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THE EFFECT OF PLASMA ON SOLAR CELL ARRAY ARC CHARACTERISTICS 

Abstract  

D.B. Snyder and E. Tyree* 
Nat ional  Aeronautics and Space Admin is t ra t ion  

Lewis Research Center 
Cleveland, Ohio 44135 

I n  t h i s  work the  in f luence from t h e  ambient 
plasma on t h e  arc cha rac te r i s t i cs  o f  a negat ive ly  
biased so la r  c e l l  a r ray  was invest iga ted.  The arc  
cha rac te r i s t i cs  examined were the  peak cur rent  
dur ing  an arc, t he  decay t ime as t h e  arc  termi-  
nates, and t h e  charge l o s t  d u r i l ~ g  the  arc. These 
arc cha rac te r i s t i cs  were examined i n  a n i t rogen 
plasma w i t h  c arge dens i t i es  ranging from 15 000 9 t o  45 000 Em- . Bac ground gas pressures ranged 
f r a n  8x10- t o  6x1Ck t o r r .  Over these ranges o f  
parameters no s i g n i f i c a n t  e f f e c t  on t h e  arc charac- 
t e r i s t i c s  were seen. 

Arc cha rac te r i s t i cs  were a lso  examined f o r  
th ree gas species: helium, n i t r ogen  and argon. 
The hel ium arcs have higher peak cu r ren ts  and 
shor ter  decay times than n i t rogen and argon arcs. 
There are  s l i g h t  d i f fe rences i n  t he  arc character-  
i s t i c s  between n i t roqen and argon. These d i f f e r -  
ences may be caused by the  d i f fe rences i n  mass o f  
the respect ive  specier. 

Also, evidence i s  presented f o r  an e lec t ron  
emission mechanism appearing as a precursor t o  
so la r  ar ray  arcs. Occasional ly t h e  plasma genera- 
t o r  could be turned o f f ,  and cu r ren ts  cou ld  s t i l l  
be detected i n  t he  vacuum system. When these cur-  
r en ts  are present. arcs may occur. 

I n t roduc t i on  

It i s  w e l l  known t h a t  i f  a shorted dark so la r  
c e l l  a r ray  i s  biased s u f f i c i e n t l y  negat ive i n  t h e  
presence o a plasma, i t  w i l l  e x h i b i t  arc d i s -  
charges.l-l Charac ter is t ic  c r es f o r  s i m i l a r  arcs 
have recen t l y  been pub~ished. '~ and ar ray  design 
considerat ions have been r e l a t e d  t o  arc character- 
i s t i c s .  Three parameters can be used as arc char- 
a c t e r i s t i c s  t o  descr ibe the  cu r ren t  dur ing  an arc; 
the peak cur rent  o f  t he  arc, t h e  decay t ime con- 
s tan t  o f  t he  arc current,  and t h e  charge l o s t  dur- 
ing  t he  arc. By obta in ina average values and 
1 i k e l y  ranges f o r  these parameters, the  behavior 
and i n t e n s i t y  o f  the  arcs can be compared between 
v a r i o t ~ s  condi t ions.  This paper examines t h e  behav- 
i o r  o f  so lar  ar ray  arcs i n  var ious plasma condi- 
t i ons .  This informat ion i s  usefu l  i n  p red i c t i ng  
the  a f f e c t s  arc inq w i l l  have on h igh  power so la r  
c e l l  arrays i n  low Ear th  o r b i t ,  and may ass i s t  i n  
determining, o r  a t  l e ~ s t  excluding, poss ib le  arc 
mechanisms. 

A previous s t ~ * t ~ ~  found t h a t  t h e  arc  charac- 
t e r i s t i c s  do depend on the vol tage a t  which the arc  
i n i t  :ates and on the capacitance between the  a r ray  
and i t s  surroundings. The main purpose o f  t he  work 
repor ted here i s  t o  oetermine whether o r  not  t he  
plasma environment e f f e c t s  the  arc cha rac te r i s t i cs .  
I t  i s  known t h a t  t he  plasma dens i t y  e f f e c t s  t he  arc  
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rate8s9 and t h e  thresho ld  above which arcs may 
occur;1° howev$r, t h e  ef fects o f  plasma on charac- 
t e r i s t i c s  such as t he  peak cur rents  o f  t h e  arcs 
have no t  been invest igated. The plasma parameters 
invest iga ted here were the  e lec t ron  density, t h e  
neu t ra l  dens i t y  (i-e., pressure), and i o n  species. 
While these plasma parameters do not  completely 
spec i f y  t h e  plasma, they are t h e  parameters most 
l i k e l y  t o  i n f l uence  a charge t ranspo r t  mechanism. 

The e f f e c t  o f  plasma on t h e  arc  charac ter is -  
t i c s  i s  important f o r  two reasons. F i r s t ,  t h i s  
in format ion  i s  important t o  t h e  problem o f  sca l i ng  
t he  arcs seen i n  ground t e s t s  t o  those expected i n  
a low e a r t h  o r b i t  environment. I f  t h e  plasma 
in f luences the  arc cha rac te r i s t i cs ,  then t h e  i n f l u -  
ence o f  plasma p rope r t i es  on t h e  range o f  arc char- 
a c t e r i s t i c s  must be adequately understood t o  model 
t h e  e f f e c t s  o f  so la r  c e l l  a r ray  a rc ing  on h igh  
power so la r  arrays i n  space. I t may be necessary 
o r  des i rab le  f o r  spacecraf t  designers t o  l e a r n  t o  
l i v e  w i t h  arcs. Data descr ib ing  t h e  arc character-  
i s t i c s  w i l l  be usefu l  f o r  designing experiments t o  
f u r t h e r  understand the  arcs, and t o  evaluate t h e  
r i s k  t o  spacecraf t  caused by h iqh  vo l tage systems. 

Second, t h i s  in format ion  provides data  use fu l  
i n  understanding t h e  arc mechanism. I f  t h e  plasma 
p rope r t i es  i n f  l u ~ n c e  on l y  the  arc frequency and 
r r c  th resho ld  vo l tage and not t h e  arc charac ter is -  
t i c s ,  then the  plasma i s  important o n l y  i n  s e t t i n g  
UD t he  cond i t i ons  f o r  a rc ina t o  occur and does not  
p a r t i c i p a t e  i n  t h e  arc mechanism. t h a t  i s ,  t he  
ac tua l  charge t rans fe r .  On t h e  o the r  hand, i f  a 
dependence o f  t h e  arc c h a r a c t e r i s t i c s  on a plasma 
c h a r a c t e r i s t i c  i s  observed, then t h a t  plasma char- 
a c t e r i s t i c  may p l a y  a r o l e  i n  t he  charge t ranspo r t  
mechanism o f  t h e  arc. 

F igu re  1 shows t h e  t ime dependence o f  t he  
cur rent  f rom t h e  ar ray  dur ing  a t y p i c a l  arc. These 
arcs a re  very  s i m i l a r  t o  those repor ted due t o  
i n te rac t i ons  o f  m u l t i - k i l o e l  c t r o n v o l t  e l e c t r o n  f beams w i t h  so la r  c e l l  arrays and s i m i l a r  metal- 
i n s u l a t o r  q e o m e t r i e ~ . ~  The arc has fou r  t ime 
regions. F i r s t  t he  arc i s  i n i t i a t e d  and t h e  cur -  
r e n t  increases t o  a maximum. The r a t e  o f  increase 
var ies  considerably; t h e  r i s e  t ime va r i es  from 
less  than 0.1 U S  t o  on the  order o f  1 vs (Fig. 2). 
Second, t he  cu r ren t  then stays near t h e  peak value 
f o r  some time. This cu r ren t  may be important i n  
assessing damage t o  ar ray  mater ia ls,  s ince res i s -  
t i v e  heat ing  may cause some ma te r i a l  t o  be b o i l e d  
o f f  t he  array. Third, t he  cu r ren t  decreases w i t h  
a roughly exponent ia l  decay. Th is  decay t ime i s  
not a measure o f  t he  du ra t i on  o f  t he  arc, r a t h e r  
i t  i s  o n l y  a measure of t h e  du ra t i on  o f  t h e  decay 
p o r t i o n  o f  tho arc. F ina l l y ,  t h e  arc  terminates 
and t h e  ar ray  begins t o  recharge t o  thf! b i a s  v o l t -  
age. I n  p a r t i c u l a r  t he  covcr s l i d e s  may c o l l e c t  
subs tan t i a l  amounts o f  charge from t h e  plasma, 
r e s u l t i n g  i n  a s l i g h t  negat ive pulse. The arc  can 
be descr ibed by peak current,  t h e  t ime constant f o r  
t he  decay and t h e  t o t a l  charge l o s t  dur fng t h e  arc. 



From each arc, th ree c h a r a c t e r i s t i c s  are  ob- 
ta ined: the  t o t a l  charge l o s t  du r i ng  t h e  arc, t he  
peak cur rent  o f  t he  arc, and t h e  decay t ime con- 
s tan t  o f  the  arc cu r ren t  as t he  arc terminates. 
There i s  considerable v a r i a t i o n  i n  t he  values of  
these c h a r a c t e r i s t i c s  among arcs generated under 
s i m i l a r  cond i t ions  (Fig. 2). However, average 
values o f  these c h a r a c t e r i s t i c s  f o r  arc populat ions 
can be used t o  show whether o r  not a suspect param- 
e t e r  a f f e c t s  t h e i r  values. 

Experiment 

Th is  experiment obta ins  arc  c h a r a c t e r i s t i c s  
from a biased so la r  c e l l  a r ray  subjected t o  a 
plasma environment. A schematic i l l u s t r a t i o n  o f  
the  experiment i s  shown i n  Fig.  3. A h igh  vo l tage 
power supply i s  used t o  b ias  t h e  ar ray  a t  -1000 V 
r e l a t i v e  t o  tank ground. A l a rge  res is tance de- 
couples t he  a r ray  from the power supply and the  
connecting cable dur ing  an arc by l i m i t i n g  t h e  
charge ab le  t o  f l o w  t o  t he  array. The a r ray  capac- 
i t ence  t o  ground was measured t o  be 350 pF. Know- 
ing  t h i s  capacitance a1 lows the  arc cu r ren ts  t o  be 
ca l cu la ted  from t h e  r a t e  o f  change o f  a r ray  poten- 
t i a l .  Ths c h a r a c t e r i s t i c s  o f  t he  arcs a re  deter-  
mined by us ing a c a p a c i t i v e l y  coupled probe t o  
measure t h e  r a t e  o f  change o f  t he  so la r  c e l l  a r ray  
voltage. A waveform recorder obta ins  a d i g i t i z e d  
representa t ion  o f  cur rent  t o  t h e  back p l a t e  du r i ng  
an a rc  f o r  use i n  l a t e r  ca lcu la t ions .  The net  
charge l o s t  from t h e  a r ray  and the  net cu r ren t  dur-  
i n g  t h e  arc  can be i n f e r r e d  from t h i s  informat ion.  

The i n te rp re ta t i ons  presented are  based on the  
assumption t h a t  the  capacitance between the  cover 
s l i d e  surfaces and the under ly ing  so la r  c e l l s  i s  
much l a r g e r  than t h e  capacitance between the  cover 
s l i d e  surfaces and the plasma. Under these condi- 
t ions ,  when an arc occurs. t he  p o t e n t i a l  o f  t he  
so lar  c e l l s  r i s e s  from the  negat ive b ias  vo l tage 
t o  a p o t e n t i a l  much c lose r  t o  plasma ground. The 
cover s l i d e  surface begin t he  arc w i t h  a p o t e n t i a l  
near plasma ground.' As t he  arc progresses the  
p o t e n t i a l  o f  t he  cover s l i d e  surface a lso  r i s e s  due 
t o  t he  strong capac i t i ve  coup l ing  t o  t he  under ly ing  
so la r  r e l l .  The p o s i t i v e  cover s l i d e  may now co l -  
l e c t  a r e t u r n  cu r ren t  o f  e lec t rons from t h e  plasma. 
A t  the end of t h e  arc, when the  cover s l i d e  i s  most 
p o s i t i v e  t h i s  r e t u r n  cur rent  may become important 
(Fig.  2) by the  s l i g h t l y  negat ive s igna l  pu lse  a t  
t h e  te rminat ion  o f  t he  arc. The cur rents  repor ted 
i n  t h i s  paper are  t he  d i f f e rence  between the  arc 
cu r ren t  and the r e t u r n  cu r ren t  t o  t h e  cover s l ides ;  
however, t h e  r e t u r n  cur rent  i s  considered t o  be 
neg l i g i b l e .  Judging from the  s i z e  o f  t he  negat ive 
pu lse  a t  t h e  end o f  the  arc, t he  ca l cu la t i ons  o f  
t o t a l  char7e l o s t  w i l l  be w i t h i n  5 percent o f  t he  
ac tua l  c h ~ r g e  l os t .  The repor ted arc  currents,  and 
t h e  ca l cu la ted  changes i n  vo l tage o f  the  array, 
assume the r e t u r n  cur rent  t o  be zero. 

The so la r  c e l l  a r ray  u e ere  has been used 
i n  previous a rc ing  I t  i s  a 24-cel l  
a r ray  segmen , constructed o f  2 cm square c e l l s ,  4 about 100 c i n  area. The key feature,  f o r  t he  
purposes o f  t h i s  experiment, i s  a copper p l a t e  on 
t h e  f i be rg lass  support o f  t he  a r ray  which has a 
capacitance o f  65 pF t o  t h e  array. This 4s used as 
a c a p a c i t i v e l y  coupled probe o f  t h e  a r ray  voltage; 
t he  cur rent  t o  t h i s  back p l a t e  i nd i ca tes  t h e  change 
i n  average vo l tage o f  the  array. The 50 n r e s i s t -  
ance across t he  waveform recorder g ives  a t ime 
constant f o r  the cable t o  t he  back p l a t e  of about 

35 ns, much shor ter  than the  t ime sca le  o f  t he  
arcs. Th is  e f f e c t i v e l y  holds t h e  back p l a t e  a t  
ground so t h e  t rans ien t  recorder reads the  cu r ren t  
t o  t he  back p l a t e  instead of t h e  vo l tage o f  t he  
back p la te .  Th is  cur rent  d i v i ded  by 65 pF i s  t h e  
r a t e  of change i n  a r ray  voltage. 

. 
The 10 Ph carbon r e s i s t o r  decouples t h e  a r ray  

from t h e  h igh  vo l tage power supply. Th is  r e s i s t -  
ance l i m i t s  t h e  a r ray  recharging t ime t o  greater  
than 1.15 ms, much longer than t h e  t ime sca le  o f  
arcing. I n  add i t ion ,  due t o  t h e  not -qu i te - l inear  
I - V  ~ S s r a c t e r i s t i c  o f  t he  r e s i s t o r ,  t h e  recharging 
cu r ren t  i s  l i m i t e d  t o  about 0.125 mA, f o r  a vo l tage 
drop across t h e  r e s i s t o r  o f  1000 V. Th is  cu r ren t  
i s  smal ler  than t h e  t rans ien t  recorder can de tec t  
a t  t h e  sca le  se t t i ngs  used f o r  t h i s  work. 

There was some concern t h a t  t h e  r e s i s t o r  cou ld  
in t roduce some e x t r a  noise i n t o  t h e  arc measure- 
ments. To check th i s ,  the  r e s i s t o r  was placed i n  
se r i es  w i t h  t h e  1 Fb input  o f  an osci l loscope, 
and the  2 V pu lse  (Fig. 4 )  p laced across it. No 
evidence o f  r i n g i n g  was detected. I nc lud ing  t h e  
h igh  res is tance does no t  in t roduce no ise  i n t o  t h e  
experiment on the same t ime sca le  as t h e  arcs. 

I nc lud ing  the  decoupl ing res is tance introduces 
some ambiguity i n t o  t he  b ias  voltage. A steady 
c o l  e c t i o n  cu r ren t  o f  t he  a r r a y  from t h e  plasma o f  4 10- A would r e s u l t  i n  a 100 V e r r o r  i n  t he  b ias  
voltage. The cur rent  c o l l e c t i o n  o f  t he  ar ray  was 
not  measured i n  h i s  work, bu t  i t  i s  expected t o  
be less  t h a t  1.l 

The arc c h a r a c t e r i s t i c s  were measured using 
two waveform recorders. The data f o r  arcs i n  
hel ium were taken us ing a Biomation 610 waveform 
recorder. Th is  instrument has bandwidth o f  2.5 W z  
a t  t h e  sca le  s e t t i n g  used, smal?er than t h e  decay 
t ime constants o f  t h e  arcs invest iga ted.  For a l l  
t he  o ther  data. a Biomation 6500 waveform recorder 
was used. Th is  instrument has a much h igher  band- 
width, bu t  a f t e r  smoothing t h e  data  numerical ly,  
t he  data obtained w i t h  t h i s  instrument i s  compar- 
able t o  t h a t  obtained w i t h  t h e  Biomation 610. Data 
was normal ly d i g i t i z e d  a t  a r a t e  o f  50 nslreading. 
F i ~ u r e  1 shows a t y p i c a l  arc when t h e  s igna l  i s  
d i g i t i z e d  a t  a r a t e  o f  20 nslreading. On t h i s  t ime 
sca le  considerable r i n g i n g  i s  seen w i t h  a frequency 
o f  about I S  MHz. Th is  frequency i s  c h a r a c t e r i s t i c  
of  t h e  cab le  between the  ar ray  back p l a t e  and t h e  
waveform recorder, which r i n g s  a t  about 12 MHz when 
t h e  a r ray  i s  pulsed us ing a square wave generator 
(Fig.  4). However, s ince t h i s  mode o f  r i n g i n g  i s  
excrted, t h e  arc may have a frequency component a t  
a h igher  frequency. The h igh  frequency l i m i t  f o r  
t h i s  experimental arrangement i s  12 MHz. 

To ensure t h a t  the  r e l a t i v e l y  slow r i s e  t imes 
shown i n  F ia .  2 are r e a l  and not  a r t i f a c t s  due t o  
the  experimental arrangement, s i gna l s  due t o  
s imulated arcs were examined. F igu re  5 shows the  
response as detected by t h e  back p la te .  For t h i s  
t e s t  t h e  h igh  vo l tage power supply was replaced 
w i t h  a power supply se t  t o  -20 V. The arcs were 
s imulated by  touching a r e s i s t o r ,  w i t h  one end 
grounded, t o  t h e  array. Two r e s i s t o r s  were used: 
500 n and 1 kn. Figure 5(a) shows t h e  r e s u l t i n g  
s ignals.  I n  both o f  these cases, considerable 
r i n g i n g  i s  exh ib i t ed  as t h e  cu r ren t  immediately 
r i s e s  t o  i t s  maximum and begins an R C  decay. 
F igure  5(b)  shows the  s igna ls  a f t e r  be ing f i l t e r e d  
numer ica l ly  us ing a 0.1 U S  t ime constant. The 



decay times measured f o r  these s igna ls  are 0.43 us 
f o r  the  1 kn arc, and 0.28 US f o r  t he  500 a arc. 
These t ime constants a re  sho r te r  than those seen i n  
r e a l  arcs, and the  longer decay t imes are  there fore  
not  a r t i f a c t s  o f  t h e  experimental arrangement. 
Comparing the  two t ime constants i nd i ca tes  an i n -  
t e r n a l  res is tance o f  345 a and a capaci tance o f  
300 pF r a t h e r  than the  assumed 350 pF. The calcu- 
l a t e d  change i n  voltage, obtained by i n t e g r a t i n g  
t he  cu r ren t  and assuming 350 pF, i s  13.3 V. I n  t h e  
ac tua l  a rcs  there  i s  l ess  r i n g i n g  than i s  seen i n  
the  simulated arc. The r i s e  t ime f o r  t h e  s imulated 
arcs i s  apparent ly much f a s t e r  than f o r  the  ac tua l  
arcs. Thus, t he  r e l a t i v e l y  slow r i s e  t i ~ n e  seen i n  
the  ac tua l  arcs i s  r e a l  and not  an a r t i f a c t  o f  t h e  
experimental arrangement. 

I n  order t o  produce more c r e d i b l e  peak cur rent  
measurements. the  cu r ren t  h i s t o r i e s  obtained w i t h  
t h e  B i m a t i o n  6500 were smoothed numerical ly.  A 
f i l t e r i n g  t ime constant of about 0.1 US produced 
s a t i s t a c t o r y  c h a r a c t e r i s t i c  curves (Fig.  2). 
F igure  2 shows t h a t  there  i s  considerable var ia -  
t i o n  i n  t h e  c h a r a c t e r i s t i c s  o f  arcs. The r i s e  t ime 
ranges from less  than 0.07 US t o  about 1 US. The 
peak cu r ren t  and decay times vary  over f a c t o r s  o f  
2 o r  3. These va r i a t i ons  are  r e a l  and not s imply 
due t o  t h e  t ime sca le  chosen. 

Three arc  cha rac te r i s t i c  parameters were c a l -  
cu la ted  us ing the d i g i t a l l y  recorded h i s t o r y  o f  
each arc. The t o t a l  charge l oss  was recorded as a 
change i n  vo l tage o f  t h e  a r ray  dur ing  an arc. 
This was ca lcu la ted by i n t e g r a t i n g  t he  measured 
p o s i t i v e  cu r ren t  ( t he  recorded negat ive cur rents  
were ignored) over the  t ime o f  t he  arc and d i v i d -  
i n g  by  t h e  65 pF capacitance between t h e  back p l a t e  
and the  array. Th is  gives a lower bound on the 
charge l oss  s ince the negat ive pu lse  a t  t he  arcs 
te rminat ion  ind ica tes  t h a t  there  i s  a smal l  r e t u r n  
cu r ren t  t o  t he  cover s l i d e s  o f  t he  s o l a r  c e l l s  
du r i ng  the  arc. 

The peak cur rent  o f  t h e  arc  ( I p )  was f o m d  by 
s imply searching t h e  f i l t e r e d  arc data  se t  f o r  t h e  
maximum value o f  t h e  p o s i t i v e  cur rent .  The decay 
t ime ( t )  o f  t h e  arc  cur rent  was ca l cu la ted  us ing 
several  steps. F i r s t ,  the  na tu ra l  logar i thm o f  t he  
arc cu r ren t  was p l o t t e d  versus t ime and a reg ion  o f  
t h e  decay where t h i s  p l o t  was nea r l y  1 inear  was 
determined. Next, the  slope i n  t h a t  reg ion  was 
determined through a l i n e a r  l eas t  squares f i t . The 
decay t ime repor ted i s  the  inverse o f  t h a t  slope. 

The plasma source uses e lec t ron  c o l l  i s i ons  t o  
i on i ze  gas f l ow ing  i n t o  t he  vacuum system. I t uses 
a hot  f i lament t o  generate electrons. The elec- 
t r ons  are accelerated t o  50 t o  55 V t o  i o n i z e  gas 
f lowing through the  source. A cu r ren t  through a 
c o i l  concent r ic  around the i o n i z a t i o n  chamber gen- 
e ra tes  a magnetic f i e l d  t o  increase the  e f f e c t i v e  
p?'h l eng th  o f  the  electrons. 

Measurements o f  t h e  plasma e r e  obtained 1 throughout t he  tes ts .  A 1200 cm s ta in less  s t e e l  
d i s k  ( rad ius  19.5 cm) was used as a Langmuir probe. 
Th is  probe was d r i ven  by a saw-tooth generator a t  a 
frequency o f  1 Hz from 0 t o  15 V. Th is  character-  
i s t i c  curve i s  d i g i t i z e d  and s tored every 150 s, 
t o  prov ide a record  o f  the  plasma c h a r a c t e r i s t i c s  
t h rou  hout the  1900 s tes t .  The e lec t ron  tempera- 
t u r e  1 s  t y p i c a l l y  1.5 t o  2.5 eY and t h e  plasma 
p o t e n t i a l  i s  4 t o  8 V. T e charge dens i t y  ranges 9 from 15 000 t o  45 000 cm- . There i s  s t i l l  some 

quest ion as t o  t h t  i n t e r p r e t a t i o n  o f  t h e  I - V  curves 
produced from t h i s  arrangement. For  t h i s  reason, 
t he  plasma v a r i a t i o n s  are  repor ted i n  terms o f  t h e  
cu r ren t  co l l ec ted  by t h e  probe a t  15 V. Th is  quan- 
t i t y  r e f l e c t s  the  charge densi ty.  

The background pressure m y a l so  be adjusted 
i n  t he  pressure range o f  8x l ITg  t o  t o r r .  
The background gas f o r  these t e s t s  i s  normal ly 
n i t r ogen  but  t e s t s  have been r u n  us ing both he l ium 
and argon as t he  background gas. The pressures 
repor ted are t he  i o n  gauge readings du r i ng  t h e  t e s t  
and ha\., no t  been cor rec ted f o r  v a r i a t i o n s  i n  c o l -  
l i s i o n  cross sec t ion  of t h e  background gas. 

Resul ts and Discussion 

I o n  Species 

I n  order  t o  determine whether o r  not  t h e  i o n  
species cou ld  a f f e c t  t h e  arc cha rac te r i s t i cs ,  arcs 
were produced i n  th ree gases: he1 ium, ni t rogen, 
and argon. These gases prov ide an order  o f  magni- 
tude v a r i a t i o n  i n  mass. I f  i o n  t ranspo r t  i s  an 
important mechanism i n  s o l a r  a r ray  arcs, systematic 
e f fec ts  should have been observed. I f  chemistry i s  
important t o  t he  mechanism tqen i t  i s  expected t h a t  
a rcs  might n o t  have been seen i n  some cases. 

The c o n d i t i o ~ s  f o r  t h e  repor ted arc character-  
i s t i c s  were reasonably s i m i l a r  f o r  t he  argon and 
n i t r ogen  cases. The plasma cond i t ions  produced 
w h i l e  working w i t h  hel ium are no t  understood f o r  
t h i s  set-up. The plasma i o n i z e r  d i d  not  f u n c t i o n  
p rope r l y  when hel ium was used. Th is  w i l l  be d is -  
cussed i n  more d e t a i l  below. However, arcs cou ld  
be generated w i t h  hel ium as a background gas, and 
t h e i r  c h a r a c t e r i s t i c s  are included. The back- 
ground gas p essure f o r  t h e  Np and ,4r t t s t s  was 
about 15x1 t o r r .  The plasma dens i t y  was about 
15 000 cm-'for t he  two gases. 

F igure  6 i s  a p l o t  of peak current,  Ip,  
against  decay time, t, f o r  the  t h ree  gases. There 
i s  considerable v a r i a t i o n  i n  t he  values of these 
two parameters; however, t h e  data  tend t o  f a l l  i n  
a reg ion  t h a t  has a negat ive slope. Th is  e f f e c t  
may b descr ibed by invok ing an add i t i ona l  param- 
eter,? t h e  product I p t .  Th is  product has u n i t s  
o f  charge, and r e f l e c t s  t he  charge l o s t  du r i ng  t h e  
decay p o r t i o n  o f  t h e  arc. The curves drawn rep- 
resent t h e  average value o f  t h i s  product f o r  each 
o f  t h e  t h ree  populat ions.  The Ar and Np popula- 
t i o n s  overlap, and the  d i  erence i n  I p t  may n o t  f f be s i g n i f i c a n t .  A U-Test i nd i ca tes  a 50 t o  
60 percent p r o b a b i l i t y  t h a t  t he  means f o r  t h e  two 
popu la t ions  a re  t h e  same f o r  I p  and t. However, 
t he  He popu la t ion  i s  s i g n i f i c a n t l y  t o  t h e  lower 
l e f t  o f  t h e  Ar and N2 populat ions.  

The gas species r e s u l t s  a re  s u n a r i z e d  f u r t h e r  
i n  Table I. The e r r o r  ranges i nd i ca ted  i n  t h e  
t a b l e  are  standard dev ia t ions  f o r  t h e  var ious sets  
o f  data. The va r i a t i ons  i n  t he  I p t  product sim- 
p l y  r e f l e c t  t h e  va r i a t i ons  i n  I p  and t, though 
i t s  d i s t r i b u t i o n  i s  a l i t t l e  more sharp ly  peaked. 

The v a r i a t i o n s  i n  I p  ana t, w h i l e  s t a t i s -  
t i c a l l y  n o t  very  s i g n i f i c a n t ,  show an I n t e r e s t i n g  
t rend: t increases as mass increases. If t i s  
i n te rp re ted  as a RC decay t ime constant, then, 
s ince t h e  capacitance i s  t h e  same f o r  bo th  cases, 
t he  resistance, r e l a t e d  t o  t he  charge t ranspo r t  
mechanism, I s  increas ing as t he  maf;s increases. 



I p  shows t h e  reverse behavior, which i s  not sur- 
p r i s i n g  i f  t h e  i o n  mass p lays  a r o l e  i n  t he  charge 
t ranspor t  mechanism. It makes sense t h a t  l ess  
massive ions  should be more mobi le than more mas- 
s i ve  ions. 

E f fec ts  Due t o  Charge Densi ty 

F igure  7 shows t h e  arc  c h a r a c t e r i s t i c s  ob- 
ta ined under var ious plasma condi t ions.  There i s  
no evidence t h a t  t he  plasma dens i t y  in f luences t h e  
arc cha rac te r i s t i cs .  I n  a l l  cases, t h e  s lope o f  a 
l eas t  squares f i t  l i n e  o f  t he  data  i s  near zero, 
and the standard dev ia t i on  o f  t he  s lope i s  much 
greater  than the  slope. I f  plasma cond i t ions  af- 
f e c t  t he  arc cha rac te r i s t i cs ,  then t h e  e f f e c t  i s  
weak. 

While t h e  plasma does not  a f f e c t  t he  arc cur- 
r en ts  s i g n i f i c a n t l y ,  t he  plasma does a f f e c t  t h e  arc 
ra te .  F igu re  8 shows t h a t  as t h e  plasma charge 
dens i ty  increases, t he  arc r a t e  a lso  increases. 
Th is  experiment was not  designed t o  s p e c t f i c a l l y  
measure arc rates.  There normal ly was a 50 s dead 
t ime introduced as data  was dumped from t h e  tran- 
s i e n t  recorder.  Those frequencies greater  than 
about 0.01 Hz ,:.ld less  than 0.02 Hz may be a r t i f i -  
c i a l l y  low due :o t he  dead time. The frequency 
data  repor ted f o r  ra tes  h igher  than 0.02 Hz are  
rea l ,  however, i n  these cases the  t rans ien t  data  
was not t ransmi t ted  and t h e  dead t ime was l ess  
than 0.1 s. 

A t  t h i s  t ime there  i s  s t i l l  some quest ion as 
t o  t he  plasma cond i t ions  du r i ng  the  tes t .  It i s  
be l ieved t h a t  t he  p l  sma dens i t i es  ranged from 
15 000 t o  45  000 c r )  (i.e.. t h e  charge dens i t y  
var ied  over a f a c t o r  o f  th ree) .  However, t he  shape 
o f  t h e  Langmuir Probe I - V  curves produced i n  t h i s  
arrangement are  no t  s u f f i c i e n t l y  understood. For 
t he  case o f  t h e  arc  ra tes  i n  plasma t h e  c o r r e l a t i o n  
i s  b e t t e r  between arc r a t e  and the  cu r ren t  t o  t h e  
Langmuir probe, than between t h e  arc  r a t e  and t h e  
ca lcu la ted plasma-density. For t h i s  reason t h e  
cur rent  t o  t h e  probe i s  repor ted r a t h e r  than the  
plasma densi ty.  

E f f ec t s  Due t o  Pressure 

F igure  9 s u n a r i z e s  t h e  arc  c h a r a c t e r i s t i c s  
obtained f o r  var ious background pressures. I n  t h i s  
set  o f  f i g u r e s  t h e  average value o f  each o f  t h e  
th ree arc cha rac te r i s t i cs  and the  I p t  product a re  
p lo t ted .  The e r r o r  bars represent t h e  standard 
dev ia t ions  o f  da ta  se ts  conta in ing 4 t o  17 values. 
There a re  th ree data  se ts  w i t h  o n l y  two values. 
These are  t he  po in t s  w i t h  t he  smal lest  e r r o r  bars. 
I n  these cases t h e  range i s  p l o t t e d  r a t h e r  than t h e  
standard deviat ion.  One data se t  has f o u r  values, 
the  r e s t  have 10 o r  more values apiece. The l i n e s  
drawn represent t he  best f i t  t o  t he  average of each 
data se t  weighted by t he  number i n  each set, wh i l e  
the  standard dev ia t i on  o f  t he  slopes are  based on 
the c h a r a c t e r i s t i c  o f  a l l  t he  arcs. These best f i t  
l i n e s  are  c lose t o  hor izonta l ,  i n d i c a t i n g  on l y  
weak, i f  any, dependence on background pressure. 
Figures 9(a)  and (b )  p l o t  charge l oss  and peak cur-  
r e n t  versus background pressure. No s i g n i f i c a n t  
dependence i s  detected. However, t h e  decay t ime 
(Fig. 9 ( c ) )  shows a dependence which may be s ig-  
n i f i c a n t .  Th is  dependence i s  r e f l e c t e d  i n  t he  I p t  
product (Fig. 9(d)) .  The decay t ime tends t o  de- 
crease as the  pressure increases. Despi te t he  
l a rge  amount o f  sca t te r  i n  t he  data, a c o n t r i b u t i o n  

t o  t he  arc cu r ren t  due t o  c o l l i s i o n s  o f  t h e  emi t ted  
e lec t rons w i t h  t h e  background gas i s  suggested. 

A r e l a t i o n s h i p  between pressure and a rc  r a t e  
i s  suggested by t he  data (Fig.  10). Arc ra tes  
tended t o  be higher a t  h igher  pressures. These 
data  con ta in  t h e  same r e s t r i c t i o n s  as mentioned 
e a r l i e r  f o r  t he  frequency data  between 0.02 and 
0.01 Hz. Both h igh  (>0.04 Hz) and low (t0.01 Hz) 
frequencies were seen a t  t he  h igher  pressures, so 
' t  i s  no t  c l e a r  how r e l i a b l e  these data  are. The 
two data  p o i n t s  a t  h igher  pressures produce t h e  
apparent p o s i t i v e  s lope of  t h e  l e a s t  squares f i t  
l i ne .  Th is  apparent dependence o f  a rc  r a t e  on 
P-essure may be due t o  v a r i a t i o n s  i n  t h e  plasma 
condi t ions.  

Other Observations 

As was mentioned e a r l i e r ,  t h e  plasma source 
d i d  not  f unc t i on  p rops r l y  when hel ium was used as 
t h e  source gas. Th is  i s  probably due t o  t h e  h igh  
i o n i z a t i o n  p o t e n t i a l  o f  helium. No plasma could be 
generated w i t h  o n l y  t he  plasma source e lec t ron i cs  
on. Likewise, i f  t h e  h igh  vo l tage supply b ias ing  
t h e  s o l a r  a r ray  was turned on w i t h  t he  plasma 
source e lec t ron i cs  o f f ,  no evidence f o r  a charged 
p a r t i c l e  environment cou ld  be detected. However, 
as shown i n  Fig. l l ( a ) ,  i f  both  t h e  plasma source 
e lec t ron i cs  and the  h igh vo l tage power supply t o  
b ias  t he  so la r  ar ray  were on, then a charged par- 
t i c l e  environment was detected. The temperature 
o f  t he  e lec t ron  d i s t r i b u t i o n  appeared t o  be very  
high, 10 's  o r  100's o f  eV, though no at tempt t o  
quan t i f y  t h e  temperature was made. An e lec t ron  
emission from t h e  a r ray  ( 1  keV e lec t rons) ,  produc- 
i n g  secondary e lec t rons from the  wal l ,  might pro- 
duce t h e  p e c u l i a r  e l ec t ron  d i s t r i b u t i o n  seen. 

Kennerud has observed enhanced cu r ren t  c o l  lec-  
t i o n  on s o l a r  ar rays  associated w i t h  arc ing:  

"The vo l tage was then reduced t o  -10 kV and 
the  plasma cur rent  again adjusted t o  1 x 1 0 - ~  
amps and al lowed t o  run  f o r  140 hours. Dur ing 
t h i s  t ime i t  was not iced t h a t  even though the  
plasma cur rent  dens i ty  was never changed, t he  
so la r  panel cur rent  woul increase by an order  t! o f  magnitude (up t o  >lo- amperes) i n  a 
pe r i od  o f  about 5 minutes. It would then arc 
( f l ashes  a1 1 over t h e  in terconnectors  cou ld  
be seen) and t h e  cu r ren t  would drop back o 
t h e  o r i g i n a l  es tab l ished value o f  I x ~ O - ~  o r  
even lower. 1, I$ 

This  r e p o r t  i s  s i m i l a r  t o  t he  e f f e c t  seen here w i t h  
two important d i f fe rences:  i t  was sometimes, 
though not  always, poss ib le  t u r n  o f f  t h e  plasma 
source and cont'nue t o  see evidence f o r  t he  con- 
t i nued  existence o f  a plasma; and cu r ren ts  detected 
here are e lec t rons co l l ec ted  near the  a r ray  ra the r  
than a p o s i t i v e  cu r ren t  c o l l e c t e d  by t h e  array. 

I n  Fig. 11, the cur rent  t o  a grounded sensor 
i s  shown and compared t o  t he  t imes when ar  s were 5 detected. The sensor i s  one o f  f o u r  10  cm alumi- 
num p la tes  located about 2 cm from each corner o f  
t he  array, and on t h e  same plane as t h e  array. The 
sensor i s  grounded through an electrometer.  It i s  
de tec t i ng  f r e e  charge i n  t he  vacuum system, r a t h e r  
than t h e  cu r ren t  co l l ec ted  by t he  s o l a r  array. 
This cu r ren t  may i nd i ca te  t h a t  e lec t rons  a re  being 
emi t ted  by t h e  a r ray  i n t o  t he  vacuum system. 



This emission current was detected f o r  a l l  
three gases used i n  t h i s  t e s t  w i th  the plasma 
source turned o f f .  However, only i n  helium were 
arcs connon. No arcs were observed a f t e r  the 
plasma source was turned o f f  i n  argon, and only 
one arc was detected a f t e r  several attempts when 
nitrogen was used (Fig. I l ( b ) ) .  

The plasma i s  responsible f o r  se t t i ng  up the 
conditions which produce t h i s  emisslon current; 
but once the emission nmhanism i s  In i t i a ted ,  the 
plasma only ensures tha t  the emission process can 
continue. Even w i th  the i n i t i a t i n g  plasma removed, 
the emission process can terminate i n  an arc. The 
arc probably destroys the conditions tha t  permit 
emission and, f o r  arcing t o  continue on the array, 
a second emission s i t e  should ex is t .  The plasma 
i s  necessary f o r  arcing t o  occur, but i t  does not 
p lay a d i r e c t  r o l e  i n  the arc once i t  has been 
in i t i a ted .  

An e l e c t r ~ n  emission process that  i s  associ- 
ated w i th  the arcs i s  consistent w i th  these and 
another set o f  observations. It was reported 
e a r l i e r 4  tha t  the cover sl ides o f  the solar c e l l  
array are at  a more negative potent ia l  under condi- 
t i ons  when arcing can occur that  they are when arc- 
ing does not occur. I t  i s  expected that  the cover 
s l i des  should normally charge t o  w i th in  a few kT 
o f  the plasma potent ial .  This i s  indeed what hap- 
pens when arcs cannot occur. But when electron 
emission from the interconnects i s  in i t i a ted ,  the 
cover sl ides may charge negative. I t  i s  only when 
t h i s  happens tha t  arcs can occur. 

Conclusions 

I n  t h i s  work the influence o f  the ambient 
plasma on arc character is t ics  o f  a negatively 
biased solar c e l l  array was investigated. The arc 
character is t ics  examined were the peak current dur- 
ing an arc, the decay time as the arc terminates, 
and the charge l o s t  by the solar array during the 
arc. These arc character is t ics  were determined by 
analyzing the signal detected by a probe capaci- 
t i v e l y  coupled t o  the array. This probe detects 
the ra te  o f  voltage change o f  the array. From t h i s  
data the time h is to ry  o f  the arc current can be 
inferred. 

No s i g n i f  icant dependence o f  the arc charac- 
t e r i s t i c s  on the plasma parameters o f  charge den- 
s i t y  and background pressure were detected. A 
s l i g h t  decrease i n  decay time was observed as the 
pressure increased. This may ind icate tha t  the 
electrons emitted during the arc can ion ize the 
background gas. This e f f e c t  i s  small and the data 
i s  noisy. The charge density apparently plays 
l i t t l e  o r  no r o l e  i n  the determination o f  the arc 
character ist ics. 

Other researchers8.9 have observed tha t  plasma 
parameters do a f fec t  the arc rate. Increases i n  
charge density resu l t  i s  an increased arc rate. 
There i s  some evidence f o r  an increase i n  arc r a t e  
w i th  an increase I n  pressure, but  these data are 
less conclusive. 

Arcs which occur I n  helium have shorter decay 
times and s l i g h t l y  higher peak currents than those 
arcs i n  argon and nitrogen. It i s  not c lea r  
whether t h i s  i s  due t o  pressure di f ferences i n  the 
experiments o r  t o  some other reason. There i s  

weak evidence that  the peak current and decay t i n e  
o f  the arcs are re la ted t o  ion mass. This would 
be understandable i f  the ions are the charge 
car r ie rs  during the arc. But the lack o f  an ion 
density o r  pressure dependence does not support 
t h i s  conclusion. 

These resu l t s  are s u f f i c i e n t  t o  advance an 
i n i t i a l  hypothesis, f o r  the purposes o f  spacecraft 
design, tha t  the ambient plasma w i l l  not strongly 
inf luence the arc character ist ics. 

This work should be repeated f o r  a wider range 
o f  plasma conditions. I t i s  d i f f i c u l t  t o  obtain 
conclusive resu l t s  i n  t h i s  k ind o f  experiment 
because the arc character is t ics  vary over a wide 
range. I f  these experiments were performed over 
several orders o f  magnitude o f  environmental param- 
eters, then small dependencies on the environment 
would be evident and the resu l t s  more conclusive. 

It should also be noted tha t  whi le t h i s  work. 
and re la ted work, r e s u l t  i n  a f a i r l y  consistent 
set of arc character ist ics, a l l  t h i s  work has been 
done on one par t i cu la r  solar c e l l  array. These 
sor ts  o f  measurements should be performed on other 
solar c e l l  arrays and other solar c e l l  geometries. 

I n  addit ion t o  measurements o f  arc charac- 
t e r i s t i c s ,  t h i s  work has produced evidence f o r  an 
e lect ron emission mechanism, c losely  re la ted t o  
arcing. The electron emission i s  a precursor 
e f f e c t  t o  arcing. Af ter  emission has begun. an 
arc may occur. This may provide some clues as t o  
the arc mechanism, and provide suggestions t o  
reduce the impact o f  solar c e l l  array arcing on 
spacecraft. 
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TABLE I. - THE EFFECT OF GAS SPECIES ON ARC CHARACTERISTICS 

aFrom Handbook o f  Physics and Chemistry, Chemical Rubber 
Company, 51st Ed. 

Mass (amu) 

Ion izat ion po ten t ia l  ,a V 

Pressure ion  gauge, u t o r r  

Peak current, Ip, A 

Decay time, t, us 0.794.40 1.07t0.32 1.14*0.40 

Product, I p t ,  ( ~ C o u l  ) 0.11W0.033 0.150t0.029 0.144t0.033 

Fract ian o f  charge l o s t  a t  0.645t0.12 0.66t0.04 0.56t0.16 
-1 kV b ias 

Nitrogen, 
N2 

28 

15.6 

10-15 

0.145t0.023 

He1 ium 

4 

24.5 

30-60 

0.154.t~l.043 

Argon 

40 

15.4 

15 

0.137+0.045 
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0 1 2 3 4 5 

TIME, p s  

Figure 1. - Typical response to an arc - back plate signal during 
discharge, Ringing at 15 MHz; gas, argon; bias, -1 kV; 
capacitance, 350 pF; digitizing rate, 0.020 p s  channel. 

---+-- ,- FROM FIGURE 1 
' c L c ' c - . - ~ & ~  

Figure 2. - Various solar cell arcs. Signal smoothed by filtering 
with a time constant of 0.09 p s. Gas species, argon; bias, 
-1 kV; capacitance, 350 pF. 
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HIGH VOLTAGE CABLE 
POWER SUPPLY 
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CAPACITANCE, RESISTOR, ' INSIDE 
440 PF I TANK 

BACK 
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ARRAY 
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Figure 1 - Schematic diagram of experiment, 
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I 235 pF - 
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lDDED I 
P W S M  
SOURCE 

Figure 4 - Back-plate response to a 2-V pulse. Ringing at 
-13 MHz; capacitance, 115 pF; digitizing rate, 0.005 psl 
channel. 
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(a) Signal ; ringing at 16 MHz. 

L) Smoothed signals, filtered with a time constant d 0.01 us. 
1OMbohm impedence: 13.3-V change; Q 4 ) y s  decay time. 
500.ohm impedence: 13.4-V change; 0.28ys decay time. 

Figure 5. - Back-plate response to simulated arcs. Arc 
impedances, 1OOO and 5al ohm; bias, -20 V; capacitance, 
3% pF; digitizing rate, 5 nslchannel. 
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Helium 
o Nitrogen 
A Argon 

Decay time, ~ l r  

Flgure 6. - D s p e n d ~ n ~  d arc ctdracterlstlcs on gas species. 
Curves represent consbnt peak current with decdy time, 
I x t  Average1 xt :  He. QllCpC: N p  Q M p C :  Ar, 
8144: bias -1 k t :  c a p c k n a ,  350 pF, 
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0 . 2  . 4  .6 .8 1.0 
Langmuir probe current at 15 V, mA 

Figure 8. - Dependence of arc rate on plasma 
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Figure 10. - Dependence of arc  rate on pressure. Gas species, 
Nq;  bias, -1 kV; capacitance, 6 0  pF. 
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Figure 11. - Currents to grounded probe after plasma sgurce was 
turned off. Bias, -1 kV; capacitance, KO pF; readings at 50s 
intervals. 
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