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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 d i s c h a r g e  the ca thode  fune t ions  s i m u l t a n e o u s l y  
as  an e l e c t r o n  e m i t t e r  and a p o s i t i v e - i o n  c o l l e c t o r ,  
in which  connec t i on  the c u r r e n t  dens i t y  Jc a t t h e  ca thode  

s u r f a c e  is  m a d e  up of the e l e c t r o n  (Je} and ion (Ji) 
c o m p o n e n t s ,  so  tha t  we  can  w r i t e  

Jc=h+L, h/]e=% 

it = [4/0 + 4)1 ir ]e = [1/(I + 4)1 ]~. (1) 

The  d e n s i t y  of the hea t  f low to the ca thode ,  g e n e r a t e d  
by the ion  c u r r e n t  Ji  can  be  d e t e r m i n e d  in th is  c a s e  
f r o m  the  e x p r e s s i o n  

Fi = (i',/e) q~ = [4/J(l+ 4) el qi = (4]e/e) q i ,  (2) 

w h e r e  e i s  the  e l e c t r o n  c h a r g e ,  and qi is  the  e n e r g y  
t r a n s m i t t e d  to the ca thode  by an ind iv idua l  ion.  

The  ion goes  f r o m  the p l a s m a  to the r e g i o n  of the  
ca thode  po t en t i a l  d rop  wi th  an e n e r g y  2kT i,  w h e r e  T i 
is  the ion t e m p e r a t u r e  of the p l a s m a  at the bounda ry  
wi th  the  ca thode  r eg ion .  On p a s s a g e  of the  c a t h o d e -  
d rop  po ten t i a l  U c the ion r e c e i v e s  addi t iona l  e n e r g y  
eU c, r e c o m b i n i n g  as it a p p r o a c h e s  the  ca thode  to a 
d i s t a n c e  of 6 - 1 0  ~ ;  h o w e v e r ,  s ince  the  f o r m e d  exc i t ed  
a tom c o v e r s  the r e m a i n i n g  d i s t a n c e  in a t i m e  that  is  
e x p l i c i t l y  inadequa te  f o r  spon taneous  e m i s s i o n  (10 -12 
see ) ,  a c c o r d i n g  to [1], i t  r e a c h e s  the ca thode  in the  
exc i t ed  s t a t e  and i m p a r t s  the  exc i t a t i on  e n e r g y  e U e x  c 
to the  ca thode .  Thus  the ion r e a c h e s  the ca thode  wi th  

the e n e r g y  q, = eU c + 2kTi  + eUex  c = (1 + ~7 + v ) e U  c 
and i m p a r t s  to the  ca thode  only that  p o r t i o n  qi = q'  - q", 
w h e r e  q~ is  the  e n e r g y  wi th  which  the a tom l e a v e s  the 
ca thode  s u r f a c e .  In v iew of the  equa l i t y  b e t w e e n  the  
m a s s  of the  b o m b a r d i n g  a t o m  and the a tom of the  wa l l  
( d i s c h a r g e  in the v a p o r s  of the  ca thode  m a t e r i a l ) ,  a c -  
c o r d i n g  to L e v i n  [2] q" is i d e n t i c a l  to the  e n e r g y  of 
the e v a p o r a t i n g  a tom,  i . e . ,  we can  a s s u m e  that  q" -- 
= 2kT,  w h e r e  T is  the c a t h o d e - s u r f a c e  t e m p e r a t u r e .  

The  a c c o m m o d a t i o n  f a c t o r  ~ and the e n e r g y  qi t r a n s -  
m i t t e d  by the ion to the ca thode  can  be  e x p r e s s e d  by 
the equa t ions  

Ix = (q' - - ( ' ) / q '  = 1 - - 2 k T / ( l  + rl + v) eU c , (3) 

q~ = Ix ( l+  ~1 + ~ ) e U ~ .  (4) 

The  r e l a t i v e  c o e f f i c i e n t  v --- e U e x c / e U  c can  be  
e v a l u a t e d  on the  b a s i s  of the i o n - n e u t r a l i z a t i o n  m e c h -  
a n i s m  d e s c r i b e d  by Ol iphant  and Moon [3] ,  and sub -  
s equen t ly  acknowledged  by M o r g u l i s  [4] ,  Shekh te r  [5] ,  
G r a n o v s k i i  [1], M a s s e y ,  and B a r h o p  [6] .  On the  
b a s i s  of t he se  d e s c r i p t i o n s ,  the  ion a p p r o a c h i n g  the 
m e t a l  s u r f a c e  se t s  up a f i e ld  su f f i c i en t ly  s t r o n g  fo r  
the f i e ld  e m i s s i o n  f r o m  the m e t a l  of an e l e c t r o n ,  r e -  
c o m b i n a t i o n  with  which  l e a d s  to the  f o r m a t i o n  of an 
e x c i t e d  a tom;  the g r e a t e s t  e m i s s i o n  p r o b a b i l i t y  in 
th i s  c a s e  is  exh ib i t ed  by the  e l e c t r o n  w h o s e  e n e r g y  
l e v e l  in the  m e t a l  c o i n c i d e s  wi th  o r  is  v e r y  c l o s e  to 
one of the quantum l e v e l s  of a tom e x c i t a t i o n s ,  which  
c o r r e s p o n d s  to the equa t ion  

eo + ~ - - e  = e U  i - - e U e x c ,  (5) 

w h e r e  e 0, e, % and eU i a r e ,  r e s p e c t i v e l y ,  the e l e c -  
t ron  e n e r g y  at the  F e r m i  l e v e l ,  the  e n e r g y  of the 
e m i t t i n g  e l e c t r o n ,  the w o r k  func t ion ,  and the i o n i z a -  
t ion e n e r g y .  

If the a tom exh ib i t s  an e x c i t a t i o n  l e v e l  to which  an 
e l e c t r o n  with  e n e r g y  e = e 0 in the m e t a l  can p a s s  
under  i s o e n e r g y  cond i t ions ,  as  f o l l ows  f r o m  (5), in 
th is  c a s e  

v ~ ( e U ~ -  ~)/eUc = Vo. (6) 

H o w e v e r ,  in the r e m a i n i n g  r e c o m b i n a t i o n  c a s e s  in 
which  e ~ e 0, we have  the  cond i t ions :  v < v0 w h e r e  
e < ~0 and v > v0 w h e r e  e > %. N e u t r a l i z a t i o n  is  
c l e a r l y  p o s s i b l e  f o r  v --- v0 when  T --> 0, w h e r e a s  
n e u t r a l i z a t i o n  fo r  v > v0 is p o s s i b l e  only when  T > 0, 
when e l e c t r o n s  with an e n e r g y  e > ~0 a p p e a r  in the 
m e t a l .  

T a b l e  1 

Va lues  of Ue,  q0, Ui, and v0 f o r  V a r i o u s  M e t a l s  

metal Uc, V q~, eV Ui,V ~0 metal Uc, V q~,eV Ui,V "~0 

16.0 
15.3 
15.5 
10.0 
9.8 

14.4 

Ctl 
Ag 
Au 
Zn 
Cd 
AI 

4.0 
4.3 
4.4 
3.5 
3,7 
3.5 

7.72 
7.57 
9.22 
9.39 
8.99 
5,98 

0.234 
0.214 
0.312 
0,589 
0.541 
0.172 

an  
Mo 
W 
Fe 
Co 
Ni 

12.0 
16.0 
16.1 
15.1 
15,2 
15.0 

4.0 
4.3 
4.5 
4.5 
4.4 
4.8 

7.34 
7,10 
7,98 
7,87 
'7,86 
7.63 

0.278 
0.174 
0.216 
0,223 
0.228 
0.189 
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In T a b l e  1, t o g e t h e r  wi th  the q u a n t i t i e s  Uc,  go, and U i,  
t aken  f r o m  [7 ,8 ,  9], we p r e s e n t  the c o e f f i c i e n t  v 0 f o r  
s e v e r a l  m e t a l s ,  t h e s e  hav ing  been  c a l c u l a t e d  f r o m  the  

s a m e  data .  
As fo l lows  f r o m  [9], the  m e t a l  a t o m s ,  as  a r u l e ,  

have  e x c i t a t i o n  l e v e l s  at wh ich  ion  n e u t r a l i z a t i o n  a c -  
c o r d i n g  to cond i t ion  (5) is  p o s s i b l e  f o r  ; ~ v0; how-  
e v e r ,  the c o e f f i c i e n t  v0, as  we can  see  f r o m  T a b l e  1, 
fo r  m o s t  m e t a l s  exh ib i t s  v a l u e s  s u b s t a n t i a l l y  s m a l l e r  
than unity.  

The  r e l a t i v e  c o e f f i c i e n t s  77 = 2 k T i / e U  c account  f o r  
the e f f ec t  of the ion t e m p e r a t u r e  of the p l a s m a  ad ja -  
cen t  to the  ca thode  r e g i o n  on the  t h e r m o p h y s i c a l  c a th -  
ode p r o c e s s e s .  T h e r e  a r e  no da ta  w h a t s o e v e r  wi th  
r e g a r d  to the t e m p e r a t u r e  of p r e c i s e l y  th is  ca thode  
r eg ion ,  i . e . ,  at the  beg inn ing  of the  r e l a x a t i o n  zone ,  
and th i s  m a k e s  d i f f i cu l t  the  d e t e r m i n a t i o n  of an e x a c t  
e s t i m a t e  fo r  }7; h o w e v e r ,  a s s u m i n g  that  the  ion  t e m -  
p e r a t u r e  h e r e  does  not  e x c e e d  the  t e m p e r a t u r e  in the  
e x p e r i m e n t a l l y  m o r e  a c c e s s i b l e  s e c t i o n s  of the c h a n -  
n e l - s a i d  t e m p e r a t u r e ,  as  is  w e l l - k n o w n ,  r e a c h i n g  
v a l u e s  of 30 0 0 0 - 4 0  000 ~ K - - t h e  c o e f f i c i e n t  ~ can  be  
o p t i m a l l y  e v a l u a t e d  at 0 . 1 - 0 . 2 .  

The  e v a l u a t i o n  of ix fo l lows  f r o m  the e v a l u a t i o n s  of 
and 77, as  we l l  as  f r o m  the v a l u e s  of U c (Tab le  1). 

As fo l lows  f r o m  (3), f o r  any r e a l  c a t h o d e - s u r f a c e  
t e m p e r a t u r e s  a l l  the  way  to T ~ 1040 K, the a c c o m -  

m o d a t i o n  f a c t o r  r e m a i n s  v e r y  c l o s e  to uni ty ,  which  
c o r r e s p o n d s  to the  B a u e r  c o n c l u s i o n  [10] r e g a r d i n g  
the  va lue  Dl ~ 1 wi th  r e s p e c t  to heavy  ions .  

F r o m  (2) and (4) we f i na l l y  f ind that  

Fi = Ix (t + r I -t- v) Uc] ~ = 

- -  I~bl~ (1 § ~l -t- v)l(1-H ~b)] Uo]~ = 

= %b~ (1 -i- ~ + v) Uc]~, ( 7 )  

whence  it f o l l ows  that  in e x p r e s s i n g  F i in t e r m s  of 
Jc o r  Je,  the  e v a l u a t i o n  of the  c o e f f i c i e n t  r a s s u m e s  
p a r t i c u l a r  i m p o r t a n c e .  

The  e l e c t r o n  e m i s s i o n  f r o m  the ca thode  s u r f a c e  is  
a s s o c i a t e d  wi th  the coo l i ng  of the l a t t e r ;  the  s p e c i f i c  
p o w e r  of the e m i s s i o n  p r o c e s s  can  be d e t e r m i n e d ,  in 

th is  c a s e ,  f r o m  

F~ = ( l ie)  q~ = []r + ~) el q~ = (]/e~b) q~, (8) 

w h e r e  qe is the e n e r g y  l o s s  by the ca thode  p e r  one 
e m i t t e r  e l e c t r o n .  The  va lue  of th is  quant i ty  is a s t r o n g  
func t ion  of the  n a t u r e  of e l e c t r o n  e m i s s i o n .  

The  b a s i c  f a c t o r s  d e t e r m i n i n g  the d e n s i t y  of the 
e l e c t r o n - e m i s s i o n  c u r r e n t  Je a r e  the e l e c t r i c  f i e ld  E 
at the ca thode  s u r f a c e  and the  ca thode  t e m p e r a t u r e  T.  

The  r e l a t i o n s h i p  Je = f ( E , T )  is e x c e e d i n g l y  c o m p l e x  
and is  p r e s e n t l y  known in the  f o r m  of ind iv idua l  e x -  
p r e s s i o n s ,  each  of which  has  i ts  own a r e a  of app l i -  
c a b i l i t y  wi th in  the  r a n g e  of the l i m i t e d  v a l u e s  of E and 
T,  and n a m e l y :  

]~. (N.F.} = 

= (1,55.10 -~ E~/q)) exp [--6:85.107 {pal2 v(!t)/E] ' (9) 

]~, (R.D.) = 120 T 2 exp( - - {p /kT) ,  (10) 

]e, (R.D s.} = ]e. (~.D.) exp (4.39 EII=/T), (11 ) 

]~. {M.Q.}=]e, {R.D.S.) ;/sin ~, (12) 

]e, {M.o.} = ]e, (N.F.) x/sin d, (13) 

]~, {M.Q.} = 5.2 E[Tt(y)]~12x 

x exp [ - -  1.16.10 4 ep/T -t- 5 . 1 0 - 5  E ~ {3 (z)/T a], (14) 

]< (a.M.) = { 1.55.10 -6 E2/v ~ (y) cp -t- 241 T 2 [(I - -  a2) -1 - -  

_ _  i}:81 (~2 _ a,)-l]} exp [--6.85. l07 {pal2 v (y)/E], (15) 

w h e r e  y = 3.62 �9 10 -4 El/Z/g0; ~ = 1.64 �9 10 -z Ea /4 /T ;  z = 
= 2.8" 104t(y){pl/2 T / E ;  z = 2.94 �9 104 TZ/Ea/2;  a = 8.813" 

�9 l08 v (y){Oi /2T/E;  /7 = 1.852; e 1 = 0.1775; v(y),  t(y),  

and 8(z) a r e  t abu la t ed  func t ions  [11,12] .  The  quan t i t i e s  
Je, E,  and q~ in e a c h  of t h e s e  e x p r e s s i o n s  a r e  g iven ,  
r e s p e c t i v e l y ,  in the fo l lowing  uni t s :  A /cm2;  V / c m ;  

and eV. 
The w e l l - k n o w n  N o r d h e i m - F o w l e r  equa t ion  (9) and 

the R i c h a r d s o n - D a s h m a n  equa t ion  (10) p e r t a i n ,  r e s p e c -  
t i ve ly ,  to the  a u t o e l e c t r o n i c  and t h e r m o e l e c t r o n  e m i s -  
s ions  and a r e  va l i d  in d i r e c t l y  opposed  s i t ua t ions ;  the  

f o r m e r  is  va l id  when  E > 0 and T = 0; the  second  
equa t ion  is  va l id  when  T > 0 and E = 0. The  r e m a i n i n g  
equa t i ons ,  i . e . ,  (11)- (15) ,  p e r t a i n  to the cond i t ions  
of  s i m u l t a n e o u s  e f fec t  of E and T and d e s c r i b e  the 
t h e r m a l  a u t o e l e c t r o n i c  e m i s s i o n .  Among  t h e s e ,  Eq.  
(11) is  the R i c h a r d s o n - D u s h m a n - S c h o t t k y  equa t ion ;  
E q s .  (12), (13), and (14) a r e  the  Murphy  and Good 
equa t ions  [12, 13] (in w r i t i n g  the l a t t e r  t o g e t h e r  wi th  
the quan t i t i e s  4, z ,  and z we changed  f r o m  the  d i m e n -  
s i o n l e s s  e x p r e s s i o n s  of Je,  Co, kT ,  and E in the o r i g i n a l  
to the  d i m e n s i o n a l  v a l u e s  of t h e s e  quan t i t i e s  on the  
b a s i s  of the c o n v e r s i o n  f a c t o r s  c i t ed  in [12]: 2.37 �9 1014 
A / c m  z fo r  Je; 27.2 eV fo r  (P and kT;  5.15 �9 10 s V / c m  
fo r  E); and f ina l ly ,  Eq.  (15) is the  s i m p l i f i e d  v e r s i o n  
of the Guth and Mul l in  equa t ion  [14], d e r i v e d  by An- 
d r e e v  [15]. Equa t ions  (12) and (13) a r e  va l id  fo r  r e l a -  
t i v e l y  s m a l l  v a l u e s  of ~ and z [12], wh i l e  Eq.  (15) is  
va l id  f o r  0.2 -< a - 0.9 [15]. 

Al though we know of a t t e m p t s  in the l i t e r a t u r e  to 
t r e a t  ca thode  p r o c e s s e s  on the b a s i s  of Eqs .  (9) o r  
(10), as  c o r r e c t l y  po in ted  out by Rakhovsk i i ,  L e v -  
chenko,  and T e o d o r o v i c h  [16], t h e s e  a r e  b a s e d  on 
e x t r e m e l y  dubious  g r o u n d s ,  b e c a u s e  it is  h igh ly  un-  
l i k e l y  that  such  e x t r e m e  cond i t ions  as T = 0 w h e r e  
E > 0 o r  E = 0 w h e r e  T > 0 can  be s a t i s f i e d  in p o w e r -  
ful a r c  or  pu l s e  d i s c h a r g e s .  Th i s  s u g g e s t s  a need  fo r  
an a n a l y s i s  of ca thode  p r o c e s s e s  on the b a s i s  of t h e r -  
m a l  a u t o e l e c t r o n i c  e m i s s i o n s ,  which is p r e c i s e I y  wha t  
is  be ing  u n d e r t a k e n  h e r e .  Th i s  i s t h e  a p p r o a c h  t aken  
by B a u e r  [10], as  w e l l  as  by L e e  and G r e e n w o o d  [17]; 
and the f u r t h e r  d e v e l o p m e n t  of th is  a p p r o a c h  is  e x -  
t r e m e l y  p r o m i s i n g  fo r  the  u n d e r s t a n d i n g  of ca thode  
p r o c e s s e s .  

T h e r e  is  no e m i s s i o n  coo l i ng  of the  ca thode  in the  
c a s e  of a u t o e l e c t r o n i c  e m i s s i o n  (qe = 0), wh i l e  in the  
c a s e  of t h e r m o e l e c t r o n i e  e m i s s i o n  it r e a c h e s  a m a x i -  
m u m  and, a c c o r d i n g  to [1], i t  is  de f ined  by 
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q, = qo+ 2kT, (16) 

where T is the cathode t empera tu re .  With thermal  
autoelectronic  emiss ion- -when  the in tensi ty  of the 
tunnel e lec t ron  yield r ema ins  re la t ive ly  weak with a 
drop in the potential  b a r r i e r ,  which is possible  under  
h igh - t empera tu re  conditions and fields that are not too 
strong,  i . e . ,  under condit ions in which Eqs. (11) and 
(12) are appl icable-- the quantity ~0 in (16) can be r e -  
placed by the effective work function ~P* = ~0 - (eaE)I/2 
so that 

q~ = cp - -  (eaE) t:2 + 2kT .  (17) 

However, ff the in tensi ty  of the tunnel e lec t ron  yield 
becomes re la t ive ly  great  with a drop in the potent ial  
b a r r i e r ,  the express ion  for qe will be more  complex. 
Thus,  under  conditions in which Eq. (15) is applicable,  
according to [15], 

q~ = [(~ - -  a)/(1-- cz)] kT .  (18) 

Thus,  for high cathode t empera tu res  (T > 4000 ~ K), 
accompanying a powerful pulse d ischarge ,  we can 
l imi t  ourse lves  to the express ion  for the specific power 
of the emiss ion  p rocess  which follows f rom (8) and (17): 

Fe  ~ f p - -  (eaE) 1/2 + 2 k T  ]e = 
e 

= cr - -  (eaE) 1''2 + 2 k T  ]~ = ~p - -  (eaE) 1/2 + 2 l e T  
(1+ ~)e e ,  ]i. (19) 

One of the unavoidable consequences of pulse d is-  
charge is the in tensive  vapor izat ion of the cathode. This 
phenomenon is manifes ted  in the appearance of a s t rong 
cathode f lame and is an exper imenta l ly  undisputed 
fact. 

The intensive vapor izat ion of meta l  under  the action 
of a powerful light flux (a l a s e r  beam),  as demon-  
s t ra ted  in [18], sa t is f ies  the F renke l  mechan i sm [19] 
quite well.  The p re sen t  author adopted this mechan i sm 
[20, 21] in studying the thermophysica l  p rocesses  
occur r ing  at e lec t rodes ,  since the the rmal  effect of 
pulse discharge is competi t ive in t e r m s  of efficiency 
with a powerful l a se r  beam.  

The outstanding feature  of this paper  involves the 
cons idera t ion  of e lementa ry  cathode p roces se s  in the 
case of a pulse d ischarge  on the bas i s  of a thermal  
autoeleetronic emis s ion  in conjunct ion with the F renke l  
mechan i sm of vapor izat ion in the h igh - t empera tu re  
zone (4000-8000 ~ K). 

According to [19], the rate  of atomic vaporizat ion 
G n = dn/ds  dt is a function of the atomic bonding energy 

qn and of the t empera tu re  T of the vapor izat ion front;  
this is de te rmined  f rom 

G,~ -- G0 exp (--  q , j kT )  = Go exp (-- T , J T ) .  (20) 

The vapor izat ion of the cathode is accompanied by its 
cooling, and the specific power of this p rocess ,  as 
follows f rom (20), is given by 

F n = G~q,~ = Fo exp ( - - T m / T ) .  (21) 

Table 2 shows the values of qn and Go for severa l  
meta l s ,  and these values  have been calculated f rom 
the data in [22,23]. For  the values of Go in the table,  
the vaporizat ion f ront  penet ra tes  into the electrode at 
a speed 

v = Vo exp ( - -TIn~T) ,  (22) 

where v 0 is the speed of sound in the ma te r i a l  of the 
cathode. 

Assuming that the quanti t ies Fi ,  Fe ,  and F n are  
fundamental  to the development  of the continuing the r -  
mophysica l  p rocess  f rom the instant  at which the me l t -  
ing point t 1 is reached at the cathode surface,  on the 
bas i s  of [21,24], we can formulate  the one-d imens iona l  
problem re la t ing  to the movable vapor izat ion front:  

OT(x,  t) _ 

Ot , 

O~T (x, t) + = a + vo exp [--  T,n/T (0, t)] OT (x, t) 
Ox ~ Ox 

-~- CV -1Pmel t [1  + C~ I T ( 0 ,  t)  - -  Tmelt]} • 

• i~ (0, t) exp ( -  ~ x), (23) 

OT (O, t) 

Ox 
- -  (aCv)-i  (F i - -  F~ - -  F,~), 

OT(oo,  t) 0; (24) 
Ox 

T (x, 6) ~ To + (&l~) • 

X { (atl/~)i/2 exp (-- x~/4atx) - -  x erfc [x/2 (at1) 1/2] }, 

0 ~< x.~. oo; t 1 . ~ t ~ < t e v .  (25) 

The pene t ra t ion  of the vapor iza t ion  front into the 
electrode is respons ib le  for  the t r ans i t i on  of the pro-  
cess  into a steady reg ime with within a very  br ief  
t rans i t ion  t ime,  pa r t i cu la r ly  in the case of high pulse  
power [21]. Integrat ing (23) over the coordinate  in the 
semibounded region with boundary conditions (24), for 

Table 2 

Values of Limit  Vaporizat ion Rates and Atomic Bonding Energ ies  
for Various Metals 

Metal qn, eV G o, cm 2 �9 sec -1 Metal qn, eV Go, cm2 " sec-1 Metal qn, eV G o, cm z . sec "l 

Cu 3 .45  3 .08 - I02s  
Ag  2 .90  1 .48.1038 
Pb  2.02 5 . 3 5 . 1 0  z~ 
Zn 1 .16  2 .86.1028 

I / 

AI 2 .34  3 , 0 2 . 1 0  ~s Fe ] t 4 " 0 0  4 ,07 .1028 
Sn  3,31 9 .90.1027 Co 3 .62  4 ,35.1038 
Mo 6 . 8 0  2 .25.1028 Ni 3 .62  4 .50.1028 
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the steady reg ime  we obtain the equation 

Vo [noq~ + c v (T - -  To)] exp (-- T,JT) = 

= ~ (1 + ,q + v) U j z  - -  

- -  I[~ - -  (eZE) ~/z +2kT]/e} i~ + 

"~- ({Omelt [1 {- c t ( T - - T m e , t ) ] } / 5 } / 2  c , (26) 

which under these conditions expresses the law of the 
conservation of energy. Here Ji, Jr, Jc' and T are 
steady values for the current densities and the tem- 
perature at the vaporization front; no is the number 
of atoms per unit cathode volume and 6 is the recip- 
rocal of the mierolune depth. 

Equation (26) determines the thermophysical pro- 
cess at the cathode. This process must be in equili- 
brium with the thermal autoeleetronic emission. How- 
ever, the latter is determined, on the one hand, by 
the t empera tu re  which sa t i s f ies  Eq. (26), while on 
the other hand, it is de te rmined  by the e lec t r i c  field 
of the ambipolar  cu r r en t  at the cathode surface ,  and 
this can be expressed  f rom the McKeown equation [25]: 

E z = 7.57-10 ~ [(mjme)l/2X/~--]~] UU 2 . (27) 

Thus,  to calcula te  the condit ions of equ i l ib r ium for 
the thermophys ica l  and e l emen ta ry  p roces se s  at the 
cathode for the thermophys ica l  and e l emen ta ry  p ro -  
cesses  at the cathode, we mus t  s imul taneous ly  solve 
Eqs. (26) and (27), as well as the equation of the the r -  
mal  autoelectronie  emiss ion ,  for which it is best  to 

Fig.  1. De te rmina t ion  of equ i l ib r ium values of coef- 
f ic ient  r f rom in te r sec t ion  of curves  1) 1' ,  2) 2 ' ,  3) 

3' ,  4) 4 ' ,  5) 5 ~ (E, V/cm).  

take Eq. (12) in the h igh - t empera tu re  region.  Having 
expressed  the cu r r en t  Ji and Je in t e r m s  of Je on the 
bas i s  of (1), (7), and (]9), and turn ing  to numer i ca l  

data, we can r ep re sen t  this sys tem of equations in 
the case of copper when 5 - '  ~ 10 pm,  v ~ 0.234, 

Fig.  2. Equi l ib r ium densi tyof  cathode emiss ion  cu r ren t  
against  a background of cu r r en t  densi t ies  of the rmal  
autoelectronic  emi s s ion  (Jr, A/cm2, 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. 

~/ ~ 0.1, and~  ~ 1 in the following form:  

]e = t20 T '2 exp [(4.39 E I/~ ~1.16. 104)/T] X 

1.64.10 -2 E3/4/T 
• sin(1.64.10 -3 E3/~/T) ' (28) 

=3.10 -~ + 7.45.10 -1~ EV]e, (29) 

[1.44.10 -17 (1020 -q- T) ]2el ~ 4- 

+ [1.68' 10 -5 ]~ -}- 2.88.10 -17 (1020 + T )  ],l ~ -r 

q- [1.44.10 -17 (I020 q- T) ]~ - -  

- -  (14100 + T) exp (--40200/T) - -  

--1.68.10-5(1.88 �9 10 -1 q- 1.71.10 -~ E lls -~- 

+ 8.1 .I0-6 T)] = 0. (30) 

Here Jr '  E, and T are expressed  in A / c m  z, V/era,  and 
�9 K; Eq. (28) has been der ived f rom (12); Eq. (29) is 
der ived f rom (27); and Eq. (30) is der ived f rom (26). 

Curves 1, 2, 3, 4, and 5 (broken) in Fig.  ] have 
been calculated from (28) and (29); curves I ' ,  2', 3', 
4', and 5 v (continuous) have been calculated from (28) 
and (30); these calculations have been carried out for 
temperatures of 4000, 5000, 6000, 7000, and 8000 ~ 
respectively, the points of intersection for these curves 
determining those values of E and r 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 thermophys ica l  and e l emen ta ry  
p roces se s  at the cathode. 
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Figure  2 shows Je = f (E ,T) ,  this function c o r r e -  
sponding to the sys tem of emis s ion  equations (9)-(15) 

t0 e 

t01 

/O o 

/0 -z 

7 

~000 

7000 

6000 

5000 

- -  $ooo 

-~0 ~ -  2 4 5 8 lO z 2 4 8 E 
tO 3000 

Fig. 3. Equi l ib r ium values of main  cathode- 
p rocess  cha rac t e r i s t i c s :  1) Tni; 2) "Yne; 3) 

Yen; 4) r 5) T. (E, V/cm;  T, ~  . 

in the t empera tu re  in terva l  between 0 and 10 000 ~ K 
and fields of 106-10 ~ V/cm.  The same curve shows 
the equi l ibr ium densi ty of the emis s ion  c u r r e n t - - s a t -  
isfying Eqs. (28)-(30)--which, as we can see f rom 
the f igure,  i nc reases  very  weakly with a r i se  in t em-  
pe ra tu re ,  approaching the level  Je ~ 108 A/cm2, where-  
as the equi l ib r ium value of r with a r i se  in t e m p e r a -  
ture  within the same range drops sharply,  approaching 
a level  of 0.003 (Fig. ]). 

F igure  3 shows the yield fac tors  "Yni, Yne, and "/en, 
as @ and T as functions of the field E in the range 
10 e - ]  08 V/cm for equi l ibr ium cathode p roces ses .  
Here Tni = Gn/Gi  is the number  of vapor ized atoms 
per  single ion (G i = j i /e ) ;  Yne = Gn/Ge is the number  
of vaporized atoms per  s ingle emit ted e lec t ron  (G e = 

= Je/e); and, f inal ly,  Yen = Ge/Gn is the number  of 
emitted e lec t rons  per  single vapor ized atom (Yen = 
= "Yn~e ) . As we can see f rom the graph, in the region 
of weak fields and their  cor respondingly  high t empe ra -  
tu res ,  the coefficients "/hi >> 1, Yne ~ ] ,  ~/en ~ I ,  

~ 0.003. However, in the s t rong-f ie ld  region and 
the correspondingly  low t empera tu r e s  we have Yni < 1, 

Yne << ] '  Ten >> 1, and r ~ ].  
It follows f rom the calculat ions thatwe have ca r r i ed  

out that when the cathode p roces se s  are analyzed on 
the bas i s  of the F renke l  mechan i sm of vapor izat ion 
and the rmal  autoelectronic  emiss ion ,  equi l ib r ium is 
poss ib le  over the ent i re  range of fields and the co r -  
responding t empera tu re s ;  no conclusion can be drawn 
in connection with the se lect ion of any specific value 
for these quanti t ies f rom the actual equi l ib r ium con- 
dition. This can be achieved only f rom some additional 
condition such as, for example,  the l imi ta t ion  which 
should be imposed on the yield factors .  Thus, when 
Yni < 1, the occur rence  of d ischarge  in the vapors  of 

the cathode ma te r i a l  is imposs ib le  and, consequently,  
the value of Tn i < 1 in the case of a pulse d ischarge  
cannot be accepted. When 7hi = 1, the d ischarge  in 
the vapors of the cathode ma te r i a l  becomes  poss ib le ,  
but the format ion  of a powerful cathode f l ame- -as  
observed in the e x p e r i m e n t - - r e m a i n s  imposs ib le .  It is 
therefore  reasonable  to assume that under  condit ions 
of pulse discharge with a powerful cathode f lame we 
have ~/ni > 1 ,  or even possibly  Yni >> i .  

With high values  for Yni' e . g . ,  when Tni = 100 (E = 
= 8 �9 10 ~ V/cm,  T = 7100 ~ K), the coefficient Yen = 2.5. 
This means  that the neut ra l  generated by the cathode 
spot (with most  of this neu t ra l  par t ic ipa t ing  in the 
flame) may be ra the r  highly ionized, s ince under  these 
conditions we have 2.5 emit ted e lect rodes  per  s ingle 
vaporized atom; with the cathode drop in potential ,  
each of these emi t t e r  e lec t rons  exhibits energy fully 
adequate for ionizat ion.  However, this p rob lem should 
be studied separa te ly  and in g rea te r  detail .  The infor -  
mat ion der ived in this case on the value of any of the 
coefficients 7hi, Yne, and ~/en would make it poss ib le  
f rom the data of Fig.  1 to de f ine  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 exis tence as a cold emi t te r  in the case of a ra the r  
s t rong field, in the absence of cooling effects (F n ~ 0, 
F e ~ 0}, and with coefficients r ~ 1, 7ni << 1. At this 
stage (r ~ 1) a r a the r  s t rongion  heat flux F i reaches  
the cathode, and with the additional effect of the bulk 
heat source  pj2,  under  the influence of the ion heat 
flux there is a development of t empera tu re  in the s u r -  
face layer  of the cathode. However,  the development  
of the t empera tu re  changes the cathode spot f rom a 
reg ime  of a cold emi t te r  to one of hot emi t t e r ,  with 
the s imul taneous  "sl ippage" of the p rocess  into the 
region of weak fields and values  of r << I and Yni >> 1, 
at which the function of the cathode spot as a col lector  
of posi t ive ions is marked ly  diminished.  Under these 
condit ions,  the quanti t ies  F e and F n inc rease  in con-  
junct ion with the cor responding  r i s e  in the power of 
the bulk heat source pj2 c, whereas  F i d imin ishes ,  and 
this means  that F i now becomes inadequate to ensu re  
two such h igh-energy  p roces se s  as vapor izat ion and 
the rmal  autoelectronic  emis s ion  at the h igh - t empera -  
ture  level;  these p r oc e s se s  now take place under  the 
action of the bulk heat source.  

Thus the change in the cathode spot f rom a reg ime  
of a cold emi t t e r  to a reg ime  of a hot emi t t e r  is ac-  
companied by a pa ra l l e l  t r ans i t ion  of the p redominant  
efficiency in the thermophys ics  of the cathode f rom 
the surface  (ion) heat source  to the bulk heat source .  
However,  given the p redomina t ing  effect iveness of the 
la t te r ,  even dur ing the exis tence of the cathode spot, 
we find volume overheat ing-- the  predominance  of the 
volume t empera tu re  over the t empera tu re  of the front.  
This phenomenon may re su l t  in an explosive effect 
capable of ending the exis tence of the cathode spot and 
leading to its migra t ion  to another region of the cathode 
surface.  

Consequently,  among the var ious  other reasons  
usual ly  employed in in te rpre t ing  the migra t ion  of the 
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cathode spot, we should also give considerat ion to 
the reason offered here,  since it is based on a ra ther  
convincing physical  foundation. 
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