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SUMMARY 

Tne problems assoc ia ted  w i t h  ope ra t i ng  s o l a r  a r r a y s  a t  h i g h  p o s i t i v e  and 
nega t i ve  vo l tages have been i n v e s t i g a t e d  a t  Lewis  f o r  seve ra l  years.  These 
s t u d i e s  have shown t h a t ,  f o r  a r r ays  b iased  p o s i t i v e l y  w i t h  r espec t  t o  plasma 
p o t e n t i a l ,  plasma coup l i ng  c u r r e n t s  t o  t h e  a r r a y  a re  g r e a t l y  enhanced by t h e  
i n s u l a t o r s  sur rounding c u r r e n t  c o l l e c t i o n  p o i n t s .  F o r  a r r a y s  b iased  negat ive-  
l y ,  a r c i n g  occurs a t  t h r e s h o l d  vo l t ages  t h a t  depend on t h e  plasma d e n s i t i e s .  
T n i s  c u r r e n t  ennancement and a r c i n g  were v e r i f i e d  b o t h  i n  ground and space 
t e s t i n g  f o r  smal l  a r r ays  (-100 c d ) .  Ex tens ion  o f  t hese  r e s u l t s  t o  t h e  
l a r g e r  a r rays  proposed f o r  f u t u r e  m iss ions  Decomes d i f f i c u l t  t o  v e r i f y  i n  
grouna t e s t s  because t h e  sheath generated around a  l a r g e r  su r f ace  may extend 
t o  t h e  vacuum chamber wa l l .  S c a l i n g  laws a re  t h e r e f o r e  r equ i r ed .  Sca l i ng  
from sma l l  l abo ra to r y - s i ze  a r r a y s  t o  l a r g e  k i l o w a t t  and g i gawa t t  power a r rays  
i s  n o t  reasonable. So t h e  approach taken i n  t h i s  p r e l i m i n a r y  i n v e s t i g a t i o n  i s  
t o  o b t a i n  r e s u l t s  and dev i se  s c a l i n g  laws f o r  a r rays  t h a t  can be t e s t e d  i n  
ground-based space s i m u l a t i o n  f a c i l i t i e s .  T h i s  r e p o r t  p resen t s  p r e l i m i n a r y  
r e s u l t s  f o r  t e s t s  conducted on s o l a r  a r rays  w i t h  areas rang ing  f r om approxi-  
ma te l y  100 t o  13 700 c d  i n  a  plasma d e n s i t y  o f  r o u g h l y  1 x 1 0 ~  e l e c t r o n ~ c d .  
The plasma coup l ing  c u r r e n t  f o r  t h e  smal l  a r r a y  (-100 c d )  d i d  n o t  s c a l e  
l i n e a r l y  t o  c u r r e n t  f o r  t h e  l a r g e r  ar rays.  

INTRODUCTION 

The problems assoc ia ted  w i t h  ope ra t i ng  s o l a r  a r rays  i n  t h e  k i l o v o l t  range 
have been i n v e s t i g a t e d  e x t e n s i v e l y  f o r  severa l  years  ( r e f s .  1 t o  9 ) .  Most o f  
these  i n v e s t i g a t i o n s  were c a r r i e d  o u t  on sma l l  a r r a y s  i n  r e l a t i v e l y  sma l l  
vacuum chambers. Fu tu re  s a t e l l i t e s  w i l l  r e q u i r e  k i l o w a t t s  t o  g i gawa t t s  o f  
power, n e c e s s i t a t i n g  s o l a r  a r r a y s  o f  meters  t o  k i l o m e t e r s  i n  leng th .  These 
a r rays  w i l l  operate a t  much h i gne r  vo l tages  than  p resen t  a r rays .  Opera t ing  
vo l t ages  t o  45 k i l o v o l t s  have been proposed ( r e f .  10). A t  such h i g h  vo l t age  
and power leve ls ,  l a r g e  areas o f  t h e  s o l a r  a r r a y  o p e r a t i n g  a t  k i l o v o l t s  w i l l  
be exposed t o  t he  plasma environment.  The i n t e r a c t i o n  o f  these  h i gh -vo l t age  
sur faces  w i t h  the ambient plasma must be understood before these l a r g e  a r rays  
become o p e r a t i o n a l  . 

T e s t i n g  of  sma l l  a r r ays  i n  plasma environments has revea led  t h a t ,  if t h e  
a r r a y  i s  b iased p o s i t i v e l y  w i t h  r espec t  t o  t h e  plasma, t h e  e l e c t r o n  c u r r e n t  
c o u p l i n g  t h e  ambient plasma t o  t h e  a r r a y  i s  t e n s  t o  hundreds o f  t imes  l a r g e r  
than  would be c a l c u l a t e d  f r om s imple probe theory .  I f  t h e  a r r a y  i s  b iased 
n e g a t i v e l y  w i t h  r espec t  t o  t h e  plasma, blowoff  a r c  d ischarges  cause 1  arge cur-  
r e n t  surges i n  t h e  a r r a y  harness. T e s t i n g  f o r  these  i n t e r a c t i o n  phenomena on 
f u l  1-scale k i  l owa t t  and g i gawa t t  power a r r a y s  i s  imposs ib l e  i n  p resen t  1  abora- 
t o r y  plasma s imu la t i on  f a c i l i t i e s .  Sca l i ng  laws a re  t h e r e f o r e  required. 



Sca l ing  f rom small laboratory-s ize arrays t o  l a rge  k i l o w a t t  and g igawat t  power 
arrays i s  n o t  reasonable. Thus t h e  approach taken a t  t h e  Lewis Research 
Center i s  t o  devise sca l i ng  laws f rom arrays t h a t  can oe tes ted  i n  ground 
s imu la t i on  f a c i l i t i e s  and then t o  subs tant ia te  these r e s u l t s ,  where possib le,  
w i t h  f l i g h t  data. 

T h i s  r e p o r t  presents p re l im ina ry  r e s u l t s  f o r  t e s t s  conducted on s o l a r  
arrays w i t h  areas o f  approximately 100, 400, 800, 1200 1600, 2000, and 13 700 4 square cent imeters i n  a plasma dens i ty  of rough ly  1x10 electronslcm3. 
The a r ray  was ex te rna l  l y  biased i n  steps t o  *1 k i l o v o l t .  Four 400-square- 
cent imeter  arrays t h a t  can be operated independently o r  i n  combination t o  g i ve  
areas of 400, 800, 1200, o r  1600 square cent imeters are scheduled t o  be tes ted  
on a f l i g h t  i n  mid-1982. 

EXPERIMENTAL SAMPLES 

A l l  t h e  arrays had 2- by 2-centimeter so la r  c e l l s  w i t h  6-mi l - th ick fused 
s i l i c a  g lass  cover ing  each i n d i v i d u a l  so la r  c e l l .  The convent ional  Z-bar 
in te rconnect ions  were l e f t  uncovered. The in te rconnect ions  served as the  
e lec t rodes f o r  c o l  l e c t i n g  charges from the  plasma. They represented approxi- 
mately 5 percent o f  the  t o t a l  array area. The 100-square-centimeter a r ray  
cons is ted  o f  24 s o l a r  c e l l s  arranged as a 6- by 4 -ce l l  ma t r i x .  The 2000- 
square-centimeter a r ray  consis ted o f  414 so la r  c e l l s  arranged i n  a 23- by 
18 -ce l l  ma t r i x .  Three columns (18 c e l l s  i n  each column) were removed f rom 
another s i m i l a r  2000-square-centimeter a r ray  t o  form f o u r  independent a r ray  
segments o f  400 square cent imeters each. The 400-, 800-, 1200-, and 1600- 
square-cent imeter  arrays were combinations o f  these segments. The approxi- 
mate ly  13 700-square-centimeter a r ray  was formed by arranging seven 1400- 
square-centimeter so la r  a r ray  panels and two 2000-square-centimeter s o l a r  
a r r a y  panels t o  g i ve  one l a r g e  3- by 3-matr ix s o l a r  a r ray  panel. Th i s  a r ray  
was t e s t e d  as a s i n g l e  u n i t .  

PROCEDURE 

A l l  t he  so la r  panels except the 13 700-square-centimeter a r ray  were 
t e s t e d  i n  a 2.4-meter-diameter by  3-meter-long vacuum chamber. The 13 700- 
square-centimeter so la r  a r ray  was tested i n  t he  20-meter-diameter by 27.4- 
meter-long vacuum chamber a t  t he  NASA Johnson Space F l i g h t  Center, as w e l l  as 
i n  a 4.6-meter-diameter by 19.2-meter-long vacuum chamber a t  the  NASA Lewis 
Researcn Center. A more d e t a i l e d  desc r ip t i on  o f  t h e  13 700-square-centimeter 
s o l a r  a r ray  t e s t s  i s  given i n  reference 9. 

The plasma was generated by bleeding argon gas i n t o  a 5-centimeter- 
diameter by 7-centimeter-long discharge chamber. The argon was i on i zed  by 
e l e c t r o n s  emi t ted  f rom a ho t  tungstun f i lament .  The emi t ted  e lec t rons  were 
accelerated through a p o t e n t i a l  o f  50 v o l t s  t h a t  was app l i ed  between the f i l a -  
ment and the  c y l i n d r i c a l  anode. The ion ized argon and the  e lec t rons  formed i n  
the  discharge chamber e x i t e d  through an 1.3-centimeter-diameter o r i f i c e  a t  one 
end o f  chamber. A sketch o f  t h i s  plasma source i s  shown i n  f i g u r e  1. The5e 
charg d p a r t i c l e s  f rmed the  plasma f o r  t h e  tes ts .  Plasma dens i t i es  o f  10 % t o  10  e l e c t r o n s l c  9 are  poss ib le  a t  the t e s t i n g  l o c a t i o n  w i t h  t h i s  source. 



I n  t ne  t e s t s  tne  s o l a r  a r rays  were o iased ~ l t n  an e x t e r n a i  power supply.  
Tne smal l  vo l t age  generatea oy t n e  a r r a y  had a  n e g l i g i 9 l e  e f f e c t  on t n e  plasma 
coup i l ng  c u r r e n t  s ince  the  vacuum cnamoer was dark  a u r l n g  t n e  t e s t s .  Tne 
plasma c o u p l i n g  c u r r e n t  t o  t n e  a r rays  Nas measured w i t h  an e l ec t r ome te r  be- 
tween t n e  power supply  and tne  a r ray  w n i l e  t n e  v o l t a g e  was s l o w l y  increased. 
A sKetcn o f  t n e  t e s t  setup i s  shown i n  f i g u r e  2 .  Both p o s l t i v e  and nega t i ve  
o i a s  were used. The maximum vo l tages  were *1 { i l o v o l t ,  o r  l e s s  i f  t h e  sample 
arcea. 

DIAGNOSTICS 

The cu r ren t - vo l t age  ( I -V )  c n a r a c t e r i s t i c s  o f  t h e  two spheres (1.9 cm and 
1.27 cm diam) were used t o  determine t h e  plasma parameters. The v o l t a g e  was 
va r i ed  f rom -100 v o l t s  t o  100 v o l t s .  Assuming t he  gas was Maxwel l ian,  t h e  
c u r r e n t  i n  t n e  e l e c t r o n  r e p u l s i o n  r e g i o n  o f  t h e  I - V  c h a r a c t e r i s t i c  i s  g i ven  oy 
( r e f .  11 )  

I = Aen (IiT =z% ,Ii2 e  -1gI 
where A i s  the area o f  t h e  sphere, n  i s  t h e  e l e c t r o n  dens i t y ,  k i s  
Bol tzmann's constant ,  T  i s  t h e  temperature,  m i s  t h e  e l e c t r o n  mass, e  i s  
t h e  e l e c t r o n i c  charge, and V i s  t h e  app l i ed  vo l tage .  From equa t ion  (1)  t h e  
temperature T  i s  found t o  be ( r e f .  11) 

e  re -  where I1,Vl and 1 2 . V ~  a re  two cu r ren t - vo l t age  p o i n t s  i n  t h  
p u l s i o n  reg ion .  

The plasma d e n s i t y  was found by  u s i n g  t h e  e l e c t r o n  s a t u r a t i o n  r e g i o n  o f  
t h e  1-V c h a r a c t e r i s t i c .  Assuming t h e  gas was 14axwe l l i sn  o u t s i d e  t n e  sheath 
and c o i l i s i o n l e s s  w i t h i n  t h e  sheath, t h e  c u r r e n t  i s  ( r e f .  11)  

so t h a t  a f t e r  t a k i n g  t h e  d e r i v a t i v e ,  t h e  equa t i on  can be so lved  f o r  t h e  e lec -  
t r o n  d e n s i t y  t o  g i v e  

Tn i  s  equa t ion  was used t o  aetermine t n e  d e n s i t y  o f  t h e  plasma. 



Tne plasma c o u p l i n g  c u r r e n t  as a  f u n c t i o n  o f  app l i ea  p o s i t i v e  vo l t age  f o r  
m e  100-square-centimeter a r r a y  i s  snown i n  f i g u r e  3, Tne da ta  i n  t n i s  f i g u r e  
snow a  cornparison o f  f l i g n t  r e s u l t s  w i t n  l a b o r a t o r y  r e s u l t s .  The f l i g h t  da ta  
were oDtained f r om tne  - P lasma I n t e r a c t i o n  Exper i~nen t  (PIX)  s a t e l l i t e  t n a t  was 
launcned i n  klarcn 191d. I n  a d i i t i o n  t o  the-so lar  a r r a y  exper iment,  t h e r e  were 
two aisK exper iments  dn t n i s  f l i g h t ,  a rtapton disK and a  p l a i n  aisK. Tne 
LapLon a i s ~  c o n s i s t e d  o f  a  1.4-centimeter-diameter g o l b c o a t e d  meta l  e l e c t r o d e  
mountea on a  LO-cent imeter  aiarneter 5 - m i l - t n i c ~  sneet o f  &apton. Tne p l a i n  
a lsK nas t n e  same s i z e  gola-coatea e l ec t r ode  w i t n o u t  t h e  &apton sneet.  More 
a e t a i l s  o f  t n e  exper iments are g i ven  i n  r e fe rence  6 .  I n  t h i s  f i g u r e  t he  
grouna-oasea da ta  agree we1 1  w i t n  t h e  f l i g h t  r e s u l t s .  

F i g u r e  4 snows t ne  f l i g n t  ana ground-based r e s u l t s  f o r  these same t h r e e  
2xper lments  when t h e y  a re  n e g a t i v e l y  oiased. Again  t h e  grouna-based d a t a  
agree w e l l  w i t n  t h e  f l i g h t  r e s u l t s .  The a rc  d ischarges  f o r  t h e  s o l a r  a r r a y  
a re  t y p i c a l  f o r  s o l a r  a r rays  n e g a t i v e l y  b i ased  i n  a  plasma. F o r  t h i s  ar ray,  
a r c i n g  occur red  a t  a  Dias v o l t a g e  o f  -700 v o l t s .  Th i s  i s  t h e  n i g h e s t  vo l t age  
acnievea w i t h  any o f  t h e  s o l a r  a r rays  wnen n e g a t i v e l y  biased. F i g u r e s  3 and 4 
snow t n a t  grouna-Dasea f a c i l i t i e s  can be used t o  r e l i a o l y  s imu la te  t h e  plasma 
i n t e r a c t i o n  on sma l l  a r r ays  i n  space. 

F i g u r e  5 shows t h e  13 700-square-centimeter ar ray.  T h i s  a r r a y  was formed 
f r om n i n e  s i n g l e  panels. Tne pane ls  were mounted on a  aluminum g r a t i n g  s t ruc -  
t u r e  by  u s i n g  1.9-cent imeter- long ceramic i s o l a t o r s .  Each panel  c o u l d  be 
b iased  i n d i v i d u a l l y  o r  i n  comDination. F i g u r e  o shows t n e  t o t a l  plasma cur-  
r e n t  wnen a l l  pane ls  were b i ased  a t  the same p o s i t i v e  vo l tage.  F o r  comparison 
t he  aa ta  f o r  a  s i n g l e  2000-square-centimeter panel  a re  a l s o  shown i n  t h i s  
f i g u r e .  I f  t n e  c o u p l i n g  c u r r e n t  scaled l i n e a r l y  w i t h  area, t h e  n ine-pane l  
a r r a y  c u r r e n t  woula be approx imate ly  seven t imes  l a r g e r  than  t h e  s ing le-panel  
c u r r e n t .  As can De seen f r om t h i s  f i gu re ,  t h e  nine-panel a r r a y  c u r r e n t  i s  
mucn n i ghe r  tnan  t h i s  a t  t h e  low vo l tages and lower than  t h i s  a t  t h e  h i g h  
vo l tages .  Bo tn  panels  were t e s t e d  i n  t r ie  same plasma environment.  

F i g u r e  7 snows t ne  r e s u l t s  f o r  negat ive b i a s  on t n e  nine-panel  a r r a y  and 
t n e  s i n g l e  2000-square-cent imeter panel. As can be seen, t h e  c u r r e n t  f o r  
nega t i ve  o i a s  a l so  does n o t  sca le  l i n e a r l y  w i t n  area. However, t n e  i n c e p t i o n  
vo l t ages  f o r  a r c i n g  on t h e  two a r rays  a re  w i t h i n  200 v o l t s  o f  each o the r .  
T h i s  agrees w i t h  da ta  p r e v i o u s l y  obta ined i n  t h a t  t he  a r c i n g  v o l t a g e  i s  in- 
aepenaent o f  t h e  s i z e  o f  t h e  a r r a y  ( r e f s .  6 and 9). D e t a i  1s o f  t h e  13 700- 
square-cent imeter s o l a r  a r ray  r e s u l t s  a re  g i ven  i n  r e fe rence  9. 

The r e s u l t s  f o r  p o s i t i v e  b i a s  on t h e  400- and 1600-square-centimeter 
a r rays  a re  g i ven  i n  f i g u r e  8. Aoove 300 v o l t s  t h e  1600-square-centimeter 
a r r a y  c u r r e n t  sa tu ra ted .  T h i s  i n d i c a t e s  t h a t  t h e  a r r a y  was c o l l e c t i n g  t h e  
maximum c u r r e n t  p o s s i b l e  f o r  t h i s  s i z e  f a c i l i t y  a t  t h i s  plasma dens i t y .  Below 
300 v o l t s  t h e  c u r r e n t  f o r  t h e  1600-square-centimeter a r r a y  was approx imate ly  
f o u r  t imes  t h a t  f o r  t n e  400-square-centimeter ar ray.  F o r  these  a r rays  t h e  
c u r r e n t  does s c a l e  approx imate ly  l i n e a r l y  w i t h  area. T h i s  l i n e a r  s c a l i n g  was 
s u b s t a n t i a t e d  w i t h  p r e l i m i n a r y  r e s u l t s  f r om  t h e  800- and 1200-square- 



c e n t i m e t e r  ar rays .  The c u r r e n t s  f o r  t n e s e  two a r r a y s  were two  ana t n r e e  t i m e s  
t n a t  f o r  t n e  400-square-cent imeter  a r r a y ,  r e s p e c t i  v e l y .  

A l s o  shown i n  f i g u r e  8 a r e  d a t a  f o r  t h e  100-square-cent imeter  a r r a y .  The 
aashea c u r v e  shown r e p r e s e n t s  f o u r  t i m e s  t h e  100-square -cen t ime te r  a r r a y  
aata.  As can be seen, these  d a t a  f a l l  f a r  be low t n o s e  f o r  t h e  4 0  square- 
c e n t i m e t e r  ar ray .  One woula have expectea t h a t  t n e  s m a l l  (100  c  $ ) a r r a y  
c u r r e n t  wou la  f o l l o w  c l o s e  t o  s p n e r i c a l  t h e o r y  s i n c e  end e f f e c t s  a r e  n o t  
n e g i i g i b l e .  Since spheres c o l l e c t  t n e  maximum c u r r e n t ,  i t  was expec ted  t h a t  
t n e  dashea c u r v e  W O U ~ ~  f a l l  above t h e  400-square-centimeter-array da ta .  
F u r t h e r  t e s t s  are b e i n g  per formea t o  i n v e s t i g a t e  t h i s  benav io r .  

The r e s u l t s  f o r  n e g a t i v e  ~ i a s  on  t n e  400- and 1600-square-cent imeter  
a r r a y s  a re  snown i n  f i g u r e  9 .  F o r  v o l t a g e s  aoove 100 v o l t s  f o r  t h e  1600- 
square-cent imeter  a r r a y  and 200 v o l t s  f o r  t h e  400-square-cent imeter  a r ray ,  a r c  
d i scha rges  occur red.  T n i s  100 v o l t s  a r c  i n c e p t i o n  v o l t a g e  i s  t h e  l o w e s t  in- 
c e p t i o n  v o l t a g e  t h a t  has been ODSerVed f o r  a r c i n g .  B e f o r e  a r c i n g  occur rea,  
t n e  c u r r e n t  sca le0 a p p r o x i m a t e l y  l i n e a r l y  d i t h  a r r a y  area.  T n ~ s  was a l s o  SUP- 
s t a n t i  a tea  w i t n  p r e l i m i n a r y  o a t a  f o r  t h e  800- and 1 2 0 0 - s q u a r e - c e n t i w t e r  
a r rays .  Tne c u r r e n t  f o r  t n e  100-square-cent imeter  a r r a y  was much t o o  low f o r  
n e g a t i v e  o i a s  a lso,  as can De seen f rom t n e  aashea c u r v e  i n  f i g u r e  10. 

Tne plasina c o u p l i n g  c u r r e n t  as a  f u n c t i o n  o f  a p p l i e a  v o l t a g e  nas been 
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