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SUMMARY 

A s tudy  has  been made of t h e  e f f e c t  on d i e l e c t r i c  s u r f a c e  d i s c h a r  e s  of 
adding h igh  energy e l e c t r o n s  a t  5 p ~ / c m 2  t o  a primary 20 keV, 10 nA/cm 5 
e l e c t r o n  beam, t h e  high-energy broad-spectrum p a r t i c l e s  coming from t h e  B- 
decay of Stront ium -90. Kapton e x h i b i t s  t h e  most s u r p r i s i n g  e f f e c t ,  which is 
s i g n i f i c a n t l y  increased  d ischarge  s t r eng th ,  increased  wa i t i ng  time between 
d i scha rges ,  and a decreased number of d i scharges  pe r  specimen be fo re  d ischarge  
ces sa t ion .  Mylar e x h i b i t s  s i m i l a r  but less pronounced e f f e c t s ,  wh i l e  Teflon 
is  r e l a t i v e l y  unaf fec ted .  There is  evidence t h a t  wi th  Kapton and Mylar t h e  
h igh  energy e l e c t r o n s  a c t  i n  some way t o  de lay  t h e  i n s t a n t  of d i scharge  
i g n i t i o n  s o  t h a t  more charge can  be  accumulated and hence r e l e a s e d  during 
d ischarge .  

INTRODUCTION 

Spacec ra f t  i n  synchronous o r b i t  a r e  exposed t o  a n a t u r a l  e n e r g e t i c  
e l e c t r o n  f l u x  w i t h  a continuous energy spectrum extending i n t o  t h e  MeV range. 
It has  been est imated t h a t  t h i s  ene rge t i c  f l u x  could p e n e t r a t e  t h e  o u t e r  s k i n  
of a s p a c e c r a f t  and cause a r c  discharges t o  occur i n  i n t e r i o r  d i e l e c t r i c s  
r e f . .  I t  has  a l s o  been es t imated  t h a t  nuc lea r  B-decay e l e c t r o n s  could 
augment t h e  n a t u r a l l y  occurr ing  high-energy e l e c t r o n  f l u x  by one t o  two o r d e r s  
of magnitude, thereby c o n t r i b u t i n g  t o  s t r o n g e r  charging o r  d i scharg ing  
phenomena ( r e f  .2) . 

Most l abo ra to ry  s imu la t ions  of spacec ra f t  charging have been c a r r i e d  out  
us ing  metal-backed d i e l e c t r i c  s h e e t s  exposed t o  monoenergetic e l e c t r o n  beams 
i n  t h e  r e l a t i v e l y  low energy range of 15-25 keV, b u t  r e c e n t l y  evidence has  
been in t roduced  i n d i c a t i n g  t h a t  a monoenergetic e l e c t r o n  beam i n  t h e  
r e l a t i v e l y  h igh  energy range of 200-500 keV can by i t s e l f  cause d ischarges  t o  
occur ( r e f . 3 )  o r  can modify discharges caused by a s imul taneous ly 'appl ied  low- 
energy beam ( r e f  .4 ) .  I n  p a r t i c u l a r  i t  was found ( r e f  .4) t h a t  t h e  a d d i t i o n  of 
200 keV e l e c t r o n s  a t  100 p ~ / c m 2  completely prevented t h e  occurrence of 
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d i scha rges  due t o  a  25 keV beam, even when t h i s  low energy beam's c u r r e n t  
d e n s i t y  was a s  high a s  13 nA/cm2. The f u r t h e r  i n v e s t i g a t i o n  of t h i s  l a t t e r  
e f f e c t  of combined h igh  and low energy beams i s  t h e  o b j e c t i v e  of t h e  r e sea rch  
r e p o r t e d  he re ,  w i t h  t h e  primary innovat ion  be ing  t h e  u s e  of a  broad-spectrum 
Stront ium -90  high-energy 8 - p a r t i c l e  source.  

EXPERIMENTAL CONDITIONS 

I n  t h e  planning s t a g e  i t  became c l e a r  t h a t  t h e  experiments  would be  
extremely time-consuming, so  t h a t  t h e  number and ranges of t h e  parameters  
s e l e c t e d  would have t o  be l i m i t e d .  Therefore  it  was decided t o  select only 
one set of f l uxes ,  w i th  t h e  h igh  energy f l u x  l y i n g  ve ry  roughly between t h e  
expected n a t u r a l  and nuclear-enhanced va lues  a s  eva lua ted  i n  t h e  l i t e r a t u r e  
( r e f .  4 ) ,  and the low energy f l u x  l a r g e  enough t o  permi t  completion of t h e  
experiments i n  a  reasonable  time. Thus t h e  s e l e c t e d  c u r r e n t  d e n s i t i e s  w e r e  
10 nA/cm2 f o r  monoenergetic 20 keV e l e c t r o n s  and 5 p ~ / c m 2  f o r  t h e  broad- 
spectrum emission from 9 0 ~ r .  Theore t i ca l  e s t i m a t i o n  of t h e  emission from a 
100 m C i  9 0 ~ r  source i nd i ca t ed  t h a t  a  c u r r e n t  d e n s i t y  of 5  nA/cm2 would e x i s t  
a t  a  d i s t a n c e  of 3 cm from t h e  source  and Faraday cup measurements i n  a 
vacuum confirmed t h i s  es t imate .  

It was decided t o  test t h r e e  m a t e r i a l s ,  FEP Teflon 50 pm t h i c k ,  Kapton 
H 50 pm t h i c k  and Mylar 75 um t h i c k .  One reason  f o r  t h i s  choice  was t h e  
e x i s t e n c e  of ex t ens ive  d i scharge  d a t a  on t h e s e  t h r e e  m a t e r i a l s  w i t h  r e s p e c t  
t o  exposed-area s c a l i n g  ( r e f .  5 ) a n d  wi th  r e s p e c t  t o  i nc iden t - f l ux  s c a l i n g  of 
t h e  d i s cha rge  peak c u r r e n t ,  r e l ea sed  charge,  energy d i s s i p a t e d  and p u l s e  
d u r a t i o n  ( r e f .  6 ) .  Also, Kapton was s e l e c t e d  because of i ts  use  i n  prev ious  
high-energy t e s t s ,  and Teflon and Mylar were chosen t o  r e v e a l  d i f f e r e n c e s  

2 among polymers. The specimen a r e a  was kept  cons t an t  a t  11.7 cm . 
It has  been mentioned t h a t  d i s cha rge  tests can be time-consuming. One 

reason f o r  t h i s  is specimen f a t i g u e  which means t h a t  on a  p a r t i c u l a r  specimen 
d ischarg ing  can suddenly s t o p  and no t  recommence, o r  t h e  p r o p e r t i e s  of t h e  
d i scharges  can change a s  t h e  d i scharges  cont inue .  This  means t h a t  a  complete 
d i scharge  h i s t o r y  f o r  each specimen must be  recorded and t h e  specimens changed 
f r e q u e n t l y .  Furthermore specimen f a t i g u e  is  a  p rope r ty  which i s  a s  important  
a s  d i s cha rge  pu l se  s t r e n g t h  i n  a s se s s ing  t h e  e f f e c t s  of high-energy e l e c t r o n  
exposure.  

The experimental  arrangement i s  shown i n  f i g u r e  1. The r a d i o i s o t o p e  
sou rce  was pos i t i oned  so  a s  t o  produce minimum blockage of t h e  low energy beam 
when t h e  low and h igh  energy e l e c t r o n s  were i n c i d e n t  s imultaneously.  For low 
energy incidence a lone ,  t h e  r a d i o i s o t o p e  sou rce  was removed. Also shown i n  
f i g u r e  1 is  the emission spectrum of t h e  high-energ sou rce  a spectrum which 
e x h i b i t s  a  lower-energy peak due t o  t h e  @-decay of  h r  t o  40y, and a  higher- 
energy peak due t o  t h e  8-decay of t o  s t a b l e  ' O Z ~ .  



SPECIMEN DISCHARGE HISTORY EXAMPLES 

Each specimen was found t o  e x h i b i t  a p a r t i c u l a r  kind and degree of 
f a t i g u e  as d ischarges  r ecu r red ,  and so f o r  each specimen t h e  d ischarges  were 
ass igned  s e r i a l  numbers. The progression of some d ischarge  p r o p e r t i e s  wi th  
serial number i s  shown i n  f i g u r e  2 for  a s i n g l e  Teflon specimen and low-energy 
e l e c t r o n  inc idence .  The s u b s t r a t e  and mask peak c u r r e n t s  bo th  decrease  slowly 
f o r  t h e  f i r s t  n i n e  d ischarges ,  during which t h e  wai t ing  time between d i scha rges  
i nc reases  e r r a t i c a l l y .  Then t h e r e  is a sudden change t o  lower peak c u r r e n t s  
and s h o r t e r  wai t ing  times. This type  of sudden change c o r r e l a t e s  w i t h  t h e  
formation of a "punchthrough" o r  "pinhole" i n  t h e  specimen and t h e  subsequent 
a r c s  tend  t o  concen t r a t e  on t h e  punchthrough. It would appear  probable t h a t  
subsequent d i scha rge  a r c s  a r e  i n i t i a t e d  a t  t h e  punchthrough and then propagate  
away from it .  

The specimen time h i s t o r i e s  were organized according t o  s e r i a l  number 
and t h e  d ischarge  p r o p e r t i e s  averaged f o r  each type of m a t e r i a l .  The example 
of Kapton exposed t o  low-energy e l e c t r o n s  i s  shown i n  f i g u r e  3, i n  which t h e  
average peak c u r r e n t  a c t u a l l y  r i s e s  s l i g h t l y  a s  t h e  d ischarges  proceed, a 
process  which is c l e a r l y  t h e  oppos i te  t o  f a t i g u e .  The v e r t i c a l  b a r s  i n  f i g u r e  
3 i n d i c a t e  t h e  ranges  f o r  a l l  va lues  measured. 

A s  shown i n  f i g u r e  3 t h e  wai t ing  t ime e x h i b i t s  a g r e a t  d e a l  of 
v a r i a b i l i t y ,  i n d i c a t i n g  t h a t  t h e  s l i g h t  downward t r end  i n  t h e  average may n o t  
be s i g n i f i c a n t .  It i s  worth n o t i n g  tha t  t h e  longes t  wai t ing  time be fo re  a 
d ischarge  i n  t h i s  sequence was 1% hours whi le  t h e  s h o r t e s t  w a s  20 seconds. 
Any specimen which d i d  n o t  d i scharge  over a per iod  of 1% t o  2 hours  was deemed 
t o  have ceased d ischarg ing  and was replaced wi th  a n  unexposed specimen; some 
specimens d i d  n o t  d i scha rge  a t  a l l .  In  t h i s  set of experiments Kapton d i d  
not  develop punchthroughs al though in  prev ious  experiments on the  same type  
and th i ckness  of m a t e r i a l ,  occas iona l  punchthroughs d i d  occur .  

DISCHARGE OCCURRENCE 

The pe r iods  of d i scharge  occurrence and t h e  p o i n t s  of d i scha rge  c e s s a t i o n  
a r e  c h a r t e d  f o r  t h e  i n d i v i d u a l  specimens a s  h o r i z o n t a l  l i n e s  i n  f i g u r e  4 .  For 
Teflon, punchthrough-type d ischarge  occurrence i s  des igna ted  by dashed l i n e s .  
I n  t h e  f i g u r e  t h e  v e r t i c a l  b a r  following each 6 t h  d ischarge  i s  a reminder t h a t  
t h e  computed averages of  t h e  discharge p r o p e r t i e s  inc lude  only  t h e  f i r s t  s i x  
d i scha rges ,  and fur thermore these  averages exclude punchthrough-type d ischarges .  

For Teflon t h e  e f f e c t  of adding high-energy broad spectrum e l e c t r o n s  was 
t o  i n c r e a s e  by 50% t h e  number of ins tances  of punchthrough occurrence;  however 
t h e  number of normal d ischarges  per  specimen remained e s s e n t i a l l y  cons t an t  a t  
about  6 .  For Kapton t h e  number of discharges per  specimen dec l ined  from 10 
t o  4.5 upon a d d i t i o n  of t h e  h igh  energy e l e c t r o n s .  For Mylar t h e  corresponding 
change was from 4 t o  3 discharges  per specimen. Clear ly  Kapton was t h e  only 
one of t h e  t h r e e  m a t e r i a l s  t o  exh ib i t  increased  f a t i g u e  i n  t h e  form of 



s i g n i f i c a n t l y  fewer d ischarges  per  specimen upon a d d i t i o n  of h igh  energy 
e l e c t r o n s  from t h e  9 0 ~ r  source.  

AVERAGE DIS CHARGE PROPERTIES 

The d ischarge  c u r r e n t  pu l se  p r o p e r t i e s  were averaged over  t h e  f i r s t '  six 
normal discharges and t h e  r e s u l t s  dep ic t ed  a s  ba r  graphs i n  f i g u r e s  5, 6, 7 
and 8. A s  f o r  t h e  d ischarge  s t r e n g t h ,  f i g u r e  5 shows t h a t  on Tef lon  t h e  
a d d i t i o n  of high energy e l e c t r o n s  causes t h e  peak c u r r e n t  and r e l e a s e d  charge  
t o  decrease  s l i g h t l y ,  but  has  t he  oppos i t e  and much s t ronge r  e f f e c t  on Kapton 
and Mylar. Indeed f o r  Kapton t h e  r e l e a s e d  charge is t r i p l e d  and t h e  energy 
d i s s i p a t e d  (shown i n  f i g u r e  6) is  m u l t i p l i e d  by a f a c t o r  of seven.  The pu l se  
du ra t ions  shown in f i g u r e  6 a r e  r e l a t i y e l y  unaf fec ted  by t h e  h igh  energy 
e l e c t r o n s  . 

AVERAGE WAITING TIME 

The increased d ischarge  s t r e n g t h  f o r  Kapton and Mylar a s  r e f e r r e d  t o  
above c o r r e l a t e s  f a i r l y  we l l  wi th  t h e  increased  wa i t i ng  time shown i n  f i g u r e  
7.  This  c o r r e l a t i o n  i s  b e t t e r  f o r  t h e  r e l e a s e d  charge  than  f o r  t h e  o the r  
d i scharge  p rope r t i e s  a s  can b e  seen i n  t h e  t a b l e  below. 

Rat io  of High + Low t o  Low Energy Average Discharge P r o p e r t i e s  

Presumably t h e  added h igh  energy e l e c t r o n s  a c t  i n  some way t o  permit  charge  t o  
bu i ld  up f o r  a  longer  per iod be fo re  d i scha rge  occurs .  It i s  conce ivable  t h a t  
t h e  beam-induced conduc t iv i ty  a l lows  enough charge r e d i s t r i b u t i o n  t o  prevent  
e a r l y  formation of charge concen t r a t ions  and r e s u l t a n t  breakdown-level f i e l d s .  
Whatever t h e  reason may be,  t h e  f a c t o r  of f o u r  i nc rease  i n  wai t ing  t ime is 
p a r t i c u l a r l y  s i g n i f i c a n t  because i t  a l lows  time f o r  a  much l a r g e r  charge t o  
accumulate. The longer  wa i t i ng  time a l s o  g r e a t l y  ex tends  t h e  time r e q u i r e d t o  
perform t h e  experiments. 

Kap ton 

Mylar 

The average mask-to-substrate r a t i o s  of f i g u r e  8 i n d i c a t e  t h a t  t h e  
a d d i t i o n  of high-energy e l e c t r o n s  h a s  l i t t l e  e f f e c t .  Because t h e s e  r a t i o s  and 
a l s o  t h e  p u l s e  du ra t ions  a r e  so l i t t l e  a f f e c t e d ,  it seems reasonable  t o  
conclude t h a t  the a d d i t i o n  of high-energy i n c i d e n t  e l e c t r o n s  does n o t  a f f e c t  
d i scharge  dynamics. 
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TRENDS DURING FIRST SIX DISCHARGES 

It i s  reasonable  t o  a s k  whether o r  no t  t h e  averages presented  a s  ba r  
graphs i n  f i g u r e s  5 through 8 mask any s i g n i f i c a n t  v a r i a t i o n s  during t h e  f i r s t  
six discharges .  The average discharge h i s t o r i e s  p l o t t e d  i n  f i g u r e  9 address  
t h i s  ques t ion  by showing t h a t  t he  peak c u r r e n t  does n o t  change g r e a t l y  w i t h  
d i scha rge  s e r i a l  number, and even increases  s l i g h t l y  i n  t h e  case  of Kapton f o r  
both t h e  low energy and t h e  combined h igh  and low energy exposure. For 
s p e c i f i c  s e r i a l  numbers, t h e  peak cu r ren t s  v a r i e d  t y p i c a l l y  over a  2 : l  range. 
The o t h e r  d i scharge  p r o p e r t i e s  ( r e l ea sed  charge,  energy, pu l se  du ra t ion )  
exh ib i t ed  s i m i l a r  v a r i a t i o n s ,  i nd ica t ing  t h a t  t h e  average d ischarge  p r o p e r t i e s  
a r e  indeed r e p r e s e n t a t i v e  of a l l  t h e  d ischarges .  

The wai t ing  times a s  shown i n  f i g u r e  9 vary  apprec i ab ly ,  w i th  t h e  r a p i d  
inc rease  f o r  Teflon exposed t o  low energy e l e c t r o n s  being e s p e c i a l l y  
no t i ceab le .  These wai t ing  times f o r  Teflon f o r  a  g iven  s e r i a l  number v a r i e d  
t y p i c a l l y  over only  a  4 : l  range  while  t h e  averages v a r i e d  over  a  l C : l  range,  
which tends t o  support  t h e  s i g n i f i c a n c e  of t he  10: 1 v a r i a t i o n .  However no 
explana t ion  is apparent .  For Mylar t h e  v a r i a t i o n  w i t h  s e r i a l  number is  less 
pronounced and probably n o t  s i g n i f i c a n t  i n  view of t h e  4 : l  range a t  a  given 
s e r i a l  number. For Kapton t h e  s i t u a t i o n  is q u i t e  d i f f e r e n t  because t h e  
v a r i a t i o n s  a t  a  given s e r i a l  number were t y p i c a l l y  over a 1 5 : l  range. I n  
a d d i t i o n  f o r  t h e  high-energy c a s e  the 6 th  Kapton d i scha rge  wai t ing  time w a s  
de r ived  from only two specimens, s o  cons ide ra t ion  of a l l  t h e s e  f a c t o r s  
sugges ts  that t h e  Kapton wai t ing  time v a r i a t i o n s  (decreases)  over t h e  f i r s t  
six d i scha rges  probably a r e  n o t  s i g n i f i c a n t .  

CONCLUS IONS 

It is  necessary t o  cons ider  a de t a i l ed  d i scha rge  h i s t o r y  f o r  each 
specimen t e s t e d  i n  order  t o  c h a r a c t e r i z e  proper ly  each  m a t e r i a l  wi th  r e spec t  
t o  both f a t i g u e  and average d ischarge  p r o p e r t i e s .  Such d ischarge  h i s t o r i e s  
show, f o r  example, t h a t  t h e  formation of a  punchthrough is cha rac t e r i zed  by 
an  abrupt  change t o  weaker and more f requent  d i scharges .  

2  
The a d d i t i o n  of high-energy, broad-spectrum e l e c t r o n s  t o  a  10 nA/cm , 

20 keV e l e c t r o n  beam has  the  following e f f e c t s :  

1. For Kapton t h e  number of discharges per  specimen is c u t  i n  h a l f .  

2. For Kapton and Mylar, t h e  discharges t h a t  do occur a r e  much s t ronge r .  

3 .  The wa i t i ng  time between discharges f o r  Kapton and Mylar i nc reases  
g r e a t l y ,  i n  approximate propor t ion  t o  t h e  charge  r e l ea sed  dur ing  
d ischarge .  

4. The pu l se  d u r a t i o n s  and mask-to-substrate r a t i o s  remain e s s e n t i a l l y  
unchanged f o r  Teflon, Kapton and Mylar. 



5 .  For Teflon t h e  s t e a d i l y  i nc reas ing  wa i t i ng  t imes f o r  low-energy 
e l e c t r o n s  become apprec iab ly  smal le r  and cons t an t  upon a d d i t i o n  
of high-energy e l e c t r o n s .  

Thus f o r  Kapton i n  p a r t i c u l a r ,  and t o  a l e s s e r  degree f o r  Mylar, t h e  
e f f e c t  of adding broad-spectrum high-energy i n c i d e n t  e l e c t r o n s  is t o  cause 
d i scha rges  which a r e  s t ronge r  b u t  fewer i n  number and l e s s  f r equen t .  However 
t h e  f a c t  t h a t  t h e  pu l se  du ra t ions  and mask-to-substrate r a t i o s  a r e  unchanged 
sugges ts  t h a t  t he  phys ics  of t h e  d ischarge  process  is  unaf fec ted  by t h e  high- 
energy e l e c t r o n s .  The c o r r e l a t i o n  between t h e  waiting-time and r e l e a s e d  
charge  sugges ts  t h a t  t h e  h igh  energy e l e c t r o n s  in f luence  s t r o n g l y  t h e  charge 
accumulation process.  It i s  pos tu l a t ed  t h a t  a d d i t i o n a l  beam-induced and 
non l inea r  conduct iv i ty  during t h e  charge-up process  a c t s  t o  de lay  t h e  
formation of charge concen t r a t ions  and r e s u l t a n t  h igh- f ie ld  r eg ions  which 
a r e  s t r o n g  enough t o  t r i g g e r  d ischarges .  

The low-energy f l u x  l e v e l s  employed a r e  somewhat h igher  than  t h e  va lues  
expected i n  synchronous o r b i t ,  and t h e  r a t i o  of low-energy t o  high-energy 
f l u x e s  i s  2000 which i s  a l s o  high wi th  r e spec t  t o  synchronous o r b i t .  
Nevertheless  condi t ions  have been found such t h a t  d i scha rges  a r e  made s t ronge r  
by t h e  a d d i t i o n  of e n e r g e t i c  e l e c t r o n s  r a t h e r  than  being e l imina ted  completely 
as found i n  e a r l i e r  work done a t  lower low-energy f l u x e s  ( r e f .  4 ) .  Although 
f u r t h e r  study i s  requi red ,  it i s  c l e a r  a t  t h i s  s t a g e  t h a t  t h e  s p a c e c r a f t  
charging t h r e a t  t o  s a t e l l i t e s  cannot be dismissed e a s i l y  because of t he  
presence  of high-energy e l e c t r o n s  i n  synchronous o r b i t .  
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