
IEEE Transactions on Electrical Insulation, vol. 23 NO. 1 87 

FAST CATHODE PROCESSES IN 
CONDITIONING OF VACUUM ELECTRODES 

J . D .  C r o s s  

U n i v e r s i t y  o f  W a t e r l o o  
C a n a d a  

a n d  B .  M a z u r e k  

T e c h n i c a l  U n i v e r s i t y  o f  Wroc law 
Po 1 a n d  

ABSTRACT 

H i g h - s p e e d  s t r e a k  p h o t o g r a p h s  o f  vacuum b r e a k d o w n  show 
o s c i l l a t i o n s  i n  l i g h t  e m i s s i o n  a t  t h e  c a t h o d e .  E x p e r i m e n t a l  
r e s u l t s  a r e  p r e s e n t e d  t h a t  show t h e  c h a n g e  i n  f r e q u e n c y  o f  
t h a t  o s c i l l a t i o n  a s  c o n d i t i o n i n g  p r o g r e s s e s .  T h e  l i n k  
b e t w e e n  t h e  o s c i l l a t i o n s  a n d  c o n d i t i o n i n g  s u p p o r t s  t h e  h y p o -  
t h e s i s  t h a t  a d s o r b e d  g a s  r e m o v a l  i s  t h e  c a u s e  o f  c o n d i t i o n -  
i n g  i n  vacuum b r e a k d o w n .  

INTRODUCTION 

In  t h e  l a s t  yea r  a d d i t i o n a l  i n fo rma t ion  on t h e  p roc -  
e s s e s  involved i n  vacuum d i scha rges  has  been ob ta ined .  
I n v e s t i g a t i o n  made i n  a t e c h n i c a l  vacuum (10-2 t o  10-6 
Pa) have shown t h a t  t h e  d i scha rge ,  o f  cour se ,  beg ins  
on t h e  cathode b u t  t h i s  even t  i s  much more complicated 
than  t h e  d e s c r i p t i o n  o f f e r e d  i n  t h e  l i t e r a t u r e  [ 1 , 2 ] .  

I n  t h e  f i rs t  s t a g e  o f  t h e  d i scha rge  t h e  cathode even t  
has  a c y c l i c a l  n a t u r e  wi th  a r e p e t i t i o n  time o f  a few 
n s .  
b r idged  [3-71 and space r -b r idged  [8,9] vacuum gaps.  
The major methods used t o  observe t h e  cathode even t  i n -  
vo lve  e i t h e r  an o p t i c a l  system which r eco rds  l i g h t  
emission o r  an e l e c t r i c a l  method which measures va r ious  
e l e c t r i c a l  pa rame te r s .  As y e t ,  t h e r e  does n o t  e x i s t  
one u n i v e r s a l l y  accep ted  theo ry  e x p l a i n i n g  t h i s  e v e n t .  

Such p e r i o d i c i t y  i s  no ted  bo th  i n  t h e  c a s e  o f  un- 

A number o f  p o s s i b l e  exp lana t ions  have been proposed.  
The p u l s a t i v e  even t  has  been l i nked  t o :  
emission [SI; even t s  i n  cathode plasma and t h e  space  
charge gene ra t ed  from t h e  plasma [ l o ] ;  and t o  e v e n t s  
w i t h i n  t h e  s t r o n g  e l e c t r i c  f i e l d  i n  cathode contami- 
n a t i o n  l a y e r s  1 2 1 .  
p r e s e n t  new experimental  r e s u l t s  t h a t  can assist i n  
dec id ing  which o f  t h e  above exp lana t ions  i s  c o r r e c t .  

exp los ive  

I t  i s  t h e  purpose o f  t h i s  pape r  t o  

EXPERIMENTAL METHOD 

The f i r s t  s t a g e  o f  t h e  d i scha rge  development i n  
vacuum was observed us ing  an Imacon 600 high-speed 
camera and a s s o c i a t e d  image i n t e n s i f i e r .  
t i o n s  were made i n  t h e  c y l i n d r i c a l  s t a i n l e s s  s t e e l  
chamber wi th  two obse rva t ion  windows. The o i l - d i f f u -  
s i o n  pump system achieved a vacuum of  

The observa-  

P a .  

The b a s i c  e l e c t r o d e  system c o n s i s t e d  of  an aluminum 
p o i n t  and p l ane  e l e c t r o d e .  The p o i n t  r a d i u s  was 0.5 
nun, and gap spac ing  5 mm. The v o l t a g e  sou rce  was an 
impulse g e n e r a t o r  w i th  a s t anda rd  1/50 us wave shape.  

The t e s t i n g  procedure involved i n i t i a l l y  pumping t h e  
system f o r  a t  l e a s t  f o u r  hour s .  The obse rva t ions  were 
made du r ing  cond i t ion ing  d i scha rges .  

RESULTS 

A t y p i c a l  s t r e a k  photograph o f  t h e  f i r s t  s t a g e  o f  
breakdown development i n  vacuum i s  p resen ted  i n  F ig .  1. 
This  photograph d i s p l a y s  t h e  p u l s a t i v e  c h a r a c t e r  of t h e  
cathode l i g h t .  The frequency change du r ing  t h e  con- 
d i t i o n i n g  p rocess  is  shown i n  F ig .  2 .  

I t  can be s e e n  t h a t  t h e  h i g h e s t  p u l s e  f requency (with 
a r e p e t i t i o n  t ime o f  t 4  ns )  occurred du r ing  t h e  first 
d i scha rge .  With subsequent d i s c h a r g e s ,  t h e  f requency 
dropped and a f t e r  about 100 t e s t s  t h e  r e p e t i t i o n  t ime 
had inc reased  t o  5 ns .  In  o t h e r  words, cathode p u l s e  
f requency drops wi th  t h e  cond i t ion ing  of  t h e  e l e c -  
t r o d e s .  
probably i s  l i nked  t o  t h e  d e n s i t y  o f  adso rba te s  on t h e  
cathode s u r f a c e .  

This  r e s u l t  shows t h a t  t h e  p u l s e  f requency 

I t  must be no ted  t h a t  t h e  frequency o f  p u l s e s  is  i n -  
v e r s e l y  r e l a t e d  t o  t h e  breakdown v o l t a g e  du r ing  con- 
d i t i o n i n g .  

CONCLUS IONS 

The phenomenon o f  cond i t ion ing  i s  we l l  e s t a b l i s h e d .  
The breakdown o f  a vacuum gap occurs  a s  t h e  r e s u l t  o f  
me l t ing  and v a p o r i z a t i o n  under t h e  i n f l u e n c e  o f  
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F i g .  I: A streak photograph shouing osciZZating 
Zight enrission at  the cathode. 
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F i g .  2: Changes i n  the nwnber of cathode puZses N 
A e  vs the nwnber of conditioning discharges n. 

pulses were counted during a 120 ns time interva5. 

e l e c t r o n  bombardment. As t h e  energy f o r  me l t ing  and 
v a p o r i z a t i o n  depends upon t h e  product  o f  e l e c t r o n  cur-  
r e n t  and gap v o l t a g e ,  any mechanism t h a t  i n c r e a s e s  
e l e c t r o n  c u r r e n t  w i l l  a l l ow breakdown t o  occur  a t  a 
lower v o l t a g e .  

P a r t i c l e s  o r  mic ro -p ro t rus ions  on t h e  cathode s u r f a c e  
have been invoked as an exp lana t ion  o f  cond i t ion ing .  
I n i t i a l l y  they  enhance t h e  l o c a l  f i e l d  and a i d  f i e l d  
emission,  and hence lower t h e  breakdown v o l t a g e .  Re- 
pea ted  breakdowns a r e  assumed t o  remove them, l ead ing  
t o  an  i n c r e a s e d  breakdown v o l t a g e .  
d i t i o n i n g  is  l o s t  i f  t h e  e l e c t r o d e s  remain f i e l d - f r e e  
i n  vacuum f o r  some time i n d i c a t e s  t h a t  p a r t i c l e s  o r  
mic ro -p ro t rus ions  are n o t  t h e  cause o f  t h e  i n i t i a l  low 
breakdowns. I t  i s  n o t  l i k e l y  t h a t  such d e f e c t s  would 
r eappea r  when t h e  e l e c t r o d e s  are l e f t  f i e l d - f r e e .  

The f a c t  t h a t  con- 

A more l i k e l y  cause  o f  low breakdowns t h a t  could re- 
appear  i f  t h e  e l e c t r o d e s  are l e f t  f i e l d - f r e e  is  t h e  
bui ld-up o f  adso rba te s  on t h e  cathode s u r f a c e .  Ad- 
s o r b a t e s  would n o t  c o n t r i b u t e  t o  Fowler-Nordheim type  
f i e l d  emission b u t  can c o n t r i b u t e  t o  e l e c t r o n  c u r r e n t  
i n  o t h e r  ways. 
f i e l d  emission c u r r e n t  and t h e  adsorbed gas  l a y e r  l ead  
t o  a plasma i n  t h e  r eg ion  o f  t h e  cathode s u r f a c e .  The 

We sugges t  t h a t  t h e  i n t e r a c t i o n  o f  

plasma w i l l  act a s  a copious sou rce  o f  e l e c t r o n s  l ead -  
ing  t o  anode me l t ing .  

Adsorbed gas l a y e r s  on a cathode s u r f a c e  have been 
shown t o  lead t o  enhanced f i e l d  emission (EFE), [ 2 ] .  
This  ve ry  s t r o n g  emission o f  e l e c t r o n s  occurs  without  
t h e  need o f  sha rp  cathode p r o t r u s i o n s .  

The proposed mechanism of a s i n g l e  p u l s e  i s  as 
fo l lows .  When t h e  cathode f i e l d  r eaches  a c r i t i c a l  
va lue ,  EFE g i v e s  rise t o  a s t r o n g  emission o f  e l e c -  
t r o n s  from t h e  cathode.  The emission p rocess  and t h e  
f i e l d  desorb gas  molecules ,  forming a cloud c l o s e  t o  
t h e  emission s i te .  The v e l o c i t y  o f  t h e  gas  molecules  
i s  t o o  low f o r  any s i g n i f i c a n t  movement i n  t h e  times 
of i n t e r e s t  h e r e .  The r i s i n g  f i e l d  and i n c r e a s i n g  gas  
d e n s i t y  w i l l  r a p i d l y  produce cond i t ions  i n  which t h e  
emi t t ed  e l e c t r o n s  i o n i z e  enough o f  t h e  gas molecules 
t o  produce a v i s i b l e  plasma, F i g .  3a.  The i o n i z a t i o n  
mechanism i s  d i scussed  i n  [ 2 ] .  The c r e a t i o n  o f  t h e  
plasma causes  a l a r g e  i n c r e a s e  i n  t h e  emi t t ed  c u r r e n t  
because t h e  e l e c t r o n s  i n  t h e  plasma a r e  r a p i d l y  ex- 
t r a c t e d  by t h e  f i e l d ,  l eav ing  t h e  heavy, slow moving, 
i o n s  behind.  
t h e  cathode s u r f a c e  and i n c r e a s e  t h e  e l e c t r o n  emission,  
F i g .  3b. The p o s i t i v e  i o n  c loud ,  almost s t a t i o n a r y  i n  
p o s i t i o n ,  con t inues  t o  grow as t h e  i n c r e a s i n g  emi t t ed  
e l e c t r o n  c u r r e n t  p a s s e s  through t h e  desorbed gas  c loud.  
The p o s i t i v e  space charge i n c r e a s e s  t h e  f i e l d  between 
it and t h e  cathode b u t  reduces t h e  f i e l d  between it  
and t h e  anode. Even tua l ly  t h e  f i e l d  between t h e  space 
charge and t h e  anode r e v e r s e s  d i r e c t i o n  and t h e  emit- 
t e d  e l e c t r o n s ,  a f t e r  pas s ing  through t h e  plasma reg ion  
a r e  r e t a r d e d .  Even tua l ly  t h e  e l e c t r o n s  f a l l  back 
towards t h e  plasma. 
charge can grow no more and t h e  ions  c o l l a p s e  i n t o  t h e  
cathode under  t h e  a c t i o n  o f  t h e  i n t e n s e  f i e l d  d i r e c t e d  
towards t h e  cathode,  F ig .  3c.  The l i g h t  p u l s e  i s  
t e rmina ted  and cond i t ions  a r e  c o r r e c t  f o r  t h e  p rocess  
t o  r e p e a t .  An a n a l y t i c a l  t r ea tmen t  o f  t h i s  model is 
p resen ted  i n  [ l o ] .  

The p o s i t i v e  ions  enhance t h e  f i e l d  a t  

A t  t h a t  p o i n t  t h e  p o s i t i v e  space 

The o s c i l l a t i n g  l i g h t  emission i s  t h e  r e s u l t  o f  
p e r i o d i c  v a r i a t i o n  i n  t h e  plasma d e n s i t y .  
t h e  f requency o f  t h e  o s c i l l a t i o n ,  t h e  more e l e c t r o n  
c u r r e n t  is reach ing  t h e  anode, t h e r e f o r e  t h e  lower t h e  
breakdown v o l t a g e .  A s  t h e  adso rba te s  a r e  moved by re- 
pea ted  d i s c h a r g e s ,  t h e  o s c i l l a t i o n  frequency drops wi th  
an a s s o c i a t e d  r e d u c t i o n  i n  e l e c t r o n  c u r r e n t  and i n -  
crease i n  breakdown v o l t a g e .  

The h i g h e r  

The c o r r e l a t i o n  between dec rease  i n  f requency of 
l i g h t  e m i t t i n g  even t s  and t h e  i n c r e a s e  i n  breakdown 
v o l t a g e  i n d i c a t e s  t h a t  adsorbed gas removal i s  respon- 
s i b l e  f o r  cond i t ion ing .  
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F i g .  3: Mechanism of pulse formation. 
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