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SUMMARY 

Geosynchronous s a t e l l i t e s  a r e  known t o  be charged by t h e  geomagnetic 
substorm environment. Surface charging i s  o f t e n  s u f f i c i e n t  t o  r e s u l t  i n  
d i scharges  t h a t  can couple  t r a n s i e n t s  i n t o  s a t e l l i t e  e l e c t r i c a l  harnesses  and 
produce e l e c t r o n i c  upse t s  i n  systems. Ground s imu la t i on  t e s t i n g  o f  su r f ace  
charg ing  has been and i s  being conducted by us ing  monoenergetic e l e c t r o n  
beams. Resu l t s  have shown t h a t  massive d i s cha rges  on d i e l e c t r i c  su r f aces  
could occur  with s u f f i c i e n t l y  l a r g e  d i f f e r e n t i a l  vo l t ages  between t h e  s u r f a c e  
and t h e  s u b s t r a t e .  With t h e  advent  of three-dimensional a n a l y t i c a l  modeling 
techniques,  however, i t  has become apparent t h a t  t h e  l a r g e  d i f f e r e n t i a l  
vo l t ages  r equ i r ed  f o r  t he se  massive labora tory  d i scharges  do no t  occur  on 
s a t e l l i t e s  i n  space. The modeling   re dictions a r e  supported by d i e l e c t r i c  
charg ing  d a t a  from P78-2, SCATHA (Spacecraf t  Charging a t  High A l t i t u d e s )  
f l i g h t  r e s u l t s .  Hence o t h e r  mechanisms lead ing  t o  d i scharges  on s a t e l l i t e  
s u r f a c e s  must be found. Three such mechanisms d iscussed  i n  t h i s  paper  a r e  
ungrounded i n s u l a t o r  a r e a s ,  buried charge l aye r s  (due t o  mid-energy-range 
p a r t i c l e s ) ,  and p o s i t i v e  d i f f e r e n t i a l  vo l t ages  (where s t r u c t u r e  vo l t ages  a r e  
less nega t ive  than surrounding d i e l e c t r i c  su r f ace  vo l t ages ) .  

INTRODUCTION 

I n  t he  e a r l y  19701s,  i t  was found t h a t  t h e  Appl ica t ions  Technology 
S a t e l l i t e  5  (ATS-5) s p a c e c r a f t  p o t e n t i a l  was d r i v e n  t o  s i g n i f i c a n t  nega t ive  
vo l t ages  when t h e  s a t e l l i t e  was i n  the l o c a l  midnight r eg ion  of i ts  o r b i t  
( r e f s .  1 t o  4 ) .  Values extending t o  -10 000 v o l t s  when t h e  s a t e l l i t e  
experienced t h e  sp r ing  and f a l l  e c l i p s e  per iods  and t o  -300 v o l t s  when t h e  
s a t e l l i t e  was i n  s u n l i g h t  were observed ( r e f s .  2  and 5) .  The cause  o f  t h i s  
charg ing  was found t o  be magnetospheric plasma clouds (substorms) t h a t  a r e  
p e r i o d i c a l l y  generated i n  t h i s  midnight region.  The d i f f e r e n c e s  i n  p o t e n t i a l  
between e c l i p s e  and s u n l i g h t  charging events  were due t o  photoemission from 
s u n l i t  su r f aces .  

Although t h i s  phenomenon was of  i n t e r e s t ,  i t  was no t  be l ieved  t o  be  
s e r i o u s  f o r  system ope ra t i ons  s i n c e  i t  d id  no t  seem t o  cause problems. When a  
Defense S a t e l l i t e  Communications System (DSCS) I1 s a t e l l i t e  system f a i l e d  i n  
1973, however, t h e  f a i l u r e  review s t a r t e d  l oca t ing  numerous i n s t ances  of 
e l e c t r o n i c  swi tch ing  anomalies i n  DSCS I1 and o t h e r  geosynchronous s a t e l l i t e s  
( r e f .  6 ) .  When these  anomalous switching events  were p l o t t e d  a g a i n s t  l o c a l  
t ime of  occurrence,  a  p e c u l i a r  p a t t e r n  developed ( f i g .  1) .  The r a d i a l  
s e p a r a t i o n  of t he  anomaly d i s t r i b u t i o n  i n  t h i s  f i g u r e  has no s i g n i f i c a n c e ;  i t  
i s  simply a  means of  s e p a r a t i n g  t h e  Occurrences. The b a r s  i n d i c a t e  t h e  
u n c e r t a i n t y  i n  t h e  t i m e  of occurrence. From t h i s  f i g u r e  i t  i s  apparent  t h a t  
anomalies occurred i n  t h e  midnight t o  dawn segment of  t h e  o r b i t ,  implying 
s u b s t o m  charging events .  



When t h e  ATS-6 spacec ra f t  was launched i n  1974, charg ing  was aga in  
observed. Ground p o t e n t i a l s  on t h e  s a t e l l i t e  were d r i v e n  t o  -2.2 k i l o v o l t s  
dur ing  s u n l i g h t  charging and t o  -19 k i l o v o l t s  dur ing  e c l i p s e  charging (maximum 
p o t e n t i a l s  repor ted  i n  r e f s .  4 and 7 ) .  Much c a r e  was taken  t o  make t h i s  
s a t e l l i t e  immune t o  e x t e r n a l  r a d i a t i o n  s i n c e  i t  had t o  ope ra t e  i n  i t s  own 
radiofrequency ( r f )  beam. A s  a  r e s u l t  of  t h i s  c a r e f u l  de s ign  t h e  substorm 
charging phenomenon d id  no t  cause any system upse t s  ( r e f .  8 ) .  The d a t a  from 
t h i s  s a t e l l i t e  i nd i ca t ed  t h a t  s p a c e c r a f t  charg ing  could be r e l a t e d  t o  t h e  
absence of low-energy plasmas ( f i g .  2 ,  r e f .  7 ) .  Apparently the  substorm has  
t h e  e f f e c t  of  suppressing t h e  n a t u r a l  environment,  l owene rgy  plasma. 

I n  1975, a  coopera t ive  A i r  Force and NASA s p a c e c r a f t  charg ing  
i n v e s t i g a t i o n  was begun t o  develop means of  c o n t r o l l i n g  t h e  abso lu t e  and 
d i f f e r e n t i a l  charging of geosynchronous s a t e l l i t e  s u r f a c e s  by geomagnetic 
substorm environments ( r e f .  9 ) .  Although t h e r e  had been only  one c a t a s t r o p h i c  
f a i l u r e  of a  s a t e l l i t e  system, i t  was f e l t  t h a t  t h e  charg ing  and d ischarg ing  
cyc l e s  could have a  de t r imen ta l  e f f e c t  on f u t u r e ,  l ong - l i f e ,  unattended- 
ope ra t i on  missions t h a t  were being proposed. Therefore  t he  i n v e s t i g a t i o n  o f  
t h i s  phenomenon and i t s  e f f e c t  on s a t e l l i t e  systems was a  l o g i c a l  candida te  
f o r  a  technology program. 

The ground technology program concent ra ted  on developing a n a l y t i c a l  t o o l s  
and conducting ground s imula t ion  experiments i n  suppor t  of t he  P78-2 
(Spacecraf t  Charging a t  High A l t i t u d e s  (SCATHA)) f l i g h t  program. Both ground 
technology and f l i g h t  d a t a  were necessary t o  produce t h e  des ign  gu ide l ines ,  
environmental a t l a s ,  and t e s t  s tandards  r equ i r ed  a s  t h e  ou tput  of  t h e  
coopera t ive  i nves t i ga t ion .  

Ground s imula t ion  t e s t i n g  was begun f i r s t .  Monoenergetic e l e c t r o n  beams 
were used t o  charge t y p i c a l  spacec ra f t  d i e l e c t r i c  samples. The responses  of 
the  d i e l e c t r i c s  were c a r e f u l l y  measured and eva lua t ed  ( r e f .  10) .  When 
breakdown vol tage t h r e sho lds  were exceeded, d i s cha rges  occurred and produced 
s p e c t a c u l a r ,  l i gh tn ing - l i ke  d i s p l a y s  ( f i g .  3 ) .  These s t u d i e s  i nd i ca t ed  t h a t  
su r f ace  charging could be explained i n  terms of c u r r e n t  balances ( r e f .  11) and 
t h a t  a  d i f f e r e n t i a l  vo l t age  between t h e  d i e l e c t r i c  s u r f a c e  and s u b s t r a t e  of  8  
t o  15 k i l o v o l t s  was requi red  f o r  d i scharges .  

When d ischarges  d i d  occur ,  i t  was found t h a t  t h e  energy l o s t  from t h e  
sample was la rge  and sca l ed  with t h e  square roo t  of t he  sample a r e a  ( r e f s .  12 
and 13) .  The s i g n i f i c a n t  r e s u l t s ,  cha rac t e r i zed  i n  t a b l e  I ,  were c o n s i s t e n t  
with t he  p reva i l i ng  concepts  of spacec ra f t  charg ing  i n t e r a c t i o n s .  On the  
b a s i s  o f  ATS-516 d a t a ,  i t  was f e l t  t h a t  l a r g e  d i f f e r e n t i a l  vo l t ages  between 
d i e l e c t r i c  su r f aces  and t h e  subsurface could be developed by substorm 
encounters .  

The development of  modeling t o o l s  has  been proceeding 'slowly s i n c e  t h e  
s t a r t  of t he  jo in t  i nves t i ga t ion .  The NASA Charging Analyzer Program (NASCAP) 
has now reached a  s t a g e  where i t s  p r e d i c t i v e  c a p a b i l i t y  has  been s u f f i c i e n t l y  
cross-checked aga ins t  ground s imula t ion  and f l i g h t  d a t a  ( r e f s .  14 t o  17).  
Computation o f  s a t e l l i t e  behavior  i n  a c t u a l  space  environments i n d i c a t e s  t h a t  
some of t he  o r i g i n a l  charging concepts  a r e  i n  e r r o r  and should be reviewed. 



This paper reviews the modeling computations and discusses the effect on 
discharge processes. 
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SYMBOL S 

area 

capacitance 

mid-energy-range incident electron 

current 

electron number density 

proton number density 

incident particles (electrons and protons) 

photoemitted electrons 

secondary emitted electrons 

electron temperature 

proton temperature 

voltage at buried charge layer in dielectric 

dielectric surface voltage 

spacecraft structure voltage 

GEOSYNCHRONOUS SATELLITE MODELING 

behavior of geosynchronous satellites in space environments was 
by using the NASCAP computer code, a three-dimensional code capable 

of predicting the response of satellite surfaces to a specified environmental 
flux as a function of time. The code considers the material properties 
(e.g., bulk and surface conduction, secondary emission, backscatter, and 
photoemission) and the influence of fields generated around the satellite by 
the charged surfaces in computing surface voltages. The code has been 
described in the literature (refs. 18 to 20). 

The satellite model used in NASCAP is shown in figure 4. This model 
represents a typical three-axis-stabilized satellite as used in the late 
1970's. It has two large solar array wings that are assumed to be Sun 
oriented and capable of generating about a kilowatt of power. It is assumed 
that the arrays function a t  50 volts when generating power. The Sun-facing 
surface of the array has a silica cover glass that is coated with a magnesium 
fluoride antireflective coating. The array is assumed to have a 4-mil-thick 
Kapton substrate. The interconnections are modeled as patches on the array 



( t o  s imula te  the t o t a l  in te rconnec t ion  a r e a )  and a r e  assumed t o  be an oxidized 
aluminum sur face .  The body o f  t h e  s a t e l l i t e  has  Ear th- fac in  an tennas  and a  
r e a r  t h r u s t e r  chamber. The body i s  covered with var ious  d i e T e c t r i c s  a s  shown. 

Environmental condi t ions  used i n  t h i s  a n a l y s i s  c o n s i s t  of  s i n g l e  
Maxwellian temperatures f o r  e l e c t r o n s  (wi th  proton temperatures  assumed t o  be 
twice t he  e l e c t r o n  tempera tures ) ,  and equa l  e l e c t r o n  and pro ton  d e n s i t i e s .  
Sunl igh t  (w i th  Sun incidence a t  27 ' )  and e c l i p s e  cond i t i ons  were used i n  t h i s  
a n a l y s i s .  

The pred ic ted  s u r f a c e  p o t e n t i a l s  ( r e l a t i v e  t o  space plasma a r e  
shown f o r  s e l ec t ed  s u r f a c e s ,  a s  a  func t ion  of t ime,  i n  f i g u r e  5. I n  t he  f i r s t  
1000 seconds,  when substorm cond i t i ons  a r e  c h a r a c t e r i z e d  by 3-keV e l e c t r o n  
temperatures ,  no apprec iab le  charging occurs.  The concept t h a t  a  th reshold  
p a r t i c l e  temperature must be reached before  charg ing  can begin i s  seen  t o  ap- 
p ly  ( r e f .  21).  I n  t he  next 1000-second i n t e r v a l ,  with  t h e  s a t e l l i t e  s t i l l  i n  
s u n l i g h t  but  with t h e  substorm i n t e n s i t y  increased  t o  8-keV e l e c t r o n  tempera- 
t u r e s ,  both abso lu te  charging and d i f f e r e n t i a l  charging occur.  D i f f e r e n t i a l  
charging he re  i s  def ined  a s  t h e  d i f f e r e n c e  between t h e  d i e l e c t r i c  s u r f a c e  
vo l tage  and the  spacec ra f t  s t r u c t u r e .  Note t h a t  the  shaded Kapton has become 
more nega t ive  than t h e  s p a c e c r a f t  s t r u c t u r e  ( s a t e l l i t e  e l e c t r i c a l  ground) and 
t h a t  t h e  s o l a r  a r r ay  cover g l a s s  i s  p o s i t i v e  with r e s p e c t  t o  t he  s t r u c t u r e .  

When t h e  s a t e l l i t e  e n t e r s  e c l i p s e ,  t h e r e  i s  a  r ap id  change i n  a b s o l u t e  
charging followed by a  slower development i n  d i f f e r e n t i a l  charging.  This  i s  
c o n s i s t e n t  with ground r e s u l t s  on charg ing  r a t e s  ( r e f .  22) and has  been shown 
t o  be t r u e  f o r  both 8- and 12-keV substorms. Note t h a t  t h e  d i f f e r e n t i a l  
charging of  t h e  s o l a r  a r r a y  covers  has  become more p o s i t i v e  wi th  r e s p e c t  t o  
t he  s t r u c t u r e  but t h a t  t he  shaded i n s u l a t o r s  have become more nega t ive .  Upon 
e n t e r i n g  t h e  s u n l i g h t  aga in ,  t h e r e  i s  another  r a p i d  change i n  a b s o l u t e  va lues  
followed by a  slower readjustment  of d i f f e r e n t i a l  vo l t ages .  F i n a l l y ,  i n  t h e  
l a s t  2000 seconds of. t h i s  a n a l y s i s ,  substorm cond i t i ons  a r e  allowed t o  become 
progress ive ly  l e s s  i n t e n s e ,  and t h e  s p a c e c r a f t  p o t e n t i a l s  r e l a x  accordingly.  

Th i s  ana lys i s  p r e d i c t s  two e f f e c t s  t h a t  were no t  a n t i c i p a t e d :  
( 1 )  Low d i f f e r e n t i a l  vo l tages  ac ros s  t h e  shaded i n s u l a t o r s  
( 2 )  P o s i t i v e  d i f f e r e n t i a l  vo l t ages  on t h e  s o l a r  a r r a y  

The maximum d i f f e r e n t i a l  vo l tage  ac ros s  t he  4-mil-thick Kapton used i n  t h i s  
s tudy i s  only  about 2  k i l o v o l t s .  Analyses of  d i f f e r e n t  s a t e l l i t e s  under 
d i f f e r e n t  environmental cond i t i ons  i n d i c a t e  t h a t ,  whi le  t he  a b s o l u t e  vo l t ages  
can be s h i f t e d ,  t h e  d i f f e r e n t i a l  vo l t ages  remain about t h e  same; t h a t  i s ,  t h e  
maximum d i f f e r e n t i a l  vo l tages  ac ros s  shaded i n s u l a t o r s  a r e  never  p red i c t ed  t o  
be g r e a t e r  than 4  k i l o v o l t s  ( r e f s .  23 t o  27) .  Th i s  r e s u l t  i s  due t o  t h e  
suppression of photo- and secondary emission by t h e  three-dimensional e l e c t r i c  
f i e l d s  developed on t h e  more nega t ive ly  charged s u r f a c e s  ( r e f .  28) .  This  
pred ic ted  low l eve l  of d i f f e r e n t i a l  vo l tage  agrees  wi th  t h e  P78-2 (SCATHA) 
s u r f a c e  p o t e n t i a l  monitor da t a .  Ungrounded s p o t  vo l t ages  measured by t h i s  
monitor ind ica ted  d i f f e r e n t i a l  values  reaching -2 k i l o v o l t s  even though t h e  
s t r u c t u r e  p o t e n t i a l  reached va lues  t o  -8 k i l o v o l t s  r e l a t i v e  t o  t h e  space 
plasma p o t e n t i a l  ( r e f .  29). 



The p o s i t i v e  d i f f e r e n t i a l  vo l tages  p red i c t ed  f o r  s o l a r  a r r a y  cover  
g l a s s e s  can  range from a few v o l t s  t o  k i l o v o l t s  depending on t h e  secondary 
emission c h a r a c t e r i s t i c s  assumed f o r  coat ings app l i ed  t o  t h e s e  covers.  For 
reasonable  ranges of va lues  t h e  d i f f e r e n t i a l  vo l t age  ac ros s  t h e  cover  g l a s s  i s  
always p o s i t i v e  ( r e f s .  23 t o  27) .  Ground s imu la t i on  t e s t i n g  i s  u s u a l l y  
conducted by grounding t h e  a r r a y  e l e c t r i c a l  c i r c u i t  and i r r a d i a t i n g  t h e  cover  
g l a s s  wi th  monoenergetic e l e c t r o n s  ( r e f .  10) .  Doing s o  r e s u l t s  i n  a  nega t ive  
d i f f e r e n t i a l  vo l t age  c r o s s  t h e  cover  g l a s s ;  t h a t  i s ,  cover  g l a s s  s u r f a c e  
vo l tages  a r e  s t r o n g l y  nega t ive  with respec t  t o  t h e  grounded e l e c t r i c a l  c i r c u i t .  

According t o  t he  a n a l y t i c a l  r e s u l t s  p r e d i c t e d  i n  t h i s  s tudy,  d i scharges  
s i m i l a r  t o  those observed i n  t he  labora tory  should no t  occur  on s a t e l l i t e s .  
The d i f f e r e n t i a l  vo l t age  ac ros s  shaded i n s u l a t o r s  i s  p red i c t ed  t o  be t o o  low 
t o  exceed t h e  breakdown threshold  derived from ground t e s t s ,  and t h e  p red i c t ed  
d i f f e r e n t i a l  vo l t age  ac ros s  t h e  s o l a r  a r r a y  cover  g l a s s  i s  t h e  wrong p o l a r i t y  
a s  compared with t he  ground t e s t  condi t ions .  Y e t  t he  f a c t  remains t h a t  
d i scharges  do occur  on s a t e l l i t e s  ( r e f s .  30 and 31).  Therefore  i t  becomes 
necessary t o  i n v e s t i g a t e  o t h e r  poss ib le  means of producing d ischarges  i n  a  
space environment. 

DISCHARGE MECHANISMS 

From t h e  preceding d i scus s ion  i t  is apparent  t h a t  t h e  mechanisms lead ing  
t o  s a t e l l i t e  d i s cha rges  a r e  no t  t h e  same a s  those  s t u d i e d  i n  t h e  labora tory .  
Three mechanisms lead ing  t o  d i scharges  a r e  pos s ib l e :  

( 1)  Ungrounded i n s u l a t o r s  
(2 )  Buried o r  t rapped charge l aye r s  
( 3 )  P o s i t i v e  d i f f e r e n t i a l  vo l tages  

These mechanisms a r e  discussed i n  t h i s  s e c t i o n .  

Ungrounded I n s u l a t o r s  

D i e l e c t r i c  a r e a s  e l e c t r i c a l l y  decoupled from t h e  s a t e l l i t e  can charge 
much more r a p i d l y  than  a r e a s  t h a t  remain coupled. Decoupling can occur  by 
breaking e l e c t r i c a l  grounds t o  t he  m e t a l l i c  a r e a s  of thermal b l anke t s  o r  o p t i -  
c a l  s o l a r  r e f l e c t o r s  (OSR). Figure 6 shows a  comparison of p r ed i c t ed  s u r f a c e  
vo l t ages  f o r  shaded Kapton and OSR regions i n  a  8-keV e l e c t r o n  temperature  
substorm. F igu re  6 ( a )  shows vo l t age  p red i c t i ons  when t h e s e  reg ions  a r e  
coupled ( i . e . ,  m e t a l l i c  a r e a s  grounded t o  s t r u c t u r e ) .  Both abso lu t e  charg ing  
and d i f f e r e n t i a l  charg ing  a r e  seen t o  develop slowly. F igure  6 (b )  shows t h e  
vo l t age  p r e d i c t i o n s  with t he  grounds broken and t h e  i n s u l a t o r  re ions  
c a p a c i t i v e l y  coupled t o  t he  s t r u c t u r e  with a  capac i tance  of 10-lq fa rad .  D i f -  
f e r e n t i a l  charg ing  o f  t h e s e  reg ions  occurs r a p i d l y  while  t h e  s t r u c t u r e  slowly 
charges.  I n  t h i s  c a s e  a  l a rge  d i f f e r e n t i a l  vo l tage  can occur  i n  seconds. 
However, i t  should be  po in ted  o u t  t h a t  t h e  energy s t o r a g e  ( f o r  p o s s i b l e  d i s -  
charge pu l se s )  i s  low because of  t h e  small  capac i tance .  The d i f f e r e n t i a l  
vo l t ages  f o r  ungrounded i n s u l a t o r s  could be  l a r g e r  than t h e  2 k i l o v o l t s  ob- 
t a ined  i n  t h i s  example if d i f f e r e n t  ma te r i a l s  and environments were used. 
Although t h i s  type o f  charging mechanism i s  always pos s ib l e ,  i t  may develop 
with time i n  o r b i t  a s  a  r e s u l t  of t h e  breakup of  t h e  t h i n  vapor depos i ted  
meta l  used on t h e s e  i n s u l a t o r s .  Hence i t  i s  d i f f i c u l t  t o  p r e d i c t  and t h e  on ly  
means of  p r o t e c t i o n  would be t o  g ive  c a r e f u l  a t t e n t i o n  t o  grounding. 



Buried o r  Trapped Charge Layers  

Ground t e s t i n g  o f  d i e l e c t r i c s  w i t h  low-energy, monoenerget ic  e l e c t r o n s  
( 0  t o  20 keV) r e s u l t s  i n  charges  be ing  d e p o s i t e d  on o r  n e a r  t h e  exposed 
d i e l e c t r i c  s u r f a c e .  These incoming ( p r i m a r y )  e l e c t r o n s  g e n e r a t e  secondary 
e lec t rons ' ,  and e v e n t u a l l y  an e q u i l i b r i u m  i s  reached.  The s u r f a c e  i s  a t  a  
c h a r a c t e r i s t i c  v o l t a g e  such t h a t  t h e  n e t  c u r r e n t  t o  t h a t  s u r f a c e  i s  ze ro .  
However, i f  t h e  e l e c t r o n  e n e r g i e s  a r e  h i g h e r  ( 100 keV), t h e  incoming 
p a r t i c l e s  p e n e t r a t e  t h e  s u r f a c e  and become b u r i e d  w i t h i n  t h e  d i e l e c t r i c  o r  
p o s s i b l y  pass  completely through and t h u s  produce d i f f e r e n t  s u r f a c e  v o l t a g e  
c h a r a c t e r i s t i c s  t h a n  i n  t h e  low-energy c a s e .  I f  a  t e s t  were r u n  i n  a n  
environment combining a  r e l a t i v e l y  h igh  f l u x  of low-energy e l e c t r o n s  (e .g . ,  
5  keV) w i t h  a  lower f l u x  o f  mid-energy e l e c t r o n s  (e .g . ,  50 keV), one would 
expec t  t h e  d i e l e c t r i c  s u r f a c e  t o  respond t o  t h e  low-energy f l u x  by deve lop ing  
a  c h a r a c t e r i s t i c  v o l t a g e  and t h e  mid-energy e l e c t r o n s  t o  p e n e t r a t e  t h e  s u r f a c e  
and be b u r i e d  ( f i g .  7 ) .  A low d i f f e r e n t i a l  v o l t a g e  would t h u s  o c c u r  between 
t h e  d i e l e c t r i c  s u r f a c e  and t h e  s u b s t r a t e ,  b u t  v e r y  s t r o n g  v o l t a g e  g r a d i e n t s  
would occur  w i t h i n  t h e  d i e l e c t r i c  because o f  t h e  b u r i e d  charges .  These 
g r a d i e n t s  c o u l d  be s u f f i c i e n t  t o  t r i g g e r  d i s c h a r g e s .  

I n  space  t h e r e  i s  a  wide d i s t r i b u t i o n  of p a r t i c l e  e n e r g i e s .  Data on t h e  
subs to rm environment from t h e  P78-2 (SCATHA) i n s t r u m e n t s  ( r e f .  32)  i n d i c a t e  
t h a t  t h e r e  i s  a  l a r g e  c o n s t i t u e n t  of e l e c t r o n s  i n  t h e  mid-energy range 
( 100 keV). I n  a d d i t i o n ,  t h e r e  i s  a  s i g n i f i c a n t  i o n  f l u x  d i s t r i b u t e d  o v e r  a  
wide energy range. Under t h e s e  c o n d i t i o n s  i t  cou ld  be p o s s i b l e  t o  d u p l i c a t e  
t h e  combined-flux t e s t  j u s t  d e s c r i b e d .  The low-energy component o f  t h e  e l e c -  
t r o n  f l u x  and the i o n  f l u x  would i n t e r a c t  w i t h  t h e  s a t e l l i t e  s u r f a c e s  t o  pro- 
duce a  r e l a t i v e l y  low n e g a t i v e  s u r f a c e  v o l t a g e  ( t h e  e l e c t r o n  f l u x  dominat- 
i n g ) .  I f  t h e  s u r f a c e  were i n  s u n l i g h t ,  photoemiss ion from t h e  s u r f a c e  would 
reduce t h e  n e g a t i v e  s u r f a c e  v o l t a g e .  The mid-energy component o f  substorm 
e l e c t r o n s  c o u l d  be bur ied  w i t h i n  t h e  s a t e l l i t e  s u r f a c e s  and g e n e r a t e  s t r o n g  
v o l t a g e  g r a d i e n t s  t h a t  cou ld  t r i g g e r  d i s c h a r g e s .  Edges and i m p e r f e c t i o n s  i n  
t h e  d i e l e c t r i c  can enhance t h e  p r o b a b i l i t y  of d i s c h a r g e .  NASCAP modeling o f  

s a t e l l i t e  behav ior  does  n o t  t r e a t  t h e  concep t  o f  b u r i e d  c h a r g e ,  and SO would 
n o t  be a b l e  t o  p r e d i c t  any th ing  o t h e r  t h a n  t h e  s u r f a c e  v o l t a g e .  

T h i s  concept  o f  b u r i e d  c h a r g e  was proposed s e v e r a l  y e a r s  ago ( r e f .  33)  
and i s  c u r r e n t l y  be ing  e v a l u a t e d  a n a l y t i c a l l y  ( r e f .  34)  and e x p e r i m e n t a l l y  
( r e f .  3 5 ) .  A  c r i t e r i o n  f o r  breakdown found i n  t h e  e x p e r i m e n t a l  work i s  a  
g r a d i e n t  i n  excess  o f  2x105 v o l t s  p e r  c e n t i m e t e r .  Although t h i s  mechanism 
appears  t o  be a  l o g i c a l  means of producing d i s c h a r g e s  i n  s a t e l l i t e s ,  
a d d i t i o n a l  s t u d i e s  must be conducted.  

A phenomenon t h a t  might be  r e l a t e d  t o  t h i s  proposed t rapped-charge 
mechanism i s  a  d i s c h a r g e  t h a t  i s  g e n e r a t e d  i n  low-energy-electron-beam ground 
t e s t s .  Th i s  type o f  d i s c h a r g e ,  which o c c u r s  i n f r e q u e n t l y  b u t  r e p e a t e d l y  when 
d , i e l e c t r i c s  have been d i f f e r e n t i a l l y  charged  t o  a  few k i l o v o l t s ,  i s  u s u a l l y  
ignored because  of t h e  smal l  r e s u l t a n t  p u l s e  and c h a r g e  l o s s .  I n  view of t h e  
low p r e d i c t e d  d i f f e r e n t i a l  v o l t a g e s  on s a t e l l i t e s ,  however, t h e s e  l o r v o l t a g e  
d i s c h a r g e s  should be  r e e v a l u a t e d .  



Pos i t i ve  D i f f e r e n t i a l  Voltages 

A p o s i t i v e  d i f f e r e n t i a l  vo l t age  e x i s t s  when t h e  d i e l e c t r i c  s u r f a c e  i s  a t  
a  l e s s  nega t ive  vol tage  than the  subs t ruc ture .  I f  t h e r e  a r e  c r acks ,  edges, o r  
gaps t h a t  expose t h e  subs t ruc tu re  through t h e  d i e l e c t r i c ,  a  smal l  " e l ec t ron  
gun1' e x i s t s ,  with the  subs t ruc tu re  forming a  cathode and the  d i e l e c t r i c  t he  
a c c e l e r a t o r  p l a t e s .  Discharges a r e  poss ib le  i f  t h e  d i f f e r e n t i a l  vo l tage  
becomes l a rge  enough. 

A s  an  example of t h i s  mechanism, cons ider  t h e  p red ic t ed  d i f f e r e n t i a l  
vo l t ages  f o r  t he  s o l a r  a r r a y  on the  model used i n  t h i s  s tudy ( f i g .  8). The 
coverg lass  p r o p e r t i e s  inc lude  a  h i g h - s e c ~ n d a r ~ - ~ i e l d ,  magnesium f l u o r i d e  
a n t i r e f l e c t i o n  coa t ing  commonly used on space s o l a r  a r r ays .  A very s t rong  
p o s i t i v e  d i f f e r e n t i a l  vo l tage  e x i s t s  i n  t h e  middle and o u t e r  a r e a s  of t h i s  
a r r a y  during the  very in t ense  phases of t he  substorm and i s  e s p e c i a l l y  l a rge  
i n  e c l i p s e  ( 1 kV). S tud ie s  of s o l a r  a r r a y  segments wi th  the  e l e c t r i c a l  
c i r c u i t  biased t o  nega t ive  vol tages while exposed t o  plasma environments have 
shown t h a t  breakdowns a r e  poss ib l e  ( r e f .  3 6 ) .  Since t h e  labora tory  breakdown 
phenomenon occurred under condi t ions  analogous t o  those  predic ted  here ,  it i s  
conceivable  t h a t  s p a c e c r a f t  discharges could r e s u l t  from t h i s  mechanism. 
S tudies  conducted with an e l e c t r i c a l l y  f l o a t i n g  s o l a r  a r r a y  i r r a d i a t e d  by 
monoenergetic e l e c t r o n s  have a l s o  ind ica ted  d ischarge  p a t t e r n s  ( r e f .  37).  

Although only s o l a r  a r r ays  have been discussed he re in ,  s i m i l a r  condi t ions  
a r e  p red ic t ed  t o  e x i s t  f o r  d i e l e c t r i c  booms on s a t e l l i t e s  ( r e f .  27) .  In  
e i t h e r  case  i t  i s  important and necessary t o  pursue s t u d i e s  of t h i s  breakdown 
mechanism. 

CONCLUDING REMARKS 

Reviews of geosynchronous s a t e l l i t e  d a t a  from ATS-5 t o  P78-2 (SCATHA) 
have ind ica t ed  t h a t  s a t e l l i t e  sur faces  a r e  charged by t h e  geomagnetic 
environment, t h a t  discharges occur ,  tha t  pulses  from discharges  can couple 
i n t o  s p a c e c r a f t  harnesses ,  and t h a t  e l e c t r o n i c  switching anomalies can 
r e s u l t .  Ground s imula t ion  t e s t i n g  has concent ra ted  on d ischarge  phenomena 
r e s u l t i n g  from l a r g e  d i f f e r e n t i a l  vo l tages  ac ros s  d i e l e c t r i c s  under t h e  
impression t h a t  la rge  vol tage  d i f f e r ences  were poss ib l e  i n  space condi t ions .  
Such t e s t i n g  has r e s u l t e d  i n  ca ta loging  t h e  c h a r a c t e r i s t i c s  of l a r g e  
d i f f e r e n t i a l  discharges.  

A n a l y t i c a l  modeling of  s a t e l l i t e s  i n  geosynchronous environments with t h e  
NASCAP code has matured t o  a  po in t  where p red ic t ions  agree  with observed 
charg ing  t rends .  The r e s u l t s  of  computations based on t h i s  modeling i n d i c a t e  
t h a t  d i f f e r e n t i a l  vo l t ages  on s a t e l l i t e s  a r e  cons iderably  smal le r  than those 
r equ i r ed  t o  t r i g g e r  d ischarges  i n  ground t e s t s ,  an  i n d i c a t i o n  t h a t  discharges 
on s a t e l l i t e s  i n  space a r e  not  t he  same a s  those s tud ied  i n  ground s imula t ion  
t e s t s .  Therefore i t  became necessary t o  explore  o t h e r  mechanisms t h a t  could 
lead t o  d ischarges  on s a t e l l i t e s .  

Three poss ib l e  mechanisms a r e  suggested i n  t h i s  r epo r t .  The f i r s t  i s  
ungrounded i n s u l a t o r s ,  where t h e  d i e l e c t r i c  i s  weakly c a p a c i t i v e l y  coupled t o  
t h e  s t r u c t u r e  and can  charge r ap id ly .  The second i s  t h e  buried charge l aye r ,  



where the mid-energy component of the electron flux in substorms can be buried 
or trapped within the drelectric, producing strong internal voltage gradients 
and possibly triggering discharges. The third is positive differential 
voltages, which can occur when the structure is more negative than the 
surrounding dielectric. 

Each of these proposed mechanisms must be studied to determine if it 
could be responsible for the spacecraft charging type of discharges. To date, 
little work has been done on any of them. It is necessary to establish these 
discharge mechanisms consistent with ground tests, analysis, and space data in 
order to define a credible discharge criterion for designers to use. 
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TABLE I. - TYPICAL DISCHARGE CHARACTERISTICS 

[Ground s i m u l a t i o n  t e s t . ]  

Breakdown t h r e s h o l d s  : 

. . . . .  D i e l e c t r i c  punchthrough, V/cm ( k ~ / m i l )  3x106 ( 7 )  
Edge breakdown, V/cm ( k v l m i l ) :  

Tef lon and Kapton . . . . . . . . . . . . . . .  --lo6 ( 3 )  
S o l a r  c e l l s  . . . . . . . . . . . . . . . . .  - 4 ~ 1 0 5  ( 1 )  

Area s c a l i n g  f o r  d i s c h a r g e s :  

Return c u r r e n t  ampl i tude  . . . . . . . . . . . .  I a AI/* 
Pulse d u r a t i o n  . . . . . . . . . . . . . . . . .  I a 

Discharge p ropaga t  i o n  v e l o c i t y ,  cmlsec . . . . . . . .  2 x 1 0 ~  
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Figure 1. -Occurrence d satellite anomalies in local time. 
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Figure 2. - ATS-6 environment data - local time distributions. 
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Figure 4 - Typical geosynchronous communications satellite. 
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