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SUMMARY 

Computer s imulat ion i s  used t o  determine spacec ra f t  charging on P78-2 
(SCATHA) during a substorm on March 30, 1979 and f o r  modeling t h e  e f f e c t s  
of e l e c t r o n  beam emission on t h e  P78-2 ground p o t e n t i a l  f o r  a v a r i e t y  of 
beam vo l t ages  and cu r ren t s .  Agreement of measured and computed spacec ra f t  
p o t e n t i a l s  is  obtained t o  w i th in  s e v e r a l  hundred eV. We a s c r i b e  the  d i s -  
c repancies  t o  space-charge e f f e c t s  omit ted i n  t he  code. 

INTRODU ION 

Spacecraf t  i n  geosynchronous o r b i t  and r a r e f i e d  plasma r eg ions ,  l i k e  
t he  plasma shee t ,  a r e  sub jec t  t o  e l e c t r i c a l  charging t o  p o t e n t i a l s  of t he  
order  of 10 k i l o v o l t s .  These p o t e n t i a l s  lead  t o  d i f f e r e n t i a l  charging of 
ma te r i a l s  on the spacec ra f t  su r f ace  wi th  r e spec t  t o  each o t h e r  a s  we l l  a s  
wi th  spacec ra f t  ground. These d i f f e r e n t i a l  p o t e n t i a l s  sometimes cause 
a r c s ,  whose r a d i a t i o n  couples i n t o  spacec ra f t  and d i s r u p t s  e l e c t r o n i c  
c i r c u i t r y .  Measurements by ins t ruments  on t h e  spacec ra f t  may be a f f e c t e d  
by su r f ace  charging and by t h e  s p a c e c r a f t  shea th  f i e l d .  

One proposal f o r  e l imina t ing  spacec ra f t  charging i s  t o  emit  an  e lec-  
t r o n  beam from t h e  veh ic l e  s o  t h a t  t h e  n e t  e l e c t r i c a l  charge accumulated 
on t h e  spacecraf t  sur face  i s  balanced by the  emit ted charge. Space experi-  
ments on t h e  emission of e l e c t r o n  beams from geosynchronous s a t e l l i t e s  were 
c a r r i e d  out  on ATS-5 and ATS-6 u t i l i z i n g  lowenergy  e l e c t r o n s  from a heated 
fi1ament.l  An e l e c t r o n  gun wi th  ene rg i e s  up t o  41  eV was employed on 
ISEE-1 f o r  spacecraf t  p o t e n t i a l  c o n t r o l  by Gonfalone e t  

The P78-2 (SCATHA) s a t e l l i t e  is  instrumented f o r  s tudy of s p a c e c r a f t  
charging a t  geosynchronous o r b i t .  Electron guns wi th  e n e r g i e s  up t o  3 kV 
and c u r r e n t s  up t o  1 3  ma were employed t o  s tudy how t h e  beam energy and 
c u r r e n t  a f f e c t  t h e  c o n t r o l  of spacec ra f t  p o t e n t i a l .  



NASCAP CODE 

A 3-dimensional computer code c a l l e d  NASCAP, NASA Charging Analyzer 
Program, is  employed t o  model the  e f f e c t s  of e l e c t r o n  beam emission 
on spacec ra f t  p o t e n t i a l .  NASCAP provides a f i n i t e  element geometr ica l  
model of P78-2 (SCATHA) a s  we l l  a s  modeling the  i n t e r i o r  e l e c t r i c a l  connec- 
t i o n s  and m a t e r i a l s  placement Qn the  sur face .  Figure 1 shows the  SCATHA 
model. 

Given t h e  c h a r a c t e r i s t i c s  of the plasma environment, wi th  NASCAP one 
may c a l c u l a t e  t he  p o t e n t i a l  versus  t i m e  on each su r f ace  c e l l  and i n  
t h e  space around t h e  veh ic l e .  P a r t i c l e  e m i t t e r s  a r e  modeled i n  NASCAP; 
given the  l o c a t i o n  of t he  emi t t e r  on t h e  spacec ra f t ,  a s  we l l  a s  t h e  energy 
and angular  width of t h e  beam, p a r t i c l e s  a r e  t racked i n  t h e  v e h i c l e  shea th  
f i e l d  u n t i l  they escape through a d i s t a n t  boundary o r  r e t u r n  t o  a given 
c e l l  on t h e  veh ic l e .  

I n  order  t o  fo l low p a r t i c l e  t r a j e c t o r i e s  out  t o  l a r g e  d i s t a n c e s ,  
computations a r e  c a r r i e d  out  i n  a s e r i e s  of nested g r i d s ,  each success ive  
g r i d  having twice t h e  spacing of t he  previous g r i d ,  t he  s p a c e c r a f t  being i n  
i n  the  innermost g r i d .  A cons tan t  magnetic f i e l d  e x t e r i o r  t o  t he  veh ic l e  
i n  which p a r t i c l e  o r b i t s  a r e  t racked may be employed. 

CHARGE CONTROL 

F i r s t  we g ive  an  overview of how t h e  emitter vol tage  and c u r r e n t  
a f f e c t s  the  v e h i c l e  p o t e n t i a l .  A t  equi l ibr ium, we would expect  phys i ca l ly  
t o  have a n  exac t  balance between t h e  n e t  c u r r e n t  coming t o  t h e  s a t e l l i t e  
from t h e  ambient plasma and the  n e t  gun cu r ren t .  I n  Figure 2 we i l l u s t r a t e  
some t y p i c a l  charging s i t u a t i o n s  which could a r i s e  i n  a gun event .  The 
curve l abe l ed  Is rep resen t s  t h e  t o t a l  c u r r e n t  t o  the  s a t e l l i t e ,  no t  inc luding  
t h e  gun, i . e .  i t  would have con t r ibu t ions  from t h e  plasma, from secondary 
i n t e r a c t i o n s  and backsca t t e r  i n  t he  sur face  ma te r i a l s ,  from photo c u r r e n t s  
e t c .  The v e h i c l e  s teady  s t a t e  vol tage would be determined by t h e  i n t e r -  
s e c t i o n  of t he  l i n e  r ep re sen t ing  t h e  gun cu r ren t  and the  Is curve'. We con- 
s i d e r  below fou r  poss ib l e  s i t u a t i o n s .  

1. The t r i v i a l  ca se  where there  i s  no gun cu r ren t  - he re  t h e  s a t e l l i t e  
w i l l  charge up t o  a nega t ive  po ten t i a l  V(1) such t h a t  t he  Is curve goes t o  
zero ,  a s  shown i n  Figure 2. 

2 .  The case  where t h e  gun cu r ren t  12 is less than  t h e  ambient cu r r en t  
a t  V = 0. The v e h i c l e  p o t e n t i a l  w i l l  aga in  go negat ive ,  but  l e s s  i n  magni- 
tude than  f o r  ca se  (1) .  

3 .  The c a s e  where t h e  gun cu r ren t  I 3  is g r e a t e r  than  t h e  ambient Is 
a t  V = 0 but  w e l l  below the  ambient a t  V = Eg. Here the  veh ic l e  would charge 



up p o s i t i v e l y  t o  some va lue  between 0 and Eg. No app rec i ab l e  r e t u r n  cu r r en t  
would be expected. 

4. The same a s  case  ( 3 )  except  t h a t  now the  gun c u r r e n t  14 is l a r g e r  
i . e .  i t  i s  of t h e  same order  o r  g r e a t e r  than  t h e  ambient a t  V = Eg. Here 
w e  must a l low f o r  t h e  f a c t  t h a t  p a r t i c l e s  wi th  ene rg i e s  l e s s  than  t h e  
v e h i c l e  p o t e n t i a l  w i l l  r e t u r n  t o  t he  s a t e l l i t e ,  due t o  t h e  a t t r a c t i o n  of t h e  
surrounding e l e c t r i c  f i e l d .  Thus, t h e  n e t  escaping gun c u r r e n t  14  w i l l  tend 
t o  decrease  as V approaches Eg. The r a t e  of i nc rease  of 1 4  would depend on 
t h e  shape of t h e  e m i t t e r  energy spectrum. For a  monoenergetic beam t h e r e  
would be a  sharp drop t o  ze ro  a t  E f o r  a  beam wi th  a  s i g n i f i c a n t  energy 

f ' spread ,  t h e  14 decrease  would be s ower, a s  i nd i ca t ed  i n  Figure 2 .  

RESULTS OF MODELING CALCULATIONS 

The r e s u l t s  d i scussed  he re  were obtained us ing  two d i f f e r e n t  space- 
c r a f t  models i n  t h e  NASCAP code. I n i t i a l  runs employed a  2-grid SCATHA 
model (w i th  foreshortened booms). La t e r  runs  employed a  quas i sphere  space- 
c r a f t  model in  o rde r  t o  save computer t i m e .  The quas i sphere ,  shown i n  
Figure 3 ,  i s  t h e  sphere  approximation a v a i l a b l e  i n  t he  NASCAP code. The 
quas i sphere  was taken t o  be a  mixture of conductor m a t e r i a l  on t h e  f l a t  
s u r f a c e s  and an i n s u l a t o r ,  Kapton, on t h e  ob l ique  su r f aces .  Th i s  configura-  
t i o n  was chosen t o  g ive  t h e  same i n i t i a l  (gun o f f )  equ i l i b r ium s t a t e  a s  t h e  
l a r g e r  2-grid model. The p o t e n t i a l  i s  c a l c u l a t e d  assuming t h a t  t h e  space- 
c r a f t  i s  spinning s u f f i c i e n t l y  r a p i d l y  t h a t  t h e  s o l a r  i l l u m i n a t i o n  i s  uni- 
form azimuthal ly .  

The plasma p r o p e r t i e s  employed he re  a r e  those  of a  s i n g l e  Maxwellian 
wi th  Te = 6 keV, T i  = 12 keV and e l e c t r o n  d e n s i t i e s  of 0.5 cme3. 

Table  1 shows r e s u l t s  of NASCAP s imula t ion  of t h e  e f f e c t s  of e l e c t r o n  
e m i t t e r s  on SCATHA veh ic l e  p o t e n t i a l  f o r  e l e c t r o n  beam emission ope ra t i ons  
on March 30, 1979. Comparison of ca se s  3  t o  3 '  and 4 t o  4 '  show t h a t  t h e  2 
g r i d  model and the  s ca l ed  quas i sphere  g ive  t he  same r e s u l t s  very  c l o s e l y .  
The NASCAP p o t e n t i a l s  ob ta ined  i n  t h e  h igh  cu r r en t  ca se s  (> lo0  LI A) a r e  
g r e a t e r  than  t h e  measured va lues  ( s e e  Table 1 )  and a r e  somewhat h igher  
than t h e  gun energ ies .  Th i s  occurs  because t he  beam energy d i s t r i b u t i o n  
i s  gauss ian  and the  equ i l i b r ium is  e s t a b l i s h e d  by escaping  p a r t i c l e s  from 
t h e  h igh  energy t a i l  of t h e  d i s t r i b u t i o n .  For most of t h e  runs  t h e  width of 
t h e  gauss ian  beam energy d i s t r i b u t i o n  was set a t  10% of t h e  gun energy. 

I n  t h e  high c u r r e n t  ca se s ,  space charge e f f e c t s  cause t h e  measured vol- 
t ages  t o  f a l l  below t h e  gun ene rg i e s .  To escape,  a  p a r t i c l e  must overcome 
t h e  v e h i c l e  p o t e n t i a l  and a  space charge b a r r i e r  p o t e n t i a l .  Therefore ,  t he  
v e h i c l e  p o t e n t i a l  can be less than  t h e  gun energy. 

k o m  cases  1 t o  3 i n  Table  1, w e  observe t h a t  t h e  r e t u r n  c u r r e n t s  a r e  
c o n s i s t e n t  to  a  balance wi th  an  i npu t  c u r r e n t  from t h e  ambient plasma of 
about 20 p A. Thus, t he se  ca se s  would be of type (4)  a s  p rev ious ly  d i s -  



cussed. For the lower gun current, cases 4 and 4'; there is no return 
current i.e., this is a situation of type (3). For the very large currents, 
cases 5 and 6, a proper balance was not achieved due to the discrete 
trajectory model and 100% of the gun current returns. Figure 4 graphically 
summarizes the comparison of quasisphere and SCATHA model computations 
with the measured values of charging potential. The agreement is close, 
considering that space-charge effects have been omitted. 

We generate an I,V curve of the type described in Figure 2 by fixing 
the vehicle potential to some value Vc and then making a very small time- 
step (with gun turned off and the potentials freed). The net current cal- 
culated by the code will then represent the contributions from all sources 
except the gun, i.e. it would correspond to Is of Figure 2. By stepping Vc 
through the values from 0 to Eg, one can generate the complete Is curve. 
Then, using current balance, one can predict for any given gun current, the 
expected equilibrium potential. An I,V curve of this type was generated for 
the scaled-up quasisphere as shown in Figure 5. For a 10 LI A gun, one 
would predict an equilibrium voltage of - 200 volts. This result is com- 
parable to the results for the quasisphere, starting from zero initial vol- 
tage (see case (4)). As a further test, a special run was made using +200 
volts as the starting value and then allowing the potentials to float on 
subsequent steps. The conductor voltage did not deviate much from the 
starting value. 

Some runs have been made with a constant magnetic field of magnitude 
10" webers/~~. It is found that the potentials change very little from the 
pure electric field case. This seems reasonable since a magnetic field 
only affects the direction of a particle orbit and not its energy. The 
The same number of particles should escape with and without the magnetic 
field provided the particles are tracked far enough and do not encounter 
obstacles. 

EFFECT O F  COLD PLASMA COMPONENT ON CHARGING 

In this section we survey the effects of a cold plasma on the satel- 
lite current-voltage curve when the electron emitter is on. The cold plasma 
is important in determining the return current to the spacecraft but unfor- 
tunately is not well known at the present time. We chose the following cases: 

1. The best fit to the hot plasma in the single Maxwellian approximation 

2. A 2 Maxwellian from 30 March 79 SCATHA data: 



Case (3). 9 arbitrary cold plasma component is employed with ne = ni = 0.5 cm , Te = 0.10 keV, Ti = 0.20 keV. 

Case (4). An arbitrary sold plasma component is employed whose para- 
meters are ne = ni = 0.50 cm- , te = 0.01 keV, Ti = 0.02 keV. 

Case (5). The measured high-temperature Maxwellian is employed to- 
gether with the arbitrary low-temperature Maxwellian of Case (3). 

Figure 6 show the current-voltage characteristics of SCATHA in the 
environments described above. 

Simulations were run for an electron gun with energy of 3000 + 300 eV 
and 100 microamperes current, with the Case (1) high-energy plasmaabove 
and with the Case (5) two Maxwellian which consists of the admixture of a 
low-energy plasma with the Case (1) high-energy plasma. 

The effect of adding the cold plasma to the hot plasma is to lower 
the vehicle potential from +3235 volts to +2785 volts and to decrease the 
return current from the beam from 80 microamperes to 20 microamperes. 

The cold plasmas have a much steeper I,V curve because of the dominance 
of the Langmuir spherical probe contribution which goes as 

An electron gun case was run with a beam of energy of 3000 + 300 eV 
and a current of 6 milliamps. The plasma is the 2 Maxwellian of-case 2 
with a high density cold plasma component. 

Figure 7 shows the I,V curve for this case. The current scale is 
milliamperes rather than microamperes as in Figure 6. The return current 
from the emitter is now 5 ma., a large amount. 

The conclusion from this study of the effects of cold plasma is that 
the col plasma determines the I,V curve. If a cold plasma component with 
0.5 cm-' and Te = 100 eV were present, as in Case (3), the spacecraft poten- 
tial would be decreased to 2785 volts, somewhat below the observed value of 
2880 volts. This means that a denser, colder plasma component is not 
present. 

CONCLUSIONS 

The single-particle trajectory treatment of spacecraft potential con- 
trol by emission of electron beams predicts the measured SCATHA potential 
within about 200 volts. This indicates that the basic mechanisms of beam 
emission, with returning ambient and beam current are correctly treated. 
The neglect of space-charge leads to some inaccuracy in the computation. 
Computations, including a cold plasma component, show that for March 30, 



1979, Case ( I ) ,  no apprec iab le  cold plasma i s  present  and good r e s u l t s  a r e  
obta ined  employing t h e  observed p a r t i c l e  spec t r a  above 100 eV. The r e s u l t s  
shown he re  a l low r e l i a b l e  computation of t h e  e l e c t r o n  beam emission e f f e c t s  
on the  spacec ra f t  ground p o t e n t i a l .  

The experiments and s imula t ions  show t h a t  t h e  spacec ra f t  ground poten- 
t i a l  can be c o n t r o l l e d  by emi t t i ng  an e l e c t r o n  beam. 
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Table 1: Simulation Runs for  Day 89 (30 Mar 79) 

Gun Gun Ground Measured Gun Return 
Model Energy Current Potential  Vc Voltage Current 

+240 

+I360 

+2880 

+2880 

+40 

+40 

Damage 

+2880 



Figure 1. NASCAP P78-2 (SCATHA) model. 
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Figure 3. A quasisphere. 
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Te=6, Ti=12,ne=.5.ni =.5 
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Figure 5 .  Current-voltage curve for  a quasisphere. 

0 500 loo0 1500 2000 2500 3000 3500 

V (Vdtr) 

Figure 6. I -V curves for  added cold plasma. 
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