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SUMMARY 

An e l e c t r o n  t r a n s p o r t  model of the charging of d i e l e c t r i c s  due t o  e lec-  
t r o n  bombardment has  prev ious ly  been given. In  t h i s  paper ,  we p re sen t  a  
comparison of t h e o r e t i c a l  c a l c u l a t i o n s  based upon t h i s  model t o  measurements 
of i n t e r n a l  charge d i s t r i b u t i o n s  which have previous ly  been *erf ormed . The 
emphasis is on t h e  d i s t r i b u t i o n  of Teflon. Severa l  i n t e r e s t i n g  f e a t u r e s  of 
t h e  r e s u l t s  a r e  noted.  F i r s t ,  t he  pos i t i on  of t h e  charge cen t ro id  a s  a  func- 
t i o n  of time i s  no t  monotonic. Instead,  i t  f i r s t  moves deeper i n t o  t h e  
m a t e r i a l  and then moves back near  t o  the s u r f a c e .  Second, i n  most t ime 
regimes of i n t e r e s t ,  t h e  charge d i s t r i b u t i o n  is  no t  unimodal, b u t  i n s t ead  has  
two peaks. Thi rd ,  t h e  l o c a t i o n  of the  cen t ro id  near  s a t u r a t i o n  is  a  func t ion  
of t h e  i n c i d e n t  c u r r e n t  d e n s i t y  a s  has prev ious ly  been measured. While t h e  
q u a l i t a t i v e  comparison of theory and experiment a r e  reasonable,  q u a n t i t a t i v e  
comparison shows d i sc repanc ie s  of as much as a  f a c t o r  of two. 

I. INTRODUCTION 

1 , 2  I n  t h e  1978 meeting of t h i s  conference two papers  were presented 
which provided models f o r  t h e  charging of d i e l e c t r i c s  by e l e c t r o n  sources.  
These models included a  d e s c r i p t i o n  of processes  occurr ing  i n t e r n a l  t o  t h e  
d i e l e c t r i c ,  and thus  permit ted the  computation of i n t e r n a l  charge d e n s i t i e s  
and e l e c t r i c  f i e l d s .  I n  p a r t i c u l a r ,  s eve ra l  computations f o r  i n t e r n a l  charge 
d i s t r i b u t i o n s  and f i e l d s  were presented i n  Reference 1 f o r  t h e  cond i t i ons  
which have become common i n  labora tory  s p a c e c r a f t  d i e l e c t r i c  i r r a d i a t i o n s ,  
monoenergetic k i l o v o l t  e l e c t r o n s  inc ident  on a f r e e  f l o a t i n g  d i e l e c t r i c  
su r f ace .  No comparison between t h e  computations and experimental  d a t a  w a s  
p resented  a t  t h a t  time. 

It is the  purpose of t h i s  paper t o  compare computations of t h e  i n t e r n a l  
charge d i s t r i b u t i o n  wi th  experimental d a t a  f o r  t h e  same quan t i t y  which has  
been r epor t ed  i n  t h e  l i t e r a t u r e . 3  The i r r a d i a t i o n  cond i t i ons  correspond t o  
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those  discussed above. It should a l s o  b e  noted t h a t  Frederickson i s  provid ing  
a comparison of o t h e r  q u a n t i t i e s  f o r  a me ta l l i zed  f r o n t  s u r f a c e  i n  another  
p r e s e n t a t i o n  a t  t h i s  conference .4 Thi s  information,  t oge the r  w i t h  two r e c e n t l y  
publ ished discussions5,6 of t h e  same s u b j e c t ,  w i l l  p rovide  a reasonably com- 
p l e t e  p i c t u r e  of t he  s ta te -of - the-ar t  of t h e  understanding of t h i s  important  
s u b j e c t .  It is a n t i c i p a t e d  t h a t  t h e  reader  w i l l  come t o  t h e  conclusion t h a t  
a g r e a t  d e a l  remains t o  be learned  a s  q u a n t i t a t i v e  agreement i s  n o t  pa r t i cu -  
l a r l y  good. 

A s  noted i n  Reference 1, f o r  cond i t i ons  i n  which t h e  mean e l e c t r o n  range 
is s m a l l  compared t o  t h e  d i e l e c t r i c  t h i ckness ,  t h e  e x t e r n a l  charging charac- 
t e r i s t i c s  (surface vo l t age )  a r e  e f f e c t i v e l y  decoupled from t h e  d e t a i l s  of t h e  
i n t e r n a l  charge rearrangement i n  t h e  m a t e r i a l .  Because t h e s e  cond i t i ons  
almost un ive r sa l ly  p r e v a i l  f o r  t h e  environments of i n t e r e s t  ( i f  t h e  Van Al len  
e l e c t r o n s  a r e  ignored) ,  i t  might be asked why t h e  s p a c e c r a f t  community should 
c a r e  about  the f i n e  d e t a i l s  represented  i n  t hese  models. I m p l i c i t  i n  t h i s  
ques t ion  is the assumption t h a t  t he  only parameter of importance is  t h e  sur -  
f a c e  d i f f e r e n t i a l  p o t e n t i a l  r e l a t i v e  t o  s p a c e c r a f t  ground. I n  a p r e s e n t a t i o n  
by s t evens7  a t  t h i s  conference, a very  s t r o n g  c a s e  is  developed which sugges ts  
t h a t  t h i s  i s  not t he  ca se  f o r  o r b i t i n g  spacec ra f t .  I n  p a r t i c u l a r ,  t r a n s i e n t  
pu l se s  assoc ia ted  wi th  breakdown appear t o  be  occurr ing  even when d i f f e r e n t i a l  
vo l t ages  a r e  s u b s t a n t i a l l y  below those  requi red  i n  t h e  l abo ra to ry  t o  induce 
breakdown. The conclusion i s  t h a t  t h e  d i f f e r e n t i a l  vo l t age  is no t  t h e  only 
d i a g n o s t i c  required t o  understand d i scha rges  which occur  i n  space - o t h e r  
more s u b t l e  processes may be  involved. It was pointed ou t  i n  Reference 1 t h a t  
s u b s t a n t i a l  e l e c t r i c  f i e l d s  can e x i s t  i n s i d e  t h e  d i e l e c t r i c  even when t h e  
e x t e r n a l  d i f f e r e n t i a l  v o l t a g e  is smal l .  Th i s  observa t ion  provides  one specula-  
t i o n  about the source of low vo l t age  breakdowns. It i s  a l s o  n o t  d i f f i c u l t  t o  
imagine theo r i e s  of breakdown which depend on a c r i t i c a l  t rapped charge 
dens i ty .8s9  Thus, t h e  s tudy  of i n t e r n a l  charge d i s t r i b u t i o n s  and f i e l d s  i s  
probably n o t  some e s o t e r i c  backwash i n  s p a c e c r a f t  research ,  b u t  i s  r a t h e r  
an  e s s e n t i a l  ingredient  i n  developing an understanding of d i scha rges  i n  space. 
It is t h e  i n t e n t  of t h i s  paper t o  provide s u f f i c i e n t  d a t a  t o  a s s e s s  how w e l l  
t h i s  important s u b j e c t  is understood. Condit ions i n  t h e  l abo ra to ry  a r e  
i n v e s t i g a t e d  exc lus ive ly .  The imp l i ca t ion  f o r  t h e  exoatmospheric environment 
a r e  l e f t  f o r  fu tu re  i n v e s t i g a t i o n s .  

I n  Sect ion 11, a t e c h n i c a l  modi f ica t ion  t o  t h e  model is  d iscussed .  
The modif icat ion permits  t h e  incorpora t ion  of t h e  delayed conduc t iv i ty  i n  
t h e  model. Section I11 p r e s e n t s  t h e  major r e s u l t s  of t h e  paper .  A d i scuss ion  
of t h e s e  r e s u l t s  is  given i n  Sec t ion  I V .  

11. DELAYED CONDUCTIVITY MODEL 

When a f r ee - f loa t ing  f r o n t  s u r f a c e  of a d i e l e c t r i c  i s  i r r a d i a t e d  wi th  
e l e c t r o n s ,  i t  is ra i sed  t o  a nega t ive  p o t e n t i a l  r e l a t i v e  t o  t h e  system ground. 
E lec t rons  a r r i v i n g  l a t e r  a t  t h e  sample s u r f a c e  a r e  r e t a rded  and consequently 
p e n e t r a t e  less deeply i n t o  t h e  m a t e r i a l .  T h i s  range sho r t en ing  r e s u l t s  i n  
r eg ions  of d i e l e c t r i c  which a r e  i n t i a l l y  i r r a d i a t e d  becoming non- i r rad ia ted .  



Within t h e  numerics of a  code model of t h e  process ,  t h i s  l e a d s  t o  reg ions  of 
d i e l e c t r i c  which go from being r a t h e r  s t rong ly  conducting because of t h e  
radiat ion-induced conduct iv i ty  t o  the weakly conducting s t a t e  a s soc i a t ed  wi th  
t h e  da rk  d i e l e c t r i c .  This  t r a n s i t i o n  can occur r a t h e r  ab rup t ly  i n  a Monte 
Carlo s imula t ion  and is d i s t i n c t l y  non-physical. This  s i t u a t i o n  can be 
amel iora ted  by us ing  improved numerical techniques o r  by adequately modeling 
t h e  decay of t h e  conduc t iv i ty  i n  these reg ions .  We choose t h e  l a t e r  
approach he re .  The s p e c i f i c s  of the approach have previous ly  been given by 
o t h e r  r e sea rche r s .  lo 

When d i e l e c t r i c s  a r e  subjec ted  t o  i o n i z i n g  r a d i a t i o n ,  charge  c a r r i e r s  
a r e  l i b e r a t e d  g iv ing  r i s e  t o  a radiation-induced conduc t iv i ty .  Since t h e  
c a r r i e r s  do no t  ins tan taneous ly  recombine when the  i o n i z i n g  r a d i a t i o n  ceases ,  
t h e r e  p e r s i s t s  a  delayed component of t h e  radiat ion-induced conduct iv i ty .  The 
decay of t h e  delayed conduc t iv i ty  i s  given by: 

where : 

a* = %IF ; 

a = conduc t iv i ty  a t  t h e  end of i r r a d i a t i o n ;  
0 
F = f a c t o r  by which t h e  conduct iv i ty  drops i n  a  s h o r t  (psec)  t i m e z 3 ;  

t = t ime i n  s ec ;  and 

b = parameter of o rde r  un i ty .  

The above model has  been incorporated i n t o  t h e  code i n  t he  fol lowing 
manner. A t  each g r i d  po in t  i n  t h e  d i e l e c t r i c ,  t he  newly ca l cu la t ed  prompt 
conduc t iv i ty ,  o is  compared t o  a' i f  op<o0, then t h e  conduc t iv i ty  i s  obtained P ' from l ) ,  o therwise ,  t h e  conduct iv i ty  i s  set t o  0 ' .  

P 

111. INTERNAL CHARGE DISTRIBUTION 

Researchers  a t  B e l l  Labora tor ies  have developed s i g n i f i c a n t  experimental  
t echniques  f o r  i n v e s t i  a t i n g  var ious  f e a t u r e s  of t h e  i n t e r n a l  charge d i s t r i b u -  
t i o n  i n  d i e l e c t r i c s .  3, l l  These techniques r e l y  i n h e r e n t l y  on t h e  in t e rp re -  
t a t i o n  of measurements made us ing  e l ec t ron  beam i r r a d i a t i o n s  (so-cal led s p l i t  
Faraday cup techiques) .  While other  techniques  which do no t  r e l y  on beams 
have been repor ted  i n  t h e  l i t e r a t u r e , 1 2  t o  our  knowledge t h e s e  techniques have 
n o t  been appl ied  t o  beam charged d i e l e c t r i c s .  I n  t h i s  paper ,  w e  w i l l  r e l y  
e x c l u s i v e l y  on t h e  r e s u l t s  of t hese  r e sea rche r s  f o r  provid ing  comparisons. 

The m a t e r i a l  used i n  a l l  t h e  repor ted  experiments has  been FEP Teflon. 
For t h e  purposes of t h e  primary e l ec t ron  t r a n s p o r t ,  Tef lon  may b e  t r e a t e d  a s  
a  uniform m a t e r i a l  wi th  an atomic composition of CF2 and a  d e n s i t y  of 
2.2 gn/cm3. Several  of t h e  f e a t u r e s  of t h e  primary t r a n s p o r t  have a l r eady  



been published,1 and w i l l  no t  be  reproduced here .  It may be  r e c a l l e d  t h a t  t h e  
primary e l ec t rons  d e p o s i t  i n  a  reg ion  r a t h e r  broadly d i s t r i b u t e d  about  t h e  
mean, and t h a t  the computational a lgor i thm provides  t h e  charge depos i t i on  pro- 
f i l e  Y(x) and the energy dose depos i t i on  p r o f i l e  D(x) a s  a  func t ion  of t h e  
pene t r a t ion  x. The backsca t t e r  y i e l d  is au toma t i ca l ly  computed as p a r t  of t h e  
primary t r anspor t .  The secondary y i e l d  i s  taken t o  be  p ropor t iona l  t o  t h e  sur -  
f a c e  dose i n  accordance wi th  t h e  model of Burke, Wall, and ~ r e d e r i c k s o n l 3  
appropr i a t e ly  normalized t o  f i t  t h e  monoenergetic da t a .  14 

The bulk  conduct iv i ty  i n  Teflon was taken from t h e  d a t a  of Adamo, 
Nanevicz, and Grier.15 The model assumes t h a t  t h e  prompt conduct iv i ty  is pro- 
p o r t i o n a l  t o  the l o c a l  dose r a t e  i n  t h e  m a t e r i a l .  The r e l a x a t i o n  of t h i s  
enhanced conduct iv i ty  t o  t h e  ambient was d iscussed  i n  Sec t ion  I1 above. The 
prompt conduct iv i ty  c o e f f i c i e n t  K is  normally taken t o  have a  va lue  of P 
5 x 10-l5 mho/m/rad/sec14, a l though t h i s  parameter has  been va r i ed  i n  some of 
t he  c a l c u l a t i o n s  repor ted  he re in .  The va lue  chosen f o r  a  p a r t i c u l a r  ca l cu la -  
t i o n  i s  indica ted  wi th  t h e  computed r e s u l t s .  

The e a s i e s t  q u a n t i t y  t o  o b t a i n  exper imenta l ly  us ing  a  s p l i t  Faraday cup 
arrangement i s  the charge cen t ro id  <x> which i s  defined by: 

where d is  t h e  sample th ickness ,  and ~ ( x )  is  t h e  charge dens i ty .  The q u a n t i t y  
<x> r e p r e s e n t s  the mean l o c a t i o n  of t h e  excess  charge i n  t h e  medium. This  
quan t i t y  has  been measured f o r  a  v a r i e t y  of charg ing  condit ions.11 

Shown i n  Figure 1 is  a computation of t h e  l o c a t i o n  of t h e  cen t ro id  of 
charge <x> a s  a  func t ion  of time. The charging cond i t i ons  a r e  f o r  normally 
inc iden t  monoenergetic e l e c t r o n s  of energy 20 keV a t  a  c u r r e n t  d e n s i t y  of 
3 . 3  n ~ / c m ~  inc ident  on a  1 m i l  sample of Teflon.  The t r  n s i e n t  conduc t iv i ty  
c o e f f i c i e n t  Kp was taken t o  be  5 x 1 0 - l ~  mho/m/rad/sec. The a d d i t i o n  of t h e  
delayed conduct iv i ty  does not  make a  s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  temporal 
behavior of t h i s  q u a n t i t y .  Note, i n  p a r t i c u l a r ,  t h a t  t h i s  q u a n t i t y  i n i t i a l l y  
i nc reases  a s  the depos i ted  e l e c t r o n s  a r e  r e d i s t r i b u t e d  t o  t h e  end of t h e  
t r a n s i e n t  conduct iv i ty  region by conduction processes ,  and then begins  t o  
decrease  i n  longer t imes a s  t h e  e x t e r n a l  p o t e n t i a l  b u i l d s  up and slows down 
the  inc iden t  e l ec t rons .  Q u a l i t a t i v e l y ,  both models (with and without  delayed 
conduc t iv i ty )  give rise t o  t h i s  same phenomenon. Only t h e  q u a n t i t a t i v e  
f e a t u r e s  a r e  changed by t h e  model change. I n  any case ,  t h e  a d d i t i o n  of t h e  
delayed conduct iv i ty  more nea r ly  r ep re sen t s  t h e  t r u e  physics ,  and is  included 
i n  a l l  o t h e r  c a l c u l a t i o n s  repor ted  he re in .  

Shown i n  Figure 2 is  a reproduct ion  of F igure  3 of Reference 11 showing 
measured va lues  of the  charge cen t ro id  i n  Teflon.  The charging cond i t i ons  a r e  
f o r  normally inc ident  e l e c t r o n s  of vary ing  e n e r g i e s  a t  a  cu r r en t  d e n s i t y  of 



3 . 3  nA/cmL incident  on 1 m i l  Teflon- Three values  of <x> a r e  repor ted ,  one 
very near  the  beginning of the  charging, one a t  t h e  end of t h e  charging time 
(Q15 s e c ) ,  and one f i v e  minutes a f t e r  the  beam has been turned o f f .  It i s  
c l e a r  t h a t  the  delayed conductivi ty model is extremely important i n  modeling 
t h i s  f i n a l  measurement. Shown i n  Figure 3 a r e  t h e  time h i s t o r i e s  of two 
simulat ions of the  charging condit ions of Figure 2 f o r  a 20 keV beam. The 
two s imula t ions  correspond t o  two cho3ces of the  value of the  prompt conduc- 
t i v i t y  c o e f f i c i e n t  Kp. Note t h a t  t h e  l a rge r  va lue  of Kp g ives  r i s e  t o  a more 
rapid  increase  i n  <x> a s  expected. Generally, the  l a r g e r  va lue  of Kp g ives  
r e s u l t s  which a r e  more nea r ly  cons is tent  with the  da ta .  The b e s t  computed 
values  of <x> a t  the  measured times are indica ted  on Figure 2. Generally, 
the  computations have t h e  c o r r e c t  q u a l i t a t i v e  behavior compared t o  t h e  da ta  
[see a l s o  Figure 4 of Reference l l ) ,  but t h e  computed r e s u l t s  show a uniformly 
smaller  penet ra t ion .  This  d i f f e rence  is not  understood. 

Shown i n  Figure 4 a r e  the  computed time h i s t o r i e s  of t h e  loca t ion  of 
charge cent ro id  f o r  a v a r i e t y  of conditions corresponding t o  normal labora tory  
charging operat ion.  Note t h a t  the  lower energy beams have uniformly smaller  
value of <x>. Shown i n  Figure 5 is a s c a t t e r  p l o t  of the  computed values  of 
<x> near s a t u r a t i o n  f o r  a v a r i e t y  of charging condit ions.  

An examination of the  p l o t s  of Figures 4 and 5 ind ica tes  t h a t  t h e  com- 
puted charge cent ro id  loca t ion  is  roughly independent of the  inc ident  cu r ren t  
dens i ty  and depends only on the  t o t a l  charge deposi ted.  

This  behavior is  not i n  agreement wi th  reported r e s u l t s .  A s  explained 
i n  Reference 1 the  prompt conductivi ty is normally taken t o  be  propor t ional  t o  
some power of the  l o c a l  dose r a t e .  The model reported here  uses  an exponent 
smaller  than uni ty ,  the  computational r e s u l t s  become s t rongly  dependent on the  
value of the  inc ident  cu r ren t  dens i ty .  Shown i n  Figure 6 is a reproduction of 
Figure 6 of Reference 11, which presents da ta  on the  dependence of <x> versus 
beam current  dens i ty .  The decrease in <x> f o r  l a r g e r  values of t h e  cu r ren t  
dens i ty  s t rong ly  suggests a nonlinear  dependence of the  prompt conductivi ty on 
dose r a t e .  The present  model can adequately represent  t h i s  behavior. Because 
s u f f i c i e n t  independent da ta  on t h i s  nonl inear i ty  does not  appear t o  be  ava i l -  
able ,  no attempt was made t o  general ly incorpora te  t h i s  behavior i n  t h e  model. 
Reproducing Figure 6 is merely an exerc ise  i n  f i t t i n g .  

The researchers  a t  B e l l  Laboratories  have c a r r i e d  t h e i r  techniques 
f u r t h e r ,  enabling them t o  a s c e r t a i n  the i n t e r n a l  charge d i s t r i b u t i o n  wi th  the  
a id  of e x t e r n a l  measurements . 3  Shown i n  Figure 7 i s  the  computed charg 
dens i ty  i n  Teflon f o r  a 20 keV beam with a cu r ren t  dens i ty  of 0.5 nA1cm 5 
inc ident  on 1 m i l  Teflon f o r  20 secs .  Note t h e  double peaked d i s t r i b u t i o n  of 
charge due t o  t h e  ohmic re l axa t ion  of t h e  i n i t i a l  deposited charge. Measured 
values  of t h i s  charge dens i ty  a s  taken from Reference 3 a r e  shown on the  same 
p l o t .  It is  seen t h a t  the  q u a l i t a t i v e  behavior is c e r t a i n l y  s i m i l a r .  Qual i -  
t a t i v e l y ,  the  ca lcu la ted  charge density p r o f i l e  i s  seen t o  be compressed i n  
range compared t o  the  experimental p ro f i l e .  Note the  s t rong d i s s i m i l a r i t y  
between t h i s  d i s t r i b u t i o n  and t h e  primary deposi t ion  p r o f i l e  given i n  
Reference 1. 



A computation showing the  evolution of t h e  charge densi ty  t o  t h e  
bimodal type of d i s t r i b u t i o n  is  shown i n  Figure 8 f o r  t h e  case  of a 15 keV 
beam of current densi ty  of 5 d / c m 2 .  The dependence of t h e  computations on 
the  assumed problem current  densi ty ,  and t h e  assumed value  of Kp is displayed 
i n  Figure 9. This f igure  gives the  s a t u r a t i o n  charge d i s t r i b u t i o n  i n  the  
medium f o r  a 15 keV beam having t h e  indicated  current  densi ty .  Note the  
extremely strong dependence on Kp, and the  e s s e n t i a l l y  non-existent dependence 
on the current densi ty .  

I V  . DISCUSSION 

It may generally be sa id  t h a t  the  r e s u l t s  presented above appear t o  be 
i n  agreement with experiments i n  a q u a l i t a t i v e  fashion, and t h a t  the  quanti- 
t a t i v e  agreement is approximately a f a c t o r  of two. Because it might have been 
hoped before  making t h i s  comparison t h a t  t h e  agreement would be s i g n i f i c a n t l y  
b e t t e r ,  some discussion of apparent sources of discrepancies i s  i n  order.  

The most t e l l i n g  information i s  presented i n  Figure 2. The computed 
penet ra t ions  of the  charge cent roid  a r e  s u b s t a n t i a l l y  below the  measured pene- 
t r a t i o n s .  This suggests t h a t  e i t h e r  a systematic c a l i b r a t i o n  e r r o r  e x i s t s  i n  
the  experiments o r  tha t  t h e  method of computing the  primary deposi t ion  is 
fundamentally incorrect .  We have no comment t o  make on the  former p o s s i b i l i t y .  
Taking the data at face  value,  however, one begins t o  th ink more ca re fu l ly  
about t h e  primary deposit ion algorithm. A s  i s  evidenced on the  f igure ,  the  
disagreement becomes more severe f o r  lower inc ident  beam energies.  It is  16 
well-known that the  assumptions of the  continuous-slowing-down-approximation 
(CSDA) become l e s s  and less correct  a s  the  e lec t ron  energy decreases. The 
present  Monte Carlo algorithm follows the  e lec t rons  t o  energies  of 1 keV, and 
then depos i t s  the  e lec t ron  i n  the  f i n a l  s p a t i a l  bin.  It might be imagined 
t h a t  t h e  e lec t rons  below t h i s  energy t r a v e l  somewhat f u r t h e r  before  being 
trapped. A t e s t  of t h i s  hypothesis r equ i res  t h a t  a non-Monte Carlo method be 
used f o r  modeling the  primary t ranspor t .  This is poss ib le  within t h e  state-of-  
the-art  using the  methodology developed a t  Oak Ridge National Laboratory f o r  
computing the  d i f f e r e n t i a l  inverse mean-free-path, and using t h e  method of 
s tr ickland18 to solve  the  r e s u l t i n g  Boltzmann equation. 

The above procedure could be used a s  a test of t h e  CSDA procedure f o r  
the  i n i t i a l  deposition p r o f i l e .  Note on t h e  f igure ,  however, t h a t  t h e  i n i t i a l  
locat ion is within acceptable l i m i t s  of the  CSDA ranges. These discrepancies 
do not appear overly ser ious .  Indeed, f o r  a r e l a t i v e l y  low-energy beam, i t  i s  
q u i t e  l i k e l y  tha t  the  CSDA approximation is not s u f f i c i e n t l y  accurate.  The 
discrepancies  a f t e r  the  beam a r e  on f o r  a s h o r t  time a r e  more ser ious ,  a s  they 
show s ign i f i can t  penetrat ion of the  beam w e l l  beyond the  maximum CSDA range. 
This may be understood i f  s t r agg l ing  a t  the  end of t h e  range permits t r anspor t  
beyond the  maximum GSDA range. Physical ly,  t h i s  c e r t a i n l y  happens. The abrupt 
drop-off i n  deposition which is computed with t h e  Monte Carlo method using the  
CSDA leads  t o  a s i g n i f i c a n t  d iscont inui ty  i n  the  conductivi ty a t  the  maximum 
range. The computational r e s u l t s  a r e  extremely s e n s i t i v e  t o  the  behavior of 
the  charge deposition and dose p r o f i l e s  i n  t h i s  region, because t h e  i n t e r n a l  



e l e c t r i c  f i e l d  pushes the  e lec t rons  to precise ly  t h i s  locat ion.  It is  l i k e l y  
t h a t  t h e  Monte Carlo method is inadequate f o r  handling the  behavior i n  t h i s  
region. A d i r e c t  so lu t ion  of the  Boltzmann equation, a s  suggested above, 
should a l l e v i a t e  t h i s  d i f f i c u l t y .  Should t h i s  procedure be adequate f o r  
explaining the  deeper penetrat ion of t h e  e lec t rons ,  t h e  discrepancies shown 
i n  Figure 7 could equally wel l  be understood. The computation is q u a l i t a t i v e l y  
cor rec t ,  again showing s i g n i f i c a n t l y  smaller  penet ra t ion  than the  data .  

The other  major area  of concern i n  t h e  model is t h e  handling of the  
radiation-induced conductivi ty (RIC) i n  the  e lec t ron  deposit ion region, and 
the  t r a n s i t i o n  t o  bulk conduction and charge t r anspor t .  The behavior shown 
i n  Figure 6 cannot be explained i n  the present  model using a conductivi ty 
which is l i n e a r l y  dependent on dose ra te .  This behavior might very w e l l  be 
extremely important. One can e a s i l y  envision models of the  discharge process 
i n  which the  depth of t h e  charge i s  an important parameter i n  determining t h e  
blow-off current .  A cor re la t ion  between t h i s  behavior of <x> a s  a function of 
beam current  and the  current  densi ty  dependence of discharges which has  been 
observed19 might then be expected. 

A s  explained above, the  behavior shown i n  Figure 6 may be reproduced i n  
the  model by choosing a subl inear  dependence of the  R I C  on dose ra te .  While 
t h i s  procedure is  c e r t a i n l y  j u s t i f i e d  based upon present  understanding of R I C ,  
i t  is des i rab le  t o  have an independent confirmation of t h e  parameters required 
t o  provide the  da ta  f i t .  This i s  pa r t i cu la r ly  t r u e  because a recent  paper by 
the  Be l l  Laboratories1 group20 c a l l s  i n t o  quest ion t h e  s impl ic i ty  of t h e  above 
assumption about the  propor t ional i ty  of t h e  conductivi ty with some power of 
the  dose r a t e .  Indeed, t h i s  paper suggests t h a t  the  conductivi ty v a r i e s  
during the  time of the  i r r a d i a t i o n .  This type of behavior can be understood 
i n  terms of t r a p - f i l l i n g  i n  the  deposition region. Requiring such an explana- 
t ion ,  however, implies t h a t  a simple phenomenological desc r ip t ion  of t h e  con- 
duction process i n  the  i r r a d i a t e d  region is  inadequate and t h a t  a more funda- 
mental k i n e t i c  desc r ip t ion  is required. It is  very l i k e l y  t h a t  t h i s  s i t u a t i o n  
p reva i l s .  Unfortunately, a more fundamental model w i l l  r equ i re  many more 
fundamental parameters f o r  its implementation. Many of these  a r e  unavailable 
f o r  the  mater ia ls  of i n t e r e s t ,  It may be expected t h a t  t h e  requirement f o r  
understanding low vol tage  discharges i n  spacecraf t  d i e l e c t r i c s  w i l l  spawn 
se r ious  attempts t o  quant i fy  thermal t r anspor t  processes i n  d i e l e c t r i c s .  
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Figure 1. - Location of charge cen t ro id  a s  a 

func t ion  of time f o r  1 m i l  Teflon. 
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Figure 2 .  - Comparison of measured 

charge depth i n  Teflon w i t h  aver- 

age and CSDA ranges (reproduced 

from ref .  11; computed resu l t s  

are superimposed). 
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Figure 3. - Locat ion o f  charge centroid as a f u n c t i o n  o f  time f o r  1 m i l  Tef lon.  
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Figure 4 .  - Location of  charge centroid a s  a  

function of time for 1  m i l  Teflon - various 

charging condit ions.  
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Figure 5. - Location of charge centroid for 1 m i l  

Teflon near saturation.  

Figure 6. - Charge centroid a s  a func- 

t i o n  of injected current dens i ty  

(reproduced from r e f .  11). 
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Figure 7. - Charge deposition profile for 
1 mil Teflon. 
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Figure 8. - Evolution of charge dens i ty  of  1 m i l  Teflon. 
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Figure 9. - Saturation p for  various charging 

condit ions i n  Teflon. 
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