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INTRODUCTION 

I n  t h e  space environment,  e l e c t r o n s  a r e  p r e s e n t  w i t h  e n e r g i e s  from a few 
e V  t o  s e v e r a l  MeV. Most s t u d i e s  of t h e  charg ing  of s p a c e c r a f t  d i e l e c t r i c s  
have focused on charg ing  by t h e  low-energy (5 t o  20 keV) p o r t i o n  of t h e  space 
e l e c t r o n  spectrum. As p a r t  of t h e  Ai r  Force  Weapons Labora to ry  (AFWL)- 
sponsored e lect ron-caused e l e c t r o m a g n e t i c  p u l s e  (ECEMP) program, t h e  e f f e c t  of 
t h e  high-energy p o r t i o n  of the  e l e c t r o n  spectrum on t h e  charg ing  of s p a c e c r a f t  
d i e l e c t r i c s  was i n v e s t i g a t e d .  R e s u l t s  of an i n i t i a l  s e r i e s  of exper iments  
performed a t  a c c e l e r a t e d  f l u x e s  i n d i c a t e d  t h a t  the  charging and d i s c h a r g i n g  
c h a r a c t e r i s t i c s  of s p a c e c r a f t  d i e l e c t r i c s  a r e  s i g n i f i c a n t l y  a l t e r e d  by t h e  
presence of high-energy e l e c t r o n s  ( r e f s .  1 ,2 ,3 ) .  I n  t h i s  paper ,  t h e  r e s u l t s  
of a second s e r i e s  of exper iments ,  i n  which f l u x  l e v e l s  more r e p r e s e n t a t i v e  of 
t h e  space e l e c t r o n  environment were used,  a r e  p resen ted  and compared t o  t h e  
r e s u l t s  of the h i g h  f l u x  t e s t s .  The s i m u l a t i o n  approach was t o  p a r t i t i o n  t h e  
space e l e c t r o n  spectrum i n t o  two p a r t s ,  t h o s e  e l e c t r o n s  which do n o t  p e n e t r a t e  
a m a t e r i a l  and t h e r e f o r e  c o n t r i b u t e  t o  charg ing  and those  which comple te ly  
p e n e t r a t e  the  m a t e r i a l .  The non-penetra t ing e l e c t r o n s  were s imula ted  u s i n g  
25-keV e l e c t r o n s  and t h e  p e n e t r a t i n g  e l e c t r o n s  by 350-keV e l e c t r o n s .  

The m a t e r i a l s  inc luded  i n  t h i s  i n v e s t i g a t i o n  were Kapton, o p t i c a l  s o l a r  
r e f l e c t o r s  (OSRs), and a ground t e s t  s a t e l l i t e  s u r f a c e  p o t e n t i a l  monitor which 
c o n t a i n e d  Kapton, A s t r o q u a r t z ,  OSRs and Tef lon .  

EXPERIMENTAL DETAILS 

The low f l u x  exper iments  were performed i n  t h e  AFWL 4%-diameter, 6-m- 
long  vacuum chamber shown i n  f i g u r e  1. Du i n g  t h e s e  t e s t s ,  t h e  chamber pres-  -t s u r e  was maintained between 5 and 8 x 10 t o r r .  A Kimball  Phys ics  e l e c t r o n  
f l o o d  gun was used as a source  of 6 t o  25 keV e l e c t r o n s  and a High Vol tage  
Engineer ing  Van de Graaff  a s  a source  of 350 t o  450 keV e l e c t r o n s .  Both 
e l e c t r o n  beams were c o l l i m a t e d  and r a s t e r e d .  The c u r r e n t  d e n s i t i e s  of t h e  low 
energy ( 6  t o  25 keV) and 4 igh  energy (350 t o  900 keV) e l e c t r o n s  could  be 
v a r i e d  from 5 t o  350 ~ A / c m  and 1.0 t o  60 pA/cm , r e s p e c t i v e l y  (m a s u r e d  a t  5 t h e  sample l o c a t i o n ) .  Current  d e n s i t i e s  were measured us ing  195 cm aluminum 
s t o p p i n g  blocks  which were connected t o  a c u r r e n t  meter.  

* Work sponsored by AFWL under Computer Sc iences  Corporat ion Subcont rac t  S-220. 
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The test samples included a 400 cm2 a r r a y  of twenty 8 m i l  OSRs, a 25 em 
diameter sample of 2 m i l  aluminized Kapton, and four  samples ( 3  m i l  Tef lon ,  
5 m i l  aluminized Kapton, 8 m i l  OSRs and Ast roquar tz )  mounted i n  a ground test 
vers ion of the  SCATHA S a t e l l i t e  Surface P o t e n t i a l  Monitor (SSPM). 

The 8 m i l  OSRs and 2 m i l  Kapton samples were placed on aluminum mounting 
p l a t e s .  The mounting p l a t e s  were each connected t o  ground through a one-ohm 
r e s i s t o r  ac ros s  which discharge-induced vol tages  were measured wi th  an o s c i l -  
loscope. The samples were mounted in a sample c a r o u t e l  and a s h i e l d i n g  p l a t e  
i n  f r o n t  of the  ca rouse l  could be removed remotely t o  a l low i r r a d i a t i o n  of the  
samples. Measurements of the surface p o t e n t i a l  of these  samples were per- 
formed us ing  a scanning c a p a c i t i v e  d iv ider  e l e c t r o s t a t i c  vol tmeter  (ESV). The 
ESV was f a b r i c a t e d  by JAYCOR and was c a l i b r a t e d  p r i o r  t o  and during the  exper- 
imenta l  sequence by b i a s ing  t h e  sample mounting p l a t e s  t o  p o t e n t i a l s  from -1 
t o  -10 kV. 

The SSPM was mounted d i r e c t l y  above t h e  sample carouse l .  The SSPM e lec-  
t r o n i c s  were used t o  monitor t he  sur face  p o t e n t i a l  and leakage c u r r e n t s  of t he  
SSPM samples. 

ENVIRONMENT AND SIMULATION 

Figure  2 shows two e l e c t r o n  spec t ra  measured a t  geosynchronous a l t i -  
tudes.  A s  a f i r s t  approximation for s imula t ion ,  these  s p e c t r a  were p a r t i -  
t ioned i n t o  non-penetrat ing and pene t ra t ing  e l ec t rons .  The non-penetrat ing 
e l e c t r o n s  were s imulated using a monoenergetic low energy e l ec t ron  beam (6  t o  
25 keV) and t h e  pene t r a t i ng  e l ec t rons  were simulated using a monoenergetic 
h igh  energy e l e c t r o n  beam (350 t o  400 keV)*. Using t h i s  s imulat ion philosophy 
the  s p e c t r a  shown i n  f i g u r e  2 would be s imulated by the f l uxes  l i s t e d  i n  
t a b l e  1. These f l uxes  were determined from cons idera t ion  of the  p r a c t i c a l  
range of e l e c t r o n s  i n  the test ma te r i a l s  which is ma te r i a l  dependent. Also 
l i s t e d  i n  t a b l e  1 a r e  the  ranges of f l u x e s  a v a i l a b l e  during the  tests des- 
c r ibed  i n  t h i s  paper. 

For a p lanar  sample i n  a s teady-s ta te  charging condi t ion ,  charge conser- 
va t ion  r e q u i r e s  t h a t  

where JB is the  cu r r en t  dens i ty  of e l e c t r o n s  t h a t  s t op  i n  the sample, JS i s  
t h e  secondary e l e c t r o n  emission cur ren t  dens i ty ,  JL is the  leakage c u r r e n t  
dens i ty  and Jp is the  photoemission cur ren t  dens i ty .  

ph he p r a c t i c a l  range of a 350 keV e l ec t ron  i n  Si02 is  roughly 0.053 cm ( ~ 2 1  
mi l s )  and the  t h i c k e s t  sample tes ted  was t h e  8 m i l  OSRs. 



The secondary e l e c t r o n  c u r r e n t  is a  func t ion ,  6, of t h e  energy, EB, of 
t he  e l e c t r o n  beam, t he  i nc iden t  e l e c t r o n  c u r r e n t  dens i ty ,  and the  sample 
s u r f a c e  p o t e n t i a l ,  V. JS can be w r i t t e n  as 

I f  t h e  pene t ra t ion  depth of the  i nc iden t  low energy e l e c t r o n s  i s  small  
compared t o  t he  th ickness ,  L, of the  d i e l e c t r i c  sample and i f  the conduc- 
t i v i t y ,  a ,  of t he  d i e l e c t r i c  is uniform, then the  leakage c u r r e n t  dens i ty  can 
be w r i t t e n  as 

The conduct iv i ty  of the  bulk d i e l e c t r i c  is the  sum of t he  ambient and rad ia -  
tion-enhanced c o n d u c t i v i t i e s ,  aA and aR, r e spec t ive ly .  The r a d i a t i o n  induced 
conduc t iv i t y  can be w r i t t e n  a s  

A  a = K ? ~  = K .  Jpen rad 

where K  and K a r e  m a t e r i a l  dependent cons t an t s ,  ? i s  the  r a d i a t i o n  dose r a t e  
of t he  pene t ra t ing  e l e c t r o n s ,  Jpen is the  cu r r en t  dens i ty  of p e n e t r a t i n g  
e l e c t r o n s  and A  is a  m a t e r i a l  dependent cons tan t  which has va lues  between 0.8 
t o  1.0 f o r  most ma te r i a l s .  Thus, the  t o t a l  conduc t iv i t y  can be w r i t t e n  a s  

I f  t h e  sample is  i n  t he  dark, the  photoemission c u r r e n t  can bs considered 
t o  be neg l ig ib l e .  

Manipulation of equa t ions  ( I ) ,  (2) ,  and (3) y i e l d s  t he  su r f ace  p o t e n t i a l  
a s  a  funct ion of t he  i nc iden t  e l e c t r o n  cu r r en t  dens i ty  i n  the  form 

For exposure t o  non-penetrating e l e c t r o n s  only,  a t  beam ene rg i e s  s i g n i f i -  
c an t ly  l a rge r  than the secondary e l e c t r o n  second crossover  energy, VS, t h e  
func t ion  6 i n  equat ion (5) ,  w i l l  be small compared t o  u n i t y  and the  p o t e n t i a l  
w i l l  increase  l i n e a r l y  from zero as a  func t ion  of J /a. A t  l a r g e r  values  of 
t h e  su r f ace  p o t e n t i a l ,  6  w i l l  no longer be negl ig ibae  and the  p o t e n t i a l  w i l l  
asympotot ical ly  approach a  va lue  Vm given by 



assuming t h a t  t h e  d i e l e c t r i c  does  not  break down f i r s t .  Obviously from equa- 
t i o n  (6) t h e  asympto t ic  v a l u e  o f  the  s u r f a c e  p o t e n t i a l  i s  d i f f e r e n t  f o r  d i f -  
f e r e n t  beam e n e r g i e s .  F i g u r e  3 shows p l o t s  of V v e r s u s  J ~ / U  f o r  2  m i l  and 
5  m i l  (L = 0.005 and 0.0127 cm, r e s p e c t i v e l y )  samples ,  where a v a l u e  f o r  V o f  

8 1.5 kV h a s  been assumed, which i s  approximately  t h e  v a l u e  f o r  t h e  secon a r y  
emiss ion  c r o s s o v e r  of Kapton. The shape of t h e  t r a n s i t i o n  r e g i o n  from t h e  
l i n e a r l y  i n c r e a s i n g  curve  t o  t h e  h o r i z o n t a l  asymptote  was e s t i m a t e d  u s i n g  t h e  
secondary emiss ion curve  f o r  Kapton g iven  i n  r e f e r e n c e  6. 

I f  a Kapton sample is s imul taneous ly  exposed t o  non-pene t ra t ing ,  e.g., 
1 0  keV, and t o t a l l y  p e n e t r a t i n g  e l e c t r o n s ,  then s e v e r a l  l i m i t i n g  c a s e s  can be 
c o n s i d e r e d .  I f  t h e  f l u x  of p e n e t r a t i n g  e l e c t r o n s  i s  small such t h a t  t h e  rate 
of  energy d e p o s i t i o n  due t o  t h e  p e n e t r a t i n g  e l e c t r o n s  produces  on ly  a n e g l i g i -  
b l e  i n c r e a s e  i n  t h e  c o n d u c t i v i t y  of t h e  Kapton, then t h e  s u r f a c e  p o t e n t i a l  
w i l l  be dominated by t h e  ambient c o n d u c t i v i t y  and can a c h i e v e  a maximum v a l u e  
o f  -8.5 kV. I f ,  however, t h e  f l u x  of p e n e t r a t i n g  e l e c t r o n s  is  s u f f i c i e n t l y  
l a r g e  so  as t o  i n c r e a s e  t h e  c o n d u c t i v i t y  w e l l  above t h e  ambient c o n d u c t i v i t y ,  
i . e . ,  % * uA, , then t h e  s u r f a c e  p o t e n t i a l  w i l l  be given by 

As can be seen i n  F i g u r e  3 ,  t h e  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  w i l l  be less 
than  8.5 kV as t h e  c o n d u c t i v i t y  i n c r e a s e s ,  assuming t h e  f l u x  of non- 
p e n e t r a t i n g  e l e c t r o n s  remains t h e  same. Thus, it  can be seen t h a t  t h e  e f f e c t  
of t h e  p e n e t r a t i n g  e l e c t r o n s  on the 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  i s  a func- 
t i o n  of t h e  f l u x  of non-penetra t ing e l e c t r o n s  and p e n e t r a t i n g  e l e c t r o n s  as 
w e l l  as t h e  secondary e l e c t r o n  emission p r o p e r t i e s ,  t h e  ambient  c o n d u c t i v i t y  
and t h e  rad ia t ion- induced  c o n d u c t i v i t y  c o e f f i c i e n t  of t h e  exposed material. 

Equat ion (7 )  p r e d i c t s  t h a t  fo r  some c o n d i t i o n s  t h e  p o t e n t i a l  t o  which a 
m a t e r i a l  w i l l  charge  upon exposure t o  non-pene t ra t ing  and p e n e t r a t i n g  e l e c -  
t r o n s  w i l l  be independent  of t h e  a b s o l u t e  magnitudes of t h e  e l e c t r o n  c u r r e n t  
d e n s i t i e s  and w i l l  be dependent  only on t h e  r a t i o  of t h e  f l u x e s  of t h e  non- 
p e n e t r a t i n g  and p e n e t r a t i n g  e l e c t r o n s .  

EXPERIMENTAL RESULTS 

OSR' s 

When t h e  OSRs were exposed t o  low energy (25 keV) e l e c t r o n s  a l o n e ,  d i s -  
c h a r g e  c u r r e n t s  on t h e  o r d e r  o f  28 t o  35 A were measured. Tab le  2 l ists a 
comparison of t h e  d i s c h a r g e  c h a r a c t e r i s t i c s  d a t a  o b t a i n e d  d u r i n g  t h e  low f l u x  
tests and t h e  p r e v i o u s l y  r e p o r t e d  h i g h  f l u x  tests ( r e f s .  1 , 2 ) .  I n  g e n e r a l ,  
one can conclude t h a t  t h e r e  is a t  most on ly  a small dependence of t h e  d i s -  
c h a r g e  c h a r a c t e r i s t i c s  upon t h e  exposure  f l u x  i n  t h e  range  of 0.19 t o  

2  5 nA/cm . 



When the OSRs were exposed t o  high- and low-energy e l e c t r o n s  simultane- 
ously,  discharges occurred only when the r a t i o  of the low- t o  high-energy 
e l ec t ron  f l u x  was g r e a t e r  than 63 t o  76. F igure  4 shows a comparison of the 
discharge pulses observed fo r  l o w  energy e l ec t ron  exposure and combined low- 
and high-energy e l e c t r o n  exposure. Note t h a t  the  peak discharge cu r r en t  
observed during the combined energy e l ec t ron  exposure is only 1.3 A which is  
roughly 1 /25 the peak cu r ren t  observed during the  low-energy e l e c t r o n  
exposures. When the r a t i o  of the low energy and high energy e l ec t ron  f l u x e s  
was l e s s  than 63 to  76 no discharges were observed and measurements of the 
equi l ibr ium surface p o t e n t i a l  a f t e r  these exposures showed the sur face  poten- 
t i a l  t o  be l e s s  than 5 kV. 

Table 3 shows a comparison of OSR discharge  c h a r a c t e r i s t i c s  obtained 
during the low and high f l u x  t e s t s .  The r e s u l t s  a r e  e f f e c t i v e l y  the same wi th  
the  exception of the d ischarge  threshold d a t a ,  which i n d i c a t e s  t h a t  the  d is -  
charge threshold in  the combined energy e l ec t ron  exposures was lower in  t he  
high f l u x  t e s t  than i n  the  low f l u x  t e s t s .  Since the  high f l u x  t e s t s  
( r e f s .  1 ,2)  were o r i g i n a l l y  performed in  a d i f f e r e n t  f a c i l i t y  than the low 
f l u x  t e s t s ,  a s e r i e s  of a d d i t i o n a l  high f l u x  t e s t s  were performed in  the low 
f l u x  t e s t  chamber to  d iscr imina te  between a c t u a l  f l u x  e f f e c t s  and poss ib l e  
f a c i l i t y  e f f e c t s .  This  second s e r i e s  of high f l u x  t e s t s  i nd ica t ed  a threshold  
p o t e n t i a l  f o r  discharge f o r  the OSRs of 5 t o  6 kV which is  in  agreement wi th  
the low f l u x  t e s t  r e s u l t s .  No explanat ion f o r  the r e l a t i v e l y  low discharge 
threshold p o t e n t i a l  determined in  the o r i g i n a l  high f l u x  t e s t s  has been 
proposed a t  t h i s  time. 

KAPTON 

When the  2 m i l  Kapton sample was expo ed t o  low energy (25 keV) e l e c t r o n s  1 alone a t  f luxes  g r e a t e r  than 1 o r  2 nA/cm , the sample charged up t o  13 kV a t  
which time discharges occurred (Ref. 1) .  When the sample was exposed t o  a 
combined high- and low-energy e l ec t ron  environment, no discharges occurred and 
the  sur face  p o t e n t i a l  remained wel l  below the  13 kV discharge  threshold.  
F igure  5 shows the  Kapton sur face  p o t e n t i a l  measured a f t e r  exposure of t he  
sample t o  combined high- and low-energy e l ec t ron  environments with var ious  
r e l a t i v e  f luxes.  The r e l a t i v e  f luxes  a r e  given a s  the r a t i o  of the low energy 
e l e c t r o n  cur ren t  dens i ty  t o  the dose r a t e  of the high energy e l e c t r o n s  [where 

2 a conversion fac tor  of 560 (rad/s)/(nA/cm ) has been used].  The da ta  l abe l ed  
Phase 11 was obtained i n  the  high f l u x  t e s t s  which were performed a t  r a t e s  
roughly 5 t o  100 times those fo r  which the  low f l u x  (Phase 111) da t a  w a s  
obtained.  The da ta  i n d i c a t e s  a l i n e a r  dependence of the  su r f ace  p o t e n t i a l  on 
the r a t i o  of the low to  high energy e l ec t ron  f luxes .  This l i n e a r  dependence 
i s  predic ted  by equat ion (7 )  when 6(EB - V) is e i t h e r  small  or  a constant .  
Equation ( 7 ) ,  however, p r e d i c t s  a zero i n t e r c e p t  f o r  the sur face  p o t e n t i a l ,  
whereas the data i n d i c a t e s  an i n t e r c e p t  of roughly 1.1 kV. It is i n t e r e s t i n g  
t o  note  t h a t  for a two-energy s imulat ion of the e l ec t ron  d i s t r i b u t i o n s  shown 
i n  f i g u r e  2 ,  the r a t i o  of the non-penetrating t o  t he  pene t r a t ing  e l e c t r  n S f luxes  can be determined from t a b l e  1 to  be 2 x 10 '~  and 0.57 ( r a d / s ) / ( n ~ / c m  ) 
f o r  the "AE4" and "SCATHA" environments, r e spec t ive ly .  From f i g u r e  5 t h i s  
would imply that  t he  2 - m i l  Kapton would charge t o  1.1 and 8.1 kV r e s p e c t i v e l y  
i n  these  environments. 



From the  d a t a  shown i n  f i g u r e  5 and the  curves  shown i n  f i g u r e  3 ,  va lues  
f o r  t he  radiat ion-induced conduct iv i ty  c o e f f i c i e n t ,  K,  can be determined. In  
f i g u r e  5,  an e q u i l i b  ium su r f ace  p o t e n t i a l  of 2 kV is  a s soc i a t ed  w i t h  a  f l u x  1 r a t i o  of 0.07 (nA/cm ) / ( r a d / s ) .  From f i g u r e  3 an equ i l i b r ium s u r f a c e  poten- 

6  t i a l  of 2 kV is  a s soc i a t ed  wi th  a  value of JB/a  of 0.37 x 10 ~ / c m .  S ince  

i f  V 3 VS and a ad S aA then a value of t h e  radiat ion-induced conduc t iv i t y  
coef!icient can f;e determined by 

This  va lue  i s  roughly an order  of magnitude or  more l a r g e r  than publ ished 
va lues  ( r e f .  7 ) .  It is  important t o  no t e ,  however, t h a t  t he  method of measur- 
i n g  radiaton-induced c o n d u c t i v i t i e s  o f t e n  involves  p lac ing  a  b i a s  a c r o s s  a 
d i e l e c t r i c  by means of e l e c t r o d e s  and measuring the  c u r r e n t s  t h a t  flow upon 
e i t h e r  pulsed o r  cont inuous r ad i a t i on  exposures.  It i s  conceivable  t h a t  t h e  
conduc t iv i t y  measured by t h i s  technique, while  a p p l i c a b l e  t o  many r a d i a t i o n  
problems, r e s u l t s  i n  a  lower va lue  of t he  radiat ion-induced conduc t iv i t y  than 
would be measured by monitoring the  conduction of embedded e l e c t r o n s .  

SSPM 

Upon exposure t o  low energy ( 6  t o  10 keV) e l e c t r o n s  a lone ,  t he  SSPM 5 m i l  
Kapton sample charged t o  p o t e n t i a l s  roughly equa l  t o  t he  beam energy minus t h e  
secondary emission second c r o s s  over p o t e n t i a l .  When t h e  SSPM was exposed t o  
a  combined low (10 keV) and high (450 keV) energy e l e c t r o n  environments t h e  
equ i l i b r ium s u r f a c e  p o t e n t i a l  was on ly  about 1000 v o l t s  less than t h a t  
observed dur ing  t h e  low energy e l ec t ron  exposures a s  shown i n  t a b l e  4. Th i s  
r e s u l t  was s u r p r i s i n g  i n  1 g h t  of t he  r e s u l t s  presented above. Using t h e  
va lue  f o r  K of 1.6 x  10-1' ohm/cm/(rad-s) determined above, t he  r ad i a t i on -  
induced conduc t iv i t y  dur ing  t h e  ombined energy e l e c t r o n  exposures would have 
been on t h e  order  of 5.6 x  10-1' ohm-cm. Thus, f o r  t he  combined 10 keV and 
450 keV e l e c t r o n  exposure 

Refer r ing  t o  f i g u r e  3 f o r  a 5-11 Kapton sample, one would expect  t h e  e q u i l i -  
brium su r f ace  p o t e n t i a l  t o  be on the  o rde r  of 3.8 kV a s  opposed t o  t he  6.99 kV 
t h a t  w a s  measured by the  SSPM. 

I n  subsequent t e s t s  t he  SSPM Kapton sample was charged t o  roughly 8 kV 
us ing  only a  10 keV e l e c t r o n  beam. The 10 keV beam was turned o f f  and t h e  
s u r f a c e  p o t e n t i a l  of t h e  sample was monitored while  t h e  sample was exposed t o  
350 keV e l e c t r o n s  only.  F igure  6  shows t h e  su r f ace  p o t e n t i a l  measured dur ing  



t h i s  experiment as  a func t ion  of exposure t i m e .  When t h e  350 keV e l e c t r o n  
2 beam c u r r e n t  was increased from 1 t o  5 pA/cm , the  decay of t he  su r f ace  poten- 

t i a l  d id  not a c c e l e r a t e  and thus t he  decay of t h e  su r f ace  p o t e n t i a l  is  
appa ren t ly  due p r imar i l y  t o  t h e  b a s i c  conduc t iv i t y  of t h e  sample. 
Measurements of the leakage cu r r en t  through the  sample v i a  t he  SSPM instrumen- 
t a t i o n ,  however, i nd i ca t ed  a s  much a s  a f a c t o r  of 40 inc rease  i n  the  leakage 
c u r r e n t  when high energy e l e c t r o n s  were inc iden t  on t h e  sample a s  compared t o  
the  leakage cur ren t  measured when only low energy e l e c t r o n s  were i nc iden t  on 
t h e  sample. This  observat ion i n d i c a t e s  t h a t  t he  conduc t iv i t y  of t he  SSPM 
5 m i l  Kapton sample is g r e a t l y  enhanced by the  presence of the high energy 
e l e c t r o n s .  These appa ren t ly  con t r ad i c to ry  r e s u l t s  l ed  us t o  ques t ion  t h e  
method by which the SSPM measures su r f ace  p o t e n t i a l .  A s  shown i n  f i g u r e  7 t h e  
SSPM measures su r f ace  p o t e n t i a l  a t  t h e  rear of t he  sample a t  a po in t  from 
which the vacuum depos i ted  aluminum has been removed. The diameter of t h e  
ho l e  i n  t h e  meta l iza t ion  is  l a r g e  compared t o  t he  th ickness  of t he  m a t e r i a l  
(d iameter / th ickness  ~ 2 0 ) .  The 6 t o  25 keV e l e c t r o n s  which s top  near  t h e  
s u r f a c e  of the m a t e r i a l  i n  the  cen t e r  of the  hole  and subsequent ly  flow t o  t he  
n e a r e s t  ground plane must move a much l a r g e r  d i s t ance  than those trapped i n  
t h e  Kapton over a r ea s  where the  me ta l i za t i on  is i n t a c t .  Thus, i n  t h e  region 
of t he  hole  t he  e f f e c t i v e  t h i cknes s  of t he  m a t e r i a l  f o r  conduc t iv i t y  
c a l c u l a t i o n s  is l a r g e r  than the  th ickness  of t he  ma te r i a l .  The r a t i o  of t he  
average d i s tance  t h a t  the trapped e l e c t r o n s  must t r a v e l  i n  the  hole region t o  
reach  the  ground plane (-0.5 x hole  r a d i u s )  t o  t he  sample th ickness  is  about 
10. I f  one r a t i o e d  the  pred ic ted  3800 v o l t s  f o r  a f u l l y  metal ized 5-mil 
sample by t h i s  f a c t o r ,  t o  determine the  p o t e n t i a l  i n  t he  ho le  reg ion ,  t he  
p o t e n t i a l  would be g r e a t e r  than the  beam vol tage .  Thus, it would not  be 
unexpected that  the p o t e n t i a l  a s  measured i n  t he  ho le  region would be l a r g e r  
than t h a t  predicted fo r  a f u l l y  me ta l i ze r  5-mil sample and would approach t h e  
measured SSPM su r f ace  p o t e n t i a l  f o r  low-energy e l e c t r o n  exposure (8250 v o l t s ) .  

The da ta  f o r  the  o the r  SSPM samples has not  been reduced a t  t h i s  t i m e .  

CONCLUSIONS 

From a comparison of the  low and high f l u x  da ta  as w e l l  a s  comparison of 
t he  da ta  from low energy monoenergetic e l e c t r o n  exposures and combined low and 
high energy e l ec t ron  exposures,  one can conclude: 

The presence of high energy e l e c t r o n s  can s i g n i f i c a n t l y  a f f e c t  t he  
charging and d ischarg ing  c h a r a c t e r i s t i c s  of s p a c e c r a f t  d i e l e c t r i c s ,  

Discharge c u r r e n t s  i n  combined-energy e l e c t r o n  s imula t ion  environ- 
ments can be considerably lower than those i n  low energy e l e c t r o n  
s imulat ion environments,  

Equi l ibr ium su r f ace  p o t e n t i a l s  w i l l  o f t en  be held below d ischarge  
threshold p o t e n t i a l s  due t o  enhanced conduc t iv i t y  caused by the  h igh  
energy e l e c t r o n s ,  

Over a wide range of s imula t ion  c u r r e n t  d e n s i t i e s ,  a c c e l e r a t e d  rate 
t e s t i n g  appears  not  t o  a f f e c t  the test r e s u l t s  as long as the  r a t i o  



of low energy t o  h i g h  energy e l e c t r o n  f l u x e s  is p r e s e r v e d ,  and 

5. I n  space environments  where h i g h  energy e l e c t r o n s  are p r e s e n t ,  t h e  
s u r f a c e  p o t e n t i a l  a t  t h e  SSPM measurement area may be h igher  than 
t h e  s u r f a c e  p o t e n t i a l  over the  remainder of t h e  SSPM sample a r e a .  

The primary i m p l i c a t i o n  of these  c o n c l u s i o n s  is t h a t  c h a r g i n g  and d i s -  
charg ing  c h a r a c t e r i z a t i o n  d a t a  obta ined from low energy e l e c t r o n  s i m u l a t i o n s  
of space  environments w i l l  l e a d  one t o  expec t  much l a r g e r  d i s c h a r g e  c u r r e n t s  
and more f r e q u e n t  d i s c h a r g e s  than may occur  i n  space environments .  
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TAl3LE 1. ENVIRONMENTAL SIMULATION FLUXES 

M A T E R I A L  

KAPTON ( 2  m i l )  

K A P T O N  ( 5  m l l )  

OSR ARRAY 

A E 4  ENVIRONMENT S C A T  HA ENVIRONMENT 
2 5  k e V  3 5 0  k e V  

FLUX RANGES A C H I E V A B L E  

TABLE 2. COMPARISON OF OSR DISCHARGE CHARACTERISTICS IN 25 keV 
ELECTRON ENVIRONMENT AT LOW AND HIGH mums 

PHASE Ill R E S U L T S  P H A S E  I 1  R E S U L T S  

DISCHARGE THRESHOLD ( k V )  5  - 6  -- 2  

RETURN CHARGE ( P C )  0 .2  0 . 5 -  1 .O 
( 2 5  k e V , 0 . 2 9  ( 2 5  k e V ,  

2  n A / c m  1 3 n ~ / c m ~ )  

FLUX AT WHICH D I S C H A R G E S  -- 6 3  - 7 6  

BEGIN(JIow /Jhigh 

TABLE 3. COMPARISON OF OSR DISCHARGE CHARACTERISTICS IN COMBINED ENERGY 
ELECTRON ENVIRONMENTS AT LOW AND HIGH FLUXES 

P H A S E  Ill P H A S E S  I AND I 1  
( 0 . 1 9  n ~ / c m ~ )  ( 1 - 5  n ~ / c m ~  

D ISCHARGE T H R E S H O L D  ( k ~ )  6 . 5 - 7 . 5  
PEAK CURRENT ( a m p s )  2  8  
RETURN CHARGE (FC)  1 6  
PULSE WIDTH,  Q / l p  ( p s e c )  0 . 5 7  
FREQUENCY OF DISCHARGE 0 . 0 8  
( z / m l n )  

-- - - 

' E X T R A P O L A T E D  L I N E A R L Y  TO 0 . 1 9  n ~ l c m l  



TABLE 4. SSPM KAPTON SURFACE POTENTIAL V S  EXPOSURE CONDITIONS 

EQUILIBRIUM SURFACE POTENT l A L  ( k V )  

LOW ENERGY LOW ENERGY COMBINED ENVIRON E N T  
ELECTRON BEAM ELECTRONS ONLY ( 4 5 0  k e V ,  5 p A / c m  "!? 1 
ENERGY ( F l u x )  ( M e a s u r e d )  MEASURED B Y  SSPM PREDICTED 

LOW-ENERGY 

( 2 5 - k e V )  

V A N  DE GRAAFF 
( 2 0 0 - 5 0 0  k e V )  SUPPORT 

4 m 

I 

FIGURE 1. OVERVIEW OF THE LOW FLUX T E S T  F A C I L I T Y  
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2 5  k e V :  1 8 5  p ~ / c m 2  
E I p  = 2 8  amp 
U 
\ 0 = 1 6  pc .  
a 
U) 

0 . 2  p s e c / c m  

2 5  k e V :  2 8 2  p ~ / c m ~  
3 5 0  keV:  3  p A / c m 2  
I p  = 1.3 a m p  
0 = 0 . 2  p c  

FIGURE 4. COMPARISON OF OSR DISCHARGES IN; 

LOW ENERGY AND COMBINED LOW AND HIGH 

ENERGY ELECTRON ENVIRONMENTS 

K A P T O N  

PHASE II 
R E S U L T S  

- P H A S E  Ill R E S U L T S  

RATIO OF N O N P E N E T R A T I N G  C U R R E N T  
D E N S I T Y  AND P E N E T R A T I N G  D O S E  R A T E  

[ ( n ~ / c m ~ ) / ( r a d / s e c ) ]  

FIGURE 5. EQUILIBRIUM SURFACE POTENTIAL 

OF 2 mil KAPTON FOR VARIOUS COMBINED 

LOW AND HIGH ENERGY ELECTRON 

n u x  CONDITIONS 



FIGURE 6 .  SSPM KAPTON SURFACE POTENTIAL VS TIME FOR HIGH-ENERGY 
ELECTRON EXPOSURE 
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