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Equilibrium surface  p o t e n t i a l s  f o r  s l a b  configurat ions rep: P ; e l ~ t a t i v c  
p.g. of a l a r g e  s o l a r  power s a t ~ l l i t e )  a r e  determined u n d ~ r  extensiv,.  pa rmet -  
r i c  va r i a t ions  of ma te r i a l ,  s o l a r  exposure and substorm c h a r a c t e r i s t i c s .  Thc 
r e s u l t s  can guide thc  mater ia l  s e l e c t i o n  and design of l a r g e  space systems t b )  

6 minimize d i e l e c t r i r  brenkdowns and reduce p a r a s i t i c  leakage currents  on SPS. 

INTRODUCTION. 

Future l a r g e  space systems, such a s  a photovoltaic s o l a r  power s stem o r  S a deployable antenna, i ~ i l l  be of low-density construct ion ( 4 0 - 5  g/cm ) ,  employ- 
ing various light-weight mater ia ls .  Among t h e  candidate mcl.terials being dis-  
cussed the  emphasis i s  on polymeric ma te r i a l s   apton on, Teflon, e t c )  ana compos- 
i t e s  ( g l a s s  o r  graphi te  f i b e r s  i n  an epoxy matr ix) .  Such d i e l e c t r i c  mater ia ls  
may be expected t o  undergo a s u b s t a n t i a l  evolut ion i n  t h e i r  physical  p roper t i e s ,  
including e l e c t r i c a l  c h a r a c t e r i s t i c s ,  a s  a  r e s u l t  of  prolonged space environ- 
mental exposure. The e l e c t r i c a l  propert'es, i n  p a r t i c u l a r ,  may be s t rongly  
s e n s i t i v e  t o  environmental condit ions (e.g.  temperature),  even a t  the  o u t s e t ,  
and i n  some cases (e .g .  f o r  composites) remain t o  be more f u l l y  characterized.  

This uncertaitity and v a r i a u i l i t y  i n  re levant  mater ia l  responses i s  a major 
complicating fac to r  i n  t h e  predic t ion  of  spacecraf t  charging e f f e c t s  f o r  an 
energet ic  substorm environment, and provides the major impetus f o r  t h i s  paper. 
Nameiy, t o r  i n t e n t  i s  t o  explore the  consequences fo r  the  a t t a i n e d  equilibrium 
charging p o t e n t i a l s  of  systematic v a r i a t i o n s  i n  sach mater ia l  and exposure re- 
l a t e d  q u a c t i i i ~ s  a s  p h ~ t o e l e c t r i c  current ,  electron backscat ter ing y i e l d ,  
sccondary e lec t ron  y i e l d  fror~i groton and e lec t ron  Lombardment, mater ia l  res is -  
t i v i t y ,  and substorm plasm& temperature. To i d e n t i f y  t h e  impact of such v w i a -  
t i o n s  i n  t h e i r  f u l l  context ,  t he  analyses inclnde uoth primary e lec t ron and 
proto12 currents, together  with a l l  t h e i r  secondary q w r e n t s ,  as well as the  
resist ivi ty-dependent  bulk leakage current .  The importance ol" considering resis- 
t i v i t y  va r i a t ions  can be gauged, f o r  example, from Table 1, i n  which ~ i ? e  b u l k  re- 
s i s t i v i t y  ol Kapton and severa l  g las ses  i s  seen t o  change by 4-5 orders  of ~nap,i:i- 
tude i n  t r a v e x i n g  the  temperature range 25 t o  2 0 0 ~ ~ .  

The method of analys is  u t i l i  zcs ( one-dimensional ) Langmuir probe theory,  
a?plied t o  the se l f - ccns i s t en t  search f o r  tbe  equ i l ib ra ted  ~ u r f a c e  p o t e n t i a l .  
The geometry employed genera l ly  is  t h a t  of a. f lat  s l a b ,  although some explorn- 
tiw is  a l s o  made of a spher ica l  o r  cy l indr i ca l  collec+,ion surface.  The s.L:~b 
cotif*iguration, i n  particular, i s  examined undsr condit ions of both ~ i l g l e  and 
l tuuble s ided exposure 1.0 the  plasma charging currents ,  with one-sided s u L m  



I I. i s  :bl SLI real.ized t h a t  the  ana lys i s  appro~ch employed has Ilnri ttxi vai id- 
i t y ; i I I  pai ' t iculer  i t  is not adequaf e for describing condit ions near s p : % c w r ~ f t  
cdt:es, 11~11- i i c ) e ~  it  c m s i d e r  t h e  per turbat ion  of p a r t i c l e  t r a j e c t o r i e s  that. may 

I l ~ w r  t l l  dii ' t 'crcntial charging. Nonetheless, it i s  f e l t  t h a t  these shol%co~n- 
i s  ~1 , )  1 1 0 t  s e r ious ly  d i s t o r t  the influence of the various mater ia l  r.espo1lst.s 
OII  tile ci1ai't:ing process t h a ~  is  explored i n  t h i s  work. 

PLASMA ORIGINATED CURRENTS 

'I'he 1art:tt spacecraf t  is  approximated by an extended slab, arld u one-dilnen- 
::j ,),la1 f . l a x w c l l  vcloci  t y  d i s t r i b u t i o n  

is tts:;u~lecf t'~3r t,he substorm plasma p a r t i c l e s .  The spacccrnt't surf'n~-t. p o t e n t  i:-.I \.:%. 
11i1.{ii t'it.:: t.hr i~npitq:ing charged p a r t i c l e  d i s t r ibu t ion .  

'llhc i ~ w i d e n t  plasma e lec t ron  current  i s  tuus  ~~pproxirnnted ( Re f .  1 ) by 

t: - 
Jp - J', erp(- 2) for v o kT S 

E: 
= J (1 +&lg for v o 

0 kT S 



I!+ p t i l ~ ~ :  th3 impnc t yic~lci parmeter (Ref. 2 )  for electrons of encl*t::; 
- l!lVL 

I -- , , i . ~ .  , 
I ' 

' f  , . ! I  ,5111 
3 = c 111 ( L  1 + ev -1  b ex;[{-] : ; i  

t h a t  E- ives  t l ~ e  ~!~: ix iawn y i e l d  6 at  energy E t h e  secondary electroll cul- rent  i s  ~n m ' 
approximated by 

V:tl u e s  ~ j f  6 3 and E 0 . 3  KeV are adopted ( ~ e f .  3)  and 
nl III 



w h e w  li = or? w i t h  P and  t r c p r e s e r ~ t i r g ,  r e s p e c t i v e l y  t h e  volunie r e s i s t i v i t y  and  

t l ~ , ~  :;l:cb w i d t h .  C l ~ r r c n t s  Iia wcl.!. as all as soc ia t ed  q u a n t i t i e s  here are civet1 

( 
I'IIO'IOELECTRCIU YIELDS IN THE SPACE ENVIRONMENT 

Tile p h ~ L u c l e c t r a n  y i e l d  depends on t h e  ma te r i a l  work l 'unctio~l and t h e  
w i t t t h  aud peak ~ \ t '  i t s  energy d i c t r i b u t i o n  oti t h e  s o l a r  photon energy spectrum. 
5p3.c'ecra!'C, su l ' f ' i x s  i n  the  space orvirurunent a r e ,  however, quickly  contaminated 
.%!:A cne surl'ncc contamination tends  t o  cause i u e l a s t i c  s c a t t e r i n g  of t h e  photo- 
c s c i t r d  c l c c t r o n s  (Ref. h ) .  

The p iwte lec t ron  >~pectrum from such  met^ s a s  p l d ,  aluminium, and stain- 
; L, .,, ,- .. ~ t t v L  i n  tIie space environment was obserdec? t o  have an energy d i s t r i b u t i o n  
::i m i  1:lt' t t )  t h:it t 'cl~. ni:tlty nonmetals ( fox example graphite).  The photoelwt.ro11 
rhll(~l'~:!vr d i  :: tributikvi i n  r:cner:tl has a Gaussian form, peaking a t  1- 2 cV and  
t :~!lclr.i~~g 1 t t':' 1xpi d l y  t cward higher  ene rg i e s .  

1 
1Icr.c h ( w )  = , with t h e  tipproxiniatiou 

2~~ ( w )  
111 



Uuminium S t c e l  - Nu nmc t &I. 

(7 
1 2.84267 x l om2 1.45236 x 10'~ 0.292b31 

cl 
9 

2 -1.12782 x lo-' 2.59762 x -8.826'73 x 10" 

" 3 
1.32354 x log3 -1.45428 x log3 6.29027 x 

4 -'(.03183 x 3.56235 x -1.59182 x 10-j4 

El ( e v )  5 2 3 

The photoelectron y i e l d  per  inc ident  photon of  energy o i s  approximated by 

= 0.193 f'or w 2 17 E?V 

where 

Since the shape of t h e  y i e l d s  i s  similar f o r  most. of the  mct , ;r l  as well 3:: 

nonmetsl coses, a s  discussed above, any des i red  adjustment can bc made by ,y.lut~i- 

fyinp. t.he parameter k. The photoelectron y i e l d  enercy d i s t r ib l i t i an  i s  nnw 
determined by 

The continuous and d i s c r e t e  s o l a r  photon inte.mity d i s t r i b u t i o r l s  ( i t ,  phot,rjn:;/ 
9 

cm'sec*e~) are approximated by 



When the s p a c e r r a t t  surface p o t e n t i a l  V f s pos i t ive ,  photoelectrons r c q u i  1-e a n  
S 

eneiyy E ' eV t o  overcome the  p o t e n t i a l  b a r r i e r .  The photoelectron cm-relit 
A S 

,T as a function of Vs and with a cut-of f a t  E = 30 eV, i . e . ,  
PC 

A 

2 :  1 1  1 i .  1 The J i s  near ly  constant  up t o  1 eV, beyo11d which it 
Pe 

1 q 1 i  d l  y b u w n i e s  negl ig ib le  as the  p o s i t i v e  surface po ten t i a l  ill<-reases t.c\ :I few 
<.v. 

MODIFIED SECONDAHY ELECTRON YIELD 

The t ~ n i s ~ i o n  mechanism f o r  secondary elez-;r~lls by electzon bmb:trbr:ent is 
::ir:iil:us L C )  the case of pllotoelectrons. The shapes cf t h e  e l c c t r . ~  ewrk:y spec- 
t r :2  i n  b o t h  cases are comparable with more t h a n  80% of t!lr s e c o n d a r i e s  t.n~il.t.t.d 
a t  encq:ies below 20 eV ( ~ e f .  5 ) .  As t h e  surface  po ten t i a l  turn:; p o s i t i v e ,  t.hc 
s w ~ w k ~ r y  el.r.ct.nw current  thus becomes s e n s i t i v e l y  dependent on t h e  rl1ertr.y 
di:it,l'i bu t io~ l ,  due t o  t h e  p o t e n t i a l  b a r r i e r .  



J 
sec  a 2JlF(i + beV ) exp(-bev ) 

S s 

SURFACE POTENTIAL IN 'PIE DARK 

A s  oliown i n  Fig. 2 ,  a spacec ra f t  i n  t h e  dark i s  expased t o  s s u b s t o m ,  
while i ts  i n n e r  s u r f r c e  i s  maintained a t  t h e  r e f e rence  p o t e n t i a l  zel-o. 'I1he er- 
posed sunt'acc i n  t h e  dark becomes negat ive ly  charged, with c u r r e n t s  beinr: 
b : r l n ~ ~ ~ m i  by 

Hrw , : m i d i  r i d  hy t he  equi l ibr iwn su r f ace  p o t e n t i a l  V- , 

P (p ro ton  curl .pnt ) 

J = J  J e s SO e (electron-induced secondary el cc t  r.iu t8url.t2nt 1 



Observation indicate8 t h a t ,  while t h e  energies of t h e  substorm plasma 
p a r t i c l e s  are higher than i n  quiet  pr r iods ,  t h e i r  cu r ren t s  are reduced. The 

2 subseorm e lec t ron  current  ( i n  nA/cm ) 49qted  i n  the  ana lys i s  i s  approximated 
(Ref. 6) by 

h 

Jo = Z A n c n  f o r  2 e ~ 1 2  KeV n=r) 

where 

~ q .  (16) gives 

= 0.5 f o r  i 2  Kev < e 

*o = 2.30725 A1 -0.255535 

A2 = -2.34739 x low3, A3 = ~ . 7 9 6 0 9  x 

where E,* = ~ ( 1  + $11. I n  Fig, 3 A and B, respect ively  f o r  t h e  cases of g = 0 
and 1, V i s  shown a s  function of surface p o t e n t i a l  0 a t  various values of s 
e lec t ron temperature E = kT and r e ~ i s t a n c e  R.  

A t  g = 0, -.?ith a backscattering parameter B = 0.2, fo r  example VSm(-55, 

-36, -14,  -2) K V a t  E = 25 KeV, and Vsm (-17, -13, -7, -1.2) KV at E = 10 KeV, 
13 respect ively  f o r  R = ( w ,  1015, 10i4, 1 0  ) Q. The corresponding a m f a c e  

po ten t i a l s  Vs a t  g = 1 with t h e  same backscattering parameter B = 0.2 a r e  V 
S 

= (-33, -27, -13, -?! KV a t  e = 25 KeV and Vs 1 (-10, -9, -6, -1) KV at E 

1 3  = 10 KeV, respect ively ,  f o r  R = ( w ,  1015, 1014, 1 0  ) Q. 

A t  high values of R ,  t he re  i s  a l a r g e  d i f ference  i n  V between t h e  cases s 
g = 0 nnd 1, indicat in?  t h e  possible extent  of t h e  geometric dependence of Vs. 

For the  case of g = 4, t h e  corresponding Vs l ies  c lose  t o  t h e  midpoint between 

t h e  values fo r  g = 0 and 1. The high energy t a i l  i n  t h e  plasma e lec t ron dis- 
t r i b u t i o n  helps a t  high R values t o  support surface voltages considerably higher 
than the incident  e lec t ron tempera' *e (espec ia l ly  i n  t h e  g; = 0 case).  



p l e ,  fo r  t h e  case of R = l o A 7  $2 find t = 1 5  KeV. Note C h n t  at f u r t h e r  h l ~ h e r  

vf3s 
fhe i n i t i a l l y  1nsit:niSisant J and J \ ~ c c o m ~  I r i ~ r e n ~ i r ~ ~ ' ~ I y  i n ~ p ~ r t . a t ~ t  ( o ~ p c -  

P Pa 3 c i e b l y  at g, = 11, evcrltunlly ovortsklng t h c  other ,I 
i ' 

1h 1 5  The equi l ibr ium reached a t  C j  = 1 SCIV R = (10 , 0 ). s 2 ,  r e spec t ive ly ,  i 
y i e l d s  

V = ( -8 .6 ,  -15.5) KV s f o r  g = 3 

v = ( - 9 . 7 ,  -22)  KV s f o r  p, = 0 

showing an apprec iab le  dependence of V on R and 5 ,  The s t r o n g  dependence 
S 

of  V on t h e  r e s i s t i v i t y  is q u i t e  s i g n i f i c a n t  i n  view of t h e  f a c t  t h a t  R is a 
S 

s e n s i t i v e  func t ion  of  temperature ( s e e  Table 1) and t h e  su r f ace  temperature can 
undergo l a r g e  v a r i a t i o n s .  

Also t h e  e q ~ i l i b r i u m  su r face  pc-:entiaL V i f  it appears  ac ros s  a t h i n  but  
s' 

high r e s i s t a n c e  m a t e r i a l ,  may become s u f f i c i e n t l y  high t o  exceed t h e  d i e l e c t r i c  
s t r e n g t h s  shown i n  t h e  Table 1. A t  l o w  R ,  where t h e  d i e l e c t r i c  a c t s  more l i k e  
a conductor,  t h e  l e a k a ~ e  cu r ren t  depresses  t h e  su r f ace  vol tage .  

Introducing a m u l t i p l i e r  I fs t h e  plasma e l e c t r o n  cu r ren t  

t h e  e f f e c t  of cu r r en t  v a r i a t i o n  on V a t  I3 = 1015 Q is  shown i n  F i g .  5 f o r  ihe  
S 

case  of g = 0 .  A t  low energy, t h e  eft 'ect of  varying I is small but  becomes 
important a t  high e n e r ~ i e s .  

SPACECRAFT POTENTTAL IN THE SUN 

As shown i n  Fig. 6,  t h e  spacecraCt is exp)s,.ri t o  n substorm o n  t h e  sun 
i l luminated  s i d e ,  while  t h e  sk.?dowed s i d e  i s  shielded and held a t  ,z re ference  
p o t e n t i a l  zero. The e f f e c t i v e  s o l a r  i n t e n s i t y  i s  a func t ion  of t h e  sun 
angle  0 ,  causing a t  l a r g e  8 a s l i g h t  nmti i f icat inr~ to t h e  ( -me  of  spacecrat't i n  
t h e  dark d i scussed  previously.  The sun exposure a t  small  €4, however, becomes 
s u f f ? c i e n t l y  s t r o n g  t h a t  t h e  su r f ace  p o t e n t i a l  may become positive. 

The l o w  energy el ec t rons  ie tn i t te  i w i t h  insuf  ficie:i t  v e r t i c a l  vel tlci ty ) :we 
t rapped by the  pc3sitive p l~ ter i t  ial b:tlVri clr. 1:ecnu:;e ~r:r~::t, o f  th? ::ccc-rtlciary and 
photoeLectrnns are 01' l o w  e t l c r ~ i e s .  :L w r y  .;ensit ive hx1nrw:- is  es tnbLished  
between t h e  s u l ' f ~ c e  p o t o i t i s l  :md f tlr r v k r r m t n .  'i'hc 1otttrn1in:~tion ,1' t h r  efa':'t;c- 
Live c u r r e n t s  tiher requires a knowledge o f  t h e  clectl.on cncrp;y d i s t r i b u t i o n s .  



Si t~ce  1. a O.'( ' i  at E = 25 K e V  and 0.49, at. E = 13 KeV, f o r  example ( w i t h  t he  
iuj: k:;r:tt. t ,e~'ing parameter 13 = 0.  :I) 

2 :ire rtyuired lbc?r V 5 0 .  W i t 1 1  s~:bstc,rrn c u r r e n t z  J z 0.5 and 0.58 nA/ca , 
S L> 



are show1 i r r  Figs. 9A and B ,  r e s p e c t i v e l y ,  fo r  R = lo1' and d 3 n .  Note t::st, 

e s p e c i a l l y  a t  R = lo1' Q, a l l  c w r e n t s  a r e  i n  t h e  same ~ r d e r  of magnitude near 

equi l ibr ium [BY coincidence,  Jp,z jp(g = Oj he re ] .  

The s h i f t s  i n  j ( g )  and j ( g )  bet.ween t h e  g = 1 and 0 cases  are apprec iab le  
P PS 

f o r  ~ 2 x 0 ~ ~  Q. For R C ~ O ~ ~ ,  t h e  d i f f e r e n c e  i n  t h e  curlbents  bctweeri t h e  g = 1 

and 0 cases is  mall and thus  ignored in t h e  diagram. 

For ~ 2 3  = 0 ( l d 7  Q ) ,  t h e  effect of jll is uegligible old t h e  m a t e r i a l  
C 

behaves as a pe r f ec t  i r l su l a t c r  ( i . e . ,  R = a). For R R c ,  jk i nc reases  s t eep ly  

towrwd t h e  equilibrium V and, e s p e c i a l l y  when 8 is low, jp, becomes s i g n i f i c a n t  s ' 
9 even at r e l a t i v e l y  h i g h  R. Fer E < o(.I 0 121, t h e  material  p lnac t i ca l ly  behaves 

as a c ~ t ~ d ? l c t i ) r .  

\Then V 0,  w h i l e  t h e  prin1:tr.y plasma elect,~w?s a w  a c c e l e r n t ~ t i  tc.wrird 
S 

t h e  spacecraf t ,  the emitted e l e c t r o n s  are r e t a rded  by t h e  p o t e n t i a l  b:tt.rie~.. 

Uecauso of t l ~ r  ,.ow enert:y 01' t h e  secondary and pho toe l ec t ro~ l s ,  the  b a l n n c i ~ ~ l :  of 

t h e  v a r i o w  u u w e n t s  for tlic posiLivo V by S 



Rrducl i n n  o1' t11c : ~ r > l a ~ *  intensity with a n  inc~wmiocl nun-angle may cause t.hc 

sparownl ' t  t o  bucorno negatively r h n r ~ o d ,  ao diacusved sbovc. ncrauoc 01' 

I c~ I /kr$<<~ hcro, pooslblc  g o a a i ~ t r i c  cl'fccts i n  t ho  e l ec t ron  n t t r w t i o n  t o  Lhc 
3 

~ u r f a c n  ?i-c nee! lp;lblc.  

FJY R -, 10' Tr, tne J p  hrcurncn s ign i " i c sn t  and lncrarreeo rapidly wlLh Y , 
O 

The oquilibrllwn ouill'acc p a t c n t i u l s  arc t h u s  ma l l  (Yo = 0.9% V and 0 . 0  V nt 

KT = 1 5  KeY, rcnpcc*tivcly, for t h ~  1 = ' and 2 cases),  and ,  in npprc~nchiny: 

cquELibriun, t;ne cu r r en t s  o t h e r  t han  J are near ly  cons tan t .  
V. 

A t  low R ,  t h e  jQ t hus  becomes t h e  c o n t r o l l i n g  Factor i n  t h e  determina- 

t i o n  of  Vs. The e f f e c t i v e  V a s  a funct ior ,  of E and R a r e  shown i n  Fig. 10,  
S 

2 again  wi th  B = 0.2 arid J ( V s  = 0 )  = 1.5 nA/cm ( t h e  s o l i d  and do t t ed  l i n e s  
Pe 

are, r e spec t ive ly ,  f o r  t h e  I = 1 and 2).  

The V i s  not nuch a f f e c t e d  by t h e  v a r i a t i o n  of R f ron  lo1' t o  1015 Q. 
s 

Below 10'' Q, however, decreases  i n  R g ive  r i s e  t o  a p rog res s ive ly  s t ronge r  re-  

duc t ion  i n  t h e  e f f e c t i v e  vs. Note a l s o  t h a t  a s  expected, t h e  Vs f o r  a given 

R i s  a decreasing func t ion  of  average plasma e l e c t r o n  energy E, although the 

dependence is r e l a t i v e l y  weak. 

SPACECRAFT TOTALLY IMMERSED IN A SUHSTORM 

The case  of a s l a b  conf igura t ion  spacec ra f t  t o t a l l y  inunersed 'a a sub- 

storm environment i n  t h e  e a r t h ' s  shadow i s  similar t o  t h a t  of  a spacec ra f t  

s l a b  of  i n f i n i t e  r e s i s t a n c e  u n i l a t e r a l l y  exposed to t h e  substori? i n  t h e  dark.  

With sun exposure on one s i d e  ( s e e  Fig. l l ) ,  however, a p o t e n t i e l  d i f f e r e n c e  

develops between t h e  two su r f aces .  

If t h e  i nc iden t  s o l a r  i n t e n s i t y  i s  weak, due t o  a Large sun angle  8 ,  t h e  

two s u r f a c e  p o t e n t i a l s  V. and V remain negat ive .  When t h e  s o l a r  exposure be- 
L 2 

comes suf l ' i c iun t ly  s t rong ,  t he  i l luminated  s i d e  p o t e n t i a l  V t u r n s  p o s i t i v e ,  
1 

whi le  t n e  dark  :;ide po ten t i a l  V, remains n o p t i v e  a t  large values o f  t h e  bulk 

r e s i s t n n r -  h! but, eventua l ly  m:ly t l l r n  p o s i t i v e  for small  H .  Thc p o t e n t i a l  r1i.t'- 

fercncc bct.w;.cr~ t h e  two sur faces  itiduce:; 3 leakage curbrent J R *  



where n = 1 - B - Jso, 5* = ((1 + m ) ,  and g i s  t h e  geoneetric conf igurn t ian  

p a r m e t e r .  

For t h e  case  of M = 0,  t h e  above r e l a t i o n s  a r e  s imp l i f i ed  t o  
1 

Note t h a t  ( J  i s  t h e  va lue  of  J needed t o  r a i s e  t h e  sur face  p o t e n t i a l  V 
Pe c Pe 1 

t o  zero. 

The Ma i s  determined by so lv ing  Eq. ( 2 5 ~ )  as func t ion  of  E = k ,  and t h e  re- 

s u l t s  a r e  shown i n  Fig. 1 2  f o r  t h e  ca ses  of var ious  va lues  of  R and 6 = 0.2. 

The corresponding c r i t i c a l  p h o t o e l e c t r i c  cu r r en t  ( J  ) i s  i n  t u r n  determined by 
pe c 

Eq. (258) as shown i n  Fig.  13 .  The impact of t h e  geometric parameter v a r i a t i o n  

from g = 1 t o  0 i s  gene ra l ly  n e g l i g i b l e  with low R bu t  boaox~~ea notjci lblc  f-or 
2 
4 

~210" !d a s  shown i n  F ig  1 3  and e s p e c i a l l y  i n  Fig. 12. 
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L t ~ i  , ~ C C : L I L G ~ .  k11r.  (~Jl,J'; tie t . e ~ ' t a i ~ ~ c d  thd't'c by Eq. (2515) beer mcs ( i n  cor~Jlclic-I, i l . , r ,  

w it.h (27 1 ) pr'~~pol't,  ion:lL t u  r l  - C'% Z L I ~  irldepellcl~~lt of' R .  

As the iuu::oclif'ied r l  .?xceeds ( 1  ) , , t h e  s u n  exposed s i d e  becomes p o e i t i v e .  pe Pe L 

'rhe Low cncrUpy e lec tvons  iri the sccondaqy and p a r t i c u l a r l y  -in t h e  ! ~ l ~ o t , u t > l ~ c . t , r i ~ ~  

cui.re11t:: on th i  c a i d r  a1.e then  t;rw,pp~li by Lhr. ~ o t c l l t i a l  bar1.j e r  as  t t i s ~ ~ u s s ~ . d  

previously. 

'.lhi.l.e V .. 0 ,  t k ~ p  Eqs , (?I1  ) 3:-e su Lved T v ~  the :;urTrzw ~ ~ u t e n t i u l  P1 L,2 L , 2  - - - Vl,  ), w i t , h  iLs ~ . o  . respon. l ing  le:~irag? c a r e n t  t i  = (M,, - hil ) / R .  Vheu t l l ( j  
L 9, 

sun exposed e i u e  btcomes ~ , d s i t i v c l y  charged ( i  .e., V = IiI - c';, w h i l e  tlle 
1. 1 

shadowed s i d e  r ema ins  n e m t i v e l y  ch:~rgeii, ( i  . e .  , V,, = - M,, 0) , t h c  c.orBr.e- 
L '. 



Tho 5,2 as function of J ( v ~  = 0 )  R ~ C  anown i n  Figa. l b ~  and B, re- 
P C  11 s l e r t t v e l y ,  f o r  t h e  ewes  of R = &I5 and l d O  Q, with f3 = 0.2. For R 5 1 0  R ,  

V . r V  i n  t h e  domain o f  J (V = 0) where V1 4 0. 
A 2 p s  s 

The e f f e c t  of changing t h e  ~~~~~~~~ic parameter g from 1 t o  0 i s  ap- 

parent only when levs I /kT i s  compara~ively  l a r g e ,  a s  seen from t h e  f igures .  

Note, hewever, t h a t  as V1 r ap id ly  t u r n s  p o s i t i v e  while leaving t h e  magnitr;?.! 

ol' t h e  nec~a t ive  V l a r g e ,  t h e  r e s u l t i n g  l a r g e  p o t e n t i a l  d i f f e rence  between t h e  2 
two surfaces  produces a correspondingly l a r g e  leakage current  J This l a r g e  Je 11 ' 
then negates t h e  r e l a t i v e  importance of t h e  e f f e c t  of t h e  s h i f t s  i n  J and J 

P P s 
due t o  the  v a r i a t i o n  i n  g, even i f  levs l / k ~  is  not small.  

For J = 0, V1 = Vg < 0, which, a s  s t a t e d  above,corresponds t o  t h e  sur- P e 
f w e  po ten t i a l  o f  an i s o l a t e d  ( i . e . ,  R + m) spacecraf t  s l a b  u n i l a t e r a l l y  ex- 

p u s d  t o  t h e  s u b s t o m  i n  t h e  dark (see previous. sec t ion  and Figs. 3A and B). 

AE Jpe i nc resses ,  Vi r i s e s  r ap id ly  t o  become p o s i t i v e  a t  (J ) (see  Fig. 14) 
Pe c 

and quickly reaches a p la teau  value  of- a few t o  severa l  v o l t s .  

This is  due t o  t h e  low energy of t h e  secondary and espec ia l ly  photoelectrons, 

r r s u l t i n g  i n  a rap id  increase  i n  t h e  current  a t t enua t ion  when t h e  surface  po- 

t e n t i a l  t u r n s  pos i t ive  and begins t o  rise. 

The value of t h e  bulk r e s i s t a n c e  R pr imar i ly  a f f e c t s  V2. For R = 1015 Q, 

becluse t h e  leakage current  J i s  r e l a t i v e l y  small,  V2 remains e s s e n t i a l l y  the  R 
s m e  throughout t h e  v a r i a t i o n  o f  J ( V  = 0 ) ,  while V increases  rapidl j ,  and 

Pe s 1 
t u r n s  t o  s t a b i l i z e  a t  a small pos i t ive  value. 

When R is reduced t o  lo1' Q, because o f  t h e  l a r g e  leakage current  JL, *1 
increases and t u r n s  pos i t ive  a t  r e l a t i v e l y  slower r a t e  than f o r  R = 1015 i2, 

while V keeps increas ing and may change sign t o  become pos i t ive ,  e spec ia l ly  
2 

i n  t h e  low c domain. 

For a given J (V = o), V and V a r e ,  respectivel:r, an increasing ant7 
Pe s 1 2 

decreasing functjon rf R ,  v h l l e  both V a r e  decreasing functions of ,'lo, In 
1,2 

a t y p i c a l  sutstorm enT.-ironment, t h e  sun exposure may tu rn  both V1,:, pos i t ive  

for F- < 5.3 KeV anr; ( i n  genera l )  R < l o l o  S l .  The pos i t ive  e x c w s i c n  of V nnd V 1 3 
i s  r e s t ~ i c t e d  t o  a few vo l t s .  



S M Y  AND CONCLUSIONS 

The primary objective of this paper has been to describe the dependence 
of the charging process for dielectric surfaces on the various material response 
characteristics. This was done with the intent of exhibiting the ranges of 
magnitudes over which certain materials parameters either have a significant 
influence on the ch~rging process or contribute on?y weakb to the charging 
levels attained. For this purpose it was importu? to inc1:ide in the analysis 
all the currents involved in the equilibration of the charging potential. 
Where possible the material dependence of these currents was described by vari- 
ables to facilitate parametric excursions. The main areas treated in the ansl- 

( 
yses and the chief conclusions derivable fron Lhe results are as follows: 

The influence of bulk resistance on the charging potential was analyzed 
parmetrjcall-Y for ~ 2 1 0 ~ ~ .  The results show that for the lowest part of this 
resistance Iange the leakage current becomes a dominant factor In the equili- 
bration process. For high resistar~ce values the shadowed side of a dielectric 
slab in a substorm environment can develop a large negative potential. In 
this case the otherwise relatively insignificant plasma proton cufrent and its 
secondary electron current rnw assume a dominant role in preventing further 
growth of the negative potential. In view of the conspicuous dependence of 
equilibrium potentials on dielectric resistivities, the large variability of 
resistivity values for importent candidate materials makes the prediction of 
charging potentials problematic. Also, for dielectric materials of a few mils 
thickness, such as Kapton sheets, the potential differences developed are fre- 
quently sufficient to produce dielectric breakdown. Repeated breakdown in turn 
may lead to progressive changes in resistivity. 

For a sheet of dielectric material the equilibrium potential V on the 
2 

s 
sun-illmhoted side tends to saturate fcr J -1 nA/cm . The saturation Vs 

Pe 
is a few volts positive and depends only weakly on kT. The largest effect on 

2 
V is in the range 0 - 0.5 nAim , where Vs moves from large negative (kv) val- S 
ues to small positive values. .This dynamic behavior is i-mportsnt in sun-angle 

variations and terminator crossings. If the bulk resistan<:e of the syeet is 

large, the sid~r-ed side potential settles at a large negative value; however, 

for a sufficiently low resistance (-10~' ohm-cm2) both sides may become posi- 

tive. 

A.1 analysis of the sensitivity of the charging process to the value of the 
backscattering yield D shows the following trend: If B is significantly larger 
than 0.2, then at lower substorm plasma temperatures ( e .g. k ~ . s  5 k e ~ )  , even a. 
shadowed surface may turn positive. However, for large kT ( >  10 kev) the in- 
fluence of i3 on the attained surface potential V becomes prcgressively weaker. 

S 
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Tabh 1 Electrical Charmari(tna of Selected Dielearia 

VOLUME REGISTIVITY (SZ.CM~ 
DlELECTklC STRENGTH 

(VOLTSIMI L) 

TEFLON FEP id8 (26-1760~) 8-103 (0.6 MIL) - 4-13 14 MIL) 

K A P T O ~  1018 (ZGC) - 1014 t200°c1 7-13 (1 M.L) - 4.6-18 (3 MIL) 

8 0 1 1 0 S l ~ l c ~ ~ E  GLASS m013 (26.~1- (I-loe (2m0c1 1.104 - 2.104 

FUSED SlLlCA loi8 W C I  - 6-1013 ( W C )  1-104 - 2-l@ 

SODA LYE GLASS 1 0 ~ ~ ( 2 6 ~ ~ 1 -  bl07 (2OO0c) I-ldp - 2.104 



Fig. 1 At:orltiation 6f IntegratM Phatoelectric Current by 
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Fig. 6 Tho Equllibrlufn Surface Potential Vs as Func- 
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Current Multbly6r I and Electron Tempera. 
ture k t  (g = 0 Caw at R - 1015 A11 . 
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Fig. 6 Plasma Charginq Current and Secondary 
Curtents on a Sun-Illuminated Surfece (2) 
(Irlterior Sudcrce (1) at  Reference Potential) 
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Fig. 8A Surface Cliargitig Potential as Functian d 
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(v, = 01 Values Appropriate t o  ~ar@?ufi 
Angles (kT = 25 keV; R = 1016 S2) 

Fig. 88 Surface Chbrging Petendal as tunction ef 
Backwttering Yield @ for Varinus Jp 
(V, = 0) Value8 APpmbriate to Large Sun 
Angles ( k t  = 16 keV; A = 1016 $2) 
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k t  = 15 KeV; 8 = 0.2; J m  (VS = 01 = 0.01 kl" = 15 KeV; P =  9.2: Jp, IVs - 0)  = 0.01 
n~ /cmZ)  n ~ l c m ~ )  

Fig. 16 Positive SurMce Pountiai Vs A8 FuMlon 
of Average Plasina Electron Energy k t  ahd 
Rssinance R. (Jpe (V8 = 0) = 1.6 n ~ l c h 2 )  



Fig: 11 Plasma Charging Currenb and Secondary 
Currenb on Substerm Environmettt lmhnened 
Slab (One Side Sun-lllumidated) 

1 .o KT (KeV) 

Fig. 12 Shadokred Sid6 Surface PateMia1 V2 
for Sun-IIIuminatM Side Potential V1 

0, as Function of Resistance and Eiee 
tron Temperature (Backscattering 
Yield 0 = 0.2) 

KT IKeV) 
Fig. 13 The Critical Photocilectiic Curnnt fJ& for 

Sbn-illumlnst~d Sid6 Potanflal V1o 0, as 
Function of Re~istance dnd €lectrbs 
Temperature (B&kmcterlnp Vield u 0.2) 



Fig. 14A Equilibrium Chargin(l Potentials on Slab 
Immersed in Substorm Environment fane 
Side Sun-Illuminated) as Function of Jp. 
(VS 0)  (R 1016 f2; P = 0.2! 

Fig. 148 Equillbrillm Cherging Potentials on Slab 
lmmerred in Substorm Environment (One 
S l d ~  Sun-lllurninatEj) as Functicn of dm 
(VS = 0) (R = lb lo  52; 0 = 0.2) 
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