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SUMMARY 

A computer code (SCCPOEM) has been assembled t o  descr ibe  the  charging of 
d i e l e c t r i c s  due t o  i r r a d i a t i o n  by e lec t rons .  The primary purpose f o r  
developing the  code was t o  make a v a i l a b l e  a convenient t o o l  f o r  studying the  
i n t e r n a l  f i e l d s  and charge d e n s i t i e s  i n  e lec t ron- i r radia ted  d i e l e c t r i c s .  The 
code, which is based on t h e  primary e lec t ron  t ranspor t  code POEM ( re f .  1). is 
appl icable  t o  a r b i t r a r y  d i e l e c t r i c s ,  source spec t ra ,  and current  time 
h i s t o r i e s .  The code ca lcu la t ions  a r e  i l l u s t r a t e d  by a scties of semi- 
a n a l y t i c a l  S O ~ U ~ ~ O I ~ S .  Calculat ions t o  d a t e  auggest t h a t  the  f r o n t  f ace  elec-  
t r i c  f i e l d  is i n s u f f i c i e n t  t o  cause breakdown, but  t h a t  bulk breakdown f i e l d s  
can e a s i l y  be exceeded. 

INTRODUCTION 

One of t h e  major concerns generated by the  spacecraft charging probiem 
is t h e  p a a s i b i l i t y  of catas t rophic  breakdown and discharge of d i e l e c t r i c a l l y  
s tored  charge. By t h i s  time, ample experlmental evidence is  ava i l ab le  t o  
i n d i c a t e  t h a t  such discharges do occur both i n  space (see, e.g.,  r e f s .  2-3) 
and i n  laboratory simulat ions (see,  e.g.,  r e f s .  4-12) of the  e l ec t ron  charging 
environment. While i t  is genera l ly  acknowledged t h a t  an  understanding of these  
events  r equ i res  a knowledge of the  i n t e r n a l  f i e l d s  and charge d e n s i t i e s  i n  the  
d i e l e c t r i c ,  very l i t t l e  work on t h i s  problem has been reported i n  the  space- 
c r a f t  charging l i t e r a t u r e ,  the  notable e x c e p t i m s  being the  paper of Meulenberg 
(ref. 12) and c e r t a i n  es t imates  reported i n  the  NASCAP code documentation 
( r e f .  13). It is the  purpose of t h i s  paper t o  descr ibe  our i n i t i a l  research  
i n  developing t ~ o l s  f o r  quan t i t a t ive ly  understanding these important i n t e r n a l  
q u a n t i t i e s .  

-- -- * 
This work was sponsored, i n  p a r t ,  by the  COMMUNICATIONS 
Canada. 
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The general  eubjact of charge trapping,  charge atorage, and currant  flow 
i n  d i s l e c t s i s e  Is na exccadingly complex area o f  rasearch (sae,  @ . g o ,  r e f s .  
14-M). Our approach t o  t h i e  psobhm Ear tho a l tua t isns  d' i n t o r a e t  t o  wstef- 
lit@ charging l w  been t o  clavalop a computer model (SCCPQEMj ( r e f .  17) o f  t h ~  
d i e l e c t r i s  charging prscccs whhh  

fsslatce ehe oeeen t i a l  Eeaturee sf the charging 
proeese which depend on the  d i e f e s t t l e  

is e u f f i e h n t l y  genera l  t o  permit eomparieen t o  
lri5oratory efmulation d a t a ,  

is e u f f i c i a n t l y  genera l  t o  permit easy a p ~ l i c a t i o n  
t o  a r b i t r a r y  d i e l e c t r i c s ,  e l ec t ron  source apect ra ,  
and cur ren t  time h i s t o r i e s  

incorporates i n  a d e t a i l e d  q u a n t i t a t i v e  fashion 
a l l  those fea tu res  of the  charging process which 
a r e  believed t o  be well-known 

has the  f l e x i b i l i t y  t o  add modular u n i t s  which 
may be necessary t o  descr ibe  a d d i t i o n a l  physics 

is inexpensive enough t o  run t o  permit parametric 
s t u d i e s  

To achieve these  goals ,  w e  have r e s t r i c t e d  the  model t o  one-dimensional 
geometry and have coupled the  e x i s t i n g  SAI Monte Carlo e l e c t r o n  t r anspor t  code 
POEM ( re f .  1) with var ious  standard algorithms f o r  computing the  i n t e r n a l  
charge and f i e l d  evolut ion.  The e x i s t i n g  code configurat ion relies on macro- 
scopic phenomenological descr ip t io t l s  of some of the  important d i e l e c t r i c  pro- 
cossea (e.g., bulk conduction is  t r e a t e d  with an empirical ly determined con- 
d u c t i v i t y  model). Work is  cur ren t ly  underway t o  include a d e t a i l e d  c a r r i e r  
statistics package i n t o  t h e  code desc r ip t ion  of t h e  t r a p p h g .  

After  introducing t h e  bas ic  f e a t u r e s  of the  model, code r e s u l t s  are 
i l l u s t r a t e d  by a series of s p e c i a l  case  a n a l y t i c a l  so lu t ione  which r e l y  on the  
bas ic  t r anspor t  ca lcula t iono.  The presenta t ion  u t i l i z e s  the  method of succes- 
s i v e  camplication, k.a., t he  r e s u l t s  proceed from the  simplest  t o  the  most 
complicated by the  succeesive re l axa t ion  of cons t ra in t s .  Because d i e l e c t r i c  
phenomena are genera l ly  s o  complicated, w e  be l ieve  t h i s  method t o  be e s s e n t i a l  
f o r  i e o l a t i n g  those ingredients  of the  n~odel  whlch a r e  c r i t i c a l .  Future 
tesearch  may then focus on these  c r i t i c a l  a reas .  

The a n a l y t i c a l  r e s u l t s  a r e  fo lhwed  by completely numerical cemputatione 
f o r  cases which a r e  too d i f f i c u l t  t o  handle ana ly t i ca l ly .  A l l  of the  sample 
ca lcu la t ions  suggest t h a t  the  f r o n t  f ace  e l e c t r i c  f i e l d  a r i s i a g  Era t h e  
charqe separa t ion  of the  deposited e lec t rons  and the  secondary emisbion elec- 
t ron  deple t ion  region is w e l l  below expected breakdown fields. As these 
r e s u l t s  are not  i n  keeping with t h e  Meulenberg discharge hypothesis ( r e f ,  12),  



we pinpoint the assumptions tvhich give t i e e  t o  our resu l t s ,  diseues l imita t ions  
bf the calculations, and suggest expekinients which may be useful  i n  determining 
the  range of va l i d i t y  of our predictions. 

Shown i n  f igure  1 i a  the  t m f c  one-dimensional model which is assumed 
throughout t h i s  paper. We have chsben t h i s  model fo r  aeveral reasons. Our 
primary cOUCerh is With t h ~  c a d i t i o r i s  which occur in te rna l  t o  the  d i e l e t t t i c .  
The i fdicated d i e l e c t r i c  gecnpetry providds the simpl&$t configuration which 
can be investigated. This geometry has the  advantage 02 i so la t ing  the  
physical e f f ec t s  accutring withiri the  d i e l e c t r i c  from complicated multi- 
d imen~ional  ef fdctrr due t o  transiverse currents  aad f i e l d s  . Additionally, it 
is expected t h a t  a one-dimensional treatment of the  d i e l e c t r i c  fs Bn excellent  
approximation over most of the  d i e l e c t r i c  area. That iss away from e d ~ e s ,  
corners, holes, etc.,  the  external  coadit ions vary slowly transverse t o  the  
siurface compared t o  var ia t ions  through the  sample (var ia t ions  i h  m i l s  o r  less). 
Relating the incident spectrum and primary current .TI t o  the  sburce (rpectrum 
and current J, i n  one dimension is not generally jugtiffed.  For a t e a l i s t i c  
s a t e l l i t e  c~d f igu r~n t ion ,  t h i s  re la t ionship can only be extracted bp using a 
three-dimensional code of the  IVASCAP type ( ref .  13). Recognizing th i s ,  w e  have 
established our coinputational algorithm s o  tha t  it w i l l  accept an incident 
spektrum and current frdm other sources. The spec i f ic  re la t ionship implied by 
f igure  1, however, is i t s e l f  use iu l ,  Most laboratory simulatioa arrangements 
a t t ehp t  t o  achieve t h i s  simple configuratiori t o  s a e  degree. The computed 
r e s u l t s  may be d i r ec t l y  compared t o  the  data  from these cbnfigurations t o  
obtain meanixigful incormation. The addi t ional  merit of tLe configuration is 
tha t  complicated multi-dimensional e f f e c t s  do not obscure the  attentpt t o  under- 
stand the basic  chargidg process. 

Selreral addi t ional  simplifications should be noted. It is assumed t h a t  
the  beam energy and current density and the  modei dimensions a r e  such tha t  

(1) the pd ten t ia l  does not chase s ign i f ican t ly  during 
an electron txansi t  time, and 

(2) tha t  space charge e f f e c t s  i n  the vacuuu a r e  negligible.  

For laboratory applications i n  the regimes of i n t e r e s t  t o  spacecraft charging, 
these assumptions a r e  t rue  t o  a very high degree of accuracy, Under these 
conditions, the current density is constant throughout the  vacuum region. We 
a l so  a s sme  tha t  tbe source current is constant i n  time throughout t h i s  paper. 
Whjtle there a r e  undoubtedly in te res t ing  e f fec ta  which may be studied by 
modulating the  be- current,  we f e l t  i t  best  t o  i n i t i a t e  our etudiee with the 
customary laboratory condition of constant current.    he code versjon of the 
model, SCCPOEM, eas i ly  accepts time-dependent currents. We do, however, 
exp l i c i t l y  consider two separate time h i s to r i e s  f o r  the  source spectrum, We 
a r b i t r a r i l y  d e ~ i g n a t e  these a s  the "normal" and "feedback" cases.  he 'kotaacll" 



case corresponds t:, the  typ ica l  experimental circumstances i n  which the  source 
spectrum is constant.  The "feedback" case  -8 distinguished by having an i n c i -  
dent  spectrum t h a t  i s  codstant .  Experimentally, t h i s  Jould correspond t o  
a p p i ~ i n g  an add i t iona l  acce le ra t ing  vol tage  t o  the  source spectrum which 
exact ly  cancels  the  r e t a rd reg  p o t e n t i a l  of the  charged surface.  From an 
a n a l y t i c a l  point  of view, t h i s  condit ion has the  merit of maintaining constant  
source terms. Experimentally, t h i s  configurat iod could be use fu l  f o r  s tudying 
the dependence of important charging q u a n t i t i e s  (backscat ter  and secondary 
currents ,  f o r  example) on t h e  sample vol tage  and charging h i s to ry .  

Our nota t ion  f o r  a number of the primary q u a n t i t i e s ,  and our choice. of 
s p a t i a l  coordinate system is given i n  Figure 1. The capacitance (per vnlK 
area)  of the  d i e l e c t r i c  surface  t o  the  l e f t  hand p l a t e  (m) Co is r e l a t e d  .tc the  
d i s t ance  t o  the  surface  L by Co = co/L, while t h e  sample capacitance CD is 
re la t ed  t o  the  sample thicktless 6 by CD = e l6  (E, and E a r e  the  p e r m i t t i v i t i e s  
of the  vacuum and d i e l e c t r i c ,  respect ive ly) .  For labora tory  condi t ians  Co 
(capacitance t o  tank) is normally determined by a dimension somewhat smaller  
than the  d is tance  t o  the  e l ec t ron  source. b tne ra l ly ,  however, the  condit ion 
Co << CD holds. We still  o f t e n  f ind  i t  convenient t o  e l iminate  the  dependence 
of the so lu t ion  on t h i s  labora tory  dimension, and w i l l  t ake  Co = 0 (with 
appropr ia te  l i m i t s ) .  The equations descr ib ing t h e  bas ic  charging process a r e  
well.known and have been documented elsewhere ( r e f .  17) f o r  the  model presented 
here. They a r e  presented a s  needed i n  the  course of the  t ex t .  

T H I C K  SAMPLES - E X T E R I O R  C H A R G I N G  V A R I A B L E S  

The ex te rna l  charging process may be characterized by a simple c i r c u i t  
model. The equations of the  model a r e  

where Vo is  the p o t e n t i a l  drop from the  l e f t  hand p l a t e  t o  the  surfdce,  VD is 
the  drop from the  su r face  t o  the  r i g h t  hand p l a t e ,  and t h e  o the r  symbols have 
the  meanings noted above. Equations (1) and (2) a r e  a r igorous consequence of 
the  Maxwell equations. During the  normal laboratory charging operat ion,  the  
sample p l a t e  is connected t o  ground using a low value r e s i s t o r ,  s o  t h a t  e f fec-  
t i v e  shor t  c i r c u i t  boundary condit ions a r e  the  r u l e  (Vo f VD = 0 ) .  We con- 
s i d e r  t h i s  case e x c l u s i v ~ l y  throughout. Under these  condit ions,  the  ex te rna l  
( shor t - c i r c s i t )  current  J* is  given by 

* 
To avoid r e p e t i t i o n ,  w e  r e f e r  t o  cu r ren t  d e n s i t i e s  ae  cu r ren t s ,  with the  area 
implied. 
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where C = C, + CD is the  t o t a l  capacitance ( p a r a l l e l )  of the  sample su r face  t c  
ground. The charging r a t e  of the  su r face  p o t e n t i a l  (Vo) i~ then determined by 

dVo - - C- = 
d t Jo - Jn (4) 

which is  the  equation previously used by Purvis,  e t  a i .  ( r e f .  18). - 
I n t e r n a l  t o  the  d i e l e c t r i c  the  e l e c t r i c  f i e l d  s a t i s f i e s  the  one-dirhen- 

s i o n a l  equation of Poisson: .. 

where p is  charge dens i ty  i n  t h e  d i e l e c t r i c .  Let Q be the  t o t a l  charge (per  
u n i t  Area) i n  the  d i e l e c t r i c .  In teg ra t ion  of equation (5) y i e l d s  the  r e s u l t  

where il is the  mean depth of the  charge i n  the  d i e l e c t r i c ,  

- 
fP (x)xdx 
0 

X - 
Q 

If the  inequal i ty  X < < b  holds throughout t h e  charging, then il may be n e g l x t e d  - the  vol tage  is determined by the  geometric capacitance of the  surface.  
Undet these circumstances, the  e l e c t r i c  f i e l d  is uniform throughout most of the  
sample, and a bulk conductivi ty may be used t o  cha rac te r i ze  the  conduction 
cur ren t  through the volume. Thus, t h e  conduction currenr % i n  equation (4) 
may be r e p l a ~ e d  by GVo, where G is the  conduc tanc~  per  u n l t  area.  These obser- 
va t ions  have been made aumerous times and represent  t h e  standard approximation 
f o r  use i n  higher dimensional codes of t h e  NASCAP v a r i e t y  ( r e f .  13). 

The point  of t h i s  r a t h e r  obvious exe rc i se  is t h a t  f o r  th ick  sample8 
(Xc<6) the  q u a n t i t i e s  n o m a l l y  measured i n  charging experiments a r e  e f f e c t i v e l y  
decoupled from the  charge d i s t r i b u t i o n  which determines t h e  e l e c t r i c  f i e l d  i n  
the  deposi t ion  region. This means t h a t  these  measurements a r e  unl ike ly  t o  
provide d i r e c t  information about how the  charge and f i e l d s  a r e  d i s t r i b u t e d  i n  
the surface  layer .  



Shown i n  f i g u r e  2 a r e  the  rahge and mean penet ra t ion  6f normally 
inc ident  e lec t ron8 i n  ~ e f  ion. A$suming t h a t  the  e l e c t r o n s  are trapped upon 
deposi t ion  i n  the  ma te r i a l  ( ~ h i c h  is t r u e  f o r  small  extough charge d e n s i t i e s ) ,  
we can see t h a t  evea f o r  20 keV (3.2 x 10-15 joules)  e l ec t rons ,  t h e  mesa pene- 
t r a t i o n  of 2 microns (2 x log6 a) is s i g n i f i c a n t l y  Bmaller then the  thickness 
of most opacecraft  d i e l e c t r i c s  (25 - 125 pm). I f  s i g n i f i c a d t  rearrangement of 
the  charge dbes not  occur v i a  very low energy trar isport  processes, then we  may 
expect t h a t  t h i s  simple c i r c u i t  model of the  charging should adequately repre- 
s e n t  t h e  i n t e r n a l  charging measurement&.   his is the  approach w h i c h  was 
previouely pursued by Purvis ,  e t  a l .  ( r e f .  18). 

Let u s  aasume t h a t  the  secondary and backscat ter  y 1 e l . d ~  from t h e  d ie lee-  
t r ic  do not  depend on the  surface  vol tage  o r  charging history of the  sample, 
but  a r e  a funct ion  only of t h e  inc idebt  e l ec t ron  energy spectrum. Thea t h e  
s p a t i a l  c u t r e n t  3, is a function only of the  source Znergy spectrum and the  
sample voltage.  From above, the  d i e l e c t r i c  cu r ren t  JD equals  
general ,  t h e  conductance G is  a funct ion  of Vo. The so lu t ion  
be reduced-to quadrature: 

GVo, where, i n  
i n  t h i s  case may 

TBc r e l a t i o n  implied by equation (8) must be inverted t o  provide t h e  vol tage  a s  
a funct ion  of time. Because the  i n t e g r a l  is  not  norinally express ib le  i n  terms 
of tabulated fuhct ions ,  the  d i r e c t  numerical so iu t ion  of equation (4) as per- 
formed by Purvis ,  e t  a l .  ( r e f .  18) is usually preferable .  

Several  simply express ib le  cases a r e  worth noting. They a r e  not  
unreal id t i c  and provide exce l l en t  checks on numerical. solutiofis.  Let the  - 
conductance be independent of f i e l d  s t r eng th ,  and l e t  yo be constant  
("feedback" case) .  I n  t h i s  case  Vo is givetl by 

Shown i n  f i g u r e  3 is the  backscat ter  y ie ld  YBS from Teflon a s  computed by 
SCCPOEM. It is reasonable t6 choose t h i s  quan t i ty  t o  be constant  over the  
range of intermst  (2 - 20 keV) (3.2 - 32 x 10-l5 J) . Also shown i n  f i g u r e  3 
a r e  two representa t ions  of t h e  secondary y ie ld  cutve foi: normally inc ident  
e l ec t rons  on Teflon 81s compiled by Wall, et  a l .  ( r e f .  19), one using the  
Sternglass  f i t  ( r e f .  20), and t h e  o the r  using a power law f i t  of Burke, e t  a1. 
( r e f .  21). An intermediate representa t ion  which v a r i e s  inverse ly  with e lec-  
t ron  energy is a l s o  sketched, I f  w e  use t h i s  very crude intermediate repte-  
sen ta t ion  of the  setondary y i e l d  f o r  a constant  conductivi ty d i e l e c t r i c ,  then 
the  i n t e g r a l  i n  equation (8) may e a s i l y  be resolved f o r  the  "normel" cese  of 
monoenergetic e lec t rons .  Let the  secondary y i e l d  Y, have the form Y, = A/Er. 



where Ex is the  incident e lect ron energy. The tiw history of the charging 
i e  described by the equation 

where 

o is the e lectronic  charge, E the source eaergy, and Y the backscatter 
coefficient .  BS 

The po ten t ia l  t o  which the sample w i l l  charge is obtained by se t t i ng  the 
c h a r g i ~  current to  zero, i .e. , 

which is a sptiicial case of the chorgitig equation which has been t r a d l t i ~ m i l ~  
used i n  the  apacecraf t charging community. The equation is, i n  general, a 
ttanscend&ital equation which may be solved by standard r e l u a t i o n  techniques. 
Por the  "feedback" current source the  dolution is simplest. Shorn i n  f i eu re  4 
is the  t i n a l  voltage f o r  the  "riormal" ease of normally incident monoener e t i c  

(S/M) . Note tha t  the  eolution dependa only on the  r a t i o  ( o / b ~ d .  s o  
t electrons  on Teflon, amtuning a constant bulk conductivity of 3.3 x 16'1 .holm..  .- 

solut ions  f o r  other  values of u may be obtained by mal ing.  The rolut ion 
shown i n  t igure  4 assumes the correct  power law f i t  of f igure  3 f a r  the  $icon- 
dary yield. For small currents,  the charging is stopped by leakage currents 
while f o r  large source currents,  the  charging l a  stopped by secondary emlesion. 



INTERNAL F IELDS - MONOENE!f!GETIC 

IbORMALLY I N C I D E N T  SdURCES 

We have seen above t h a t  f o r  t h i c k  samples the  e x t e r n a l v a r j  1.9s a r e  
ef  f ec t ive ly  dscoupled f r m  the  i n t e r n a l  var iables .  It is our prim& r j i n t e t e e t  
t o  understand the  i n t e r n a l  f i e l d @  i n  t h e  t h i n  eurface l ayer  i n  Whifh the  charge 
deposit ion takes place. I n  t h i s  sec t ion  we give  expressions f o r  tkese f i e l d s  
under various s p e c i a l  circumstanCes f o r  monoenergetic normaUy iac iden t  source 
e lec t rons ,  tho custonlary laboratory configuraticm. It f r i l l  be adsumed th ro  gh- 
out  t h a t  secondary emission occurs from a layer  which is much thinner ( $ 1 ~ '  m) 
than the  primary deposit ion l ayer  ( a t  l e a a t  log7 m) . The p o s i t i v e  deple t ion 
region w i l l  appear as a ~ u r f a c e  charge. 

Shown i n  f igures  5 and 6 are the  charge deposit ion and dose n r o f i l e s  
calculated by SCCPOEM f o r  normally inc ident  t,snoenergetic e lm tro ,  on Teflon. 
Note the s i g a i f i c a n t  spread i n  both of thene qUnti t ier5.  We w i l l  assume 
throughout t h i s  sec t ion  tha t  these  primary e lec t rons  are trapped i n  t h e  a p a t i a l  
region where they thermalize and t h a t  a l l  charge re laxa t ion  occurs v i a  conduc- 
t i o n  mechanisms. Carrier dynamics w i l l  be discussed i n  f u t u r e  work. 

NON-CHARGING BEAM 

Assume t h a t  the  primary beam enetgy is such t h a t  the  secondar p lus  back- 
s c a t t e r  cu r ren t  equals  the  inc ident  currefit (B % 2.5 keV) (4 x 10-l6 J ) .  Under 
these-c i rcu~stances ,  the  surface  p o t e n t i a l  remains i d e n t i c a l l y  zero, while - 
Jo - J - 0 .  The current  i n  the  d i e l e c t r i c  is given by Jp(x) + o(x)E, where Jp 
is the  current  due t o  t h e  inc iden t  e l ec t roas ,  and a(x) is the l o c a l  conduc- 
t i v i t y  (which w e  assume may depend on x, but  not  E). The i f l te rnal  electric 
f i e l d  E is given by 

J (XI 
E(x,t) = - -E-- u(x) (1 - exp (- t ) )  

The primary cur ren t  Jp is proport ional  t o  t h e  inc ident  current  Jp(x) = Y(x)JI, 
where Y(x) is the  cur ren t  p r o f i l e .  Suppose t h a t  a(x) is the  ambient conduc- 
t i v i t y .  Under these  condit ions,  t h e  asymptotic f i c l d  w i l l  scale with JIB 
indicat ing t h a t  breakdown would always occur i f  t h e  beam current  were la rge  
eaough. Xn the  regions of i n t e r e s t ,  however, d i e l e c t r i c  conductivi ty is 
dominated by the rad ia t ion  induced conductivi ty (driven by the  primary elec- 
t r ans )  i n  the  primary degdsi t ion  region. This conduc:ivity has the  empirical  
form ( re f .  22): 

w h ~ r e  Kp and A a r e  empirical ly determined conotanto, and 6 is  the  dose r a t e  i n  
the madium. Experimentally, A i a  found t o  be i n  the  range 112 <, A 5 1, with 
contemporary opinion favoring un i ty  a s  the  cor rec t  value. Since the  doee r a t e  



i e  proport ional  t o  the  inc ident  cu r ren t ,  f o r  any value of A less than unaty, 
l a r g e r  and l a r g e r  f i e l d s  may be driven i n  the  d i e l e c t r i c  by using l a r g e r  and 
l a r g e r  current  dens i t i e s .  For A equal t o  uni ty ,  the  asylnptotic f i e l d  is inde- 
peudent of J I ,  and is given by 

where R(x) is the dose p r o f i l e  i n  the  medium. 

Thc s p a t i a l   dependence^ of t h e  f2eld  and char e d e n s i t  a r e  shown f r 
Teflo i n  Figure 7 using a value  of = 1.68 x 10-1 (1.68 x 10 "n 

-9 
(Gy)-') ( r e f .  23). The f i e l d  scales nvetsely with Kp. The peak f i e l d  appears 
a t  the  f r o n t  face  of the  d i e l e c t r i c .  The p o t e n t i a l  drop AV across  t h i s  charge 
separa t ion rcgion is-obtained by in tegra t ing  equation (15). It i u  r e l a t e d  t o  
the  mean f i e l d  by E = (AV)d, where d is the  thickness of the  charge trapping 
re&ion. Clearly,  wi th ih  t h i s  model, t h e  value  of t h e  conductivi ty conatant is 
c r i t i c a l  i n  determining whether the  f i e l d s  become s u f f i c i e n t l y  high f o r  break- 
dam t o  occur. Using the  rarige of values  quoted by Wall, e t  a l .  ( ref .  19) , we 
have computed the  expected range of f i e l d s  i n  t h i s  l ayer  f o r  Mylar, Kapton, 
and Teflon. These r e s u l t s  a r e  shown is Table ' l .  

8 
With the  poss ib le  exception of t h e  maxiahurn f i e l d  f o r  Kapton ($10 Vlu i ) ,  

these f i e l d s  a r e  nowhere near breakdown f i e l d s .  One m i l  samples of the  th ree  
mate r i a l s  hatre very s i n i l a r  breakdotin s t r eng ths  of about 3 x lo8 V/m. Further, 
t h i s  t rength  increases  with d e ~ r e a ~ i n g  thickness. Id p a r t i c u l a r ,  f o r  t h e  
1000 1 (loe7 m) charging depth of t h i s  probleni, the maximum p o t e n t i a l  drop of 
only six v o l t s  would make i t  appear very unl ikely  t h a t  breakdown can occur f o r  
any of these mata r i a i s  undet the  given i r r a d i a t i o n  condition. 

The t i m e  required t o  reach t h i s  sa tu ra t ion  f i e l d  depends on the  incident  
current .  For Teflon, with a 1 n~/cm2 ~ / m ~ )  beam, g p  - 1.68 x low5 
 ads)'^ (1.68 x 10-3 ( G ~ ) ' ~ )  ( r e f .  23), t h e  d i e l a c t t i c  r e laxa t ion  time r a e/a 
has  a value of 7.7 sec. $his  quant i ty  s c a l e s  inverse ly  with beam current  and 
d i e l e c t r i c  conductivi ty coef f i c ien t .  T h u ~ ,  the  smaller  value of Kp quoted i n  
the  l i t e r a t u r e  ( ref .  19) (e.g., Mylar) could have re laxat ion times a& long a s  
125 sec a t  a beam current  of 1 nA/cmE (10'5 ~ f n i 2 ) .    one of these times is 
edpecia l ly  long compared t o  laboratory ?.rradiat iod times. 

"FEEUBACK" CONTROLLED CHARGI#G BEAM 

For t h i s  case,  the  inc ident  beam energy and current  are constant .  A 
reasonable assumption is t h a t  the  secondary and backscatter  emission a r e  a l s o  
constant ,  s o  t h a t  So is l ikewise coastant .  (Note t h a t  t h i e  type of experiment 
would be i d e a l  f o r  checking t h i s  assumption.) The primary dose and charge 
deposit ion p r o f i l e s  w i l l  a l s o  be constatit i n  time. These simplifications make 
the  problem ana ly t i cd l ly  t r ac tab le .  If w e  aseume t h a t  the  coaductivi ty is 
independerit of e l e c t r i c  f i e l d ,  then an exact  so lu t ion  may be given. The method 
of so lu t ion  requires  the  appl ica t ion of LaPlace transforms, a method we have 
used eleewhere ( ref .  24) f o r  a similar problem. This eolut ion is extremely 



unwieldy and wil? not be d e t a i l e d  herein.  Instead,  we note  t h a t  i f  Co 0, 
then f u r t h e t  s impl i f i ca t ion  occurs. C6rrections t o  t h e  ~ o l u t i o n  f br f i n i t e  
Co a r e  of order Co/CD, s o  t h a t  the  approximate so lu t ion  is a n  exce l l en t  tepre-  
sen ta t ion  of r e a l i t y  f o r  most laboratory configurations. With theae assump- 
t ions ,  we f ind  t h e  following expression f o r  E: 

Note t h a t  t h i s  so lu t ion  does not depend on the  th ick  sample assumption. I f  w e  
consider t h e  primary deposi t ion  region only (J  96 O), then the  so lu t ion  is 
i d e n t i c a l  t o  t h a t  given previously, except tha! (& - Jp) is the  current  pro- 
f i l e  of i n t e r e s t .  Note t h a t  the  e l e c t r i c  f i e l d  p r o f i l e  now changes s i g d  a s  
was f i r s t  pointed out  by Meulenberg ( ref .  12). For inc ident  energies such t h a t  
)yo - Jp (0) 1 > ITo 1 , t h e  peak e l e c t r i  c f i e l d  can occur a t  t h e  f r o n t  f ace  while 
f o r  t h e  reverse  inequal i ty ,  t h e g e a k  f i e l d  is  alwayl i n  the bulk. I n  the  bulk, 
the  e l e c t r i c  f i e l d  is given by Jo/ao, where a, is  the  bulk conductivi ty,  s o  
t h a t  EBULK may be made a r b i t r a t i l y  lar$k by increasing t h e  incident  current .  

A t  t he  f r o n t  face  Jp(0) = (1 - YBs) Jy and yo - (1 - YS - Y )JI,  where 
YS, YBS a r e  the  secondary and backscatter  y ie lds ,  respectively.  *fhus, a t  
sa tu ra t ion ,  t h e  f r o n t  face  f i e l d  EFp is  given by' 

2 
For suf f i c i e n t i y  l a r g e  cur ren t s  Alm ) , th& radiation-induced conduc- 
t i v i t y  completely dominates the  ambient conductivi ty,  $0 t h a t  a(0)  takes the  
radiation-induced value. With a conductivi ty of the  form of equation (14), we 
again n a t e  t h a t  Epp may take on a r b i t r a r i l y  l a r g e  values f o r  s u f f i c i e n t l y  l a rge  
cur ren t s  i f  A < 1. For t h e  case  t h a t  A has  the  value uni ty ,  the  value of the 
f r o n t  f ace  f i e l d  is independent of t h e  current .  Moreover, i f  w e  use t h e  f i t  of 
Burke, e t  a l .  ( r e f .  21) t o  t h e  secondary emission y i e l d  shown i n  f i g u r e  3, w e  
f ind  t h a t  EFF is a l s o  independent of the  primary beam energy. This occurrence 
w i l l  be discussed i n  fu r the r  d e t a i l  below. The maximum value of the  f r o n t  face  
electric f i e l d  f o r  Teflon, Mylar, and Kapton map be obtained from the  maximum 
values given i n  Table 1. These occur f o r  t h e  mininum 6alue  of $. A use  of 
the Sternglass  f i t  ( r e f .  20) t o  t h e  eecondary y ie ld  shown i n  Figure 3 woald 
r e s u l t  i n  smaller f i e l d s .  

GROUNbED FRONT FACE 

Another case of i r i reres t  occurs when the  f r o n t  face  of ehe d i e l e c t r i c  is 
coated with a th in  l ayer  (compared t o  an  e lec t ron  range) of conductor, and the  
conductor is  grounded t o  the  sample backside. This s i tua t io r l  a l s o  e f f e c t i v e l y  
occurs when sunl ight  is present  on the  sample, s o  t h a t  a p le thora  of photo- 
e lec t rons  a r e  ava i l ab le  t o  keep the  sample from charging. The general  so lu t ion  



f o r  the time dependence of t h i s  ~ ,oblem has been gilren by u s  elseqhore 
( ref .  24). It iilvolves toPloze transforms and is ra ther  colbplicated, so  i t  
w i l l  not be repeatdd here. The saUlration f i e l d ,  however, has a simple fotm. 
given by 

where 

and Jp(x) is the  ptimary curreat  p ro f i l e  in the medium. F rom equation (19), - 
we can see that  the  shor t  c i r c u i t  current J-is of order J (?t/6),  where :c is the 
Maxi penetration. Thus, f o r  th ick samplea J is omall combared t o  J . The 
l a rges t  f ron t  face f i e i d  occurs fo r  3 = 0 and has the value - ( J ~ ( o ~  + ~ ( 0 ) ) .  
Specializing t o  the  case *here conductivity is  proportfonai t o  dose r a t e  (our 
above rematks hold f a r  A < l ) ,  t h i s  f i e l d  is again independeat of current. 
Show i n  f igure  8 is the stopping power for  e lect rons  i n  Teflon a s  ti functicn 
of energy. For normally incident electrons,  the surkdce dose a l so  has t h i s  
shape, decreasihg f o r  increasing energy. Because the  backscatter y ie ld  is  
essen t ia i ly  constant i n  t h i s  regime (figure 3), Jp(0) is essen t ia l ly  constaht. 
This means tha t  the f ron t  face  e l e c t r i c  f i e l d  is an iacreasing function of the 
primary beam energy. This is i l l u s t r a t e d  i n  f igure  9 fo r  Teflon, Mylar, and 
Kapton using the  minimum values of % quoted i n  Table 1. A comparison of these 
values with those given above, and i n  sections below, shows tha t  grounding the  
face has ldade the f ron t  face f i e l d  larger .  Of course, the bulk 4iclds a r e  
severely reduced. 

" S O W "  CHARGING BEAY 

The case considered i n  t h i s  sect ion represedts the  conventional iabofa- 
tory charging condition of a monaenergetic nonhally incideat  source fo r  which 
the s o u r ~ e  eriergy is constant i n  time. A s  the  sample charges, the incident 
e lect ron exietgy decreases, and the dase and charge deposition p ro f i l e s  vary a s  
i l l u s t r a t ed  i n  f igures  5 aad 6. This s i t ua t i on  appears too compiicated fo r  
ana ly t ica l  a t t ack  We i l l u s t r a t e  the numerical solut ion giveh by SCCPOEM fo r  
5 m i l  (1.27 x low4 m) Teflon. The secondary yie ld  a lgor i thh used takes the 
yield proportiorral t o  the  dose a s  suggested by Burke, e t  a l .  ( re f .  21). F o r .  
hormally incident electrons,  t h i s  reproduces the power l a w  f i t  given i n  
f igure  3. The bulk crnductivity was taken froin the data of Adamo and Nanevicz 
( re f .  25). The t tdas ien t  conductivit wds taken proportional t o  the  dosts r a t e ,  
with a coef f i e i en r  of K - 1.68 x 103 (Rads)-l (1.68 x 10-3 ( ~ ~ ) - l )  ( re f .  23). 

P 



With these inputes i t  is  found tha t  the  eurfacrz charges t o  the  vol tage  
given i n  f lgure  4. The time dependence of t h e  vol tage  sad current  h i s t o r i e e  
a r e  q u a l i t a t i v e l y  s imi la r  t o  the d a t a  presented by Purvis, a t  a l .  ( r e f .  18). 
Quant i t a t ive ly ,  the  ce lcu la t ions   how a  slower charg1.n~ than the  data ,  and t h e  
ca lcula ted  s a t u t a t i o n  cur ren t  is f a r  l o s s  than measured. Ae noted by Purvis, 
e t  a l .  (ref. 18), these  diecrepanciee ato  probably due t o  capaci t ive  f r ing ing  - 
e f f e c t s  and surface  leakage cur ten t .  A r t i f i c i a l l y  decreasing the  capacitance 
arid incfeaeing t h e  bulk conductlviry gives so lu t ions  which adequately repre- 
dent the data.  

Shown i n  f igure  10 is  the  time dependence of the  e l e c t r i c  f i e l d  p r o f i l e  
f o r  a  12 keV (1.92 x  10-15 J) 1 nA/cm2 (10-5 ~ / m ~ )  charging beam. It should 
be noticed t h a t  the  f r o n t  face  f i e l d  is aleeddy a t  i ts  sa tu ra t ion  value a t  t h e  
f  i P s t  t i m e  p l o t  (t = 50 eec) . The bulk f i e i d  evolves t o  it@ f i n a l  value a s  
V/b, where V is given by the  ex te rna l  charging var iables .  Shown i n  f i g u r e  11 
is the  sa tu ra t ion  f i e l d  i n  Teilon ad a function of the  primary beam energy. 
Note t h a t  the  f i e l d  near t h e  f r o n t  f ace  is i d e n t i c a l  f o r  a l l  t h e  charging 
energies,  while the  magnitude of the  bulk f i e l d  r e f l e c t s  the  equilibrium 
vol tage  shown i n  f i g u r e  4 ,  

It cer ta i f i ly  maker3 sense t h a t  t h e  fS?lds near t h e  f r o n t  face  a r e  
i d e n t i c a l ,  because a s  ex te rna l  sa tu ra t ion  is reached, t h e  inc ident  e lec t rons  
take  on vgry nearly t h e  same energy. For l a t e r  t i m e ,  t h i s  corresponds t o  
constant  .To, dose and charge deposit ion prof i led .  The so lu t ion  is then easy 
t o  demonstrate e x p l i c i t l y  by using the  i n t e r n a l  equil ibrium condit ion '5 = J 
but w i l l  not  be pursued f u r t h e r  here. What may perhaps be more su rpr i s ing  t o  
the  reader is t h a t  the  value of  he f r o n t  face  f i e l d  shown i n  these f igures  
is, i n  f a c t ,  a  much more geherai  r e s u l t .  This w i l l  be shown below a f t e r  
discussing severa l  f u r t h e r  exc.mp! es. 

I N T E R N A L  F I E L D S  - OTHER 50URCiS 

The charging condi t ior~s  which can occur a r e  mare general  than those 
d i s c ~ s s c d  abave. Thede include the complications due t o  angular dependence i n  
the  source spectrum, a6 w e l l  as energe t i ca l ly  d i s t r i b u t e d  sources. While our 
charging geometry is much less m a l i e t i c  f o r  these  more general. source configu- 
r a t i b n s  , it is i n s t r u c t i v e  t o  b r i e f  iy ind ica te  these  e f fec t$ .  

MONOENERGETIC ISOTROPIC SOURCE 

Sh- i n  f i g u r e  12 a r e  the  voltage time h i s t o r i e s  of 5 m i l  (1.27 r lom4 m) 
Teflon sub ected ta n o m a l l y  idc jdcnt  and i s o t r o p i c a l l y  incident  20 keV 1 (3.2 x 10- 5 J) elec t rons .  The s o t u r r t i o n  e l e c t r i c  f i e l d e  a r e  compared i n  
f igure  13. The i s o t r o p i c  source charges much more slowly and reaches a 
s i g n i f i c a n t l y  smaller voltage. This r e s u l t  occuts  because both the backscetter  
and secondary y i e l d s  a r e  s i g n i f i c a n t l y  higher f o r  t h e  i so t rop ic  source. 
In te rna l ly ,  the. f i e l d s  c lose  t o  the  f r o n t  face  evolve slowly ( f o l l o w i ~ ~ g  the  
vol tage  curve of f igure  12). Note t h a t  the  f r o n t  face  f i e l d  f o r  t h e  i eo t rop ic  
source is i d e n t i c a l  t o  t h e  f r o n t  face  f i e l d  f o r  normall.? inc ident  sources. 



ISOTROPIC W E L L P A N  SOURCE 

We have computed the  e l ec t ron  t r anspor t  f o r  a 10 keV (1.6 x 10-l5 J )  
i s o t r o p i c  Maxtrellian d i s t r i b u t i o n .  The backecat ter  y ie ld  was deterfilned t o  he  
0.34, while the  sccofidary y ie ld  Qas determined t o  be 1 - 5 5 .  Thus, i t  is  
expected t h a t  the  Teflon w i l l  charde pos i t ive ly .  The cade is not  equipped t o  
handle t h i s  poseib i l iey .  The p le thora  of secondaries laean t h a t  the  sample w i l l  
charge t o  a few v o l t s  p o s i t i v e  i n  a very s h o r t  time, the  exact value of the  
vol tage  depending od t h e  secondary e lec t ron  d i s  t r i b u  t ioa .    he vol tage  w i l l  
a d j u s t  t o  make the  net cu r ren t  t o  t h e  su r face  zero. So f a r  a s  the  i n t e r n a l  
f i e l d s  a r e  concerned, t h i s  is p rec i se ly  t h e  case  described above a s  the  "non- 
charging" beam ( ~ i m i l a r l y ,  the  grounded f r o n t  f ace  s i t u a t i o n ) .  Thus, the  
i n t e r n a l  e l e c t r i c  f i e l d  is given by equatton (13). Our numerical r e s u l t s  
i n d i c a t e  a broad p o s i t i v e  charge l a y e r  (%I um) near  the  f ron t  su r face  and a 
deeply buried negat ive  charge. We a r e  still inves t iga t ing  the  correc tness  of 
t h i s  pecular i ty .  

GENERAL FRONT FACE FIELD 

?he appearance of a s i n g l e  va lue  f o r  t h e  f r o n t  f ace  f i e l d  under a number 
of circumstances suggests  a u a i v e r s a l i t y  of t h i s  va lue  wi th in  our computational 
model. This is indeed t h e  casle. The. following considerat ions hold f o r  
charging condit ions which r e s u l t  i n  a negative vol tage  (not a r t i f i c i a l l y  
grounded). The f i e l d  a t  the  su r face  s a t i s f i e s  . . . ( 

For t h e  case  of vanishing tank capacitance (Co = 0), = yo. The cur ren t  i n  
t h e  d i e l e c t r i c  c o n s i s t s  of t h e  primary cur ren t  Jp and the  conduction cur ren t  
uE. A t  t h e  su r face  Jo - Jp(o) = -JpS, s o  t h a t  equation (20) becomes 

The primary assumption of the  computational model is th? t  the  backecatter  cur- 
r e n t  is propor t ional  t o  t h e  su r face  d p e  r a t e  (-JBS = CLD) and the  conductivi ty 
is propor t ional  t o  dose r a t e  (a = E$D). With these  two assumptions, the  sur-  
f ace  f i e l d  s o l u t i o n  is 

Thua, the  f i e l d  t akes  on a value determined only by the  dose and s a t u r a t e s  t o  
a un ive r sa l  ma te r i a l  dependent va lue  (a/€KP). This  value is t h a t  given i n  
Table 1 and is independent of the  charging spectrum and t i m e  h i s to ry .  



Fot ~orap le tenees~  we have petf~taled the prl..tnaty electron t raaepsr t ,  
I nchd ing  the  e f f ec t  6f the  i d t e t n a l  e l e c t r i c  f i e l d s  an the  e lectron motiorl. 
The e f f ec t  was found pa be completely negligible.  A ~ i e f i c e  a t  figrote 8 makes I 

t h i s  easy clbdeista,, ,., The minimum value af the stoppinlf power [foe 20 keV 
(3.2 x Wf3 J) electrons] ( i n  e l e c t r i c  f i e l d  uni te)  is 2 x lo9 V/m Since the 6 maximum f i e i d s  encontered irl these cfAlculati0hS cre a few times 10 V/m, the  
f i e l d s  have, a t  moat, a 10% ef fec t .  For "norlaal" chargina conditllons, the 
e f f ec t  is f a r  l e sa  than t h i e  maximum, became of the  sharp r i s e  i n  stoppifig 
power f o r  lower e lectron energies and the small value of the f ron t  face f i e ld .  

t 
CONCLUSIONS 

We have presented a deta i led madel o t  the  charging of d i e l ec t r i ce  due t o  
incident electrons.    he computer uiodel (SCCPOEM) a s  currentLy configured does 
not include the  f b l l d ~ i n g  e f fec t s :  

6 sunlight e f f e c t s  
thema1 e f f e c t s  
ionic  ef f e c  ts 

a multi-dimensional e f f e c t s  
f i e l d  and charging h i s  tory dependent 
secondary emission e f f e c t s  
deta i led c a t r i e r  statistics ef fec t s ,  and 

w very long time e f f e c t s  

The f i r s t  four df these limit the appl icab i l i ty  of the  code t o  specialized 
chargiag s i tua t ions  but do not cons t i tu te  Limitatiens of principle.  

The code presentiy chooses the  secondary emission coeff ic iedt  t o  be 
proportional t o  the computed surface dose as suggested b Burke, e t  a l .  
r f . 2 1  Whf l e  t h i s  algorithm may f a i l  at low energy f below a k i lovol t  
(1.6 x 10-l6 J)], it appears c o n s i ~ t e n t  with the experimental data  ab6ve t h i s  
energj. It is pdesible, howver , t ha t  the secondary emission depends on the  
surface f i e l d s  add charge prof l i e  which develops [see, e .g . , bCkker (ref .  26)]. 
Soae evideilce is being accumulated by Robinson (ref .  CI) t ha t  t h i s  e f f e c t  
occurs under the conditi6ns of i n t e l e s t .  Should the  e f f ec t  be demonstrated t o  
be important, i t  can readi ly  be ihcorparated i n t o  the  code. This ie t rue  
bexiuse the  secundary emission PrimaLily a f f e c t s  the external  charging 
algorithm and en te rs  the i n t e rna l  calcuZations ae a boundary condition. 

The major matters of pr inciple  not currently handled by the code a r e  the 
d e t a i l s  of the c a r t i e r  s t a t h t $ . c s  and migration. Empirical modela a r e  being 
u t i l i z ed  fo r  both the bulk conductivity and the  radiat ion induced conductivity. 
This ehdxdcoming is ctirruntly being r ec t i f i ed .  A version of the  code which 
incorporates a c a r r i e r  k ine t ics  descr ipt ion of the  conduction process is being 
developed. I n  defense of our pxesent treatment, however, it  must be mentioned 



t h a t  a model u r i l i z f a  
fundamental appf oaeh . ~g d i r e c t  ernpitlcal. da ta  has n major advantage over LP mare! 

Typical ly,  the  q u a a t i t l s s  which a r e  required f o r  a 
k i n e t i c  approach ate very poorly known. The empirical  conddceivity da ta ,  while 
ref lee t i f ig  a l l  these  more fundamental quentfltien, has the  advantage s f  being n 
d i r e c t  aeoeure of the  rslaxatio.. phenomena. I f  ueed i n  the  proper domain, the  
only r lncet ta id t iee  a r e  the  d i r e c t  uncer ta in ty  i n  the  conductivi ty meaeuremerlt 
i t s e l f .  The major uncer ta in ty  of p r i n c i p l e  i e  the  domain of a p p l i c a b i i i t y .  A 
good way t o  determine t h i s  domain is t o  use the  madel, make prndict ione,  and 
compare t o  experiment. We have chosen t h i s  path. Indica t ions  a r e  t h a t  the  
model is s a t i e f a c t o r y  f o r  reasonably th ick  samplee with f i e l d s  not too near 
breakdown. 

D i e l e c t r i c s  sub jec t  t o  e l e c t r i c a l  stresses undergo p e r s i s t e n t  change over 
very long periods of tirde (many years) .  This type of e f f e c t  is completely 
beyond t h e  scope of our present  model. 

Within the  above cons t ra in t s ,  the  model provides a simple and e f f e c t i v e  
t o o l  f o r  camputing i n r e r n a l  f i e l d s  and charge d m s i t i e s  i n  e lec t ron- i r radia ted  
d i e l e c t r i c s .  Our coniputations t o  d a t e  i n d i c a t e  the  following: 

a A t  low charging cur ren t s , - the  f i n a l  vol tage  is 
l imi ted  by bulk conduction, while a t  high currents ,  
t he  vol tage  is l h i t e d  by secondary emission. 

0 Normal charging g ives  rise t o  a f i e l d  r eve r sa l  l a y e r  
a s  suggested by Meulenbsrg ( r e f .  12) but  does not  
appear t o  g ive  breakdown l e v e l  f i e l d s  a t  the  surface.-- 

a Charging with normally inc ident  e l ec t rons  under 
condit ions i n  which the  vol tage  is secondtiry l imi ted  
g ives  r i s e  t o  s imi la r  f i e l d  p r o f i l e s  near  the  f r o n t  
f ace  independent of charging energy. 

a Secondary l imi ted  charging g ives  r i s e  t o  a "universal" 
ma te r i a l  dependent f r o n t  f ace  f i e l d .  

0 Grounded coat ings  on t h e  f::ont f ace  decrease the  bulk 
f i e l d  bu t  give rise t o  enhanced f i e l d s  a t  the  f r o n t  
face.  

a Strong i n t e r n a l  f i e l d s - c a n  a r i s e  even i n  low vol-tage 
p o s i t i v e  charging environmente. 

Angular d i s t r i b u t i o n s  of monoenergetic e l ec t rons  g ive  
l e e s  severe i n t e r n a l  f i e l d s  than normally inc ident  
e lec t rons .  



The koy aaaumptiode whish give riea to  the above. coaclusbbs are 

The pk-spert80nafity sf  the mcondary axteeion current 
t o  the d6se ra te .  

The uee of the  etapiricol conductivity msdsl of 
aquatiofi (14) with A = 1. 

The value of the empirical t rensient  conductivity 
constant K 

E ' 

We note some experiments which may be performed t o  t e s t  our conclusions 
and some of the assumptian&: 

"Feedback" controlled experiments can be used to  check 
the codstancy of the  secondary emission current. 

6 High curfent %on-chargingt' beams may be used to  check 
the l i n e a r i t y  of the  t rans ien t  conductivity with dose 
ra te .  

Charge density interrogation experiments of the  type 
suggested by Sessler , et a l .  ( ref .  28) may be performed 
to  d i r ec t l y  compare t o  predicted chargc densi t ies .  

Grounded f ron t  face experiments may be performed t o  
compare t o  shor t -c i rcui t  current predictions and check 
fo r  breakdown.. . 

Very th in  sample experiments can be performed with con- 
vencfonal measurements t o  check the influence of in te rna l  
charge locat ion on external  variables.  

We believe experiments of the  above type, coupled with a de ta i led  
investigation of ca r r i e r  k ine t ics  r e s t t i c t i one ,  should lead t o  fur ther  under- 
standing of the d i e l e c t r i c  charging process. 

We a re  fndebtad t o  D r .  J .  V. Gore fo r  numerous discussibns, a s  w e l l  a s  
certain of the calculations which appear herein. 
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TA0LE 1 .  RANGk OF V A L U E S  OF PEAK 
E L E ~ T R I C  FIELD FOR NON-CHARGING BEAM 

Range ref lects  spread i n  quoted values of the Transient 
Dielectric Conductivity Coefficient K (ref.  19).  

P 
b 

PkAK MEAN POTENTIAL 
E L E C ~ R I C  FIELD ELECTRIC FIELD DROP 

MATERIAL ( X  106 v/m) ( x  106 v/m) (volts) 

TEFLON 0 - 5.5 0.06 - 2.9 0.007 - 0.372 
NYLAR 52. - 61. 28. - 32. 3.5 - 4 . 1  

KAPTON 1.8 - 9 2 .  1.0 - 49. 0.1 - 6.2 

SOURCE 
CURRENT 

INCIDEIR 

CURRENT 

J, YKAN DILLLCIllXC 
CURRENT 

- 
J 

SHORT-CIRCUIT C U R R m  
v 

FIGURE 1. ONE-DINENSIONAL CHARGING MODEL 



TEFLON - 1  

FIGCRE 2. RANGE AND NEAN PENETRATtON FOR NORNALLY 
INCIDENT ELECTRONS IN TEFLON 



FIGURE 3. BACKSCATTER AND SECONDARY YIELDS FOR 
NORNALLY INCIDENT ELECTRONS ON TEFLON 

SOURCES ARE eITED I N  THE TEXT. 



FIGURE 4. SATURATION CHARGING VOLTAGE FOR 
NORMALLY INCIDENT ELECTRONS ON TEFLON AS A 

FUNCTION OF THE CHARGING CURRENT DENSITY 
TIfiES THE DIELECTRIC THICKNESS 



FIGURE 5. CHARGE OEPOSITI~N PROFXU I N  TEFL~N 
F8R NOWALLY INCIOENT ELECTRONS 



FIGURE 6. 60SE PRdFILi  I N  TEFLdN FOR 
NORMALL f INCIDENT ELECTRdNS 



Penetration Depth (1 oo8 in) 

FIGURE 7. SATURATION ELECTRIC FIELD I N  TEFLON 
FOR NON-CHARGING NORIIALLY INCIDENT BEAN 



FIGURE 8. ELECTRQNIC STOPPING 
POWER OF TEFLON 



FIGURE 9. FRONT SURFACE SATURATION FIELD FOR . 
CAOUYOED FRONT-FACE - NORIYAUY INCIDENT 

ELECTRONS - ) I IN INU~  VALUE OF Kp 



FIGURE 10. TIME HISTORY OF T I E  ELECTRIC 
FIELD PROFILE I N  TEFLON - NORMALLY 

INCIDENT 12 keV ELECTRONS 

FIGURE 11. SATURATION ELECTRIC F I  EL0 PROF1 LES 
I N  5 m i  1 (1.27 x 10'4 m) TEFLON - NORMALLY INCIDENT ELECTRONS 
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FIGURE 12. CHARGING VOLTAGE T I M E  H I S T O R I E S  FOR 
NORMALLY I N C I D E N T  AND I S O T R O P I C  20 keV ELECTRONS 

ON 5 m i l  TEFLON 
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FIGURE 13. COMPARISON OF SATURATION ELECTRIC FIELD PROFILES 
FOR MRHALLY INCIDENT AND ISOTROPIC 20 keV CHARGING SOURCE - 5 m i  1 TEFLON - 
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