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The c h a r g i n g  r e s p o n s e  t o  measured  p lasma e n v i r o n m e n t s  is 
s i m u l a t e d  f o r  s o l a r  c e l l  c o v e r  s l i d e s  u s i n g  t h e  H a t e r i a l  
Cha rg ing  Program (MATCHG) , a s s o c i a t e d  w i t h  t h e  NASA Charg ing  
Ana lyze r  Program (NAsCAP). The a m b i e n t  p lasma d e s c r i p t i o n s  were 
o b t a i n e d  trom p a r t i c l e  d e t e c t o r  e x p e r  i ~ n e n t s  on t h e  SCATHA 
v e h i c l e .  

The s e n s i t i v i t y  o f  t h e  c h a r g i n g  r e s p o n s e  t o  t h e  
r e p r e s e n t a t i o n  o f  t h e  measured  e n v i r o n m e n t s ,  and  m a t e r i a l  
p r o p e r t i e s  is a i s c u s s e d .  S i n g l e  a n d  d o u b l e  Maxwel l ian  r e p r e -  
s e n t a t i o n s  a r e  compared w i t h  d i r e c t  n u m e r i c a l  i n t e g r a t i o n  o f  t h e  
o b s e r v e d  s p e c t r a .  The e f f e c t  o f  a n i s o t r o p i c  i n c i d e n t  f l u x  
d i s t r i b u t i o n  is moaeled.  I n  a d d i t i o n ,  t h e  e f f e c t  o f  t h e  h i g h  
e n e r g y  r a d i a t i o n  upon b u l ~  c o n d u c t i v i t y  and  hence  d i f f e r e n t i a l  
c h a r g i n g  is examined and  found  t o  b e  s i g n i f i c a n t  i n  many cases. 

INTRODUCTION 

The NASA Charg ing  Analyzer  Program (NASCAP) is  a 
s o p h i s t i c a t e d  t h r e e - d i m e n s i o n a l  computer  c o d e  d e s i g n e d  t o  
p r e d i c t  t h e  c h a r g i n g  r e s p o n s e  o f  a complex s a t e l l i t e  exposed  t o  
s p a c e  env i ronmen t  ( r e f .  1). A s s o c i a t e d  w i t h  NASCAP is a  s i m p l e r  
c o d e  c a l l e d  t h e  M a t e r i a l  C h a r g i n g  Program (MATCHG) which cal-  
c u l a t e s  t h e  p o t e n t i a l  o f  a  c o n d u c t i n g  s p h e r e ,  c o v e r e d  w i t h  a 
m a t e r i a l  o f  i n t e r e s t ,  exposed  t o  a n  i s o t r o p i c  plasma.  A con -  
s t a n t  e q u i l i b r i u m  p o t e n t i a l  i s  r e a c h e d  when t h e  n e t  c u r r e n t  
f l o w i n g  t o  t h e  s p h e r e  is z e r o .  The c a l c u l a t i o n  o f  t h e  n e t  c u r -  
r e n t  is made by  i n c l u d i n g  c o n t r i b u t i o n s  f rom i n c i d e n t  e l e c t r o n  
a n d  i o n  c u r r e n t s ,  s e c o n d a r y  e m i s s i o n ,  b a c k s c a t t e r ,  a n d  b u l k  
c o n d u c t i v i t y .  U n l i k e  NASCAP, MATCHG t a k e s  no  a c c o u n t  o f  s u r f a c e  
c o n a u c t i v i t y  o f  g e o m e t r i c a l  a n d  i i e l d - l i m i t i n g  e f f e c t s .  

* T h i s  worK s u p p o r t e d  by t h e  A i r  F o r c e  Geophys i c s  L a b o r a t o r y ,  
Hanscom Air F o r c e  base, L e x i n g t o n ,  MA 01731, a n d  t h e  N a t i o n a l  
A e r o n a u t i c s  and  S p a c e  A d m i n i s t r a t i o n ,  L e w i s  R e s e a r c h  C e n t e r ,  
C i e v e l a n d ,  OH 44135 under  C o n t r a c t  NAS3-21762. 



To b e t t e r  under  s t a n d  t h e  p lasma e n v i r o n m e n t s  e n c o u n t e r e d  
i n  Geosynchronous E a r t h  O r b i t  (GEO) , measurements  o f  t h e  
s p e c t r a l  co inpos i t i on  o f  t h e  i n c i a e n t  e n e r g y  f l u x  have  been  made 
f o r  b o t h  i o n s  a n d  e l e c t r o n s ,  by d e t e c t o r s  on b o a r d  t h e  SCATHA 
s a t e l l i t e  ( r e f s .  2 ,  3 )  . From t h e s e  o b s e r v a t i o n s ,  t a b u l a t i o n s  o f  
t h e  e l e c t r o n  and  i o n  d i s t r i b u t i o n  f u n c t i o n s  h a v e  been  made i n  
t n e  e n e r g y  r a n g e  l o 2  - lo5 e V .  MATCHG is c a p a b l e  o f  
c a l c u l a t i n g  c u r  r e n t s  by  d i r e c t l y  i n t e g r a t i n g  t h e  t a b u l a t e d  
s p e c t r a ,  o r  by i n t e g r a t i n g  a n a l y t i c  r e p r e s e n t a t i o n s ,  s u c h  a s  
Maxwel l ian ,  and  d o u b l e  Maxwell ian,  fo rms .  

I n  t h i s  p a p e r  we examine t h e  s e n s i t i v i t y  o f  t h e  NATCHG 
p r e d i c t e d  e q u i l i b r i u m  p o t e n t i a l  t o  t h e  way t h e  p lasma s p e c t r u m  
is r e p r e s e n t e d .  T h r e e  env i ronmen t s ,  o b s e r v e d  by  SCATHA d e t e c -  
t o r s  w h i l e  t h e  s p a c e c r a f t  was c h a r g i n g  r a p i d l y ,  a r e  s i n g l e d  o u t  
f o r  s t u d y .  These  s p e c t r a  a r e  1 6  s e c o n d  a v e r a g e s  t a k e n  a t  
16.36.53 (59813 s e c o n a s )  , 16.37.53 (59873 s e c o n d s ) ,  and  16 .57 .53  
(61073 s e c o n a s )  on Day 87 ,  1979, o f  t h e  m i s s i o n ,  f o l l o w i n g  a n  
i n j e c t i o n  t h a t  o c c u r r e a  d u r i n g  e c l i p s e .  

FITTING THE DATA 

F i g u r e  I shows p l o t s  o f  t h e  raw d i s t r i b u t i o n  f u n c t i o n  d a t a  
d e r i v e d  from e n e r y y  f l u x  measurements  made a t  t h e  s u r f a c e  a n d  
u n c o r r e c t e d  f o r  s p a c e c r a f t  p o t e n t i a l .  5 i n c e  t h e  a i s t r  i b u t i o n  
f u n c t i o n ,  i, i s  r e l a t e d  t o  t h e  t o t a l  e n e r g y  f l u x ,  <Ef  > c o l l e c t e d  
i n  a  b i n  o f  e n e r g y ,  E ,  a s  f o l l o w s  

n o i s e  i n  t h e  measured  e n e r g y  f l u x  shows up  on t h e  a i s t r i b u t i o n  
f u n c t i o n  p l o t  as  a  s t r a i g h t  d i a g o n a l  l i n e .  To c o r r e c t  f o r  
s p a c e c r a f t  p o t e n t i a l ,  and  t o  i i n d  t h e  d i s t r i b u t i o n  f u n c t i o n  a t  
i n t i n i t y ,  t h e  Coulombic ene rgy  o f  t h e  p a r t i c l e s  is  added  t o  
t h e i r  e n e r g y  a t  t h e  s u r f a c e .  For  example ,  i o n s  a r r i v i n g  a t  t h e  
s u r f a c e  of  a s p a c e c r a f t  c h a r g e d  t o  -2000 v o l t s  mus t  have  a  
minimum o t  2000 e V  i n  ene rgy .  The v a l u e  o f  t h e  d i s t r i b u t i o n  
f u n c t i o n ,  f ,  measured  f o r  i o n s  w i t h  e n e r g y  e q u a i  t o  2000 e V  a t  
t h e  s u r f a c e  t h e n  c o r r e s p o n a s  t o  t h e  v a l u e  f o r  i o n s  w i t h  z e r o  
e n e r g y  a t  i n f i n i t y .  

I n  a  s i m i l a r  way, e l e c t r o n s  h a v i n g  t h e  e n e r g y  o f  z e r o  a t  t h e  
s u r f a c e  c o r r e s p o n d  t o  e l e c t r o n s  h a v i n g  a n  e n e r g y  o f  +2000 e V  a t  
i n f i n i t y .  S i n c e  no  r e p e l l e d  s p e c i e s  h a v i n g  l e s s  e n e r g y  t h a n  t h e  
s p a c e c r a f t  p o t e n t i a l ,  4, c a n  be o b s e r v e d  a t  t h e  s u r f a c e ,  t h e r e  
is  no  s p e c t r a l  i n f o r m a t i o n  measurea  below $. I n  a l l  t h r e e  c a s e s  
s t u d i e d  h e r e  t h e  s p a c e c r a f t  is  n e g a t i v e l y  c h a r g e d  a n d  s p e c t r a l  
i n f o r m a t i o n  f o r  t h e  e l e c t r o n s  is m i s s i n g  f o r  low e n e r g i e s .  



To i n t e g r a t e  o v e r  t h e  w h o l e  d i s t r i b u t i o n  a t  i n f i n i t y  t h e  
m i s s i n g  p o r t i o n  m u s t  be i n f e r r e d  f r o m  t h e  r e s t .  T h i s  is  d o n e  b y  
f i t t i n g  t h e  r e m a i n i n g  d a t a  t o  a  f u n c t i o n a l  f o r m .   or b o t h  
s p e c i e s ,  s i n g l e  a n d  d o u b l e  M a x w e l l i a n  f i t s  w e r e  made t o  t h e  
t a b u l a t e a  d i s t r i b u t i o n  f u n c t i o n s .  Tne d e t a i l s  o f  t h e  f i t t i n g  
p r o c e d u r e  a r e  g i v e n  i n  t h e  Appena ix .  The f i t s  a r e  shown i n  
T a b l e s  1 and 2 .  C o m p a r i s o n s  w i t h  r e a l  a a t a  a r e  shown i n  F i g u r e s  
2  a n d  3 .  The  a o u b l e  M a x w e l l i a n s  a r e  b e t t e r  ab l e  t o  r e p r e s e n t  
t h e  a a t a  o v e r  t h e  w n o l e  e n e r g y  r a n g e ,  s h o w i n g  t h a t  t h e  o b s e r v e d  
d i s t r i b u t i o n  f u n c t i o n s  a r e  s i g n i f i c a n t l y  non-Maxwel l i an .  
However,  t h e  s i n g l e  M a x w e l l i a n  f i t s  d o  p r o v i d e  a  r e a s o n a b l e  
" f i r s t  c u t . "  T h i s  is  p a r t i c u l a r i y  t r u e  f o r  t h e  e l e c t r o n s ,  w h i c h  
c o n s i s t e n t i y  snow a  s m o o t h e r  a n d  more  n e a r l y  M a x w e l l i a n  f o r m ,  
t h a n  t h e  i o n s .  

CHAkGIhG RESPONSE 

To examine  t h e  s e n s i t i v i t y  o f  t h e  c h a r g i n g  r e s p o n s e  t o  t h e  
method  o f  f i t t i n g ,  a n d  c o m p a r e  t h e  f i t s  w i t h  a i r e c t l y  i n t e g r a t e d  
t a b u i a t e d  d a t a ,  hiATCHG was u s e a  t o  s t u d y  j u s t  o n e  m a t e r i a l .  The 
m a t e r i a l  c h o s e n  was "SOLAR", t h e  s o l a r  c e l l  c o v e r  g l a s s  t h a t  
f o r m s  m o s t  of t h e  e x p o s e a  s u r f a c e  a r e a  o f  t h e  SCATHA s a t e l l i t e .  
Tne s i l i c a  c o v e r  j l a s s  is c o a t e d  w i t h  a  n o n - r e f l e c t i v e  MqF2 
l a y e r  a n d  we a s s u m e  t h a t  i s  h a s  t h e  same m a t e r i a l  p r o p e r t i e s  
( e . g . ,  s e c o n a a r y  e m i s s i o n  y i e l d ,  e t c . )  as  ~vigF2. The MATCHG 
p r e a i c t e d  e q u i l i b r i u m  p o t e n t i a l s  f o r  a  s p h e r e  c o v e r e d  w i t h  
"SOLAR" c h a r g i n g  u n u e r  t h e  i n f l u e n c e  o f  t h e  t h r e e  d i f f e r e n t  
r e p r e -  s e n t a t i o n s  o r  t h e  e n v i r o n m e n t  a r e  c o m p a r e d  i n  T a b l e  3 .  

Agreement  b e t w e e n  t h e  two f i t s  a n d  t h e  d i r e c t l y  i n t e g r a t e d  
s p e c t r a  a r e  v e r y  good .  The d i r e c t  i n t e g r a t i o n  is  o n l y  p o s s i b l e  
b e c a u s e  a  s i n g l e  M a x w e l l i a n  f i t  t o  t h e  known d a t a  i s  u s e d  t o  
f i l l  i n  t h e  p a r t  c u t  o u t  by  t h e  s p a c e c r a f t  p o t e n t i a l .  F u r t h e r -  
more ,  a wen more  s t a b l e  r e s u l t  is  o b t a i n e d  when i n  a d d i t i o n  t h e  
f i r s t  2000  eV o f  known d a t a  f o r  b o t h  the  i o n s  a n d  e l e c t r o n s  is 
r e p l a c e d  by  t h e  W a x w e l l i a n  f i t .  Tne p o i n t s  r e p l a c e d  a r e  h i g h l y  
non-Maxwel la in .   his c o u i a  be a r e a l  phenomenon o r  it may be 
d u e  t o  t h e  poor s i g n a l / n o i s e  r a t i o  i n h e r e n t  i n  m e a s u r e -  m e n t s  o f  
e n e r g y  f l u x  a t  low e n e r g i e s .  I n  e i t h e r  case, i n c l u d i n g  i t  leads  
t o  e r r a t l c  c n a n g e s  i n  t h e  c a l c u l a t e d  n e t  c u r r e n t  a n d  p r e d i c t i o n  
o f  more  t h a n  o n e  e q u i l i b r  ium p o t e n t i a l .  T h e s e  a d d i t i o n a l  
p r e d i c t e d  p o t e n t i a l s  o c c u r  a t  u n p h y s i c a l l y  l o w  v a l u e s  a n d  a r e  
a l m o s t  c e r t a i n l y  f a l s e .  

I n c l u d e a  i n  Table  3 a r e  t h e  s p a c e c r a f t  g r o u n a ,  p o t e n t i a l s  
o D s e r v e d  o n  t h e  $CATHA s a t e l l i t e  when t h e  d i s t r i b u t i o n  f u n c t i o n  
a a t a  was b e i n g  m e a s u r e d .  MATCHG p r e d i c t s  c o n s i a e r a b l y  more  
c n a n g i n g  t h a n  o b s e r v e a .  T h e r e  a r e  a t  l e a s t  t h r e e  r e a s o n s  f o r  
t n i s :  

1. Tne s a t e l l i t e  is n o t  a s p h e r e  c o v e r e d  i n  SOLAR. 



2. I n  s p a c e  t h e  c h a r g i n g  e n v i r o n m e n t  is n o t  c o n s t a n t ,  
p a r t i c u l a r l y  a t  t h e  times when o u r  t e s t  s p e c t r a  where 
measured .  MATCHG assumes  a s t e a d y  c h a r g i n g  
env i ronmen t  . 

3 .  The measured  a i s t r i b u t i o n  f u n c t i o n s  a re  h i g h l y  non- 
n e u t r a l  (see T a b l e s  1 and  2 ) .  t h i s  is r a t h e r  
u n p h y s i c a l  a n a  i n d i c a t e s  a s y s t e m a t i c  a e f i c i e n c y  i n  
t h e  measurement  i n  t h e  d e n s i t y  o f  a t  l e a s t  o n e  o f  t h e  
s p e c i e s .  

I n d e p e n a e n t  measurements  ( r e f .  3) c o n f i r m  t h e  i o n  d e n s i t i e s  a n d  
s o  t h e  e l e c t r o n  a e n s i t i e s  a r e  p r o b a b l y  a n  o v e r e s t i m a t e .  W e  
a t t e m p t e d  t o  c o r r e c t  f o r  t h i s  e r r o r  by a d j u s t i n g  t h e  e l e c t r o n  
d e n s i t y  s o  t h a t  t h e  p lasma was n e u t r a l .  For a  p lasma made up  o f  
o n l y  p r o t o n s  a n d  e l e c t r o n s  t h i s  is  a c c o m p l i s h e d  by e q u a t i n g  t n e  
e l e c t r o n  d e n s i t y  w i t h  t h e  i o n  d e n s i t y .  However, i n  t h i s  case a 
c o m p l i c a t i o n  is p r e s e n t e d  by  t h e  o b s e r v a t i o n  ( r e f .  4 )  t h a t  a s  
much a s  8 0  p e r c e n t  o f  t h e  i o n s  i n c i d e n t  a t  t h e  s u r f a c e  o f  the 
SCATHA s a t e l l i t e  a u r i n g  t h e  p e r i o d  o f  i n t e r e s t  were O+ r a t h e r  
t h a n  H + .  The d i s t r i b u t i o n  f u n c t i o n s  f o r  t h e  i o n s  a r e  i n i e r r e d  
from t h e  e n e r g y  f l u x  ineasurements ,  assuming  t h a t  a l l  t h e  i o n s  
a r e  p r o t o n s .  T h i s  e r r o r  is c a n c e l l e d  o u t  when MATCHG c a l u l a t e s  
t h e  n e t  c u r r e n t  and  d o e s  n o t  a f f e c t  t h e  p r e d i c t e d  p o t e n t i a l s .  
I t  d o e s ,  however ,  a f f e c t  t h e  d e n s i t i e s  o f  t h e  r e p o r t e d  a i s -  
t r  i b u t i o n  f u n c t i o n s  i n  a  way d e s c r i b e d  i n  R e f e r e n c e  [ 5 ] .  Taking  
t h i s  i n t o  a c c o u n t  ( r e f .  5 j ,  we o b t a i n e d  t h e  n e u t r a l  e n v i r o n m e n t  
f o r  t i m e  59873, shown i n  T a b l e  1. 3 n l y  t h e  e l e c t r o n  d e n s i t y  h a s  
been  chanyed .  The e q u i l i b r i u m  p o t e n t i a l  p r e d i c t e d  w i t h  t h e  
n e u t r  a 1  env i ronmen t  is much c l o s e r  t o  t h e  o b s e r v e d  s a t e l l i t e  
p o t e n t i a l .  

THRESHOLD EFFECT 

The t h r e e  e n v i r o n m e n t s  c h o s e n  a l l  c h a r g e  t h e  sOLAR 
m a t e r i a l  t o  h i g h  p o t e n t i a l s  i n  a l l  r e p r e s e n t a t i o n s .  For 
e n v i r o n m e n t s  w i t h  o n l y  a  small t e n d e n c y  t o  c h a r g e  t h e  m a t e r i a l ,  
v e r y  small c h a n g e s  i n  t h e  r e p r e s e n t a t i o n  o f  t h e  p lasma c a n  l e a d  
t o  q u a l i t a t i v e l y  v e r y  d i f f e r e n t  c h a r g i n g  p r e d i c t i o n s .  

F i g u r e  4  shows t h e  e f f e c t  o f  v a r y i n g  t h e  e l e c t r o n  
t e m p e r a t u r e  p a r a m e t e r  i n  t h e  59873 s i n g l e  Maxwel l ian  r e p r e -  
s e n t a t i o n .  T h e r e  is  a  d e f i n i t e  t h r e s h o l d  f o r  c h a r g i n g  t h a t  
o c c u r s  a t  T = 6.9  keV. Below t h i s  t e m p e r a t u r e ,  no  c h a r g i n g  is  
p r e a i c t e d ,  w h i l e  o n l y  0.3 keV above  i t ,  a t  T  = 7 .2  k e V ,  a 
p o t e n t i a l  o f  4 . 3  k e V f  i s  f o r e c a s t .  Such small c h a n g e s  i n  
t e m p e r a t u r e  a r e  w e l l  w i t h i n  e x p e r i m e n t a l  e r r o r  f o r  measurement  
a n a  t i t t l n g  p r o c e a u r e s .  For " b o r d e r l i n e "  e n v i r o n m e n t s  close t o  

* The p a r t i c u l a r l y  h i g h  v a i u e  of  4 . 3  k e V  p r e d i c t e d  h e r e  is d u e  
t o  t h e  n o n - n e u t r a l i t y  o f  t h e  plasma.  



t h e  c n a r g i n g  t n r e s h o l a  q u i t e  a i i f e r e n t  p r e d i c t i o n s  a r e  p o s s i b l e  
a c c o r d i n g  t o  t h e  r e p r e s e n t a t i o n  employed .  

A s i m i i a r  phenomenon i s  ? r e s e n t e d  when w e  e x a m i n e  t h e  
e i f e c t  o f  c n a n g i n g  i m p o r t a n t  m a t e r i a l  p a r a m e t e r s  on c h a r y i n g .  
F i g u r e  5 shows a t n r e s h o l a  f o r  c h a r y i n g  i n  t h e  59873  e n v i r o n m e n t  
( a s  g i v e n  i n  T a b l e  l ) ,  when t h e  maximum s e c o n d a r y  e l e c t r o n  
y i e l d  6rnaX = 3.1.  h o v e  this v a l u e  t'ne n e t  c u r r e n t  is  p o s i -  
t i v e  a t  z e r o  p o t e n t i a l  a n d  t h e  s p a c e c r a f t  n e v e r  n e g a t i v e l y  
c h a r g e s ,  w n i l e   elo ow 3 . 1  r a p i d  c n a r g i n g  t o  s e v e r a l  k e V  n e g a t i v e  
is  p r e d i c t e d .  The u s u a l  v a l u e  u s e d  by  MATCHG o f  2 .05  is w e l l  
i n t o  t h e  s t a b l e  c h a r g i n g  r a n g e .  However,  i n  b o r d e r l i n e  c a s e s  
s m a l i  c h a n g e s ,  e r r o r s ,  i n  m a t e r i a l  p r o p e r t i e s  c a n  l e a d  t o  
s i g n i f i c a n t l y  different p r e d i c t e d  p o t e n t i a l s .  

A n o t h e r  f a c t o r  t h a t  c a n  a f f e c t  c h a r g i n g  is  t h e  a n g u l a r  
a i s t r i b u t i o n  o r  t h e  i n c i d e n t  f l u x e s .  

ANISOTROPIC FLGX 

The SC5 d e t e c t o r  on t h e  " b e l l y  b a n d "  o f  t h e  bCATHA 
s a t e l l i t e  m e a s u r e s  the a n g u l a r  a i s t r i b u t i o n  o f  t h e  e n e r g y  t l u x  
o f  t h e  s u r r o u n d i n g  p l a s m a  i n  t h e  p l a n e  o f  s a t e l l i t e  r o t a t i o n  
( F i g u r e  6 a ) .  For  a n  i s o t r o p i c  p i a s m a  t h e  f l u x  is c o n s t a n t  o v e r  
a r o t a t i o n  g i v i n g  a c i r c u l a r  r a d i a l  p l o t  ( F i g u r e  b .  For  a n  
a n i s o t r o p i c  f l u x  ( 1 . .  o n e  h a v i n g  p a r t i c l e s  a l i g n e a  p e r -  
f e r e n t i a l i y  i n  o n e  d i r e c t i o n )  t h e  m e a s u r e d  p l o t  i s  d i s t o r t e a .  
The d e g r e e  o f  a i s t o r t i o n  i n c r e a s e s  w i t h  t h e  d e g r e e  o f  a n i s o t r o p y .  

The most  e x t r e m e  c a s e  c o n s i s t s  o f  a n a r r o w  beam l y i n g  t h e  
t n e  p l a n e  o f  r o t a t i o n .  A s  t h e  s a t e l l i t e  r o t a t e s ,  t h e  a n g l e  o f  
i n c i d e n c e  of the beam, go, o s c i l l a t e s  b e t w e e n  0 a n d  2 To 
i n v e s t i g a t e  t h e  e i t e c t  o f  a n i s o t r o p y  o n  s p a c e c r a f t  c h a r g l n g  , w e  
s i l a u i a t e a  t n i s  s i t u a t i o n  u s i n g  h T C H G  t o  c a i c u l a t e  t h e  p o t e n t i a l  
o f  a n  aluminum p l a t e  u n d e r  t n e  i n f l u e n c e  o f  a beam w i t h  a n  
o s c i l l a t i n g  a n g l e  o f  i n c i a e n c e  O O .  

The s e c o n a a r y  e m i s s i o n  y i e l d s  a n d  t h e  b a c k s c a t t e r  a l l  
i n c r e a s e  w i t h  i n c r e a s i n g  a n g l e  o f  i n c i d e n c e ,  a n d  w e  e x p e c t  t h e  
a luminum t o  b e  d r i v e n  more  p o s i t i v e  a t  h i g h  a n g l e s  a n d  more  
n e g a t i v e  a t  low a n g l e s  o f  i n c i d e n c e .  F i g u r e  7 shows a p l o t  o f  
p o t e n e i a l  a g a i n s t  t i m e  ( a n g l e )  c o n f i r m i n g  o u r  e x p e c t a t i o n s .  

Wnen t n e  c h a r g i n g  r e s p o n s e  is f a s t  c o m p a r e a  t o  t h e  p e r i o d  
o f  t n e  o s c i l l a t i o n s ,  w e  see t h e  p o t e n t i a l  o f  t h e  p l a t e  o s c i l l a t e  
i n  t i m e  w i t h  t h e  a n g l e  o t  i n c i d e n c e  o f  t h e  beam. Tne  t a s t e r  t h e  
c h a r g i n g  r e s p o n s e  ( o r  s l o w e r  t h e  r o t a t i o n ) ,  t h e  g r e a t e r  t h e  
a m p l i t u d e  o f  t h e  o s c i l l a t i o n s .  For  a v e r y  f a s t  oscillation, t h e  
p l a t e  would  r e s p o n d  o n l y  t o  a n  a v e r a g e  e n v i r o n m e n t  a n d  n o  
o s c i l l a t i o n s  would  b e  s e e n .  T h e  i n i t i a l  o s c i l l a t i o n s  a r e  
e r r a t i c  a n d  more  p r o n o u n c e d  b e f o r e  s e t t l i n g  i n t o  a r e g u l a r  
p a t t e r n .  T h i s  b e h a v i o r  r e f l e c t s  t h e  t w o  i n f l u e n c e s  o n  t h e  n e t  



c u r r e n t  t o  t h e  p l a t e ;  p o t e n t i a l  and  eO. I n i t i a l l y ,  t h e s e  may 
be o u t  o f  p h a s e  i e a d i n g  t o  t r a n s i e n t  p o t e n t i a l s  t h a t  a r e  t o o  
h i g h  o r  low. 

The mean o f  t h e  o s c i l l a t i n g  p o t e n t l a 1  is n o t  t h e  same a s  
t h a t  f o r  a n  i s o t r o p i c  plasma of t h e  same d e n s i t y  and  tempera-  
t u r e .  ' i 'nis  is b e c a u s e  of  d i f f e r e n t  i n c i d e n t  c u r r e n t s  a-r i s i n g  
o u t  of  d i s t r i b u t i o n s  w i t h  t h e  same - f l u x  n o r m a l i z a t i o n .  A 
d i r e c t i o n a l  beam l y i n g  i n  t h e  r o t a t i o n  p l a n e  h a s  b u t  one  a n g l e  
o i  i n c i d e n c e ,  s o  t h e  i n c i d e n t  c u r r e n t  is  p r o p o r t i o n a l  t o  
c o s 8 .  The mean l n c i a e n t  c u r r e n t  is t h u s  t h e  mean o f  c o s  . 

For a n  i s o t r o p i c  a i s t r i b u t i o n  an a n g l e  o f  i n c i d e n c e  O 0  i n  t h e  
r o t a t i o n  p l a n e  h a s  a s s o c i a t e d  w i t h  it a l l  o t h e r  a n g l e s  o f  
i n c i a e n c e  d u e  t o  p a r t i c l e s  a r r i v i n g  f rom above  and  below i t .  
The a v e r a g e  o f  t h e s e  is s i n e .  Thus the c u r r e n t  f rom an  i s o -  
t r o p i c  a i s t r i b u t i o n  is p r o p o r t i o n a l  t o  c o s e  a n d  s i n e ,  a n a  t n e  
mean is t h e  mean o f  c o s 8 s i n 8 :  

- ~ / 2  4 2  

Isotropic: ii a cos0 s ine  de/ s ine de = - 1 
2 

0 

Thus,  t h e  beam c u r r e n t  e x c e e d s  t h e  i s o t r o p i c  by a  f a c t o r  o f  
4 / ~  - 1.27. 

T h i s  i l l u s t r a t e s  some impor t ance  p o i n t s  r e g a r d i n g  t h e  
measurement  o f  f l u x  d i s t r i b u t i o n s  i n  s p a c e :  

1. I f  a  detector measures  a n  a v e r a g e  f l u x  o v e r  a  r o t a -  - 
t i o n  a n d  a s sumes  t h a t  it a r i s e s  f rom a n  i s o t r o p i c  
p lasma,  t h e  a c t u a l  c u r r e n t  w i l l  b e  u n d e r e s t i m a t e d  by 
a n  amount t h a t  w i l l  i n c r e a s e  w i t h  t h e  i n c r e a s i n g  
a i r e c t i o n a i i t y  of  t h e  t r u e  a n g u l a r  d i s t r i b u t i o n  
( r e a c h i n g  a maximum of 4 / ~  f o r  a beam). 

2. If a detector measures  a c t u a l  a v e r a g e  c u r r e n t ,  t h e n  
i n  t h e  same way f l u x  ( d e n s i t y )  w i l l  b e  o v e r e s t i m a t e d .  

3. I f  a detector measures  t h e  a n g u l a r  a i s t r i b u t i o n  o f  
t h e  f l u x ,  i n f o r m a t i o n  i n  b o t h  t h e  p e r p e n d i c u l a r  a n d  
paral le l  a i r e c t i o n s  mus t  be known, o r  i m p l i e d  t o  
i n f e r  d e n s i t i e s  a n d  c u r r e n t s .  



4 .  For a  l l l o s s - c o n e "  ( n e g a t i v e  a l i g n e a  componen t )  t h e  
r e v e r s e  o f  1 a n d  2  a p p l y .  

R a d i a t i o n - I n d u c e d  b u l k  C o n d u c t i v i t y  

I n  a d d i t i o n  t o  t h e  e l e c t r o n  f l u x  w i t h  e n e r g y  be low 1 0 0  
k e V ,  e l e c t r o n s  w i t h  e n e r g i e s  u p  t o  5000 k e V  h a v e  b e e n  o b s e r v e d  
by  d e t e c t o r s  o n  b o a r d  SCATHA. T h i s  h i g h  e n e r g y  r a a i a t i o n  m a k e s  
a n  i n s i g n i f i c a n t  c o n t r i b u t i o n  t o  t h e  t o t a l  i n c i d e n t  e l e c t r o n  
c u r r e n t  b u t  n e v e r t h e l e s s  c a n  i n f  l u e n c e  d i f f e r e n t i a l  c h a r  y i n g  o f  
i n s u l a t o r s  on a s p a c e c r a f t .  

When n i g h  e n e r g y  r a d i a t i o n ,  s u c h  a s  a 300 k e V  e l e c t r o n ,  
p a s s e s  t h r o u g h  a n  i n s u l a t o r  s u c h  as  Kap ton ,  e l e c t r o n s  c a n  b e  
p romoted  i n t o  t h e  n o r m a l l y  empty c o n d u c t i o n  b a n d s  a n d  i n c r e a s e  
t h e  b u l k  c o n d u c t i v i t y  0. F r e d e r  i c k s o n  ( r e f .  6 )  h a s  r e p r e s e n t e d  
t h i s  by t h e  e q u a t i o n :  

whe re  is t h e  r a a i a t i o n  d o s e  r a t e  a n d  K is  t h e  c o e f f i c i e n t  t h a t  
d e p e n d s  upon t h e  n a t u r e  o f  t h e  m a t e r i a l .  a ,  is  t h e  con -  
a u c t i v i t y  i n  t h e  a b s e n c e  o f  r a d i a t i o n .  A s  t h e  f l u x  a n d  h e n c e  
d o s e  r a t e  i n c r e a s e s ,  t h e  r a d i a t i o n - i n d u c e d  c o n d u c t i v i t y  
i n c r e a s e s .  For  a s u f f i c i e n t l y  h i g h  f l u x  t h i s  c o u i d  l i m i t  t h e  
p o t e n t i a l  d i f f e r e n c e s  t h a t  c a n  b u i l d  u p  be tween  a n  i n s u l a t o r  a n a  
t h e  unde r  l y i n g  c o n d u c t o r .  

To i n v e s t i g a t e  t h i s  q u e s t i o n  w e  ' u s e  MATCHG t o  p r e d i c t  t h e  
p o t e n t i a l  of 0.005 i n c h e s  (1 .27 x  m )  t h i c k  Kap ton ,  
S U ~ J ~ C ~  t o  t h e  s i n g l e  Maxwe l l i an  r e p r e s e n t a t i o n  o f  t h e  59873  
e n v i r o n m e n t ,  w i t h  a r a n g e  o f  v a l u e s  f o r t h e  b u l k  c o n d u c t i v i t y .  
The r e s u l t s  a r e  shown i n  T a b l e  4 .  The  f l u x e s  c o r r e s p o n u i n g  t o  
e a c h  v a l u e  of 0 c a n  b e  e s t i m a t e d  u s i n g  a n  e x p e r i m e n t a l  r e s u l t  o f  
Treadaway  e t  - a l .  ( K e f e r e n c e  7 ) .  H e  f o u n d  t h a t  a 0 .002  i n c h  
(5 .08  x  10- m)  Kapton  f i l m  s u b j e c t e d  t o  a 0.05 $A c m - *  beam 
o f  300 k e V  e l e c t r o n s  accompan ied  by a 0 . 2  nA cm' beam o f  1 0  
k e V  e l e c t r o n s  c h a r g e d  t o  -1600 (+300)  V. S i m u l a t i n g  t h i s  
e x  e r i m e n t  w i t h  MATCHG i m p l i e d  a  v a l u e  o f  4.67 x  10 -14  mhos 
rn-? o r  t h e  b u l k  c o n d u c t i v i t y  a .  Assuming t h a t  o o  is 
i n s i g n i f i c a n t  w e  c a n  estimate K. 

The d o s e  r a t e  0 a r i s e s  f rom 5  x  10'8 A m-2  o f  300 k e V  
e l e c t r o n s  i . e . ,  a f l u x  o f  1 . 6 7  x  l o 4  e l e c t r o n s  s-l 
s kevJ1. T h i s  i s  e q u i v a l e n t  t o  a d o s e  r a t e  o f  1 . 2  r a d s  
s-1 . 



T h i s  v a l u e  is  r a t h e r  h i g h e r  t h a n  ~ r e d e r i c k s o n ' s  estimate o f  
1 0 - l 5  - 10-16 mnos m'l r ad ' l  s ( R e f e r e n c e  8 ) .  

A s  w e  c a n  see from Tab le  4 ,  a s  soon  as  t h e  d o s e  r e a c h e s  
- 1 0 2  e l e c t r o n s  s'l kev'l t h e r e  is a s i g n i f i c a n t  
d r o p  i n  t h e  p o t e n t i a l  d i f f e r e n c e  t h a t  t h e  Kapton f i l m  c a n  
s u p p o r t .  S i n c e  a  0.005 i n c h  l a y e r  o f  Kapton is  t y p i c a l  o f  t h e  
i n s u l a t i n g  m a t e r i a l s  i ound  on s a t e l l i t e s ,  t h i s  r e s u l t  s u g g e s t s  
t h a t  i n  e n v i r o n m e n t s  w i t h  d o s e s  h i g h e r  t h a n  l o 2  e l e c t r o n s  
c m - 2  s-l s r  kev'l, t h e  r a d i a t i o n  i n d u c e d  c o n d u c t i v i t y  
may p l a y  a  s i g n i f i c a n t  r o l e  i n  p r e v e n t i n g  a c u t e  d i f f e r e n t i a l  
c h a r g i n g  and  h e n c e  d i s c h a r g e s .  

F i g u r e  8 shows a  p l o t  o f  t h e  d a t a  i n  T a b l e  4 .  The 
v e r t i c a l  l i n e s  a r e  drawn t o  r e p r e s e n t  t h e  t y p i c a l  v a l u e s  f o r  200 
k e V  f l u x  on d a y s  1 4 6 ,  87 and 1 1 4  ( R e f e r e n c e  9 ) .  Days 1 4 6  a n d  
114  a r e  examples  o t  t h e  l o w e s t  and  h i g h e s t  e x t r e m e s  dowumented 
so f a r .  We see t h a t  f l u x e s  i n  t h e  r a n g e  where r a d i a t i o n  i n d u c e d  
c o n d u c t i v i t y  a p p e a r s  t o  b e  i m p o r t a n t  a r e  common. I t  w i l l  b e  
i n t e r e s t i n g  t o  a i s c o v e r ,  a s  more d a t a  becomes a v a i l a b l e ,  i f  
t h e r e  is  any  c o r r e l a t i o n  between t h e  h i g h  e n e r g y  f l u x  a n d  
d i s c h a r g e s  on b o a r d  SCATHA. 

CONCLUSIONS 

For t h e  t h r e e  d a y  8 7  c a s e s  s t u d i e d ,  b o t h  s i n g l e  a n d  d o u b l e  
lvlaxweilian f i t s  t o  obse rved  p lasma s p e c t r a  g i v e  s i m i l a r  
p r e d i c t i o n s  o f  e q u i l i b r i u m  p o t e n t i a l  t h a t  a g r e e  w e l l  w i t h  t h e  
v a l u e  o b t a i n e d  by d i r e c t  i n t e g r a t i o n .  h e  e x p e c t  t h a t  f o r  
e n v i r o n m e n t s  w i t h  a  s o l i d  t endency  t o  c h a r g e  o r  n o t  t o  c h a r g e ,  
MATCHG and  NASCAP p r e d i c t e d  p o t e n t i a l s  w i l l  n o t  b e  o v e r l y  
s e n s i t i v e  t o  t h e  n a t u r e  o f  t h e  r e p r e s e n t a t i o n .  I n  mos t  o f  s u c h  
c a s e s  a s i n g l e  k a x w e l l i a n  f i t  may b e  q u i t e  a d e q u a t e  t o  o b t a i n  a  
s e m i - q u a n t i t a t i v e  r e s u l t .  However b e c a u s e  o f  t h e  " t h r e s h o l d  
e f f e c t "  d e s c r i b e d  above ,  c h a r g i n g  i n  "bo rde r  L ine"  e n v i r o n m e n t s  
c a n n o t  a l w a y s  b e  p r e d i c t e d  w i t h  s u c h  c o n f i d e n c e .  

I n  a d d i t i o n  to  t h e  s p e c t r a l  c o m p o s i t i o n  o f  t h e  
e n v i r o n m e n t ,  the a n g u l a r  d i s t r i b u t i o n  a l s o  a f f e c t s  t h e  m a t e r i a l s  
c h a r g i n g .  A r o t a t i n g  s p a c e c r a f t  i n  a n  a n i s o t r  i p i c  e n v i r o n m e n t  
w i l l  e x p e r i e n c e  o s c i l l a t i o n s  i n  g round  p o t e n t i a l  whose a m p l i t u d e  
i n c r e a s e s  w i t h  t h e  r a t e  t h a t  t h e  s p a c e c r a f t  r e s p o n d s  t o  a c h a r g -  
i n g  env i ronmen t .  Imp ly ing  c u r r e n t s  f rom measured  i n c i d e n t  
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APPENDIX 

FITTING THE DATA 

Single Maxwellian Fits 

The data was fit to a form 

f (E) = N (&)3/2 

The density N is given by the zeroth moment MO 

Equation (A.1) applies when the spacecraft is not charged. 

For a potential of + on the spacecraft the expression is 
modified. 

where C is the energy of the lowest energy data points in- 

cluded in the fit (i.e., the cutoff) and q is the charge on 

the particle at hand. 



It is easy to show that 

where y = C/T. 

Hence we can estimate the density N by measuring the moment MO: 

MO z E ~ / ~  f (E) AE 

E=C 

The second moment, M2, has the form 

for an uncharged spacecraft. Introducing a cutoff C and 

potential 4 leads to a result similar to that for MO: 

Equations (A. 2) and (A. 4) f orm two nonlinear simultaneous 

equations for T and N. Solution by iteration leads to 

values for N and T that make up the single ~axwellian.fit. 



b. Double Maxwellian F i t s  

The double Maxwellian f i t s  w e r e  made by minimizing t h e  

r e l a t i v e  e r r o r  ( l e a s t  squares) . The des i red  function has 

t he  form: 

An i n i t i a l  choice of values  fo r  T1 and 

f i t  w a s  made t o  agree exac t ly  wi th  t h e  

po in t s ,  one from t h e  low and the  o the r  

regime. This  determined t h e  values of 

t h e  e f f e c t  of weighting t h e  f i t  around 

T2 w e r e  made. The 

measured da t a  a t  two 

from t h e  high energy 

N1 and N2. and had 

t h e  f i xed  po in t s  and 

ensuring a good compromise f i t  over t h e  whole energy range. 

A l l  poss ib le  combinations of  choices f o r  T1 and T2, between 

r e a l i s t i c  limits, w e r e  t r i e d  and t h e  values  t h a t  gave t h e  

minimum e r r o r  w e r e  used as the double Maxwellian f i t  para- 

m e t e r s .  

c. Discussion 

I n  a l l  of t h e  f i t s  a cutoff  of 1000 e V  w a s  used f o r  

t h e  r epe l l ed  species  ( e l ec t rons ) ;  i.e., only da t a  above 

1000 e V  w a s  included i n  t h e  f i t s .  Using d a t a  below t h i s  value 

lead  t o  e r r a t i c  and o f t en  r a the r  unphysical values  f o r  t h e  

f i t t i n g  parameters. For t h e  a t t r a c t e d  species  ( ions)  t h e  

cu to f f  was taken as 1000 eV or  t h e  spacecraf t  p o t e n t i a l ,  

which ever was t h e  g rea te r .  In  t h e  double Maxwellian f i t t i n g  

procedure t h e  lower l i m i t  f o r  t h e  choice of temperature w a s  

forced t o  be one-half of t h e  spacecraf t  p o t e n t i a l  f o r  t h e  

r epe l l ed  species.  This ensured t h e  absence of low tempera- 

t u r e ,  high densi ty components which were not  observable a t  the  

surface  due t o  the  spacecraft  po t en t i a l .  



TABLE 1. SINGLE MAXWELLIAN PITS TO DAY 87 MEASURED DISTRIBUTION 
PUNCTIONS. 

Time 
( sec ) 

Temperature 
Species (106 m' (keV 

Electrons 

Ions 

Electrons 

Ions 

Electrons 

Ions 

Electrons 

Ions 

TABLE 2. DOUBLE MAXWELLIAN FITS TO DAY 87 MEASURED DISTRIBUTION 
FUNCTIONS. 

Time Densit] Temperature Densit{ Temperature 
(sec) Species (106 m- ) (keV (106 m- (keV) 

59813 Electrons 0.29 5.9 0.48 11.0 

59813 Ions 0.020 0.70 0.043 27.0 

59873 Electrons 0.062 4.7 0.87 12.0 

59873 Ions 0.037 1.0 0.096 14.0 

61073 Electrons 0.64 5.1 0.45 16.0 

61073 Ions 0.084 2.2 0.11 24.0 



TABLE 3.  CHARGING RESPONSE (kV) OF SOLAR AS A FUNCTION OF 
ENVIRONMENT REPRESENTATION 

Environment 59813 59873 61073 59873 
(Neutral 1 

Single 
Maxwellian 

Double 
Maxwellian 

Direct 
Integration 

Satellite 
Potential 

TABLE 4 .  THE EFFECT OF RADIATION-INDUCED CONDUCTIVITY ON THE 
CHARGING OF 0.005 INCH (1.27 x 10-4 m) KAPTON FILM AS 
PREDICTED BY MATCHG 

300 keV Differential 
Incident Flux (F) 
Current el f ctr f ns Sf'2 Conductivity Potential* 
pA an-2 s' sr' k e r  u Volts 

Environment at 59873 Day 87 used. 

n = 0.28 nn - 3 e Te = 12 keV 

n i =0.15nn'~ Ti = 9.9 keV 

u = K F  

r 2.8 x mhos m electron-' s sr keV 
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Figure 1. - Plot of raw distribution function SC9 SCATHA data. 
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Figure 2. - Comparison of single Maxwellian fit 6) with observed ion (A) and electron 
(ol distribution functions for SC9 SCATHA data. 
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Figure 3. - Comparison of double Maxwellian fit (P)  with observed ion (Al and electron (01 distri- 
bution functions for SC9 SCATHA data. 
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Figure 4. - Charging characteristics d a solar sphere as a function of electron temperature. 



I I I 

. O  2 . 5  3 . 0  3.5 

Value of Llaax 

Figure 5. - Charging characteristics of a solar sphere as a function of secondary emission yield (6,,,). 



Figure 6a. - SC5 measures angular distribulion of flux in planeof rotation d SCAMA satellite. 

I Isotropic 

Figure 6b. - Representation of the angular distribution in rotation plane. 
where r represents magnitude of flux at angle 0. 
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Figure 7. - Plot of aluminum potential as function of time for a beam rotating at 3 deghec. Ion density - electron density = 2 x 106 m-3; ion tern- 
perature = 1 keV; electron temperature = 5 keV. 
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Figure 8. - Equilibrium potential d 5-mil Kapton coating a grounded conductor as function of bulk conductivity. 
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