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Spacecraft-environment interactions a re  defined as the responees of d 
spacecraft surface t o  a charged-particle enviradmedt. Thid response can ia f lu-  
ence spacecraft system performance. Int&ractions can be divided in to  two broad 
categories: spacecraft passive, i n  which the environment act@ on the space- 
c ra f t ;  and spacecfaft active,  iti which the spacecraft causes the interaction.  
Passive interact ions  include the spacecraft-charging phenamenon. Active in te r -  
actions include the re la t ive ly  new interaction6 a r i s ing  from the use of very 
large spacecraft and space power syetems i n  future  missions. I n  t h i s  category 
the concern is both for  the ef'fect the environment can have on spacecraft eye- 
tems and fo r  the  e f fec t  the large spacecreft can have on the environment. To 
i l l u s t r a t e  act ive interactions,  a la tge powet s y ~ t e m  operating a t  elevated 
valteges is considered. Possible interact ions  a r e  described, available experi- 
mental. data a re  reviewed, and the e f f ec t  on power system performance is e s t i -  
mated. 

S p a c e c r ~ f t  have t rad i t iona l ly  been designed t o  f i t  within launch vehicle 
capabi l i t i es  and shroud dimension$. A t  times, the ingenuity of designers has 
been severely taxed t o  include a l l  systems within these constraints. As o re- 
s u l t ,  spacecraft typical ly  have been cylinders (or a t  leadt packaged as cylin- 
ders) 150 t o  300 centimeters i n  diameter, with deployables as required. Nawc 
with the advent of the ahut t le  space transportation system, these l i m i t s  have 
changed. Very large spacecraft can be accommodated fo r  future  missions. Stud- 
i e s  a re  being conducted on spacecraft t o  be used fo r  such diverse ac t iv i t i ed  as 
manufacturie,  s c i e n t i f i c  exploration, power generation* and human habi ta t ion 
i n  locations ranging from low Earth orb i t s  (250 t o  400 km) ts geosynchronous 
a l t i t ude  and beyond (refs.  1 t o  8). Structures proposed for  the66 miaeiorls 
range i n  c ize  from 200 meters fo r  a large structure-aesernbly demonstration i n  
the mid-1980's (ref. 9) t o  several kilometers for  the Solar Power S a t e l l i t e  
(SPS) (ref. 3). These large s t ructures  a r e  being desigtied with re la t ive ly  
lightweight materials t o  achieve the required low denaitiee. 

mcse  spacecraft must function i n  the space environment. Anomalous be- 
havior of geosynchronous s a t e l l i t e  eyetems has s h m  thdt the space environ- 
ment i s  not completely benign. Interactions between the charged-particle en- 
vironment and spacecraft exter ior  surface8 ( i . e . ,  spacecreft charging) can dis-  
rupt spacecraft systems (refs.  10 and 11). The s i z e  of the new getieratioti of 
spacecreft w i l l  be approximately the plasma Debye length i n  the geosyhchronous 



environmi2dt. This eaa reeul t  i n  increased int&recCions betweeh the inaulatore 
and quoel-conduetsrs and the charged-particle efivifamiient. The large s i z e  of 
these new epecoetorft rai8e6 concern about cher$ing effecte  on tHcFil in  low Earth 
orbite.  I n  th Pa cnvi ronment the epecccraf t ad9f fig thraugh the Ear bh1 s mepe t i c  
f i e ld  can induce elcccrmegnetic s t resses  thdt ehould be cdmsidercd i n  the de- 
laign. The spacecraft phpeical dlmedeiirili; e re  also of ree l  coficern for  the i r  
e f fec t  on the environment. 

Poopdaed larare, hiah-power system rafiging from tens of kilowdtte to  giga- 
eetts have givea r i s e  ta enother aspect of erivironmental interactions. One 
means of improving e l ec t r i ca l  efficiency dfid reducing weight for these power 
systems is to  operate a t  voltages highet thari those currently being used, The 
SPS design Calls for  the generation bf 15 gigawatte t o  40 kilovolte, f o  date, 
the highest bperating voltage used i n  space is the 100-vdlt Bystem i n  Skylab. 
A t  this volta$e, interactions with the envirotlntetit &re degligible (ref. 12). 
Operatioh a t  higher voltages i n  a plasma ehvirsrtihent, hawever, can influence 
eystem performance. 

For these reason&, spacectdft-environment intetactiotllr a t& associated with 
future space program. These interactions must be ~d'derat~cid,  evaluated, and 
neutralized, if necessary, ia the design phases of the programs. In thib papet, 
categories of spacecraft-environinent interdctians a t e  defided and b r i e f ly  de- 
bccibed. f i e  primary emphasie is on interaction6 between the envir6nrneat dnd 
large dpdce power systems operating a t  e lwated  Jaltages. Available experimen- 
t a l  data on high-voltage surface-plasma interactions a re  reviewed and, based on 
th i s  infomation, the e f fec t  of these interactions on power system performance 
is  estimated. 

In thie  paper, spacecraft-environment interactions are  defined as the re- 
sponses of a spacecraft surkace t a  the iAiarg4d-gdrticle environment of apace, 
~pacecragt  surf aces w i l l  respond to  the Bnvironment a t  a l l  a l t i tudes.  ltowetrer, 
the interaction is of concern only where it inf hence8 system performance. 

Interactiods of concern between a opacecraft and the ~nvirunment are  i l l u s -  
t ra ted 1x1 figure 1. A large dpacecreft coufiguration with a large, h i g b p m e r  
so lar  array is i l lus t ra ted .  There a t e  two broad cateBorie6 of interactibns: 
category 1, spacecraft passive, where the charged-particle environment acts on 
the spacecraft surfaces; and category 2, $pacecraft active, where the spgce- 
c r a f t  causes the interaction. Each of theee categories is  described i n  the 
following paragraphs. . 

Category 1 - Spacecraft Passive Interactions 

The principal spacecraft passive interaction of concern is  spacecraft 
charging. This interaction occurs primarily a t  gsosynchronous al t i tudue when 
kilovolt  energy part ic les  from geoeynchronocs ecbstorms e lec t rds ta t ica l ly  



chargo ehadowed ineuleting eurPacee t o  high negative volfagee. I f  the voltage 
strsed on en i m ~ l a t o r  exceede i t e  breakdown threehold a t  an edge or  dn inlper- 
fect ida (ref, P3)1* discharge6 can occur, Eneirgy f r o i  th ie  diechargd can couple 
in to  the apacecteft e l e c t r i t a l  hamael,  upset low-ievel logic c i rcu i t s ,  arid 
dietapt  dye tea performance. ltn addition, diechargee cad daterioret  e thermal 
control surface8 and thus i fweaea epacecraft temperatures, Thd d i f  f erent ia l  
c h a r g i a  of epacdcraft sutfacere can a lso  ionize neutral  gas molecules and en- 
hance eurfece contraninetian b)r a t t rac t ing  chergdd part ic les  back t a  the apace- 
c r a f t  eurfi%ces (ref,  14). It can a lso  dicnrpt s c i e d t i f i c  idstrunient meagure- 
mente. Sitice there a re  mew Peferences available ari t ' i o  subject (e.g, , set? 
wefe, 10 and ll), it i e  not discussed further i n  thib pcper. 

Other aspecte of th i s  category of Pnterections, such e6 the poeeibi l t ty  of 
chargi* by high-eaergy environiaental particlee and sputtered dtoms, have not 
been fu l ly  investigeted. It has been suggested that  id a high-eriergy iirter- 
action euch part ic les  ccruld charge the wires within a s a t e l l i t e  by penetraticq 
the exter ior  end depositing OKI wire insulation (ref. 15). b o t h e r  possible in- 
teraction itrvolviag high-energy part ic les  cobhd occur i f  par t ic les  a re  depos- 
i t ed  within the exter ior  eurface of a s a t e l l i t e  s,.tie the ex tar io t  Burface i s  
neutraiioed by the thenual p lasm (low-enerm components of the Bwironment) . 
This cduld build up an e lec t ros te t ic  bilayer, similar t a  tha t  suggested i n  
referedce 16, which could discharge. This phenenot i  would be mbre l ikely t o  
occur where the char&ed-particle environment is more energetic, an spacecreft 
i n  the Earth's radiation be l t s  or i n  the Jovian enviroximent, fn  the eputtered- 
atom interaction, sputtered perticlee could beccnne charged and, as such, they 
would be an additional current tr, be t.odeidered and an additional eource bf 
contcbnimtioir, perticlee.  SpecLfically excluded from consideration i n  space- 
c r a f t  passive interaction i a  radiat.iotl damage t o  solar  c e l l s  end electronic 
cdmponetrts. This has been studied ia d e t a i l  by others. 

Cetegory 2 - Spacecraft Active Idtetactions 

fa spacecraft active interaction6 the spacecreft i t s e l f  o r  a system on the 
spacecraft caueee the interact ioa with the envirdnment . Theee intetactiona are  
of concern a t  a i l  a l t i tbdes  i n  space. Spacecraft active interactions include 
those involoi@ %e ailotion df very lergle spaceCraft propoeed f a t  future mie- 
eiond. The o rb i t a l  ve'i.ocity of spececraft through the Eartht@ magnetic f i e l d  
can induce e l ec t r i c  f i  ' 9  within the structure.  The dif  fe rent ia i  vultegee in- 
duced by a l e r ~ e  epticecrblft Cad be signif'icant and cad give r i6e  t o  eleotro- 
magnetically indubed forced the t can cause die tortione w i  t'hin the s truc ture  
(ref, 17). Theee iladuced forces and ariy subsequent interactidn with the envi- 
rorlmsntmuet be ecconrmodated i n  the design of large apace etrudtures, These 
interactions a re  diecuseed Fn more de ta i l  i n  refereaces 18 and 10. Very large 
~ t m c t u r e e  i n  epaee can e lso  modify the enviro~rment by eweeping out charged 
pa t t ic les  (ref. 17). Such d tructures can dras t ica l ly  change the charged- 
e a f t i c l e  enviromedt a d  cause further interactions with themselvee. These 
probleme must be reeolved before large space structuree a re  launched. 

The principal interaction of eonceni i n  t h i s  paper i e  the coupling bd- 
tween the thermal o r  low-energy plasma environment and a apace power syetem 



opera tfng a t  elevated boltagca. This interaction,  i l l u s  trotsd ec the paraeltic 
current ?oop i n  f igure  1, i s  dicscussad i d  mare dcat;ail leeor 3~ thie pepw. The 
thermal plasma onvirorunent In  cquetsrtal erbLt ( f i g .  2)  milgrre  from about a 
mi1:ion pa r t i c l e s  pox cubic cedtimeter id luw Zmth otbice Id ebeut 10 petri- 
elee per cubic centimeter a t  geosynchronous e l t t tude.  The +hemu1 wietgy of 
them par t ic les  i e  lees than S cV. This enviranaent caa datetaicf with expoeed .-- - 
portions of high-voleage sys t em,  and these interactions met be considered i n  
system designs. Interactions tha t  mist be mfeluated are pJ.86;W coupl iw cut- 
rents  between the high-voltage system and t h e  eavironment, effects of charge 
s tared i n  o r  on the insulatca~ surface, and p l a s n ~ a - i n i t i a t ~ d  ditecherges (refs. 
20 and 21). These interactions a r e  descrif~ed as  functions of opereti* vol t -  
ages, L i m e  i n  orb i t ,  plasma properties, arAd insulator  proper t ies .  The effect 
of these interact ions  on power system performance is i l luscrated i n  the rext 

( 
section. 

INTElIACTZONS WIm LARGE SPACE POIXR SYSTM 

The concept of a large space power system is used td i l l u e t t a t e  the  ra t io -  
nale  fo r  operating a t  elevated voltages and t o  estimate the Lnflcence of envi- 
rohmentol interact ions  on dyatem performance. Sidfe  some effects are  configu- 
ra t ion  dependent and plasma interactions a r e  complex, simplifying aseumptione 
a re  made i n  t h i s  i l l u s t r a t i v e  example. More sophisticated capueet programs 
a r e  Bei* developed t o  irrireetigate these interact ions  i n  more d e t a i l  (refs. 22 
t o  25). 

Power Sys tern Characterist ics 

The concept of a large space power system assumed to 111wtrate interac- 
t ions with the e n v i r o m e ~ ~ t  is  shown i n  figure 3. This sydtem Is campdeed of 
5-kilowatt solar-array modules connected t o  give the deskred t o t e 1  power out- 
put. These modbles a r e  each 5 ae t e r s  by 10 meteta and have operat ing l i n e  
iroltage and current,  VL and 11 as show i n  f igure  4. The mbdules ere ar- 
ranged i n  pdirs  on tub wings. Pawer is generated with a l l  modules a t  the same 
specified voltage and is  brought in to  a cen t ra l  load region on e pa i r  of trans- 
mission l ines  on each wing. Power is  coilverted t o  the tequired vbltagee within 
the cen t ra l  body. With t h i s  arrangement the modules OII eech Wng farm para l le l  
e l e c t r i c a l  c i r cu i t s :  ~ l l  a re  an the s e w  voltage v,., with the load current 
increasing ic equal amounts i n  the transmission liae a s  modules are added. 
Power systeme capable of generating 20 t o  500 kilatsetLs (id inctemmta of 
20 kW) can be convediently studied, 

The f i r s t  consideration is  t o  determine t%e operetirig vdtege A m  the eye- 
tam. As shown i n  figure 4, voltages for a 5-kilowatt module c o r l d  vary over a 
wide range from the cominonly used 30 vol t s  t o  5000 volts.  The advantage of 
higher voltages, is usually a reduction In power 4oes  and weight, Thie advan- 
tage can be demonstrated by simple computatione of t h e  power Lads end weight of 
the transmission l h e a  alone as the power level iircreases. 



In these csmputaeione tho trsnsm&ns&on l i n e  t e  seeumed t o  bo elttminurn, 
1 

based on the r w u l t a  given i n  refatedce 26. Tho croae-asetianol area of  each 
l i ne  i s  aesunlcd to  be eonetent a6 1 square cenCfmeter. The @Wet l o s t  i n  &a 
four main tran,smlsoion Ifnee, exptesesd as o f ract ion of tho t o t a l  power genere 

I 
atmi, can be 1::sleulatcd frmi I 

where 1 
power l o s t  i n  transitlission Lines, W 

t o t a l  power generated, W 

load current i n  l i n e  a t  each module, A 

res is tance i n  l i ne  a t  each module, oh- 

e l ec t r i ca l  r e s i s t i v i t y  of aluminum, 2 .8xlog6 ohm-cn6 

cross-eectional area of ttansmission l ine ,  1 cm2 

charac te r i s t ic  l i ne  length f o r  each module, cm 

munber of 10-kW module eets on one wing 

Since the modules are  considered t o  be added i n  pa i r s  an each wing i n  pa ra l l e l  
e l e c t r i c a l  c i r cu i t s ,  the load current i s  computed on the basis  of 10-kilowatt 
module s e t s  a t  a speciEied operating valtage. Ae module sere are  added t o  in- 
crease power output conditions, the load cutrenk increases by equrrl amounts. 
The c h a r a c t ~ r i s t L c  l i ne  lengths have been assumed t o  be the distance t o  the 
center of cach sodule s e t .  For the f i r s t  module set t h i s  i 6  the  distance from 
the central  toad eecticn (asekmed t o  be 10 m). Line lengths Por subsequent 
module sets ere assumed t o  be 5.5 meters. 

Results of computations b a d  on equation (1) a re  shown i n  figtire 5.  ~t 
is apparent from t h i s  f igure  t ha t  any power rrjrstem, with thc. assumptiom used 
here, would diss ipate  nearly a l l  i ts  pmer  i n  the l ines  if 500 kilowatts were 
generated a t  100 vol ts .  For large space power systems, operational fraltage 
levels must be increased to  reduce l i ne  losses. 

The assumption of conbtarit cross-sectional area for  the transmiaeion l i n e  
i e  poor becauee of thermal considerations. A 1-square-centimeter cross- 
sect ional  :in@ would probably vaparize a t  the currents iridicated for 100--701t 
operat4nn. A trade-off m e t  be made between power loss and the weight gained 
by inc  ~ a s i n g  the l i ne  croes-sectional aree. Such a trade-off can be iipproxi- 
mated for  the power eyetam considered here, The l i ne  weight i n  gram i e  



where y is  the dedsity of aluminum (2.7 p~/ctn~). Thus, the l i ne  weight ra- 
quired t o  maintain a 5-poricent p W r  lous i n  the trali&miesion l ibo  1s computed. 
This fiteight is  competed with a t 6 t a l  eydtern weight based on a design goal of 
10 kg/kW. dombining equslItions (1) and (2) t o  eliminate the cross-eectional 
area and expressing the r e su i t  as  the deeired weigh& fract ion r e su l t s  iri 

where WT is the t o t a l  eystem weight i n  kilogtams. s ince it is  assumed t h a t  
PL = 0.05 P* and WT = 10 PT, then 

The reslults of equation (3) e re  shown i n  f igure  6. Here again a 500- 
kilowatt system operating a t  100 volt$ with e 5-percent power loss  i n  the 
tran$mission l ines  wduld hdve a l i ne  weight approxiaiately equal t o  the desired 
t o t a l  Byetern weight. Hence, operating voltages mist be increased t o  make large 
power systems feasib1.e. The aethod of coa8pC1tetibn used here t o t a l l y  neglects 
any e f fec t s  withid the 5-kirdwatt module&. I f  these e f fec t s  a r e  considered, 
there  could be addit ional l i ne  loseos that  would be minimized by higher voltage 
operation. 

Other power sydtem design concepts - such as a single,  very large sdler 
a t ray md  modular deeigns with multiple transmission l ines  (a pa i r  fo r  each 
module) - have been subjected t o  s i m i U r  reviews. The resu l t s  a re  similar:  
Power losses and weight can be s ign i f ican t ly  reduced by opetating a t  higher 
voltdge levele. 

Ir! the example described here, operating voltage levels a r e  allowed t o  
vary from 16a t o  56100 vol ts ,  In  en actual system, high-lroltage components 
would be needed fo r  switching and s ther operations . Although these high- 
vbitage components do not  now etist ,  the technology fo r  developing them is  be- 
ing pureued (ref. 26). Althsugh large pmer  systems ehauld use high operating 
voitagee t o  midlmize powrrt losses and weight, a high-voltage eye tern exposed t o  
space could in t e r ac t  with the charged-particle environment. %is interact ion 
bould inf h e n c e  eystem perf ormenca. These possible ititerections end t he i r  sf- 
f ee t  on system performance a re  discussed i n  tha following paragtaphe, 



Csmidtlr e oo%.sr-array pawar eystom ae ~shawn i n  f igure 7. In  tho etenderd .a 
construcCion of th ie  array, cover e l idea do not compbotely csvef tka ~ t o l l i c  
intereonnactione betwoon eoler  ca l l s .  Tkaso ee l1  fatoreonneetione ere a t  vari-  
oue volta$ee, dt.$psndirig orr thsfr lecet isn i n  the array ci rcui te .  Becouegl the 
arraf i a  exposed t o  epace ylaema, the interc:onnections a c t  ae bicr~ed prdb88, 
a t t rac t ing  or  rbpell ing charged per t ic lee .  A t  eome locat iaa  on tho ar tay,  tho 
geaerated voltage i s  equal t o  the spece pleama potential .  Cell  irrterconnec- 
tione tha t  a r e  a t  voltages V+ above the spdce potent ia l  w i l l  a t t r a c t  an elec- 
t ron  current t ha t  depends on the number density afid energy of the electrons i n  
the environment and on the voltage difference between the interconnectioris and 
space. Those intorconnections t ha t  a r e  a t  valtages V, be1W the space p lasm 
potent ia l  w i l l  repel electrons and a t t r d c t  en ion cbotent. The voltage d i s t r i -  
bution i n  the interconnections r e l a t i ve  ta space aus t  b& such tha t  electron add 
ion currents are  equal. This flow of electrons and ions can be considered as  
plasma coupling current@ tha t  form a current loop i n  para l le l  with the dpece- 
c r a f t  e l ec t r i ca l  load. The loop is pa ra s i t i c  and represents a pmer  loss. 
This iriteraction should be moke prodounced i n  low Earth orbi ta  because-of the 
high number density of the low-ehergy thorntal plasma (fig.  2). 

Efcperimental Pesults. - To assess the impact of space plasma on abler- 
array performance, i t  is neceasaty t o  estimate the current c o l l e c t i m  (i.e., 
the plaema coupling current) of aa array chat has small, biased conductor areas 
surforinded by large areas of iasulat ian.  This estimate i s  based on tesultis of 
experiments conducted on biased solar-array segments i n  plasma enviroximents. 
Such experiments (refs.  27 t o  30) have been conducted ever eince an in te res t ing  
enhancement e f fec t  was f i r s t  reported 10 years ego (ref. 31). The r e su l t s  pre- 
sented here a re  based primarily on t e s t s  made a t  the Lewis Research Centet 
(ref.  12). A l l  o thet  resu l r s  e r e  id  eubstsnt ia l  agreement with these. 

A small edlar-atray eetgment of twenty-gout 2-centimeter-by-2-centi~er 
ce l l@ mounted i n  se r ies  on a Kaptcrri 6heet and a fiberglass board trjas teeted i n  
Lewis ' gemaghetic subs t o m  eimulation f a c i l i t y .  This segment had standard 
mesh interconnectione between the c e l l s .  Bias voltages VA wete applied t o  
the sewent: bp laboratory power crupplies t o  determirie both posit ive dnd nege- 
t fve  voltage in te rac t lom.  The t e a t  f a c i l i t y  was housed i n  a 1.8-meter- 
diameter by 1.8-meter-ldng vacuum chamber capable of aperating i n  the l ~ ' ~ - t o r r  
*awe. A plasm environment was generated by i d n i z i ~  aitrogon gas. Both 
plasma coupling currents and surface voltagea on the array segment were mea- 
sured during the tee t s ,  which were conducted st plasma densibiee of dbaut 104 
and 1oJ pet cubic cet&imef er (ref.  32) . 

Surface voltage prof i les  fo r  pire of the segment a re  shown i n  f igure  8. 
FOP low, posit ive applied potent ia ls  ( S l O O  V), the quartz cover s l i d e  aasmes 
a small negakive voltage i n  order t o  maintain electron and ion currenter t o  t ha t  
surface (fig. 8(a)) ,  T h h  voltage i s  measured about 3 millimeters above the 
quartz surface by e noncontacting, capacitivuly coupled surface voltage probe, 



NegarLve voltage an the quar t z  cover s l i d e a  apgaers to supprdas t;h@ v o l t a ~ e  i n  
the plaania abava the interco~noctLnna Ca lass thati 10 pcraont of tho sppi ied  
voltage, Ae pnd$tiva potanfials are lncrnaasd abavo 100 volta,  a t rans i t ion  
occurn i n  aurfaae v ~ l t d @  prOE1lce (Fi8. 8 ( b ) )  : The e w f  see v o l t s ~ o  a f  tba 
quartz cavss s l idee approaches tha t  s f  *he ihfoseormactisds. It 1s tie i f  the 
velbago ehsaehe hevs "e~rappsd ever" or expanded tcs wneompaoe the cover ~ l i d o o .  
A voltage sheath i& ehc dietaace requfmd for the voltx~ge as decay t o  pleema 
pdteatfoi  through the rearrangemmat of plaame pntt icloe.  8nap-over memo t o  
occur when eka rstieeth approaches oaf ar-eta11 d%m~naione. Effective eurfoce 
vslta#e a f to r  snap-over 1s 50 vol t s  lee8 t i m a  the applied voltage. 

Results fo r  negative applied voltages ere  al~own i n  figures 8(c) aad (d), 
The quartz cover s l i des  again assuile s l i gh t ly  negative voltages. E lec t t i c  
f i e ld s  i n  the pleema due t o  the biased interconnectiano a re  suppressed and con- 
fined by the quartz surface volta,e. Instead of a snap-over phenoaefion, t h t s  
coafinement rebairts u n t i l  the f i e l d  builds up t o  a point where discharge occuts. 
The voltage a t  *hich breakdown (discharge) accilrs depends on the plasnia density. 
For these tea t s ,  breakdown occurred a t  about -606 vol t s  a t  dens i t i es  of about 
l@ per cubic centimeter and about -750 vol t s  a t  densi t ies  of about 103 per 
cubic centimeter. Other t e s t s  have indicated tha t  breakdown can occur a t  den- 
s i t i e s  corresponding t o  geosynchronous a l t i tude8 whea the negative bias  voltage 
magnitudes a r e  greater  than 5000 vol t s  (ref. 28). 

Plasma coupliirg currents for  the small segment a r e  e h m  i n  f igure 9. The 
current collection phehomenon agrees with the treads indicated by the eurface 
valtage data. For low, posit ive applied potentials ( q 0 0  V), plasma curreate 
in amperes can be approximated by an emptrical relationship tha t  depends on the 
measuted o r  suppreesed voltage i n  the plesnia and the interconnections: 

xe - jeo -2 (1 + t) ~ O Z  VA < 100 V 

where 

jeo electron thermal curreat  den6 i t y ,  ~/cm2 

Ai toea1 interconnectiori area, 4.8 cm2 

V, meaeured voltage i n  plasma a t  iaterconriection, V 

Ee e lectran temperature i n  plasma, eV 

VA applied bias  voltage, V 

The measured voltage V, has beea found. t o  be about: 10 percent of the  applied 
voltage VA. 

For posi t ive  applied patent ia le  greater  than 100 vol te ,  the current col- 
lect ion i n  amperes can be. approximated by what appears t o  be space-charge- 
limited current: col lect ion beoed on e reduced voltage and the penel area: 



Ploame coupllng currene collection a t  negatfve voltager eeerne to  f i t  a 
rslet ionehip sfmilas fe  ayuotion ( 4 ) ,  where ion thermal current den~lfey and 
temperature jio and Ei a r c  ~ u b ~ t i t u t ~ d  f o r  j,, and E, t o  the point 
where there is  a t rena i t ion  t o  discharge. No relationship hae been developed 
t o  predict  the cnset  02 diecherge a t  various plastarr densi t ies .  

Modern solar-array technology seems t o  frcvor a wrsyaround intarconnection 
over the conventional mesh interconnection ( f ig .  lo), Wraparound i~r tercomec-  
t ion  conetruction eliminate8 the expansion bend of the conventional intercon- 
nection, and t h i s  conceivably might influence plasma interactions.  A, sample of 
2-centimeter-by-4-centimeter ~ o l a r  c e l l s ,  with wraparound interconncsctions, 
mounted on a Kapton sheet  was tes ted t ~ ,  evaluate the  tnteract ion (ref .  12). 
Sutfece voltage prof i les  f o r . t e s t s  i n  plasma dens i t i es  of lo5 per cubic centi-  
meter a t  posi t ive  applied voltage are  shown i n  f igure  11. Here snap-over oc- 
curred a t  a s l i g h t l y  higher voltage (190 V), possibly because of the large 
so la r -ce l l  s ize .  When negative voltages were applied, the  discharge phtmom- 
enon was again observed. Onset of breakdown f o r  t h i s  sample was about -700 
vol ts .  Xn t h i s  t e s t ,  the  discharges were photographed ( f ig .  12) and arr;: seem 
t o  occur a t  the  c e l l  edges, as would be expected from eurface voltage pmfi:. L.. 

High-voltage o p r a  t i on  may cause long- term degradatior n*' -: ij z rr- array per- 
formetice even i f  plasma coupling currents can be neg46.. ..-.'-. 'far- only t e s t  con- 
ducted t o  date  t o  evaluate t h i s  condition is  a 114-how test of e 100-square- 
centimeter solar-array segmmt. The segment was biased to  4 ki lovol ts  and the 
plasma environment was controlled so tha t  the coupling current was kept a t  
10 microamperes (ref. 28:. (From short-term t e s t s  t h i s  coupling current was 
considered t o  be too low t o  cause detrimental e f fec t s . )  After the t e s t ,  how- 
ever, the interconnectaons had obviously darkened and the cover s l i d e s  appeared 
t o  be coated. Voltage-current curves of the array segment made before and af- 
t e r  the t e s t  indicated a 7-percent decrease i n  shor t -c i rcui t  current ( f ig .  13), 
This contaminration may have been due t o  f a c i l i t y  e f fec t s ,  and addit ional t e s t -  
ing is  required t o  evaluate possible enhanced contamination e f fec t s .  

A soluelon t o  in teract ion problems would be t o  cover a l l  biasad conduc- 
tors. This would work only i f  there a r e  no penetretions i n  the covering. Ex- 
perimental r e su l t s  obtained when a small pinhole (0.038 cm diam) was made i n  a 
Kapton inoulating film over a biased conductor a re  shown i n  f igure  14. Such 
holes i n  insulators  can r e su l t  i n  disproportionally large e lectron currents.  
Furthermore, t e s t s  have indicated tha t  col lect ion currents can be proportional 
t o  the t o t a l  insulator  area ( r e f ,  28). The mechanism fo r  t h i s  pinhole current 
col lect ion phenomenon appears t o  be an interact ion between e l e c t r i c  f i e ld s  from 
the p h h o l e  expandtng i n t o  the plasma and along the insu la tor  surface. Thie 
e f f ec t  can be seen from re su l t s  of t e a t s  with a biased metal d isk placed on a 
Kepton insulator  (ref. 32). A t  low, posit ive applied poeentials the Kapton 



surface assumed a slightly nepative voltage (fig. 15). As the applied voltage 
exceeded 108 volts, ?he surface voltage on the Kapton changed: It becme more 
and more poeitlv~ L.'. . the whole surface was strongly positive. Xt is ba- 
lieved that plnsnra electrons arc accelerated into the Rapton and generate sec- 
onddries that ere 2ollected by the disk and increase the measured currents. 
For negative applied potentials, the electric fields remained in the region of 
the disk ahd no increased currents were found. 

The experimental results reported here were obtained on relatively small 
solar-array and instilator-pinhole samples. The effects obtained with these 
small samples have been verified in space by the Plastna Interaction. Experiment 
(PIX) flight results (ref. 33). Tests with larger samples (10 n! by 1 m) to 
evaluate increased area effects have recently been started (ref. 34). The 
small-sample tests indicate that there can be significant interaction effects 
that could influence space power system performance. The initial indications 
from the large-sample tests seem to verifg the results of the small sample 
tests. These results are summarized in figure 16. For those areas of the 
array that: are positive with respect to the space plasma potential, there will 
be electron collection interactions. At low, positive voltages these interac- 
tions Will depend on biased interconnection areas and a suppressed Qoltage. As 
voltages increase, there will be a transition to whole-panel current collection 
that probably will depend on space-charge-limited current collection. At nega- 
tive voltages, ions will collect at the intercoinections at suppressed voltages. 
As the array voltage becomes more strongly negative, discharges or arcing will 
disrupt the power generation. 

The influence of these experimentally determined interaction effects on 
the performance of large, high-voltage space power system is considered in the 
next section. 

Interaction Effects on Large Power Systems 

By using information gained from experimental results, we can estimate the 
influence of environmental interactions an a large space power system like that 
shown in figure 3. Such a power system will float electrically at some voltage 
relative to the space plasma potential 60 that equal electron and ion currents 
will be collected. Since electrons are more mobile than ion6, the array will 
be predominahtly negative with respect to space potehtial. Absolute ground 
reference is the space plasma potedtial and not the spacecraft. Those areas 
of the array that are positive V+ with respect to the space plasma potential 
will collect electrons as in the positive applied potential experiments. Those 
areas of the array that are negative V, with respect to the space plasma po- 
tential will collect ions as in negative applied potential experiinents. Sycten 
operating line voltage V will be the sum of the absolute values of the posi- L tive and negstive voltages (i.e. 9 Vt = (v+I + (v- 1 ) .  

To determine the floating pctential of this power system, electron and ion 
currents have to be computed as a function of environmental parameters, system 
geometry, and voltage differences between the array and space. The method of 
current collection of large panels ie not completely understood at t h u  time. 



Several papers on t h i s  pheiromenon have been given a t  t h i s  konference ( r e f l .  22 
t o  25). However, t o  i l lue*re te  the environmental in teract ion e f fec t s  , experi- 
W t a :  resu i t s  given i n  the previous section a rc  extrapolated here to71er&e 
eye tam. 

Baded ah experimental resu l t s ,  the following charged-particle interactions 
should occur i n  a large space power system: 

(1) Those portion6 of the array tha t  a r c  a t  posit ive voltages less  than 
100 vol t s  w i l l  co l lec t  electron current proportional t o  the intercmdectiofi 
area and t o  a voltage tha t  is about 10 percent of the actual  yoltage 8 t  the 
interconnections (eq. (4)) . 

(2) Those portions of the array tha t  a re  a t  posit ive voltages greater  thaa 
100 vol t s  w i l l  col lect  e lectron currents proportional t o  the panel area and t o  
a voltage tha t  is 50 vo l t s  less than the actual  voltage a t  the interconnections 
(eq* ( 5 ) ) .  

(3) Those portions of the array that  are  a t  negative voltages w i l l  co l lec t  
ion cur tents  proportional t o  the interconnection area and t o  a voltage t h a t  is  
about 10 percent of the actual voltage a t  the interconnections (ion ccrrent  
version of ey. (4)). 

(4) Dischatgee w i l l  occur i n  1ow.Earth o rb i t s  i n  those portions of the 
array tha t  a r e  between -500 and -1000 vol t s ,  and a t  geosynchronous a l t i tudes  
i n  those portions of the array that  a r e  greater t h m  -5000 vol ts .  

The secol 1 in teract ion s t a t e s  , i n  other words, tha t  higher-positive-vol tage 
portions of the array w i l l  co l l ec t  electron cbrrent proportioxla1 t o  the 0.8 
pwer  of the voltage. Another model for  current col lect ioe a t  these voltages 
has been praposed (ref.  12). This model assumes thet current col lect ion can 
be coanputed a s  the electron f lux  t o  an expanded sheath. The sheeth is  curved . 
a t  the panel edges, with the radius of curvature determined from the Child- 
Langmuir relationship,  and f l a t  across the cen t ra l  portion of the array. In 
t h i s  model the radius i s  propottional t o  the 0.73 power of the voltage. So the 
f u n c t i a a l  dependence of both models i s  s imilar .  

Since environmental in teract ions  between a space parer system a t  various 
voltagee and the space charged-particle environment should be &ore ptondisnced 
i n  low Earth orb i t s ,  t h i s  edvironment is wed i n  t h i s  i l l u s t r a t i v e  example. 
Pertinent enlironmental parameters for  400-kilometer o rb i t a l  coraditions ate 
givert id  table  I (ref.  35). The magnitude of plasma Coupling curredt interac- 
t ions a t  geoeynchronoua a l t i tudes  can be assumed t o  be orders of inegnftude lees 
thed those i n  ldw Earth o rb i t s  since the themel  plasras deneity is leas.  

Under equilibrium conditions , the voltage d i s t r ibu t ion  on the i n t e r c a e c a  
t ions w i l l  a s sme  values such tha t  the t o t a l  e lectron current I, collected 
from the p lasm (electron plasma couplfng current)  w i l l  equal the ion current 
Ii collected.  Since elecrroae a r e  more mobile than ione, oreas A+ of the 
array the t  ere  a t  poeit ive voltages w i l l  be smaller than areae A, tha t  a re  a t  
negative voltages, Furthermore, i t  can be expected tha t  the posi t ive  voltage 



V+ oof the electron coliection areas (relative to the apace pleaaa potentirl)  
w i l l  be less than the heeative voltage V,. Theee conditions can be written ae 

Ie '- x i  
or 

and 

where 

and 

4 panel area a t  positive voltage 

jeo, jFor . plasma propertleu (table I) 

Ee, and Ei 

The to ta l  Intarconnection area i a  assumed t o  be 5 percent of the t o t a l  array 
atea. 

To solve these equations, a relationship bebeen colLaction areal and 
voltages above and below space plasm potentirib is  beedad. Since a11 array 
rnoduiee have been ae~ua*d to be a t  the same! operating l ine  volta$e V and b voitage dlatributions within the mduie have been neglected, many co inations 
of voltage and area are possible. For th i s  example, it i r  aslumed that pod.- 
rive pol-tions of the array are a t  10 percent of operating vo1ta8e ( i . 0 . .  V+ = 
0.1 Vk md V- 0.9 V q .  The array w i l l  probably not be s i@ificant lp aore 
pasi t  ve &a thi6, so t e example i a  valid fbr  i l lus t ra t ive  purpaale. 

Plasma coupling currents can now be computed for  l eqe  pwer eydtems a t  
various opetatins voltages. Theee paras i t ic  currente can then be compared with 
the operating Current t o  evaluate the influence of the loas through the envi- 
ronment. Since a fhed parchtehe wae used for  the positive and nrgative volt- 
ages relat ive t o  the space plasma potenrial and since the array elbe i e  propot- 
tiocial t o  the paret  ganerated, the r a t i o  of c o u p l i ~  current t o  operatin(l cur- 
rent  has turned out t o  be independent oP power level. Reeulte, ae e function 
of  operating voltage, are shown i n  figure 17. These resul ts  ere ia reaoonsble 
agreement with those given i n  reference 12. 



The resu l ta  of t h i s  exercise indieate  tha t  plasml coupling current lasses ,$ 
a t  operating voltages lesP than 500 vol ts  a r e  not  eerious i h  low Earth a tb i t$  
and, therefbre, a r e  def in i te ly  not a problem a t  geosynchronoua a l t i tudes .  The 
l imitation i n  going t6 higher operating volta&es appears t o  be the arcing i n  
the negative portions of the array.  his arcing aleo w i l l  be a problem a t  geo- 
synchronoue a l t i tudes  but a t  negative voltages greater  than 5600 vol t s .  I f  
t h i s  arcing is  t ru ly  an electric-field-confinement e f fec t ,  a technologicel in- 
veatigation should lead f o  prac t ica l  n1ethod8 of ovetcomifif) t h i s  limikatiofi. 
Once arcing is eliminated, operaticm of power systems, in tne k i lovol t  raage, 
without detrimental plasma interact ions  ~ h o u l d  be possible a t  e l l  a l t i t udes .  

There is a poss ib i i i iy  that: ion thrusters  w i l l  be used with large space 
potJer eystems (ref .  3). I f  idn thrusters  a t e  used, addi t ioaal  current flows 
must be considered. Since the thruster  ned t ra l ize t  produces electrons i n  re-  
sponse ti, e l e c t r i c  f i@lds  surtounding it, it can maihtain the s t ruc ture  a t  
$pace plasma potential .  The array, then, w i l l  be a t  a posit ive voltage (rela- 
t i ve  t o  the space p lasm potent ia l )  t ha t  approaches the opetating voltage. 
Under these conditions, a large e lectron current can be collected t h a t  can ih- 
fluence array performance. In  addit ion,  e lectron col lect iob may be eahaaced 
through a chatde-exchange plaenia Prom the thrusters .  m i e  interact ion has been 
reported i n  references 36 and 37 and is described fur ther  i n  a paper fo r  t h i s  
conference ( re f .  38). 

S t  i s  recoghized tha t  the computarions presented here a re  s implis t ic .  A 
considerable number of factors  have been neglected: for  example, the motion of 
the system through space producing rira and wake e f fec t s ,  material  secandary and 
photoemissidn character is t ics ,  e f f ec t s  due t o  voltage d i s t r ibu t ions  within the 
array,  and magnetlc f i e l d  e f fec t s .  Even do, it  is believed tha t  the general 
conclusions indicated by t h i s  example a r e  va l id .  

A considerable amount of work s t i l l  has t o  be done i n  a technological in- 
vestigation t o  improve the accuracy of analyt ical  models, t o  ve t i fy  ground t e s t  
r e su l t s  i n  space, and t o  analyze complex geometries bsed i n  large space power 
systems. The questions ob long-term interact ion and enhanced cohtamination ef- 
fec t s  e t i l l  have to  be addressed, However, s ign i f ican t  benef i ts  t o  power sya- 
terns can be achieved i f  high-voltage operation can be sham t o  be feasible .  

CONCIUDING REMARKS 

Very large spacecraft with dimensions ranging t o  kilometers ha le  been pxo- 
posed fo r  future  space missions. These spacecraft w i l l  incorporate r e l a t i ve ly  
lightweight materials (composites and insulators)  t o  achieve the required low 
densi t ies .  The spacecraft charging intres t ige t ion  has shown a r t  such iaeterials 
can be charged by environmeatal fluxes end tha t  these interactions carnot be 
ignored. Similar spacecraft - charged-particle-environment interact ions  can be 
expected for  these new, large spacaetaft .  Urge  space power systems ere  el80 
being considered for  future  missions. Powers t o  multikilowatt levels a r e  
proposed. A t  these power levele,  it i e  advantageous t o  aee operating valtages 
higher than those presently being used i n  order t o  reduce transmission-line 



wetghtd and l o s h e .  Thib elevated-voltage operation could c a u e  interact ions  
with the space cherged-particle environment. Therefare, there is a need t o  ex- 
padd technological investi&&ione of such in te ra t t ione .  

Wo broad categories of spacecraft entrir~nntental interactions have Been 
defined: spacecraft passivc, where the envirsnrdent ac t s  or! the spacecraft; and 
spacecraft active,  where a system on the spacecraft Criudes the interaction.  
fhe principai interact ion i n  the rirst catkgory is sgac&craft-charging phenom- 
ena. Cotisiderable progress has beera made i n  understanding t h i s  interact ion,  
but the study is  not yet  complete. 

Spacecraft act ive ieteractforra present xelativeljt new interact ion cobcepts. 
As an example of these interactione,  a Large apace powet system i n  iov Earth 
o t b i t  operating over a wide range of voltages is considhrkd. Based on the 
available experimental data,  it appears tha t  the  envirohmental in teract ions  a r e  
hegligible fo r  operating voltages t o  500 vol t s  i n  Earth o rb i t s  dbave 400 kilo- 
meters, The l imiting factor  i n  goitrg t o  even higher voltages is the tendency 
t o  diecharge i n  the portions of the array tha t  a r e  strongly negative r e l a t i ve  
t o  space (-500 t o  -1000 V i n  low Earth o r b i t s  and -506 t o  -10 000 V a t  geosyn- 
chronous a l t i tudes) .  This tendency t o  discharge appears t o  be due t o  the con- 
flnement of e l e c t r i c  f ie lds  a t  the intercomectfons bemeen so la r  cells. A 
comprehensive technological investigation should lead co a means fo r  control- 
l ing th i s  discharge charectekist ic.  

Larise systems w i l l  in te rac t  with the edvironment t o  pieoduce e f fec t s  within 
the $pac.ccraft, end the converse can a l so  occur: Large spacecraft can a f f ec t  
the edvirowent by sweeping up the charged par t ic les  t o  cause as ye t  unknam 
repercussioas. This emphasize$ the need t o  understaind and evaluate a l l  possi- 
b l e  interact ions  with the environment before proposed large spacectaft  a r e  
launched, t o  safeguard both the spdcecraft systems and the enviromeat.  
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F i g m  9. - Plasma coupling currents for solar-array experlmpqt. (From ref. 32.) 
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la1 Conventional design. (b1 Wraparound design. 

F i w e  10. - Solar-array intercon,~ction configurations. 
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Figure 1% - Arcing o n  solar-cell array sample (cell side). 
Two-centimeter -by-4-centimeter wraparound cells on 
Kapton. (From I el. 32. I 



F i g u r ~  13. - Degradation in solar-array seg- 
ment performance after 114-hour test at 
4 kilovolts. Solardrlay segment area. 
100 cm? cell temperatu e. 490 C: light I intehsi!y. 135.3 mwlcm . \From ref. 28.1 
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Figure 14, - Current collection phenomenon with $Inhole i n  Kapton film. Plasma density, 
I. 7x10~ cm'? Plnhole diameler, 0.038cm. 
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