 

w h e r e  

=Auto'; T=Ad 2" q=Aq[r +,)]p,( l+~l+v)U e 

0 (~, T) = [T (x', t) - -  To]/(Trap-- To); A t = [u/a (Trap-- To) ] ,/2 

Aq = [a/~,2u (Trap-- r0) ] 1/2; B --- Ar (Trap-- To). 

The v a l u e s  of the ind iv idua l  c h a r a c t e r i s t i c s  A~,  AT, Aq ,  and B fo r  the m e t a l s  a r e  g iven  in [6]. He re  we wi l l  
po in t  out  only  that  f o r  the v a r i o u s  m e t a l s  A~ v a r i e s  f r o m  10 -7 to 10 -6 m / A ;  AT v a r i e s  f r o m  10 -18 to 10 -16 
m 4 / A  2 . s e c ;  A q  v a r i e s  f r o m  1 to 10 V - t ;  and ,  f i n a l l y ,  the d i m e n s i o n l e s s  c o e f f i c i e n t  B v a r i e s  f r o m  10 -2 to 
lO-t. 

Together with (8), it is a good idea to consider yet another two equations for the same boundary and 

initial conditions (9), i.e., 

oo (L "~) o~o (~, "0 4- 1, (lo) 
0"~ O~ ~ 

oo (~, ~) _ o~o (L  ~), (11) 
0"~ O~ 2 

in the f i r s t  of which  the T h o m s o n  h e a t  s o u r c e  has  been  e l i m i n a t e d ,  whi le  the T h o m s o n  and L e n z - J o u l e  h e a t  
s o u r c e s  have  been  e l i m i n a t e d  in the s e c o n d .  

P r o b l e m  (11), (9) d e t e r m i n e s  the t e m p e r a t u r e  f i e ld  which  a r i s e s  a t  the ca thode  u n d e r  the e x c l u s i v e  
a c t i o n  of the s u r f a c e  h e a t  s o u r c e .  The t e m p e r a t u r e  a t  the ca thode  s u r f a c e ,  a c c o r d i n g  to th is  p r o b l e m ,  i s  
d e t e r m i n e d  by the e q u a t i o n  

0 (0, "C) = 2q'~1121~ 112, (12) 
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Fig. i. Functional relationships be- 

tween E (V/cm), @, and Jc (A/ore2) 

for certain metals when the catbode 

is operating in the field-emission 
regime. 

from which we find the instant of time r~ at which we attain the 

melting point 0 (0, r' 0) = I: 

"% = r~/4q ~. (13) 

This  t ime can a s s u m e  va lues  of r'0 > 1 only when q << rr */~, 
which is poss ib le  oniy in the reg ion  of e x t r e m e l y  high c u r r e n t  
dens i t i e s ,  when Jc > 108 A / e r a 2 .  Ahead  of this r eg ion  we have 
r~ << 1. 

P r o b l e m  (10), (9) d e t e r m i n e s  the t e m p e r a t u r e  field at the 
ca thode ,  p roduced  as  a consequence  of the combined  ef fec t  of 
su r f ace  hea t  s o u r c e s  and the L e n z - J o u l e  vo lume hea t  s o u r c e s ,  
with the T h o m s o n  hea t  sou rce  e l imina ted .  The t e m p e r a t u r e  at 
the cathode s u r f a c e ,  a c c o r d i n g  to this p r o b l e m ,  is e x p r e s s e d  by 
the equat ion 

0 (0, *) = (2q'~I/2/a I/2) + "~. (14) 

If the process is considered at the instant r~ in (13), the dif- 

ference between the temperatures in (14) and (12) 

AO, (0, "%) = ~s (15) 

determines the additional development of the temperature gener- 

ated at the instant r~ by the Lenz-Joule heat source. In the 

region of those pulse regimes in which T~ << i, we have A01(0, 

%) << i. In this case, the additional rise in temperature is quite 
insignificant, which points up the ineffectiveness of the Lenz 

- J o u l e  hea t  s o u r c e .  Howeve r ,  in the reg ion  of high c u r r e n t  densiLies z~ > 1, which m e a n s  that A01(0, ~'~) 
Z 1. Under  these  condi t ions ,  the e f f ec t i venes s  of this hea t  sou rce  b e c o m e s  s ignif icant .  

Ins tead  of the ins tant  r~, fo r  the fol lowing we should isola te  the ins tan t  r 0 at  which the me l t ing  point  
0(0, r) - 1 at  the cathode su r f a c e  is a t ta ined  as  a r e su l t  of  the combined  ef fec t  of the su r f ace  and Lenz  
- J o u l e  hea t  s o u r c e s .  F r o m  (14) we find 

%== 1 -k (2q~/n){1 - -  [1 + (r,/q2)]'/2}. (16) 

With q > n l /2  Eq .  (16) changes  into (13), i .e . ,  -r i = r~. However ,  in the r eg ion  of high c u r r e n t  dens i t i e s ,  
when q < n l /2 ,  Eq .  (16) does  not co inc ide  with (13), i .e . ,  we have r 0 < r~. 

P r o b l e m  (8), (9) d e t e r m i n e s  the t e m p e r a t u r e  field at  the ca thode u n d e r  the combined  ac t ion  of all  
t h ree  hea t  s o u r c e s .  The t e m p e r a t u r e  at  the ca thode s u r f a c e ,  a c c o r d i n g  to this p r o b l e m ,  is d e t e r m i n e d  by 
the expression 

2q ~. ~- ~~ (--1)~(B/2)~"T " B~q? ~ ~ ( - -  1)~(B/2)2~': '~ Bq 
0(0, ' ~ ) - -  

A. Z. (17) 
i, ~-- n! (2n + 1) ] /~-  n! (2n -k I) (2n + 3) 2 

n=O n~0 

Since B << i, when r - 1 we can limit ourselves to the zeroth approximation 

0 (0, "~) = (2q*'/2/n 1/2) - -  (Bq'~/2) [t + (B'd/2/3)] q- "~. (18) 

The difference between the temperatures of (18) and (14) at the instant r0 determines the effect of 
the Thomson heat source 

AO 2 (0, %) = - -  (Bq'%/2) [1 q- (B-c~n/3n '/2) ] (19) 

on the surface temperature of the cathode, generated by the remaining heat sources. This is a negative 

effect; however, its significance is quite unimportant. Indeed, when q > ~r I/2, we have y O << i. It follows 

from (19) that A02(0, T0) < 0.22B, and since 13 << i, we have A02(0, %) << i. When q < 7r I~/2, we also have 

y o < i, which for B << i, as before, yields A02(0, TO) << i. All of this indicates the relatively weak effective- 
ness of the Thomson heat source, regardless of the pulse regime. 

Thus, in the initial stage of the pulse, in a region of current densities that are not too high, the ther- 

mophysical process at the cathode is determined exclusively by the surface heat source. However, with 
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F i g .  2. F u n c t i o n a l  c o r r e s p o n d e n c e  b e t w e e n  the q u a n t i t i e s  Je (A/cm2) ,  Ji (A/cm2) ,  r E ( V / e m ) ,  and T (~ 
in the h i g h - t e m p e r a t u r e  r e g i o n  fo r  a s t e a d y - s t a t e  r e g i m e  of  a ca thode  spo t  of c o p p e r  (a), t in  (b), and 
s i l v e r  (c): 1 , 2 , 3 )  v a l u e s  o f h  = 5, 10, and  20 pro.  

t r a n s i t i o n  to a r e g i o n  of high c u r r e n t  d e n s i t i e s ,  b e c a u s e  of the p r o n o u n c e d  d r o p  in the c o e f f i c i e n t  r c o n d i -  
t ions  a r i s e  a t  the ca thode  u n d e r  wh ich  the L e n z - J o u l e  h e a t  s o u r c e  m a y  a t t a i n  e q u i v a l e n t  e f f e c t i v e n e s s  - o r  
even  e x c e e d  the e f f e c t i v e n e s s  - that  i s  c o m p a r a b l e  to the s u r f a c e  h e a t  s o u r c e .  Th is  d e t a i l  is  an  ind iv idua l  
s p e c i f i c  f e a t u r e  of the ca thode  a l o n e ,  b e c a u s e  no such  p h e n o m e n o n  o c c u r s  a t  the anode  [6]. A s  r e g a r d s  the 
T h o m s o n  hea t  s o u r c e ,  the ca thode  does  not  p r o v i d e  cond i t i ons  wh ich  lend  t h e m s e l v e s  to i t s  e f f ec t ive  a p -  
De a r a n c  e .  

On the b a s i s  of r e c e n t  r e s e a r c h ,  e x t r e m e l y  high ca thode  c u r r e n t  d e n s i t i e s  on the o r d e r  of 107-108 
A / c m  2 a r e  c h a r a c t e r i s t i c  [7, 8] of p o w e r f u l  p u l s e  and a r c  d i s c h a r g e .  U n d e r  t hese  c o n d i t i o n s ,  a s  fo l lows  
f r o m  (16), the m e l t i n g  po in t  i s  r e a c h e d  wi th in  10-8-10 -~ s e e .  On c o n c l u s i o n  of th is  i n i t i a l  p h a s e ,  a f u r t h e r  
i n t e n s i v e  r i s e  in t e m p e r a t u r e  is  u n a v o i d a b l e ,  b e c a u s e  t h e r e  a r e  no p h y s i c a l  f a c t o r s  p r e v e n t i n g  th i s  d e -  
v e l o p m e n t  of the p r o c e s s .  It cannot  be p r e v e n t e d  by d i s c r e t e  m i g r a t i o n  of the ca thode  spo t ,  s i nce  i t s  r e -  
t en t ion  a t  a s i ng l e  spo t  wi l l  s u b s t a n t i a l l y  e x c e e d  the t ime  i n d i c a t e d .  

A f u r t h e r  r i s e  in t e m p e r a t u r e  i nvo lves  t h r e e  newly  g e n e r a t e d  s p e c i f i c  f e a t u r e s  of the p r o c e s s :  i n -  
t e n s i v e  s u r f a c e  e v a p o r a t i o n ;  the p e n e t r a t i o n  of the e v a p o r a t i o n  f ron t  into the dep th  of the c a t h o d e ;  and the 
change  f r o m  f i e ld  e m i s s i o n  to t h e r m a l  f i e ld  e m i s s i o n .  The p o w e r  l o s s  to e v a p o r a t i o n  and t h e r m a l  f i e ld  
e m i s s i o n  i n c r e a s e s  wi th  a r i s e  in t e m p e r a t u r e ,  which ,  in the f ina l  a n a l y s i s ,  l e a d s  to a ba l a nc e  be tween  these  
s o u r c e s  and the h e a t  s o u r c e s  a c t i v e  a t  the c a t h o d e .  In o t h e r  w o r d s ,  wi th  the p a s s a g e  of s o m e  p e r i o d  of i n -  
t e r v e n i n g  t i m e ,  the t h e r m o p h y s i e a l  p r o c e s s  changes  into a s t e a d y - s t a t e  r e g i m e .  

If we e l i m i n a t e  the T h o m s o n  h e a t  s o u r c e  f r o m  (6) and t r a n s f o r m  the l a t t e r  to a m o v a b l e  c o o r d i n a t e  
s y s t e m  x = x '  - v t  a s s o c i a t e d  wi th  the e v a p o r a t i o n  f ron t ,  we can  f o r m u l a t e  a p r o b l e m  which  y i e ld s  a fu l ly  
s a t i s f a c t o r y  o n e - d i m e n s i o n a l  a p p r o x i m a t i o n  of the ca thode  t h e r m o p h y s i c a l  p r o c e s s  which  h a s  gone o v e r  
in to  a s t e a d y - s t a t e  r e g i m e :  

d2T (x) v dT  (x) 
a - -  + + uj2 c exp ( - -  6x) = 0, (20) 

dx ~ dx 

dT  (0) -= (F~ - -  F e - -  F~)/acv; d r  (oo) = O, 
dx  dx  (21) 

r (o )  = r ;  T ( o o ) = r  0, 

w h e r e  F i is  the ion h e a t  f lux (5), whi le  F e and F n a r e  the p o w e r  l o s s e s  a s  a r e s u l t  of t h e r m a l  f i e ld  e m i s s i o n  
and e v a p o r a t i o n :  

Fe = (g~ - -  ea/2E 1/2 -t- 2kT)  ]Je; 

F n = Vrv; (22) 

v = v o exp ( - -  T,~/T) .  
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In (20) the q u a n t i t y  uj 2 r e p r e s e n t s  the p o w e r  of the v o l u m e  s o u r c e  a t  the e v a p o r a t i o n  f ron t ,  whi le  exp ( -hx )  
is  a func t ion  a p p r o x i m a t i n g  the p o w e r  d i s t r i b u t i o n  f r o m  this  s o u r c e  wi th  r e s p e c t  to the c o o r d i n a t e .  If we 
a s s u m e  tha t  u = Ump[1 + a (T  - Tmp)]  and 5 = h -1, w h e r e  h i s  the dep th  of the e x p e r i m e n t a l l y  obserw~d 
ca thode  m i c r o l u n e s ,  the a p p r o x i m a t i o n  of th is  hea t  s o u r c e  w(x) in the f o r m  

w(x) = ump[1 -k a (T - -Trap  }] ]2 exp ( - -  6x) (23) 

can  be r e g a r d e d  as  qui te  r e l i a b l e .  

In the h i g h - t e m p e r a t u r e  r e g i o n  the r a d i a t i o n  p o w e r  l o s s e s  F T ~ (yT 4 a t t a i n  v e r y  high v a l u e s ;  how-  
e v e r ,  they  n e v e r t h e l e s s  r e m a i n  s e v e r a l  o r d e r s  s m a l l e r  than the l o s s e s  due to e v a p o r a t i o n  and t h e r m a l  f i e ld  
e m i s s i o n .  S ince  F T << F n and F T << F e ,  the r a d i a t i o n  u n d e r  b o u n d a r y  cond i t i on  (21) is  e l i m i n a t e d  and not 
t r e a t e d  in the fo l l owing .  

The s o l u t i o n  of (20)-(21) i s  known [5], and we wi l l  p r e s e n t  i t  h e r e  in s o m e w h a t  a l t e r e d  f o r m :  

[ r v - k  c V (T  - -  To) ] v o exp ( - -  TIn~T) 

= [~p~ (1 + ~1 -k  v) U c - -  ((p - -  ea/2El/2 --[- kT) / e ]  ]e --k [(1 + ~)~ CvUp/6 ] [1 + a (T - -  Tp~] ]~, (24) 

w h e r e  the t h e r m a l  f i e l d - - e m i s s i o n  c u r r e n t  Je in the t e m p e r a t u r e  r e g i o n  u n d e r  c o n s i d e r a t i o n  is  s u b j e c t  to 
the M u r p h y - G o o d  equa t ion  [9, 10] 

]e = AT~  (~/sin ~) exp z, (25) 

in which  ~ = 1.64 "10 -2 E 3 / a / T ;  z = - ( 1 . 1 6  .104q? - 4.39E l / 2 ) / T ;  A = 120 A / c m  2 "deg 2, if  Je,  E ,  and ~ a r e ,  
r e s p e c t i v e l y ,  e x p r e s s e d  in A / c m  2, V / c m ,  and eV.  

E q u a t i o n  (24) e x p r e s s e s  the law of the c o n s e r v a t i o n  of e n e r g y  fo r  the s t e a d y - s t a t e  r e g i m e  that  i s  
a p p l i c a b l e  to the ca thode  in c o n j u n c t i o n  wi th  two o t h e r  equa t i ons  - E q s .  (1) and (25) - the f i r s t  of which  d e -  
t e r m i n e s  the e l e c t r i c  f i e ld  at  the ca thode  s u r f a c e ,  whi le  the s e c o n d  g i v e s  the t h e r m a l  f i e ld  e m i s s i o n .  The 
s y s t e m  of t h r e e  e q u a t i o n s  (1), (24), and (25) c o n t a i n s  fou r  q u a n t i t i e s  Je,  r  E ,  and  T which  a r e  func t ions  
of the d i s c h a r g e  r e g i m e .  When  r e l i a b l e  d a t a  a r e  a t  hand with  r e s p e c t  to any of t he se  q u a n t i t i e s ,  the t h r e e  
r e m a i n i n g  q u a n t i t i e s  c o r r e s p o n d i n g  to the f i r s t  c a n  be found f r o m  the so lu t i on  of  the i n d i c a t e d  s y s t e m .  
H o w e v e r ,  the m o s t  r e c e n t  i n f o r m a t i o n  on any  of t h e s e  q u a n t i t i e s  is  qu i te  i n a d e q u a t e ,  p a r t i c u l a r l y  fo r  a 
p o w e r f u l  p u l s e  d i s c h a r g e .  

U n d e r  t h e s e  c o n d i t i o n s ,  i t  is  a d v i s a b l e  to s p e c i f y  one of the q u a n t i t i e s  wi th in  r a t h e r  b r o a d  l i m i t s  and 
i n s t e a d  of a un ique ly  de f ined  s o l u t i o n  to d e r i v e  a s i n g l e - v a l u e d  func t iona l  c o r r e s p o n d e n c e .  F r o m  c o n s i d e r -  
a t i o n s  of c o n v e n i e n c e ,  in th is  p a p e r  we have  c h o s e n  - f o r  th is  p u r p o s e  - a t e m p e r a t u r e  whose  va lue  is  s p e c i -  
f i ed  wi th in  the l i m i t s  of a p p l i c a b i l i t y  f o r  (25); in th is  c a s e ,  the s y s t e m  of E q s .  (1), (24), and  (25), a s  a t r a n s -  
c e n d e n t a l  s y s t e m  and one tha t  i s  p a r t i c u l a r l y  c u m b e r s o m e  fo r  p r i m i t i v e  c a l c u l a t i o n s ,  ha s  been  s o l v e d  fo r  
a n u m b e r  of m e t a l s  on a c o m p u t e r .  

The d a t a  shown by the c u r v e s  c o r r e s p o n d  to a s t e a d y - s t a t e  r e g i m e ;  when th i s  s t a t e  i s  r e a c h e d ,  the 
e v a p o r a t i o n  i n t e n s i t y  r i s e s  to such  a h igh  l e v e l  that  d i s c h a r g e  in the ca thode  v a p o r s  not  only  b e c o m e s  p o s -  
s i b l e ,  but  u n a v o i d a b l e .  The f o r m a l  c o n d i t i o n  fo r  th i s  p r o c e s s  r e d u c e s  to the fac t  that  the y i e l d  f a c t o r  Yni 
= G n / G  i shou ld  not  be s m a l l e r  than un i t y ,  i . e . ,  

~ = (eGo/]~) exp ( - -  T , J T ) .  (26) 

A s s u m i n g  Tni = 1, f r o m  th is  cond i t i on  and the d a t a  in F ig .  2 we can  d e t e r m i n e  the r e q u i r e d  t e m p e r a -  
tu re  T 1, beg inn ing  f r o m  which  d i s c h a r g e  is  p o s s i b l e  in the ca thode  v a p o r s  when the ca thode  spo t  i s  in a s t e a d y  
s t a t e .  Wi th  h = 5, 10, and 20 pro ,  the t e m p e r a t u r e  T 1 f o r  A g  i s ,  r e s p e c t i v e l y ,  equa l  to 4600, 4300, and 4200~ 
i t  is  equa l  to 4800, 4600, and 4400~ fo r  Cu, and the c o r r e s p o n d i n g  f i g u r e s  fo r  Sn a r e  5900, 5500, and 
5200~ H o w e v e r ,  fo r  a p o w e r f u l  p u l s e  d i s c h a r g e ,  when the r e m o v a l  of  the v a p o r  p h a s e  f r o m  the caLhode 
zone is  p a r t i c u l a r l y  e x t e n s i v e ,  the cond i t i on  Yni = 1 i s  e x c e e d i n g l y  i nadequa t e .  U n d e r  s i m i l a r  c i r c u m -  
s t a n c e s  we shou ld  have  the c o n d i t i o n  Yni >> 1, which  r e q u i r e s  t e m p e r a t u r e s  T > T 1. H o w e v e r ,  we do not  
know the e x t e n t  to which  the t e m p e r a t u r e  r e g i o n  T > T 1 e x t e n d s ,  n o r  w h e t h e r  o r  not  i t  h a s  an  u p p e r  l i m i t .  

T h e r e  a r e  two p o s s i b l e  a p p r o a c h e s  to the s o l u t i o n  of the p r o b l e m  which  h a s  a r i s e n  h e r e .  F i r s t  of  
a l l ,  we can  a s s u m e  tha t  in the i o n i z a t i o n  s p a c e  above  the ca thode  spo t  t h e r e  a r e  c o n d i t i o n s  which  i m p o s e  
s o m e  u p p e r  bounds  on Yni and that  t h i s  in t u rn  wi l l  d e t e r m i n e  the u p p e r  l i m i t  of the t e m p e r a t u r e .  H o w e v e r ,  
it  m a y  a l s o  be a s s u m e d  tha t  in  the c a s e  of  a p o w e r f u l  p u l s e  d i s c h a r g e  the l i m i t  c ond i t i ons  wi l l  not  a p p e a r  
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in the ionizat ion space ,  but d i r e c t l y  on the cathode spot i t se l f .  This standpoint, ,  as  shown by compute r  da ta ,  
is  based  on more  sol id  phys i ca l  ground.  

A s  can be seen f rom F ig .  2, with a r i s e  in the t e m p e r a t u r e  to some l imi t  value T = T 2 ,  the quant i t ies  
r and E d imin i sh  to va lues  of ~ = ~b0 and E -~ 0, w he r e a s  the t he r m a l  f ield e m i s s i o n  c u r r e n t  Je r i s e s  without 
i n t e r rup t ion  to i ts  upper  l i m i t  and s imul t aneous ly  changes into a t h e r m o e l e c t r o n  c u r r e n t .  The l a t t e r ,  when 
T = T 2, mus t  b r e a k  off because  of the d i s ap pe a r a nc e  of the cathode potent ia l  drop (U e - 0), as  well  as  b e -  
cause  of the p o s s i b i l i t y  of the fo rma t ion  of a b a r r i e r  f ie ld ,  should the t e m p e r a t u r e  T 2 be exceeded  even 
s l igh t ly .  (The va lues  of T 2 in F ig .  2 c o r r e s p o n d  to the points  of i n t e r s e c t i on  for  the cu rves  of E on the 
t e m p e r a t u r e  sca le . )  

The abrupt  t e rmina t ion  of the c u r r e n t  when T = T 2 r e s u l t s  in the unavoidable explos ion  of the cathode 
spot  and i ts  ex i s t ence  as  an e l e c t r o n  e m i t t e r .  Such a final  explos ive  ef fec t  is  t he r m a l  in nature  and a s s o -  
c ia ted  with the volume superhea t ing  which is  begun during the life of the cathode spot (grad T(0) > 0X) and 
then in tens i f ies  as  the c u r r e n t  comes  to an end.  The phys i ca l  nature  of such an exp los ive  p r o c e s s  is covered  
in de ta i l  in [11]. 

The ex i s tence  of a powerful  pulse  d i scha rge  in the cathode vapors  is  thus poss ib l e  only for  a t e m -  
p e r a t u r e  range T 1 -< T --< T 2 bounded f rom below and f rom above.  The dens i ty  of the cathode c u r r e n t  in this 
range of t e m p e r a t u r e s  v a r i e s  for  the d i f fe ren t  me ta l s  (Fig. 2) between 107 and 108 A / c m  2, which does not 
con t r ad ic t  the e x p e r i m e n t .  At  these c u r r e n t  de ns i t i e s ,  the en t ry  of the cathode spot into a s t e a d y - s t a t e  
r e g i m e  occur s  v i r t u a l l y  ins tan taneous ly ,  while i ts t r ans i t ion  f rom one s teady s ta te  to another  is v i r t ua l ly  
cophasa l  with a change in c u r r e n t  dens i ty  [12, 13]. 

The l imi t ed  l i f e t ime  of the cathode spot is  now known as  an e xpe r i m e n t a l  fact .  The obse rved  upper  
l i m i t  r eg ime  which ends with the exp los ive  effect  expla ins  this  ins tab i l i ty  and thus d e t e r m i n e s  the locat ion 
of the pinch effect .  

The ro le  of the l a t t e r  in the zone of the cathode potent ia l  drop becomes  s igni f icant  only under  cond i -  
t ions in which the magnet ic  p r e s s u r e  Pm = ]~0# H2/2 exceeds  the g a s - k i n e t i c  p r e s s u r e  Pg = nkT, i . e . ,  when 
fl = ( P m / P g )  > 1. A s s u m i n g  that H = I / 2 w r ,  n = ( j e / e v  e) = j e ( 2 m e / e 3 U c )  1/2, and c a r r y i n g  out the c o r -  
responding  t r a n s f o r m a t i o n s ,  we find 

---- 4.2. l0 -~ ]~r2/T, (27) 

where  the c u r r e n t  dens i ty  Je = Jc - J i  -~ Jc, the ca thode-spo t  r ad ius  r ,  and its t e m p e r a t u r e  T mus t  be e x -  
p r e s s e d ,  r e s p e c t i v e l y ,  A / c m  2, p ro ,  and ~ Having bo r rowed  the data on the va lues  of T fo r  the copper  
cathode f rom Fig .  2a and the data  on Jc and r f rom the e x p e r i m e n t a l  work [7], we find that the condit ion 
fi > 1 is e n t i r e l y  pos s ib l e  for  a c u r r e n t  dens i ty  lower  than the l imi t .  This means  that the pinch effect  can 
i n c r e a s e  the c u r r e n t  dens i ty  to the l imi t  l eve l  and to br ing  the cathode spot to the point of t he rma l  exp lo -  
s ion.  

In the l ight  of these concep ts ,  the ins tab i l i ty  of the cathode spot is  t he rma l  in na tu re .  It begins i ts  
ex i s t ence  with f ie ld  e m i s s i o n ,  and ends i ts  l i fe with the rmal  f ie ld e m i s s i o n ,  evolving in the manner  of an 
E - -  ET - -  T e m i t t e r .  

m e ,  m i 

Jc '  Je, Ji 
Ui ,  U c 
~0, go 
k,  L 0 
Ti 
X, p, v0, c V, r v 

E , H  

~0 

N O T A T I O N  

a re  the m a s s e s  of the e l e c t r o n  and the ion; 
a r e  the dens i ty  of the cathode c u r r e n t s  and i ts  ion and e l e c t r o n  components ;  
a r e  the ioniza t ion  potent ia l  and the cathode poten t ia l  drop;  
is  the e l e c t r o n  ene rgy  at  the F e r m i  leve l  and its work  function; 
a r e  the Bol tzmann constant  and the Loren tz  number ;  
is  the ion t e m p e r a t u r e  of the p l a s m a  in the zone of the cathode potent ia l  drop;  
a r e ,  r e s p e c t i v e l y ,  the t he rma l  conduct iv i ty ,  the r e s i s t i v i t y ,  the speed of sound, the 
spec i f ic  hea t  capac i ty  at  constant  volume,  and the spec i f ic  volume heat  of vapor  f o r -  
mat ion  for  the cathode subs tance;  
a re  the in tens i t i e s  of the e l e c t r i c  and magnet ic  f ie lds ;  
is the magnet ic  constant  of the vacuum.  
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