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A model is d c v c l  oljetl which p l a c e s  a l l  o f  the t ~ u h l  i s l ~ o d  rsdi i l t  i o n  i lrtltlccri A i  s c h n r g e  
pulse r e s u l t s  i n t o  a u n i  P i  ed c o r i s e l ~ t u a l  f ratecwsrk. Only two phcnomi?na art: reclui r ed  
t o  i n t c r p r c t  a l l  spiacc. and l a b o r i ~ t o r y  r c ~ u l t s :  

a )  R a d i a t i o n  p roduces  1arj:e e l e c t r o s t a t i c  f i e l d s  i n s i d e  i n s u l a t o r s  v i a  t h e  
t r z p p i n g  of a n e t  space c h a r g e  d e n s i t v ,  and 

11) The e l e c t r o s t s t i c  f i e l d s  I n i t i a t e  disch;rr!!e s t r e a m e r  p lasmas  s i m i l a r  t o  
t h o s c  invt l s t igc i ted  i n  h i g h  v o l t a : : ~  e l e c t r i c a l  i n s u l a t i o n  m a t e r i a l s ;  t h e s e  
st reamer p lasmas  g e n e r a t e  t h e  plrl s i n g  phenomena which have been s c c n  by 
many workers .  

The a p p a r s n t  v a r i a b i l i t y  and d i v e r s i t y  o f  r e s u l t s  s e e n  t o  d a t e  i n  s p a c e  and l a b o r -  
a t o r y  cx ; ) e r imen t s  is an i n h e r e n t  f e a t u r e  o f  t h e  plasma s t r e a m e r  mechanism a c t i n g  i n  
t h e  e l e c t r i c  f i @ l d s  which were c r e a t e d  by i r r a d i a t i o n  of  t h e  d i e l e c t r i c s .  The 
i m p l i c a t i o n s  o f  t h e  model a r e  e x t e r r s i v e  and l e a d  t o  c o n $ t r a i n t s  o v e r  what can  be  done  
abou t  s p a c e c r a f t  p u l s i n g .  

INTRODUCTION 

At f i r s t  l o o k  o n e  is s t r u c k  by t h e  d i v e r s i t y  o f  p u l s i n g  r e s u L t s  r e p o r t e d  o n  
s p a c e c r a f t  and pround t e s t i n g  o f  i r r a d i a t e d  d i e l e c t r i c s .  A new v o c a b u l a r y  h a s  been 
dev-rloped i n  t h i s  community ( b l o w o f f ,  b u l k  p u l s i n a ,  punchthrough,  s u r f a c e  d i s c h a r g e ,  
b r u s h f i r e ,  h i - l a y e r ,  c h a r g e d - s u r f a c e ,  f l o a t i n g - c o n d u c t o r s ,  b reakdown-po ten t i a l )  
which may be  r e s p o n s i b l e  f o r  u n n e c e s s a r i l y  i n c r e a s i n g  t h e  d i v e r s i t y  o f  r e s u l t s .  
U n t i l  r e c e n t l y ,  e x p e r i m e n t e r s  were  h i n d e r e d  hy  t h e  f a c t s  t h a t  t h e  f i e l d  of  i n v e s t i g a -  
t i o n  was g t i l l  young and t h a t  a p p a r e n t l y  new o h s e r v a h l e s  k e p t  a p p e a r i n g .  nrle e x p e r i -  
menter  would o b s e r v e  f l a s h e s  o f  l i g h t ,  a n o t h e r  would see a  p o t e n t i a l  d r o p ,  a n o t h e r  
measured p u l s e s  o f  c u r r e n t ,  s t i l l  o t h e r s  obse rved  mi.crodamage a f t e r  t h e  i r r a d i a t i o n  
e m i s s i o n  of i o n s ,  e m i s s i o n  of  e n e r g e t i c  e l e c t r o n s ,  a r ea -cha rge  s c a l i n g ,  l a c k  o f  
p u l s i n g  unde r  c e r t a i n  s p e c t r a ,  c e s s a ~ i o n  of p u l s i n g  urider c o n t i n u e d  i r r a r l i a t i e n ,  
p u l s e s  o f  o p p o s i t e  s i g n ,  e t c , ,  e t c .  

F o r  t h e  p a s t  decade  I have  been  c o r r e l a t i n g  t h e  o c c u r r e n c e  o f  p u l s e s  w i t h  
r a d i a t i o n  g e n e r a t e d  e l e c t r i c  f i e l d s  i n  t h e  h u l k  o f  i r r a d i a t e d  i n s u l a t o r s .  E l e c t r i c a l  
i n s l ~ l a t i o n  breakdown and prehreakdown e v e n t s  a r e  u s l ~ a l l y  ( r e f  1 , 2 )  r e l a t e d  t o  a n  
a p p l i e d  e l e c t r i c  f i e l d  s t r e n g t h .  We f i n d  t h a t  i r r a d i a t e d  polymers  h e g i n  y u l s i n g  when 
t h e  e s t i m a t e d  r a d i a t i o n  induced c l e c t r l c  f i e l d  e x c e e d s  100 kV/cm ( r e f  3).  I n  t h e  
p r o c e s s  o f  r ev iewing  ( r e f  4 )  t h e  s p a c e c r a f t  c h a r g i n g  l i t e r a t u r e  I conc luded  t h a t  
whenever p u l s e s  were o b s e r v e d ,  t h e  i r r a d i a t i o n  had produced i n t e r n a l  s p a c e  c h a r g e  
d e n s i t i e s  l a r g e  enough t o  c r e a t e  f i c l d s  i n  e x c e s s  of  105 V/cm w i t h i n  t h e  d i e l e c t r i c .  
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Hc~enrchers i n  t h e  f i e l d  O f  c l ~ c t r i c n l  i n f i u l a t i a n  have  connistcnrly d i v i d e d  
tilt' i~llrnonionon nf  ht-rankrlown i n t n  two p a r t s :  Pt-ehrcnlcdown ntld 1%)-r;rFrlarvn ( f t11 l  permnncnt 
f n i  l r t r r ) .  So f a r  i t  ; ~ p p c n r s  t o  Ink1 that .  wc2 :;er nnl  y t h e  pi-elrrr~nl~down [,l~r~nomcrrn f n  o u r  
spncr. rnrl l , i t lnr i  5 l t t lnCinn.  T f  nrlo i r p p l i c ~ ;  an P L c c t r f c  f i r l d  i n  cJcc:;r; nf 1O5 V/cm 
c n  n  ~ ; n l  i d  d l o l o c t r i c ,  thun  rnndoiil ant1 vc'ry nma21 c r l r r c ~ i t  l1tr1 qcb:; arc o h s r r v o d  whlch 
art? c n l  l c d  prchrt+alrdown cvrbllr 5 .- Thcso p u l s e s  arc' n ~ s o c i  atcad r.11 t.11 f  l n ~ h t ' ~  o f  light 
nlld vclrv n11n1 1 d i  sc:hnrf:c st rcnmerfi whl c h  1 ;ist 011 tllo cir.dr*r or lI,i878r;t?i!i)11iif; or 1 csr;. 
Tlic I nst11 a t  or  dtjort not f a i  1 c*vcn d f  t c r  t h o  os2ursencc '  of Ghauerrn~la of prcbrcnlzdown 
p ~ l l s e a .  Strch pt~lnoz; t;omotimc?; t.hnrr}!ht to  ho dtlc f n 1-1tta f 71 1 I I ~ C  of very  smnl 1 
wcalr s p o t s  or ~ I I C  CIisc*I~arj:(~ of ~ n l c r o v o t r l ~  with111 tI1tl r io l ld .  7 am no t  awnrc o f  onca 
complcbc! r c * f ~ r c , n c e  t o  bltl!; phsnomcnon hu t  tlrctrc ilrc Itianv p;lpcrs d r n l l n p  w i t h  vnrtouti  
;ispcseta of i t  i n  bllv elcctr ic*;cl l  inwul nt t o n  I f tsrnbilrc*. R o f e r r n s c  2 ,  rile '11:151' 
Tr;z~lsnc t  i o n s  of1 K l  e c t r i . c n l  Tnsul a t  i o n ,  iind tlro nnt~rlnl pr-occc!dings o f  t h u  Cons erorlcc 
on F:lectrbr:;tl T t i~ ;u lnClon atrd 1 ) i e l e c t r b c  I~l~cnotrlcnt~ (71!1519 s p o n s o r e d )  arc good ~ t a r b l n #  
p o i n t s .  P r e b r c a l t d o w ~ ~  phcnotnc!na is  a  r a p i d l y  $!.!row1 nf: r euonreh  f 1 c l d  whl ell c*ot~enfns, 
i n  my o p i n i o n ,  sonic s x c i r i n g  s o l i d  s t n t c  p h y s i c s  prohls~na.  

I n  t h i s  p a p e r  we s l ~ o w  how a l l  t h e  s p a c e c r a f t  c h a r g i n g  r e s u l t s ,  b o t h  ground and 
s p a c e  r e s u l t s ,  can  he e x p l a i n e d  hy t h e  mechanism of  e l e c t r i c  f ie1.d g e n e r a t e d  prc-  
breakdown s t r e a m e r  channe l  for tna t ion .  l'hc e lec t r ic  f i e l d s  are duc  t o  e i t h e r  a p p l i e d  
v o l t a g e s  i n  d i e l b c t r i c s ,  o r  t o  r a d i a t i o n  g e n e r a t e d  s p a c e  c h a r g e  e l e c t r i c  f i e l d s ,  o r  
t o  a  combina t ion  of  t h e  two. The s t r e a m e r  f o r m a t i o n  is a  qrlantum mechanf.ca1 many- 
body p r o c e s s  which is o n l y  r e c e n t l y  b e i n g  a t t a c k e d  w i t h  a p p r o p r i a t e  t o o l s ;  i t s  
e x i s t e n c e  i s  ohse rved  b u t  n o t  unders tood.  '2hese p r o c e s s e s  " e x p l a i n "  a l l  s p a c e c r a f t  
e f f e c t s  i n c l u d i n g :  a r e a  s c a l i n g ,  p u l s e  ht?ip.ht, p u l s e  w i d t h ,  p u l s i n g  f r e q u e n c y ,  
r a d i a t i o n  spec t rum dependencies, microwave e m i s s i o n ,  s t i r f a c e  d i s c h a r g i n g ,  hu lk  
p u l s e  c h a r a c t e r i s t i c s ,  f i b r o u s  m a t e r i a l  d i s c h a r g i n g ,  c o r r e l a t i o n s  ( o r  l a c k  o f )  
w i t h  s u r f a c e  p o t e n t i a l ,  l i g h t  f l a s h e s ,  e d ~ e  e f f e c t s ,  e ~ t l i s s i o r ~  of  i o n s  and e l e c t r o n s ,  
e t c .  

RADIATION GENERATED E F I E L D S  

E s t i m a t e s  o f  r a d i a t i o n  g e n e r a t e d  e l e c t r i c  f i e l d s  i n  d i e l e c t r i c s  are a v a i l a b l e  
( r e f  3 ,543)  but  o t t ly  a fetf good measurements  have been made. The measurements  a r e  
d i f f i c u l t  and a c t u a l l y  measure  c h a r g e  d e n s i t v  ( r e f  9 , l n )  n o t  e l e c t r i c  f i e l d .  The 
e l e c t r i c  f i e l d s  are o b t a i n e d  from t h e  c h a r g e  d e n s i t y  by u s e  o f  P o i s s o n ' s  e q u a t i o n .  
One e x c e l l e n t  r ev iew ( r e f  11)  is a v a i l a b l e  which s u r v e y s  most of' t h e  e x i s t i n g  
c h a r g e  d e n s i t y  work and is a  good I n t r o d u c t i o n  t o  t h e  l i t e r a t u r e .  The l i t e r a t u r e  
on t h i s  t o p i c  is e x t e n s i v e  bur  d o e s  n o t  answer  t h e  c r i t i c a l  e n g i n e e r i n g  q u e s t i o n  
"Civen a p a r t i c u l a r  d i e l e c t r i c  d e v i c e  unde r  v a r i o u s  hroad  r a d i a t i o n  s p e c t r a  what 
e l e c t r i c  f i e l d s  are g e n e r a t e d ? "  Most of  t h e  c a s e s  t h a t  have  been  d i s c t ~ s s e ?  i n v o l v e  
monocnc rge t i c  c l  e c t r o n  heoms and s h o r t  t o t a l  i r r a d i a t i o n  times (< lo8  r a d s  t o t a l  
d o ~ c ) .  A few c a s e s  a d d r e s s  t i le  q u e s t i o n  o f  hroad  s p e c t r a  h u t  t h e n  s i n ~ p l i f y  t h e  
n ~ o d e l i n g  t o  assume no e l e c t r o n i c  c o ~ l d t ~ c t i o n  o c c u r s  i n  t h e  e l e c t r i c  f i e l d .  

Photon i r r a d i a t i o n s  s i m u l a t e  t h e  b road  e n e r g y  spec t rum d i t u a t i o n  b e c a u s e  
photon s p e c t r a  t h e m s e l v e s ,  a s  well a s  t h e  e x c i t e d  electron:: g e n e r a t e d  by e a c h  
monoene rge t i c  p o r t i o n  o f  t h e  photon  spec t rum,  a r e  o f t e n  b r o a d l y  d i s t r i b u t e d  i n  
ene rgy .  C a l c u l a t i o n s  i n d i c i i t e  t h a t  pho tons  from 10 K e V  t o  2 MeV procluce e l e c t r i c  
f i e l d s  of n e a r l y  in6 V / c m ,  ( r e f  7 ,12)  i n  most p r a c t i c a l  g e o m e t r i e s .  Only f o r  t h e  
case of s l a b s  su r rounded  by v e r y  t h i c k  l a y e r s  ( > 1  e l e c t r o n  r a n g e )  of i d e n t i c a l  a tomic  
number m a t e r i a l  d o  we f i n d  f i e l d  s t r e n g t h s  below i n 4  ~ / c m  i n  photon  i r r a d i a t e d  
s o l i d  i n s u l a t o r s .  Photon beams produce  a  n e t  c h a r g e  d e p o s i t i o n  somewhere i n  Cr rad i -  



at e d  s o l i d t i  tjy n ~~t rorbor  of  l>roCc1ri:icS cicpcntlirrg or, pllrjton olic>rj(y ~ I I L  oncl protsrsr; 
iilwnys ac'cr~rs; thc ; i t t t 'nr~ntCon of t lw p l ~ o t r j n  hc;i:n r ~ f i r t l t : ;  I n  n conc3cntr ; t f icrn grndltbnt 
of  hi j : i~ l  y oxc t tc.d c l ~ c t r o n t ;  wh~c*l l  ~ h r l r  (-11 C C I I F ; ~ .  and  " pf l c  ~ r p "  i n  f hr* morc ws;rlt l y  
I r r ; t t l ln l ' cd  r(*gtoiir; ,  Lhiti procot;:; w i l l  ffcviorntc* 1 0 4  VIP, t i c l d : ;  111 most  qood 
sol t t l  i n ~ : r r l ; t t o r s .  (I t  h e r  prncc3cs6;c3h; prodr~ccl  m t ~ c h  l n r - ~ ~ r ~ r  f lcltl:; i n  pl loton I r r n d l n t i ~ t l  
sol id:;. 

K C  i a  pasoihlc so c o n c c i v c  of an inrodintcd sol id  w h i c h  daco not  dcvnlop ncC 
spat t i l l  c\r; \rgf  MI. h r ; ~ d l o n c l i v c l l y  cloprvl I n r , t r l n l o r  w l  t h tin4 for-111 doping ~ ~ r o f i  111 
would no t  c l~nrgc? .  Rut such ir d o v l  c o  wo119d not: kc pr;ic*t tcnl  I n  o l c r t  r t r n l  .?ppl (cat  t o n  
since o t ~ l c t r ~ d e t i  o r  a~~rfnc*c!:; rrcmc>vc! tlro (1113 form t l o p l n ~  c a n s t r n l  n t  ;rnd cr.c;rtc* I a~j:rt 
f ic3ldt;  I I tT i I t  t l l c  c~loctrodds; or  troiir b l~t ,  a u r f ; i c . e ~ .  T have not o n c d u n t o r c t l  il prucf; i cat 
d i c l e t * ~ r l c  d r v i c a  whictt  w t l l  nof. cQh;lrr:c* wiblr str*orlg I? ffeltls. TIIC If ffclldt; ;\re 
ua11;11ly s t r o l l g c s t  nc;lr  c l c r b r o t l c s  .;or n e a r  s u r f : l c c s  nrltl ctir!es and 3rr ~ r r o d u c ~ ~ l  
p a r t l y  hy t h e  d i v c ? r ~ e n c c  of: the hi/!h e n e r g y  e1cc- t ro11 currc?rlttJ ( o r  hy t h e i r  f l u x  
,<rat1 i e n t s )  n c n r  tllr. s u r f  ares and  electrodes. 

Tn p r a c t i c a l  d e v i c e s  o n l y  c o n d u c t i o n  processes w i l l  prevent t h e  a c c u m u l a t i o n  
- o f  e x c e s s  c11arr:o t o  1 . e v c l s  wPc?rc! r.: cxcc.cds 10' V/CM. ~ ~ o s i c a l  t y ,  a l l  h i g h l y  e x c i t e d  

( > l n  eV a b o v e  c o n d u c t i o n  hand)  electron?; are s t o p p e d  i n  s o l i c , s  w i t h  more t h a n  105 
V l c m  s t o p p i n g  power e n d  i r i  t h e  nhscnci! o f  c o n d u c t  i o n ,  t h i  s p r o c e s s  o f  s t o p p i n g  
e l e c t r o n s  is t h e  F i e l d  l i m i t i n g  f a c t o r :  i f  t h e  e l e c t ; r i c  f i c l t l  c x r e e d s  t h e  s t o p p i r l g  
power of t h e  s o l i d ,  t h e n  t h e  e x c i t e d  c l c c t r o t l s  would b e  a c c c l e r a e c d  otte o f  t h e  
s o l i d  u n t i l  t h e  r e s u l t i n g  f i e l d  s t r e n g t h  d e c r e a s e d  t o  t h e  s t o p p i n g  power. I n  
r e a l i t y ,  f o r  t h e  e x p o s u r e  r a t e s  e x p e c t e d  i n  s p a c e  (<103  r o e n t g e t l s / s e c o n d )  i t  i s  t h e  
r a d i a t i o n  i n d u c e d  c o n d l l c t i v i t y  and the n a r k  c o n d u c t i v i t i e s  w h i c h  are thc parameters 
w h i c h  most  s t r o n g l y  c o ~ i t r o l  t h e  e l ec t r i c  f i e l d  s t r e n g t h s .  

One c a n  make c h a n g e s  i n  t h e  i n c i d e n t  r a t l i a t i o n  s p e c t r u m  u n t i l  o n e  i s  " b l u e  i n  t h e  
f a c e "  and  o n l y  i n s i g n i f i c a n t  c h a n g e s  i n  p e a k  E f i e l d  wi;l r e s u l t .  I n  t h e  h i g h l y  
i n s u l a t i n g  d i e l e c t r i c s  ( l o w  c o n d u c t i v i t y )  o n e  c a n n o t  p r e v e n t  f i e l d s  f r o m  e x c e e d i n g  
105 ~ / c m ,  however  some f a u l t y  m o d e l s  h a v e  h e c n  i n v o k e d  t o  p r e d i c t  s u c h  i m p o s s i b l e  
l o w e r  f i e l d  c a s e s  b y ,  f o r  e x a m p l e ,  t h e  u s e  o f  s o  c a l l e d  " p e n e t r a t i n g "  r a d i a t i o n s .  

It t u r n s  o u t  t h a t  f o r  t h e  h e s t  d i e l e c t r i c s  a n d  F o r  n e a r l y  a n y  r a r { i a t i o n  spec t r l rm 
a n d  a n y  g e o m e t r y  t h e  f i e l d  s t r e n g t h  w i l l  e x c e e d  1115 V/cm solnewhere i n  t h e  so1 i d  and 
i n  some s p e c i a l  cases c a n  r e a c h  107 V / c m .  Tcr avoid t h i s  h i g h  I i e l d  s t r e n g t ' ~  o n e  
n e e d s  o n l y  t o  i r i c r e a s e  t h e  c o n d u c t i v i t y .  Ratred or\ t e n  y e a r s  e x p e t f e n c e ,  I f i n d  t h a t  
e q u a t i o n  1 is a good g u i d e  t o  t h e  f i e l d  s t r e n g t h  d c p @ n d e n c e  o n  c o n d ~ ~ c t i o n  p r o c e s s e s  
a t  low d o s e  r a t e s  ( (103  r a d s / s e c o n d ) .  C:eometry and  s p e c t r u m  c h a n g e s  w i l l  n o t  
p r o d u c e  more t h a n  a n  o r d e r  o f  magni t r lde  c o r r e c t i o n  t o  e q u a t i o n  1 p r e d i c t i o n s .  

(t P e a k )  10'12/k( l + o / k n )  

vht re: 10-12 h a s  llnf ts O F  ( s e c ~ ~ ) / ( c n l ~ * o : t m ~ r a ~ l ) ,  
k i s  t h e  c o e f f  i c i e n t  o f  r a d i t l t  i o n  indr lced 
c o n d u c t  i v f t y  i n  u n i t s  o f  ( s e c f o h t ~ ~ a c m ~ r a d )  , 
o is  t h e  da rk  c o n d u c t i v i t y  i n  u n i t s  (ohrn*cm)'l, 
0 is t h e  a v e r a g e  d o s e  r a t e  i n  t h e  v o l u n ~ e  o f  
i n t e r e s t  i n  u n i t s  o f  r a d s l s e c .  

F o r  t h e  h e s t  d i e l e c t r i c : ;  k is t y p i c a l l y  10'18 (ser.onds/ohin.crn*rad) r e s t ~ l t i n g  
i n  peak f i e l d s  o f  106 V / c m .  Of c o u r s e  k is d e p e n d e n t  on many t h i n g s  including D, s o  
one m u s t  e v a l u a t e  k a t  t h e  d o s e  riltc of i n t e r e s t ,  D, u s i n g  eq 2. 
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R a d i a t i o n  Induced C a n d u c t i v i t y ,  (RIC) 4 k  II (2) 

where KIC i s  c m p i r d c a l l y  de t e rmined  far the d i s l c c t r l c  m a t e r i a l  i n  q u e s t i o n .  
R e f e r e n c e s  3-8, 12 and 13 have edamples  o f  e k c t r i ~  f i e l d  s t r e n g t h  p r o f i l e s  i a  
I r r a d i a t e d  d i e l e c t r i c s .  R e f e r e n c e  7 compares t h e  o c c u r r e n c e  o f  p u l s e s  w i t h  the 
e l e c t r i c  f i e l d  s t r e n g t h  i n  t r a r a d i a t e d  d i c 1 o c t s t . c ~ .  

ELECTRICAL IdSULATION BREAKDOWN PHENOMENA 

Background 

While su rvey i t l g  t h e  breakdoun l i t e r a t u r e  I l e a r n e d  t h a t  t h e r e  are a p p a r e n t l y  many 
f a i l u r e  modes f o r  e l e c r t c a l  i n s u l a t i o n .  I n  most of  t h e  modes a  v e r y  l a r g e  c u r r e n t  
f l o w s  f o r  l o n g  enough t i m e s  t o  blow a f u s e  o r  k i l l  a  power supp ly .  However, i n  
most o f  t h e  s p a c e c r a f t  t e s t s  t o  d a t e  we o n l y  s e e  r a p i d  p u l s e s  withorl t  permanent 
f a i l u r e  and w i t h o u t  c o n t i n u e d  p u l s i n g .  

I n  t h e  i n s u l a t o r  i n d u s t r y  t h i s  k ind  o f  p u l s i n g  i t3  k n o m  as h i g h  v o l t a g e  DC prehreak-  
down phenomena. I f  one.  g p p l i e s  a n  e l e c t r i c  f i e l d  of  o r d e r  105 t o  5 X 105 V / c m  t o  a  
good d i e l e c t r i c ,  s m a l l  p u l s e s  may o c c u r  a s  d e p i c t e d  i n  f i g u r e  1 f o r  a  p e r i o d  o f  
a n  hour  o r  s o  and may even  r e o c c u r  f o r  a s h o r t  t ime  a g a i n  many d a y s  l a te r  b u t  
u s u a l l y  t h e  s h o r t  p u l s e s  have  s t o p p e d  u n l e s s  one changes  p o l a r i t y  o r  i n c r e a s e s  t h e  
f i e l d  s t r e n g t h .  These  p u l s e s  a r e  c a l l e d  prebreakdown e v e n t s  and usua l . l y  d o  n o t  
l d a d  t o  f u l l  breakdown. However, i f  one  a p p l i e s  s u f f i c i e n t  f i e l d  s t r e n g t h  a r a p i d  
b u r s t  of  prebreakdown p u l s e s  w i l l ,  be immediaLely fo l lowed  by f r l l l  breakdown o f  t h e  
i n s u l a t i o n .  

I n  t h e  case of s p a c e  r a d i a t i o n  i t  i s  u n l i k e l y  t h a t  t o t a l  breakdown o c c u r s  because  
t h e r e  i s  no  " s t i f f "  power s o u r c e  which can  c o n t i n u e  t o  p r o v i d e  s i g n i f i c a n t  c u r r e n t  
t o  t h e  system. Even though peak c u r r e n t s  app roach ing  in3  amperes have  been s e e n  
d u r i n g  s h o r t  p u l s e s ,  t h e  d i e l e c t r i c  was n o t  d e s t r o y e d  as a n  i n s u l a t o r  by one  p u l s e .  
With maximum d i f f e r e n t i a l  p o t e n t i a l s  of 104 v o l t s  and i n c i d e n t  c u r r e n t s  of 
~ / c m 2  we f i n d  t h a t  s p a c e  r a d i a t h n  cqnno t  produce  a d.c. power f l u x  e x c e e d i n g  
I0 u ~ a t t s I c m 2 .  It is  u n l i k e l y  t h a t  s u c h  low power f l u x  w i l l  pe rmanen t ly  change a n  ,. 
i n s u l a t o r  i n t o  a conduc to r .  Th in  o x i d e  e l e c t r o n i c  d e v i c e  I n s u l a t F o n s ,  however, a r e  
h u r t  hy t h e  t r a n s i e n t  p u l s e s .  

The most common d i e l e c t r i c  expe r imen t  i s  shown i n  f i g u r e  2. A c u r r e n t  is  measured 
between two e l e c t r o d e s  w h i l e  t h e  d i e l e c t r i c  is i r r a d i a t e d  a n d / o r  b i a s e d .  Any 
c u r r e n t s  o r  c u r r e n t  p u l s e s ,  i n c l u d i n g  t h e  mot ion  o f  i r r a d i a t i o n  d r i v e n  charged  
p a r t i c l e s  ( u s u a l l y  e l e c t r o n s ) ,  w i l l  r e g i s t e r  on t h e  meter a c c o r d i n g  t o  t h e  e q u a t i o n  
i n  f i g u r e  2. I f  one  measures  I t h r o u g h o u t  t h e  irradiation and i n d e p e n d e n t l y  knows 
t h e  dose-depth  and charge-depth  d i s t r i b u t i o n s  f o r  t h e  r a d i a t i o n  t h e n  one c a n  c a l c -  
u l a t e  t h e  E f l e l d s  i n t e r n a l  t o  t h e  d i e l e c t r i c  ( r e f  3,7).- P u l s e s  w i l l  a l s o  show UP 

on  t h e  qeter a c c o r d i n g  t o  t h e  e q u a t i o n .  The expe r imen t  i n  f i g u r e  2 is t h e  most 
g e n e r a l l y  u s e f u l  a r rangement .  

A common embodiment af f i g u r e  2  i s  t o  have  - most o f  t h e  s p a c e  between X=O and X=A I n  
vacuum and t h i n  l a y e r  of  s o l i d  d i e l e c t r i c  o f  t h i c k n e s s  d  from X=A-d t o  X=A. Again,  
e l e c t r i c  f i e l d s  bu i ld -up  i n  b o t h  t h e  vacuun and t h e  d i e l e c t r i c  b u t  space-charge  
accumula t e s  o n l y  i n  t h e  d i e l e c t r i c .  Because space-charge  canno t  accrlnunulate i n  t h e  
vacuunl, c h a r g e  c u r r e n t  f l owing  i n  t h e  vacuum muzit be a c o n s t a n t  a c r o s s  t h e  vacurlm 



space (in the quasi-static appraxiwtion which l a  valid far this spaceccaft problem) 
although i e  can vary in timc. 

Consider an 1dcali.zed cusfent pulse bf arbitrary magnitude J . Let d<<A. Then i f  
t 

Jp occurs in the vacuum rebion, I t  nuat be c0nePan.t across Lie  vacuum and 
I 

6 

But if JP is confitied to the dielectric then - 

To date, most experfments were designed such that A= 5000. 
d 

Thus pulses confined to the dielectric will be detected much more weakly on the 
ammeter I than similarly sized pulses in the vacuum will be detected. Therefore an 
ammeter set to a scale to detect pulses in the vacuum will not detect similar 
pulses in the dielectric. 

Tkic Basic Phenomenon 

All of the observed pulsing phenomena reported by spacecraft charging investigators 
can he explained as normal derivatives of the streamer phenomenon described in 
reference 2 and reported extensively in the prebreakdown electrical insulation 
community. It is found that solid dielectrics subjected to electrical stresses 
greater than 105 V/cm (and in some instances as Low es 104 V/cm) spontaneously 
develop streamers of gas/plasma phase matter which stzirt e t  a point but rapidly 
expand along a line roughly parallel to the local electric field vector. The 
streamers tend to form tubes whose diameters are in thr range 0.1 to 10 microns 
(typically 1 micron) but can become much larger where many streamers join together, 
and appear to have nu limit to their maximum length, Streamers continue to propagate 
as long as sufficient E field exists at the tip of the streamer.-- 

Figure 3 is a pictorial streamer. Stop action photographs indicate that streamers 
are usually brightest at their tip but emit light throughout their length. The 
insulation industry reports a wide range of propagation velocities from 103 to lo6 
m/sec but for conditions of electron irradiation Balmain et al. report (ref 14) 
velocities of 105 to loh m/sec. In Balmain's case streamers propagate at or just 
beneath the surface and surface effects may play a role in the propagation velocity 
so it might be instructive to do similar tests for the deeper penetration case.** 

, Under electron irradiation it appears that streamers originate at a surface (where 
the field strength is maximum) and propagate to or a little beyond the average 

**footnote: deeper penetration will not be obtained by raising the energy because 
the surface potential rises to slow the Incident electrons to roughly 2 keV incident 
energy. Most of the irradiation in Balmain's experiments was by 2 keV electrons. 
Instead, fie should ground the surface with UV photons or low energy protons 
(ref 13). 



t r apped  c l e c t r a n  d e p t h  whence t h e y  t u r n  st r i g h t  an f i l e s  and s p r e a d  o u t  a t  t h i s  
d e p t h ;  t h e  r i f f h t  a n g l e  t u r n  is made hecarkse t h e  plasma f i l l e d  s t r c a m c r  h a s  a lmos t  
e l i m i n a t e d  t h e  p o t e n t i a l  d f . f f e r e n c e  hetwccn t h e  t i p  of  the s t r e a m e r  and t h e  d i e l e c -  
t r i c  su . r facc  s o  t h a t  t h e  I? f i e l d  v e c t o r  a t  t h e  t i p  i s  now p e r p e n d i c r ~ l a r  t n  t h e  
O r i g i n a l  f i e l d  d i r e c t i o n  and p o i r r t i n ~  towards  t h e  c c n t r o i d  o f  t h e  s p a c o c h a r a c  
c l c c t r u n s  ( r e f  15). 

S t r eamers  have been s e e n  t o  o c c u r  i n  many m a t e r i a l s  ( l i q u i d ,  c r y s t a l s ,  g l a s s e s ,  
polymers)  used f o r  i n s u l a t i n g  purposes ,  Ln a L 1 - t h e s e  materials s t r e a m e r s  s i m i l a r  
t o  t h o s e  r e p o r t e d  by Ralmafn ( r e f  1 5 ) ,  by Gross  ( r e f  16). and by t h e  many peop le  
u s i n g  i r r a d i . a t i o n  t o  c r e a t e  L l c h t e n b e r g  trees, a r e  o c c u r i n g  i n  4 i e l e c t r i c s  which 
are under e l e c t r i c a l  b i a s  stress a l o n e .  

It a p p e a r s  t h a t  t h e  b a s i c  streamer forms as a h i g h l y  i o n i - e d  plasma tuhe .  The 
plasma is  ex t r eme ly  d e n s e  and unde r  h i g h  p r e s s u r e  s o  t h a t  when i t  approaches  a  
s u r f a c e  i t  "explodes"  from t h e  s u r f a c e  a l l o w i n g  plasma s u h s e q u e n t i v  formed a t  t h e  
streamer t i p  t o  e s c a p e  t h r o u g h  t h e  tube .  A t  t h e  c e s s a t i o n  of  t h e  d i s c h a r g e  propaga- 
t i o n  one f i n d s  t h e  remains  of  t h e  d i s c h a r g e  t o  he  a  tree o r  b u s h  shaped network of  
ho l low t u n n e l s .  Re fe rence  17 r e p o r t s  on measurements  o f  t h i s  h i g h l y  i o n i z e d  plasma 
d e b r i s  which e s c a p e s  t h e  s o l i d .  Tn t h e  c a s e  o f  a p p l i e d  e l e c t r i c  b i a s  e x p e r i m e n t s ,  
t h e  plasma may be c o n f i n e d  t o  t h e  d i e l e c t r i c  by t h e  e l e c t r o d e s  s o  t h a t  ho l low 
t u n n e l s  d o  no t  occrrr and . the  plasma r e s o l i d i f i e s  i n  p l a c e .  However, i f  t h e  plasma 
t u b e  p r o p a g a t e s  between e l e c t r o d e s  e n t i r e l y  a c r o s s  t h e  d i e l e c t r i c ,  i t  becomes a  
c o n d u c t i v e  t u n n e l  e f f e c t i v e l y  s h o r t i n g  o u t  t h e  i n s u l a t o r  f o r  as l o n g  as t h e  power 
s u p p l y  c a n  m a i n t a i n  s u f f i c i e n t  plasma a r c  power t o  c o n t i n u e  t h e  p l a ~ r n a  between t h e  
e l e c t r o d e s ,  

Although s t r e a m e r s  have been  s e e n  t o  d e v e l o p  a t  1n4 V/cm a p p l i e d  b i a s ,  t h e y  may 
have  a c t u a l l y  o c c u r r e d  a t  l o c a l i z e d  h i g h  f i e l d  r e g i o n s  due  t o  s p a c e  c h a r g e  which was 
developed by conduc t ion  p r o c e s s .  I would q u e s s  t h a t  a t  l e a s t  105 Vlcm i s  r e q u i r e d  
t o  i n i t i a t e  s t r e a m e r s  but  t h a t  once  formed t h e y  c a n  c o n t i n u e  t o  p r o p a g a t e  i n  l ower  
f i e l d  r e g i o n s ,  perhaps  i n  r e g i o n s  o f  f i e l d  s t r e n g t h  a s  low a s  lo4 V/cm o r  l e s s .  

The streamer o b t a i n s  i t s  e n e r g y  trom t h e  e l e c t r i c  f i e l d ,  n o t  from t h e  s p a c e  c h a r g e  
i t s e l f .  For t y p i c a l  g e o m e t r i e s  t h e  spacechacge  d e n s i t y  deve loped  unde r  i r r a d i a t i o n  
i s  i n  t h e  r ange  100 t o  104 coulambs/meter  3 ,  Thus a one  micron  d i a m e t e r  t u n n e l  
i n t e r s e c t s  from 5 t o  5 X 104 e x c e s s  t r a p p e d  c h a r g e s  ( e l e c t r o n s ,  h o l e s ,  i o n s )  p e r  
c e n t i m e t e r  of  p ropaga t ion .  Assuming t h a t  a r e a s o n a b l e  f r a c t i o n  o f  t h e  a toms w i t h i n  
t h e  t u b e  a r e  i o n i z e d  by t h e  streamer p r o p a g a t i o n / f o r m a t i o n  p r o c e s s  t h e r e  a r e  of 
o r d e r  101° i o n s  and free e l e c t r o n s  p e r  c e n t i m e t e r  of  1 micron  d i a m t e r  t uhe .  Thus t h e  
e x c e s s  spacecha rge  c o n t r i b u t e s  v e r y  l i t t l e  t o  t h e  plasma d e n s i t y .  

I d o n ' t  know of any  p h y s i c s  which c a n  p r e d i c t  t h e  o c c u r r e n c e  o f  t h e s e  s t r e a m e r s .  
E l e c t r i c  f i e l d  s t r e n g t h s  of  106 V / c m  p r o b a b l y  c a n n o t  a c c e l e r a t e  a n  i n t e r n a l  free 
e l e c t r o n  much beyond 10 eV k i n e t i c  e n e r g y  b e c a m e  a t  h i g h e r  k i n e t i c  e n e r g i e s  t h e  
s t o p p i n g  power on t h e  f r e e  e l e c t r o n  i n ,  f o r  example ,  p o l y e t h y l e n e  e x c e e d s  lo6 V / C ~  

( r e f  18). Thus one f r e e  e l e c t r o n  canno t  a v a l a n c h e  hecause  i t  t a k e s  more t h a n  10 eV 
on a v e r a g e  ( p r o b a b l y  from 20 t o  30 eVj t o  cleate a  s e c o n d a r y  f r e e  e l e c t r o n .  Pe rhaps ,  
i n  a r e g i o n  o f  h i g h  f i e l d ,  o c c a s i o n a l l y  i t  happens  t h a t  s u f f i c i e n t  l o c a l  random 
i o n i z a t i o n  o c c u r s  t o  s i g n i f i c a n t l y  a l t e r  t h e  band s t r u c t u r e  and t h e  d i e l e c t r i c  
c o n s t a n t s  s o  t h a t  t h e  s t o p p i n g  power is s i g n i f i c a n t l y  reduced and f r e e  e l e c t r o n s  
Can a c c e l e r a t e  t o  a v a l a n c h e  l e v e l s .  Assume t h a t  SO eV is n e c e s s a r y  f o r  f r e e  e l e c t r o n  
ava lanch ing :  t h e n  a t  106 V / c m  E f i e l d  w e  r e q u i r e  a t h i c k n e s s  of  o r d e r  0.5 mic rons  



to generate this kinetic energy. h lower.fimit may exikt on the thickness of 
material required to initiate a streamer and this effect is partly responsible for 
the increased breakdown strength 6f very thin film insulators. Tn addition, the 
statistics ofstreamer initiation-are such that rare atomlc level events may be the 

6 initiating mechanism; application LO V/cm does not cause streamers automatically 
everywhere, they happen rarely and far apart relati- ttheir size. 

Empirical knowledge of the streamers allows us to explain the spacecraft charging 
results even though we don't understand streamer physics. Streamer propagation 
velocity, total streamer volume, streamer tube diameter, ionization density inside 
the streamer and the empty tunnel which remains, along with electric field stredgth, 
are suffi-cient parameters to explain the spacecraft charging phenomena. Using this 
empirical data and applying standard electromagnetic analysis, the rest of the 
paper explains the observed pulsing results. In addition, the modeling predicts 
results which have yet to be investigate& However, this modeling has not been 
tested and it would be wise to do so: for example, one should make measurements of 
the externally measured pulse current and relate it to the specific streamer tunnel 
which produced the pulse. 

Electric Fields and Streamers in-Spacecraft Dielectrics 

The most common spacecraft charging laboratory experiment has been irradiation of 
- thin polymer or glass sheets by approximately 20 keV electron beams in vacuum. The 

irradiated side (front) of the sheet can float to any potential but the other side 
(rear) of the sheet is attached to a grounded electrode. Experimenters have 
monitored current to the electrode, discharge current to the electrode, discharge 
current pulses to the electrode, potential of the front surface, light flashes, 
discharges associated surface trees, and elecwon, ion, and neutral particle 
emission from the front surface. Figure 4 is an estimate of the electric fields 
in a 1 millimeter thick mylar sample bombarded by 20 keV electrons (ref 13). These 
electric fieldsare crucial to an understanding of the results of theexperiments. 

Referring to figuze 4, at 36 seconds the front surface attained a potential of -18 
kV and therefore it was being bombarded by 2 keV electrons. Because of secondary 
electron emission the front surface will remain at this -18 kV potential as long as 
it continues to be bombarded by 2 keV electrons. However, the internal fields 
continue to evolve as shown in figure 4. The field profile at 1036 seconds is 
essentially a final equilibrium value as change will occur only very slowly beyond 
this time under continued irradiation, Reasonably similar curves would occ r for '5 teflon or polystyrene or other highly insulating solid. Notice that the 10 V/cm 
electric field strength is sufficient to initiate streamers with either polarity. 

Figure 5 shows the electric field calculation for a 25 microt~ mylar sheet where the 
front surface is held at ground potential during the 20 keV electron beam irradia- 

6 tion. In this case even larger electric field strength occurs (exceeding LO vfcrn) 
near the front surface. If one changes the sheet thickness to any value in excess 
of 10 microns it turns out that only minor changes in the equilibrium electric field 
would occur at the front surface for either fig. 4 or fig. 5 conditions. However, 
the equilibrium field strength at the rear surface is roughly proportional to the 
inverse thickness of the sheet. 

The electric field profiles in figures 4 and 5 are crucial to understanding space- 
craft charging phenomena to be described below. I l l e  field profiles between the 
front surface and the charge centroid (where E = 0) are key to understanding the 



phenomena-because a  d i s c h c w & i n g  or p u l s i n g  sarlrple u n d e r  i r r a d i a t i o n  is ,  i n  t h e  
sense, hopping between the two extcemc caacs shown i n  f i g s .  L a n d  5 .  

In t h e  case of a n  i n s u l a t o r  wkth b o t h  su r f ace r :  grounded,  P t ~ b e s  have  heen c o r r e l a t e d  
w i t h  t h e  t h e o r e t i c a l  e lec t r ic  ELeld stcenprtli  ( re f  3). The p u l s e s  occl lr  on1.y unde r  
f i e l d .  s t r e n g t h  exceed ing  loS V / c m .  A l so ,  t h e  p u l s e s  liad t h e  p o l a r i t y  c o n s i s t e n t  
w i t h  t h e  p o l a r i t y  of  t h e  e l e c t r i c  f i e l d  which had exceeded t h e  minimum f i e l d  s t r e n g t h  
r e q u i r e d  f o r  p u l s e s  i n  t h e  i n d i v i d u a l  sample.  

EXEERIMENTAL SCENAR IOS 

There  a r e  s e v e r a l  s p e c i f i c  e x p e r i m e n t s  r e p o r t e d  i n  t h e  l i t e ra l l r e .  Each expe r imen t  
can  be e x p l a i n e d  by t h e  streamer h y p o t h e s i s  a s  f o l l o w s .  

F l o a t i n g  F r o n t  S u r f a c e  P o t e n t i a l  

Cons ide r  t h e  exper iment  o f  f i g u r e  6 where a d i e l e c t r i c  i n  vacuum i s  i r r a d i a t e d  and 
i t s  i r r a d i a t e d  s u r f a c e  is a l lowed  t o  f l o a t  t o  any p o t e n t i a l .  I f  t h e  d i e l e c t r i c  i s  
t h k k e r  t h a n  t h e  p e n e t r a t i o p  d e p t h  o f  t h e  monoene rge t i c  e l e c t r o n s ,  t h e n  t h e  f r o n t  
s u r f a c e  f i e l d s  w i l l  b e  a p p r o x i m a t e l y  as shown i n  f i e u r e  4 f o r  a n y  c h o i c e  of heam 
ene rgy  above one keV. A s  i h e  i r r a d i a t i o n  p r o g r e s s e s  from i t s  i n c e p t i o n ,  t h e  poten- 
t i a l  of  t h e  s u r f a c e  "rises" and s l o w s  t h e  incoming e l e c t r o n s  u n t i l  t h e  q u a s i - e a u i l -  
ibrtLtm o c c u r s  where t h e  s e c o n d a r y  e l e c t r o n  c u r r e n t  c a n c e l s  t h e  incoming p r imary  
beam c u r r e n t .  T h e q u a s i - e q . u l l i b r i u m  w i l l  o c c u r  when t h e  pri-mary e l e c t r o n s  bombard 
t h e  s u r f a c e  a t  t h e  "secondary  e l e c t r o n  second c r o s s - o v e r  ene rgy"  ( r e f . l 9 ) ,  t y p i c a l l y  
from 1 t o  3 keV. The c o n t i n u e d  i r r a d i a t i o n  by 1  t o  3 kev e l e c t r o n s  p roduces  f u r t h e r  
f i e l d  s t r e n g t h  enhancement a t  t h e  f r o n t  s u r f a c e .  A t  l o n g  times t h e  sample  w i l l  
have l o s t  t h e  f i e l d  c o n t r i b u t e d  at e a r l y  times by t h e  d e e p l y  p e n e t r a t i n g  h i g h e ~  
ene rgy  e l e c t r o n s  because  o f  compensa t ing  c o n d u c t i o n  c u r r e n t s .  

Assuming t h a t :  

Eo is t h e  i n i t i a l  e l e c t r o n  k i n e t i c  e n e r g y  i n  eV, 
f12 i s  t h e  second c r o s s o v e r  e n e r g y  i n  eV 
fie is t h e  q u a s i - e q u i l i b r i u m  s u r f a c e  p o t e n t i a l  
Ed is t h e  e lectr ic  f i e l d  magni tude  i n  most of  t h e  b u l k  o f  

t h e  d i e l e c t r i c  
Ev is t h e  e lectr ic  f i e l d  magni tude  i n  t h e  vacuum i n  f r o n t  

of t h e  d i e l e c t r i c  
L is  t h e  d i e l e c t r i c  t h i c k n e s s  
a is t h e  d i s t a n c e  from t h e  f r o n t  s u r f a c e  t o  t h e  ground 

p l a n e  on t h e  o t h e r  s i d e  o f  t h e  vacuum; 
R i s  t h e  p e n e t r a t i o n  r a n g e  of i n i t i a l  Eo e l e c t r o n  beam 

then  Eo -ge = a2 t y p i c a l l y  2 kcV, 

and E, = @,/a E ~ / ~ I  f o r  ~ ~ > > f l ~ ,  



h u t  the  E f i e l d  n e a r  t h e  f  r d n t  s u r f a c e  w i l l  remain as shown i n - f i g u r e  4 f o r  any  
a cho.lce of  E-A, o r  R arsater t h a n  8. 
I 

If o n e  moni tors - - - tho  p o t e n t i a l  of  t h c  f r o n t  su r - f ace  d u r i n g  an i r r a d i a t i o n ,  t h e  
resalt  i s  ofter i  is shown i n  f i g u r e  7. T h e  f r o n t  s u r f a c e  pot .en t ta1  rises rough ly  t o  
t h e  "second- c r o s s  ove r "  l e v e l ,  A E b r  same i r r a d i a t i o n  time ( w h k h  is v e r y  v a r i a b l e )  
a pulse  occ l i r s  d i s c h a r g i n g  the f r o n t  su r f ace . .  The second p u l s e  may occl lr  w l t h  a 

, s h o r t e r  e l a p s e d  time and at  a lower  s u r f a c e  p o t e n t i a l  t h a n  t h e  f i r s t  pu l se .  Suh- 
! s e q u e n t  p u l s e s  may o c c u r  a t  even  b w e r  s u r f a c e  P o t e n t i a l  and semetimes at v e r y  

c l o s e  time i n t e r v a l s .  F i n a l l y  a l l  p u l s i n g  c e a s e s  and t h e  s u r f a c e  r eaches  t h e -  
"second c r o s s  ove r "  l e v e l  permanent ly .  

The e x p e r i m e n t a l  r e s u l t s  s u c h  as shdwn ti\ f i g u r e  7 c a n  h e  e x p l a i n e d  i n  t h e  f o l l o w i n g  
way. E l e c t r i c  f i e l d  s t r e n g t h s  o f  105 ~ / c m  o r  g r e a t e r  ( f i g  4 )  c a u s e  a d i s c h a r g e  
streamer t o  form n e a r  t h e  Eront  s u r f a c e  and t h e  r e s u l t i n g  plasma erupts from t h e  
s u r f a c e .  The n e g a t i v e  plasma components  t h e n  accelerate across t h e  vacuum-space t o  
t h e  vacuum chamber walls e f f e c t i v e l y  "grounding  o u t " - t h e  s u r f a c e  p o t e n t i a l .  The 
p o s i t i v e  components r e t u r n  t o  t h e  s u r f a c e  o f  t h e  d i e l e c t r i c  s p r e a d  o u t  ove r  most o f  
t h e  s u r f a c e .  The plasma p a r t i c l e s  a c t u a l l y  s p r e a d  o u t  i n  t h e  vacuum d u e  t o  a 
cornhina t ion  o f  e f f e c t s  i n c l u d i n g  p r e s s u r e  waves, d i f f u s i o n  and e lectr ic  f o r c e s  and 
t h e n ,  from everywhere  i n  t h e  vacuum, t h e y  f l o w  t o  t h e  a p p r o p r i a t e l y  b i a s e d  s u r f a c e .  
The streamer c h a n n e l s  r e s u l t i n g  from t h i s  p r o c e s s  a r e  ho l low,  hav ing  e j e c t e d  a l l  
t h e i r  mass i n t o  t h e  vacuum and p roduc ing  s u f f i c i e n t  cha rged  p a r t i c l e  q t i a n t i t i e s  t o  
d i s c h a r g e  l a r g e  areas; as much a s  10'2 coulombs h a s  been  s e e n  and a g r e a t  d e a l  more 
c h a r g e  is  prohal i ly  a v a i l a b l e  j u d g i n g  from t h e  largest l i c h t e n b e r g  trees t h a t  1 ' v e  
seen .  

The p o l a r i t y  o f  t h e  c u r r e n t  p u l s e  s e e n  i n  t h e  r e a r  e l e c t r o d e  e u r r e n t  moni tor  i s  
s u c h  t h a t  a n e t  e l e c t r o n  f l o w  o c c u r s  from t h e  d i e l e c t r i c  t h rough  t h e  vacuum t o  t h e  
chamber w a l l s .  The s a f a c e  i s  not d i s c h a r g e d  by  streamers f lowing  th rough  the 
d i e l e c t r i c  t o  t h e  r e a r  e l e c t r o d e  f o r  a furldamental  r ea son :  I f  a s t r e a m e l  were  t o  
c r o s s  t h r o u g h  t h e  d i e l e c t r i c  from t h e  r e a r  e l e c t r o d e  t o  t h e  t h e  f r o n t  s u r f a c e ,  i t  
would make a s h o r t i n g  c o n t a c t  w i t h  o n l y  a small p o r t i o n  o f  t h e  f r o n t  s u r f a c e  b u t  
would t h e n  b u r s t  from t h e  f r o n t  s u r f a c e  a t  h i g h  p r e s s u r e  s p i l l i n g  plasma i n t o  t h e  
vacuum. The major  d i s c h a r g e  would t h e n  proceed  i n  t h e  vacuum r e g i o n  as d i s c u s s e d  
i n  t h e  p r e c e e d i n g  pa rag raph .  However, f o r  r e a s o n s  t o  be p u b l i s h e d  i n  t h e  n e a r  
f u t u ~ e ,  I b e l i e v e  t h a t ,  due  :5 r a d i a t o n  a l o n e ,  a streamer w i l l  no t  p ropaga te  e n t i r e l y  
t h r o u g h  a d i e l e c t r i c  bu t  w i l l  r e a c h  o n l y  o n e  s u r f a c e ;  i n  o the rwords ,  f o r  t h e  e x p e r i -  
men ta l  c o n d i t i o n s  p u b l i s h e d  t o  d a t e  t h e  s o  c a l l e d  "punchthrough" d i s c h a r g e  is  a n  
i m p o s s i b i l i t y .  

The s u r f a c e  p o t e n t i a l  d i s c h a r g e  measurements  are d i s c r ~ s s e d  i n  r e f e r e n c e s  20 th rough  
26. The r e t u r n  c u r r e n t  t o  t h e  rear e l e c t r o d e  is  d i s c u s s e d  i n  r e f e r e n c e s  IS, 20 
t h r o u g h  26. The e m i s s i o n  of  p a r t i c l e s  i n t o  t h e  vacuum is d i s c u s s e d  i n  refs 13 and - -  ------ 
22 and e l s e w h e r e  i n  t h i s  c o n f e r e n c e  p roceed ings .  

80 f a r  d u r i n g  t h e  i r r a d i a t i o n  we have  d e s c r i b e d  t h e  f i r s t  p u l s e  which t h e n  d i s c h a r g e s  - 
t h e  s u r f a c e .  The d i s c h a r g e d  s u r f a c e  now changes  t h e  f i e l d  p r o f i l e  w i t h i n  t h e  
d i e l e c t r i c  i n c r e a s i n g  t h e  f i e l d  s t r e n g t h  immedia t e ly  below t h e  s u r f  ace.  The i n c i d e n t  
e l e c t r o n s  g o  hack t o  t h e i r  i n i t i a l  v a l u e  o f  e n e r g y ,  s a y  10 o r  20 keV and b e g i n  t h e  
s u r f a c e  c h a r g i n g  p r o c e s s  o v e r  a g a i n .  Sut  t h e  e l e c t r o n s  are, a t  least  f o r  a w h i l e ,  
p e n e t r a t i n g  more d e e p l y  w i t h f n  t h e  d i e l e c t r i c  and a t t e m p t i n g  t o  produce f i e l d  
p r o f i l e s  as  d e s c r i b e d  i n  f i g u r e  5. L a r g e r  E f i e 1 . d ~  a r e  produced t o  d e e p e r  d e p t h s  
t h a n  f i g u r e  4 shows, hut o n l y  a f t e r  t h e  f i r s t  p u l s e  occu r s .  ~t i s  t h e s e  l a r g e r  and 



deeper f i e l d s  w h i c b t h e n  produce more pu ls ing  i n  shoc t e r  time incremenw. As t h e  
pulsing progresses ,  f i e ld - . s t r eng ths  vary  hetween t h e  extremes shown i n  f i g t ~ r e s  4- 
a n 0  and t h e  depth  dependence va r i e s -be tween- these  extremes. F ina l ly ,  i n  ahalogy t o  
the  well know capac i to r  prebreakdown phenomena,,all the  "weak spots"  between the  
surface-and f u l l  e l e c t r o n p w e t r a t i o n  d e p t h a r e  "p3 l sed"  a n d - f u r t h e r  puls lng ceases  
u n t i l  t h e  r a d i a t i o n  s p e c t t a  change s i g n i f i c a n t l y  i- Exact cal.culection of the f i e l d  
p r o f i l e s  dur ing  a  series of breakdowns has  not  been petformed so this desc rEp t io~ l  
i s  only q u a l i t a t i v e .  It is well known t h a t  t he  s t ieamers  c r e a t e  physical  damage 
but  t h a t  t h i s  damage does not increase  t h e  probabi l - i t  y  f o r  f r ~ t u r s  Streamer occurrence 
and t h a t  under doc .  s t r e s s ,  w l s i n g  usua l ly  ceases  a f t e r  a time depending rrsu;illy 
on the  f iel-th. 

An i n t e r e s t i n g  r e s u l t  is pred ic ted  by t h e  above phenomena. The f i e l d  p r o f i l e  in 
f i gu re  4  i s  such t h a t  a sucface  pu lse  is not l i k e l y  because t he  f i e l d  s t r e n g t h  a t  
t h e  sur face  is not  except iona l  and involves  very  l i t t l e  depth. The note  t o  f i g u r e  
4 i n d i c a t e s  t h a t  t h e  b a s i c  concepts  used t o  d e r i v e  t h e  f i g u r e  a r e  known t o  be 
f a u l t y  i n  such a  way t h a t  a s  time under i r r a d i a t i d n  cont inues,  e l e c t r o n s  w i l l  d r i f t  
deeper and deeper i n t o  t h e  r i i e l e c t r i c  s o  t h a t  t h e  f i e l d  p r o f i l e  w i l l  very slowly 
move towards t h a t  shown by f i g u r e  5. A s  t h i s  d r i f t  occurs ,  t h e  p r d b a b i l i t y  t h a t  a 
"weak spot"  near  t h e  s u r f a c e  f i n d s  i t s e l f  i n  a h igh  f i e l d  reg ion  slowly increases .  
Once t h i s  weak spo t  i s  found by the  dx-ifting f i e l d  f r o n t ,  a  d i scharge  occurs  and 
almost i n s t a n t l y  t h e  f i e l d  s t r e n g t h  i s  s i g n i f f c a n t l y  increased i n  t he  d i e l e c t r i c  t o  
deeper depths  and perhaps mady r,ew weak s p o t s  a r e  found r e s u l t i n g  i n  a  f l u r r y  of 
pulses. F i n a l l y  dl t h e  weak s p o t s  near  t h e  su r f ace  a r e  discharged and puls ing 
ceases.  T h k  e f f e c t  has not  been reported formally but Y. Balmain-has ind ica ted  t o  
me t h a t  t h e  i n i t i a l  pu lse  t akes  a  long time t o  occur i a e l e c t r o n  beam experimerrts 
but once it happetts t h e  remaining puls ing  happens relath&! soon. 

I f  one eva lua t e s  eq. 6 f o r  most of t h e  published experiments i t  t u r n s  out  t h a t  t h e  
e l e c t r i c  f i e l d  i n  t h e  bulk of t h e  d i e l e c t r i c  beyond t h e  e l e c t r o n  pene t ra t ion  range 
s i g n i f i c a n t l y  exceeds 105 V/crn. For example, many experiments were performed using 
20 keV e l e c t r o n s  on approximately 100 micron t h i c k  samples; t h i s  r e s u l t e d  in f i e l d  
s t r e n g t h s  of approximately 2  x 106 V/cm. Reference 13 has c a l c u l a t i o n s  of e l e c t r i c  
f i e l d s  i n  t h i n  polymers. You a r e ,  I hope, wondering why I have neglected t h i s  l a rge  
e l e c t r i c  f i e l d  which occurs  i n  most of t h e  d i e l e c t r i c .  I neg lec t  t h i s  b ig  bulk 
f i e l d  because i t  produces only very small  e l e c t r i c a l  pu lses  (though i t  produces 
_many pulses)  which can not  be monitored i n  t h i s  arrangement. The bulk pu lses  a r e  
s i m i l a r  t o  t he  pu lses  discussed under t he  s e c t i o n  "Both Surfaces  Grounded" below. 

Meter Current ,  I, F loa t ing  Front  Surface 

The discharge pu lse  cu r r en t  I flowing I n  t he  meter ( f i g  2) depends on s e v e r a l  
va r i ab l e s  such a s  f r o n t  su r f ace  p o t e n t i a l ,  s u ~  face a r e a ,  and random f luc tua t ions .  
nJot every pu lse  causes  t h e  f r o n t  su r f ace  p o t e n t i a l  t o  go nea r ly  t o  ground 
p o t e n t i a l  ( r e f .  24). I n  gene ra l  one f i n d s  t h a t ,  ( r e f .  15): 

a )  d i scharge  pu lse  time du ra t ion  a ( s u r f a c e  a r e a ) l / 2  

b) d i scharge  pul$e cu r r en t  a ( s u r f a c e  a r e a ) l / 2  

c )  t o t a l  d i scharge  coulombs a su r f ace  a r e a  



- T h e s + c u l e s  a r e  f a r  t h e  cancept .ua l1y  si.mple c a s e s  where a l l  o t h e r  v a r i a b l e s  ( a t h e r  
t h a n  S l r r l ace  area) such  a s  d i c l c c t r t c  w n s t a n t  , t n a ~ l l  a t  or t h i c k n e s s ,  and s r ~ r f a c a  
vo l  t.aRe, a r e  h e l d  c o n s  t-iwt. 

What happens  LE we change  t h e  o t h e r  p a r a m e t e r s ?  Vhat t s  t h e - p h y s i c a l  p rocess  which 
c a u s e s  thest! e f f e c t s ?  Again t h e  answers  c a n  he  Found i n  t h e  stccamer p ropaga t ion  
p r o c e s s  and i t s  r e s u l t i n g  plasma. Re fe rence  15 ar f lues  t h a t  t h e  s c a l i n g  w i t h  t h e  

tI.I:'i'd result is due- t o  a s t r e a m e r  p r o p a g a t i o n  pcocess  because  t h e  s t r e a m e r s  
' which p r o p a g a t e  a t  a r e a s o n a b l y  c o n s t a n t  v e l o c i t y  ( r e f .  1 4 )  have l e n g t h s  s c a l i n g  

a s  t h e  l i n e a r  d imens ion  o f  t h e  i ~ ~ s u l a t o r  which n e c e s s a r i l y  scales as t h e  G. 
. . I n  t h e  a d d i t i o n ,  I a r g u e  t h a t  t h e  t o t a l  c h a r g e  available is  l i m i t e d  by t h e  t o t a l  

volume o f  t h e  streamer t u n n e l s ;  and i f  e v e r y  atom I n i t i a l l y  i n  t h e  t u n n e l  i s  s i n g l y  .- 
i o n i z e d  when i t  a r r i v e s  i n  t h e  vacuum s p a c e ,  t h e r e  is a g r e a t  d e a l  of cha rge  a v a i l a b l e - -  - 

t o  "ground" t h e  f r o n t  s u r f a c e ,  I n j e c t i n g  a n  e x c e s s  o f  c h a r g e  o f  bo th  s i g n s  i n t o  
t h e  vactlum s p a c e  d o e s  n o t  by i t s e l f  f u l l y  ground t h e  f r o n t  s u r f a c e  because  a  g r e a t  
d e a l  o f  t h e  plasma c h a r g e  i s  s h i e l d e d  from t h e  e lec t r ic  f i e l d s  by t h e  plasma i t s e l f . -  
I n s t e a d ,  t h e  i n j e c t e d  plasma w i l l  s p r e a d  o u t  i n  t h e  vacuum i n  a way which depends 
on i t s  i n i t i a l  t e m p e r a t u r e ,  p r e s s u r e ,  v e l o c i t y ,  d e n s i t y  and vacuum E f i e l d s  and 
t h e n  s c a t t e r  o f f  t h e  w a l l s  of  t h e  vacuum chamher,  and  t h e  s c a t t e r e d  components may 
a l s o  c o n t r i b u t e  t o  t h e  "grounding"  o f  t h e  f r o n t  s u r f a c e .  I n j e c t i n g  a n  e x c e s s  of 
c h a r g e  however d o e s  c a u s e  t h e  s u r f a c e  p o t e n t i a l  t o  d r o p  w i t h  a similar s ta t i s t ica l  
d i s t r i b l ~ t i o n  f o r  a n y  s u r f a c e  a r e a  and t h i s  w i l l  o f t e n  happen because  t h e  t u n n e l  
volume v a r i e s  n e a r l y  l i n e a r l y  w i t h  t h e  s u r f a c e  a r e a  ( t u ~ n e l s  t e n d  t o  s p r e a d  o u t  i n  
a f a n  s h a p e  under  t h e  e n t i r e  s u r f a c e  which h a s  been i r r a d i a t e d ) .  

I f  one  were t o  v a r y  t h e  sample  t h i c k n e s s  t h e  c o n c e p t s  proposed  h e r e  might  p r e d i c t  
t h e  f o l l o w i n g  r e l a t i o n s h i p s :  

d )  p u l s e  t i m e  d u r a t i o n  a ( sample  th i ckness ) ' l / 2  

e )  p u l s e  c u r r e n t  a ( sample  th i ckness ) ' l / 2  

f )  t o t a l  d i s c h a r g e  coulombs ( sample  th ickness) ' l  . 
Varying  t h e  s u r f a c e  v o l t a g e  might  c a u s e  these s c a l i n g  laws: 

g) p u l s e  t i m e  d ~ r a t i o n  a ( s u r f a c e  v o l t a g e ) l / 2  f ( v )  

h )  p l ~ l s e  c u r r e n t  a ( s u r f a c e  v o l  t a g e ) l / 2 / f ( v )  

i)  t o t a l  d i s c h a r g e  coulombs a s u r f a c e  v o l t a g e .  

And v a r y i n g  t h e  d i e l e c t r i c  c o n s t a n t  might  g i v e  us  s c a l i n g  laws  l i k e :  

j) p u l s e  time d u r a t i o n  a E 112 

k) p u l s e  c u r r e n t  a E 112 

1) t o t a l  p u l s e  c h a r g e  a E 

The f u n c t i o n  f (V)  is  i n s e r t e d  t o  i n d i c a t e  t h a t  t h e  s e p a r a t i o n  o f  t h e  p o s i t i v e  and 
n e g a t i v e  components  o f  t h e  plasma i n  t h e  vacuum i s  s t r t ~ r ' g l ) ?  dependent  on t h e  e lectr ic  
f i e l d  s t r e n y t h  i n  t h e  vacuum s u c h  t h a t  t h e  r a p i d i t y  JE ground ing  of t h e  s u r f a c e  is 
s e n s i t i v e  t o  t h i s  e f f e c t .  
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Assuminfi t h a t  t h e  f i e l d  P i s  f u l l y  c o l l a p s e d  ir! same s h t ~ r t  r lmr  T ,  ~sstrrnin,: ~ l l a t  R 
Is r o u g h l y  c o n s t a n t  and a s s ~ t m i n g  the s t r e a m e r  passes  w n r l y  a1 l ttir way ~1iro11~:li t h o  
sancpl e , we sot : 

For t h e  r c g l o n  of streilmer p e r p r ? n d i c ~ ~ l a r  t o  t h e  i n i t i a l  E F i e l d  thc? s t reamc*r  propn* 
g a t e s  most commonly boctrusc? of h i g h  c l ~ a r ) ? c  d e n s i t y  and  e F f c ~ c t i v c ! l y  c o n d ~ ~ c t s  this!$ 
c h a r g e  t o  the e l e c t r o d e .  The nrgumcnl: is a s s c n t i a l l y  t h a t  tkc s t r e a m e r  f o r m s  ~ l l s  
path  of  a l i n e  in tc : : ra l  o v e r  wh3.611 e v e r y  e lc f i r tn t  h a s  n e a r l y  z o c a ~ ,  fic!ld,  t ~ :  

E (R ) = 0 ~ v e r j l w h ~ r e  a l o n g  p a t h  R ,  

i n  a n a l o g y  w i t h  G a u s s '  law. T h i s  c o r d d i t i o n  is met when t h e r e  i s  no  n e t  c h a r g e  i n  
t h e  streamer t u b e  ( t u n n e l )  w h i c h  i m p l i e s  t h a t  t h e  streamer removed t h e  n e t  charge 
o r i g i n a l l y  a l o n g  t h e  streamer leng th . - -  

T h e  n e t  c h a r g e  i n j e c t e d  h y  i r r a d i a t i o n  is i n  t h e  rangti! l o 0  t o  1 1 2 ~  c o u l o m b ~ / m 3  
( r e f s  17,27)  s o  t h a t  p e r  cm of  t u n n e l  l e n g t h  t h e  f o l l o w i n g  c h a r g e  1s removed:  

f o r  100 ~ o u l l r n 3 ,  ~ / c m  = 10-12 m2 * 10'2m/crn * 100 ~ o u l / m 3  

Of c o u r s e  t h e s e  estimates a g a i n  a s s u m e  a  t ~ l n n e l  c r o s s  s e c t i o n  o f  a s q u a r e  m i c r o n .  

One more component  o f  meter c u r r e r t t  f l o w s  i n  t h e  s t r e a m e r s  w h i c h  a r e  a n t i p a r a l l e l  
t o  t h e  o r i g i n a l  s t a t i c  E f i e l d .  T h i s  component  is t h e  c o l l a p s e  o f  t h e  s t a t i c  I? f i e l d  
a c r o s s  t h e  streamer. E q s  11  and  1 2  p r o v i d e  an  estimate o f  t h i s  c u r r e n t  c o n t r i b u t i o n .  
Assume a  0.1 mm t h i c k  s a m p l e  w i t h  an E f i e l d  s t r e n g t h  o f  105  V/cm i n  t h e  s t r e a m e r  
r e g i o n  w i t h  1 s q u a r e  m i c r o n  streamer 1 cm l o n g .  I n  t h i s  c a s e  eq. 12 r e d u c e s  t o  

0 = A - E F: Ax = 10 '16 c o d o m b s / c m  t u n n e l  
a 

w h e r e  A = 1 0 ' ~  X 10 '2 m2, a = .0001 r, A x = 10-6 m. 

The  n e t  r e s u l t  o f  t h i s  m o d e l i n g  is  t h a t  f o r  t h e  k i n d s  of  t u n n e l s  s e e n  i n  low dose 
rate tests ( m i c r o n  d i a m e t e r ,  less t h a n  a meter t o t a l  t u n n e l  l ~ n s t h )  oric woultl 
e x p e c t  i n t e g r a t e d  c u r r e n t  p u l s e s  to h e  n e a s r ~ r e d  lees  t h a n  a nonocoulomb when s h o r t e d  
e l e c t r o d e s  a r e  o n  b o t h  s i d e s  o f  tile d i e l e c t r i c .   his is i n  c o n t r a s t  t o  t h e  f l o a t i n a  
f r o n t  s u r f  a c e  w h e r e  t h e  vacumm c u r r e n t s  p r o d u c e  m e a s u r e d  c h a r g e  t r a n s f e r s  excee t l  itig 
a micrr:coulomb. The numbers  w h i c h  r e s u l t  f rom b o t h  t h e  model and t h e  a s s u m p t i o n s  
a r e  i n  a g r e e m e n t  w i t h  t h e  r a n g e  o f  p u l s i n g  r e s u l t s  s e e n  i n  e x p e r f  n c n t s .  



The p u l s i n g  r a t e s  (pulse!: per uni t  time o r  per u n l t  f l u c n l ' c )  src*..n I n  the open f r o n t  
surfact?  e x p c r j ~ n o n t ~  a r e  I n  rough a g r e m e n t  w i t h  thr. r a t e s  Ficcn 111 f u l l v  !:roundo,l 
c x p c r i m c w t s  ( r e f ,  3, 2R,29). This Zs further evidoncc that I n  both t:cnmctrlr:; t h o  
p u b e s  h i l v ~  n common &r ig in . -  

Pr@Vl,ous c a l c u l  i iCian5 have o n l y  est fmstcd ~hi t r f ic  flow, For tho rndl aten EY wave 
prablcm an@ n c c d a  an ssblmate of finxfmt~m p ~ l l n c  cncrp,y  I)c?cat~se t h e  cnllnpsc o f  6hc E 
f i ,c ld r a d i a t e s  waves d b r o c t l y  as well as catrainp, imiigo c l ~ n r g a  motions,  Rocaursc? the 
d y n a m i c s  of the F b c l d  c e l l n p s c  itrc not known t o  me, T c a n n o t  a d d r e s s  tlic ( I f  r e c e l y  
r a d i a t e d  EM wave i n t e n s i t y  p rob lem;  i t  is c c r t n t n l y  CORI~IOX cooenifling p lasma 
o s c i l l a t  i o n  c o h ~ ~ o n o n t s  as well as seoonnnt c;svi t y ring!tna ~ ' . ~ C I I O ~ ~ I ~ I I B .  8tib wc c a n  
estimate t h e  i n i t i a l  c ? l ~ ~ t r ~ s t a t $ ~  energy  a v a i l a h l c  t o  he r a d i a t e d .  

R e f e r r i n g  t o  f i g u r e  8 and assuming as u s u a l  that most o f  t h e  t r apped  charge  r e s i d e s  
n e a r  t h e  f l o a t i n g  s u r f a c e  we f i n d  t h a t  most o f  t h e  e l e c t r o s t a t i c  energy r e s i d e s  i n  
two f i e l d s .  I f  Vo i s  t h e  s u r f a c e  p o t e n t i a l ,  t hen  t h e  energy  s t o r e d  p e r  u n i t  s u r f a c e  
a r e a  i n  t h e  d i e l e c t r i c  is g i v e n  by  

where a i s  t h e  d i e l e c t r i c  t h i c k n e s s ,  and t h e  energy s t o r e d  i n  t h e  vacuum ( p e r  u n i t  
a r e a )  i s  

where b i s  t h e  d i s t a n c e  through t h e  vacuum t o  ground ( o r  one debye l e n g t h  i n  t h e  
space  plasma). Assuming t h a t  t h e  sample d i e l e c t r i c  c o n s t a n t  is s i m i l a r  t o  vacuum, 
t h a t  t h e  vacuum spac ing  b i s  0.5 w n d  t h a t  t h e  sample t h i c k n e s s  i s  10'~ m we f i n d  
t h a t  

However, t h e  e l e c t r o s t a t i c  energy w i t h i n  t h e  d i e l e c t r i c  i s  n o t  d i scharged  by a 
p r o ~ a g a t i n g  s t reamer .  Only t h e  volume occupied by t h e  s t r e a m e r  i s  d i scharged .  I f  
we l e t  C' be t h e  d i scharged  e l e c t r o s t a t i c  ene rgy ,  t h e n  i n  t h e  vacuum t h e  t o t a l  
d i s c h a r g e  energy i s  

and f o r  t h e  s t r e a m e r  t h e  t o t a l  d i s c h a r g e  energy i s  

2 2 = c ( s t r e a m e r  volume) Vo 12a 

Assuming a sample s u r f a c e  a r e a  o f  10'~ m2,  a d i e l e c t r i c  c o n s t a n t  s i m i l a r  t o  vacuum, 
a s t r e a m e r  l e n g t h  o f  1 mete r  w i t h  one square  micron c r o s s  s e c t i o n  we f i n d  

Thus t h e  d i s c h a r g e  p u l s e  energy  i s  s i g n i f i c a n t l y  s m a l l e r  i n  t h e  d i e l e c t r i c  t h a n  i n  
t h e  vacuum f o r  t h e  t y p i c a l  i r r a d i a t i o n  geometries r e p o r t e d  t o  d a t e .  Yet i t  i s  t h e  
plasma c r e a t e d  i n  t h e  d i e l e c t r i c  which c a u s e s  t h e  r e l a t i v e l y  large energy dunips i n  
t h e  vacuum r e g i o n  o f  space. 



Real  S p e c t r a  Effects, Surface P o t e n t i a l ,  and Enhanced Pulairig 

It:  ha^ hccn r c p a r t c d  ghflt: t h e  npnco a h r l t t l e  t i l c ~  nhow no dischnrgc! p r ~ l ~ r s  rrndnr 
monaanargcfiia i r r a d i a t i o n  bur do p u l s e  when i r r a d i a t e d  w i t h  n hrond npnct;rum (ref 
30).  This o f f c c t  wir! also  o c c u r  i n  ~p-ace and, c o n t r a r y  t o  popula r  o p i n i o n  o f  thr 
momcnb, the cf fcc t  proves  that resting w i t h  monooncrgcCic hcnmn i s  not  n c ~ c ~ ~ ~ w i l y  
,I warnt case test .  

Thc cause  tar tho sFFccs h a s  no6 bsct~ prevcn h u t  I p o n t t ! l a t ~  t b c  f o l l a w i n g  snuno. 
g a r l y  i n  t h e  i r r a d i a t i o n ,  hsfors pulnas hcp, in , thc  s u r f a c e  cameo t o  i t r  e:quilibriurn 
p o t c n t i n l  s a y  2 ksV hclow tl ic  i n c i d e n t  m s n s c n s ~ g c t i e ,  C ~ C G ~ ~ S I ~  ctncrgy. Fip,nrr, 4 
d e s c r i b e s  n t y p i c a l  r e s u l t  whcrs surface p o t e n t i a l  c q u i l i b s i u m  occurscrt i n  36 nccsnds  
( r e f  13) .  The e l c c e r i ~  f i e l d  a t  t h e  f r o n t  surfacs w t ~ i c h  c a n  p r ~ d u s c  s t r e a m e r s  t h a t  
e j e c t  pltlsmn i n t o  tlre vacuum w i l l  n o t  p e n e t r a t e  beyond 0.1 micron. The rest o f  the 
d i e l e c t r i c  beyond 0.1 micron w i l l  produce stre3fiters which connect  t o  the r e a r  
e l e c t r o d e ,  n o t  t o  t h e  vacuum. ~ a l m a i n  f i n d s  t h a t  he  must w a i t  LQng t i m e s  f o r  
d i s c h a r g i n g  t o  b e g i n  ( r e f .  29) even a t  h i s  muck h i g h e r  d o s e  r a t e s .  Such lone, t imes  
probably  i n v a l i d a t e  f i g  4 c o n c l u s i o n s  because  o f  t r apped  charged d i f f u d i o n  e f f e c t s  
which would b r i n g  t h e  h i g h  f i e l d s  n e a r  t h e  s u r f a c e  t o  d e e p e r  dep ths .  It may be 
t h a t  0.1 microns  o f  m a t e r i a l  i s  unlike1.y t o  produce a s t r e a m e r ,  i t  may r e q u i r e  1 .0  
microns  o r  more o f  d e p t h  t o  a l l o w  a s t r e a m e r  t o  propagate .  Thus i n  Haltnains 
exper iments  he  w a i t s  u n t i l  d i f f u s i o n  h a s  moved t h e  c h a r g e  c e n t r o i d  (where E = 0) t o  
some d e p t h  perhaps  1 micron o r  more. A t  t h i s  p o i n t  i n  t ime  a s t r e a m e r  i n i t i a t e s  
and p u l s i n g  beg ins .  Rut w i t h  a broad spectrum one d o e s n ' t  have t o  w a i t ,  t h e  h i g h  
energy t a i l  r a p i d l y  produces  t h e  d e e p e r  s u r f a c e  f i e l d  p e n e t r a t i o n .  

F i g u r e  9 d e s c r i b e s  t h o  q u a n t i t a t i v e  approach f o r  e s t i m a t i n g  t h e  importance o f  t h e  
t a i l .  The d i e l e c t r i c  s u r f a c e  comes t o  a p o t e n t i a l  ge i n  space  t y p i c a l l y  
between 0 and -10 kV. The s u r f a c e  h a s  a b a c k s c a t t e r e d  p l u s  secondary e l e c t r o n  
y i e l d  curve  ( r e f .  31) which, when fa lded  w i t h  t h e  space  e l e c t r o n  energy spect rum,  
produces a s p e c i f i c  ene rgy  & Q determined by 

where N( ) i s  t h e  space  e l e c t r o n  energy d i s t r i b u t i o n .  T h i s  is  e q u i v a l e n t  t o  
s a y i n g  t h a t  t h e  n e t  c u r r e n t  t o  t h e  sample by a l l  e l e c t r o n s  below ca i s  zero .  

w i l l  g e n e r a l l y  be > 1  kV above t h e  second c r o s s o v e r  energy f o r  most polymers 
and a t  e n e r g i e s  above t h e  backemit ted  y i e l d  ( f i g u r e  9) i s  roughly  a c o n s t a n t .  
T y p i c a l l y  i n  space  t h e  e l e c t r o n  energy  spectrum above ca c a n  be  c h a r a c t e r i z e d  by 
a f u n c t i o n  l i k e  

and we can  s o l v e  d i r e c t l y  f o r  I 

n-l 
I - [I - 6  



If we kn_w the spectrum (such as eq. 20) w_ can determine _g from aq !9 and by
nteasur_ng I we can then det_.rmlne the total _n_ident current above _ because all
this currant mu_t go ca the electrode.- NOw i.f I > 10 "12 A/am2 it in in pr[nclplo.

i_,_ capable of creating sufficient field strengtli over t, ufficiant depth to produce
, ._ atreamera at the surface heeallae the f.ail beyond _p, £.q dapositing charge beyond 0.1

micron depth in mifficient quantiti,_s° The abow_, mechanism is pt_s_ula_cd _o explain
'_ the nhn_t!e tile rem_ltt_ where monoenerget_c, elect ronn do not cause diseht|rge hug

' e mi broad .qpectra do. rh, ext_stw,_ polymer ra, nulf, s whtaro monOcnergetic el, cottons
cause puls_np, bu_ only after inordinate time delays '°t:_ postulated _o he dlie tO fll.OW

i carrier drift (typleallv up Co 5 microns as reported _n the l{Ceratura) befor_ deep
:., t_applng. The basic reason for tile difference is, agai-n, postulated to be duc to a

i . streamer phennmena ie: there is some minimum dielectric thiekne,_a, probably field
'_ , dependent, required for the generation of these (non thermal, type) st_eamers.

i

EXPER[MENTAL FREDICTIONS

_, Several new experimental results can be predicted from this modeling. These experi-
i - ment.q could he a check on the model.

i Containment of 3treamer

i

! J'; The streanters reported by BaLmatn el, al. are almost _urface streamers. At first
'_ .... look they appear similar to the bulk streamers which occur at deeper depths when
!::i! irradiated by higher energy (100 keV - 10 MaY) electrons in air. However, I think

both streamers are produced bv electric fields as the driving force. If one were
_ii_ to perform BaLmain's irradiations with a very thin (say 500 _ AL) front grounded
_ electrode then the stremners would occur mostly at 5 micron depth and be similar to
_-r_ the trees _enerated by hi_her energy irradiations. The resulting tree would burst
_:_ through the 500 _ electrode leaving a hole,

HoWever, Lf one were to use a 2 mm thick electrode tightly clamped to the surface

and irradiate with say MeV electrons, I predict that streamers still form but do
not Leave the "ample. The streamer will re-solldify In its track. It might be
visible as a t._e of less crystali,nity after the event. One could look at the
edge of the sample for the flash at light to be sure that a streamer occurred. In
my experiments with aeavy electrode_, trees were never seen leaving the dielectric
at the electrode, they were only seen at a gap or at the edge of the electrode.

It is often presumed that trees only originate at gaps, edges, or flaws. I feel
, they can originate elsewhere but of course prefer "high field" or "weak spot"

:' regions associated with gaps, edges, or flaws. The experiment above using 500 A A1
• electrodes should demonstrate that streamers also propagate to (or start at) an
• electrode interface and in this case will blow away the electrode at this poi,tt. I

have seen this effect with carbon paint electrodes which are admitedly not very

smootti and may have had a mtcrocrack at the discharge site.

Experimental Proof of VaCuum Field Collapse Thesis

I propose irradiating a sample in the geometry of figure 8 while holding the Irr-

adiated surface at ground potentiai (either using VUV llght to plmtoemlt electrons

from the surface or using a thin grounded metalizatiml). This will make all pulses

seen by meter I very small. Then one can simulate the floating surface field in

the vacuum by biasing the lower electrode in flg. _ to +10 kV through a very high
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impedance. ThSs w i l l  ca t t sc  tha p u l s e s  t o  l>ccome t h e  l a r g e  t v p e  juac  arl if  t h c  
f r o n t  s u r f a c e  had hcon cha rged  ta -10 kV. 

I n  a d d i t i o n  I p ropose  hlasing t h e  lower  e l e c t r o d e  w i t h  a v a r y  law impcdancc. T h i s  
w i l l  allow one  t o  c o l l e c t :  mr~cll more o f  t h e  plasma c h s ~ X c  which t h e  s t r e a m e r  i n j e c t s  
i n t n  Llie vacuum. Or,  at l e a s t ,  Lt d l o w s  marc of t h e  c h a r g e  t o  be  s e p a r a t e d  and t o  
r e g i s t e r  as  A c u r r e n t  on the meter. Thus,  111 t h i s  LOW impedance c a s e  charf ie  c o l l e c -  
t e d  w i l l  n e t  s c a l e  w i t h  s u r f a c e  a f e a  h u t  wi l  l s c a l e  w f t h  s t r e a m e r  volume. Tn s u c h  
expe r imen t  one must hc s u r e  t a  expose  t h e  upper  e l e c t r o d e  t o  t h e  vncrlum plasma i n  
o r d e r  t o  c o l l e c t  t h e  p o s i t i v e  plasma c h a r g e ,  o t l i c rwfse  t h e  plasma w i l l  j u s t  c lamp 
t h e  s u r f a c e  p o t e n t i a l  t o  t h e  lower c l e c t r c l d c  and t l lc  c h a r g e  c o l l e c t e d  w i l l ,  w a i n ,  
s c a l e  w i t h  s u r f a c e  a r e a .  

S t r e a m e r  ~ o l u m e / P l a s m a  Charge T h e s i s  

One c a n  i r r a d i a t e  a sample  i n  a  chamber which a l s o  h a s  two e x t r a  e l e c t r o d e s  n e a r  
t h e  f r o n t  of  t h e  d i e l e c t r i c .  These  e l e c t r o d e s  can  be b i a s e d  a t  h i g h  v o l t a g e  and 
w i t h  low impedance so t h a t  a f r a c t i o n  o f  t h e  plasma c h a r g e  w i l l  be c o l l e c t e d  on t h e  
e l e c t r o d e s  and a p p e a r  as a c u r r e n t  i n  a  meter c o n n e c t i n g  t h e  two e l e c t r o d e s  ( o n e  
e l e c t r o d e  i s  b i a s e d  p o s i t i v e  and one  n e g a t i v e ) .  The i n t e g r a t e d  c u r r e n t  i s  t h e n  
p r o p o r t i o n a l  t o  t h e  amount o f  plasma i n j e c t e d  i n t o  t h e  vacuum. 

One i r r a d i a t e s  u n t i l  t h e  f i t s t  p u l s e  o c c u r s  and immedia t e ly  t u r n s  o f f  t h e  beam. 
The t o t a l  streamer volume is t h e n  measured (1'11 let  you f i g u r e  o u t  how) and compared 
t o  t h e  p u l s e  c h a r g e  measured. T h i s  i s  r e p e a t e d  u s i n g  d i f f e r i n g  d o s e  r a t e s ,  beam 
e n e r g i e s  and sample s i z e s  u n t i l  a  l a r g e  d i s t r i h u t i o n  i n  p u l s e  s i z e s  is g e n e r a t e d .  
The s t r e a m e r  volume as  measured by t h e  r ema in ing  tree volume shou ld  s c a l e  w i t h  t h e  
p u l s e  cha rge .  (Of c o u r s e  t h i s  pressumes  t h a t  t h e  plasma c h a r g e  c o l l e c t i o n  e f f i c i e n c y  
is a monotonic f u n c t i o n  of  t h e  streamer s i z e . )  

T h i s  expe r imen t  i s  a l s o  a measure of  t h e  l i m i t  t o  pr i l se  s i z e .  The u l t i m a t e  p u l s e  
c u r r e n t  magni tude  i s  l i m i t e d  by t h e  t o t a l  f r e e  c h a r g e  i n  t h e  s t r e a m e r  plasma. I n  
t h e  s c a l i n g  e x p e r i m e n t s  r e p o r t e d  t o  d a t e  T t h i n k  i t  is t r u e  t h a t  t h e  streamer 
i n j e c t e d  f r e e  c h a r g e  f a r  e x c e e d i n g  t h e  c h a r g e  r e q u i r e d  t o  d r o p  t h e  i n s t ~ l a t o r  s u r f a c e  
t o  ground.  I n  a d d i t i o n ,  e x p e r i m e n t s  w i t h  r a d i a t i o n  induced l i c h t e n b e r g  trees 

, . 
i n d i c a t e  t h a t  t h e y  u s u a l l y  s p r e a d  o u t  t o  encompass most of t h e  s o l i d  s o  t h a t  t h e  
t o t a l  streamer volume w i l l  s c a l e  r o u g h l y  a s  t h e  t o t a l  i r r a d i a t e d  s u r f a c e  area. I t  
w i l l  a l s o  s c a l e  w i t h  t h e  s t a t i c  f i e l d  s t r e n g t h  j u s t  p r i o r  t o  s t r e a m e r  f o r m a t i o n  
because  t h e  trees a r e  known t o  p u t  on more b r a n c h e s  when t h e  d i s c h a r g e  o c c u r s  a t  
h i g h e r  f i e l d  s t r e n g t h .  

Coupling t o  Biased S p a c e c r a f t  E lemen t s  

It is w e l l  known t h a t  e l e c t r o m a g n e t i c  c o u p l i n g  w i l l  o c c u r  t o  o r h e r  e l e m e n t s  on s 
s p a c e c r a f t  whcn a d i s c h a r g e  occclrs. The plasma i n j e c t e d  i n t o  t h e  vacuum creates 
a n o t h e r  coup l i l l g  mechanism. O t h e r  2 l emen t s  w i t h  b i a s  and n e a r  t h e  d i s c h a r g e  s i t e  
w i l l  i r l t c r a c t  d i r e c t l y  w i t h  t h e  plasma. T h i s  mechanism cou ld  h e  more t m p o r t a n t  
t h a n  d i r e c t  EM coup l ing .  Exper iments  on t h i s  phenomenon a r e  o h v i o u s l y  s p e c i f i c  t o  
t h e  s p a c e c r a f t  a p p l i c a t i o n  h u t  t h e y  can  he  a - p r i o r i  modeled s i n c e  e x p e r i m e n t s  ll and 
C above p r o v i d e  t h e  h a s i c  i n f o r m a t i o n  f o r  model ing  t h i s  phenoxenon. 



Pulse  Rate v e r s u s  Dose Rate  

I t  i s  o f t e n  tliought t h a t  t h c  pr11sc r a t e    elates t o  ttic dose  r a t e ,  In  cxperPmental 
t e s t s  t h i s  is roughly  t r u e  a s  long as t h e  sample c o h t i n u e s  pu l s ing .  However, t h e  
thought  is  c o n t r a d i c t e d  by tlie f a c t  t h a t  a l l  p u l s i n g  s t o p s  a f t e r  S b ~ e  t ime ( f o r  
p l r c  polymers o n l y ,  f i b e r  f i l l e d  m n W a l a  can p u l s e  v i r t u a l l y  f o r e v e r ,  r e f s  3,  
2 H ,  3 0 ) .  

A b e t t e r  i n t e r p r e t a t i o n  ~so111d he s i m i l a r  t o  t h e  common high v o l t a g e  c a p a c i t o r  
pro-breakdown p u l s e  c x p l a n a t  Coa. In  t h i s  c a s e ,  i f  one f i r s t  a p p l i e s  ln5  Vlcm t o  a 
d i e l e c t r i c  smal l  p i ~ l s c s  a r e  seen  which e v e n t u a l l )  s top .  Presumahlv t h e  weakest s p o t s  
have hecn r e l i e v e d .  Ra i s ing  t h e  f i e l d  t o  3 X 105 ~ / c m  in t roduced  more p u l s i n g  
which a l s o  s t o p s ,  pres l~mably r e l i e v i n g  more weak s p o t s .  I n  t h o  c a s e  of r a d i a t i o n ,  a 
h i g h e r  dose  r a t e  s imply c a u s e s  t h e  h igh f i e l d  s t r e n g t h s  t o  evo lve  more r a p i d l y  but  
once e q u i l i h r i u m  f i e l d s  a r e  a t t a i n e d  p u l s i n g  w i l l  soon s t o p .  

P u l s e s  Caused by Changing S p e c t r a  

A f t e r  a n  i r r a d i a t i o n  h a s  p rogressed  t o  e l e c t r i c  f i e l d  e q u i l i b r i u m  and p u l s i n g  
a p p e a r s  t o  have s topped ,  f u r t h e r  p u l s i n g  i s  o n l y  o c c a s i o n a l .  However, a  change i n  
r a d i a t i 6 n  energy  spectrum w i l l  c a u s e  a r e l a t i v e l y  r a p i d  r e d i s t r i b u t i o n  o f  e l e c t r i c  
f i e l d  s t r e n g t h .  T h i s  r e d i s t r i b u t i o n  c a n  c a u s e  new weak s p o t s  t o  f i n d  themselves  i n  - - 

a h i g h  f i e l d  r e g i o n  and p u l s i n g  c a n  beg in  aga in .  Such a n  e f f e c t  h a s  been s e e n  
( r e f ,  2 8 ) .  

Do Punchthrough Breakdowns Occur? 

Whenever i n s u l a t o r s  a r e  i r r a d i a t e d  i n  a i r  ( t h e  a i - r  i o n s  ho ld  t h e  s u r f a c e  a t  ground 
p o t e n t i a l )  t h e  r e s u l t i n g  t r e e  e x i t s  from o n l y  one s u r f a c e ;  no  punchthrough occurs .  
T h i s  happens f o r  good r e a s o n ;  t h e  e l e c t r i c  f i e l d  d i s t r i b u t i o n  w i l l  n o t  p ropaga te  a 
s t r e a m e r  a l l  t h e  way through t h e  i n s u l a t o r .  The s t r e a m e r  s t o p s  p ropaga t ing  when 
t h e  f i e l d  a t  i ts  t i p  goes  t o  z e r o  ( f i g s .  4 and 5 ) .  Given a c o a s t a n t  spect rum it i s  
u n l i k e l y  t h a t  c o n d i t i o n s  c a n  be  c r e a t e d  t o  g e t  a s t r e a m e r  a l l  t h e  way through t h e  
i n s u l a t o r  by normal s t r eamer  p ropaga t ion  mechanisms. 

However, i f  one s t r e a m e r  h a s  been formed and t h e  spect rum changes t h e n  a new 
dtreamer  may o c c u r  and i n t e r s e c t  t h e  e a r l i e r  s t r e a m e r ' s  hol low t u n n e l s .  The f o r c e  

I 

o f  h i g h  p r e s s u r e  t h e n  may d r i v e  t h e  new s t reamer  through t h e  o l d  t u n n e l s  and 
seemingly p e n e t r a t e  t h r x g h  t h e  sample. Th i s  occur rence  a p p e a r s  t o  m e  t o  b e  v e r y  
i n f r e q u e n t .  

On t h e  o t h e r  hand, i f  one l o o k s  a t  f i g u r e  4 i t  i s  p o s s i b l e  f o r  s t r e a m e r s  t o  o c c u r  
a t  t h e  r e a r  e l e c t r o d e  and p ropaga te  t o  w i t h i n  0.1 micron o f  t h e  f r o n t  s u r f a c e .  I n  
t h i s  e v e n t  i t  may be  t h a t  t h e  p r e s s u r e  i n  t h e  conf ined  s t r e a m e r  i s  enough t o  blow 
o f f  t h e  0.1 micron l a y e r  a t  some p o i n t  and e f f e c t i v e l y  p ropaga te  t h e  s t r e a m e r  
through t h e  e n t i r e  i n s u l a t o r .  S i n c e  I d o n ' t  know t h e  p r e s s u r e  developed i n  t h e  
s t r eamer  n o r  do Z know t h e  dynamics o f  c r a t e r  b lowof f ,  1 c a n ' t  d i s c u s s  t h e  con- 
s t r a i n t s  on t h i s  process .  
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Figure 1. P i c t o r i a l  of cu r r en t  t o  t h e  e l e c t r o d e s  of a d i e l e c t r i c  f i l l e d  capac i to r  
under constant dc bias .  'Phe non-zero backgrould currelrt  is due t o  dark conduct- 
i v i t y  i n  t h e  d i e l e c t r i c .  The pulses  a r e  c a l l e d  prebreakdowu events  and usua l ly  
occur a t  f i e l d s  of lo5 ~ / c m  o r  higher .  Pulse  s i z e s  vary b u t  a r e  sma l l ,  commonly 
of order  picocoulombs, -- - - --- - -  - -  -- 

Figure 2. 'he measured cu r r en t  i n  a wire connect ing two e l e c t r o d e s  is t h e  s p a t i a l  
i n t e g r a l  of t he  c u r r e n t s  in t h e  space between t h e  two e lec t rodes .  The d i s t a n c e  
between t h e  e l ec t rodes  is  "A" i n  t h i s  f i gu re .  



Figure 3. Once a sereameer forms In the dielectric the streamer tip propages 
parallel to the E field at 105 m/sec. The streamer probably starts at or near 
the surface. 



Llevth (urn) 

Figure 4. Calculated e l e c t r i c  f i e l d  s t r e n g t h s  versus  depth from t h e  su r f ace  of 
myler i r r a d i a t e d  by 10 keV e l e c t r o n s  a t  10'~ ~fcrn2 .  The I r r a d i a t e d  f r o n t  
sur face  of the  1  mm t h l c k  mylar i s  f l o a t i n g  while  t h e  r e a r  su r f ace  is grounded. 
The i r r a d i a t i o n  begins a t  0  seconds. It i s  important t o  no te  t h a t  t he se  r e s u l t s  
a r e  obtained under t h e  assumption t h a t  r a d i a t i o n  generated charge c a r r i e s  do k.  

not d r i f t  beyond 100 angstroms which is  known t o  be i nco r r ec t .  However, t h e  
d r i f t  r a t e  and t h e  d i s t ance  t r a v e l l e d  before  deep t rapping  is  not w e l l  known 
but 5 micron d r i f t s  have been seen i n  t e n  mitrute experiments. Such e f f e c t s  
would cause these  E f i e l d s  t o  become l a r g e r  while  t h e  depth at which Em0 slowly 
d r i f t s  t o  deeper depths ,  perhaps a  few microns. - 



Figure  5. C a l c u l a t e d  e l e c t r i c  f i e l d  p r o f i l e  i n  25 mlcron t h i c k  mylar w i t h  both 
s u r f a c e s  grounded. The f t o n i  s u r f a c e  ( z e r o  dep th )  is i r r a d i a t e d  by 20 keV 
e l e c m n s  beg inn ing  a t  z e r o  seconds.  I n c r e a s i n g  t h e  t h i c k n e s s  of t h e  mylar 
would not  change t h e  results at  d e p t h s  between 0 and 5 microns. 
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F i g u r e  6. Typ ica l  i r r a d i a t i o n  geometry. Th i s  s i m p l e  s t r u c t u r e  is i n s i d e  a m e t a l l i c  
vacuum chamber. The f r o n t  s u r f a c e  c a n  be l e f t  f l o a t i n g  or i t  can he grounded 
by a p p l i c a t i o n  of  a v e r y  t h i n  conduc t ive  coatLtng. 



Figure 7. Floating front surface potential as a function ~f time during irradiation 
as described in figure 6, The precipitous drops in potential are due to dls- 
charges. This is a typical (but not a particular experiment) result but other 
results have been observed also, including for example no discharges. 

VOLUME 

Figure 8. Meter currents resulting from a discharge in which actual charged 
particles do not reach the electrode. The electric field change Is responsible 
for the metered current. Since we can't know the charged particle trajectories, 8 

we must determine I from this displacemei~t current alone. Here, V is volume. 
We can make an estimate of the total change in E and the volume in which it 
ocurs even though d ~ / d t  is indeterminate. 



Figure  9. Measured rear e l e c t r o d e  c u r r e n t  a t  Late times i n  a l o n g  i r r a d i a t i o n  by a 
broad e n e r g y  spectrum. be is t h e  e q u i l i b r i u m  f r o n t  s u r f a c e  p o t e n t i a l .  
EQ is  t h e  e l e c t r o n  energy below which a l l  incoming e l e c t r o n s  produce no n e t  
meter c u r r e n t  due t o  back e m i t t e d  e l e c t r o n  e f f e c t s .  6 ( c )  i s  t h e  back 
e m i t t e d  c u r r e n t  f o r  a c u r r e n t  of i n c i d e n t  e l e c t r o l i s  a t  i n i t i a l  energy €. 

E Q  is u s u a l l y  a few keV above 0e. T h i s  f i g u r e  d e p i c t s  why t h e  s i m p l i f i e d  
s o l u t t o n  i n  eq. 21  Is a good approximat ion  s i n c e  6 is n e a r l y  c o n s t a n t  above 


