
SIMULATION OF CHARGING RESPONSE OF SCATHA (P78-2) SATELLITE' 

G. W. Schnuelle, P. R. Stannard, I. h t z ,  and M. J. MandeU 
Systems, Science and Software 

SUMMARY 

A d e t a i l e d  model of  t h e  SCATHA (P78-2) s a t e l l i t e  has  been 
used wi th  t h e  NASA Charging Analyzer Program (NASCAP) t o  s imu la t e  
t h e  charg ing  response of SCATHA a t  geosynchronous o r b i t .  The 
model i nc ludes  a  d e t a i l e d  d e s c r i p t i o n  of  t h e  geometry, c u r r e n t s  
t o  exposed su r f ace  m a t e r i a l s ,  and e l e c t r i c a l  connec t ions  on t h e  
s p a c e c r a f t .  I nc iden t  c u r r e n t s  a r e  c a l c u l a t e d  by numer ica l ly  
i n t e g r a t i n g  a c t u a l  s p e c t r a  ob ta ined  by p a r t i c l e  d e t e c t o r s  on t h e  
SCATHA veh ic l e .  

I n  t h i s  s tudy  w e  have compared t h e  charg ing  response of 
t h e  v e h i c l e  t o  t h a t  p red i c t ed  by t h e  NASCAP model f o r  t h e  Day 87,  
1979 e c l i p s e  charging even t ,  i n  which t h e  s p a c e c r a f t  charged t o  
s e v e r a l  k i l o v o l t s  nega t ive  du r ing  a  magnetospheric substorm. 
Double Maxwellian r e p r e s e n t a t i o n s  of t h e  plasma environment re- 
produce t h e  charging response observed exper imenta l ly .  

INTRODUCTION 

The NASA Charging Analyzer Program (NASCAP) i s  a  t h r e e -  
d imensional ,  f i n i t e  element computer code designed t o  s imu la t e  
t h e  charg ing  of an o b j e c t  i n  space.  The p h y s i c a l  model employed 
assumes t h a t  charge accumulates on a  s p a c e c r a f t  due t o  an imbal- 
ance between incoming and outgoing c u r r e n t s  t o  t h e  s u r f a c e .  The 
s o p h i s t i c a t e d  t r ea tmen t  t a k e s  i n t o  account  i n c i d e n t  e l e c t r o n  and 
ion  f l u x e s ,  secondary emiss ion,  b a c k s c a t t e r ,  and s u r f a c e  and 
bulk c o n d u c t i v i t i e s  t o  c a l c u l a t e  t h e  n e t  c u r r e n t .  NASCAP a l lows  
f o r  a  d e t a i l e d  three-dimensional  geomet r ica l  r e p r e s e n t a t i o n  of 
t h e . s p a c e c r a f t  and i n c l u d e s  c a p a c i t i v e  and d i r e c t  coupl ing  be- 
tween d i f f e r e n t  m a t e r i a l s  when c a l c u l a t i n g  s p a c e c r a f t  p o t e n t i a l .  
The plasma environment can be s p e c i f i e d  i n  t h e  form o f  a n a l y t i c  
r e p r e s e n t a t i o n s  of t h e  p a r t i c l e  s p e c t r a  o r  d i r e c t l y ,  a s  a  set of  
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measured d a t a  po in t s .  A f u l l  desc r ip t ion  of t h e  code and i t s  
c a p a b i l i t i e s  appears i n  References 1 through 3 .  

We have used NASCAP to simulate t h e  charging of t h e  SCATHA 
(Spacecraf t  Charging A t  High Al t i tude )  (P78-2) s a t e l l i t e .  The 
SCATHA mission w a s  s p e c i f i c a l l y  designed t o  i n v e s t i g a t e  t h e  plasma 
environment i n  Geosynchronous Earth Orb i t  (GEO) ,  and i t s  e f f e c t s  
on spacec ra f t  charging. The s a t e l l i t e  has a number of p a r t i c l e  
d e t e c t o r s  and emitters a t t ached  t o  t h e  main body, and a t  t h e  end 
of long booms. NASCAP can successfu l ly  incorpora te  a l l  of t h e s e  
f e a t u r e s  i n t o  a geometrical  model. 

The d e t e c t o r s  on board SCATHA have t r ansmi t t ed  a wealth of 
information on t h e  plasma environment and corresponding spacec ra f t  
p o t e n t i a l .  Armed wi th  t h i s  information, and an accura te  represen- 
t a t i o n  of  t h e  spacec ra f t ,  w e  have been a b l e  t o  make t h e  f i r s t  
d i r e c t  comparison between t h e  charging behavior p red ic ted  by 
NASCAP, and t h a t  a c t u a l l y  observed f o r  a r e a l  s a t e l l i t e  i n  space. 
We have a l s o  been a b l e  t o  show t h a t  phys ica l  model upon which 
NASCAP r e s t s  i s  a sound one. 

PLASMA ENVIRONMENTS 

Measurements made on board SCATHA have provided information 
about t h e  spectrum of t h e  plasma environment i n  t h e  form of tabula-  
t i o n s  of t h e  d i s t r i b u t i o n  funct ion,  f o r  both e l e c t r o n s  and ions ,  

5 
i n  t h e  energy range l o 2  t o  1 0  e V .  This  d a t a  i s  based on observa- 
t i o n s  of energy f l u x ,  made by the SC9 d e t e c t o r ,  averaged over  a 
16-second per iod ,  and so has c e r t a i n  a s soc ia ted  l i m i t a t i o n s ;  i.e., 

a .  When t h e  s a t e l l i t e  i s  charged t h e  spacec ra f t  p o t e n t i a l  
a f f e c t s  t h e  energy of charged p a r t i c l e s  reaching t h e  sur face .  For 
example i f  t h e  spacec ra f t  p o t e n t i a l  i s  -2000 V ,  p ro tons  a r e  a t -  
t r a c t e d  t o  it and t h e i r  energy i s  increased by 2000 eV a t  t h e  sur- 
face ,  compared t o  i n f i n i t y .  I n  the  same way e l e c t r o n s  a r e  r epe l -  
l e d  so t h a t  t h e i r  energy is  reduced by 2000 eV a t  t h e  su r face ,  and 
those  e l e c t r o n s  with i n i t i a l l y  l e s s  than 2000 eV of energy do no t  
reach  t h e  su r face  a t  a l l .  

Th i s  d i s t o r t s  t h e  d i s t r i b u t i o n  funct ion  observed a t  t h e  sur- 
face.  While t h e  shape of t h e  d i s t r i b u t i o n  funct ion f ( E )  i s  un- 
a f f e c t e d  by spacec ra f t  p o t e n t i a l ,  t h e  ene rg ies  a s soc ia ted  with each 
value a r e  a f f e c t e d .  The p a r t i c l e  r e p e l l e d  by t h e  p o t e n t i a l  $ has 
q x + less energy a t  t h e  su r face  than  it d i d  a t  i n f i n i t y  (q i s  t h e  
charge on t h e  p a r t i c l e ) .  Hence ins tead  of a s s o c i a t i n g  t h e  va lue  
of t h e  d i s t r i b u t i o n  funct ion  f m ( E )  wi th  energy E ,  t h e  va lue  i s  
assoc ia ted  wi th  p a r t i c l e s  of energy E - q$, i . e . ,  



Knowing t h e  s p a c e c r a f t  p o t e n t i a l ,  t h i s  s h i f t  i n  e n e r g i e s  
i s  e a s i l y  co r r ec t ed  f o r ,  p rov id ing  t h e  r e p e l l e d  s p e c i e s  can r e a c h  
t h e  s u r f a c e  a t  a l l .  However, t h o s e  p a r t i c l e s  w i t h  e n e r g i e s  a t  
i n f i n i t y  l e s s  than  q@ cannot  and so  t h e r e  i s  no d i s t r i b u t i o n  
func t ion  informat ion measured a t  t h e s e  e n e r g i e s .  

The l a c k  o f  in format ion  f o r  t h e  r e p e l l e d  s p e c i e s  (a lmost  
always e l e c t r o n s ) ,  below t h e  s p a c e c r a f t  p o t e n t i a l ,  r e p r e s e n t s  a 
major l i m i t a t i o n  of t h e  d a t a  a s  measured. Th i s  l i m i t a t i o n  does  
no t  app ly  t o  t h e  a t t r a c t e d  s p e c i e s  ( i o n s )  s i n c e  p a r t i c l e s  of  a l l  
e n e r g i e s  reach  t h e  s p a c e c r a f t .  

b. The energy f l u x  i s  weighted by t h e  energy: 

<Energy Flux> / E~ f ( E )  dE 

0 

Measurements a t  low e n e r g i e s  have a lower i n t e n s i t y  and 
poorer  s i g n a l  t o  n o i s e  r a t i o .  Hence t h e  e s t i m a t e s  of d i s t r i b u -  
t i o n  func t ion  de r ived  from t h e s e  measurements a r e  less r e l i a b l e  
a t  t h e  lowest ene rg i e s .  

The changes i n  s p a c e c r a f t  p o t e n t i a l ,  fo l lowing  t h e  i n j e c -  
t i o n  t h a t  occurred a t  -16.37 on Day 87 of t h e  miss ion ,  have been 
s i n g l e d  o u t  f o r  s tudy.  Using t h e  t a b u l a t i o n s  of  e l e c t r o n  and ion  
d i s t r i b u t i o n  f u n c t i o n s  measured a t  t h e  s u r f a c e ,  w e  have s imula ted  
t h e  observed charg ing  e v e n t s  f o r  t h i s  per iod .  

NASCAP r e q u i r e s  s p e c t r a l  in format ion  i n  t h e  form of  a 
d i s t r i b u t i o n  func t ion  a t  i n f i n i t y .  Th i s  p r e s e n t s  no d i f f i c u l t y  
f o r  t h e  a t t r a c t e d  s p e c i e s  b u t ,  f o r  r ea sons  d i scussed  above, can 
l e a d  t o  compl ica t ions  f o r  t h e  r e p e l l e d  spec i e s .  

DIRECT INTEGRATION 

I n  p a r t i c u l a r ,  t h e  absence of  s p e c t r a l  in format ion  con- 
ce rn ing  t h e  r e p e l l e d  s p e c i e s  f o r  e n e r g i e s  below t h e  s p a c e c r a f t  
p o t e n t i a l  has prevented a s u c c e s s f u l  s imu la t ion  invo lv ing  d i r e c t  
i n t e g r a t i o n  o f  t h e  observed d a t a  p o i n t s .  I n  p r i n c i p l e ,  t h e  m i s -  
s i n g  d a t a  could be r ep l aced  by an e x t r a p o l a t i o n  of t h e  known 
d a t a .  This  r e q u i r e s  some assumption about i t s  func t ion31  form 
and a f i t  t o  t h i s  form. Two approaches were t r i e d .  

1 The whole of  t h e  known d a t a  was f i t  t o  a Maxwellian 
form. 

2. The known d a t a  of lowest  energy was f i t  t o  a Maxwellian 
form. 



The former approach was unsuccessful  because t h e  e f f e c t i v e  t e m -  
p e r a t u r e  of  a Maxwellian f i t  i n c r e a s e s  w i t h  energy ( i .e . ,  t h e  
known d a t a  has  a high energy non-Maxwellian " t a i l " ) .  Thus t h e  
f i t  had a h igher  temperature  than t h a t  a p p r o p r i a t e  f o r  t h e  e x t r a -  
p o l a t e d  energy range.  F igu re  1 shows t h i s  a s  Case "C". The 
h igher  temperature  l e a d s  t o  a lower d e n s i t y  t han  would be ex- 
pected by smooth e x t r a p o l a t i o n  of  t h e  known d a t a  (Case " B t t ) ,  and 
hence t o  anomalously l o w  va lues  f o r  t h e  d i s t r i b u t i o n  f u n c t i o n  i n  
t h e  e x t r a p o l a t e d  reg ion .  Such a d i s t r i b u t i o n  l e a d s  t o  f a l s e  
m u l t i p l e  e q u i l i b r i u m  p o t e n t i a l s .  

The second approach,  f i t t i n g  o n l y  t h e  d a t a  a t  e n e r g i e s  
c l o s e  t o  t h e  s p a c e c r a f t  p o t e n t i a l ,  can l e a d  t o  unphys ica l ly  h igh  
v a l u e s  f o r  t h e  d e n s i t y  and hence anomalously high va lues  of  t h e  
d i s t r i b u t i o n  func t ion  i n  t h e  e x t r a p o l a t e d  r eg ion  (Case "A"). 
T h i s  problem a r i s e s  because t h e  f i t  i s  based on an  unrepresenta-  
t i v e l y  smal l  sample of  p o i n t s .  

S t a b l e  p r e d i c t i o n s  were ob ta ined  us ing  d i r e c t  i n t e g r a t i o n  
of  t h e  d a t a  when on ly  t h e  high energy p o i n t s  were used,  and a l l  
of t h e  remainder rep laced  by a f i t  t o  t h e s e  p o i n t s .  Under t h e s e  
c i rcumstances ,  it i s  j u s t  a s  reasonable  t o  r e p l a c e  t h e  whole 
spectrum w i t h  a s u i t a b l e  a n a l y t i c  r e p r e s e n t a t i o n  i n s t e a d .  

FITTING O F  THE DATA 

Two t y p e s  of  f i t  t o  t h e  d a t a  w e r e  made. 

1. S i n g l e  Maxwellian - f i t t e d  by moments ( r e f .  4 ) .  

2 .  Double Maxwellian - f i t t e d  by least  squares  a n a l y s i s .  

I n  g e n e r a l ,  t h e  double  Maxwellian f i t s  w e r e  b e t t e r  a b l e  t o  r ep re -  
s e n t  t h e  non-Maxwellian c h a r a c t e r  o f  t h e  d a t a  ( f i g u r e s  2 and 3 ) .  
Even though t h e  f i t s  w e r e  good from 100 e V  t o  100,000 e V ,  t h e  low 
energy components o f  t h e  double Maxwellians were o f t e n  unphys ica l  
w i t h  v e r y  h igh  d e n s i t i e s  and low tempera tures .  This  was p a r t i -  
c u l a r l y  t r u e  f o r  t h e  e l e c t r o n s  i n  c a s e s  where t h e  s a t e l l i t e  w a s  
charged t o  s e v e r a l  thousand v o l t s  nega t ive .  Under t h e s e  condi-  
t i o n s  on ly  t h e  ve ry  end o f  a Maxwellian component w i th  a tempera- 
t u r e ,  say one- tenth  t h e  s p a c e c r a f t  p o t e n t i a l  c o n t r i b u t e s  t o  t h e  
f l u x  a t  t h e  s u r f a c e .  Such c o n t r i b u t i o n s  can on ly  be cons idered  
a s  no i se .  

I n c r e a s i n g  t h e  " c u t o f f , "  below which d a t a  p o i n t s  are i g -  
nored,  t o  1000 e V  g r e a t l y  improves t h e  p h y s i c a l  p i c t u r e  provided 
by t h e  f i t .  Th i s ,  coupled with  an enforced  lowest  va lue  o f  a t  
least  h a l f  t h e  s p a c e c r a f t  p o t e n t i a l  f o r  t h e  temperature ,  l e a d s  t o  
a series of  double  Maxwellian f i t s  t h a t  w e r e  bo th  phys i ca l  and 
a c c u r a t e  i n  a l l  energy r eg ions  (Table  1). 



CHARGE NEUTRALIZATION 

While the fits accurately represent both the ion and 
electron data points as observed, the electron densities tend to 
be as much as a factor of ten higher than the ion densities at 
the same time. This implies that the plasma surrounding the 
spacecraft is highly non-neutral. This unphysical result may be 
due to a systematic error in the measurement of energy flux for 
one of the species. Independent measurements indicate that the 
ion densities are the best choice for the correct value. To 
neutralize the plasma we renormalize the electron densities so 
that they are equal to the ion densities. This would be a simple 
matter if the ions were all protons (as the conversion to distri- 
bution function assumes). However, measurements by Kaye, -- et al. 

+ 
(ref. 5) show that 0 is often the dominant species. This does 
not affect the fluxes as calculated by NASCAP because the code 
also assumes all the ions are protons and so the error is cancel- 

led out. However, a factor of (mass) -'I2 is carried over into 
the values of the distribution function and hence the estimate 

+ of density N. For a pure 0 environment an electrically neutral 

plasma would have N- = (16)lI2 N+ as calculated assuming that all 
ions were protons; i.e., 

If only a fraction a are oxygen 

To cprrect she values of the density for the electrons the values 
of N1 and N2 obtained by the fitting procedure were multiplied by 

the factor f. 

Hence we arrived at the final parameters that were used by NASCAP 
to describe the environment in the simulation of the Day 87 
eclipse. (Table 1.) 



CHARGING SIMULATION 

The r e p r e s e n t a t i o n  of the  s a t e l l i t e  used i n  t h e  d e t a i l e d  
s imu la t ion  of t h e  charg ing  response,  observed du r ing  e c l i p s e  be- 
tween 16: 30 and 17 : 30 on Day 87, 1979, w a s  t h e  so-ca l led  "one- 
g r i d "  model. A s  i t s  name suggests ,  t h i s  model u se s  on ly  t h e  
innermost  NASCAP computat ional  g r i d .  I t  r e t a i n s  much of  t h e  de- 
t a i l  inc luded  i n  t h e  so-ca l led  " four -gr id"  model (desc r ibed  ex- 
t e n s i v e l y  i n  r e f .  (6)), bu t  r e q u i r e s  cons ide rab ly  less computa- 
t i o n  t i m e  t o  ach ieve  t h e  same r e s u l t .  Even though t h e  r e s o l u t i o n  
i s  less (zone s i z e  i s  196 mrn ve rsus  115 mm), and t h e  booms are 
s h o r t e r ,  p r e l imina ry  s t u d i e s  i n d i c a t e  t h a t  t h e  one-grid model 
g i v e s  NASCAP charg ing  p r e d i c t i o n s  s i m i l a r  t o  t h o s e  f o r  t h e  four -  
g r i d  model. 

The p o t e n t i a l  reached by a s p a c e c r a f t  bathed i n  a plasma 
environment depends on a t  l e a s t  t h r e e  f a c t o r s .  

1. The n a t u r e  of  t h e  environment ( temperature  and dens i ty ) .  

2.  The t i m e  it has  been exposed t o  t h e  environment. 
(Charging o r  d i s cha rg ing  i s  n o t  i n s t an t aneous .  ) 

3. The p o t e n t i a l  of  t h e  s p a c e c r a f t  p r i o r  t o  t h e  . i n t r o -  
d u c t i o n  of t h e  new environment. 

To p rope r ly  s imu la t e  t h e  response o f  t h e  s p a c e c r a f t  t o  t h e  charg- 
i n g  environment, NASCAP t a k e s  a l l  of t h e s e  f a c t o r s  i n t o  account .  
A f t e r  each  c y c l e ,  t h e  t i m e  e lapsed  i s  checked, and t h e  -environ- 
ment parameters  used updated t o  t h e  most r e c e n t  t i m e  f o r  which 
d a t a  w a s  measured. The d a t a  p o i n t s  are t y p i c a l l y  60 seconds a p a r t  

The r e s u l t s  are shown i n  f i g u r e  4 .  The NASCAP s imu la t ion  
reproduces  t h e  two major jumps i n  p o t e n t i a l ,  bu t  m i s s e s  t h e  re- 
maining two minor jumps. Q u a n t i t a t i v e  agreement i s  e x c e l l e n t  con- 
s i d e r i n g  t h e  s e n s i t i v i t y  of  t h e  NASCAP p r e d i c t i o n s  t o  t h e  v a l u e s  
of t h e  m a t e r i a l  p r o p e r t i e s  used. The NASCAP s imula t ion  i s  s lower  
t o  respond t o  changes i n  environment t han  t h e  r e a l  sa tel l i te ,  be- 
cause  t h e  environment changes occur i n  %60 second s t e p s  r a t h e r  
t han  t h e  cont inuous  adjustment  exper ienced i n  space.  

I n  a d d i t i o n ,  t h e  slow d ischarge  r a t e  p r e d i c t e d ,  fo l lowing  
t h e  two charg ing  p u l s e s ,  would have been f a s t e r  i f  s h o r t e r  com- 
p u t a t i o n a l  t i m e s t e p s  had been used. 



CONCLUSIONS 

The Day 87 s i m u l a t i o n  i s  t h e  f i r s t  r e a l  t es t  o f  b o t h  
NASCAP and t h e  p h y s i c a l  model on which it i s  based .  The remark- 
a b l e  agreement  between t h e  NASCAP p r e d i c t e d  p o t e n t i a l s  and t h o s e  
a c t u a l l y  observed on a r e a l  s a t e l l i t e  i n  a n  a c t u a l  s p a c e  env i ron-  
ment,  shown i n  f i g u r e  4 ,  c o n f i r m s  t h e i r  v a l i d i t y .  W e  c a n  now s a y  
w i t h  c o n f i d e n c e  t h a t  t h e  p h y s i c a l  p r o c e s s e s  which c o n t r o l  space-  
c r a f t  c h a r g i n g  a r e  unders tood .  The accumula t ion  o f  c h a r g e  a r i s e s  
because  o f  t h e  c o l l e c t i o n  o f  c u r r e n t s  o f  cha rged  p a r t i c l e s ,  p re -  
dominan t ly  w i t h  e n e r g i e s  below 50 keV, a t  t h e  s p a c e c r a f t  s u r f a c e .  
With NASCAP's a c c u r a t e  r e p r e s e n t a t i o n  o f  t h e s e  p h y s i c a l  p roces -  
ses, w e  a r e  now i n  a good p o s i t i o n  t o  p r e d i c t  and model space-  
c r a f t  c h a r g i n g  response .  
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TABLE 1. NEUTRALIZED FITS TO DAY 87 
ECLIPSE ENVIRONMENTS 
(CONTINUED) 



Energy (eV) 

Figure 1. - Extrapolations of measured data beyond the spacecraft 
potential for the repelled species. 
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Figure 2. - Comparison of single Maxwellian fit (S) with observed 
ion ( A ) and electron (0) distribution functions. 



Figure 3. - Comparison of double Maxwellian fit (P) with observed 
ion ( A )  and electron (0) distribution functions. 
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NASCAP SIMULATED GCATIIA CtIARGIN(I 
RESPONSE FOR DAY 87 ECLIPSE 

NASCAP RESPONSE 

----- OBSERVED RESPONSE 

Figure 4. - Comparison of NASCAP simulated SCATHA charging response 
with observed response. 
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