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Computer  solution is presented for the axially symmet r i c  heating of a film cathode; 
the resul ts  are  used to examine the t race  of the cathode spot on the film, the proportion 
of evaporation energy in the energy balance, etc. The effects a re  considered for the size 
of the heat source in relation to the heat conditions in the cathode spot. 

Film cathodes are  effective in r e sea rch  on cathode phenomena in e lec t r ic  a r c s  [1]; the marks  left by 
the spot enable one to est imate  the cur ren t  density, the product of the ion accommodation coefficient ~ and 
the ionic fraction f of the current ,  etc. The values given [1] for f (about 0.05) for copper  films represent  a 
lower limit and cor respond only to one of the possible heating conditions, namely that where evaporation 
is absent. There  was in [1] no discussion of conditions accompanied by extensive metal  evaporation, which 
involves large amounts o ' f ene rgyabsorbedper  unit volume of molten metal.  In that case one obtains values 
of fmuch larger  than 0.05. In some experiments  with bulk cathodes [2,3], the erosion could be explained 
in t e rms  of such a small  ionic component of the current .  

A thin film cathode may become very  highly heated by a spot, and there may be vigorous evaporation 
of the metal; a given removal  of energy  by thermal  conduction may correspond to different values of energy 
dissipated at the surface and energy consumed in evaporation, i.e., the deposit of energy and fa do not de- 
fine unambiguously the width of the molten spot. We consider  here what heat fluxes and radii of the sources  
in the cathode spot on a copper  film are such as to give rise to rapid evaporation, and to what extent the 
deposited energy may exceed that removed by thermal  conduction, i.e., how far fa can exceed the value 

defined in [1]. 

Here we present  computer  results  on the growth of the t rack in a film cathode and the variat ion in the 
proportion of energy consumed in evaporation as the spot parameters  vary.  

The solution concerns  the heating of a thin film on an insulating substrate (Fig. 1), which takes into 
account evaporation of the metal,  motion of the molten front into the film, and the tempera ture  dependence 
of the thermophysical  parameters  of the metal. The heat source is uniformly distributed in an a rea  of 
radius R 0. The film thicknesses  were 1.2, 1.8 and 6 ~tm, which are  somewhat l a rger  than the thicknesses  
used in [1]; however, although evaporation was more important  for the thicker  films, the energy used up 
in evaporation was even la rger  for the thinner ones. 

The following is [4] the equation of thermal  conduction in cylindrical  coordinates for this case:  

/ O~T 1 OT 02T 1 ovo  = + + - L T  / " (1) 

This equation is to be solved subject to the following boundary conditions: 

the equation of flux balance at the surface of the metal  with 

0-~ r-~ Ro 

qB = - - ) ~  OToz z=~ + qeva(Tl~=')' (2) 
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Fig. 1. C a l c u l a t i o n  of film cathode heating. 

with  

with  

r >  R0 
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u z  

0 . ~ r <  oo 

OT 
O =  ~ - z  z=D ; 

the equa t ion  for  the  mo t ion  of e v a p o r a t i o n  f ron t  

(3) 

(4) 

d~ 
v -~ -  = r~ (TI~0. (5) 

Solut ion of (1)r(5) a l l o w s  one to  d e t e r m i n e  the t e m p e r a t u r e  d i s t r i b u t i o n  in  the  f i lm  a t  d i f f e r e n t  i n s t a n t s  
for  v a r i o u s  hea t  s o u r c e s .  

F i g u r e  2 shows  the change  in the  ca thode  spo t  for  f i lms  of c o p p e r  of t h i c k n e s s  1.2, 1.8, and  6 #m;  
the  m e l t e d  depth  i s  d e p e n d e n t  on r ,  which  i s  due to  the p r o p a g a t i o n  of hea t  a long  the r c o o r d i n a t e ,  which  
c a u s e s  the d i a m e t e r  of the  m o l t e n  s p o t  to  e x c e e d  tha t  of the  hea t  s o u r c e .  F o r  i n s t a n c e ,  wi th  a f lux of 
3 - 10 c a l / s e c - c m  2 t h e r e  was  a r a t i o  of m e l t e d  d i a m e t e r  to  s o u r c e  d i a m e t e r  of 1.35 a t  a t ime  of 1.22 �9 10 -6 
s ec ,  which  m e a n s  t h a t  a s u b s t a n t i a l  e r r o r  can  a r i s e  in d e t e r m i n i n g  the c u r r e n t  d e n s i t y  f r o m  the s i z e  of 
the  t r a c k  b e c a u s e  th i s  does  not  c o i n c i d e  with the  s i ze  of the  hea t  s o u r c e .  

E q u a t i o n s  (1)- (5) do not t ake  into  a c c o u n t  the  mot ion  of the  hea t  spo t  o v e r  the  s u r f a c e  of the  f i lm;  bu t  
the  r e s u l t s  for  a f ixed hea t  s o u r c e  can  be  used  fo r  an a p p r o x i m a t e  e v a l u a t i o n  of the  he a t i ng  cond i t i ons  in the 
mov ing  spo t .  We c o n s i d e r  a spo t  mov ing  with  v e l o c i t y  v a s  s p e n d i n g  a t i m e  2R0/v a t  a g iven  point ,  whi le  
the  h e a t i n g  of the  m e t a l  in  t i m e  t s c o r r e s p o n d s  to  the cond i t ion  in the  spo t  mov ing  with  a s p e e d  Vcalc equa l  

to  2R0/ t  s .  

T a b l e  1 g i v e s  the s u r f a c e  t e m p e r a t u r e s ,  e v a p o r a t i o n  f luxes ,  and Vcalc c o r r e s p o n d i n g  to  v a r i o u s  
c o n d i t i o n s .  

The  s p e e d  of the  ca thode  d e c r e a s e s  a s  the  f i l m  b e c o m e s  t h i c k e r  [1], and  i t  was  2 .4 -  103 c m / s e e  
fo r  a f i lm  0.66 ~ m  th ick .  The  Vcalc fo r  s o m e  h e a t i n g  cond i t ions  a r e  c l o s e  to  the  o b s e r v e d  ones  [1], whi le  
in o t h e r  c a s e s  the  f o r m e r  s u b s t a n t i a l l y  e x c e e d  the  l a t t e r ,  and c o r r e s p o n d i n g l y  the t i m e s  of a c t i o n  in the 
e x p e r i m e n t  m a y  have g r e a t l y  e x c e e d e d  the t s s t a t e d  in the  t a b l e ,  wh ich  m e a n s  tha t  a high p r o p o r t i o n  of 
e n e r g y  was  c o n s u m e d  in e v a p o r a t i o n  u n d e r  c e r t a i n  cond i t i ons ,  in which  c a s e  one needs  to  t ake  into  accoun t  
the  e v a p o r a t i o n  e n e r g y  in c a l c u l a t i n g  the  d e p o s i t i n g  e n e r g y  and f~ [1]. A l lowance  fo r  the  e v a p o r a t i o n  c a u s e s  
f~ to  i n c r e a s e  s u b s t a n t i a l l y  o v e r  the  v a l u e s  g iven  in [1]. 

The  fo l lowing  c o n c l u s i o n s  can be d r a w n  f r o m  the t a b u l a t e d  r e s u l t s .  The  hea t  f lux a t  which  e v a p o r a t i o n  
b e c o m e s  a p p r e c i a b l e  in the  e n e r g y  b a l a n c e  i s  dependen t  on the r a d i u s  of the  hea t  s o u r c e ;  i f  the  l a t t e r  is  
10 -4 c m  and  the  s p o t  s p e e d  i s  abou t  103 c m / s e c ,  e v a p o r a t i o n  b e c o m e s  s u b s t a n t i a l  only  fo r  hea t  f luxes  
g r e a t e r  than  3 �9 107 c a l / c m  2 . s e c .  

T A B L E  1. E v a p o r a t i o n  E n e r g y  a s  a Func t ion  of Cathode  Spot P a r '  
a m e t e r s  
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Fig. 2. Development of a melted zone in a copper  film 
cathode; q c a t / c m  2 . s e c ;  r a n d z ,  m: 1) q B = 3 . 1 0 6  , R 0 
R 0=10 -3 cm, t p = ( I 2 0 - 1 2 2 0 ) . 1 0  - g s e c ;  2)'q B = 3 . 1 0 7  R 0 
=10 -3 cm, t p = ( 1 3 - 7 3 ) . 1 0  -9 sec; 3) qB=3"107  R 0 =10-4 
cm, tp = (2-26). 10 -9 sec]. 

If the source radius is 10 -3 cm and the flux is 107 c a l / c m  2 �9 sec or more,  the evaporation rate is high 
even for vcalc la rger  than those actually observed by factors of 10-100; for instance, even within 100 nsec 
(a flux of 10 Y c a l / c m  2 �9 sec), 50% of the total energy flux is consumed in evaporation. The observed veloci-  
ties correspond to heating t imes la rger  by an o rder  of magnitude, which means that such spot pa ramete r s  
cause a large part  of the energy to be consumed in evaporation, while a smal le r  proportion is conducted in- 
wards,  and the result  for f~ under these conditions should be severa l  t imes la rger  than that deduced without 
allowance for evaporation. If the source radius is 0.01 cm, the evaporation will be rapid for fluxes of 3 �9 l0 G 
or  more  even with speeds much grea te r  than 2.4.103 c m / s e c .  Then values of f~ of 0.2 or  more  are  quite 
real is t ic  for a spot on a film cathode when there is vigorous evaporation. 

The following are  the effects of the heat source radius on the surface tempera ture  and evaporation 
rate;  if the heating t imes a re  such that the size of the heat source and the heating depth become comparable,  
the i so thermal  surfaces  are  ve ry  curved, and much of the heat supplied is removed in a radial direction.  
If R 0 is small ,  the heat loss sideways is large even when the surface tempera ture  has not reached values 
substantially important  for evaporation, so the tempera ture  at the center  of the source  and energy flux in 
evaporation for given qB are  less the less the radius of the heat source.  

These resul ts  show that cer tain operating conditions for the cathode spot mean that a given energy  
input to the depth of the metal  may correspond to a var ie ty  of heat sources  differing considerably in total 
deposited energy.  Then a single t rack  width may correspond to very  different values of deposited energy 
and f~. If the flux in the spots is equa I to or  less than 3 �9 10 G ca l / cm 2 . sec,  and if R 0 < 10 -3 cm, one can get neglect 
evaporation and assume the f calculated without allowance for the latter. If the heat flux is g rea te r  than or  equal to 
6.107 ca l / cm2,sec ,  evaporation introduces a large contribution to the energy balance and fa for a given 
width t rack  will vary  with the radius of the heat source (heat flux). The final decision on ~ may be made 
f rom measurements  of the mass  of metal  evaporated f rom the spot. 

N O T A T I O N  

T 

geva 

P 
D 

is the tempera ture ;  
is the thermal  diffusivity; 
is the thermal  conductivity; 
is the density of material ;  
is the energy  flux for evaporation; 
is the coordinate of evaporation; 
is the evaporation rate; 
is the flim thickness.  

1. 
2. 
3. 
4. 
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