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SUMMARY 

One o f  the  goals o f  spacecraf t  charging s tud ies  has been t o  develop 
engineer ing design t o o l s  t h a t  can' be used t o  p r e d i c t  t h e  development o f  
absolute and d i f f e r e n t i a l  p o t e n t i a l s  by l l r e a l i s t i c "  (i.e., complex i n  
geometry and s u r f  ace composit ion) spacecraft  under geomagnetic substorm 
condi t ions.  Two types o f  analyses are i n  cu r ren t  use. One i s  embodied i n  
t h e  NASCAP code, which computes quas i -s ta t ic  charg ing o f  geomet r ica l l y  
complex ob jec ts  w i t h  m u l t i p l e  surface m a t e r i a l s  i n  th ree  dimensions. The 
second approach i s  represented by  lumped-element equ iva len t  c i r c u i t  models 
t h a t  have been developed and used by several  aerospace corpora t ions  f o r  
analyses o f  p a r t i c u l a r  spacecraft .  The equ iva len t  c i r c u i t  models have t h e  
advantage o f  r e q u i r i n g  very l i t t l e  computation time. However, they cannot 
account f o r  e f f e c t s ,  such as the  format ion o f  p o t e n t i a l  b a r r i e r s ,  t h a t  are 
i n h e r e n t l y  mul t id imensional .  How much d i f f e r e n c e  does t h i s  make i n  
p r e d i c t i o n s  o f  charg ing response? The study repor ted  here in  prov ides an 
answer t o  t h i s  quest ion. 

An a v a i l a b l e  charging study f o r  t he  Defense s a t e l l i t e  Communication 
System (DSCS-111) spacecraf t  was used f o r  an equ iva len t  c i r c u i t  model. 
T h i s  r e p o r t  presents a  charging study o f  t h i s  spacecraf t  made w i t h  the  NASA 
Charging Analyzer Program (NASCAP). The spacecraf t  model i s  based on t h e  
d e s c r i p t i o n  g iven i n  reference 1 and incorpora tes  the  ma te r ia l  p r o p e r t i e s  
g iven there in .  Charging s imu la t i on  i s  done i n  t h e  environment chosen f o r  
t h a t  study f o r  bo th  equinox and s o l s t i c e  i nso la t i on .  Steady-state 
p o t e n t i a l s  o f  s t r u c t u r e  and i n s u l a t i o n  are  compared w i t h  those r e s u l t i n g  
f rom t h e  equ iva len t  c i r c u i t  model, and t h e  d i f f e rences  are discussed. 

I NTRODUCT I ON 

Various computer models have been developed t h a t  attempt t o  p r e d i c t  
sur face charging o f  s a t e l l i t e s  i n  geosynchronous o r b i t .  Among these are  
equ iva len t  c i r c u i t  models ( re fs .  1 and 2) ,  one-dimensional Langmuir probe 
models ( r e f s .  3 and 4),  and mult idimensional codes ( r e f s .  5  t o  7 ) .  The 
mul t id imensional  s tud ies  have indicated the  fo rmat ion  o f  p o t e n t i a l  b a r r i e r s  
t h a t  c u t  o f f  low-energy secondary and photoe lec t ron  emission, a l l ow ing  t h e  
development o f  negat ive p o t e n t i a l s  on s u n l i t  surfaces. By cont ras t ,  t he  
equ iva len t  c i r c u i t  models genera l l y  assume t h a t  s u n l i t  surfaces are h e l d  
near space p o t e n t i a l  by photoemission. What e f f e c t  do such s i m p l i f y i n g  
assumptions have on t h e  pred ic ted  charging response o f  a  spacecraft? Des i re  
f o r  an answer t o  t h i s  quest ion prompted the  study repor ted  herein. 

Th i s  paper compares the  charging p r e d i c t i o n s  o f  an equ iva len t  c i r c u i t  
model w i t h  those o f  a  mult idimensional code, NASCAP ( r e f .  5). The DSCS-I11 
spacecraf t  was chosen f o r  t h e  comparison because an equ iva len t  c i r c u i t  s tudy 
performed on i t  ( r e f .  1) a l so  provided s u f f i c i e n t  d e s c r i p t i o n  o f  t he  
spacecraf t  t o  a1 low development o f  a  NASCAP model. The NASCAP model was 



designed t o  represent  t h e  dimensions, geometry, and sur face  m a t e r i a l  
d i s t r i b u t i o n  of DSCS-I11 as c l o s e l y  as poss ib le .  Three d i f f e r e n t  se t s  o f  
m a t e r i a l  p rope r t y  parameters were used: s tandard NASCAP p rope r t i es ,  "group 
A"  p r o p e r t i e s ,  and "group B" p rope r t i es .  Group A  p r o p e r t i e s  c o n s i s t  o f  t h e  
va lues  f o r  d i e l e c t r i c  constant ,  th ickness,  and b u l k  c o n d u c t i v i t y  s p e c i f i e d  
i n  t h e  c i r c u i t  s tudy and s tandard NASCAP values f o r  a l l  o t h e r  m a t e r i a l  
p r o p e r t y  parameters. Group B  p r o p e r t i e s  c o n s i s t  o f  t he  s p e c i f i e d  d i e l e c t r i c  
constant ,  th ickness, and c o n d u c t i v i t y  va lues p l u s  a  s e t  o f  secondary 
e l e c t r o n  y i e l d  parameters c o n t r i v e d  t o  match as c l o s e l y  as p o s s i b l e  t h e  
y i e l d  f r a c t i o n s  used i n  t h e  c i r c u i t  study. 

A l though t h e  equ i va len t  c i r c u i t  model produced o n l y  s teady-s tate 
p o t e n t i a l s ,  which p rov ide  t h e  b a s i s  f o r  comparison and a re  t h e  focus  o f  t h i s  
r e p o r t ,  some t r a n s i e n t  e f f e c t s  seen i n  NASCAP s imu la t i ons  a re  notea. 

SPACECRAFT MODEL 

Geometry 

The geometry and dimensions o f  t h e  DSCS-I11 s a t e l l i t e  and i t s  NASCAP 
model a re  i l l u s t r a t e d  i n  f i g u r e s  1 and 2. Areas o f  va r i ous  sur face  
m a t e r i a l s  are l i s t e d  f o r  bo th  i n  t a b l e  I and compared i n  terms o f  abso lu te  
area and percentage. The NASCAP model i s  de f i ned  i n  terms o f  r e c t a n g u l a r  
para1 l e l  i p i  peds, octagons, wedges, f 1  a t  p l a tes ,  and booms i n s i d e  a  1 7 x 1 7 ~ 3 3  
g r i d .  The leng th  o f  each g r i d  c e l l  represen ts  a  l e n g t h  o f  0.3 meter. Each 
c e l l  on t h e  model's su r face  i s  assumed t o  c o n s i s t  o f  some m a t e r i a l  s p e c i f i e d  
i n  t h e  o b j e c t ' s  d e f i n i t i o n .  The sur faces  and s o l a r  a r r a y s  a r e  d o t t e d  w i t h  
c e l l s  s p e c i f i e d  t o  have conduc t ing  sur faces rep resen t i ng  t h e  exposed meta l  
t y p i c a l  l y  found on spacecra f t .  

Two models were devised: one f o r  t he  dawn c o n d i t i o r r  w i t h  t h e  s o l a r  
a r r a y  wings o r i en ted  as shown i n  f i g u r e  2, and one f o r  t h e  e c l i p s e  case w i t h  
t h e  s o l a r  ar rays r o t a t e d  900 so t h a t  t hey  f a c e  "Earthward." The s o l a r  
a r r a y s  a re  represented as f l a t  p l a tes ,  which must be i n  o r thogona l  g r i d  
planes. The GDA and MBA antennas are modeled as p r o t r u d i n g  octagons and 
r e c t a n g l e s  because t h e i r  shadowing e f f e c t s  and r e l a t i v e  s i z e  can i n f l u e n c e  
t h e  r e s u l t s .  

M a t e r i a l s  

The e i g h t  m a t e r i a l s  used f o r  t h e  sur faces  o f  t h e  DSCS-I11 were modeled 
i n  t h r e e  d i f f e r e n t  ways. F i r s t ,  m a t e r i a l s  s i m i l a r  t o  t h e  ac tua l  DSCS-I11 
m a t e r i a l s  were se lec ted  from NASCAP1s l i b r a r y :  "ASTROQUARTZ" f o r  t h e  s i l i c a  
b lankets ,  NS102" f o r  OSR1s, "SOLARu f o r  t h e  s o l a r  arrays, "NPAINT" 
(nonconduct ing p a i n t )  f o r  Chemglaze, "ITOH f o r  ind ium t i n  oxide, and 
"ALUMINUM" f o r  t h e  exposed metal .  Second, t h e  e x p l i c i t l y  de f i ned  p r o p e r t i e s  
o f  d i e l e c t r i c  constant ,  th i ckness ,  and r e s i s t i v i t y ,  as g i ven  i n  r e fe rence  1, 
were i n s e r t e d  f o r  each m a t e r i a l ,  w i t h  a l l  o t h e r  m a t e r i a l  parameters 
rema in ing  standard NASCAP. T h i s  s e t  of p r o p e r t i e s  i s  r e f e r r e d  t o  h e r e i n  
as "group A." Th i rd ,  t h e  m a t e r i a l s '  secondary e l e c t r o n  y i e l d  p r o p e r t y  
parameters were a l s o  ad jus ted  i n  o rde r  t o  reproduce as c l o s e l y  as p o s s i b l e  
t h e  secondary y i e l d s  spec i f i ed  i n  t h e  lumped-c i rcu i t  study. T h i s  s e t  i s  
r e f e r r e d  t o  as "group " B . "  



The r a t i o n a l e  f o r  us i ng  these several  se t s  o f  m a t e r i a l  p r o p e r t i e s  was 
t o  examine d i f f e r e n t  aspects o f  t h e  charging response o f  t he  model. The 
f i r s t  se t ,  s tandard NASCAP, p rov ides  a base l ine .  The group A parameters 
rep resen t  those  l i k e l y  t o  be chosen by a  spacecra f t  des igner  us ing  NASCAP. 
The group B  parameters should a l l o w  i d e n t i f i c a t i o n  o f  t h e  magnitude o f  
d imensional  e f f e c t s  by e l i m i n a t i n g  as much as p o s s i b l e  those e f f e c t s  due t o  
d i f f e r e n c e s  i n  secondary e l e c t r o n  y i e l d  f o r m u l a t i o n s  between NASCAP ana t h e  
lumped-c i rcu i t  model. 

Parameters f o r  use i n  t h e  group B p r o p e r t y  se t  were dev ised by us ing  
MTCHG, a  s imp le  code t h a t  incorpora tes  t h e  NASCAP secondary e l e c t r o n  y i e l d  
f o rmu la t i ons .  MTCHG does a  one-dimensional c a l c u l a t i o n  f o r  charg ing  o f  a  
s i n g l e  m a t e r i a l  su r face  by u s i n g  a  spher ica l  probe approx imat ion i n  
c o n j u n c t i o n  w i t h  a  s p e c i f i e d  Maxwel l ian ( o r  double Maxwel l ian)  f l u x .  
Two secondary e l e c t r o n  y i e l d  f o rmu la t i ons  a re  a v a i l a b l e :  "NORMAL," which 
c a l c u l a t e s  y i e l d s  assuming no rma l l y  i n c i d e n t  p r imar ies ;  and "ANGLE," which 
assumes i s o t r o p i c  p r imar ies .  

To c a l c u l a t e  secondary e l e c t r o n  emission f rom e l e c t r o n  impact, NASCAP 
uses s i x  m a t e r i a l  p r o p e r t i e s :  f o u r  t h a t  determine t h e  shape o f  t h e  curve 
d i s p l a y i n g  normal ized y i e l d  as a  f u n c t i o n  o f  p r imary  energy; t h e  maximum 
y i e l d  f o r  norma l l y  i n c i d e n t  p r imar ies ,  6,; and t he  p r imary  energy a t  
which sm occurs, Em. Backscat tered e l e c t r o n  y i e l a  i s  c a l c u l a t e d  by 
u s i n g  t h e  atomic number z. C a l c u l a t i o n  o f  secondary e l e c t r o n  y i e l d  due t o  
p r o t o n  impact as a  f u n c t i o n  o f  incoming p ro ton  energy r e q u i r e s  two 
parameters:  p r imary  energy f o r  maximum power l o s s  (aes igna ted  Ep), and 
e l e c t r o n  y i e l d  f o r  1-keV pro tons  i nc i den t .  F o r  more d i scuss ion  o f  these 
parameters see, f o r  example, re ferences 7  and 8. 

Massaro and L i n g ' s  ( r e f .  1) secondary e l e c t r o n  y i e l d  c o e f f i c i e n t s  a r e  
s imp l y  cons tan t  f r a c t i o n s  i n d i c a t i n g  secondary e l e c t r o n s  ou t  per  p r imary  
e l e c t r o n  o r  ion.  The va lues given, 0.75 f o r  a l l  d i e l e c t r i c s  and 0.50 f o r  
a l l  metals,  apply  t o  bo th  e l e c t r o n  and ion-generatea secondaries. These 
f r a c t i o n s  i n c l u d e  backsca t te red  as we l l  as " t r u e "  secondary e l ec t rons .  
As p a r t  o f  i t s  charg ing  c a l c u l a t i o n s ,  MATCHG p r i n t s  ou t  t h e  var ious  c u r r e n t  
d e n s i t i e s  t o  t h e  su r f ace  m a t e r i a l  being charged a t  va r i ous  t imes. I n  t h i s  
work t h e  i n i t i a l  va lues o f  t h e  c u r r e n t  a e n s i t i e s  were used. For  each 
m a t e r i a l  t h e  r a t i o  o f  e lect ron- inauced secondary e l e c t r o n  p l u s  backsca t te red  
e l e c t r o n  c u r r e n t  d e n s i t i e s  t o  i n c i d e n t  e l e c t r o n  c u r r e n t  d e n s i t y  was computed 
and t aken  as t h e  " y i e l d  f r a c t i o n . "  The maximum y i e l d  was then  var ied ,  and 
t h e  c a l c u l a t i o n  was repeated u n t i l  the des i r ed  y i e l d  f r a c t i o n  was ob ta ined  
(0.75 f o r  d i e l e c t r i c s ,  0.50 f o r  metals) .  S i m i l a r l y ,  t h e  r a t i o  o f  
ion- induced secondary e l e c t r o n  cu r ren t  d e n s i t y  t o  i n c i d e n t  i o n  c u r r e n t  
d e n s i t y  was computed, ana t h i s  f r a c t i o n  was ad jus ted  by va ry i ng  t h e  y i e l d  
f o r  1-keV p r i m a r i e s  i n c i d e n t .  Th i s  procedure was f o l l o w e d  f o r  each 
m a t e r i a l ,  f o r  b o t h  secondary emiss ion f o rmu la t i ons  (ANGLE and NORMAL), 
and produced two se t s  of group B parameter values per  ma te r i a l ,  e i t h e r  
o f  which generates t h e  p roper  i n i t i a l  f r a c t i o n s  f o r  t h e  secondary y i e l a  
c o e f f i c i e n t s .  A l l  o f  t h i s  was done by us ing  t h e  same environment t o  be used 
i n  t h e  l a t e r  NASCAP c a l c u l a t i o n s .  The same environment was Used because i n  
t h e  NASCAP f o r m u l a t i o n s  t h e  y i e l d  f r a c t i o n s  depend on t h e  environment as 
w e l l  as on t h e  m a t e r i a l  p rope r t i es .  

Table I 1  summarizes t h e  m a t e r i a l  p r o p e r t y  parameter se ts  (s tandard  
NASCAP, group A, group B (ANGLE), and group B (NORMAL)) used f o r  t h i s  
study. Inc luded  a re  t h e  i n i t i a l  secondary y i e l d  f r a c t i o n s  f o r  each se t  of 



secondary y i e l d  parameters, labeled fe (e lec t rons )  and fp (pro tons) .  
Changing t h e  y i e l d  f r a c t i o n s  can have a  s i g n i f i c a n t  e f f e c t  on charging 
response, as i s  i 1 l u s t r a t e d  i n  f i g u r e  3, where MATCHG1s p red i c ted  
e q u i l i b r i u m  p o t e n t i a l s  are p l o t t e d  as a  f u n c t i o n  o f  y i e l d  f r a c t i o n  f o r  t h e  
o p t i c a l  s o l a r  r e f l e c t o r  (OSR) p rope r t i es  (see a lso  r e f .  8). 

Study Desc r ip t i on  

The plasma environment chosen f o r  t h i s  study i s  t h a t  used by Massaro 
and L i n g  ( r e f .  1 )  f o r  a  "severe substorm." I t  i s  a  s i n g l e  Maxwel l ian 
d i s t r i b u t i o n  character ized by kTe.= 7 keV, kT i  = 8.8 keV, ja = 0.5 n4/cm2, 
and j i o  = 10 p ~ / c d .  NASCAP requ i res  number d e n s i t i e s  r a t h e r  than 
c u r r e n t  d e n s i t i e s  as input ,  so conversion was made by the  formula 

f o r  each species. Number dens i t i es  were ca l cu la ted  t o  be ne = n i  = 2/cm3. 
A l l  ca l cu la t i ons  used t h i s  plasma environment d e f i n i t i o n .  

Three d i f f e r e n t  s u n l i g h t  cond i t ions  were inves t iga ted :  dawn a t  
equinox, dawn a t  summer so l s t i ce ,  and midnight  a t  equinox. Various 
combinations o f  ma te r i a l  p roper t ies ,  secondary emission formulat ion,  ana 
i n s o l a t i o n  were examined; these are summarized i n  t a b l e  111. Fo r  each case 
the  s imu la t ion  began w i t h  a l l  surfaces a t  zero p o t e n t i a l  and was al lowed t o  
r u n  f o r  40 minutes o f  simulated t ime t o  reach equ i l i b r i um.  By cont ras t ,  
Massaro and L i n g ' s  r e s u l t s  ( r e f .  1) are g iven as e q u i l i b r i u m  p o t e n t i a l s  hour 
by hour as the Sun angle changes. 

From t h e  standpoint  o f  a  hypothet ica l  designer using NASCAP t o  study 
charging f o r  t h i s  spacecraft ,  the  group A  p rope r t y  se t  seems t h e  l o g i c a l  
choice. Given t h i s  se t  o f  ma te r i a l  p rope r t i es  the  NORMAL secondary y i e l d  
fo rmu la t i on  represents a  "worst case" i n  a  g iven environment, and the  ANGLE 
fo rmu la t i on  represents a  "most probable" case. For t h i s  study emphasis i s  
on the  worst case s i t u a t i o n  (i.e., NORMAL fo rmu la t i on ) ,  bu t  r e s u l t s  f o r  t he  
ANGLE case i n  t he  dawn equinox cond i t i on  are a lso  presented f o r  comparison. 

RESULTS 

Dawn a t  Equinox 

As i s  evident f rom t a b l e  I 1 1  the  dawn-at-equinox case was the  most 
thoroughly examined. I t  i s  t he re fo re  used as a  "basel ine1' case w i t h  which 
t o  compare r e s u l t s  obta ined by us ing the  var ious  sets o f  NASCAP mate r ia l  
parameters, as w e l l  as f o r  comparing NASCAP and c i r c u i t  model r e s u l t s .  
Dif ferences among NASCAP r e s u l t s  w i t h  the  group A (ANGLE), group A (NORMAL), 
and group B p rope r t i es  should i n d i c a t e  the  i n f l u e n c e  o f  secondary e l e c t r o n  
y i e l d s  on pred ic ted  po ten t i a l s .  D i f fe rences between group B  and c i r c u i t  
model r e s u l t s  should i n d i c a t e  t h e  i n f l uence  o f  three-dimensional e f fec ts  
such as p o t e n t i a l  b a r r i e r  formation. 

As can be seen f rom t a b l e  I 1  the  secondary e l e c t r o n  y i e l d  f r a c t i o n s  f o r  
group A p rope r t i es  w i t h  the  ANGLE formula t ion  are l a r g e r  than those f o r  
group A p rope r t i es  w i t h  the  NORMAL formulat ion. The group B p r o p e r t i e s  



y i e l d  f r a c t i o n  f o r  i n c i d e n t  e lect rons (0.75) i s  between the  two group A 
f r a c t i o n s  f o r  most o f  the  insu la tors .  Th is  would lead one t o  expect the  
group A  (NORMAL) p rope r t i es  t o  r e s u l t  i n  t he  most negat ive absolute 
p o t e n t i a l s ,  t he  group A (ANGLE) p rope r t i es  t o  y i e l d  the  l e a s t  negat ive 
absolute p o t e n t i a l s ,  and the  group B p rope r t i es  t o  y i e l d  in te rmed ia te  
r e s u l t s .  That t h i s  i s  the  case can be seen from the  summary o f  steady-state 
p o t e n t i a l s  f o r  these cases given i n  t a b l e  I V .  The t a b l e  a l so  i l l u s t r a t e s  
t h e  s e n s i t i v i t y  o f  the  r e s u l t s  t o  the choice o f  secondary e l e c t r o n  y i e l d  
parameters and formulat ion. C l e a r l y  t h e  magnitude o f  t he  absolute 
p o t e n t i a l s  i s  d ramat i ca l l y  a f fec ted  by the  choice o f  y i e l d  formulat ion.  
The d i f f e r e n t i a l  p o t e n t i a l s  ( "de l tasu )  are a l so  s t r o n g l y  a f f e c t e d  i n  
magnitude and i n  some cases a lso  i n  p o l a r i t y .  I n  t h i s  t a b l e  and subsequent 
ones, t h e  i n s u l a t o r  p o t e n t i a l s  1  i sted are  f o r  ' the appropr ia te  i n s u l a t o r  c e l l  
having the  l a r g e s t  d i f f e r e n t i a l  po ten t i a l .  

Resu l ts  obtained by us ing the  group B p rope r t i es  are s i m i l a r  t o  those 
obta ined by us ing group A (NORMAL); t h a t  i s ,  they y i e l d  more nea r l y  a  worst 
case than does a  nominal se t  o f  NASCAP pred ic t ions .  Th i s  i s  p a r t i c u l a r l y  
i n t e r e s t i n g  when the  NASCAP r e s u l t s  are compared w i t h  those o f  the  c i r c u i t  
study. From t a b l e  V and f i g u r e  4  i t  i s  apparent t ha t ,  w i t h  the  except ion o f  
t h e  OSR1s, p red i c ted  absolute p o t e n t i a l s  f rom the  c i r c u i t  study resemble 
those f rom the  group A  (ANGLE) c a l c u l a t i o n  much more nea r l y  than those f rom 
t h e  group A (NORWL) o r  group B ca lcu la t ions .  The c i r c u i t  s tudy 's  p red ic ted  
OSR p o t e n t i a l s  alone are s i m i l a r  t o  t h e  worst-case NASCAP pred ic t ions .  
There are a l so  no tab le  d i f f e rences  i n  p red i c ted  s t r u c t u r e  po ten t i a l .  The 
two worst-case NASCAP c a l c u l a t i o n s  y i e l d  s t r u c t u r e  p o t e n t i a l s  i n  t h e  range 
-2 t o  -3 k i l o v o l t s .  Even the  group A (ANGLE) c a l c u l a t i o n  y i e l d s  a  s t r u c t u r e  
p o t e n t i a l  o f  -645 vo l t s ,  more than three t imes the  c i r c u i t  s tudy ' s  
p r e d i c t i o n  o f  -200 vo l t s .  Th is  i s  undoubtedly due t o  the  format ion o f  
p o t e n t i a l  b a r r i e r s  t h a t  suppress emission o f  low-energy secondary e lec t rons  
and photoelectrons, an e f f e c t  which NASCAP accounts f o r  bu t  f o r  which the 
c i r c u i t  code cannot. 

For  assessing p o t e n t i a l l y  hazardous areas absolute p o t e n t i a l s  are o f  
l e s s  i n t e r e s t  than d i f f e r e n t i a l  p o t e n t i a l s  across i n s u l a t i o n  because t h e  
l a t t e r  represents the  e l e c t r i c  s t ress on a  mater ia l .  The d i f f e r e n t i a l  
p o t e n t i a l s  a re  l i s t e d  i n  t a b l e s  I V  and V as "del tas,"  and i l l u s t r a t e d  i n  
f i g u r e  4  by the  c rossha tched  areas. They are somewhat eas ie r  t o  see when 
p l o t t e d  separa te ly  from the  s t ruc tu re  p o t e n t i a l s ,  as i s  done i n  f i g u r e  5. 
Here i t  i s  c l e a r  t ha t ,  desp i te  t h e  s i m i l a r i t y  i n  absolute p o t e n t i a l s  o f  the  
OSR's f o r  t h e  c i r c u i t  study and t h e  worst-case NASCAP ca l cu la t i ons ,  the  
c i r c u i t  study p r e d i c t s  a  much la rger  s t ress  on t h i s  ma te r i a l  (-5.2 kV as 
compared w i t h  -2.8 kV f o r  NASCAP). 

On the  o ther  hand, both the  group A  (NORMAL) and the  group B NASCAP 
c a l c u l a t i o n s  p r e d i c t  r e l a t i v e l y  large d i f f e r e n t i a l s  across the  s i l i c a  c l o t h  
composite on the  MBA antennas, and across the  570 c l o t h  on the Ear th  
coverage horn, which were pred ic ted  by the  c i r c u i t  study t o  have much lower 
stresses. The NASCAP values quoted are  f o r  shaded po r t i ons  o f  these 
m a t e r i a l s  and i n d i c a t e  t h a t  these are p o t e n t i a l l y  hazardous areas from a  
charging standpoint  t h a t  were no t  i d e n t i f i e d  i n  the  c i r c u i t  study; NASCAP 
a l so  p r e d i c t s  much l a r g e r  d i f f e r e n t i a l s  f o r  t h e  527 s i l i c a  c l o t h  on the  
n o r t h  and south panels than does the c i r c u i t  study. 



Dawn: Equinox Compared w i t h  S o l s t i c e  

The c i r c u i t  s tudy  found dramat ic  d i f f e r e n c e s  i n  t he  p o t e n t i a l s  o f  t he  
south p a n e l ' s  527 s i l i c a  c l o t h  and OSR1s between equinox and summer s o l s t i c e  
c o n d i t i o n s  o f  i l l u m i n a t i o n :  t h e  south OSR1s were a t  -5.37 k i l o v o l t s  a t  
equinox and zero v o l t  a t  s o l s t i c e ,  and t h e  527 c l o t h  was a t  -0.365 v o l t  a t  
equinox and zero v o l t  a t  s o l s t i c e .  By con t ras t ,  NASCAP p r e d i c t e d  o n l y  
s l i g h t  d i f f e r e n c e s  i n  t h e  south panel p o t e n t i a l s  f o r  t h e  two cond i t i ons .  
Tab le  V I  summarizes t h e  abso lu te  p o t e n t i a l s  o f  t h e  spacecra f t  and t h e  n o r t h  
and south panel  su r faces  as computed by NASCAP us ing  group A  (NORMAL) and as 
g i ven  by t h e  c i r c u i t  study. Corresponding d i f f e r e n t i a l  p o t e n t i a l s  are 
i l l u s t r a t e d  i n  f i g u r e  6. The l ack  o f  d ramat ic  change i n  t h e  south panel  
p o t e n t i a l s  between equinox and s o l s t i c e  i s  e v i d e n t l y  a combined consequence 
o f  t h e  low Sun angle (670 t o  t h e  sur face  normal)  and t he  f o rma t i on  o f  
l o c a l  p o t e n t i  a1 b a r r i e r s .  

As was t h e  case f o r  equinox t h e  worst-case NASCAP p r e d i c t i o n s  o f  
d i f f e r e n t i a l  p o t e n t i a l s  on shaded OSR's a re  sma l l e r  than  those f rom t h e  
c i r c u i t  study, but t h e  s i l i c a  c l o t h  i s  p r e d i c t e d  t o  have l a r g e r  d i f f e r e n t i a l  
p o t e n t i a l s  by NASCAP. 

M idn igh t  a t  Equinox 

The f i n a l  c o n d i t i o n  examined was passage i n t o  ec l i pse .  Fo r  t h i s  
c o n d i t i o n  t h e  NASCAP s i m u l a t i o n  was begun w i t h  a1 1  sur faces a t  zero 
p o t e n t i a l  i n  s u n l i g h t  and cont inued u n t i l  e q u i l i b r i u m  was reached. Then t h e  
Sun was " t u r n e d  o f f "  t o  s imu la te  e c l i p s e  en t r y ,  and t he  computat ion was 
con t inued  u n t  i 1  steady s t a t e  was aga in  a t t a i ned .  Steady-state p o t e n t i a l s  
a re  g i ven  i n  t a b l e  V I I .  The values l i s t e d  as "be fo re  ec l i pse "  f o r  t h e  
NASCAP computat ion a re  those j u s t  be fo re  e c l i p s e  en t r y .  They a re  compared 
t o  va lues quoted f o r  a  t i m e  o f  2300 i n  t h e  c i r c u i t  study. The va lues l i s t e d  
as "du r i ng  ec l ipse"  a re  NASCAP's e q u i l i b r i u m  va lues ( a t  about 20 min a f t e r  
e c l i p s e  e n t r y )  and t h e  c i r c u i t  s t udy ' s  values f o r  a  t ime o f  2400. Fo r  t h i s  
c o n d i t i o n  Massaro and L i n g  ( r e f .  1 )  p resen t  p o t e n t i a l s  o n l y  f o r  t h e  
s t r u c t u r e  and the OSR m a t e r i a l ,  which had t h e  l a r g e s t  d i f f e r e n t i a l  p o t e n t i a l .  

Resu l t s  from t h e  two computat ions a re  s t r i k i n g l y  d i f f e r e n t .  The 
c i r c u i t  s tudy r e s u l t s  i n d i c a t e  a  dramat ic  cnange i n  s t r u c t u r e  p o t e n t i a l  i n  
e c l i p s e  (-14.16 kV as compared w i t h  -240 V i n  s u n l i g h t )  and a  concur ren t  
d ramat ic  r educ t i on  i n  d i f f e r e n t i a l  p o t e n t i a l s  (160 V as compared w i t h  
-5.16 kV on t h e  OSR's i n  s u n l i g h t ) .  The l a t t e r  i m p l i e s  t h a t  a l l  t h e  
i n s u l a t o r s  have p o t e n t i a l s  w i t h i n  160 v o l t s  of t h e  s t r u c t u r e  p o t e n t i a l  
accord ing t o  t h i s  model. The NASCAP c a l c u l a t i o n  (group A  (NORMAL)) p r e d i c t s  
a  l a r g e r  s t r u c t u r e  p o t e n t i a l  i n  sun1 i g h t  (-3.03 kV) w i t h  smal l e r  
d i f f e r e n t i a l  p o t e n t i a l  across t he  OSR'  s, which i s  c o n s i s t e n t  w i t h  r e s u l t s  
from t h e  dawn computations, and a  much l e s s  d ramat ic  s h i f t  i n  s t r u c t u r e  
p o t e n t i a l  i n  e c l i p s e  ( t o  -6.98 kV). As i s  i n d i c a t e d  i n  f i g u r e  7  f o r  most 
ma te r i a l s ,  t h e  d i f f e r e n t i a l  p o t e n t i a l s  a r e  p r e d i c t e d  t o  be sma l le r  i n  
ec l i pse .  There i s ,  however, one s t r i k i n g  except ion:  SOLAR, which i s  t h e  
m a t e r i a l  used t o  model t h e  s o l a r  a r r a y  cover s l i p s ,  has a  l a r g e  p o s i t i v e  
d i f f e r e n t i a l  o f  1.8 k i l o v o l t s .  T h i s  p o l a r i t y  d i f f e r e n t i a l  has n o t  been 
i n v e s t i g a t e d  ex tens i ve l y  i n  spacecraf t  cha rg ing  s tud ies,  bu t  work has been 
done i n  con junc t i on  w i t h  h igh-vo l tage power system s tud ies  (e.g., re f .  9). 
The l a t t e r  have observed a r c i n g  on s o l a r  a r r a y  segments b iased so t h a t  t h e  



cover s l i p s  are p o s i t i v e  r e l a t i v e  t o  the in te rconnec ts  i n  the  presence o f  
plasmas. Al though 1.8 k i l o v o l t s  i s  not expectea t o  be s u f f i c i e n t  t o  cause 
such a rc ing  i n  geosynchronous o r b i t  ( 5  kV i s  quoted i n  re f .  9), such l a r g e  
p o s i t i v e  d i f f e r e n t i a l s  have no t  been examined f o r  p o t e n t i a l  charging hazards 
and thus  remain suspect. 

TRANS1 ENT RESPONSE AND SPATIAL VARIATIONS 

To t h i s  po in t ,  a l l  r e s u l t s  have been g iven  i n  terms o f  steady-state 
p o t e n t i a l s  and maximum d i f f e r e n t i a l  p o t e n t i a l s  across i n s u l a t i n g  areas o f  
t h e  spacecraft .  I n  f a c t ,  s u n l i t  spacecraft  a re  known t o  r e q u i r e  tens of 
minutes t o  a t t a i n  e q u i l i b r i u m  p o t e n t i a l s  (e.g., r e f .  l o ) ,  and l a rge  areas o f  
i n s u l a t i o n  do no t  necessa r i l y  reach uni form equi  1  i b r i u m  p o t e n t i a l s .  A few 
i n t e r e s t i n g  temporal and s p a t i a l  v a r i a t i o n s  t h a t  were ev ident  f rom the  
NASCAP c a l c u l a t i o n s  are discussed i n  t h i s  sect ion.  

F i g u r e  8  shows the  charg ing response o f  severa l  m a t e r i a l s  and the  
spacecraf t  s t r u c t u r e  f o r  the  dawn-at-equinox c o n d i t i o n  and group A  
(NORMAL). Here i t  i s  c l e a r  t h a t  t he  var ious m a t e r i a l s  charge a t  d i f f e r e n t  
ra tes .  I n  a  constant  environment such as t h e  one used f o r  t h i s  c a l c u l a t i o n ,  
t he  absolute p o t e n t i a l s  tend t o  be monotonic f u n c t i o n s  o f  t ime. However, 
t he  d i f f e r e n t i a l  p o t e n t i a l s  ~ b  across i n s u l a t i o n  are no t  necessar i l y  
monotonic, as i s  i l l u s t r a t e d  i n  f i g u r e  9, where d i f f e r e n t i a l  p o t e n t i a l s  f o r  
t h e  f i g u r e  8  case are p lo t t ed .  The OSR shows a  monotonic ~ 6 ,  bu t  n e i t h e r  
t he  s o l a r  m a t e r i a l  nor  t h e  570 composite on t h e  MBA antenna does. The 
d i f f e r e n t i a l  across the  MBA composite e a r l y  i n  t h e  s imu la t i on  i s  l a r g e r  than 
i t s  e q u i l i b r i u m  value by about 1 k i l o v o l t .  I n  f a c t ,  t h i s  was the  l a r g e s t  
d i f f e r e n t i a 1  p o t e n t i a l  (-3.8 kV) observed i n  t h i s  study. Thus e q u i l  i b r i  urn 
values o f  d i f f e r e n t i a l  p o t e n t i a l  do not necessa r i l y  represent  a  worst case. 

Another i n t e r e s t i n g  phenomenon i s  "overshoot" i n  absolute p o t e n t i a l s  o f  
i n s u l a t i n g  surfaces caused by a  sudden change i n  environment such as e n t r y  
ec l ipse .  T h i s  i s  i l l u s t r a t e d  i n  f i g u r e  10, i n  which the  Chemglaze and OSR 
m a t e r i a l s  reach absolute p o t e n t i a l s  more negat ive  than t h e i r  e q u i l i b r i u m  
p o t e n t i a l s  s h o r t l y  a f t e r  e c l  ipse  entry.  I n  t h i s  case d i f f e r e n t i a l  
p o t e n t i a l s  are mainta ined a t  about the  pre-ec l ipse l e v e l s  dur ing  the  
" o v e r s h ~ o t . ~  T h i s  type o f  behavior has been observed i n  ground-based 
e l e c t r o n  spray ing experiments ( r e f .  11). I t  i s  i l l u s t r a t e d  here t o  
emphasize t h e  p o i n t  t ha t ,  even i n  ec l ipse,  t imes o f  t h e  order  o f  tens  o f  
minutes may be requ i red  f o r  e q u i l i b r a t i o n .  

Even i n  equ i l i b r i um,  i n s u l a t i n g  areas are g e n e r a l l y  no t  a t  un i fo rm 
p o t e n t i a l s .  The amount of p o t e n t i a l  v a r i a t i o n  over an area depends i n  a  
complex manner on t h e  geometry, i l l um ina t i on ,  and m a t e r i a l  p rope r t i es  o f  
bo th  t he  i n s u l a t o r  i n  ques t ion  and the sur faces around it. The complex i ty  
o f  these dependences makes i t  d i f f i c u l t  t o  genera l ize.  For  t he  worst-case 
s u n l i t  cond i t i ons  i nves t i ga ted  f o r  t h i s  study, t y p i c a l  v a r i a t i o n s  o f  
p o t e n t i a l  across i n s u l a t i n g  areas were o f  t he  order  o f  1 k i l o v o l t .  Maximum 
va r i a t i ons ,  f o r  example, on the  MBA composite c l o t h ,  were about 2  k i l o v o l t s ,  
and minimum va r i a t i ons ,  on the  Chemglaze and OSR's were 100 vo l t s .  The 
2 - k i l o v o l t  maximum v a r i a t i o n s  are  la rge  enough t o  suggest the p o s s i b i l i t y  
o f  sur face  arcing. F igu re  11 i 1  l u s t r a t e s  t h e  v a r i a t i o n  i n  d i f f e r e n t i a l  
p o t e n t i a l s  w i t h  p o s i t i o n  on the  so la r  a r ray  wings f o r  a  dawn-at-equinox 
cond i t i on .  The s o l  i d  l i n e  ( l abe led  x  = 0)  represents  d i f f e r e n t i a l  p o t e n t i a l  
along t h e  center  o f  t he  array; t he  dashed l i n e  ( x  = 2) represents 



d i f f e r e n t i a l s  along an edge. The p o t e n t i a l  v a r i a t i o n s  are c l e a r l y  non l inear  
and are  steeper and more negat ive near the  body o f  t he  spacecraft. 

CONCLUSIONS 

Based on t h e  r e s u l t s  o f  t h i s  study i t  i s  be l ieved tha t ,  al though an 
equ iva len t  c i r c u i t  ana lys is  may prov ide a rough est imate o f  charging 
e f f e c t s ,  an e a r l y  design check us ing NASCAP i s  warranted. For the case o f  
DSCS-111, the  NASCAP ana lys is  r a i s e d  concerns about charging o f  the s i l i c a  
composites on t h e  MBA antennas and Ear th  coverage horn t h a t  were not  
i d e n t i f i e d  i n  t h e  c i r c u i t  study. The time-dependent c a l c u l a t i o n  performed 
by NASCAP provides important  in fo rmat ion  because o f  the  long t ime requ i red  
f o r  e q u i l i b r a t i o n  and the  f a c t  t h a t  d i f f e r e n t i a l  p o t e n t i a l s  may not  be 
maximum a t  e q u i l i b r i u m  (aga in  the  MBA composite prov ides an example). 

F i n a l l y ,  i t  i s  noteworthy t h a t  one o f  the  authors (David B. Stang) who 
developed the  NASCAP model o f  DSCS-I11 and ran  a l l  the computer 
ca l cu la t i ons ,  d i d  so e n t i r e l y  w i t h i n  a 12-week student  assignment a t  NASA 
Lewis as a summer employee. That he was able t o  accomplish t h i s  helps t o  
subs tan t i a te  the c la im  t h a t  NASCAP i s  indeed a user-or iented code. 
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TABLE 1. - AREAS OF SURFACE MATERIALS FOR DSCS-I11 AND FtASCAP MODEL 

Spacecraft  
area 

Ear th - fac ing  
s ide  

Nor th panel  

South panel 

East panel 

West panel 

Back s ide  

Solar  ar rays:  
Sun s ide  

Back s ide  

DSCS-I I I N ASCAP 

Area, m2 

M a t e r i a l  

527 S i l i c a  c l o t h  
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TABLE I 11. - CONDITIONS TESTED 

M a t e r i a l  group Equinox S o l s t i c e  

TABLE I V .  - DAWN-AT-EQUINOX STEADY-STATE POTENTIALS 

Component 

Dawn 

Spacecraft  s t r u c t u r e  
Nor th OSR 
South OSR 

Chemg 1 aze 
Sol a r  a r ray  covers1 i p s  

Nor th  panel (527 s i l i c a  
c l o t h )  

South panel (527 s i l i c a  
c l o t h )  

East panel 
West panel 
Ear th- fac ing s ide  
Back s i d e  
MBA (570 s i l i c a  c l o t h )  
570 S i l i c a  c l o t h  (Ear th  

coverage horn)  

M idn igh t  
(NORMAL) 

x 

NORMAL 

Standard NASCAP x 

Group A x 

Group B x 

M a t e r i a l  group 

Dawn 
(NORMAL ) 

x 

x 

ANGLE 

x 

x 

x 

Dawn-at-equinox s teady-state p o t e n t i a l ,  kV 

A (NORMAL) 

Absolute 

A (ANGLE) I B 

D e l t a  Absolute D e l t a  

-- 
-0.18 
-a18 
-.a25 
-.079 -. 176 

-.I90 

+. 131 
-.I11 +. 084 
+. 137 +. 081 +. 143 

Absolute 

-2.14 
-5.05 
-5.05 
-2.94 
-1.83 
-3.55 

-3.15 

-2.22 
-3.09 
-3.93 
-3.31 
-4.93 
-5.06 

D e l t a  

---- 
-2.92 
-2.92 

-.80 
+.31 

-1.41 

-1.01 

-.08 
-.95 

-1.79 
-1.17 
-2.79 
-2.92 



TABLE V. - DAWN-AT-EQUINOX STEADY-STATE POTENTIALS - 
COMPARISON WITH CIRCUIT STUDY 

Mate r ia l  group Component C i r c u i t  study 

Dawn steady-state 

A (ANGLE) 

o t e n t i a l ,  kV - 
Delta 

B 

Absolute 

-0.20 
-5.37 
-5.37 
-1 56 

0 
-.365 

-. 365 

0 -. 365 -. 365 
0 
-.490 
-.420 

-.I98 

Standard NASCAP 
(ANGLE) 

Oel ta  

-5.17 
-5.17 
-1.36 

+.200 
-.I65 

-.I65 

+.200 
-. I65 -. 165 
+.200 -. 29 
-.220 

+.002 

Absolute Oelta I Absolute Absolute 1 Oel ta  

Spacecraft s t r u c t u r e  
Nor th OSR 
South OSR 

Chemgl aze 
Solar a r ray  covers l i ps  

Nor th panel (527 s i l i c a  
c l o t h )  

South panel (527 s i l i c a  
c l o t h )  

East panel 
West panel 
Ear th- fac ing s ide  
Back s ide  
MBA (570 s i l i c a  c l o t h )  
570 S i l i c a  c l o t h  (Ear th 

coverage horn) 
Indium t i n  oxide 

TABLE V I .  - COMPARISON OF DAWN STEADY-STATE POTENTIALS 

FOR EQUINOX AND SOLSTICE 

Component I Equinox I S o l s t i c e  I 
Group A C i r c u i t  
(NORMAL) I study 1 

I Dawn steady-state p o t e n t i a l ,  kV I 
Spacecra.ft s t r u c t u r e  I ;:::: 1-0.200 
Nor th  OSR -5.37 
South OSR -5.44 -5.37 

TABLE V I I .  - MIDNIGHT STEADY-STATE POTENTIALS AT EQUINOX 

Nor th panel (527 s i l i c a  
c l o t h )  

South panel (527  s i l i c a  
c l o t h )  

Component 

Group A C i r c u i t  
(NORMAL) study 

Group A C i r c u i t  
( NORML) study 

-4.17 

-3.80 

Midnight steady-state po ten t ia l ,  kV 

Absolute 

Spacecraft s t r u c t u r e  -3.03 
DSR -5.65 
Solar  ar ray covers l i ps  -2.92 
Chemgl aze -4.21 
East panel -4.20 
Yest panel -4.25 

-.365 

-.365 

Oelta 

----- 
-2.62 
+.I10 

-1.18 
-1.17 
-1.12 

Absolute 

-0.24 
-5.40 
---- 
----- ---- 
----- 

677 

-4.15 

-3.56 

Oel ta  - 
-6.98 
-7.91 
-5.90 
-7.36 
-7.06 
-7.06 - 

-. 340 

0 

I Absolute ( Oel ta  Absolute 

-14.16 
-14.0 
------ ------ 
------ 
----- 

De l ta  
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Figure 1. - DSCS-111 spacecraft 
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Initial secondary yield Initial secondary yield frac- 
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Figure 3. - MATCHG predicted equilibrium potentials as 
a function of secondary electron yield fraction for ap- 
tical solar reflectors - NORMAL formulation. Primary 
energy for maximum secondary yield. Em. Q 4  keV; 
primary proton energy for maximum paver loss, E,,, 
140 keV. 

Figure 2 - NASCAP model d DSCS-111. 
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Figure 5. - Dawn-at-equincu differential potentials of selected materials 
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Figure 6. - Dawn differential potentials - comparison at equina and solstice. 
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Figure 7. - Midnight-at-eguincn steady-state differential potentials before and during eclipse. 
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Figure 8. - Dawn-at-equinox absolute potential as function ol time for 
NASCAP group A (NORMAL). 

Figure 9. - Dawn-at-equinm differential potential as function of time 
for NASCAP group A (NORMAL). 
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Figure la - Midnight-atquim potential as function of time for NASCAP 
group A (NORMAL). 
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