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SUMMARY 

A 1-dimensional arc discharge model i nco rpo ra t i ng  a brushf i re - type 
propagat ion o f  a discharge wavefront has been inves t iga ted .  A set  o f  
equat ions somewhat s i m i l a r  t o  those leading t o  t h e  d i f f u s i o n  equat ion have 
been developed which inc lude e l e c t r i c a l ,  thermal, and plasma parameters. The 
s o l u t i o n s  of these equat ions are shown, under s i m p l i f y i n g  assumptions, t o  be 
cons i s ten t  w i t h  a propagating b rush f i re  wavefront. Voltage, cur ren t ,  plasma 
densi ty ,  temperature, and r e s i s t i v i t y  p r o f i l e s  are obtained. 

Mechanical forces,  magnetic and e l e c t r o s t a t i c ,  are considered i n  
eva lua t i ng  t h e  f l ashove r  t o  blowout cur ren t  r a t i o ,  G I ,  f o r  arc discharges w i t h  
t h e  b r u s h f i r e  parameters developed i n  the model. This  r a t i o  i s  an important  
f a c t o r  i n  determin ing the  electromagnetic i n te r fe rence  (EMI) impact o f  arc 
discharges on spacecraf t  e l e c t r i c a l  subsystems. The conclus ion o f  the  
ana lys is  i s  t h a t  e l e c t r o s t a t i c  f o rces  are much more important than magnetic 
forces.  The magnitude o f  t he  G I  f a c t o r  obtained, 58.5 percent, i s  w i t h i n  the  
range o f  those obta ined by experimental means. Improvements i n  t he  a n a l y t i c a l  
model as w e l l  as i n  t he  experimental approach are recommended. 

INTRODUCTION 

The problem- o f  cha rac te r i z i ng  d i e l e c t r i c  su r f  ace arc discharges due t o  
spacecraf t  charg ing has been approached main ly  by experimental means i n  t h e  
past  because o f  t h e  lack  o f  an ana ly t i ca l  model. A number o f  recent  papers 
have presented a n a l y t i c a l  approaches t o  t he  problem.(l,2) The work 
presented here i s  a cont inued development o f  t he  concept o f  a b r u s h f i r e  
propagation model developed by J. M. Sel len Jr .  and the author.(3,4) 

From the  v iewpoint  o f  t he  imp l i ca t i ons  o f  a rc  discharges on the  immunity 
o f  spacecraf t  t o  the  EM1 generated, the quest ion  o f  where the  arc discharge 
cu r ren ts  f l o w  i s  a c r i t i c a l  f a c t o r .  This problem has been formulated by 
d e f i n i n g  a fac to r ,  G I ,  which i s  def ined as t h e  r a t i o  o f  t he  blowout t o  
f l ashove r  cur ren ts .  The f lashover  component i s  viewed as t h a t  which f l o w s  
e s s e n t i a l l y  f rom the  d i e l e c t r i c  surface through a breakdown region, perhaps an 
edge w i t h  h igh  e l e c t r i c  f i e l d s ,  d i r e c t l y  back t o  the  me ta l l i zed  backing o f  the  
d i e l e c t r i c  s u r f  ace, Flashover currents, because t h e i r  geometr ical  ex ten t  i s  
l i m i t e d ,  are no t  expected t o  be a major source o f  spacecraft  EMI .  Blowout 
currents,  on the  o ther  hand, may have a l a r g e  impact on e l e c t r i c a l  subsystems 
because they  r e s u l t  i n  replacement currents f l o w i n g  through the  spacecraf t  
s t r u c t u r e  which must be of a magnitude equal t o  t he  blown o f f  e l e c t r o n  
cur ren t .  The dens i t y  of replacement current  f l o w i n g  i n  t he  spacecraf t  
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s t r u c t u r e  i s  h igh l y  dependent on the  l o c a t i o n  of t he  a rc ing  source and on t h e  
p a r t i c u l a r  conf igura t ion  o f  the  spacecraft .  An arc on a boom mounted object ,  
f o r  example, may r e s u l t  i n  boom cu r ren ts  which couple very  w e l l  i n t o  cab l i ng  
along t h e  boom. A spacecraf t  body-mounted source, on the  o the r  hand, may be 
so w e l l  grounded and shie lded t h a t  o n l y  cu r ren ts  very c lose  t o  t h e  source are 
o f  s u f f i c i e n t  magnitude t o  be o f  concern. Thus, t he  determinat ion o f  a 
representa t ive  value o f  G '  and i t s  dependence on t h e  s i z e  o f  t h e  a rc ing  source 
and any o the r  parameters i s  o f  prime concern f o r  spacecraf t  design. Any 
a n a l y t i c a l  arc discharge model should prov ide  r e s u l t s  t h a t  are cons i s ten t  w i t h  
experimental  data. I n  addi t ion,  however, t he  work presented here p r e d i c t s  
facets o f  t h e  experimental approach, such as t h e  s p a t i a l  d i s t r i b u t i o n  o f  
blowout cur ren ts  and the  dependence o f  G '  on the  sample grounding impedance, 
which were no t  adequately considered prev iously .  

ARC D I  SCHARGE OVERVIEW 

The b r u s h f i r e  propagation model addresses o n l y  t h e  l a t t e r  p o r t i o n  o f  t h e  
evo lu t i ona ry  processes invo lved i n  an arc discharge. The scenar io would be as 
fo l lows:  

1. D i f f e r e n t i a l  chargeup by the  environmental plasma and so la r  u l t r a -  
v i o l e t  r a d i a t i o n  

2. Edge breakdown a t  a weak p o i n t  

3. Surf ace breakdown 

o High f i e l d  emission 

o Avalanching processes 

4. Brushf i r e  propagation 

o Blowout and f lashover  currents,  G' 

o Dependence on spacecraf t  p o t e n t i a l  

o  L i m i t i n g  mechanisms on propagat ion 

The quest ion o f  how ex terna l  d i e l e c t r i c  surfaces charge up d i f f e r e n t i a l l y  
w i t h  respect  t o  t h e  grounded under ly ing  vacuum deposi ted aluminum (VDA) o r  t o  
s t r u c t u r a l  metal i s  a complex problem which i s  no t  addressed here. General ly,  
t h e  most hazardous s i t u a t i o n  e x i s t s  when a d i e l e c t r i c  sur face i s  charged 
nega t i ve l y  w i th  respect  t o  t he  under ly ing  metals  by an excess of impinging 
e lec t rons  over p o s i t i v e  ions. Th i s  i s  because w i t h  a reverse p o l a r i t y ,  i.e., 
when the  metals are negat ive and the  d i e l e c t r i c  sur face i s  more p o s i t i v e  
because o f  photoemission o r  secondary emission, a f i e l d  emission1 secondary 
e l e c t r o n  avalanche process tends t o  l i m i t  t he  magnitude o f  t he  d i f f e r e n t i a l  
p o t e n t i a l  t o  below 1000 V .  

For t h e  purpose a t  hand of developing an arc discharge model, t he  
chargeup process i s  imporant i n  t h a t  negat ive  chargeup p o t e n t i a l s  of 5 kV t o  



20 kV have been measured experimental ly.  The o ther  important  f ea tu re  o f  
chargeup f o r  our present  purpose i s  t h a t  theory  and experimental  evidence (5 )  
i n d i c a t e  t h a t  s i g n i f i c a n t  d e n s i t i e s  o f  e lec t rons  may be b u r i e d  a t  depths of 
t h e  order  of 1 micron below t h e  surface a t  t he  t ime  o f  t he  discharge. This  
fea ture  of b u r i e d  e l e c t r o n i c  charge should a l s o  e x i s t  on d i e l e c t r i c  surfaces 
which have no n e t  sur face charge because o f  photoemission o r  secondary 
emission. I n  f a c t ,  t he  bu r ied  charge should be somewhat deeper and more dense 
s ince  r e t a r d i n g  p o t e n t i a l s  are n o t  present. 

D i e l e c t r i c  breakdown due t o  high d i f f e r e n t i a l  vo l t age  st resses genera l l y  
occurs fo r  e l e c t r i c  f i e l d s  i n  the range o f  105 t o  106 V/cm a t  t he  edges of 
t h i n  (-50 microns o r  0.005 cm) i n s u l a t i n g  sheets. Punch-through f a r  from t h e  
edges occurs w i t h  f i e l d s  o f  t h e  order o f  l o 7  V/cm. I n  p rac t ice ,  even 
punch-throughs probably occur a t  weak p o i n t s  where s l i g h t  imperfect ions o r  
i r r e g u l a r i t i e s  e x i s t  i n  t he  mater ia l .  Edges c o n s i s t  o f  exaggerated 
i r r e g u l a r i t i e s  because they  are  created by s l i c i n g  w i t h  a  k n i f e  edge o r  by 
punching w i t h  s t i t c h i n g  needles, and thus, are sub jec t  t o  h igh  f i e l d  emission 
and avalance breakdown i n  a  manner s i m i l a r  .to t h a t  which w i l l  be discussed f o r  
sur face breakdown. The s i m i l a r i t y  t o  sur face breakdowns probably goes even 
f u r t h e r  i n  t h a t  t h i s  type o f  breakdown i s  associated w i t h  sur face and 
o f f - su r face  processes r a t h e r  than those w i t h i n  the  bu l k  o f  the  mater ia l .  

The n e t  e f f e c t  o f  an edge breakdown i s  t h a t  t he  p o t e n t i a l  o f  t h e  surface 
near t h e  edge goes t o  n e a r l y  0  V, assuming t h a t  t h e  t h i n  d i e l e c t r i c  i s  over a  
conduct ing p l a t e  which i s  a t  vo l tage reference, 0  V.  Taking a  s i n g l e  i on i zed  
p a r t i c l e  o f  atomic weight 16 (oxygen) as being t y p i c a l ,  t h e  v e l o c i t y  
associated w i t h  a  10 kV vo l tage  drop i s  3.59105 mls. S t a r t i n g  a t  zero 
v e l o c i t y ,  the  t ime f o r  such an i o n  t o  t rave rse  the  2  m i l s  o r  50 micron 
th ickness o f  t he  d i e l e c t r i c  i s  0.3 ns. This  o rder  o f  magnitude t ime  span, a  
f r a c t i o n  o f  a  ns, i s  much sho r te r  than the  tens t o  hundreds o f  ns d u r a t i o n  o f  
vacuum d i e l e c t r i c  sur face arcs. 

Assuming t h a t  a  2-mil t h i c k  sheet o f  Kapton, ,cr = 3, breaks down a t  
10 kV over a  semic i r cu la r  area w i t h  a  rad ius  equal t o  i t s  thickness, t he  
capacitance i s  52 p f l c d  o r  2010-3 p f ,  and t h e  charge s to red  i s  2 * 1 0 - ~ 1  
Coulomb. Assuming t h a t  a l l  o f  t h i s  charge i s  d i ss ipa ted  i n  0.3 ns, the  
corresponding cu r ren t  would be 0.068 A. Thus, t h e  cur ren t ,  charge, t ime span, 
and energy j o u l e )  invo lved i n  t he  i n i t i a l  edge breakdown are q u i t e  
smal l  and n e g l i g i b l e  compared t o  those i n  t h e  events t h a t  f o l l ow .  The main 
e f f e c t  o f  t he  i n i t i a l  edge breakdown i s  t o  c rea te  a  plasma c loud and a  sur face 
e l e c t r i c  f i e l d  which i n i t i a t e s  a  subsequent sur face dischage. 

D i e l e c t r i c  sur face breakdown has been repo r ted  t o  occur more r e a d i l y ,  a t  
l o 4  t o  l o 5  V/cm sur face e l e c t r i c  f ie lds ,  than breakdown i n  the  bu l k  of 
d i e l e c t r i c  mater ia ls .  The surface breakdown f i e l d s  are expected t o  be h i g h l y  
dependent on surface cond i t i ons  such as c lean l iness ,  smoothness and absorbed 
gases. 

BRUSHFIRE PROPAGATION MODEL 

The exper imenta l l y  observed "wipeof f "  o f  charge over many hundreds o f  
c d ,  and poss ib l y  g rea ter  areas of d i e l e c t r i c  surface, requ i res  e i t h e r  some 



mechanism f o r  propagat ion o f  an i n i t i a l  su r face  breakdown i n  a  b r u s h f i r e  mode 
o r  t h a t  somehow a l l  o f  t h e  p a r t i c i p a t i n g  charge re l ease  occurs s imu l taneous ly  
over  a  l a r g e  area. The p ropagat ion  mode seems more p l a u s i b l e  and i s  discussed 
f u r t h e r  here. The source o f  d i scha rg ing  energy, t h e  s to red  charge per  u n i t  
area, i s  depleted, and t h e  d ischarge  must be f e d  by a  fo rward  p ropagat ion  o f  
t h e  b r u s h f i r e  per iphery  i n t o  t h e  s t i l l - c h a r g e d  reg ions  o f  t h e  d i e l e c t r i c .  To 
d iscuss  t h e  b r u s h f i r e  p ropagat ion  process, some o f  t h e  bas i c  equat ions are 
presented f i r s t .  Then, a  s i m p l i s t i c  piecemeal s o l u t i o n  o f  va r i ous  aspects o f  
t h e  problem i s  presented t o  p rov ide  an i n s i g h t  i n t o  t h e  q u a n t i t a t i v e  aspects 
of t h e  problem. Even t h e  bas i c  r e l a t i o n s  such as those f o r  a b l a t i o n  and 
i o n i z a t i o n  a re  not developed f r om f i r s t  p r i n c i p l e s ,  b u t  r a t h e r ,  a re  taken f r om 
e x i s t i n g  exper imental  da ta  and t h e o r e t i c a l  work found i n  t he  l i t e r a t u r e .  
F i g u r e  1 prov ides  an overv iew o f  t h e  b r u s h f i r e  p ropagat ion  ana lys is .  

The bas i c  equat ions t o  be s a t i s f i e d  f o r  t h e  b r u s h f i r e  p ropagat ion  problem 
are: 

aV - - - 1 '% 1 aV 
a t  ' € a x  and J s  = - - 

Ps x 

where t h e  p o t e n t i a l ,  V, and sur face  c u r r e n t  dens i t y ,  JS, are f unc t i ons  of 
h o r i z o n t a l  d istance, x, and t ime,  t. The two o t h e r  parameters o f  t h i s  
1-dimensional f o rmu la t i on  are t h e  capaci tance per  u n i t  area, C, which i s  52 
pf lcm2 f o r  a  2-mil t h i c k  d i e l e c t r i c  w i t h  a  d i e l e c t r i c  cons tan t  o f  3, ana t h e  
sur face r e s i s t i v i t y ,  ps (ohms-per-square), o f  t h e  plasma sheet t h a t  conducts 
t h e  a rc  d ischarge cur ren t ,  JS. The geometry o f  t h e  problem i s  shown i n  
F i g u r e  2. The i n i t i a l  vo l tage,  -5 kV, was se lec ted  t o  g i v e  a  106 Vlcm 
e l e c t r i c  f i e l d  bu lk  breakdown f o r  t h e  2-mi l  d i e l e c t r i c  th ickness.  A  f i n a l  
vo l t age  o f  -2.5 kV was assumed on t h e  bas i s  t h a t  about 50 percen t  o f  t h e  
i n i t i a l  vo l t age  has been observed expe r imen ta l l y  t o  remain a f t e r  t h e  
discharge. As an i n i t i a l  guess, t h e  vo l t age  i s  assumed t o  decrease l i n e a r l y  
w i t h  d i s t ance  p rov id i ng  an e l e c t r i c  f i e l d  o f  l o 4  V/cm. The vo l t age  g rad ien t  
r e g i o n  i s  there fo re  0.25 cm long. Combining equat ions ( 1 )  and ( 2 )  t o  
e l i m i n a t e  J S  gives 

a v 1 a Z v  

= ax' 
Th i s  would be the  d i f f u s i o n  equa t i on  w i t h  t h e  d i f f u s i o n  c o e f f i c i e n t ,  D: 

- = :  av D aLv 1 
a t  7 where D = - 

Ps 

except t h a t  p s  i s  n o t  a  cons tan t  i n  our  problem. Th is  i s  f o r t u n a t e  because 
t h e  d i f f u s i o n  equat ion does n o t  lead  t o  a  p ropagat ing  mode w i t h  a  cons tan t  
v e l o c i t y .  



The plasma r e s i s t i v i t y ,  p,  and surf ace r e s i . s t i v i t y ,  PS, are func t i ons  
o f  t he  temperature, T: ( 6 )  

K - cm, where K = 0.03 ohm-cm-ev 3/2 
= 7 Ohm 

( 4 a )  

K -3/2 
Ps = ~ / d  = T ohms 

where d  i s  t he  th ickness o f  t h e  plasma sheet. I t i s  o f  i n t e r e s t  t o  note t h a t  
p i s  independent o f  t he  dens i t y  o f  the plasma p a r t i c l e s .  

T i s  governed by a  se t  o f  equations s i m i l a r  t o  those f o r  V: 

where H i s  t h e  heat f l u x ,  c  i s  t he  spec i f i c  heat, M i s  t he  mass densi ty ,  and R 
i s  t he  thermal r e s i s t i v i t y .  For  our problem here we neglect  thermal 
conduc t i v i t y ,  because o f  t h e  shor t  time spans involved, and assume t h a t  R i s  
i n f i n i t e .  The r a t e  o f  heat  energy deposi t ion i n  an incremental distance, dx, 
i n  equat ion ( 5 )  i s  the  power densi ty ,  PS: 

The s p e c i f i c  heat, c, i s  obtained us ing  the  gas constant, R, by assuming 
t h a t  the  plasma cons i s t s  o f  neut ra ls ,  ions and e lec t rons ,  each w i t h  3 degrees 
o f  freedom. 

Assuming the  d i e l e c t r i c  m a t e r i a l  has a  molecular  weight, G,, of 16, c  i s  
g iven by: 

where cm i s  de f ined as the  s p e c i f i c  heat per  mole and Gm i s  def ined as the  
mass dens i t y  per  mole. 

The mass densi ty ,  M, t o  be used i n  equat ion ( 5 )  i s  composed o f  two 
components, Ma, due t o  a b l a t i o n  because o f  the  power d iss ipa t ion ,  Ps, and 
Mo which i s  due t o  the  i n i t i a l  f i e l d  emission e lec t rons :  



The ablated mass densi ty ,  Ma, i s  assumed t o  be p r o p o r t i o n a l  t o  the  time- 
i n teg ra ted  power densi ty ,  Ps:  

The p r o p o r t i o n a l i t  constant,  g, i s  taken f rom t h e  pulsed plasma t h r u s t e r  
technology data. (7 7 

We view ab la t i on  as being due t o  "pounding1' o f  t h e  sur face by ions  which are 
accelerated by the  e l e c t r i c  f i e l d  due t o  the  e lec t rons  which have been s tored 
(bu r ied )  by the bas ic  spacecraf t  charging process. 

Mp i s  not due t o  heat ing  i n  the  thermal sense bu t  r a t h e r  i s  due t o  
c o l l i s i o n s  between t h e  i n i t i a l  e lect rons,  t h a t  are emi t ted  o r  "pul led-out1'  by 
h igh  f i e l d  emission a t  l o c a l i z e d  regions o f  h igh  e l e c t r i c  f i e l a ,  and the  
d i e l e c t r i c  surface atoms. The h igh  f i e l d  emission cu r ren t  densi ty ,  J, i s  
described i n  terms o f  the  e l e c t r i c  f i e l d ,  E, by:(8) 

According t o  t h i s  equation, J has a  nea r l y  s tep- funct ion increase a t  

9 7 E = 6.5.10 vo l  tlmeter = 6.5 a10 Vlcm 

Exper imenta l ly  observed th resho ld  e l e c t r i c  f i e l d  i n t e n s i t y  o f  104 V/cm, 
n e a r l y  f o u r  orders o f  magnitude less, must be due t o  the  f a c t  t h a t  l o c a l i z e d  
regions o f  high e l e c t r i c  f i e l d s  e x i s t  on a  s u f f i c i e n t l y  small microscopic 
scale. 

Mo may be evaluated 
emi t ted  e lec t rons  t o  an 

where k  i s  the  Boltzmann 
c h a r a c t e r i s t i c  distance, 

by equat ing the  energy gained by these f i e l d -  
n i t i a l  temperature, T i :  

constant  and e  i s  t h e  e l e c t r o n i c  charge. We take t h e  
A, t o  be the  Debye s h i e l d i n g  d is tance:  



where T i  i s  t h e  temperature i n  OK, and n i s  t h e  l asma d e n s i t y  i n  number/ cc. 

may be i n t e g r a t e d  t o  g ive :  
B Eb i s  t h e  sur face  breakdown e l e c t r i c  f i e l d  o f  10 Vlcm. These equat ions 

- A~ OK, where A 2 = ( - -  6.9eEb 2 = 1.602'10 17 
Ti -m 

0 

- 1.381 l0l3 
Ti - n + no ev where n and' no are  i n  part ic les/cm3 (11) 

The cons tan t  o f  i n t e g r a t i o n ,  no, has been in t roduced approx imate ly  i n  t h e  
f o rm  o f  a d d i t i o n a l  number d e n s i t y  where T i  v a r i e s  i n v e r s e l y  as t he  t o t a l  
dens i t y ,  by  t a k i n g  T i  as 2500 ev when n i s  zero. Reca l l ,  t h a t  n  i s  t h e  
number d e n s i t y  due t o  ab la t i on .  

T h i s  dens i ty ,  n, i s  eva lua ted  from t h e  ab la ted  mass dens i ty ,  Ma, by 

n = ee02 m102~ molecules (1 m e  ) Ma grams 1 - 
mol e 16 grams cm 2 'G-  

M 22 a molecules 3.76'10 - 
d cm3 

The parameter, d, i s  t h e  th ickness  o f  t h e  plasma f i l m  o r  sheet and i s  
assumed t o  be 1 percen t  o f  t h e  vo l tage  g r a d i e n t  r e g i o n  o f  0.0025 cm. The 
number dens i ty ,  no, i s  

1.38 .lo13 9 
no = -- = 5.523 10 p a r t i c l  eslcm 3 

The corresponding mass dens i ty ,  M ~ ,  i s :  

SIMPLIFIED ANALYSIS 

The simultaneous s o l u t i o n  of a l l  o f  t h e  equat ions presented up t o  now i s  
r a t h e r  complex and r e q u i r e s  a computerized s o l u t i o n .  



Here, some q u a n t i t a t i v e  f e e l i n g  f o r  t h e  r e s u l t s  i s  ob ta ined  by a  
piecemeal approach w i t h  s i m p l i f y i n g  assumptions. 

The f i r s t  assumption i s  t h a t  t h e r e  & a  s o l u t i o n  i n  which a  cons tan t  
b r u s h f i r e  propagat ion v e l o c i t y ,  vb, i s  appropr ia te .  Wi th  t h i s  assumption, 
t i m e  v a r i a b l e s  may be rep laced  w i t h  space va r i ab les :  

Equat ions (1) and ( 2 )  may then  be i n t e g r a t e d  t o  g i ve :  

Js = Cvb (Vm-V), and 

V = V, ( l - ~ ~ ( ~ ) ) ,  where f ( x )  = Cvb f 
dX 

X 

where Vm i s  t h e  maximum vo l t age  change (2500 v o l t s ) ,  and V i s  t he  vo l t age  a t  
any p o i n t  x  i n  the  vo l t age  g rad ien t  reg ion.  F o r  t h i s  p a r t  o f  t h e  a n a l y s i s  t h e  
zero  re fe rence  vo l tage  i s  taken t o  be t h e  p o t e n t i a l  a t  t h e  bottom o f  t h e  
vo l t age  f a l l o f f  region; i.e., t h e  V = 0  a t  x = I .  

A f u r t h e r  s i m p l i f i c a t i o n  o f  t h e  problem i s  ob ta ined  by assuming t h a t  t h e  
v o l t a g e  p r o f i l e  i s  known, a  l i n e a r  d r o p o f f  t o  a  V f i n a l  o f  zero as shown i n  
F i g u r e  2. Temperatures, r e s i s t i v i t i e s ,  p a r t i c l e  d e n s i t i e s ,  c u r r e n t  d e n s i t i e s  
as w e l l  as a  new vo l t age  p r o f i l e  can then  be ca l cu la ted .  Consistency o f  t h e  
new vo l t age  p r o f i l e  w i t h  t h e  assumed p r o f i l e  w i l l  p u t  c o n s t r a i n t s  on t h e  
p o s s i b l e  values o f  t h e  parameters invo lved.  

The assumed vo l t age  p r o f i l e  i s  g i v e n  by 

The breakdown va lue  of t h e  surface e l e c t r i c  f i e l d ,  Eb, i s  assumed t o  be 
104 ~ / c m .  

The plasma parameters f o r  t he  vo l t age  g r a d i e n t  r e g i o n  may be c a l c u l a t e d  
and a re  shown i n  t a b l e  I. The parameter, h, i s  i nc l uded  i n  t h e  equat ion  f o r  
Th t o  account f o r  t h e  f a c t  t h a t  no t  a l l  of Ps goes i n t o  hea t i ng  o f  t h e  
plasma, and r a i s i n g  t he  temperature. A heat  abso rp t i on  c a l c u l a t i o n  shows t h a t  
t h e  heat  l o s s  i n t o  t h e  d i e l e c t r i c  sur face c o n s t i t u t e s  a  major  s i nk  f o r  t he  
energy i n  t h e  plasma. The plasma th ickness,  d, was assumed t o  be 0.0025 cm, 
o r  1 percent  of the l eng th  of t h e  vo l t age  g r a d i e n t  reg ion,  I .  Ma and Th 
do n o t  depend on d, bu t  n  and p s  do. I t  should a l so  be noted t h a t  a l l  f o u r  
o f  these  parameters are independent o f  t h e  b r u s h f i r e  v e l o c i t y ,  vb. Th i s  i s  
because t h e y  a l l  depend on t he  t ime - i n teg ra ted  power dens i ty ,  Ps, i.e., t h e  



energy, which i s  independent o f  ve loc i ty .  The temperature, T, i n  the  equat ion 
f o r  sur face r e s i s t i v i t y ,  ps, i s  a composite o f  the  i n i t i a l  f i e l d  emission/ 
low c o l l i s i o n a l  plasma temperature, T i ,  and the  temperature due t o  heating, 
Th. These two temperature p r o f i l e s  have been combined i n  the 
root-sum-square sense: 

Since on l y  t he  Th component of T depends on h and t h e  T i  component does 
not, h was selected t o  g i ve  t h e  most reasonable vol tage p r o f i l e ,  V(x) (see 
F igu re  3a), when computed us ing  equation (15).  The value selected was 

4 h = 8.71*10-~, h = 1.964*10'~, where c = 2.71e10 joules l (ev-gram),  and - 
c g  

As noted prev ious ly ,  h i s  a very small f r a c t i o n a l  number. The term i n  
t h e  expression f o r  f ( x )  i n  equat ion (15): 

must be a constant.  

This  means t h a t  t he  i n d i v i a u a l  parameters may change as long as the value 
o f  t h e  above combination remains constant. For example, i f  the  per u n i t  area 
capacitance C i s  doubled, the  propagation ve loc i t y ,  vb, i s  halved. There i s  
no reason t o  expect c, g, o r  h t o  change when C i s  doubled by ha l v ing  i t s  
thickness. I t  i s  possib le,  however, tha t  c ?  9, or  h may have values d i f f e r e n t  
from those assumed here, bu t  t h e i r  combination, cg/h must remain a t  the  same 
value. 

For  a1 1 o f  t he  computations and parametric curves which w i l l  be presented 
next,  the  b r u s h f i r e  propagation ve loc i ty ,  vb, was selected t o  correspond t o  
t h a t  o f  an i o n  o f  mass 16 (oxygen) accelerated through t h e  breakdown voltage, 
Vb, o r  a 2-mil sheet o f  Kapton. The bulk breakdown e l e c t r i c  f i e l d  i s  
assumed t o  be 106 V/cm: 

7 v = Jv= 2.45 10 cmlsec f o r  Vb = 5000 V b 

F igu re  3a shows the  assumed voltage p r o f i l e ,  V(x), which i s  moving t o  the  
l e f t  a t  a v e l o c i t y ,  vb, equal t o  2 . 4 5 ~ 1 0 ~  cmlsec. V drops l i n e a r l y  from 
2500 V a t  x = 0 t o  zero a t  x = 1 where I was ch sen t o  be 0.25 cm i n  order  t o  ? g i v e  the  surface breakdown e l e c t r i c  f i e l d  of 10 V/cm. F igure  3a a lso shows 
t h e  c u r r e n t  densi ty ,  Js, which increases l i n e a r l y  from zero a t  x = 0 t o  3.18 



A/cm a t  x  = I. Figure  3b shows the  power density,  Ps, which increases 
l i n e a r l y  f rom zero a t  x  = 0  t o  3.18010~ ~ / c m ~  a t  x  = 1. The plasma i o n  
and e l e c t r o n  density, n i ,  i s  a lso  shown i n  F igu re  3b. It va r ies  
p a r a b o l i c a l l y  from zero a t  x  = 0  t o  2.03-1015 par t i c les /cm3 a t  x  = I. 
The i o n i z a t i o n  i s  assumed t o  be 10 ercent  o f  the  t o t a l  and there fore  t h e  P neu t ra l  p a r t i c l e  dens i t y  i s  1.83910 6 p a r t i c l e s l c c  a t  x  = I. 

F i g u r e  4a shows the temperature, T, and surface r e s i s t i v i t y ,  ps, as a  
f u n c t i o n  o f  XI!. 

Figure  4b shows the  o r i g i n a l l y  assumed l i n e a r l y  f a l l i n g  vo l tage p r o f i l e  
and the  vol tage p r o f i l e  computed by us ing  the  pS  i n t e g r a l  i n  equat ion (15). 
I t  can be noted t h a t  V(o) i s  on l y  90 percent o f  Vm a t  x  = 0. However, the  
vo l tage gradient  i s  g rea ter  than the  surface breakdown e l e c t r i c  f i e l d  o f  l o 4  
V/cm when x l l  i s  g rea ter  than about 0.5. The temperature i n  F igu re  4a i s  
extremely "hot1' f o r  small x/P values bu t  coo ls  down q u i c k l y  as the  plasma 
dens i t y  increases. A  minimum i s  reached a t  X/P equal t o  about 0.4 where t h e  
heat ing  e f f e c t  takes over, and the  temperature r i s e s  s lowly  as x / I  increases 
beyond t h i s  point .  The sur face r e s i s t i v i t y  p r o f i l e  i n  F igu re  4a v a r i e s . a s  the  
inverse  three-halves power o f  T. 

I n  o rder  f o r  the computed vol tage t o  be i d e n t i c a l  t o  t he  assumed vo l tage 
p r o f i l e ,  t h e  surface r e s i s t i v i t y  would have t o  be an inverse  f u n c t i o n  o f  x: 

The physics o f  t he  problem requ i res  i n i t i a l l y  a  very h o t  plasma and 
the re fo re  a  very smal l  r e s i s t i v i t y ,  r a t h e r  than the  i n i t i a l l y  very l a r g e  
sur face r e s i s t i v i t y  requ i red  by the  assumed l i n e a r  vo l tage p r o f i l e .  what t h i s  
says i s  t h a t  the l i n e a r  vo l tage p r o f i l e  was not  a  good assumption. The 
computed p r o f i l e  o f  F igu re  4b i s  presumably a 6 e t t e r  approximation t o  the  
" r e a l "  propagating b r u s h f i r e  vol tage p r o f i l e .  I n  p r i n c i p l e ,  i t e r a t i o n  o f  t h e  
computations performed here w i t h  the computed vo l tage should prov ide  a  b e t t e r  
so lu t i on .  This  i s  n o t  done here, and a  more thorough ana lys i s  us ing  a  
computer i s  recommended. 

BLOWOUT AND FLASHOVER CURRENTS, G '  

The r a t i o  o f  blowout t o  f lashover  currents, G I ,  i s  a  very important  
parameter i n  def in ing the  EM1 margin of immunity o f  a  spacecraf t  t o  arc 
discharges. The cu r ren t  densi ty ,  Js, of 3.18 A/cm ca l cu la ted  i n  t he  
prev ious sect ion i s  t h a t  which f l ows  t o  the  p o i n t  of arc discharge i n i t i a t i o n  
i n  a  plasma sheet and thence d i r e c t l y  t o  t he  conduct ive subs t ra te  below. Th is  
i s  what has been termed t h e  f lashover  cur ren t .  Because o f  t h e  l o c a l  i zed  
nature  o f  t h i s  component, t he  e l e c t r i c  and magnetic f i e l d s  e f f e c t s  are a lso  
expected t o  be loca l ized.  Previously ,  t he  o n l y  long range e f f e c t  considered 
was t h a t  due t o  the  displacement cur ren t ,  CdV/dt, where C i s  e f f e c t i v e l y  t he  
capacitance t o  space o f  t h e  a rc ing  element and dV/dt i s  t he  t ime r a t e  of 
change of t h e  surf ace voltage. Because C i s  very smal 1  (-pf /cm2) t h e  



corresponding cu r ren ts  are very small, and the  vol tages induced i n t o  cable 
harnesses were very smal l  and a t  nonhazardous leve ls .  Blowout cur ren ts  are 
a d d i t i o n a l  t o  t h e  displacement currents discussed above. I f  they are o f  
appreciable magnitude, they  cou ld  be a  ser ious source o f  hazard t o  spacecraf t  
e l e c t r i c a l  subsystems. 

I n  t h i s  sec t ion  the  r e s u l t s  o f  the prev ious sec t i on  on b r u s h f i r e  
propagation are used t o  est imate the  blowout cur ren t .  Both magnetic and 
e l e c t r o s t a t i c  f o rces  were examined, and t h e  conclus ion was reached t h a t  on l y  
t h e  l a t t e r  i s  o f  consequence. E l e c t r i c  f i e l d s  normal t o  t h e  d i e l e c t r i c  
sur face w i l l  f o r c e  e lec t rons  t o  move away i n  the  z  d i r e c t i o n .  The 
overwhelming m a j o r i t y  o f  e l e c t r i c  f i e l d  l i n e s  emanating f rom the  e lec t rons  
c o l l e c t e d  from environmental charging land on p o s i t i v e  charges induced on the  
substrate.  A few f i e l d  l i nes ,  however, must go o f f  t o  space t o  account f o r  
t h e  vo l tage f a l l - o f f  ( o r  r i s e )  from the d i e l e c t r i c  surface p o t e n t i a l  t o  t h e  
space plasma p o t e n t i a l  (zero) .  Thus, i t  i s  a l ready  c l e a r  t h a t  t he  d i e l e c t r i c  
sur face p o t e n t i a l ,  through i t s  associated e l e c t r i c  f i e l d ,  p lays  an important 
r o l e  i n  determining t h e  blowout t o  f lashover  arc discharge cu r ren t  r a t i o ,  G'. 
The magnitude o f  the  e l e c t r i c  f i e l d  f o r  a  conduct ing sphere i s  

v - Q - (MKS u n i t s )  
Eradial - q - 

0 

where a  i s  the  rad ius  o f  t he  sphere and V S  i s  t he  surface p o t e n t i a l  and Q i s  
t h e  charge. For  an a rc ing  d i e l e c t r i c  surface on a  r e a l  spacecraft ,  a  i s  no t  
an e a s i l y  def ined parameter and requi res a  time-dependent NASCAP type o f  
3-dimensional Laplace 's  equat ion so lu t i on  i n  an a rc  whose discharge charge 
t ime i s  measured i n  nanoseconds. 

We know t h a t  a  i s  no t  as la rge  as the  spacecraf t  dimension and not  as 
smal l  as the  d i e l e c t r i c  thickness. For our purpases here, we assume t h a t  i t  
i s  comparable t o  the s i z e  o f  a  t y p i c a l  spacecraf t  box ( o r  20 cm), but  keeping 
i n  mind t h a t  Eradial  va r i es  i nve rse l y  as a. 

The f a c t  t h a t  edge o r  punch-through breakdown occurs a t  -5 kV, bu t  -2.5 
kV remains a f t e r  the  discharge, has been ignored up t o  now except t o  take the  
2.5 kV d i f f e r e n t i a l  as t h e  vol tage which "dr ives"  t h e  b rush f i re .  

Thus: 

where V o  i s  the  spacecraf t  ground po ten t i a l ,  Vr i s  the  remaining vo'ltage 
a f t e r  t h e  discharge (2500 V) and Vm i s  t h e  maximum b r u s h f i r e  d r i v i n g  poten- 
t i a l  (2500 V). The proper s igns have t o  be used t o  account f o r  t h e  f a c t  t h a t  
we are consider ing fo rces  which d r i v e  e lec t rons  o f f  o f  t he  surface. Ions are 
p u l l e d  harder against  t he  surface. For t h e  t ime beinq Vo w i l l  be assumed t o  
be zero. 



The v e l o c i t y  and displacement i n  t he  o f f - su r face  ,-direct ion f o r  an 
e l e c t r o n  released a t  z = 0 and t = 0 are g iven by 

Incorpora t ing ,  as before, t h e  space-time equivalence v i a  the  brushf  i r e  
propagation v e l o c i t y  vb: 

2evm ~ : x - x 2  Z ( X )  = - eVm 2 x dx = - 
0 

2 x ( I - = )  
mav 

b mav 
b 

The above equations apply i n  the  MKS system o f  un i t s .  If a, vb, and x are 
i n  cgs un i t s ,  v q  and z ma be obta ined i n  cgs u n i t s  by m u l t i p l y i n g  bo th  o f  +i t h e  above equations by 10 . 

F i  ure 5 shows v, and z p l o t t e d  as func t i ons  o f  x/P. A t  x  = P ,  v, i s  B 3.37010 cmlsec and z i s  19.1 cm. These values f o r  e l e c t r o s t a t i c  
d e f l e c t i o n  are about e i g h t  orders o f  magnitude greater  than the  comparable 
values caused by magnetic f o rces  on the  plasma cur ren t .  

To ca l cu la te  the o f f -sur face surface cu r ren t  densi ty ,  JsZ, an 
i n t e g r a t i o n  over x has t o  be performed: 

2eV x - x  m 1 4 where vz (xl - x )  = -  (xl - X )  (1 -  '10 cmlsec 

3 n ( x )  = AX* electrons/cm ( x  i n  an) 

Jsz (xl) i s  p l o t t e d  i n  F igure  8 f o r  O<x<O.OS&. 



A t  XI = 1 = 0.25 cm, J  , would be 18,240 A/cm', which i s  much too  l a rge  
i n  view o f  t h e  3.18 A/cm vafue f o r  Js  ( i n  the  x -d i rec t i on )  i n  t he  plasma 
sheet a t  x  = 1. There i s ,  however, a  mechanism whereby Jsz  i s  cu t  o f f  a t  a  
much smal le r  value. The s i t u a t i o n  i s  t h a t  a t  t h e  same t ime as the  o f f - su r face  
charge i s  being evaluated by e l e c t r o s t a t i c  forces,  t he  charge f i n d s  i t s e l f  
above a  plasma whose Debye length  i s  - shor te r  than i t s  he igh t  above the  sur face 
of t h e  d i e l e c t r i c .  A t  some height,  z, and Debye length, A, t h e  e l e c t r i c  f i e l d  
due t o  the  charges below becomes completely blocked o f f ,  and the e f f e c t i v e  
e l e c t r i c  f i e l d  becomes zero. We assume t h a t  t h i s  height,  7, i s  equal t o  4.61; 
i.e., when the  e l e c t r i c  f i e l d  i s  shielded by 99 percent. 

The e f f e c t i v e  he igh t  ( x )  i s  ca lcu la ted  by averaging the  z-distance 
t r a v e l l e d  by a l l  o f  t he  p a r t i c l e s  released from x  = 0  t o  x  = XI. 

2eVm 2 x - x  
where z ( xl - x) = - 2 (xl-x) ( 1  - 61  ~ 1 0 ~ ~ ~  

mavb 

The Debye length  i s  g iven by 

where T  i s  t h e  temperature i n  'K and n  i s  i n  e lect rons1 cm3. F igu re  6 shows - 
z and 1 p l o t t e d  f o r  0  < x  < I (where I =  0.25 cm). I t  can be seen t h a t  z  i s  
much greater  than x f o r  most of the  range o f  x / I  except near x  = 0. A t  x  = I, 
z i s  about 2  cm, which i s  about 10 percent o f  t he  value f o r  7, the he igh t  o f  a  
s i n g l e  e l e c t r o n  re leased a t  x = 0. Since the  temperature f o r  small values o f  
x  i s  nea r l y  completely dominated by the i n i t i a l  h igh- f  ie ld -emi t ted  e lec t rons  
which are coo l i ng  o f f :  

and x = 6.9.4.00*108 = 2.76 * l o 9  = 8.49 - - 1.36 
n 3 . 2 5 . 1 0 ~ ~ ~ ~  x2 ( x / d 2  



Equating z t o  4 . 6 ~ :  

P u t t i n g  t h i s  value f o r  x l  i n t o  the  equat ion f o r  Jsz ( x i )  : 

The blowout t o  f lashover  cu r ren t  r a t i o ,  G I ,  taken t o  be the  r a t i o  o f  Jsz 
( x i )  t o  the  maximum value o f  t he  plasma sheet cur ren t ,  Js, ( a t  x  = I )  i s  
then G I  = Jsz ( x l ) l J s ( Q )  = 0.08313.18 = 0.026 o r  2.6 percent. F igu re  7 
shows z  and 4.61 p l o t t e d  versus x l l  and t h e i r  i n t E e c t i o n  a t  x l f  = 0.041. 

A more near ly  c o r r e c t  c a l c u l a t i o n  f o r  Jsz  i nvo l ves  i n s e r t i n g  the  Debye 
s h i e l d i n g  e f f e c t  i n t o  the expression f o r  v  . We consider  the  sh ie ld ing  t o  
apply t o  the  external  e l e c t r i c  f i e l d  by m u f t i p l y i n g  the  p o t e n t i a l  by the  
exponential  f a c t o r  so t h a t  the  corrected o f f -sur face ve loc i t y ,  vz* i s  g iven 
by: 

Since t h e  x  values o f  consequence are very smal l  ( x l l  < 0.05), t h e  above 
expression may be s i m p l i f i e d  t o  

From the  previous analysis,  

F igure  8 shows vz* computed numer ica l l y  and p l o t t e d  as a  func t i on  of x l l .  
I t  s t a r t s  a t  about 108 cmlsec a t  x  = 0  and drops t o  nea r l y  zero by the  t ime 
t h a t  X/I = 0.04. The expression f o r  Jsz now i s  

independent of t h e  upper l i m i t  o f  t h e  i n t e g r a l ,  x i ,  f o r  values of x l l  
g rea ter  than about 0.04. Th is  value i s  



and the  r a t i o  o f  blowout t o  f lashover  currents,  G I ,  i s  

Comparing Figures 7 and 8, i t  i s  c lea r  t h a t  c u t t i n g  off Jsz a t  z  = 4.61 
g ives t o o  l a rge  a  value o f  x l l  and hence t o o  l a rge  a  value f o r  JSZ and G I .  
From F igure  8, t he  " co r rec t "  values of t he  parameters f o r  F igure  7 should have 
been : 

xl/k = 0.0254, A = 2.ll*l0-~ an, z = 1.47*10-~ an 

z/A = 1.43, and e -'/a . 0.24 
The Debye s h i e l d i n g  e f fec t  has reduced JSz from an excessively  l a r g e  

value, 18,240 A/cm, t o  a  value o f  0.0216 A/cm. This l a t t e r  value leads t o  a  
G I  o f  0.40 percent, which i s  much smal ler than those t h a t  have been p rev ious l y  
repo r ted  by us as w e l l  as by others. Another " co r rec t i on "  t h a t  should be 
app l ied  i s  the  f a c t  t h a t  Debye sh ie ld ing  does c u t  o f f  t h e  e lec t rons  t h a t  are 
l eav ing  t h e  plasma sheet due t o  e l e c t r i c  f i e l d s .  However, t he  p o t e n t i a l  o f  
t h e  plasma remains unchanged, and thus the  e l e c t r i c  f i e l d s  beyond the  plasma 
remain unchanged. Therefore the  "escaped" e lec t rons  cont inue t o  be 
accelerated by the  sur face p o t e n t i a l  even through t h e i r  number i s  f i xed .  
Since c u t o f f  occurs a t  a  very smal l  x  value (X/Q = 0.0254, B = 0.25 cm), t h e  
acce le ra t i ng  p o t e n t i  a1 i s  very nearly:  

Vm + V = 2500 + 2500 = 5000 volts r 

where Vm i s  the  maximum vo l tage change, and Vr i s  the  remaining vo l tage 
a f t e r  t h e  discharge. 

The surface cu r ren t  density,  Jsz, by the t ime the  escaped e lec t rons  
have t raversed the  whole a rc ing  source then i s  g iven by: 

= Nev, where vZ = 9 
sz = 4.19 10 cmlsec 

N i s  the  number of re leased e lec t rons  per  cm2 and i s  obtained from n(x )  by 
i n t e g r a t i o n  from x  = 0  t o  x  = x i  o r  x l l  = 0.0254: 



The r e f  ore 

JSz = Nev, = 1.86 Alcm, and 6 '  = JS,/Jx = 1.8613.18 = 58.5% 

Since the  e lect rons,  i n  inc reas inq  t h e i r  k i n e t i c  energy by 5 keV, have 
been accelerated i n  t h e  x -d i rec t i on  as w e l l  as the  z -d i rec t ion ,  t he  use o f  t h e  
f u l l  5 keU i n  c a l c u l a t i n g  Jsz i s  no t  v a l i d .  A p a r t i c l e  pushing t r a j e c t o r y  
c a l c u l a t i o n  f o r  t he  e lec t rons  i n  t he  presence o f  e x i s t i n g  e l e c t r i c  f i e l d s  i s  
requi red.  F igure 9 i s  the  au thor 's  concept ion o f  how the  equ ipo ten t i a l  and 
e l e c t r i c  f i e l d  l i n e s  should appear. The escaping e lec t rons  do acce lera te  
through the  f u l l  5 keV but  the  cur ren t ,  p roper ly ,  should not  be termed Jsz. 
From the "guessedN f i e l d  c o n f i g u r a t i o n  i t  appears t h a t  t h e  blowout cu r ren ts  
should be t r a v e l l i n g  a t  about a 45 degree angle t o  the  surface i n  the  
d i r e c t i o n  o f  the i g n i t i o n  po in t .  

EFFECT OF SPACECRAFT POTENTIAL ON G' 

The importance o f  ex te rna l  e l e c t r i c  f i e l d s  i n  determining the  blowout t o  
f l ashove r  cur ren t  r a t i o ,  G I ,  has been discussed i n  the prev ious sect ion. I n  
t h e  analys is ,  the change i n  the  sur face e l e c t r i c  f i e l d  due t o  the  arc  
discharge was taken i n t o  account by the  space and t ime dependence o f  the  
s u r f  ace potent  i a1 , Vs. However, the  reference vo l  tage, the spacecraf t  
p o t e n t i a l ,  Vo, was assumed t o  be constant  a t  zero vo l t s .  I n  o r b i t ,  the  
blowout o f  t he  arc discharge e lec t rons  must be compensated by t h e  r e c o l l e c t i o n  
o f  an equal number o f  e lec t rons  i f  the  spacecraf t  p o t e n t i a l  i s  t o  be 
unchanged. Any i n e q u a l i t y  between blowout cu r ren ts  and r e t u r n  cu r ren ts  must 
be "made up" by displacements cur ren ts  i n  the f o l l o w i n g  charge balance 
equat ion : 

I n  t h e  above equat ion Cs  i s  t h e  capacitance o f  t h e  a rc ing  element t o  t h e  
remainder of the spacecraf t  ( o r  t o  space), and Co  i s  the  capacitance o f  the 
spacecraf t  t o  space. I, i s  the  blowout c u r r e n t  from t h e  arc ing  element, and 
I, i s  the replacement cu r ren t  t o  the  remainder of the  spacecraft .  Taking the  
d e r i v a t i v e  of the equat ion g ives  the  cu r ren t  balance equat ion which must be 
s a t i s f i e d  dur ing  t h e  arc discharge: 



IZ i s  t h e  blowout c u r r e n t  densi ty ,  JSZ, computed i n  t he  preceding sect ion, 
m u l t i p l i e d  by an appropr iate width dimension. Ir i s  the  i n t e g r a l  o f  a l l  o f  
t h e  replacement cu r ren t  d e n s i t i e s  co l l ec ted  over t h e  e n t i r e  exposed sur face o f  
t he  spacecraft. As I, i s  col lected,  i t  r e t u r n s  t o  the  a rc ing  element v i a  
var ious  s t r u c t u r a l  paths on the  spacecraft. Obviously, t he  s t r u c t u r a l  cu r ren t  
dens i t y  i s  low a t  remote p o r t i o n s  o f  the spacecraft ,  and becomes greater  as t h e  
cu r ren t  f low paths converge towards the a rc ing  element. Fo r  t h i s  reason, i t  i s  
t o  be expected t h a t  the  p o t e n t i a l  v ic t ims o f  EM1 c l o s e s t  t o  the  arc ing  source 
would be the  most suscept ib le.  

The p o i n t  here i s  t h a t  V o  ad jus ts  i t s e l f  i n  a  t ime dependent manner t o  
assure t h a t  t he  cu r ren t  c o n t i n u i t y  equat ion i s  s a t i s f i e d .  Since e lec t rons  are 
leaving, V o  w i l l  go more p o s i t i v e .  I f ,  as assumed, Vo  i s  i n i t i a l l y  near 
zero, V o  w i l l  become abso lu te ly  p o s i t i v e  and a t t r a c t  e lec t rons  from the  
environment surrounding it, and repe l  ions. How f a r  p o s i t i v e  i t  becomes i s  a  
f u n c t i o n  o f  t h e  sur face area o f  the whole spacecraft ,  and the  a c c e s s i b i l i t y  o f  
replacement e lec t rons .  The problem i s  s i m i l a r  t o  t h a t  o f  computing t h e  
spacecraft  charg ing po ten t i a l s ,  but  on a  much sho r te r  t ime scale--tens o f  ns 
r a t h e r  than minutes. 

The a v a i l a b i l i t y  o f  e lec t rons  i n  the ambient plasma may be est imated as 
fo l l ows :  Assume t h a t  e lec t rons  may take as long as 1 ~s t o  reach t h e  
spacecraft ,  a  sphere o f  radius,  R, o f  one meter a t  a  p o t e n t i a l ,  V of 1 kV. 
The rad ius ,  r, f rom which e lec t rons  can a r r i v e  a t  t h e  sur face i n  !'us i s  g iven 
by: 

Fo r  t = 100 ns, r i s  2.44 meters. Assuming t h a t  t h e  e l e c t r o n  dens i t y  i s  l lcm3, 
a  spher ica l  volume, f o r  1 us, conta ins 3.20*1010 e lec t rons  o r  a  charge o f  
5 .12*10-~  coulombs. By comparison, a  20 cm wide a rc ing  source, grounded, 
would have a  cu r ren t  IZ o f  19 A, and would emit, i n  1 us, a  charge o f  1 . 9 - i 0 - ~  
coulombs. Th i s  i s  more than th ree  orders o f  magnitude more charge than i s  
avai lab le .  



Another c a l c u l a t i o n  which i nd i ca tes  t h a t  t he  cu r ren t  a v a i l a b l e  i s  
i n s u f f i c i e n t  t o  llclampu V o  u t i l i z e s  the  Langmuir - Mot t  Smith equat ion f o r  
t h e  a t t r a c t i o n  o f  e lec t rons  a t  a  Maxwel l ian temperature, T, t o  a  conduct ing 
sphere o f  rad ius  R: 

\ 
f o r  R = 1, Vo = T = 1 kV, and Jo  = 1 na/an2 = A/III~ 

a "resistance," Ro, nay be c a l c u l a t e d  from Ro = V = 4 .10~  ohms 
T 

The s o l u t i o n  f o r  t h e  blowout cur ren t ,  I,, i n  the  presence o f  a  v a r i a b l e  
t i m e  dependent V o  may be obta ined f rom the  f o l l o w i n g  

I n  t h e  above equations, w i s  t h e  w id th  o f  t h e  a r c i n g  source, N i s  t h e  number 
o f  e l e c t r o n s  t h a t  have been e jec ted  before the  Debye s h i e l d i n g  c u t o f f ,  Vs  i s  
t h e  sur face po ten t i a l ,  Vr i s  t he  remaining vo l tage a f t e r  t he  discharge 
(2500 V), I, i s  the  r e s i s t i v e  replacement c u r r e n t  f l o w i n g  i n  Ro, and Ic i s  the  
displacement cur ren t  f l o w i n g  i n  t h e  capacitance o f  t h e  spacecraf t  t o  space, 
Co. The e l e c t r i c a l  c i r c u i t - i s  shown i n  F igure  10. 

The above equat ions lead t o  t h e  f o l l o w i n g  r e s u l t :  

2 x + B x -  t - - = -  
T p-q x q  

where p  and q are r o o t s  o f  x2 + Bx-1 = 0, 

F igu res  11 and 12 show I Z ( t )  and V,(t) f o r  w = 10 cm. and var ious  values o f  
R . The t ime constant, T = R ~ C ~ ,  va r i es  from 1 ns t o  1 p s  on the  assumption 
t i a t  the  C o  i s  100 pf. For Ro large, Vo approaches Vr and Iz decreases 
because V s  becomes small. For Ro small, as i n  many vacuum tank experiments, 
V o  never gets very large, and IZ remains near IZo. Figure  13 shows the  steady 
s t a t e  1, and V o  p l o t t e d  as a  f u n c t i o n  o f  Ro. 
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The preceding d iscuss ion  about Ro i n d i c a t e s  t h a t  it i s  q u i t e  large. For 
t h e  approximation t h a t  I, << I,, t h e  so lu t i ons  f o r  IZ and Vo are: 

- t 2 I, - I,, Cl- t l (Z~, ) l ,  V, = VJ1-(1 - 1 I 
0 

1 decreases 1 i n e a r l y  t o  zero i n  a time 2 7, = 2CoVr/I ZQ = 3.8010-7/w seconds 
o r  38 ns f o r  w = 10 cm. Vo r i s e s  p a r a b o l i c a l l y  t o  V r  i n  the  same t ime 
period. For  a 10 cm square sample, then t h e  b r u s h f i r e  propagates according 
t o  our  model i n  a time, t, of :  

I?, however, l a s t s  f o r  o n l y  38 ns o r  about 10 percent  o f  t h e  discharge t ime 
w i t h  an "average" G '  o f  29 percent  ra the r  than t h e  peak value o f  58 percent. 
Thus, t h e  i n - o r b i t  G '  i s  o f  sho r te r  dura t ion  and o f  lower average magnitude as 
compared t o  a l abo ra to ry  determinat ion w i t h  Ro shor ted t o  ground. A proper  
l abo ra to ry  experiment should incorporate a h igh  Ro bu t  should a l so  inc lude 
an appropr ia te  Co. 

LIMITING MECHANISMS ON BRUSHFIRE PROPAGATION 

The quest ion a r i ses  as t o  whether some processes e x i s t  whereby the  
brushf  i r e  propagation might  be l im i ted .  The paper by Aron and ~ t a s k u s ( 9 )  
seems t o  i n d i c a t e  t h a t  propagation continues f o r  samples as l a rge  as 5058 
cm2. T h e i r  samples ( 4  m i l  t e f l o n )  were l a i d  on an aluminum p l a t e  t h a t  was 
0.313 cm t h i c k .  Th i s  seems t o  i nd i ca te  t h a t  t h e  plasma sheet res is tance,  t h e  
p a r t  behind the  vo l tage grad ien t  region, i s  no t  a problem. 

I n  some app l ica t ions ,  t h e  d i e l e c t r i c  sheet w i t h  the  vacuum deposited 
aluminum (VDA) i s  no t  over a good conducting ground plane. I n  these cases the  
sur face r e s i s t i v i t y  o f  t h e  VDA f i l m  becomes important.  Typ i ca l  values are i n  
t h e  order  o f  1 ohm-per-square, bu t  t h i s  may be exceeded by more than a f a c t o r  
o f  10 a f t e r  hand l ing  and du r ing  the  i n s t a l l a t i o n  process. A 100 cm long 
sample then w i l l  develop more than 1 kV w i t h  a 1 A/cm arc discharge sur face 
c u r r e n t  densi ty ,  Js. If one considers then t h a t  arc discharge surface 
cu r ren ts  a re  r e a l l y  n o t  1-dimensional, b u t  r a t h e r  f l o w  f rom the  whole sur face 
towards a s i n g l e  breakdown po in t ,  the surface cu r ren t  dens i t y  increases 
g r e a t l y  and the re fo re  t h e  vo l tage drop may become comparable t o  the  vo l tage 
across the  d i e l e c t r i c  before breakdown. Although the  b r u s h f i r e  propagation as 
developed depends o n l y  on the  e l e c t r i c  f i e l d  a t  breakdown, Eb, r a t h e r  than 
t h e  voltage, Vb, a dependence on the l a t t e r  may develop i n  a more c r i t i c a l  
analys is .  

F igu re  14 shows an example of a s e t  o f  sur face vo l tage measurements 
be fore  and a f t e r  an arc discharge. The discharge c l e a r l y  d i d  no t  wipe o f f  t h e  
s to red  charge uni formly.  The charge seems t o  have flowed towards the  edge a t  
which breakdown occurred, bu t  was slowed down as t h e  d is tance from t h a t  



l o c a t i o n  increased. This p a r t i c u l a r  sample was mounted on an aluminum 
substrate.  However, t he  VDA was sandwiched w i t h  a Kapton sheet between the  
VDA and t h e  aluminum substrate.  Thus, r e s i s t i v e  cu r ren ts  were fo rced  t o  f l o w  
through the  VDA r a t h e r  than through the  substrate.  

SUMMARY AND CONCLUSIONS FROM THE BRUSHFIRE ARC DISCHARGE MODEL ANALYSIS 

Summarizing t h e  a n a l y t i c a l  development o f  t he  arc  discharge b r u s h f i r e  
propagat ion model should begin w i t h  n o t i n g  the  many de f i c i enc ies .  The f i r s t  
i s  t h a t  the  ana lys is  i s  1-dimensional w h i l e  most a rc ing  con f i gu ra t i ons  are 
2-dimensional. Thus, no account i s  taken o f  t h e  'Is idewards" propagation 
e f f e c t  bo th  as i t  a f f e c t s  the  b r u s h f i r e  wavefront steepness requirements, and 
t h e  greater  concentrat ion o f  plasma sheet cu r ren ts  as they  converge towards 
the  arc  i n i t i a t i o n  po in t .  There are many assumptions which may o r  may n o t  be 
j u s t i f i e d  such as the  i gno r ing  o f  thermal conductance, and the  assumption t h a t  
t he  plasma t h r u s t e r  data, 8 .32-10-~  gram per j o u l e  o f  m a t e r i a l  ablated, 
was app l icab le .  The assumption o f  a  plasma sheet th ickness,  1 percent  o f  t h e  
length  o f  t he  vol tage grad ien t  region, was n o t  der ived f rom phys ica l  
p r i n c i p l e s ,  b u t  ra the r ,  f rom an idea o f  what a  llsheetll should be. The 
gram-molecular-weight o f  t he  d i e l e c t r i c  ma te r i a l ,  16, a l so  was a  guess, and 
the  s p e c i f i c  heat depends on t h i s  number. The plasma p rope r t i es  which would 
c l e a r l y  i d e n t i f y  t h e  t ime dependent r o l e s  o f  e lec t rons ,  ions  and n e u t r a l s  have 
n o t  been c a r e f u l l y  t reated.  I n  p a r t i c u l a r ,  t h e  i n e r t i a l / c o l l i s i o n a l  r o l e  o f  
ions  i n  determining the  b r u s h f i r e  v e l o c i t y  should be inc luded i n  the  bas ic  
equat ions so tha t  the  v e l o c i t y  i s  cons i s ten t  w i t h  the  o ther  phys ica l  processes 
involved.  The areas o f  improvements t h a t  are needed i n  the  present ana lys i s  
a re  summarized below. As s ta ted  prev ious ly ,  t h e r e  are  many improvements t h a t  
can be made i n  the a n a l y t i c a l  model as presented here, and i t  i s  hoped t h a t  
t h i s  work w i l l  provide some i n s i g h t  i n t o  how a  more n e a r l y  c o r r e c t  model 
should be formulated. 

o  Many assumptions need t o  be examined 

- Thermal conduc t i v i t y ,  mass ablated, plasma sheet thickness, 
e tc .  

o  More phys ica l  processes need t o  be inc luded 

- Role o f  ions  i n  determin ing b r u s h f i r e  v e l o c i t y ;  ab la t i on ,  
i o n i z a t i o n  and r a d i a t i o n  processes 

- "Mechanical" processes o f  p a r t i c l e  acce le ra t i on  and c o l l i -  
s ions 

o  Sel f -consis tent  s o l u t i o n s  are needed 

- Computerized approach 

o  Model should be expanded t o  i nc lude  the  2-dimensional problem 

The analys is  has prov ided a  f i r s t - c u t  s o l u t i o n  t o  vol tage,  cur ren t ,  
p l  asma densi ty ,  temperature and r e s i s t i v i t y  p r o f  i 1 es associated w i t h  t h e  



plasma sheet o f  a  propagating b r u s h f i r e  wavefront. The f lashover  surface 
cu r ren t  dens i t y  associated w i t h  the discharge r i s e s  l i n e a r l y  w i t h  d is tance 
away f rom t h e  head o f  t h e  wavefront as 

A t  t h e  bottom o f  t he  vo l tage f a l l o f f  reg ion  JS reaches a  maximum value: 

JSx = CvbV,,, = 3.18 A/cm, f o r  V, = 2500 V 

which i s  p ropo r t i ona l  t o  t he  breakdown vo l tage Vm. The du ra t i on  of t h e  arc 
discharge i s  s imply t h e  sample s i z e  ( l i n e a r  dimension) d i v ided  by t h e  
b r u s h f i r e  propagation ve loc i t y ,  vb. To t h e  ex ten t  t h a t  the  theory i s  
app l i cab le  t o  the  2-dimensional case, the du ra t i on  should be p ropo r t i ona l  t o  
t h e  square r o o t  of t he  area. The fo l low ing combination o f  parameters f o r  a  
g iven d i e l e c t r i c  m a t e r i a l  must be a  constant: 

where c  i s  t he  s p e c i f i c  heat, g i s  t he  mass ab la ted  per  jou le ,  h  i s  t h e  
f r a c t i o n  o f  t he  power expended i n  r a i s i n g  the  plasma temperature, C i s  t h e  
d i e l e c t r i c  capacitance per u n i t  area and vb i s  the  b r u s h f i r e  propagation 
v e l o c i t y .  The above combination of parameters must be a  constant  f o r  a  g iven 
d i e l e c t r i c  ma te r i a l  except t h a t  C a lso  depends on the  thickness. Thus, 
inc reas ing  the  th ickness decreases C, and hence vb should decrease 
correspondingly.  

Another r e s u l t  o f  the  ana lys is  i s  t h a t  magnetic V X B f o rces  are much 
l e s s  e f f e c t i v e  i n  producing blowout currents than e l e c t r i c  f i e l d  forces.  
Debye s h i e l d i n g  o f  e l e c t r i c  f i e l d s  l i m i t s  the blowout e lec t rons  t o  t h e  very 
t i p  o f  t h e  b r u s h f i r e  wavefront. An analogy f o r  t h e  blowout cu r ren t  would be 
the  smoke p u f f i n g  ou t  o f  t he  smokestack o f  the  locomotive o f  a  t r a i n  as it 
moves forward. -- n o t  t he  whole t r a i n  burns. The blowout e lec t rons  are 
accelerated by the  chargeup p o t e n t i a l s  and the  r a t i o  o f  blowout t o  f lashover  
currents,  G', has been ca l cu la ted  t o  be 

Th is  va lue  o f  G' takes i n t o  account the exper imenta l l y  observed f a c t  t h a t  
about one-half o f  t h e  s to red charge (114 o f  t h e  stored energy) remains a f t e r  
t h e  discharge. I f  the  f r a c t i o n  o f  remaining charge were lower, t he  f lashover 
c u r r e n t  would be p r o p o r t i o n a t e l y  larger,  b u t  t h e  blowout c u r r e n t  would be 
about t he  same s ince the  number of e lect rons remains n e a r l y  the same and the  
t o t a l  acce le ra t i ng  p o t e n t i a l  a l so  remains the  same. Thus G' would decrease, 
bu t  o n l y  by a  f a c t o r  o f  about two. From the  r e s u l t s  o f  t he  above analysis,  G' 
i s  independent o f  t he  s i z e  o f  t h e  arc ing source. The s u r f  ace vo l tage a t  
breakdown a f f e c t s  G' as i t s  square-root. 



The dependence of t h e  blowout cur ren t ,  and t h e r e f o r e  G I ,  on t h e  
spacecraf t  p o t e n t i a l  i s  r a t h e r  d ras t i c ,  and depends on the  c a p a b i l i t y  o f  t he  
spacecraf t  t o  c o l l e c t  r e t u r n  currents,  e i t h e r  from t h e  surrounding plasma o r  
from the  blowout c u r r e n t  i t s e l f .  The spacecraf t  p o t e n t i a l  r i s e s  i n  o rder  t o  
compensate f o r  the blown o f f  charges and t o  c o l l e c t  t h e  requ i red  number o f  
e lect rons,  o r  t o  make up the  de f i c i ency  v i a  displacement currents.  Because 
the  spacecraf t  capacitance t o  space, Do, i s  smal l  (-100 p f ) ,  the  
acce lera t ing  p o t e n t i a l  f o r  t h e  blowout e lec t rons  i s  q u i c k l y  cancel led-- -  i n  38 
ns out  o f  a  t o t a l  o f  408 ns f o r  t he  whole b r u s h f i r e  process t o  take p lace - 
i n  our example o f  a  10 cm square arc ing  source. Most l abo ra to ry  experiments 
i n  the  past  have grounded the  arc ing  source t o  the  vacuum system ground 
through a  low res is tance of a  few ohms. A more proper s imu la t i on  o f  i n - o r b i t  
cond i t ions  f o r  arc discharges would be t o  increase the  grounding res i s tance  t o  
greater  than 10,000 ohms, and add a  p a r a l l e l  capacitance o f  about 100 p f .  The 
conclusions r e s u l t i n g  from the  b rush f i re  model ana lys i s  are summarized below: 

The f lashover  su r f  ace cu r ren t  densi ty ,  JSx, (3 . l 8  A/cm) , i s  p ropo r t i ona l  
t o  V,. 

( ~ / C ~ ) ~ / ~ * C V ~  i s  a  constant  (see t e x t  f o r  d e f i n i t i o n  o f  parameters). 

The discharge du ra t i on  i s  p ropo r t i ona l  t o  t he  l eng th  o f  a  1-dimensional 
source. 

- And i s  p ropo r t i ona l  t o  the  square-root o f  t he  area o f  a  2-dimensional 
source. 

The blowout s u r f  ace cu r ren t  densi ty ,  Jsz,. (1.86 A/cm) , i s  p ropo r t i ona l  
t o  t h e  square-root o f  t he  sur face p o t e n t i a l  a t  breakdown. 

G '  (58.5 percent) i s  independent o f  the  area o f  t he  arc ing  source. 

- Depends on e l e c t r i c  f i e l d  forces; magnetic f o rces  are n e g l i g i b l e .  

G '  i s  g ross ly  affected by how the  spacecraf t  p o t e n t i a l  var ies  aur ing  the 
discharge. 

- JSz i s  c u t  o f f  by p o s i t i v e  spacecraf t  p o t e n t i a l s  (smal le r  net  poten- 
t i a l s )  dur ing  the  discharge. 

Laboratory measurements o f  G 8  should take  i n t o  account cond i t i ons  on 
o r b i t .  

The author acknowledaes the  c o n t r i b u t i o n s  o f  two col leagues t o  the  
present analys is  o f  t h e  arc  discharge b r u s h f i r e  propagat ion model. J. M. 
Sel len, Jr.  coined the  term, 'Ibrushf i re , "  and formul ated the  i n i  t i  a1 concepts 
on the  steepness requirements f o r  a  propagating wavefront. R. L. Wax 
c r i t i q u e d  many aspects o f  t he  model. I n  p a r t i c u l a r ,  h i s  i n s i g h t  i n t o  the  
plasma physical  processes was invaluable.  
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Tab1 e 1. P l  asma Parameter Resul ti ng from a L inear  Vol tage Gradient 

2 2 Ma = /gpSdt = gCEb x 12 where A = 2 ~ ~ 1 1  ~ c E , , ~ )  = 1.70 * l O - * d  

n = 3 . 7 6 . 1 0 ~ ~ ~ ~ ~ ~  2x2112d) and Th I s  the temperature due t o  heating. 
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Figure 1. Overview o f  the  Brushf i r e  Propagation Analys is  



BULK E-FIELD = 106 V I ~  +HORIZONTAL E-FELD = i o ' v ~ a n  BULK E-FIELD = io 'v~m-n 

F igure 2. Vol tage P r o f i l  e o f  a Propagating Brushf i r e  Wave Front  
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Figure 3. Plasma Parameters Resul t i n g  from an Assumed L i  near 
Vol tage Prof  i 1 e 
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F igure  4. Addit ional Plasma Parameters Resul ti ng from a Assumed L inear  
Vol tage Prof  i 1 e 



Figure 5. vZ and z f o r  Electron a t  x = 0 

(No Plasma Shielding) 

Figure 6. Debye Length ( 1) , J Sz and Z 

(No Plasma Shielding) 

x 1 f - F  

Figure 7 .  4.61 and r versus x / l  

Figure 8. vZ*, Us, and Jsz Versus x / l  

(Shielding by Plasma) 



Figure 9. Brushf i re  Equipotential  and E- f ie1 d Lines 
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Figure 10. E lec t r i ca l  C i r c u i t  Def in ing I, and V,Ct 
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Figure 11. Yo/\, as a Function o f  t / ~  

Figure 12. I,/IZo as a Function o f  tlr 



Figure 13. Steady State V, and I, Versus Ro 
for W = 10 cm 

PRE BREAKDOWN 
1 

W E E P  ACROSS SAMPLE - 
Figure 14. A Potential P r o f i l e  o f  6 x 6 inch 

Kapton Laminate Sample Before and 
A t  t e r  a " Re1 a t i  vel y" Low Vol tage 
Breakdown Near Edge o f  Sample 
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