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Abstract 

A series of survey tests have been ebndtkted in the 1.ewIq Resetirch Cehter - 
substorm simulatibii ftrcilfty. The test specimens werz spacecl-aft pahts ,  
silvered Teflon, thermal blankets and so lar  a r r ay  segments. The $amples, rauig- 
tng in d i k e  frbtn 306 to 1000 e,m2 were exposed tt, mbnbenergetfc electron energies 
from 2 to 20 keV at  a current d6nIlPtr of 1 nA/cme. The strmples generally behaved 
as capadtore with strbrig volt&@? gradients at their edges. The charging Charac- 
tertstlcs of the silvered Tehor., Kaptbn, and solar  cell covers were contrdled by 
the $edundary em!Ssldn charncteristlC8. Indulators that did not discharge were 
the gpakecrtrft paints and the quartz fiber Cloth thermal blanket sample. A l l  other 
samples diti experience dhcharges \irhen the surface troltage reached -8 to -16 kV. 
The discharges were photographed. The breakdWn voltage for each +"e wa$ 
determined and tne average energy lost in the discharge was  Cbtnprtted. 
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Many satellite9 in geosynchrondue o C b b  hade expettenhed and ai% experlenc- 
in8 anohtilous behavior iri their electrdnic systems at vari6us times in thelr oper- 
atibnal life. l D  e ThiB behavitrr k balieded to be caused by the envimlitnent charging 
the insahtor  surfaces to the point that discharges can bbcur. 
wi l l  produce an electromagnettc pulse khich can couple into the dpacecraft htikness 
and case an ahomaly. Since parts of the satellite that a r e  shaded &an char@ to a 

different vdue  from a sunlit surface, the discharge can be betweeh a shaded 
insulator and the sparreeraft structure. Therefore, in order  td understand this 
Charging phenomenon, i t  is necessary to know how typical spacecraft materials 
respohd to the chaxging erwironiheht and to determine what factors induehce thiS 
charging. 

cbnditions has been initiated zit the NASA -Lewis Research.Center m e r  the joint 
USAE-NASA interdependency program. 
wdrk iliitiated to suppbrt the (=&nmldiahbAMePican Communieations-Technology 

5 Satellite prbgratn. 
The approakh used in the niatbri&ls chai-ahterization testing was tb expose 

selected-test specimens to siinulated substorm cbnditiond and determine their 
respotise t6 these conditions. The speciinen surface potentihl and the specimen 
leakage current to gpound wBre measured as a function of the simulation conditions. 
From this data the charge d e p b s b d  and the energy stored in the sample Were coni- 
puted. For those tests where discharges bccurr&I, the surfaee pbtential at break- 
down, the Charge lost and the energy dissipated h the discharge were determined. 
These tests were m on simple sample$ to investigate the material characteristics 
as a function of material geometry, thielthess, surface temperature and t a t  dura- 
tion. Additional tests Hiere run on more complex s m p l e s  tb determine the effect$ 
bf assembly techtiiqiied, surroundings, and mUltlpl8 durkee6 on $ample& 

typieal spaeecrah external coatitlgs listed in Table 1. The survey-type test is 
‘.listCally a short dur‘atlon test of 20 niin’utes at  each beam voltage. “hi6 period ig 
sluffictent to inaure that the sample e u r h c e  has come to its equtlibrlhm potential, 
The teats were tun In the Lewis gebmametlc sutwtorm simulation fbcillty. ‘ The 
t a t  re$ults repbrted here ape fdr 1 nA/cm beam current derisity testd. Unleds 
o thdwtse  speclfkd all data Is for dark Clarnditi&ns with the eaniple at room tetti- 
perature. More detailed test reports on the samples ceUr be fooulid Ln the 

7 4  ltterdture. 

These dischar‘ges 

An investigation to determine the materiald chhracteristics under the charging 

This investigation is a cbntinuation of the- 

This paper W i l l  describe the results of survey-type testilig conducted bn the 
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Table 1. Ubi: ~ e P i a l e  dhbPlff.tcrlation Studtes 

r 
Materials tedtetr 

Spaceera& paints 
S-13G nonconductive palnt 
ConductlVe paints 

Silvered Tenod samples 
ThermBl blahket samples 

Kaptdh outer layer 
Quartz cloth out&! layer 

Solar a r ray  segments 
Standard cells OR fibergltiss substrate 
Solar cells bn flexible substrate 
Solap cells With conductive film caverglaes L 

2. PROCEDURE 

The typical data set  for the testing is dhown fil Figure 1. A cbpacitivelji 
coupled, doneontacting surface vbltage probe is used tb Verib  that the initial su r-  
face potential W a s  zefo and theti Swept acrb99 the test surface at fixed time inter- 
valB after the Sainple charging started. S h e  the probe Functions with the beam 
operating, there 1s nb need td Lnterrupt the test to obtain the surface potenttal dkta. 
This procedure is fo1lowBd for the test. duratian and redults h transient charging 
eurves for eaCh test conditibns. fiach time the probe is swept aCross the sample, 
vbltage profiles art! automatically obtained. The typical steady-& tate profiles for 
initulating filmg are shown in the figure. 

BfAM. 
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ii'tgure 1. Typtbal Data Set of &laterlala Characterhattan Teste 
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Tho td:d lsnkngc clcctron currcnt tu around is mcasurod as n functlon of ttmo 
:~t'tclr I I I P  tort -itnrt. A typicnl cxnmplci of tho clcctron curront flow to ground 13 

i L j , j ( J  illown in Figure 1. This curront shows thc c*harnctcristlc# of capncltor 
c1inrf::ing; nn inltinl surge decaying with tittic to a ntcndy-atatc vulUc. The charge 
dcpo-:itc:d IJn thc surfact! can be obtuincd by integrating thio transient zurrstat (as 
+ I I ( ~ W I P  by Ihc Ahnded area); Once the ckirgc  nnd surfacc potential a r c  known, thc 
ciip:lcitani:c? and energy atornge can bo computed. The steady-state values of thc 
sui-rnee poteali;~l and lcakngc currcnt can bc used to compute the effective rcstst- 
ancc r>C flic sample. 

The siiiiio type of data can be used to obtain the discharge characteristics for 
the samples that experienced discharges. The voltage probe is used to follow the 
surface voltage through the discharge. In this manner the breakdown voltage and 
the poientinl of the surface after discharge can be determined. The transient 
leakage current i s  used to dctcrhiine the charge deposited up to the breakdown and 
the charge remaining after the discharge. From this data the charge lost and the 
energy dissipated in the discharge can be computed. 

3. I - p ; l l - e t d t  I'iiiiifh 

3.1.1  SAMPLE DESCRIPTION 

Both conductive and nonconductive paint samples have beefi tested. The hon- 
ronductive paint chosen for evaluation was the S-13G low outgasding white paint. 
This paint uses zinc oxide as the pigment with an RTV silicone as the vehlcle. 
l h e  sample dimensions were 17 by 20 cin by 9.02 cm thick, 

The conductive paints were black, white, and yellow conductive paints supplied 
by thc Guddard Space Flight Center. These paints were formulated with conductive 

but tho thickness was 0 . 0 1  cm. 

3 . 1 . 2  TEST RESULTS 

piginent to provide desired optical properties. The sample area was also 340 cm 2 

The redlilts of the simulation test a r e  shown in Figure 2. The conductive 
pairrts did not charge; the surface potehtial remained less than 1 V for all beam 
voltage conditions. There was no apparent physical damage to the samples as a 
wsii lf  of these tests. It is planned t o  conduct long duration beats of these samples 
to rlclerniine if there will be any time dependent degradation due to the electron 
bonibardnient. 
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Figure 2. Spacecraft  Paints Charging Survey 
Data 

The nonconductive patdt does chLrge but soon r'eacheS a limiting value oP 
about - 2200 V. The behavior is typicaLof those insulatbrs who?e resistance 
decremes with qoltage. The steady-dtate leakage current values vetify this 
resistance decrease. There were no visible discharges during these tests nor 
was there any apparent damage to the sampled Bs a result of the tests. It was  
noted, however, that the sample did "electrohuoredce" under elehtroh bombard- 
ment - it glowed in the beam. 

3.2 Silvered Teflon Samples 

3 . 2 . 1  SAMPLE DESCRIi>TION 

All of the tests described in this section were conducted with 15 by 26 cm 
silvered Teflon samples, 6.613 em (5 mil) thick, with the Teflon surhce expodttd 
to the eledtron flux. The sample was usually made by cbverfrlg a grounded metal 
substrate with 5 cm wide s tr ips  of silvered Tenon tape. A conductive adhestve 
was used 30 chat the silver layer Was electrically grounded wlthln a few uhms. 

3 . 2 . 2  TEST RESULTS 

3 . 2 . 2 . 1  Charghg Characteristics 

The results of these teats are shown in Flgure 3. The steady-state eurfade 
voltage proPiles (a) show that the central portion of the insuldbr  reached ir uniform 
potential dependent only ori the beam voltage. Therefore, the central portibn d 
the insulator seems to acquire the charactertstics of a conductor - no transverse 
electric field. However, there is a very pronounced ed& v&a@ gfadte;nt that 
appears to becbme more pronourrced with increasing beam voltage. Apparent19 
tlicse edge voltage gradients cah drive currents arotind the edges cmtribilting 
sifpiftcnntly to the total leakage ctirrent measiired tn t h h  ellpdrifnent. 
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VOLTAGL *r 

(c) CHARGE DEPOSITED. (dl EbkRCY STOdED. 

Figure 3. Silver Teflon Charping Data 

If the steady-state Surface potential far  the centra! portion of the sample ig 
plotted against the beam voltage, a linear relationship rcsultd ail shown in Figure 
3(b). The aurface voltage is .dimply 1800 V leYS than the beam voltage for the 
range shown. SLhbe 1800 V is approaimately the value for the secondary emission 
yield to be uiiity, the surface voltage ikppears to be contfolled by the secondary . . 
emission; the leakage currents are too smllli to influencv the durface poteritial. 

If the leirkage current traiisients a r e  lnteerated, the eharge deposited 6n the 
$ample t an  be computed. A plat of this chal'ge versus the ceirtrd surface poten- 
tial for each test condition id Bhown in #@re S(c). The slope bf thid curve is the 
effective Capacitance of the datilple. Thisi c w v e  indicates that the c&pacitance 
depeiids upod the s u r h c e  voltage. This effect is bblieved to be due to the edge 
effebt od the surface foltlge and not due to a change hi the iiiaterlrA1 dielectrii: 
coefficient. 

saniple can be computed. This result Is Shawn in F i w r e  3(d). 
bnce the chirrae arid surfaCl potedtlal a r e  airailable, the hnerg3. stbred ~ r i  the 
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3.2.2.2 DischaPge Charactedstics 

When the beam voltage i B  ihtreased above -12 kV, visible diseharpes occur 
similar to those shown in FigWt? 4. Pictured is a sirigle discharge Went hs a 
result of bombardment with 20 keV electrons. Pinholes were deliberately placed 
in the center of each 5 cm width of tape. The discharges driginate at the edges of 
the tape and the ptiiholes which are the places where the largeat voltage gradients 
would be expedted. 

I 

Figure 4. bischarges in Silver Teflon Sample. -.._... ... _I...._ -.*I .... e--- -...-.I 
Tape stlmple, donductitre adhesive 

The surface voltage and leakage current data obtained during a di$thar&e test 
art! dhown in Figure 5.. The ttoltegt! probe *a$ wept at discrete time intervals 
and the leakage currefit was recorded every minute. The actual t h e  of the dis-  
charge was. determined-from the recol'der tface o€ the .'eakag& curredt. The char$e 
deposited up to breakdbwn and the charke t e m a h h g  on the sample after breakdown 
wad computed by integrating the leakage current. The surface volt&& @as abtained 
from the prabe readlngd. The enel'gy last was computed fro&.thk charge and volt- 
a&e valued. The ettectitre value bf the Capacitance also computed from the charge 
and velt&& values, was edsentially a constant. The di$tinetion between partial 
discharge and majbr discharge depends rybn the charge and erierjfy lost in the d b -  
charge; in 8 riiajor discharge a large fraction of charge and stored k r i e rh  is last. 

Typical characteristics for the discharges iri silvered Teflori samples ark 
summarized iri Figtire 6. brie assumptibri rwde in these stbdies Is that a single 
sweep acrbas the scimple provides a voltage profile representdttve o€ the cnttre 
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Figure 5. Discharge CharaCteriBtics af Silitef Teflon %mpW 
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slrmple. ThiO adlWptioxi waB VePiPfed by coxtipaking sample shrfaEt! p6tentta1 
pbofiles obtained juat betore ahd j u t  afteli discharge with computed slikhce Volt- 
age value$. The$e values were commted a i h g  a bne-dimensional mbdel for a 
silvered Teflon capacitb,r.. Theat! values are -10,160 V befool'e iliacharge and 
-6500 V after digcharge. These values &e itl good agreemeht with the actual 
pmbe r e a d i e s  of Figtire Ma). Hence, it appears that the Voltage obtained frbm 
the probe sweep 19 representative o€ the whole Bample. 

bombardment have also been obtained. A typical pulse L 8 h b m  in FiguPe 8(b). 
The duration of this p\ilse is on the order of 500 w e e  while the peak aniplitudi5 
ranges between 20 and 100 A, The maxihum values of charge represented-by this 
purae (from integration of the area -der the curve) are oh the ooder of 15 pC 

imtead of the 50 to 60 IC o€ charge lbst ikdischarge ail cofiputed €rom the surface 
voltage reading.  The replacement current does not appear to compensate for 811 
the charge that is lost in the discharge. A modelof the dbchatge phdnomenbn ig 
being develtjped. 

A$ a eesult of the discharge te5ts there Wa8 sbmi! s i lver  loss at the tape edges 
where the discharge& originated. The lbss w i u  concentrated at the discharge 
beation aad did nbt appelr to UacreaAe with time up to tellt times of sePePal Hours. 

tape might have influenced the dischargin$ characteri~tkcjr. Tb inwetigate this g 
test was conducted with a single sheet of silW3efed Teflon nitxinted bn a Wive frame 
with a minimal amowt of adhesive on the sample back. Again the Teflon h c e a  the 
eleetron b&m. The silver layer Was wired directly to the e lec t rkbl  ground. The 
test results *&re slfliilar to those of the tape dafnples. The visible dhdharges 
observed unaer 26 keV electron bombardment a r e  shown in Figure 7. This is a 
time ekpmufe and represents about three major di$char$es. It appPhr~ that if 
there l s  any biit$as&ing, it does not appreciably change .th& dbcharpe 
characteristkd. 

The trarisient euri-ent pulaee durihg a major discharge m&r 20 keV electron 

It tkgg possible that the outgassing df the adhesive in the WaCkd betweexi the 

3.3 Thermal B;IP.:!.st Sm$es 

9.3 .1  SAMPLE DI%CRIPTIdN 

Four diflefelrt t s e s  of h p t o n  outer layer bltmkete %ere evaluated in this 
seriee of tests. Theae samples are dhoWri in Figure 6. Sample A, B, and .D have 
0.013 rm (5 mil] thlck Kaptoh as the outer ltryer. Sample C has a 0. do5 cnr (2  mil) 
thick hptiSn &titer layer. S&nigle D ht3s a eeiNn edge ccinstruction %bile the others 
have' open edges. The fnterlor portions of the blatikets are 15 cir 26 layers o! 
alhmisilied Mylar, Ail mettiilk lagere irf all blankets *ere grounded through the 
elbctrombter. M all  cases the sarhplee were tedt8d wlth the IGiptoti iayer Facldg 
the electron sour%e. sr 

. . . . . .. ~ . _, . .- . -.- - . .. .. 



Plgure 7. Discharges in Single 
Sheet Silver Teflon S m p l e  

Figure 8. KRpton Thermal Blsriket Samples 
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3 . 3 . 2  Tb$V AESUI,TS 

3 . 3 . 2 . 1  CharghiJ CharlctrriStiEB 

The charging characterfstics a r e  shown in Fi@it.e 9. The steady-state .-oltage 
profiles (Figure 9(a)) shbw the same characteristics as  thc silvered Teflon film: 
unitorm pbtential akross the central portiotl of the Kaptort with very strong grad- 
ients at the edges. ?'he distbrtibn in the voltage profile at the right hadd edge 
(above 5 kV bearri voltage) o&curretl when the prbbe passed clbse to a bladket 
grounding tab. 

BEAN LV 

w 

(L 7 v) 

ALONG SAMPLE 

(a1 STEADY-STATE VOLTAGE 
PROFILES. 

BLANKET CONFIGURATION 
THICKNESS, EDGES  ARE,^. 

M I L  cm 
o 5 OPEN g 8  
o 5 OPEN clR 
o 5 SfWN 329 
A 2 OPEN 413 

t 
I 

0 - 5  -10 -15 -20 
6EAM V6LTAGF. k V  

(b) SURFACE VOLlACE AS FU!ktlON 
OF BEAMVOLTAGL. _..___ 

N. 

E, 2.0 

1.5 

1.0 

>- 
0 

0 -5 -10 -15 P .. 

SURFACE VOLTAGE. kV 

ICI LHAPGC OE~OSIIEO. ~db ENCRGY STORED. 

Figure 9 
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The plot of the steady-state vultage v%rsus the beam Voltag8 (Flgurs 9(b)) 
tigain shbWs a linear relatibnshit, fak- the 0.013 em (5  mil) thick Kapton. The 
surfat% vultage for the Wpton is 1200 V iess than t H 8  beam voltage, and again is 
cbntrolled by the s&ond&ty emiSlibil characteristics of the surface. The 0.005 
dm ( 2  mil) Kapton matedal  begins with the surface! vbltage contrblled by secdddaty 
emirisbn. UowW@r, above 15 kV durface voltage, the effect of leakage current 
begins tb slba the rise in surface! Voltage. This effect is expected based on the 
M e r  bulk resistance. 

surface area, are shbfn  in Figure 9lc) add (d). The slope of the charge-surfaee 
voltage curve again changed with the voltage, showing t b t  the capacitance varies 
with voltage. This trafiation is... believed to be due tb the voltage gradients at the 
material edges. 

blairkets do ribt appear to depend upbn the methdd of edge treatment. The Materig1 
thicknesd dependence is as anticipated. &lure pronounced effects of edge treat- 
ment Urti1.L be discussed ahen discharge ehBracteristitS arb re\>ieWed. 

The charge deposited per unit surface area and the Cncrgy stored per unit 

The conelusion from this Wurk is that the charging characteristi ts of Kapton 

3.3.2.2 Discharge Charatteristics 

The discharge charaeteristic data are shown in Figures 10 and 11. Generally, 
the discharge characteristic$ of the twb 0.013 cm Kaptbn open edge blarikets 
(Figtires 8(a) add (b)) were similar. The 0.005 cm kipton blanket ahtl the sewh 
edge blhnkets (Figures 8 (& )  arid (a)) behavet3 in a similar mknner. Therefore, the 
diseharge characteristics wi l l  be disi%s$Ctl bnly in terms bf sewn edge blankets 
and bpt?n edge blmkets. 

The discharge charakteristics of the sewn edge blankets are shbwn in Figure 
10(a). Ii.1 this figure the suPfa'aCe vbltage prbbe traces just befort? and after dis-  
Charge are displayed. Ushg  the transient leakage current data to obtain values 
for the charge, and the cbmputed value of the capacitance, the surface tibltage has 
been caltulated and superimpbsed on the valtage pro!ji! trates. The agreement i9 
vkrp &ad. Applying these technique$ to all of the test data P'asults. in the break- 
do*kiri dharacteristiCs lilted. It has been found that tHe initial t ireakda~ri for each 
beain voltage test above -10 kV occurred when the average sur fa te  voltage was 
about -10.4 kV. After this initial breakdotfi subsequent d i schayes  occufrld 
when the average surface pbteiitial reaehed -8.2 kV. The energy diusifiated in 
these discharges id relatively lo*. The number of discharges per untt test t h e ,  
Howevet, I s  ralrly hlgh. 

The visible discharges observed ori the sewn edge blanket are shown in 
Figure lb(b). The characteristi t  of the diucharee is that of ci gloJv of light over 
the kilpton surface with definite; discharge spots at the thread line of the blanket 
edges, It Is believed that this sewing acts as  the trigger For the discharge. 

4.42 
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Figure la .  Discharge CharacteristiW of Sewn Eagc Blanket 

AVERAGE DISCHARGE CHARACTER ISTICS 
VOLTAGE AT BREAKDOWh: -16.5 k V  
CHARGE DEPOSITED: 25GilC 
CHARGE LOST IN DISCHARGE: XJOVC 
ENERGY I Y  DISCHARGE: 2.0 J 

s 

"BEFORE DISCHARGE' 
I S  > -12kV 

..- 
AFTER DISCHARGE 

4 % I  

Ff@e 11. Dischaege Characteristics of Open Bdge Blanket 
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The dhHarge  Characteristic3 of the open edee blankets are shown in Figwe 
Il(a). h r e ,  only the trdee aPter the dWhargE! has beell bbtained. The -12 kV 
limitatibn of the stirface voltage prdbe prevrntod mt?asurin$ the surfaace Gotentla1 
profile before discharges occurred. The agreeinelit between the available voltage 
trace and cordptited average voltage is stil l  gaod. As one cah see from these char-  
acteristics, it requires a large voltage to cause the breakdown, but wheri it does 
digcharge the energy dissipated ts very large. Almost all bf the stored eheligy in 
the blanket is lost. The visible dbchakges from this type of discharge are showh 
in Figure lltb).  The discharges appear as stteaks originating at either vent holes 
o r  gromding points and elttehding across  the blanket surface. 

9 . 3 . 2 . 3  a f e c t  of Sunlight on kapton Blanket Characteristics 

A sunlight-t?clipse simulation test was conducted using an open ed$e, Kapton 
outer layer blatiket (Figure 8(6)). The surface Voltages measured during this test 
are shown in Figure: 12. The Cbnditions throughout this test were: -10 kV beatn 

ple potential St zero vblts and then exposed to the electron flux with the solar Simu- 
lator off. The sample charged to abaut -9 kV as  expected. The effective resistinace 
of the sample under the dark steady-state conditions was 3.6 r: lo1' ohms. 

vdltage with a 1 nA/cm 2 beam curreht dehsity. The test was statted with the sam- 

Fimre 12. Effect of Sunlight on KaPtoti 
Ther ihd  Blankets 

The sdlar 8imul8tor waB turned on 30 minbted after the telt btarted and ie- 
malned on for an additional 30 mtnutes. The durface vlrltage ahd the leakage cu t -  
rCnt changed tmmedlateljr (the step Ln this ctirve wad caurle by fh@ two-stage turn 
cm requtrement of the solar striiuititbrl. Aftef.33 midtites tn the sunlight (at about 
314 dolar hitemity), the Lirirface voltage w a s  decreased to about -200 V rind the 
sample effecttve resistelnce reduced by 3 orders  of' magnitude (to 3.6 )r IO'ohmBj. 
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At th& point the Btmulator w a s  tWWd Off ahd the Elample allbwed tb charge up 
agah.  The charging rate b r  thl - eeltprse c y d e  was slower thad the f i rs t  eciip5e 
cycle. After tho 30 triirPdteB tn the dark, the eudace voltage reached only -7 k\f 
carreepbriding to ad effective resiacafice of 4 X lo1' dims.  Turning the eolar s b u -  
lator backon drbve the the surface voltage baek down tb the -200 V level. 

The test was repeated with the beam voltage set tit 20 kV with a 1 nA/cm beam 
current density. The initial dark eclipse gimulatibn resulted in d series of dis- 
charges, When the simulgtbr was turned on, the surface potential dropped again 
tb about -200 V ahd ail  dischatge activity e8ased. A f t e r  20 minutea into the lecbntl 
eclipse simdlatfdn the potbhlial was only about -G kV with no discharge activity. 

?'he behavior appears to be related tb the photoconductivity CffBct reported 
for Kapton. lo The Klptofl rnatetiai hag shown an immediate decrease id bulk 
resigtahce With illuminatiod and appeacs to slbwly return to the original properties 
wheh rethrned tb dlkk cbdditions. The Kapton behador  exhibited in these tests is 
probably nbt the result of photoemission frbm the samFle since no bther m8:erial 
tested with the solar simulator bthibitetl sudh an immediate and pronoilhced drap. 
The redhctian in bulk resistivity ebuld be enhaneed by an increase in the sample 
temperature. But this should take a finite time to cause the change. 

2 

3.3.3 QUARTZ CLOTH OUTER LAYER BLANKET SAMPLES 

TWO samples af thermal blankets wlth Astrbquartz clbth substituted f i x  the 
Kapton outer layer *ere tested. One sample had a sewn edge (provided by Rock- 
well Internatfonal, Inc. ) while the second had opdh edges. 

The test rbsults are shown in FiguPe 13(a) and (b). The steady-state surface 
voltage ad B functibtl of beam voltage (Figure 131P)) shows that the surface charges 
only to slightly mbre thln -4 k? under a 20 kV beam test conditbfl. The charac- 
teristic corresponds to a sample Ln which the resistance! inereases with the surfaee 
valtaee. The sample effective resistance is shown in Figure 13(b). The transient 
leakage current data ifidleate that therii is littie, i t  ahy, chgrge stored in these 
samples. 

S-!SL: paint ~ m ~ p l O ,  the blanket did eleetrbflubrescb in the b e a m  A picture of 
+he sample glodtig is $hoW~n in Pigure 14. 

There We:-e n6 disehhrges observed durin$ thede tests, Howeer ,  as With the 

3.1 Solar 4*my Segment8 

3 .4 ,  i SAMPLE UBS~RIPTIOIV 

Three dtfferent siSlar ar ray  sggriidnts: Were avaluatad in this test setku. The 
seginents are shown in Figure 15. Se'grfierit A ie calied the standard solar a r ray  
segmirit. It is aii sirray of 24 2- by 2-cm c&lls in series.  The cells a r e  i b  mils 
(6.025 cml thick, 16 ohm-cm resistivity, N on P type solar  cells, Thi! covef. 
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la) SURFACE VOLTAGE AS FUNCTION OF BEAM tb) SAMPLE RESISTANCE. 
VOLTAGE. 

Figure 13. Quartz Cloth Thermal BlairKet Charging Survey Dhta 

Figure 14. Gldw oL Quartz Cloth Thermal fjlanket 
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filidcs APD 12 mils (8.03 em) fused .silica (Corning 7940). Tho calla arc? bonded to 
f i  Kapton ~lkect whtch 18 bonded to f i  ftbsrg1as.r sheet. Qiic: and of tho fiborglass 
board i s  cavcrsd wtth a grounded mota1 plats ?he fibkrgla t~ on thc other thrco 
cdgcs of the segment is uncovered and exposed to the Bleetron !lux during the test- 
ing. The cleslrtcal circuit of thc segment i s  grounded throup!i the clbctrorn&ter 
for the tests,  

Scgment €3 consists of 27 2- by 2-cm cells in a serie.r/p.eirallel configuration. 
These cells a r c  mou,?ted dittlclly on a 3-mil KJ. Ob"-cm) Kaptoh-fiberglaw flexible 
substrate. The cells a r e  8-mil (0. bl2-cm) thick, 1 ohm-cm solar cells. The 
toter slides a r e  4-mil (0.OOB-cm) thtck cerium doped microsheet. This segment 
has been constructed using the same technique9 employed in manufacturing thk: 
Canadian-American Communications Technology Satellite array. 11 

Segment C consists of nine 2-  by 4-cm cells in a series/parallel configuration 
with a conductive coating on the coverslides. These cells a r e  mounted on a fiber- 
glass board with about a 0. 6 cm fiberglass border exposed at all four edges. The 
cella a r e  11-mil (6.028-cm) thkk, 15 to 45  ohm-cm solar cells. The cover slides 
are 12-mil (0.03-em) fused silica (Corning 7946) with a thin, transparent conduc- 
tive coating applied by the Optical Coatings Laboratory (OCLI). The conductive 
coattngs on each cell have Seen connected together at the four corners and elec- 
trically grounded. During the tests of this segment, the current collected by the  
conductive covers is monitored separately from the cvrrent collected by the a r ray  
circuit. 

* 

3 . 4 . 2  TEST RESULTS 

3 . 4 . 3 . 1  Charging Characteristics 

The characteristics of the standard and flexible substrate segments (Figure 
15(a) afid (b)) a r e  shown in Figures 16 and 17; the conductive coverslide segments 
w i l l  be discussed later. In Figure 16 the voltage profiles across the two segments 
a r e  shown for  various beam voltages. For  both segments the effect of the edges is 
pronouhced when the beam voltage exceeds -5 kV, The most severe voltage grad- 
ients a r e  produced at the interface between the coverslides axid the border. In 
fact, there is evidellce that the border can control the charging of the coverslides 
(gee Ftgure lG(a)). This effect suggests that material samples should be tested 
with the flight conftgurabion boundaries in  order to evahate  properly the behavior 
of any particular satellite exterior deslgh. 

The steady-state surface voltage reached by the coverslides and the substrates 
as a function of beam voltage, the charge deposited and energy stored in the seg- 
ments are shown in Figure 17. The e r ro r  bars, on the voltage curves represent the  
range of values across the samples. 

' i  
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The surface vsltage C irve for the etaridard degment coverslide and the fiber- 
gla$s are straight lihes. This implies that the srtk-fhce voltage for bath is coli- 
trolled by the seebndary emisslbn Characteflstks of each ftltiterial with the fused 
s W  being B slightly better i?EnLfter, 

The stirfate voltage curve for the flexible substrate segment ihdicates that the 
cerium doped microsheet coverslides charge to a lesser  value than the fused Silica 
and behave as a material whose resistance inCreas8s with voltage. Thia behavior 
may be the re$ult of the charging of the border and m&y not be real. ThSs wi l l  b2 
Verified. in futdre tests on the Microsheet alone. The Kapton-fiberglass substrate 
behaves as  expected. The durface voltage is controlled by secondary kmission 
until the surfaee potential reaches about -9 kv at whiCh point the leakage current 
influences the voltage and the curve s tar ts  to fall off, 

The chtitge deposited on the coverslides of both segments, along with thd 
energy stored, is shown in FigLire 17(b) and (c) as a functiandf the coverslide 
average voltage. F9om these curves it is evideht that, although the same charge 
is depbsited on the flexible substrate segment a d  the standard segment, the enei-gy 
stored in the flexible substrate segment is considerably less. This effect may be 
due to the charging of the substrate botindaries, In any case, the techniques used 
in CbnBtructing the flexible substrate segment appeat; to minimize the charging of 
the segment. 

3 .4 .2 .2  Discharging Characteristkd 

The discharge characteristics of trnly the standard a r ray  segment have been 
obtained. FbC this segment, discharges are observed &hen the beam Volt&@ is 
abbut -14 kV. A picture of a typieal dischhrge is shown iri Figure 18. The dis-  
charges seem to originate at the edges of the coverslides and culminate in B flash 
of light over most of the coverslides. There is no apparent physical damage tu the 
coverslides due to these discharges. The voltage-current charkcterldtics of the 
segment are the same aPter this test &I before. tong time discharge tests are 
planned to deterMine if the discharges can eventually decrease the a r ray  
performance. 

The discharge characteristic$ for this segment hatie been obtained from the 
leakage currdrit measurements as shotvn in FiCJure 19. The charge stored is ebw- 
puted by integrating this current. The breakdown voltage is CoMpUted from the 
value of the capacitance and the coinpttted charge depoditbd up to the point of dis- 
charge. The energy last in the dk&arge is obtained by carirputing the energy 
stored at the time of the discharge and the energy remainlng after the discharge, 
The avkrage resdlts for the three partial discharges end the 15 major discharges 
are tabulated on PL@rc is. As can be seen thi: discharkes seem to occur between 
-8 and -9 kV. In a pattiell discharge only about 2 5  mJ a r e  lost whereas the full 
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r'igure 18. Discharges in Standard 
Solar Array Segment 

AVERAGE DISCHARGE CHARACTERISTICS 

Fifrure 19. Diskharm Charai! teridtks of Standard S,,!ar A fray 
Se&ment 
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60 mJ stbt-ed in the segmeht are lbBt in I major disthbrge. The reasons far 
partial digcharges in $oine test9 Ind major discharges in bther tests a r e  stil l  to 
be establbhed. 

3.4.8.3 Effeet of Sciltlr Simulatibti on Flexible Sd'jstrate Segment 

It is known that sunlight will  increase the Conduction in Kapton" exposed to 
the lieht, This increase wduld result in lowerihg. the surface potential cnd pbssi- 
bly pwveht discharging. Howelrer, there i& a qile.stion of what wduld happen to Ihe 
dark dielectric surfaces behind the solar  cells i f  the .irray were expbsed to a sub- 
storm condition &hile the cell side waS illutninated. Would there be discharges? 
Or would the reducehresistivity of the i l lmihated Kaptbn affect the darkbhed 
a r eas?  A test ha$ been conducted at the LeRC to determine the response to these 
conditions. Additional testing of a similar a r ray  segment has been conducted in 
the ESTEC facility. 

The flegible substrate segmeht was mounted in the LeRC .facility such that the 
dielectric side w a s  exposed to the electron fluk. A infrared, quartz arc lamp w a s  
mounted in the tank so that the light would illumihate the cell side of the segment 
I t  about 0 . 5  solar intensity. Test hlhs &ere made at setrbral vbltages at a beam 
current density of 10 nA/cm firSt with the lamp bff fbr 30 minutes. then With the 
lainp oil for 30 minutee, followed by 60 minutes ag&in Tlj the dark Xnd finxlly, 36 
minutes With the lamp on &gain. The total nuinber of disehargeg detected by the 
loop antenna 50 em froin the segment *as counte; at 6Pch beam current voltage. 
The result& for the -10. -12. and -14 kV beam voltage tests are shbwn in Figure 
20. Similar trelitiB were found in the -16, -18. and -26 hV test& 

As is apparent from Figure 20, the segment e.uperic.iced numerous discharges 
when the skgmknt was ifr  the dark initially. When the light was turned on the dis-  
charges stopped immedlate!y. When the !amp was again turned off, the discharges 
oceutred again, but at a signifihantiy lower rate. Even the lower rate was ternii- 
nated when the lamp was again turned on. Therefore, the light on the cell side of 
the segment deems to stop the dbcharges that occur when the! tfiel&tric side. is 
bombafdeti with kilovolt electrons while the cell electrical cik-buit is grounded. 
The reason fbr thig behavior id either due to the photbconduetivity effect in Fiaptd;, 
or thermal effects in the dielettric (there Was no attempt to contra1 b r  fieasufe 
the segment teliilperature during these tests). 

The discharges that Were trb6BrWd durinij this t&t are shown in Figure 21. 
Thid piCtuPe is a multiple discharge exposure of the seemerit in the dark While the 
dielectric is bombarded. The majority of the discharges occur a t  the cell inter- 
cbnntkts. This implks that the Kapton-ftberglass cloth is  charged to a point where 
theri! is d breakdown through the cloth to the gkowided intercofiriect, Prellmindry 
cdlctdatluns indicate t h d  the surface potentid is about -8 to -9 kV at the dischdrge 
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Figure 20. DigchaPge Characteri$t.cs. Eclipse 
Simulation; flefible substrate segment, eleetrori 
ixrrent density, 10 nA /cm2 

FL@re 21. Discharges Ln Plexible Sibstrate !War 
Array Sewent 
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which is sufficient to bi-cak dbivn the thiti Krlpton sheet between the fiberglass 
strands. 

nuiiibet of di3chargbs Was noted. The segmelit was rembved from the facility and 
inspected. It Was found that the cloth was punctured at every idterconMCt. This 
apparently reduced the number of discharges per unit t h e .  There w a s  ho degra- 
dation of the cell charaeteristics as a result bf these tests. 

A f t e r  putinin$ tests od the se@nedt fop about 4 0  lioui-s, a marked decrease in the 

3 .4 .2 .4  hnduet ive  Coverslide Test ReSults 

This segment w a s  expoged only to a limited test. The voltage prbfiles obtained 
a r e  shuwfl in Figure 22. These profiles show that the conductive coverslides re- 
mained at ground potential while the surrounding fiberglass boundary charged to 
rather high potentials. In fact, these reached a point where discharges between 
the fiberglass atid the thin cbndtmtive covers were possible. Theretore, the test 
w a s  stopped. The-fiberglass W i l l  be covered and grotinded a M  the test w i l l  be 
repeated. 

CORDUCTIVE C0L;RSLIDE ARRAY SEChlERT 

I -  - FIBERGLASS IuNCOATED~ - ' 4 '  
I- * - -- 
c- c- . - 1  +L&---TL -t.- + 

PROBE TRACK t' . ': I--.-- -J 

Figure 22. StgBdy-state Surface voltage 
Profiles of Solar Array Segmerrts 

The conductive cowPsliHes did ccillect currerlts proportiond to the cell area 
There were no nonuniformities observed in ahd the beam current, a s  expected. 

the voltage proflie over the conductive roverslldes. The location of the gaps 
betwern the cells was barely discernible. The sample was very well behaved. 
The results again polrited out the need to test samples in flight configurations so 

that the effects of t h e  aurroimdfngs can be evaluated. 
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A ser ies  of sWLey tests have been cbnducted in the Lewis Relesrch Center 
geonlagtietic substarin IimulMion facility on t s i k e l  spBceCrlft niaterials. The 
samples, ranging in size frbrh 300 to 1000 cm were exposed to mahbetcrgetie 
electron energies from 2 to 20 kbV at a current derisity ot 1 nA/cm . 
one surface at grbuhd pbtential while the sut'face facing the electron beam came to 
an equilibrium pbtential that depended Upon the secondary emission, baekscatterihg, 
anclleakage currents. Strong voltage gradients *ere found at the edges of the d a m -  
pLes and these must be considered in treating the sample as a simple capacitor. 
The effective capacitance of the sample appears tb change with surfAce voltage as 
a result of this edge voltage gradient. 
Characteristics of the samples either beeauee of photoemission, photoconddction, 
o r  thermal effects. Finally, i t  6 8 s  found that the durrbundihgd can influence the 
charging of the samples. Therefore, realidtic evaluations bf the behavibP of mate- 
rials for a specific design must include the effe&ts of the suprowdings in the flight 
cbntiguration. 

The samples in which discharges did nbt occur were the spacecraft paints 
(both conductive and horiconduttiw), quartz cloth samples and cunductive cover- 
slide Solar Brr'ay segments. In the ease  bf the S - i S G  paint an8 the quartz cloth 
the samples were charged to limited voltage valued, but they did "electrofluoreste" 
in the electron beam. 

A l l  of the &ther samples tested did discharge. The discharges normally orig- 
inate at the sample edges o r  at imperkctions on. the stirface. These are the placed 
*&re the voltage gradients are the most sever$. The distharges were visible and 
have been phbtbgraphed. The discharges otcurred when the SurfaCe potential w a s  
in the range of -8 to -12 kV. The energy lost hi the dischPrges was computed to 
be in the range of about 0. d d / c m  for the solar .array segments tb about 2 mJ/ 
cm for Kapton blankets. Construetibn techniques and surrbundhgg were found tb 
lnfluence the discharge Char$cteristit!d of the samples so that the evaluation for a 
partitular spacecraft design shbuld invalve testing in flight configrlrattoris. 

georrietric Staling, or how to dhtermine the dharactertstlcs of very large space- 
craft surfaces from testd on $Mall area stamples. th order to obtain this scaling 
factor, large area tedt6 in very large fac(lit18s mult be donducted. Such a test. 
progFani 1s being constd6red for the near future. 

manoefiergettc electron h x e s  to the distributed h n e r p  plasma of space, b e  
attempt at this extrapolation is gl 

2 
2 

Ih geheral, all the insulatbr Materials behave as i f  they *ere kapacitors with 

Solar SiMulation changed the chaEgiq 
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There are two scaliag factors that stil l  must be resolved. The first the 

The setond sealing faadtor is the envttsnmedtal scaltng o r  the transttioti frorn 

irl another paper of thls session. l3 The h a 1  
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answer wi l l  come only after space-flight data bn the materiale characteristics 
have been bbtaifled from experiments such as  those on SCATHA. 

significant parameters tor the various spac6Craft matepiah have bebri evaluated. 
The ititormation gathered will be issued iri reports and catalbgried for in&orporatiori 
in the Design Criteria Handbook that is to be the main autput of the jbl-nt AF-NASA 
Spheec raft C h&r ging Inves t igat i t  n. 

2 

The testing program that has been d&Crlbt?d here will continue uiitil all of the 

4 
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