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BACKGROUND 

This paper p re sen t s  a  d e s c r i p t i o n  of t h e  r e s u l t s  of t h e  i n i t i a l  phase of a  
broader,  more complete program f o r  t h e  c h a r a c t e r i z a t i o n  of e l e c t r i c a l  breakdowns 
on spacec ra f t  i n su l a t i ng  ma te r i a l s .  This i n i t i a l  phase cons i s t ed  of t h e  devel- 
opment of a  discharge s imu la to r  and c h a r a c t e r i z a t i o n  f a c i l i t y  and the  per for -  
mance of a  l imi ted  number of d i scharge  measurements t o  v e r i f y  t he  ope ra t i on  of 
t h e  l abo ra to ry  s e tup  and t o  provide pre l iminary  d i scharge  t r a n s i e n t  f i e l d  
da ta .  Some of t h e  e a r l y  r e s u l t s  of t h i s  program were presented a t  t h e  l a s t  
Spacec ra f t  Charging Symposium. 1 

Another por t ion  of t h e  i n i t i a l  phase of t h e  program was t o  develop a  pre- 
l iminary model of the  electromagnet ic  c h a r a c t e r i s t i c s  of t h e  discharge.  Such a  
model has been developed. It i s  based upon the  "blow o f f "  cu r r en t  model of 
d i scharges ,  with t h e  underlying assumption of a  propagat ing discharge.  

The labora tory  test f a c i l i t y  and d ischarge  c h a r a c t e r i z a t i o n  in s t rumen ta t i on  
were descr ibed  a t  t he  l a s t  Symposium and a r e  d i scussed  here  only b r i e f l y  f o r  
completeness. The genera l  r e s u l t s  of t h e  "quick look" t e s t s  w i l l  be descr ibed  
here.  The r e s u l t s  of t he  "quick look" experiments compare with t h e  pre l iminary  
model w i th  reasonable success.  

F u r t h e r  t e s t s  a r e  planned i n  t h e  f u t u r e  t o  c a r r y  ou t  t h e  complete program. 

TEST SETUP 

For t h e  electromagnet ic  breakdown s t u d i e s ,  t h e  t e s t  samples were mounted i n  
t he  middle of a  ground plane w i th in  an e lec t romagnet ica l ly - t ransparen t  vacuum 
chamber i n  t h e  genera l  manner i l l u s t r a t e d  i n  Figure 1. Th i s  arrangement simu- 
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l a t e s  a region of charged d i e l e c t r i c  mounted on t h e  s k i n  of a s a t e l l i t e .  The 
e l e c t r o n  gun i s  of a  s p e c i a l  type designed a t  SRI and uses  a  mul t ipac tor  e lec-  
t r o n  source t o  provide a  large-area uniform beam a d j u s t a b l e  over %wide range of 
ene rg i e s  and cu r ren t  d e n s i t i e s  a s  discussed a t  t h e  l a s t  Symposium. 

This  se tup  produces an electromagnet ic  environment s i m i l a r  t o  t h a t  e x i s t i n g  
on a  s a t e l l i t e  when breakdowns occur. The discharges on the outer  su r f ace  gen- 
e r a t e  t r a n s i e n t  e l e c t r i c  f i e l d s  above the  sk in  and t r a n s i e n t  c u r r e n t s  on t h e  
skin.  The e l e c t r i c  f i e l d s  induce s igna l s  i n  wir ing  on the  e x t e r i o r  of t he  sa -  
t e l l i t e  whi le  both e l e c t r i c  f i e l d s  and s k i n  c u r r e n t s  e x c i t e  ape r tu re s  i n  t h e  
sk in  which e x c i t e  wi r ing  ont he i n t e r i o r  of t h e  s a t e l l i t e .  Measurements of  
e l e c t r i c  f i e l d  (E) and magnetic f i e l d  (H) (H i s  equ iva l en t  t o  s k i n  c u r r e n t )  were 
made using simple antennas loca ted  a t  varying d i s t ances  from t h e  discharge t e s t  
pane l  a s  suggested i n  f i g u r e  1. The antennas being used were small  e l e c t r i c  
d ipoles  and half  loops. The e l e c t r i c  d ipole  sensors  measure E while t he  loop 
antennas respond t o  t he  H f i e l d .  

I n i t i a l l y ,  t h e  g l a s s  b e l l  j a r ,  a s  used i n  t h e  experiments,  had non-conduct- 
ing sur faces .  However, i t  was found t h a t  charge depos i ted  on the  inne r  s u r f a c e  
of t h e  b e l l  j a r  during the  charging process was r e l i eved  by the discharge pro- 
cess  and produced a  l a r g e  a r t i f i c i a l  dc f i e l d  change i n  t h e  measured data .  This  
charging of t he  b e l l  j a r  inner  sur face  was e l imina ted  by covering the inne r  
su r f ace  wi th  a  h igh- res i s tance  conductive coat ing.  In  t h i s  way, s t a t i c  charge 
accumulation i s  prevented, but the  conduct ivi ty  i s  low enough t h a t  t h e r e  i s  
l i t t l e  a t t e n u a t i o n  of t h e  high-frequency s i g n a l s  generated during the  discharge.  

A l a r g e  ground plane was used in  t he  t e s t  s e tup  t o  minimize the  r ing ing  
a s soc i a t ed  with r e f l e c t i o n s  from t h e  edges of t he  ground plane. In  a d d i t i o n ,  
t h e  reg ion  of t h e  ground plane i n  which the  sensors  were loca ted  was s p e c i a l l y  
t r e a t e d  t o  minimize edge r e f l e c t i o n s  by the  a d d i t i o n  of an ex tens ion  along t h e  
s ix-foot  edge. The outboard edge of t he  ex tens ion  was r o l l e d  over t o  form a 
cy l inde r  with a  6-inch rad ius  of curvature.  With t h i s  arrangement, t he  high- 
frequency components i n  t he  t r a n s i e n t  f i e l d s  propagat ing along the  ground plane 
su r f ace  tend t o  be r ad i a t ed  a s  they propagate around the  r o l l e d  edge and thereby  
minimize the  energy a v a i l a b l e  t o  form a r e f l e c t e d  s igna l .  I n  general ,  r e f l e c t e d  
s i g n a l s  were s u f f i c i e n t l y  low t h a t  they could be ignored i n  a l l  of t he  measure- 
ments, except those made v i r t u a l l y  a t  t he  edge of t he  ground plane where t h e  
amplitudes of t he  measured f i e l d s  had f a l l e n  s u b s t a n t i a l l y .  

E s s e n t i a l l y ,  with the  se tup  of Figure 1, a  con t ro l l ed  environment i s  
crea ted  which s imula tes  l o c a l l y  t h a t  e x i s t i n g  on a  s a t e l l i t e  when breakdowns 
occur. I n  p a r t i c u l a r ,  t h e  mean f r e e  path i n  t h e  b e l l  j a r  i s  s u f f i c i e n t l y  g r e a t  
t h a t  discharges occur s u b s t a n t i a l l y  as they would i n  space. Since the  e l e c t r o n s  
and o the r  discharge products move a s  they would i n  space, t he  e lec t romagnet ic  
source dup l i ca t e s  t h a t  on the  s a t e l l i t e .  F i e lds  propagate over the su r f ace  of  
t h e  ground plane i n  t he  same manner a s  they would propagate on the  s a t e l l i t e  
skin.  Thus, t he  experimental s e tup  i s  designed t o  y i e l d  r e s u l t s  which d u p l i c a t e  
t h e  s p a t i a l  and temporal f i e l d  va r i a t i ons  occurr ing  on s a t e l l i t e s  under space- 
craf t -charging condit ions.  



EXPERIMENTAL RESULTS 

Genera 1 

"Quick-Look" measurements were made us ing  t h r e e  d i f f e r e n t  m a t e r i a l s  o f t e n  
used a s  thermal-control su r f aces  on s a t e l l i t e s .  The th r ee  ma te r i a l s  chosen 
were: 

0 second-surface qua r t z  o p t i c a l  s o l a r  r e f  l e c t o r s  (OSRs) 
5-mil s i lver -coa ted  Teflon tape ,  and 

0 5-mi l  aluminized Kapton. 

The b a s i s  f o r  t h i s  choice was t h a t ,  i n  a d d i t i o n  t o  being widely used, t he se  
t h r e e  ma te r i a l s  d i f f e r  i n  t h e i r  p h y s i c a l ,  o p t i c a l ,  and 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 .  

Measurements of the  t r a n s i e n t  e l e c t r i c  f i e l d s  generated by breakdowns on 
these  samples were made a t  s e v e r a l  r a d i a l  d i s t ances  from the  t e s t  samples i n  
o rde r  t o  provide an  understanding of t h e  s p a t i a l  E- f ie ld  dependence. Both t h e  
base cu r r en t  and the  ground plane s k i n  cu r r en t  were a l s o  measured. Most of 
t h e s e  measurements were c a r r i e d  out  f o r  a l l  t h r e e  ma te r i a l s .  I n  t h e  ca se  of 
Kapton and Teflon, s e v e r a l  sample s i z e s  were used, a s  wel l ,  t o  i n v e s t i g a t e  t h e  
dependence of discharge c h a r a c t e r i s t i c s  on t h e  sample dimensions. 

Data obtained us ing  the  var ious  samples had c e r t a i n  genera l  o v e r a l l  
s i m i l a r i t i e s .  I n  a l l  cases ,  t h e  peak e l e c t r i c  f i e l d  s t r e n g t h  f o r  many 
d ischarges  was g r e a t e r  than 30 kV/m a t  a d i s t ance  of 30 cm from t h e  c e n t e r  of 
t h e  t e s t  panels. E l e c t r i c  f i e l d  pu lses  of t h i s  magnitude a r e  capable  of 
inducing s i g n i f i c a n t  t r a n s i e n t s  i n  nearby wi r ing  and must be considered i n  
des ign ing  spacec ra f t  wi r ing  and e l ec t ron i c s .  The rise time of t he  t r a n s i e n t  
pu lses  was between 50 ns and 600 ns ,  depending on t h e  m a t e r i a l  and t h e  peak base  
c u r r e n t s  of up t o  90 A were measured. 

I t  was found t h a t  f o r  both Kapton and Teflon,  t h e  peak base c u r r e n t  
appeared t o  vary d i r e c t l y  with t h e  a r ea  of each sample. I n  a d d i t i o n ,  t he  r i s e  
t imes of t h e  pulses  and t h e  t o t a l  charge evolved from t h e  s u r f a c e s  v a r i e d  
d i r e c t l y  wi th  the phys ica l  dimensions of t he  samples. 

Resu l t s  wi th  Op t i ca l  S o l a r  Ref l e c t o r s  (OSR) 

Figure 2 shows the  record of a t y p i c a l  breakdown occur r ing  on t h e  s u r f a c e  
of an 8 x 10 inch OSR pane l  of l O - m i l  t h i c k ,  one-inch square  second s u r f a c e  
quar tz  mirrors .  A p o s i t i v e  un ipolar  pu lse  was genera ted  i n  t he  t e s t  sample base 
re turn-cur ren t  c i r c u i t ,  i n d i c a t i n g  t h a t  nega t ive  charge was d r iven  away from t h e  
sample sur face  during a breakdown. During t h e  f i r s t  370 ns ,  t he  cu r r en t  rises 
t o  i t s  maximum va lue  of near ly  60 A and then  decays monotonically.  The 
posi t ive-going E-field pu lse  (with i nve r t ed  d i s p l a y e r  convenience) i s  c r e a t e d  by 
e l e c t r o n s  i n  the breakdown plasma being dr iven  upward. The i r  i nc reas ing  d ipo le  
moment a s  they leave t he  su r f ace  genera tes  t h e  e l e c t r i c  f i e l d  pulse .  



An a d d i t i o n a l  measurement was made us ing  t h e  OSR panel.  A s e t  of f o u r  
g r i d s  w a s  i n s t a l l e d  above t h e  panel w i t h  t h e  f i r s t  and t h i r d  s h i e l d  g r i d s  
s h o r t e d  and grounded through a  c a p a c i t o r  i n  t h e  g e n e r a l  arrangement d e s c r i b e d  i n  
Reference 3. The s i g n a l s  induced i n  t h e  second and f o u r t h  s e n s o r  g r i d s  by a  
d i s c h a r g e  were monitored.  Charged p a r t i c l e s  i n  t h e  v i c i n i t y  of a  s e n s o r  g r i d  
w i l l  induce a  cor responding  s i g n a l  i n  t h e  moni to r ing  o s c i l l o s c o p e  channel .  
Because of t h e  s h i e l d i n g  a f f o r d e d  by t h e  two grounded g r i d s ,  t h e  s e n s o r  g r i d s  do 
no t  respond t o  charges  l o c a t e d  beyond t h e  n e a r e s t  s h i e l d .  Thus, t h e  induced 
s i g n a l s  provided a n  i n d i c a t i o n  of the  e x t e n t  t o  which charge was e x p e l l e d  from 
t h e  s u r f a c e  dur ing  a d i scharge .  The t i m e  of a r r i v a l  d i f f e r e n c e  betwen t h e  two 
g r i d  s i g n a l s  p rov ides  i n f o r m a t i o n  about t h e  v e l o c i t y  of t h i s  charge s i n c e  i t  i s  
dependent on t h e  t r a n s i t  t ime between t h e  g r i d s .  

The r e s u l t s  of t h e  exper iments  w i t h  t h e  four-gr idded s t r u c t u r e  i n d i c a t e d  
t h a t  most of t h e  charge  i s  e x p e l l e d  to ,  a t  l e a s t ,  10 cm from t h e  s u r f a c e  of t h e  
OSR panel.  A lower bound on t h e  v e r t i c a l  v e l o c i t y  of t h e  e x p e l l e d  charge was 
a l s o  e s t a b l i s h e d  from t h i s  measurement. Since  t h e r e  was no ev iden t  t ime d e l a y  
i n  t h e  o s c i l l o g r a m  between t h e  s i g n a l s  induced i n  t h e  two s e n s i n g  g r i d s ,  i t  was 
argued t h a t  t h e  d i s t a n c e  betwen them w a s  t r a v e r s e d  f a s t e r  than  can be  
d i s c r i m i n a t e d  from t h e  o s c i l l o s c o p e  t race .  Using a  v a l u e  of 10 n s  a s  t h e  t i m e  
l i m i t  f o g  d i s c r i m i n a t i o n ,  t h e  charge v e l o c i t y  w a s  c a l c u l a t e d  t o  be g r e a t e r  t h a n  
5.8 x 10 m e t e r s l s e c .  T h i s  lower v e l o c i t y  l i m i t  i s  w e l l  w i t h i n  reason ,  s i n c e  i t  
corresponds t o  an  e l e c t r o n  energy of l e s s  than  100 eV. A t  t h i s  v e l o c i t y ,  
e l e c t r o n s  would r e q u i r e  only  65 ns  t o  t r a v e l  t h e  38 cm d i s t a n c e  t o  t h e  grounded 
e l e c t r o n  source  above t h e  sample. Thus, i t  i s  l i k e l y  t h a t  dur ing  t h e  course  o f  
a  d i s c h a r g e ,  t y p i c a l l y  l a s t i n g  over  400 ns ,  a column of e l e c t r o n s  ex tend ing  from 
t h e  t e s t  sample t o  t h e  e l e c t r o n  source  i s  e s t a b l i s h e d .  

One consequence of t h e  high value  e s t a b l i s h e d  f o r  e l e c t r o n  v e l o c i t y  is 
t h a t ,  were t h e  e l e c t r o n  gun no t  p resen t  t o  i n t e r c e p t  t h e  e l e c t r o n s ,  they would 
t r a v e l  m c h  f a r t h e r  t h a n  30 cm b e f o r e  be ing  l o s t .  Thus, t h e  ea r ly - t ime  e l e c t r i c  
f i e l d s  measured i n  t h e  l a b o r a t o r y  se tup most l i k e l y  c o n s t i t u t e  lower bounds on  
what would be found on t h e  s u r f a c e  of s p a c e c r a f t .  

I n  a d d i t i o n  t o  a f f e c t i n g  t h e  amplitude of t h e  t r a n s i e n t  e l e c t r o m a g n e t i c  
p u l s e s ,  t h e  p r e s e n c e  o f  t h e  grounded e l e c t r o n  gun a l t e r s  t h e  t i m e  
c h a r a c t e r i s t i c s  of t h e  pu l ses .  The grounded p o r t i o n  of t h e  gun a c t s  a s  a  s i n k  
f o r  e l e c t r o n s  e m i t t e d  d u r i n g  a discharge.  Thus, a  plasma of e l e c t r o n s  w i l l  n o t  
r e a d i l y  b u i l d  up and t h e  accompanying space  charge l i m i t a t i o n s ,  t h e r e f o r e ,  do 
n o t  occur.  I n  space,  however, t h i s  s ink  i s  n o t  p r e s e n t  and t h e  amount of charge  
being blown away from t h e  s u r f a c e  may be l i m i t e d  by t h e  coulomb r e p u l s i o n  o f  
e l e c t r o n s  a l r e a d y  emi t t ed .  T h i s  process  could  change t h e  t i m e  span dur ing  which 
e l e c t r o n s  a r e  being evolved from the  s a t e l l i t e ' s  s k i n  and the reby  modify t h e  
t ime  s t r u c t u r e s  of t h e  g e n e r a t e d  t r a n s i e n t  f i e l d s .  

To o b t a i n  a n  unders tand ing  of how t h e  induced E- f ie ld  depends on t h e  r a d i a l  
d i s t a n c e  from t h e  d i s c h a r g e ,  a n  experiment i n v o l v i n g  two E- f ie ld  s e n s o r s  was 
performed. The r e f e r e n c e d  s e n s o r  w a s  permanently mounted 30 cm from t h e  
d i s c h a r g e  whi le  a  second s e n s o r  was moved i n  inc rements  of 5  c m  t o  l o c a t i o n s  
between 30 cm and 60 cm away from the c e n t e r  of t h e  test samples. Since  e a c h  
d i s c h a r g e  v a r i e d  i n  ampl i tude,  t h e  peak e l e c t r i c  f i e l d s  a c t u a l l y  measured were 
normal ized t o  correspond wi th  cons tan t  d i s c h a r g e  ampl i tudes  a t  t h e  r e f e r e n c e  



channel .  The a d j u s t e d  d a t a  from t h i s  exper iment  a r e  shown i n  F y r e  3  and 
i n d i c a t e  t h a t  the f i e l d  i n t e n s i t y  d e c r e a s e s ,  a t  l e a s t ,  a s  f a s t  a s  l / r  . 

A t y p i c a l  record o b t a i n e d  i n  exper iments  t o  s t u d y  ground p lane  s k i n  c u r r e n t  
is shown i n  Figure  4. The lower t r a c e  i n  t h e  f i g u r e  shows a r e c o r d  of t h e  s k i n  
c u r r e n t ,  w h i l e  t h e  upper  t r a c e  d i s p l a y s  t h e  base  c u r r e n t  t o  a l low comparison 
wi th  o t h e r  breakdowns. The s k i n  c u r r e n t  waveform c l o s e l y  resembles t h e  b a s e  
c u r r e n t  waveform. 

R e s u l t s  With Aluminized Kapton 

Elect romagnet ic  t r a n s i e n t  measurements were a l s o  made on samples of 5 3 i l  
t h i c k ,  aluminized Kapton m a t e r i a l .  The r e s u l t s  o b t a i n e d  were g e n e r a l l y  s i m i l a r  
t o  those  obta ined w i t h  t h e  OSR panel.  A p o s i t i v e  u n i p o l a r  p u l s e  of base  c u r r e n t  
w a s  genera ted  by e l e c t r o n s  being e x p e l l e d  from t h e  sample s u r f a c e .  T h i s ,  i n  
t u r n ,  c r e a t e d  a  pos i t ive -go ing  e l e c t r i c  f i e l d .  F igure  5  shows a  t y p i c a l  r e c o r d  
g e n e r a t e d  by a  d i scharge  on a  4  x 6  inch  sample of Kapton. 

While t h e  Kapton record  has some f e a t u r e s  i n  common w i t h  those  o b t a i n e d  
w i t h  t h e  OSR sample of F igure  2, t h e r e  a r e  s e v e r a l  d i f f e r e n c e s  i n  d e t a i l .  For  
example, the  r i s e  t imes of t h e  p u l s e s  ob ta ined  w i t h  t h e  Kapton were g e n e r a l l y  
l o n g e r  t h a n  those  ob ta ined  w i t h  OSRs (e.g., 600 ns  v e r s u s  370 ns ) .  However, t h e  
peak c u r r e n t  i n  t h e  Kapton record  shown was somew a t  l e s s  (40 A a s  opposed t o  58 -9 A), s o  a  comparable amount of charge (1.2 x  10 ) coulombs was evolved d u r i n g  
t h e  r i s e  t ime p o r t i o n  of t h e  Kapton d i scharge .  

The e l e c t r i c  f i e l d  genera ted  by d i s c h a r g e s  from Kapton was measured a t  
t h r e e  d i f f e r e n t  d i s t a n c e s  from t h e  sample. A s  w i t h  t h e  OSR pane l ,  t h e  p u l s e  
ampl i tudes  were c o r r e c t e d  f o r  v a r i a t i o n  a t  t h e  r e f e r e n c e  sensor .  These 
r e s u l t s ,  shown i n  F igure  6, i n d i c a t e  an  r O 7  dependence of f i e l d  roughly a s  was 
observed i n  t h e  OSR t e s t s .  

I n  a d d i t i o n  t o  measurements made on t h e  4  x 6  i n c h  Kapton samples,  s i m i l a r  
tests were c a r r i e d  out  on a  2  x 3  inch  Kapton sample. Although t h e  g e n e r a l  
c h a r a c t e r i s t i c s  of t h e  breakdowns were s i m i l a r ,  two impor tan t  d i f f e r e n c e s  were 
observed between t h e  r e s u l t s  ob ta ined  wi th  t h e  two d i f f e r e n t  s i z e d  samples.  
F i r s t ,  t h e  peak c u r r e n t  f lowing i n  t h e  base  r e t u r n - c u r r e n t  c i r c u i t  was lower f o r  
t h e  s m a l l e r  sample (200 n s  v e r s u s  600 ns ) .  

From t h i s  i t  f o l l o w s  t h a t  roughly 2.5 x coulombs of charge were 
e x p e l l e d  from the s u r f a c e  of t h e  s m a l l e r  sample d u r i n g  t h e  p u l s e  r i s e  t ime ,  
whi le .  12 x coulombs of charge l e f t  t h e  l a r g e r  sample d u r i n g  t h e  p u l s e  r i s e  
time. The l a r g e  sample,  f o u r  t imes  l a r g e r  t h a n  t h e  small one, e m i t t e d  4.8 t i m e s  
a s  much charge.  Thus, t h e  amount of charge invo lved  i n  t h e  breakdowns a p p e a r s  
t o  be p r o p o r t i o n a l  t o  t h e  a r e a  of t h e  sample. This i n d i c a t e s  t h a t  e a c h  
d i s c h a r g e  t a p s  charge which has  been d e p o s i t e d  on a  major p o r t i o n  of t h e  sample 
su r face .  



R e s u l t s  With Silver-Coated T e f l o n  

Measurements of d i s c h a r g e  c h a r a c t e r i s t i c s  were a l s o '  made u s i n g  5-mi1 
s i l v e r e d  Tef lon  t a p e  samples fol lowing t h e  g e n e r a l  p rocedures  a l r e a d y  d e s c r i b e d  
f o r  OSR and Kapton panels .  Figure  7 shows t h e  base  c u r r e n t  and E - f i e l d  
g e n e r a t e d  by a  t y p i c a l  d i s c h a r g e  from a 4 x  6 i n c h  sample of s i l v e r - c o a t e d  
Taf lon.  Compared t o  e i t h e r  t h e  OSR o r  t h e  Kapton m a t e r i a l ,  t h e r e  a r e  
s i g n i f i c a n t  d i f f e r e n c e s  i n  t h e  d e t a i l s  of t h i s  d i scharge .  The peak c u r r e n t  of 
77 C. is  almost twice  t h a t  reached during a d i s c h a r g e  on Kapton. Fur thermore,  
t h e  rise time of t h e  t r a n s i e n t  s i g n a l  i s  only  200 n s ,  about one-half t h a t  f o r  
t h e  OSRs and one- th i rd  of t h a t  f o r  Kapton. 

A s  w i t h  OSR and Kapton samples, t h e  s p a t i a l  v a r i a t i o n  of t h e  E - f i e l d  was 
measured. From t h e  p l o t  of peak e l e c t r i c  f i e l d s  a s  a f  n c t i o n  of r a d i u s  i n  Y Figure  8 ,  i t  i s  s e e n  t h a t  i t  f a l l s  off  approximately  a s  l / r  . 

To de te rmine  t h e  e f f e c t s  of Teflon sample s i z e ,  measurements were made w i t h  
samples of 4  x  1-1/2 inch ,  4  x  10 inch,  and 1  x  6 inch ,  i n  a d d i t i o n  t o  t h e  4 x 6 
inch  sample a l r e a d y  mentioned. These d a t a  show a  d i s t i n c t  dependence on sample 
s i z e  of t h e  q u a n t i t y  of charge evolved i n  a  d i scharge .  Both t h e  r i s e  t ime of 
t h e  pu l se  and t h e  peak c u r r e n t  i n c r e a s e  wi th  i n c r e a s i n g  sample s i z e .  It was 
a l s o  no ted  t h a t  d i s c h a r g e s  occur red  along t h e  l e n g t h  of t h e  t a p e  ( p e r p e n d i c u l a r  
t o  a l l  4-inch dimensions and perpend icu la r  t o  t h e  1-inch dimension of t h e  1 x 6 
i n c h  sample) more o f t e n  t h a n  i n  o t h e r  d i r e c t i o n s .  T h i s  i s  a p p a r e n t l y  due t o  
l o n g i t u d i n a l  s c r a t c h e s  which run along t h e  t ape .  The sample dimensions were 
chosen t o  de te rmine  whether  t h e  charge invo lved  was dependent on t h i s  
l o n g i t u d i n a l  dimension only.  Although t h e  d i s c h a r g e s  a r e  probably  i n i t i a t e d  on 
t h e  s c r a t c h e s ,  t h e y  a p p a r e n t l y  t a p  t h e  e n t i r e  s u r f a c e  charge s i n c e  t h e  d a t a  
i n d i c a t e  t h a t  t h e  charge  blown away in  a d i s c h a r g e  appears  t o  be r e l a t e d  t o  t h e  
sample l e n g t h  a s  shown i n  F i g u r e  9b. Toge ther  t h e s e  o b s e r v a t i o n s  i n d i c a t e  t h a t  
t h e  breakdowns, once t r i g g e r e d ,  propagate a long  t h e  s c r a t c h e s .  Thus, t h e  l o n g e r  
t h e  sample, t h e  more t ime r e q u i r e d  t o  t r a v e l  t h e  e n t i r e  l eng th .  Perhaps  t h e  
f a c t  t h a t  t h e  measured r i s e  t i m e s  a r e  l e s s  f o r  Tef lon  than  f o r  Kapton samples o f  
e q u a l  a r e a  i n d i c a t e s  t h a t  t h e  propagat ion of t h e  breakdown i s  f a c i l i t a t e d  by 
t h e s e  s c r a t c h e s .  I n  any even t ,  a  d i s c h a r g e  from t h e  Tef lon  sample removes 
charge  from t h e  e n t i r e  s u r f a c e  s i n c e  t h e  t o t a l  charge invo lved  i n  a  d i s c h a r g e  i s  
area-dependent as i t  i s  w i t h  Kapton t e s t  samples. 

PRELIMINARY MODEL AND COMPARISON WITH EXPERIMENTS 

Propagat ing Channel Model 

Based on t h e  charg ing  model presented i n  Reference 4, it  i s  a n t i c i p a t e d  
t h a t  e l e c t r o n  c h a r g i n g  of d i e l e c t r i c s  i n  t h e  normal energy range (5-30KeV) l e a d s  
t o  a  l a y e r  of excess  e l e c t r o n s  s e v e r a l  microns below t h e  s u r f a c e  of t h e  
sample. The primary d i s c h a r g e  i s  expected t o  p ropaga te  i n  t h i s  l a y e r  of e x c e s s  
charge.' A primary d i s c h a r g e  channel is formed by t h e  development of a  n e g a t i v e  
p ropaga t ing  streamer of ava lanch ing  e l e c t r o n s .  The s t r e a m e r ,  once formed, i s  
s e l f - s u s t a i n i n g ,  a s  it  enhances t h e  l o c a l  f i e l d  t o  v a l u e s  s u b s t a n t i a l l y  l a r g e r  
t h a n  t h e  ambient f i e l d .  The r a d i u s  of t h e  channel  grows by d i f f u s i o n  ( square  



r o o t  of t h e  t i n e ) ,  whi le  t h e  l e n g t h  of t h e  channe l  grows l i n e a r l y  i n  t ime.  Th i s  
channel format ion p rocess  i s  r epea ted  n e a r  t h e  t i p  of t h e  s t r e a m e r ,  g i v i n g  a n  
e f f e c t i v e  p ropaga t ion  i n t o  t h e  r e g i o n  of l a r g e  n e t  e l e c t r o n  d e n s i t y .  The r a t e  
a t  which the  channel p ropaga tes  i s  governed by t h e  r a t e  a t  which subsequent  
channe l s  form. B i f u r c a t i o n  o c c u r s ,  and subsequent  channe l  f o r m a t i o n  i s  viewed 
a s  an  i n t r i n s i c a l l y  s t a t i s t i c a l  process .  

The charge  which i s  r e l e a s e d  t o  flow from one end of t h e  channe l  t o  t h e  
o t h e r  i s  c o n t r o l l e d  by t h e  fo rmat ion  r a t e  of t h e  channel .  Th i s  p r o c e s s  f a n s  o u t  
and p ropaga tes  throughout  t h e  e n t i r e  t r apped  charge  l a y e r ,  w i t h  t h e  c u r r e n t  
f lowing i n  a  t r e e  p a t t e r n  ( a l l  e v e n t u a l l y  ending i n  t h e  pr imary channe l ) .  The 
primary channe l  d e l i v e r s  t h e  c u r r e n t  t o  a  grounding p o i n t .  

A s  a  consequence of t h e  above p i c t u r e ,  t h e  t o t a l  c u r r e n t  r e a c h i n g  a  
grounding p o i n t  grows l i n e a r l y  i n  t ime.  The peak c u r r e n t  i s  p r o p o r t i o n a l  t o  t h e  
maximum run l eng th  of t h e  d i scharge .  Thus, 

where 

L i s  t h e  maximum sample dimension and v  i s  t h e  v e l o c i t y  of p ropaga t io?  of thg  
d i s c h a r g e .  ( I t  is a n t i c i p a t e d  t h a t  t h e  v e l o c i t y  i s  i n  t h e  range 10 - 10 
cmls ). 

The t o t a l  charge QT r e l e a s e d  by t h i s  p r o c e s s  i s  p r o p o r t i o n a l  t o  t h e  s u r f a c e  
a r e a  of t h e  sample. Thus 

A 

where Q i s  t h e  charge  p e r  u n i t  a r e a  invo lved  i n  t h e  d i s c h a r g e ,  and A i s  t h e  
sample a rea .  

The flow of s t o r e d  charge  t o  t h e  s u b s t r a t e  c a u s e s  t h e  c o l l a p s e  of t h e  
a s s o c i a t e d  d ipo le .  The f i e l d s  a s s o c i a t e d  w i t h  t h i s  c o l l a p s e  a r e  smal l  compared 
t o  t h e  f i e l d s  due t o  t h e  space  charge  c u r r e n t .  



Sur face  Emission C u r r e n t  

The s u r f a c e  emiss ion c u r r e n t  model i s  ve ry  s imple .  It i s  assumed t h a t :  

( 1 )  The emiss ion  c u r r e n t  i s  dominated by low energy e l e c t r o n s  ( F l e V ) ;  

( 2 )  The t o t a l  emiss ion c u r r e n t  is p r o p o r t i o n a l  t o  t h e  t o t a l  t r a n s v e r s e  
c u r r e n t ;  and 

( 3 )  The emiss ion  i s  d i s t r i b u t e d  over  t h e  s u r f a c e  of the  d i e l e c t r i c  i n  
p r o p o r t i o n  t o  t h e  s u b s u r f a c e  channe l s .  

With t h e  p r e v i o u s  i n f o r m a t i o n  on t h e  t r a n s v e r s e  c u r r e n t ,  t h i s  i n f  o m a t i o n  
q u a n t i f i e s  t h e  s u r f a c e  emiss ion  c u r r e n t .  (The on ly  parameter  r e q u i r i n g  
s p e c i f i c a t i o n  be ing  t h e  c o n s t a n t  of p r o p o r t i o n a l i t y - - i t  i s  expec ted  t h a t  a  
s u b s t a n t i a l  amount of t h e  t rapped charge i s  invo lved  i n  t h i s  emiss ion. )  

C o n c e p t u a l l y ,  t h i s  model of t h e  s u r f a c e  e m i s s i o n  can be ob ta ined  from t h e  
n i c r o s c o p i c  p i c t u r e  of t h e  development of t h e  t r a n s v e r s e  d i s c h a r g e  t r e e .  The 
fo rmat ion  of a  conduc t ing  channe l  invo lves  t h e  r e l e a s e  of a  l a r g e  number of  
e l e c t r o n s  from t r a p p e d  s t a t e s  t o  f r e e l y  mobi le  s t a t e s .  These e l e c t r o n s  d i f f u s e  
i n  t ime away from t h e  c e n t r a l  channel. I f  t h e s e  mobile e l e c t r o n s  a r e  not  
r e t r a p p e d ,  they  can d i f f u s e  t o  t h e  s u r f a c e  i n  a  s h o r t  t ime.  (For b u r i e d  c h a r g e  
l a y e r s  a  few microns  below t h e  s u r f a c e ,  and a  r e a s o n a b l e  d i f f u s i o n  c o e f f i c i e n t ,  
t h i s  d i f f u s i o n  t ime i s  a  few nanoceconds.) Reaching t h e  s u r f a c e  (wi th  t h e r m a l  
v e l o c i t i e s ) ,  t h e s e  e l e c t r o n s  a r e  f e e  t o  e scape  t h e  s u r f a c e .  The d e n s i t y  of 
p a r t i c l e s  r e a c h i n g  t h e  s u r f a c e  i s  expected t o  be s u f f i c i e n t l y  law t h a t  s h o r t  
range p a r t i c l e - p a r t i c l e  i n t e r a c t i o n s  a r e  r e l a t i v e l y  unimportant .  Tha t  i s ,  we 
expec t  t h a t  t h e  e l e c t r o n  plasma may be t r e a t e d  a s  a  c o l l i s i o n l e s s  plasma. Being 
non-neu t ra l ,  t h i s  plasma responds t o  t h e  e x t e r n a l  macroscopic f i e l d ,  and t h e  
long range i n t e r e l e c t r o n  Coulomb i n t e r a c t i o n .  These f o r c e s  a r e  assumed t o  
dominate f u r t h e r  motion. 

S a t e l l i t e  C o n f i g u r a t i o n s  

No a t t e m p t  i s  made t o  model t h e  response  of a  s a t e l l i t e  t o  t h e  d i s c h a r g e  
model g iven  here .  I t  should  be no t i ced ,  however, t h a t  t h e  f i e l d s  and c u r r e n t s  
which e x i s t  on t h e  s a t e l l i t e  w i l l  be d i s t i n c t l y  d i f f e r e n t  t h a n  t h o s e  measured i n  
t h e  l a b o r a t o r y .  The impor tan t  q u a n t i t y  o b t a i n e d  from t h e  l a b o r a t o r y  
measurements w i l l  be t h e  emiss ion c u r r e n t  t ime h i s t o r y  ( a s  w e l l  a s  t h e  e m i s s i o n  
c u r r e n t  d e n s i t y ) .  F o r  s m a l l  enough exper imenta l  d e v i c e s ,  t h e  t ime h i s t o r y  of 
t h e  f i e l d s  i s  determined by t h e  time h i s t o r y  of t h e  emiss ion  c u r r e n t .  For  
l a r g e r  g e o m e t r i e s ,  more compl icated s o l u t i o n  a l g o r i t h m s  a r e  r e q u i r e d ,  and more 
compl icated f i e l d  h i s t o r i e s  a r e  expected. 

Zero-Order  Space Charge Nodel 

Shown i n  F i g u r e  l ( b )  is a  drawing showing t h e  dimension of t h e  c h a r g i n g  
c o n f i g u r a t i o n .  By i n s p e c t i o n ,  t h e  e l e c t r i c  f i e l d s  n e a r  t h e  axis of t h e  chamber 



f o r  t h e  charged d i e l e c t r i c  w i l l  be very  s i m i l a r  t o  one-dimensional  f i e l d s .  For  
t h e  purposes  of a z e r o t h  o r d e r  model, t h i s  is assumed t o  be t h e  c a s e .  F u t u r e  
computa t ions  w i l l  model t h e  s t r u c t u r e  more a c c u r a t e l y .  

S e a r  t h e  sample s u r f a c e ,  t h e  e l e c t r i c  f i e l d s  w i l l  d r i v e  f r e e  e l e c t r o n s  back 
toward t h e  m l t i p a c t o r  e l e c t r o n  gun. Assuning a  one-dinensonal  c o n f i g u r a t i o n ,  
t h i s  f i e l d  i s  g iven  by E = V/d, where V is t h e  sample s u r f a c e  ~ o t e n t i a l  and d  
t h e  sample t o  m l t i p a c t o r  d i s t a n c e  of 15" = 0 . 3 8  m. For  a  t y p i c a l  s u r f a c e  
p o t e n t i a l  of 10 kV, t h i s  co r responds  t o  a  f i e l d  26 kV/m. An e l e c t r o n  r e l e a s e d  
from t h e  s u r f a c e  ( w i t h  a n  energy s m a l l  compared t o  t h e  s u r f a c e  v o l t a g e ,  s o  t h a t  
t h e  i n i t i a l  energy may be n e g l e c t e d . )  w i l l  t r a n s i t  t h e  gap i n  a  t ime of ifbout 
T = 13 ns ,  wi th  t h e  v e l o c i t y  a t  t h e  end of t h e  t r a n s i t  of 6 x 10 m / s  

0 
(E = 10 keV). Compared t o  t h e  p u l s e s  measured i n  t h e  exper iments  r e p o r t e d  
h e r e i n ,  t h i s  t r a n s i t  i s  e s s e n t i a l l y  i n s t a n t a n e o u s ,  and j u s t  m a r g i n a l l y  w i t h i n  
t h e  r e s o l u t i o n  of t h e  i n s t r u m e n t a t i o n .  The lowest  o r d e r  approx imat ion  i s  
t h e r e f o r e  t o  n e g l e c t  t h e  t r a n s i t  t i m e  e n t i r e l y ,  s o  t h a t  t h e  r e t u r n  c u r r e n t  can 
be i n t e r p r e t e d  a s  a  d i r e c t  measure of t h e  e n i s s i o n  c u r r e n t .  S ince ,  a c c o r d i n g  t o  
t h e  s u r f a c e  emiss ion model, t h e  emiss ion  c u r r e n t  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  
t r a n s v e r s e  c u r r e n t ,  the  e n i s s i o n  c u r r e n t  w i l l  have t h e  l i n e a r  r i s e  of Eq. (1 ) .  

The t o t a l  cha rge  i n  t h e  space  above i n  t h e  e x p e r i m e n t a l  s e t u p  i s  g iven  by 

where T i s  the r i s e  t ime of t h e  p u l s e  g iven  by Eq. ( 2 )  and T ,  i s  t h e  t r a n s i t  
t ime 08 a n  e l e c t r o n .  The charge  d e n s i t y  i s  h e a v i l y  weighted n e a r  t h e  s u r f a c e  
and i s  much nore tenuous n e a r  t h e  m l t i p a c t o r  e l e c t r o n  gun. The charge  c e n t r o i d  
i s  g iven  by 

where d  i s  the s p a c i n g  between 
t h a t  a t  l e a s t  213 of t h e  image 

t h e  t e s t  sample and t h e  e l e c t r o n  gun. Th i s  means 
charge  of t h e  space  charge  shows up on t h e  s a n ~ l e  

113 on t h e  m l t i p a c t o r  e l e c t r o n  gun. It i s  
- 

backing p l a t e ,  and,  a t  most, 
t h e r e f o r e  a  r easonab le  approx imat ion  t o  n e g l e c t  t h e  i n a g e  charge  on t h e  gun and 
compute t h e  e l e c t r i c  f i e l d  on t h e  ground p lane  a s  due t o  t h e  space  c h a r g e  
only.  T h i s  g ives  r i s e  t o  a  q u a s i s t a t i c  d i p o l e  e l e c t r i c  f i e l d .  

E l e c t r i c  F i e l d  Model--Tenporal V a r i a t i o n  

The d i p o l e  moment p = 2Q<x> i s  g iven  by s u b s t i t u t i n g  Equa t ions  ( 4 )  and ( 5 )  



which i n d i c a t e s  t h a t  t h e  base  c u r r e n t  and e l e c t r i c  f i e l d  p u l s e  w i l l  have a  
l i n e a r  r i s e .  Th i s  r e s u l t  is i n  good agreement w i t h  t h e  measured d a t a  i n  F i g u r e s  
2 ,  4, 5, and 7 .  

E l e c t r i c  F i e l d  Yodel--Spatial V a r i a t i o n  

The q u a s i s t a t i c  e l e c t r i c  f i e l d  on t h e  ground p lane  due t o  t h e  d i p o l e  i s  
given by: 

The c l o s e s t  measurements were performed a t  r 30 cn. Even a t  t h i s  
d i s t a n c e ,  t h e  measured d i s t a n c e  is th ree  t imes t h e  charge  c e n t r o i d ,  s o  t h a t  t h e  
dependence on Or) i s  expected t o  be weak. Th is  f u r t h e r  s u g g e s t s  t h a t  h i g h e r  
o r d e r  moments a r e  r e l a t ' v e l y  important .  For l a r g e  d i s t a n c e s ,  t h e  expec ted  3 v a r i a t i o n  of f i e l d  i s  l / r  p r e c i s e l v  a s  nesured.  Shown i n  F igure  10 i s  a  p l o t  of 
t h e  normalized d a t a  from a l l  t h r e e  samples v e r s u s  l / r3  on a  log-log p l o t .  The 
pronounced l / r3  behav ior  i s  apparen t .  

F i e l d  and Space Charge Yagni tudes  

Equa t ion  (7 )  can be s o l v e d  t o  y i e l d  t h e  d i p o l e  noment p  = 24 Gt> a s  
fo l lows :  

3  P = 2Q<x> = 4uc r EZ ( w a s u r e d )  . 
o  (8) 

The r e s u l t s  of such c a l c u l a t i o n s  using peak e l e c t r i c  f i e l d  d a t a  measured on 
t h r e e  m a t e r i a l  samples a r e  shown i n  the t h i r d  c o l m  of Table  1. 

The d i p o l e  noment can a l s o  be d e t e r n i n e d  i r o n  t h e  neasured  peak base  u s i n g  
Eq. (6) .  S o t i n g  t h a t  t h e  peak base c u r r e n t  occurs  when t = T 

P' 
Eq. ( 6 )  can be  

r e v r i  t t e n  

L 

Prrax = T d  T o  
I . max 

The r e s u l t s  of such c a l c u l a t i o n s  us ing peak base  c u r r e n t  data measured on t h r e e  
material samples a r e  shown i n  C o l m  4  of Table  1. I n  c a r r y i n g  ou t  t h e  
c a l c u l a t i o n s  u s i n g  Eq. (91, it has  been assumed t h a t  t h e  e l e c t r o n  t r a n s i t  t i n e  
r 0  = 13 ns. 

The va lue  of d i p o l e  Eoaent computed from beam c u r r e n t  measurements i s  
s u b s t a n t i a l l y  h i g h e r  t h a n  t h a t  obta ined from e l e c t r i c  f i e l d  measurements e x c e p t  
f o r  t h e  s m a l l e r c u r r e n t  case of Kapton. A n a l y s i s  of a d d i t i o n a l  d a t a  no t  
p r e s e n t e d  h e r e  i n d i c a t e s  t h a t  t h e  r e s u l t s  of t h e  two c a l c u l a t i o n s  a r e  i n  good 



agreement f o r  discharge pu lses  l e s s  than o r  equa l  t o  about 40 A peak. An 
i n t e r p r e t a t i o n  of t he se  r e s u l t s  i s  t h a t  space charge l i m i t i n g  e f f e c t s  begin t o  
s e t  i n  above 40 amps and tend t o  r e t a r d  t h e  f r e e  flow of charge a c r o s s  t h e  
gap. This e f f e c t i v e l y  makes t he  d ipo le  l eng th  s h o r t e r .  

I n  view of t he  s i m p l i c i t y  of t h e  space charge model, t h i s  agreement i s  
considered t o  be very s a t i s f a c t o r y .  It i s  planned t h a t  f u t u r e  work w i l l  
cons ider  t he  d e t a i l s  of t h e  e l e c t r o n  t r a j e c t o r i e s  i n  g r e a t e r  d e t a i l .  

No da ta  i s  a v a i l a b l e  d i r e c t l y  from the  experiments about t he  vo l t age  a t  
which the  samples broke down. Assuming t h e  breakdown was a t  roughly 10 kV, th fn  
the  fol lowing qu n t i t i e s  of charge were f t o r e d  a t  breakdown; OSR's 0.9 pC/cm i 1 Taflon,  -1 pC/cm , ' and Kapton, 1.6 pC/cm . From t h e s e  e s t ima te s ,  and measured 
values  of t h e  blow of f  charge,  one ob t a in s  a  rough e s t ima te  of t h e  s t o r e d  charge 
involved i n  the  flow o f f ;  OSR's, 32%; Kapton, 58%; and Taflon,  54%. The major 
po in t ,  of course,  i s  t h a t  a  s u b s t a n t i a l  f r a c t i o n  of t h e  s t o r e d  charge i s  
involved i n  t h e  blow o f f .  

CONCLUSIONS AND RECOMMENDATIONS 

This paper has descr ibed  the  i n i t i a l  phases of a  program designed t o  
provide a  d e t a i l e d  c h a r a c t e r i z a t i o n  of t h e  e lec t romagnet ic  f i e l d s  produced by 
e l e c t r i c a l  discharges on spacec ra f t - i n su l a t i ng  ma te r i a l s .  The primary goa ls  of 
t h e  e f f o r t  descr ibed he re  were t he  se tup  and t e s t i n g  of t h e  mater ia l -charging 
f a c i l i t y  and the e lec t romagnet ic  t ransient-measurement  ins t rumenta t ion ,  and t h e  
development of a  prel iminary model of t he  discharge.  Th i s  e f f o r t  has  been 
succes s fu l ly  completed. 

I n  addi t ion ,  a  l i m i t e d  number of "quick-look" t r a n s i e n t  measurements were 
performed. The purpose of these  measurements was t o  v e r i f y  t h e  func t ion ing  of 
t h e  t e s t  ins t rumenta t ion  and charging f a c i l i t y  and t o  ob t a in  some pre l iminary  
da ta  on the  magnitudes and time s t r u c t u r e s  of t h e  t r a n s i e n t  waveforms f o r  model 
development purposes. 

The r e s u l t s  of t h e s e  measurements i n d i c a t e  t h a t  t r a n s i e n t  e l e c t r i c  f i e l d s  
of t ens  of k i l o v o l t s  per  meter a r e  produced a t  a  d i s t ance  of 30 cm from 
discharges  on Kapton, Teflon, and OSR samples. These magnitudes of f i e l d s  a r e  
comparable t o  those produced by nuclear  EMP even t s  and by nearby l i g h t n i n g  
s t r o k e s  and represen t  a  s e r i o u s  p o t e n t i a l  t h r e a t  t o  e l e c t r o n i c  systems'  
opera t  ion. 

The prel iminary model has  been compared w i t h  t h e  r e s u l t s  of t he se  
"quick-look" experiments. While many f e a t u r e s  of t h e  model appear ve ry  
s a t i s f a c t o r y ,  a  number of a r e a s  e x i s t  where unders tanding  i s  lacking.  

Although the  r e s u l t s  of t he  "quick-look" experiments provide u s e f u l  
p re l iminary  inputs  t o  a  d i scharge  c h a r a c t e r i z a t i o n  model, they a r e  based upon a  
l i m i t e d  number of d i scharges  produced on only a  few m a t e r i a l  sample 
conf igur  t i o n s  a t  a  f i xed  electron-beam energy of 20 keV and c u r r e n t  dens i ty  of 9 10 nA/cm . 



As originally planned, the overall discharge characterization program is 
designed to provide statistically significant data in terms of expected radiated 
and conducted transient fields for use by the spacecraft EMC community, as well 
as detailed inputs for the development of a computer discharge characterization 
model. 
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