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ABSTRACT 

A  d e t a i l e d  d e s c r i p t i o n  o f  t h e  secondary e l e c t r o n  emission c h a r a c t e r i s t i c s  
i s  e s s e n t i a l  t o  t h e  understanding o f  t h e  cha rg ing  behaviors  o f  va r i ous  d i e l ec -  
t r i c s .  Labora to ry  charg ing  s t u d i e s  us ing two e l e c t r o n  sources w i t h  d i f f e r e n t  
energ ies  show t h a t  t h e  charg ing  behaviors  o f  t y p i c a l  spacecra f t  thermal  con- 
t r o l  d i e l e c t r i c  su r faces  a re  extremely s e n s i t i v e  t o  t h e  shape o f  t h e i r  second- 
a r y  emiss ion curves. The r e s u l t s  a lso suggest t h a t  t h e  e l e c t r o n  spectrum i n  a  
n a t u r a l  charg ing  environment can be separated i n t o  t h r e e  d i s t i n c t  r eg ions  
( n o n i n t e r a c t i n g ,  d ischarg ing ,  and charg ing)  depending on t h e  k i n e t i c  energy o f  
t h e  i n c i d e n t  e l e c t r o n  r e l a t i v e  t o  the charged sur face,  and on t h e  secondary 
emiss ion c h a r a c t e r i s t i c s  o f  t h e  ma te r i a l .  To a  f i r s t  o rder  approximat ion, t h e  
r e l a t i v e  number o f  e l e c t r o n s  i n  these d i f f e r e n t  r eg ions  determines t h e  poten- 
t i a l  o f  t h e  charged sur face.  I n  t h i s  paper, we r e p o r t  d e t a i l e d  measurements 
o f  t h e  secondary e l e c t r o n  emiss ion c h a r a c t e r i s t i c s  o f  Kapton, and a l s o  d iscuss  
t h e  e f f e c t s  o f  b u l k  c o n d u c t i v i t y  and secondary emiss ion on sur face  charg ing  o f  
these  m a t e r i  a1 s. 

INTRODUCTION 

The understanding o f  m a t e r i a l  charg ing r e q u i r e s  a  d e t a i l e d  knowledge o f  
b o t h  t h e  charg ing  environment ( r e f .  1) and c e r t a i n  e l e c t r o n i c  p r o p e r t i e s  o f  
t h e  m a t e r i a l  ( r e f .  2 ) .  Under e l e c t r o n  i r r a d i a t , i o n  and i n  t h e  absence o f  pho- 
t o i l l u m i n a t i o n ,  t h e  e q u i l i b r i u m  sur face p o t e n t i a l  i s  determined by two bas i c  
m a t e r i a l  p rope r t i es :  i t s  conduc t i v i t y ,  and' secondary e l e c t r o n  emi ssion. The 
r e l a t i v e  importance o f  these two p r o p e r t i e s  depends on t h e  magnitude o f  t h e  
i n c i d e n t  c u r r e n t  compared t o  t h e  bu lk  leakage cu r ren t .  I n  conductors  and 
semiconductors, t h e  leakage c u r r e n t  i s  h i g h  and t h e  m a t e r i a l  behaves as a  sim- 
p l e  ohmic element, i.e., t h e  sur face  v o l t a g e  i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  
i n c i d e n t  c u r r e n t  dens i t y .  I n  t he  case o f  low-conduc t i v i t y  ma te r i a l s ,  t h e  in -  
coming c u r r e n t  i s  n o t  n e c e s s a r i l y  d i s s i p a t e d  by t h e  leakage cu r ren t ,  r e s u l t i n g  
i n  a  charge b u i l d u p  i n  t h e  ma te r i a l .  Such a  b u i l d u p  r e t a r d s  t h e  i n c i d e n t  cur- 
r e n t  and m o d i f i e s  t h e  k i n e t i c  energy o f  t h e  e l e c t r o n s  such t h a t  t h e r e  i s  an 
inc rease  i n  t h e  number o f  secondary e l e c t r o n s  em i t t ed  f rom the  sur face.  Even- 
t u a l l y ,  t h e  su r f ace  w i l l  charge t o  an e q u i l i b r i u m  p o t e n t i a l ,  a t  which p o i n t ,  
t h e  incoming p r i m a r i e s  w i l l  be balanced by t h e  ou tgo ing  secondaries. I n  t h i s  
l i m i t ,  t h e  e q u i l i b r i u m  sur face  p o t e n t i a l  i s  c o n t r o l l e d  by t h e  secondary e lec-  
t r o n  emiss ion behav io r  o f  t h e  t a r g e t  m a t e r i a l .  The purpose o f  t h i s  paper i s  
t o  d i scuss  t h e  e f f e c t s  o f  secondary emission on m a t e r i a l  charg ing  under s i n g l e  
and dual  energy e l e c t r o n  i r r a d i a t i o n ,  and t o  p resen t  novel  techniques f o r  mea- 
Sur ing  secondary emiss ion parameters i n  t h e  l abo ra to r y .  We would a l s o  l i k e  t o  
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p o i n t  o u t  how these parameters can be used t o  add t o  t h e  unders tanding of ma- 
t e r i a l  charg ing  i n  an environment where t h e  e l e c t r o n s  a re  d i s t r i b u t e d  bo th  i n  
energy and space. 

BACKGROUND 

When a  s o l i d  i s  bombarded w i t h  e n e r g e t i c  e l e c t r o n s  i n  t h e  keV range, a  
l a r g e  number o f  l ow  energy secondary e l e c t r o n s  a re  generated i n  t h e  s o l i d  
w i t h i n  a  c e r t a i n  d i s t a n c e  f r om t h e  surface. The secondar ies which have t h e  
a p p r o p r i a t e  t r a j e c t o r i e s  and s u f f i c i e n t  energy t o  overcome t h e  work f u n c t i o n  
o f  t h e  s u r f a c e  can escape f r om t h e  s o l i d .  A  number o f  au thors  ( r e f .  3 )  have 
w r i t t e n  on t h e  t h e o r e t i c a l  as w e l l  as t h e  exper imenta l  aspects o f  t h e  b a s i c  
phenomenon. I n  genera l ,  i t  i s  found t h a t  t h e  number o f  secondary e l e c t r o n s  
e m i t t e d  depends c r i t i c a l l y  on t h e  k i n e t i c  energy o f  t h e  p r imary  e l ec t r ons .  I n  
a d d i t i o n ,  i t  i s  a l s o  observed t h a t  t h e  y i e l d  cu rve  d e s c r i b i n g  t h e  p r o d u c t i o n  
o f  t h e  secondar ies as a  f u n c t i o n  o f  t h e  p r ima ry  e l e c t r o n  energy can be reduced 
t o  f i t  a  u n i v e r s a l  shape. A l a t y p i c a l "  secondary y i e l d  cu rve  f o r  an i n s u l a t o r  
i s  shown i n  f i g u r e  1. The curve  i s  a  p l o t  o f  s, t h e  number o f  secondar ies 
e m i t t e d  p e r  i n c i d e n t  pr imary,  as a  f u n c t i o n  o f  t h e  k i n e t i c  energy o f  t h e  p r i -  
mary e l e c t r o n s  a t  t h e  surface. A t  low i n c i d e n t  k i n e t i c  energy, t h e  e l e c t r o n s  
s t r i k i n g  t h e  su r face  do n o t  have s u f f i c i e n t  energy t o  generate  l a r g e  numbers 
o f  secondar ies and hence a i s  l e s s  t han  u n i t y .  As t h e  k i n e t i c  energy increas- 
es, a l though  the  i n c i d e n t  e l e c t r o n s  pene t ra te  deeper i n t o  t h e  m a t e r i a l ,  more 
secondar ies a re  be ing  c rea ted  and a l lowed t o  escape g i v i n g  r i s e  t o  a  s  which 
can be s i g n i f i c a n t l y  g r e a t e r  than  u n i t y .  Thus, s w i l l  c on t i nue  t o  i nc rease  
r a p i d l y  u n t i l  the p e n e t r a t i o n  depth most f a v o r a b l e  f o r  t h e  p roduc t i on  o f  sec- 
onda r i es  i s  reached. A t  t h i s  p o i n t ,  s reaches a  maximum (smax) a t  energy 
Emax. Beyond t h i s  p o i n t ,  t h e  number o f  e l e c t r o n s  e m i t t e d  decreases because 
t h e  b u l k  o f  t h e  i n t e r n a l  secondar ies a re  generated i n c r e a s i n g l y  deeper i n  t h e  
s o l i d  r e d u c i n g  t he  p r o b a b i l i t y  o f  escape. T h i s  r e s u l t s  i n  s  < 1 a t  h i g h  i n c i -  
den t  e l e c t r o n  energies.  Depending on t h e  m a t e r i a l  and i t s  s t r u c t u r e ,  t h e  va l -  
ues of smax and Emax can d i f f e r  w ide ly .  For  most i n s u l a t i n g  m a t e r i a l s ,  such 
as meta l  ox ides  and o rgan i c  polymers, smax i s  u s u a l l y  g r e a t e r  than  u n i t y .  I n  
these  m a t e r i a l s ,  two o t h e r  energ ies  i n  t h e  secondary y i e l d  cu rve  a re  impo r tan t  
f o r  d e s c r i b i n g  m a t e r i a l  charg ing.  They a re  t h e  f i r s t  and second c rossover  
po in t s ,  EI and E I ~ ,  where s = 1. I n  p a r t i c u l a r ,  EII i s  e s p e c i a l l y  impo r tan t  
t o  m a t e r i  a1 charg ing due t o  e l e c t r o n  bombardment. 

I n  terms o f  t h e o r e t i c a l  t rea tment  o f  secondary emission, t h e  f o r m u l a t i o n  
g i v e n  by  S te rng lass  ( r e f .  4 )  has been found t o  be i n  f a i r l y  c l o s e  agreement 
w i t h  exper imenta l  measurements. T h i s  f o r m u l a t i o n  assumes t h a t  a l l  t h e  secon& 
a r y  e l e c t r o n s  are generated a t  a  mean depth, Am, where t h e  average f o rwa rd  
momentum o f  t h e  p r i m a r i e s  vanishes. Secondly, t h e  model assumes t h a t  t h e  
f r a c t i o n  of t h e  secondar ies escaping f r om t h e  su r f ace  decreases e x p o n e n t i a l l y  
w i t h  t h e  dep th  o f  generat ion.  F u r t h e r  c o n s i d e r a t i o n s  show t h a t  A, i s  propor- 
t i o n a l  t o  t h e  square r o o t  o f  t h e  p r ima ry  energy, E. Therefore,  t h e  f r a c t i o n  
o f  secondary e l ec t r ons  em i t t ed  i s  p r o p o r t i o n a l  t o  exp(- BE^/^), where B i s  a  
cons tan t  r e l a t e d  t o  t h e  escape dep th  o f  t h e  m a t e r i a l .  The t o t a l  secondary 
y i e l d  i s  t h e n  g iven by 



where A i s  ma te r i a l  dependent parameter, c h a r a c t e r i s t i c  o f  the  e f f i c i e n c y  o f  
secondary e l e c t r o n  emission and backscat ter ing.  For a p a r t i c u l a r  mater i  a1 , 
s(E) i s  f i x e d  by two po in ts ,  ~(EII) = 1 and 

Hence, equations ( 1 )  can be r e w r i t t e n  as 

E 

max 

d m  
- E  

Emax and E I i n  equat ion (2 )  c o n t r o l  the shape o f  t he  secondary y i e l d  curve. t I n  t h e  f o l  owing, we s h a l l  descr ibe how these parameters are determined i n  t h e  
l abo ra to ry  and how they  can a f f e c t  mater ia l  charg ing i n  space. 

= 0 

max 

EXPERIMENT 

Our technique t o  s tudy secondary emission was based on measuring t h e  back 
surface e l e c t r i c  f i e l d  o f  a sample f i l m  w h i l e  t h e  f r o n t  surface was i r r a d i a t e d  
w i t h  e i t h e r  one o r  two monoenergetic e lec t ron  beams. The back f i e l d  measure- 
ment method was t h e  same as t h e  one used i n  the  S a t e l l i t e  Surface P o t e n t i a l  
Moni tor  (SSPM) f o r  determin ing ma te r ia l  charg ing aboard the  P78-2 SCATHA sa te l -  
l i t e  ( r e f  .5). The c r u c i a l  p a r t  o f  t h e  inst rument  cons is ts  o f  an e l e c t r o s t a t i c  
f i e l d  meter placed a t  a f i x e d  d is tance behind the  d i e l e c t r i c  f i l m  sample which 
was mounted r i g i d l y  on a ho lder  w i t h  conductive epoxy. The samples used i n  
t h e  measurement were common ex te rna l  spacecraft thermal c o n t r o l  s u r f  aces, i n  
many cases they were polymers w i t h  t h e i r  back surfaces metal ized. Therefore, 
a smal l  p o r t i o n  o f  t he  m e t a l i z a t i o n  had t o  be removed t o  enable the  e l e c t r i c  
f i e l d  due t o  the charge bui ld-up t o  terminate a t  the  sensor. The removal o f  
m e t a l i z a t i o n  lowers t h e  capacitance o f  the  f i l m  i n  t he  reg ion  where the  
measurement i s  made, causing t h a t  po r t i on  o f  the  f i l m  t o  charge much more 
r a p i d l y  than the  r e s t  o f  t he  sample. However, a t  equ i l ib r ium,  independent 
measurement of the  f r o n t  sur face p o t e n t i a l  p r o f i l e  showed t h a t  the  p o t e n t i a l s  
of t h e  meta l i zed and the  unmetal ized po r t i ons  o f  t he  f i l m  are equal. More- 
over, the  back and the  f r o n t  sur face measurements were s u f f i c i e n t l y  w e l l  cor- 
r e l a t e d  t h a t  t he  back sur face f i e l d  can be c a l i b r a t e d  t o  i n f e r  the  f r o n t  
sur face p o t e n t i a l  accurate ly .  I n  addi t ion,  the  back m e t a l i z a t i o n  ac ts  as a 
c o l l e c t o r  f o r  the  c u r r e n t  passing through t h e  bu l k  o f  t he  f i l m .  Hence, t h i s  
conf igura t ion  prov ides the  measurement o f  bo th  the  sur face p o t e n t i a l  as w e l l  
as t h g  leakage c u r r e n t  a t  e q u i l i b r i u m  simultaneously. 

I n  t h e  labora tory ,  t h e  f r o n t  surface of t h e  sample was i r r a d i a t e d  w i t h  
one o r  two monoenergetic e l e c t r o n  f l ood  guns i n  a vacuum chamber a t  a pressure 
of Torr .  To avoid undue damage t o  t h e  sample by arc discharges, t h e  
i n c j d e n t  e l e c t r o n  energy was kept  below 6 keV. Both the  sur face p o t e n t i  a1 and 
t h e  bu lk  leakage cu r ren t  were monitored cont inuously .  The samples used i n  the  
ac tua l  measurements were made from 5 m i l  a luminized Kapton obtained f rom t h e  
same batch used f o r  making t h e  SSPM f l i g h t  samples. The samples were assem- 



b l e d  by t h e  A i r  Force  M a t e r i a l  Labora to ry  and t h e  a lumin ized Kapton f i l m  was 
supp l i ed  by Sheldahl, N o r t h f i e l d ,  Minnesota. 

RESULTS AND DISCUSSION 

Charging under Monoenerget i c  I r r a d i a t i o n  

I n  t h i s  set  o f  exper iments,  t h e  sur face  p o t e n t i a l  o f  Kapton was moni tored 
w h i l e  be ing  i r r a d i a t e d  w i t h  a  s i n g l e  e l e c t r o n  beam a t  normal incidence. The 
energy o f  t h e  p r ima ry  beam was v a r i e d  from severa l  hundred v o l t s  t o  severa l  
k i l o v o l t s .  The r e s u l t s  show t h a t  t h e  e q u i l i b r i u m  su r face  p o t e n t i a l  o f  a  low 
c o n d u c t i v i t y  mater i  a1 , such as Kapton, i s  c l e a r l y  dominated by secondary emis- 
sion. A  p l o t  o f  t he  measured su r f ace  vo l t age  as a  f u n c t i o n  o f  t h e  p r imary  
beam energy i s  g i ven  i n  f i g u r e  2. For  beam energ ies  below EII, where 6 > 1 
(shown i n  t h e  upper t r a c e ) ,  t h e  sur face  tends t o  charge up p o s i t i v e l y  i n s t e a d  
o f  nega t i ve l y .  W i t h i n  t h i s  s > 1 range, t h e  e q u i l i b r i u m  sur face  p o t e n t i a l  i s  
i n s e n s i t i t i v e  t o  t he  i n c i d e n t  beam energy; a  l a r g e  change i n  t h e  p r ima ry  e lec-  
t r o n  beam energy causes o n l y  a  smal l  change i n  t h e  sur face  vo l tage.  However, 
f o r  i n c i d e n t  beam energ ies  near EII, t h e  sur face  p o t e n t i a l  drops r a p i d l y  as 
i t  crosses t he  zero l i n e .  Beyond t h i s  p o i n t ,  t h e  sur face  charges up negat ive-  
l y  and t h e  measured p o t e n t i a l  i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  p r imary  beam 
v o l t a g e  w i t h  a s lope  o f  u n i t y .  T h i s  behavior  can be understood by t h e  f o l l o w -  
i n g  explanat ion.  

A t  low i n c i d e n t  beam energy, t h e  k i n e t i c  energy o f  t h e  e l e c t r o n  a r r i v i n g  
a t  t h e  sur face  causes more secondary e l e c t r o n s  t o  be em i t t ed  per  p r ima ry  e lec-  
t r on ,  s > 1. The sur face  exper iences a  n e t  d e p l e t i o n  o f  e lec t rons ,  g i v i n g  
r i s e  t o  a  p o s i t i v e  su r f ace  vo l tage.  I n  p r i n c i p l e ,  t h e  magnitude o f  t h e  pos i -  
t i v e  p o t e n t i a l  w i l l  con t i nue  t o  inc rease  and acce le ra te  t h e  p r i m a r i e s  towards 
t h e  su r f ace  u n t i l  t h e  k i n e t i c  energy o f  t he  p r i m a r i e s  s t r i k i n g  t h e  su r f ace  i s  
equal t o  EII where s = 1. However, t h e  sur face  i s  prevented f rom becoming 
t o o  p o s i t i v e  due t o  t h e  abundance o f  low energy e l e c t r o n s  around. The re- 
a t t r a c t i o n  o f  these low energy e l e c t r o n s  p i n s  t h e  sur face  vo l t age  low and 
makes i t  r a t h e r  i n s e n s i t i v e  t o  changes i n  t h e  i n c i d e n t  beam energy. when t h e  
beam energy i s  equal t o  EII, t h e  number o f  incoming p r i m a r i e s  i s  e x a c t l y  
balanced by the number o f  ou tgo ing  secondaries. There i s  no n e t  g a i n  o r  l o s s  
o f  e l e c t r o n s  a t  t h e  sur face  and thus  t h e  sur face  becomes uncharged. I n  f i g -  
u r e  2, t h i s  corresponds t o  t h e  p o i n t  a t  which t h e  measured su r f ace  vo l t age  
goes t o  zero. A t  t h i s  p o i n t ,  EII, t h e  second crossover  energy, can be meas- 
u red  d i r e c t l y  f rom t h e  beam vol tage.  Beyond t h i s  p o i n t ,  t h e  beam energy moves 
i n t o  a  r e g i o n  where s < 1. There w i l l  be a  ne t  abso rp t i on  o f  e l e c t r o n s  a t  t h e  
surface. The accumulat ion o f  these  incoming e l e c t r o n s  g i ves  r i s e  t o  a  nega- 
t i v e  p o t e n t i a l  a t  sur face.  T h i s  nega t i ve  p o t e n t i a l  slows down t h e  incoming 
p r i m a r i e s  and causes s t o  inc rease  towards u n i t y .  A t  e q u i l i b r i u m ,  t h e  su r f ace  
w i l l  charge t o  a  p o t e n t i a l  such t h a t  t h e  e l e c t r o n s  a r r i v i n g  a t  su r face  w i l l  
have a  k i n e t i c  energy equal t o  EII and a  s = 1. As a  r e s u l t ,  t h e  surface 
charges up t o  a p o t e n t i a l  equal t o  beam energy minus EII. Exper imenta l  ob- 
s e r v a t i o n  agrees q u i t e  w e l l  w i t h  t h i s  ana lys is .  A t  beam energy h i ghe r  t han  
EII, t h e  s u r f  ace p o t e n t i a l  t r a c k s  t h e  beam energy 1  i n e a r l y  and 



where V S  and EB are the  sur face p o t e n t i a l  and the  beam energy, respec- 
t i v e l y .  I n  add i t ion ,  the  l i n e a r  r e l a t i o n s h i p  between V S  ana EB extends 
over several  k i l o v o l t s .  Th i s  r e s u l t  p o i n t s  ou t  t h e  f a c t  t h a t  t h e  secondary 
emission y i e l d  i s  no t  s e n s i t i v e  t o  the surface p o t e n t i a l  acquired on the 
material . .  T h i s  i s  important  because t h e  bu lk  o f  t h e  secondary emission da ta  
repor ted  i n  t he  l i t e r a t u r e  were obtained by convent ional  methods which re- 
qu i red  t h e  ma te r ia l  sur face t o  be a t  o r  near ground p o t e n t i a l .  Th i s  f i n d i n g  
removes some o f  t h e  u n c e r t a i n t y  concerning the  v a l i d i t y  o f  us ing the  data ob- 
t a i n e d  by the  convent ional methods and apply ing them t o  s i t u a t i o n s  where the  
m a t e r i a l  i s  charged t o  several k i l o v o l t s .  

Two-Electron Beam Charging 

I n  t h i s  sect ion, t he  charging behavior o f  a  d i e l e c t r i c  i n  a  multienerge- 
t i c  e l e c t r o n  environment w i l l  be discussed. The d iscussion w i l l  be based on 
t h e  r e s u l t s  o f  a  se t  o f  charg ing experiments us ing two e l e c t r o n  guns a t  d i f -  
f e r e n t  energies. The angle o f  incidence f o r  each gun was o f f s e t  about 3 deg- 
rees f rom the  sample normal. Based on the  data presented i n  the  next sect ion, 
t h e  e f f e c t s  o f  t h i s  minor o f fse t  are n e g l i g i b l e  and w i l l  be ignorea i n  t he  
f o l l o w i n g  discussion. 

The s i g n i f i c a n c e  o f  secondary emi ss ion  i n  a  d i s t r i b u t e d  environment can 
be understood by t h e  f o l l o w i n g  analysis.  F i r s t  consider  an i n s u l a t o r  being 
i r r a d i a t e d  by a  s i n g l e  e l e c t r o n  beam. As a  r e s u l t ,  t he  sur face p o t e n t i a l  
developed i s  c o n t r o l l e d  by t h e  energy o f  t h e  beam, EB1, v i a  secondary emis- 
sion. As we have shown i n  the  previous sect ion, f o r  beam energy greater  than 
EII o f  t he  mater ia l ,  t he  sur face charges up negat ive ly ,  and, a t  equ i l ib r ium,  
-eVs = E p  - EI+. When the  second beam i s  turned on, t he  surface p o t e n t i a l  
created y  the  i r s t  beam r e t a r d s  the e lec t rons  i n  t h e  second beam. A t  t he  
same time, t he  o r i g i n  o f  t he  secondary e l e c t r o n  y i e l d  curve i s  a lso s h i f t e d  
f rom zero f o r  an uncharged surface to -eVS when,the sur face i s  charged, as 
shown on an absolute energy scale i n  f i g u r e  3. I n  t h i s  representat ion,  i t  i s  
c l e a r  t h a t  the  e lec t rons  f rom the  second beam f a l l  i n t o  th ree  d i s t i n c t  cate- 
gor ies,  namely noni n te rac t i ng ,  discharging, and charging, depending on the  
beam energy. 

Based pu re l y  on an energy argument, e lec t rons  w i t h  energy lower than the  
sur face p o t e n t i a l  w i l l  be r e f l e c t e d  and w i l l  no t  i n t e r a c t  w i t h  t h e  sur face a t  
a l l .  As we increase t h e  energy o f  the second beam, i t  i s  equ iva len t  t o  moving 
t h e  arrow f o r  EB2 i n  f i g u r e  3 t o  the r i g h t .  We note t h a t  there  i s  a  reg ion  
between -eVs and -eVs + EI ( t h e  f i r s t  crossover) where the e lec t rons  are 
weakly charging. However, s ince t h i s  reg ion  i s  narrow (-50 V f o r  Kapton) and 
t h e  e f f e c t  small, we can sa fe l y  ignore i t s  con t r i bu t i on .  Therefore, e lec t rons  
f rom t h e  second beam w i t h  energy less than -eVs + EI can be considered 
non in terac t ing .  

I n  t h e  second category, a t  higher beam energies, the  e lec t rons  w i t h  E B ~  
between -eVs + EI and -eVS + EII w i l l  have the  appropr ia te  k i n e t i c  energy t o  
impact t h e  sur face w i t h  a  secondary y i e l d  g reater  than one. The ne t  increase 
i n  t h e  secondary emission due t o  the second beam causes the  surface t o  d is-  
charge. Consequently, t he  sur face voltage w i l l  s h i f t  t o  a  lower value V S '  
i n  o rde r  t o  re -es tab l ish  cu r ren t  balance. A t  equ i l i b r i um,  the  number o f  



e lec t rons  emit ted due t o  t h e  second beam has t o  be balanced by the  number o f  
e lec t rons  absorbed f rom t h e  f i r s t  beam, or, 

where J B ~  and J B ~  are the  cu r ren t  d e n s i t i e s  o f  t he  f i r s t  and the  second beam 
a t  t he  surface, respect ive ly .  The r e l a t i o n  described i n  equat ion (4 )  prov ides 
a  way o f  sweeping out  t he  shape o f  the  secondary emission y i e l d  curve by vary- 
i n g  t h e  c u r r e n t  dens i t i es  and the  beam energies. However, t h i s  way o f  deter-  
min ing s i s  tedious exper imenta l l y  and requ i res  a  great  deal o f  curve f i t t i n g  
and opt imiza t ion .  For tunate ly ,  a  f a s t e r  and more convenient method has been 
developed f o r  determining the  secondary emission y i e l d  curve by measuring 
Emax and EII f o r  a  p a r t i c u l a r  mater ia l .  

I n  t h i s  method, t h e  d i e l e c t r i c  i s  i r r a d i a t e d  simultaneously w i t h  two 
e l e c t r o n  beams. The energy o f  one beam i s  f i x e d  wh i l e  a  second, the  probe 
beam, whose i n t e n s i t y  i s  modulated scans cont inuous ly  over a  wide range o f  
energy. The cur ren t  o f  t he  probe beam i s  d e l i b e r a t e l y  kept low i n  order  no t  
t o  d i s t u r b  t h e  e q u i l i b r i u m  sur face vo l tage es tab l ished by the  f i r s t  beam. I n  
t h i s  measurement, t he  surface vol tage i s  monitored cont inuously  and the  small 
AC component i n  surface vo l tage induced by the  modulated probe beam i s  meas- 
ured by synchronous detect ion.  The amplitude and phase o f  the  AC component 
a re  determined by the  number o f  e lec t rons  emi t ted  o r  absorbed by the  sur face 
due t o  the  probe beam. Hence, a  p l o t  o f  t he  synchronous change i n  surface 
vo l tage as a  f u n c t i o n  o f  t h e  energy o f  the probe beam i s  d i r e c t l y  r e l a t e d  t o  
the  secondary emission y i e l d  curve o f  t he  mater ia l .  Such a  p l o t  and the  ex- 
per imenta l  cond i t ions  used are shown i n  f i g u r e  4  f rom which we can e x t r a c t  
Emax and E I d i r e c t l y .  For  Kapton, we found t h a t  Emax = 250 V and E I = b \ 1000 V. T ese values agree w i t h  those determined p rev ious l y  i n  our abora- 
t o r y .  F igure  5 shows the  secondary y i e l d  curve f o r  Kapton obtained from equa- 
t i o n  ( 2 )  us ing  the values g iven above. These r e s u l t s  show t h a t  t h e  modulated 
probe beam method o f f e r s  a  convenient and accurate way f o r  determining the  
secondary emission p rope r t i es  o f  var ious f i lm- type d i e l e c t r i c  mater ia ls .  

Once the  shape o f  t he  secondary emission curve i s  determined, the  charg- 
i n g  response o f  a  m a t e r i a l  t o  a  mu l t i ene rge t i c  e l e c t r o n  f l u x ,  F(E), can be 
understood. As discussed e a r l i e r ,  the  spectrum o f  these e lec t rons  can be 
d i v i d e d  i n t o  three c r i t i c a l  regions, as shown i n  f i g u r e  6. E lec t rons  w i t h  en- 
ergy below -eVs + EI a re  non in te rac t i ng  and can be e l im ina ted r i g h t  away. 
Between -eVs + EI and -eVg + EII, e l ec t rons  have a  a > 1 and a  tendency t o  
discharge the  surface. A ove -eV + EII, because s < 1, e lec t rons  i n  t h i s  
reg ion  tend t o  cause t h e  sur face ?o charge negat ive ly .  I n  order  t o  main ta in  
cu r ren t  balance f o r  a  ma te r i a l  w i t h  zero leakage, t he  t o t a l  number o f  elec- 
t r o n s  emi t ted  (6 > 1) must be balanced the  e lec t rons  absorbed (6 < 1 ) .  Hence, 

where Eu i s  the h ighes t  energy of t he  nonpenetrat ing e lec t rons  and F(E) 
i s  t he  i n c i d e n t  e lec t ron  f l u x  a t  normal incidence. When equation ( 5 )  i s  no t  



s a t i s f i e d ,  VS w i l l  s h i f t  t o  a new surface p o t e n t i g l  V u n t i l  cu r ren t  
balance i s  reestabl ished.  S i m i l a r l y ,  a  change i n  the  e 3 ec t ron  d i s t r i b u t i o n  
w i l l  r e s u l t  i n  a change i n  the  surface voltage. Therefore, conceptual ly,  t h i s  
ana lys i s  prov ides a phys ica l  l i n k  between the  p r o p e r t i e s  o f  t he  ma te r ia l  and 
t h e  e l e c t r o n  d i s t r i b u t i o n  o f  t he  environment i n  determining i t s  sur face poten- 
t i a l .  I t  should be noted tha t ,  i n  t h e  absence o f  pho to i l l um ina t i on  (causing 
photoemission and photoconduct iv i ty ) ,  secondary emission i s  the  most important  
f a c t o r  i n  c o n t r o l l i n g  sur face charging o f  low-conduct iv i ty  mater ia ls .  How- 
ever, a  number of o the r  e f fec ts ,  such as e l e c t r o n  induced c o n d u c t i v i t y  and i on  
induced secondary emissions, have t o  be considered i n  t he  order  t o  make t h e  
ana lys i s  more app l i cab le  t o  actual  substorm charging i n  space. 

Angu 1 ar Dependence 

I n  the  preceding discussion, i t has been assumed t h a t  the pr imary elec- 
t r o n s  s t r i k e  t h e  m a t e r i a l  surface a t  normal incidence. However, i t  i s  w e l l  
known t h a t  ob l ique inc idence produces more secondaries than normal incidence. 
T h i s  i s  due t o  t h e  f a c t  t h a t  t he  secondary e lec t rons  are generated c l o s e r  t o  
t he  sur face and have a greater  p r o b a b i l i t y  o f  escaping from the  so l i d .  As a 
r e s u l t ,  bo th  Emax and EII i n  equation ( 2 )  w i l l  increase as the  angle 
o f  inc idence increases. Hence, t he  dependence o f  these parameters on i n c i d e n t  
beam angle i s  c r i t i c a l  t o  understanding t h e  charging behavior o f  ma te r i a l s  i n  
space where t h e  i n c i d e n t  e lec t rons  may s t r i k e  f rom a l l  d i rec t i ons .  

Recent analyses i n d i c a t e  t h a t  the  e l e c t r o n  angular d i s t r i b u t i o n s  i n  near 
geosynchronous o r b i t s  are h i g h l y  an iso t rop ic  du r ing  geomagnetically d i s tu rbed  
times. An est imate i nd i ca tes  t h a t  the  e l e c t r o n  cu r ren t  normal t o  the  e a r t h ' s  
magnetic f i e l d  l i n e  i s  rough ly  th ree  times l a r g e r  than the  cu r ren t  p a r a l l e l  t o  
t h e  f i e l d  l i n e  ( f i g .  7).  The data presented i n  t he  f i g u r e  were obtained from 
a n a t u r a l  charg ing event on S a t e l l i t e  P78-2 on February 12, 1979. The angular 
d i s t r i b u t i o n  o f  t he  e l e c t r o n  cu r ren t  was obta ined by i n t e g r a t i n g  the  e l e c t r o n  
f l u x  between 3.4 and 19.4 keV provided by the  SC-2 p a r t i c l e  counter on board 
P78-2. I n  f i g u r e  7, t he  angu lar ly  resolved c u r r e n t  was p l o t t e d  as a f u n c t i o n  
o f  magnetic angle and un i ve rsa l  t ime (UT) i n  seconds f o r  t h ree  consecut ive 
s a t e l l i t e  sp in  cycles. Each sp in  cyc le i s  about 60 seconds long. Due t o  sym- 
metry along the  magnetic ax i  s, the  current-angle p r o f  i l e  i s  approximately t he  
same i n  each h a l f  cyc le.  Since t h i s  charging event was occur r ing  i n  the sun 
and t h e  d i r e c t i o n  o f  t h e  so la r  r a d i a t i o n  was approximately p a r a l l e l  t o  t h a t  o f  
t h e  cu r ren t  maximum, charging o f  t h e  SSPM samples could on l y  take p lace i n  the  
dark h a l f  c y c l e  o f  each s a t e l l i t e  r o t a t i o n .  Since the  SC-2 p a r t i c l e  counter 
and the  SSPM are loca ted a t  d i f f e r e n t  p a r t s  on the  spacecraft, there  i s  a t ime 
delay.between t h e  two measurements. The crosses i n  f i g u r e  7 mark t h e  onsets 
o f  t h e  dark h a l f  cyc les  from which the SSPM charging data presented i n  f i g -  
u r e  8 were obtained. The s o l i d  l i n e s  i n  f i g u r e  7 represent,  g iven the  t ime  
delay, approximately t he  cu r ren t  p r o f i l e s  t h a t  would impinge on the SSPM i n  
t h e  dark h a l f  cyc les  marked by the  crosses respect ive ly .  No t i ce  i n  f i g u r e  8 
tha t ,  du r ing  the  f i r s t  dark ha l f  cyc le (UT = 18292), t he  Kapton sur face d i d  
n o t  show any s i g n  of charg ing u n t i l  the sample r o t a t e d  t o  w i t h i n  30 degrees 
[ I20  ] from the  cu r ren t  maximum [go0]. The angles quoted i n  brackets are the  
magnetic angles g iven i n  f i g u r e  8. I n  t h e  nex t  dark h a l f  cyc le  (UT = 18346), 
t h e  e l e c t r o n  d i s t r i b u t i o n  i n  t he  plasma sheet hardened and the  peak cu r ren t  i n  
f i g u r e  7 went up. Dur ing t h i s  time, the Kapton sample began t o  charge e a r l i e r  



(about  55 degrees 1145' J f rom t h e  maximum) and subsequently charged t o  a high- 
e r  p o t e n t i a l .  I n  t he  l a s t  ha l f  cycle, t he  e l e c t r o n  d i s t r i b u t i o n  softened 
s l i g h t l y  and the Kapton charging p r o f i l e  i s  in te rmed ia te  between the  p r o f i l e s  
i n  the  f i r s t  and second h a l f  dark h a l f  cyc les,  i t  d i d  no t  begin t o  charge im- 
mediately.  Instead, charging occurred o n l y  when the  angle of inc idence o f  t h e  
peak c u r r e n t  approached normal incidence. I n  add i t ion ,  the  onset and the  mag- 
n i t u d e  o f  charging are  h i g h l y  co r re la ted  t o  the  i n t e n s i t y  o f  t he  peak cur- 
ren t .  These r e s u l t s  show t h a t  charging i s  q u i t e  s e n s i t i v e  t o  the  anisotropy 
o f  t he  e lec t rons  i n  t he  plasma sheet. Hence, t he re  i s  a need t o  understand 
how the  angle o f  incidence in f luences the  charging behavior o f  d i e l e c t r i c s .  

I n  t h e  laboratory,  a monoenergetic charg ing beam was used t o  examine t h e  
e f f e c t s  o f  vary ing t h e  angle o f  inc idence on charging. The e q u i l i b r i u m  sur- 
face  vo l tage  was found t o  decrease w i t h  i nc reas ing  angle o f  inc idence as ex- 
pected f rom higher secondary emission. F igure  9 shows a f a m i l y  o f  charg ing 
curves f o r  Kapton a t  d i f f e r e n t  angles o f  incidence. When the  th resho ld  beam 
vol tages f o r  surface charging and the  slopes o f  t h e  charging curves o f  f i g -  
u r e  9 are p l o t t e d  against  t he  angle o f  incidence, e, they are found t o  f o l l o w  
cos2e ( f i g .  10). From these r e s u l t s ,  we found t h a t  t he  angular dependence 
o f  the  e q u i l i b r i u m  sur face p o t e n t i a l  i s  g iven by 

2 -eVS(e) = cos e EB - E Y I  

0 
where EII i s  t h e  second crossover energy o f  the  ma te r ia l  a t  normal inc idence 
and EB t h e  primary e l e c t r o n  energy. Consequently, t h e  angular dependence 
o f  t h e  second crossover, EII(e), f o r  Kapton can be determined by s e t t i n g  
- e V ~ ( e )  = 0, and, E11(e) - EB, 

=I I 
El+) = -7 

cos e 

The same angular dependence can be obta ined by app ly ing  Sterng lass '  theory.  
These r e s u l t s  i n d i c a t e  tha t ,  f o r  a p a r t i c u l a r  mater ia l ,  the  m o m e n t u ~ l o s s  mean 
f r e e  pa th  c o n t r o l s  t h e  product ion  o f  t he  secondaries and hence the  charging 
c h a r a c t e r i s t i c s  o f  t h e  mater ia l .  They f u r t h e r  suggest t h a t  the  secondary 
emission y i e l d  should increase as (cos2e)-1 w i t h  increas ing  angle o f  i n c i -  
dence. However, more work i s  needed t o  conf irm t h e  v a l i d i t y  o f  t h i s  depen- 
dence. 

SUMMARY 

I n  t h e  absence o f  l i g h t  and h igh  energy p a r t i c l e s ,  t he  sur face p o t e n t i a l  
of Kapton i s  found t o  be c o n t r o l l e d  by secondary emission. Under monoenerge- 
t i c  e l e c t r o n  i r r a d i a t i o n ,  t he  surface vo l tage  va r ies  l i n e a r l y  w i t h  t h e  beam 
V O ~  tage. I n  a mu 1 t i  energet ic  environment, t h e  su r f  ace vo l tage i s  determined 
by t h e  convo lu t ion  o f  t he  e l e c t r o n  d i s t r i b u t i o n  and t h e  secondary e l e c t r o n  
y i e l d  o f  t h e  mater ia l .  Using s i n g l e  and dual e l e c t r o n  beam charging tech- 
niques, we have devised methods f o r  measuring t h e  c r i t i c a l  secondary emission 
y i e l d  parameters as we l l  as the  angular dependence of these parameters f o r  
Kapton. T h i s  in fo rmat ion  i s  n o t  on l y  e s s e n t i a l  t o  t h e  understanding of mate- 



r i a l  charg ing  i n  space b u t  a l s o  va luable as i n p u t  t o  t h e  NASCAP spacecra f t  
charg ing  model ing code. 
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Figure 1. - A "typicalu secondary emission yield curve of an 
insulator. 
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Figure 2 - Charging behavior'of a low-conductivity material 
under monoenergetic electron irradiation. The top trace 
is the secondary emission yield curve and the bottom trace 
is the measured surface voltage vs beam energy. 
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Figure 3. - For a charged surface, the or ig in of the secondary electron yield 
curve is shifted to -eV on an absolute energy scale. The arrows indicate d the energies of the sta ronary and scanning electron beams. 
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Figure 4. - Results of the modulated two-beam' charging experiment. Emax and EII can be 
obtained directly from th is plot. 



Figure 5. - Secondary yield curve for Kapton obtained from equation (21 by using the 
values determined by the modulated beam method. 

NON- I NTERACT I NG 
I I DISCHARGING BY I 

ISECONDARY EMISSION I 

5 5 I CHARGING 

5: 
0 0 
w oc 

W 

-eVS + El -eVS + Ell 

ENERGY OF ELECTRON 

Figure 6. - Electron distribution separated into three distinct regions: noninterac- 
tin!, discharging 8 > 11, and charging (6 < 11. 
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Figure 7. - Anisotropy in  electron angular distribution during a "typicaP charging event. Current- 
angle profiles are shown for three consecutive satellite rotations. 



100 

VOLTS 

90  
MAGNETIC ANGLE (deg) 

VOLTS 

100 

10 

0 

Figure 8. - Charging response of SSPM Kapton to the anisotropic 
electron environment described in  figure 7. 
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Figure 9. - Monoenergetic charging curves of Kapton at different angles of incidence. 
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Figure 10. - Variation of threshold beam voltage and charg- 
ing slope as a function of angle of incidence. 
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