
John V. Staskue and Prank r. Berkopen 
NASA &ewis b e e r c h  Center 

Thie paper discusses the restilte af materials t e s t s  conducted i n  the 
Lewis Research Center'bl geom~@etic~dubstofill-envir-eht Biwrlation fac i l i ty .  
The materials tested were f iexible solar-array aubstratee, gtaphi te- f iber /  
&$oxy - alumidurn honeycomb panels, and th in  d i e l ec t r i c  films. The t e s t s  Con- 
s i s ted  of expoeing the samples to  6nodbenergetic electron beante tadgidg i n  en- 
ergy from 2 t o  26 keV. Surface potentials,  dc cufrents, and sutface discharges 
were the primary data. 

F&ur solar-array substrate samples eere  tested. Theee samples consisted 
of lorpton sheet reinforced with Eabrice of wven glass or  carbon f ibers .  They 
repreoented d i f fe rent  consttuction teehtliques tha t  might be used ta. aduce the 
charge arcumuiation on the array back surface. 

Five hbaeycornb-panel shmple~ Were tested, two of which,,were representative 
of Voyager ahtenna ma t e r i a  l a  and had e i the t  conductive or  noaconduc f ive  painted 
surfaces. A third sample was of Navsear solar-array eubdtrate material. The 
other ttvo sadples were of materiais prrgoeed f a r  use oxi In t e l sa t  V. A l l  the 
hodeycomt)-panel eamplee had graphite-fiber/epoliy coniposite face sheets. 

?he thin d i e l ec t r i c  films were 2.54-micrometer-thick Mylar and 7.62- 
micrometer- thick Kapton. 

Many geosynchronouii s a t e l l i t e s  have ellperieaced b&aviot enomeliers i t r  
electronics system a t  some time during the i r  lit'etimetr (refs. 1 and 2). These 
anahalies a re  believed to  resul t  ftom diecharges tha t  take place an various1 
s a t e l l i t e  surfaces a f t e r  dif  fe ten t ia l  charging by the geomagaetic subs t o m  
environment (ref. 3). The Lewia Reseafch Center has undertaken investigatitskia 
of the charging behavior of various materiele i n  i ts  gedmagnetllc-subs tom- 
environment s imuhtion f e c i l i t y  (ref. 4). Thermal control laeterials and some 
solar-array segments have undergone co-iderable testixig (refs,  5 t o  7).  Cod- 
cern about the behavior df materials proposed for use on future s a t e l l i t e s  led 
to  the test ing of several f lex ib le  i n e u l a t o ~  end cwdposite samples. 

~lexibie-eubetrate  eolar arroye used on eome ccmiunicatlone s a t e l l i t e s  
preaent e large irisuletor area that  can be cherged by the enviroiiment.. The 



f i r a t  euch array was dcalan~d and b u i l t  fob tho Canadian-American Communisa- 
tione Toehnology SatclSi te  (CTS) before sgacacr~PL chcr@ng effacfe were undsx- 
stood. Hswcver, e h ~ r e  waa errffb%cnt  concorn Eoo the psaeihlc charging o f  this 
array thac o charging Lnvwtigation wae eonductcd (ref. 8). Thc CT$ has our- 
vivod etlvir6nmntal chargift$ ~ f m s  its launeh i n  January 1976 but heo suffered 
4 p m ~ r  lom pdisoibly bosause of a charging evefig ..(ref. 9). 

When B eimiler clolor array wee, proposed fo r  use on tho loteee Camat rroe- 
e l l i t e ,  I n t e l s a t  V, several  madifieaeiotis t o  the substra te  wcte suggaeted t o  
minimize the charging of the d i e l e c t r i c  surface. Tke Kepton-fiberglase eub- 
e t r a t e  was charrgcd to  include woven carbon-fiber fabrics,  or  conductive surface 
coatings, o r  both. The fabr ic  and coatings Qould be e l ec t r i ca l ly  grounded. 
Theee "quaai-conductive" d i e l ec t r i c  substra tes  required tes t ing  t o  evaluate 
t h e i t  effectivenese i n  controll ing surface chdrging. Four solar-orray sepgnents 
with d i f fe ren t  carboa-fabric weegee add sutface coatings were prepared by AEG- 
Telefunken and Comeat Corg. These segmehts a r e  par t  of the samples tested end 
reported on herein. 

Five graphite-fiber/epoxy - aluminum huneycomb panels (samples of mate- 
r i a l s  fo r  the  Navstar, Voyager, and In t e l s a t  V s a t e l l i t e s )  were a l so  tested.  
They a re  representative of solar-array subetrates,  antenna materials, and 
s t ruc tu ra l  panels used on these s a t e l l i t e s .  The two ahtenna-panel samples were 
painted, oae with a conductive paint  and the otlier with a nddcondllctive paint. 

Two thin-film materials, 2.54-micrometer-thick aluminized Mylar and 7.62- 
niicrometer-thick Kapton, were a l so  tested. 

The flexible-substrate solar-array samples and the In t e l s a t  V honeycomb- 
panel samples Were furnished by the Comet Corp. The Navstar honeycodib-panel 
sample was provided by the Rockvell I r l temat ioaal  Cotp: And the Voyager 
honeycomb-panel samples were supplied hy the J e t  ~ r o p u i s  ion Labore tory. 

DESCRIPTIONS OF SAMPLES 

Flexible-Substrate Solar-Array Samples 

The four flexible-subtatrote solar-array sampies were naminally 10 centi- 
ldeters by 11 centiuietets i n  ateti. The substretea were made of 12.5-i~iicrometer- 
thick Kaptoh sheet (density, 19 g,/mZ) tha t  was reinforced with e i t h e r  a woven 
carbon-fiber materiel o r  a WdVen glase-fiber material  bonded t o  one sureace. 
A s i l ve r - f i l l ed  polyester s t r i p  bonded t o  the back surface along each 16- 
centimeter edge provided e l e c t r i c a l  contact t o  the reinforcihg and/or chatge- 
control matoriel. The f ront  surface of each saaiple held 2-cetitimeter-bg-4- 
ceritimeter soAot c e l l s  oE 10-ohm-centimeter r e s i s t i v i ty .  

Sample 1 (fig.  1) had 66mg/m2 woven carbon-fiber material boilded t o  the 
back surface fo r  reinforcing, and charge control. m e  febr ic  elemeaee were 
approximately 0.15 centimeter wide and were spaced 5 per centimeter, resul t ing 
i n  e bare Kepton area of about 6 percent. The conductive polyester edgeastripe 



were epeced 10 centimeters apart  w i t h  TO carbon-fabric  element^ coniiecting 
them. Tha wovcn matesial contained 48 earbon- fabr ic  slemedts cross lng the a m -  
ple porel,lel t o  the  polycaeter edge-strips. A shsrk piass of Kepton-inwilotod 
wire woe bo~ded  in to  each polyester a t r i p  fof making c i r c u i t  conasctiade. The 
r a s i e t m c e  acrose the beck of the flubetrate wee 3.6 ohme. Eight 2-eontimetor- 
by-4-centimetor so la r  cel lo  were mour~tod on the bare Uagean frone surface of 
the eubstrete i n  two para l le l  s t r i ngs  of four c e l l s  i n  ser ice ,  The 0.01- 
coirttmeter-thick cerium-doped cover sl idoe were applied with DC 9350 adhesive - 
and were sitniler t o  those used on the Communications Technology Siate l l i te  
( r e f ,  8). 

Sample 2 ( f ig .  1) had 45-g/m2 woven carbon-fiber reinfotcing and eharge- 
control  material bonded t o  the back surface. The fabr ic  elements were about 
0.1 centimeter tjide and were spaced approximately 3% per centimeter , resu l  t ing  
i n  a bate  Kapton area of about 42 percent. The conductive edge-strips were 
9.8 centimeters apar t  aird wete joined by 34 carbon-fabric e lments .  Thirty-two 
carbon-fabric elements crossed the substra te  pa ra l l e l  t o  the conductive edge- 
s t r i p s .  The resistance of the  substra te  between the s t r i p s  ijas 3.9 ohms. C i r -  
c u i t  connections t o  the s t r i p s  were made through a sho t t  piece of s i l v e r  hesh 
bonded in to  each s t r i p .  Four 2-ceutimeter-by-4-centimeter so fa t  c e l l s  con- 
nected i n  s e r i e s  were attached t o  the  bare Kapton surface of the substra te .  
The long dimensione of the substra te  and the c e l l e  were parallel. .  The 0.015- 
centimeter-thick cerium-doped cover s l i de s  had a magnesium f luor ide ah t i re f lec -  
t i on  coating. 

~anipie  3 (fig. 1) was l i k e  sample 2 except t ha t  a filrd of soot-bearing 
adhesive was spread over the woven carboil-fabric material  t o  cover the bere 
Kapton and t o  improve the conductivity of the back surface. Thirty-three 
s t rands of the catbcm-fabric material  crossed the  s a p l e  perpendicular t o  the 
conductive edge-strips, which were 9.9 centimeters apart .  Thirty-two strands 
of material  crossed the substra te  pa ra l l e l  t o  the conductive edge-strips. sub- 
s t r a t e  res is tance between the  conductive edge-strips was 2 ohms. 

Sample 4 (f ig.  1) had 27-g,'m2-dense woven glees-fiber material  applied t o  
the  f ron t  surface of the  subbltrate fo r  reinforcing. The weave density of about 
24 strands per centimeter allowed very l i t t l e ,  i f  any, bare Kapton t o  be ex- 
posed- So6t-bearing adhesive, a s  used on sample 3, was applied t o  the bare 
Kapton dn the  bac.k surface, Two conductive polyeste* edse-stf ips were placed 
9.9 centimeters apart  on t6p of the soot-bearing adhesive. The res is tance of 
the substra te  betwean the s t r i p s  was 5,3 kilohnhe. Table I summarizes the sam- 
p le  character is t ics .  

Fiva honeycombopanel samples were tested.  A l l  f ive  had aluminum honey- 
comb cores k i t h  graphite-fiber/epoxy face sheets ,  Two of .  the samples were 
painted, one with a conductive paint  and the other with a nonconductive paint. 
The remaining three samples had bare graphite-fiber/epoxy face sheets. The 
la rges t  specimen (sample 5) was a sample of the Navstar s a t e l l i t e  salar-array 
subetrate.,  It was 30.8 centimeters by 29 centimeters by 1.59 centimeters thick. 



Fta 0.03-cerrt i~atcr-thick i%xs L S ~ B B R B  were wrappod around two oppselee edgea of  
ths! core and wage J ~ i d a d ,  rnakiapl a loop around the cote .  A gap in the gseph$ta- 
fibex material  ran halfway around f h ~  loo@ esrsee one fbue of  the aamp2e. 'flhc 
egoxy csnee#t was hipher atsrhg this  s t r%po than ovet the rest of the feee skeet, 

me two painted ee,zplee (6 and 9 )  were Voyagpr ~ e t e l l f t a  antenno materiele. 
The noncsnducfive painted eeapla wee 3b ceatfmetere by 6 centimetero by 
1.6 ecatirdet?rs thick with BVlOO (fitanfuai sxfda i n  e i f i ~ o n e  alkyd) peint  on 
one surface, The sample with conductive paint  (7) was 14 centimeters by 
14 centimeters by 2.5 cen t imte re  thick with Godderd Space Fl ight  Center paint 
designated NS43C on both aides. 

The remaiaing two honeycombpanel specimens (8 and 9) we--e samplc~l of 

( 
materials proposed for  use on the l n t e l s a t  V s a t e l l i t e .  Both specimens were 
15 centimeters square, Sample 8 had 0.01-cedtimeter-thick woven gtaphite- 
fiber/epoxy face sheets bonded t o  a 1.8-centimeter-thick aluminum hoaeyccnub 
core with 0.005 centimeter of unsupported epoxj Sample 9 had 0.04-centimeter- 
thick unidirectional gtaphite-fibedepoxy face sheets bonded t o  a 0.86- 
centimeter-thick aluminum honeycomb core, Both samples had 6 hole d r i l l ed  
through one corner. An aluainum block was cemented i n  the  hole with conductive 
adhes!,ve. The block provided a poittt for  nounting and f o r  making e l e c t r i c a l  
connections 

Thin-Film S amp lea 

The thin-film materiels rested were 

(1) Kapton polyimide film - type H, 127 mictmeters  : .~trc~i end with a 
vapor-deposited alumirrum f i lm on one s ide  

(2) Kapton polyimide f i lm - type H, 7.62 micrometers thick and uncoated 

(3) Mylar polyester film, 2.54 micrometers thick and with a vapor- 
deposited aluItli.r:m fi lm on one s ide  

The two Lhinner films were tested both to t a l l y  isolated frola ground and mounted 
on a-"grounded subatrate. The . thickest  material  was tested only while mounted 
on a grounded substrate.  

The aluminum substra tes  were 17, l  cenrimetere by 20.3 centimetr.rs with 
leads attached fo r  measuriag charging and leakago current. The two aluminized 
f i l m  were uioulited with the alutiiinlzed e ides i n  contact with the subsfrater:. 
s he two thinner fi.lms were mouhted by wrapping the f i lm around the substra te  
edges and taping i t  t o  the eubstrate back. 



DRSCJSSPON OF TESTS ANb RESULTS 

Flexible-Substrate Solar-Array Samples 

The tea tirig 0," ths f legible-subs ttcite BolBr-arrey samples cons i d  ted of 
three parts.  In the f i r s t  part ,  the  f r a t  eorfaces were exposed to  monoener- 
g r ~ t i c  electron beams of 2 t b  20 keV while i n  t o t a l  da rkes s .  I n  the second 
pa r t ,  the  back surfaces were exposed to  monoenerg&:lc electron beams while i n  
t o t a l  darkness. the t h i rd  par t ,  the f ron t  surface& we.re simultaneously ex- 
posed.to a 20-k,ev electron beam and Oidwleted so l a r  illumination. The inten- 
s i t y  of the illumination a t  the experiment srntface was approximately 0.6 times 
the so la r  in tens i ty  e t  1 AU. Nomilla1 e iec t tan  f lux  wee 1 nA/cm2 fo r  aL1 tests. 

Each t e s t  was begun with the surface neutral. A gaseous-nittcgen 
ion source wag used between tests t o  d i ~ c h s r g e  t h i s  mrface.  During the tes te ,  
electron current collected by the so l a r  c e l l s  and tha t  collected by the sub- 
s t r a t e  were monitored separately. The empie ' s  surface potent ia l  wad monitored 
with a noncontact, fi.eld-nulling, e l ec t ros t a t i c  voltmeter whose probe could be 
ewept across the sutface a t  a separation of about 0.2 centlsleter. Discharge 
ac t iv i ty  was monitored with e 15-centimetdr-diameter loop antenna centered 
about 38 centimeters from the d-ple center. 

The f i r s t  se r ies  of tests - run f o r  20 t o  30 minutea a t  beam voltages of 
2 ,  5, 8, 10, 12, 14s 16, 18, and 20 ki lovol ts  - were conducted t o  survey the 
response of the  subetrs te  f ron t  surface and the solar-cel l  cover s l ides .  f i e  
second series of tests - run f a t  20 t o  30 minutes a t  beem voitages of 2, 8, 12, 
l ~ ,  and 20 ki lovol ts  - were conducted t o  aurvey the response of the back sur- 
face. The test r e su l t s  were compdred t o  dete-ne the most e f fec t ive  technique 
for contrbll ing charge buildup on the back sutfaces.  In the  th i rd  deries of 
t e s t s ,  the f ront  surface of each sattple was i r radiated with a I-n.A/cm2, 20-keV 
electron f lux  for  2 hours. The f i r a t  l /2  hour of the t e s t  was l i k e  t;he i n i t i a l  
front-surface t e s t s  except tha t  the s&y,,. sempdrature was lowered to  about 
-18' C. During the seccnd 112 hdut the sample r a s  illuminated by n so la r  
simulator tha t  produced about 0.6 timee 1-AU sa ra r  in tehs i ty  a t  the sample 
plane. Curiv, the th i rd  1/2 hour the a w l e  was again in darkr.e$s, and during . 
ithe fourtb 112 hour i t  was again illumihated. Tk.toughout the t e s t  the temper- 
ature,  substrate ccLlection curretit, ce l l -c i rcu i t  collection current,  and sur- 
face potent ia l  p rof i le  were tecorded ea& minute. Duriag the illuminated por- 
t ions  of the t e s t ,  the array-se$ment shor t -c i tcu i t  current and open-circui t 
volt*?ge was a l so  recorded each mimtz. 

The t e s t  resrllts fo r  sample 2 ere s h a m  i n  figures 2 t o  5. Figure 2 shows 
typica!. surface pcltential p to f i l e s  fo r  rim f ron t  and back surfaces of t h r  sam- 
p l e  taken while the surfaces Were heing bosdbarded i n  datkrrcee. Figures 2(a) 
and ib) are  equilibrium prof i les  of the  f ron t  surface under exposure t o  5-keV 
(low energy) and 2G-keV (high energy) beam, respectively. The low-energy 
beam chargels the &e\pton border t o  a eignif!.cantly higher potent ia l  than the 
solar-cel l  cover s l ide .  The high-energy beem charges the cover s l i d e  end the 
Kapton border t o  comparable potentiale. Figures 2(c) end (d) show the back 
surface i n  a hir;h-energy beam ear ly  i n  the  t e s t  and at: equilibrium. The 



opprcximately 0.1-cenfird~ter-wide carbbn- f iber  thceads and the intefvening 0.2- 
cadtimeter squares of Kaptdn are resolvable a8 the d l  tdrnating potent ia l  p e a k  
and valleye. The conductive s t r i p e  on the safnple edges shW tip 88 high poten- 
t i a l  peak&. The most digdificant observdtian t o  be m p d  is  tha t  the smell open 
areas of Kapton 0.1 the back surface become chartged t o  heerly the dam potent ie l  
as the Broad open Kapton berders on the f ron t  eurface. 

Bigure 3 irh000(1 the range of poteritialdl occupied by the vatious surfeke 
materials of the eample fo r  exgosurd t o  2- t o  20-keV electron beam. Figure 4 
shcwe the equiiibriuraa electron currents, t o  the conductive subetrate  and solbt-  
c e l l  c i r cu i t s  iti 2- t o  20-keV electron beam. The cu t rea t  collected by the 
solar-cel l  circuit duriag electron i r rad ia t ion  of the beck surface is not  s h m  
since i t  was -re than an 6rder of magnitude less thah the..current collected 
during 'front-surf ace i r r a d i s t i m .  

The test conducted with the eolar  simuletor is smimrieed i n  f igure  5. 
Figures S(a) and (b) show the surface potent ia ls  on the cover s l i des  and the 
Kapton substra te  bordet. Under i l l m i n a t i o n  of olnly 0.6 Sun in tensi ty ,  the 
surface potential$ a r c  reduced by an order of maghitude from the values reached 
during electron i r rad ia t ion  i n  t o t a l  darkness possibly because of the photocan- 
duct tvi ty  of Upton  (ref. 10). Figure 5(c) show sample temperature at4 a func- 
t ion of time. The thermocouple used t o  monitor the teapetature was located i n  
the center of the &ubetrate ls  back eurface. Because of i t s  iocation it prob- 
ably indicated the t rue temperature of a l l  the sample surfaces only during the 
f i r & t  1/2 hour bf testing. buring t h i s  titee, there were no thermal inputs t o  
the silmpie and a steady s t a t e  had been achieves, Figure 5 (d) is cumulative 
tecord of the  discharge ac t iv i ty  tha t  took place d u r i ~  the teat. The three 
counters connected t o  the loop entenaa wete operetina, with threeholds af 1, 2, 
and 5 volts.  The top curve showe the discharges tha t  generated pulses greeter  
than 1 Volt i n  the antema. The bottom cume shows discharges t ha t  induced 
pulses greater than 2 volts.  Eto discharges generating 5 vol t s  were observed 
duti- the 2-hour: terrt of sample 2. Discharge a c t i v i t y  was greateclt during the 
f i r s t  i /2  hour whea the sample was cold and ixi darkness. The diecharge r a t e  
was teduced a f t e r  illuminatioh of the eanple but increased duriiig the  second 
1/2 hour of darknees The diachatge t a t e  during the secorld $ark period w 9s 
somewhat less  thdn the r a t e  during the f i r s t  dafk period pixmibly because ef 
htgher sample t ape ra tu re .  

The test r e su l t s  obtained with edmple 3 a r e  shown i n  figures 6 t o  9. Fig- 
ure 6 dhows typicdl potent ia l  p rof i les  for  t h i s  ample.  Sample 3 Qa& ident ica l  
t a  sample 2 except fo r  the a d d i t i m  of the eoat-bearing adhesive charge-control 
material t o  the  back burface. me cover-slide end Kaptm-border potent ia l  pro- 
f i l e  fo r  I-enetgy (5-kd) electron beam i r r a d i e t i m  (fig. 6(a)) is very a i d -  
l a r  t o  t ha t  fo r  ample  2 (fig. 2 (a)). Ttre p ro f i l e  far high-energy (2bkeV) 
elac&ori beam i r rad ia t ion  (i ig.  6 6 ) )  shows t h a t  the b p t o n  border became lees  
highly cherged probably because of the additiottal soot-bearing edhesive charae- 
control  meterial. The most dramatic Fmgrovement is ehoiuir i n  f igure  6(c), the 
p ro f i l e  of the beck eurface expoeed to  a 20-keV electron beem. The maximum 
potent ia l  is two orders of magnitude lees  then the t  of the ample  without the 
adhesive-soot material  (semple 2). Figures 7 t o  9 show surfece potelltiel a s  
a function of becrm energy, collected electrod current es function of bea~a 



enertgy, and the curves summitizing the 2-hour t e e t  i n  which the eaarple wed 
i llunriaeted by ~ i m i a t e d  eolar  radiation.  

The t e e t  r e su l t s  fo r  dampie 4 Bre eummarilted i n  figures 10 t o  13. Figute 
lO(a) shows the potentfei  p ro f i l e  of the f roa t  surface under exposure t o  a low- 
ehergy (5-kev) e lectran beant. The dover e l ide  and the fibergiass-over-Keptoa 
border became charged 20 eppto%iiaittely the  same potentihis as the cover s l idee 
ehd Uptori bordete of s8mplee 2 and 3. The potent ia l  p rof i le  of the f ron t  sur- 
fade under expdswe t6 a hi&-energy (20-keV) electron beam is e h m  i n  f igure  
lO(b). Exposure of the  back eurfdce ta  a 204eV beam produced the po tea t ia l  
p ro f i l e  shown i n  f igu te  lb(c). kecel l  t ha t  the back surface hes the soot- 
beeriitg charge-contxoi meteria 1 applied to  p l? ia  Kdp tan without any woven 
carbon-fiber mter i . a l .  Ccmparisan with f igure  6 (c) ehaws tha t  the adhesive- 
so6f material alone is  nedrly a$ e f fec t ive  as the combined woven-carbon-fiber 
end adhesive-soot meterial  i n  reducing charge accumulation. Bigures 11 t o  13 
ahow surface p o ~ e z t i a l  as  a function of beam eaergp, Collected electron curtent 
aa a function of beem energy, and the curves eunrmarizing the 2 - b u r  t e s t  of the  
sample subjected t o  a l ternat ing periods of d e r b e s s  and simulated m l a r  illumi- 
nation. 

The t e e t  rerrulte f o r  eample 1 a re  summarided i n  figures 14 t o  17. This 
sample wee a be t t e r  eimulatioti af a proposed Plight array i n  tha t  the exposed 
area af the substra te  on the solar-cel l  s ide  was a small f rac t ion  of the t o t a l  
sample area. Figure l&(a) shows the two deep potent ia l  wells due t o  ehafge 
accumulation on the narrow Rapton borders. The potent ia ls  reached by the sur- 
faces i n  the iav-energp (5-keV) electroxi beam were ~ c h  the same as  the levels 
reached by s imt lw burfaces b.i the other thfee scllmples. The voltage probe 
crossed four solar-cel l  cover s l idee a s  i t  ttdversed the sample, and evidence 
of these f.6 barely discernible ia f igure  14(a). Figure 14(b) is a typicai  sur- 
face potent ia l  p ro f i l e  bf Banrple 1 ia a high-energy (20-kev) e lectron beam. 
The cover s l i des  a r e  more ea s i ly  seen. The potent ie l  p ro f i l e  of the  back sur- 
face i n  a 20-kriV electron bee l  is showtl i n  f igure  l4(c). The back surface of 
th ie  eampie lookdl mch l i k e  the back surface of s a p i e  2, except t ha t  the 
carbowfiber material  is more denbely woven. Comparing figure 14(c) with f i p  
ut6 2(c) ehme tha t  ttie c loser  weave e l i d h a t e d  the dunetous highly cherged re- 
giom evident 6n the  back-surface p ro f i l e  af   am pie 2. Although an improvement 
oQer the behavior of sample 2 was realized,  the  c loser  2JQave @as not as  effec- 
t i v e  in reducing charge accumulation as the adhesive-soot materiel  applied t a  
eamsplee 3 and 4 (figrs. 6 (c) and lO(c)). Figures 15 t o  17 show surface pbten- 
t i a l  as  a fuiictidn of beem energy, sample current as  e function df beem energy, 
and the curvee eua~merizing the 2-hour test with periods of saldr oildullation. 

Sample 1 experienced s ign i f ican t ly  more dischdrge ac t iv i ty  on the f ront  
surface then did the other three samples. This may be due t o  the larger n d e r  
of eolar  cells, wt.oee cover e l ides  ccjuld bec- charged and independdurtly dis-  
charFje t a  the e d a r - c e l l  interizonnectione . comparing figures 5 (d) , 9 (d) , 
13(d), and 17Cd) ahowa tha t  illumination of the front surface sigziificantly re- 
duced o r  el h i n e t e d  discharge ac t iv i ty  on a l l  samiples, possibly beceuee of the 
photoconductivity of Kaptcin (ref. 10). f i e  data indicate tha t  the dCnsely 
woven carbon-fiber f ab r i c  alone o r  the lees-dense carbon-fiber fabr ic  with the 



adhesive-sdot material added were most effective in preventing discharge dctiv- 
it9 @hen the back surfdce was itradiated in dorkdess. 

The five honepconab-panel samples were tested to determine, in each case, 
the de~ree to which the surfaces ;of interest became charged ib monoenerp,etic 
electron beams of 2 to 20 keV. 

The Navstat sample! (5) was mounted with its back surface against a 27.3- 
cehtimeter-by-29.3-centimeter aiuminum plate to which a lead was attached to 
measute electron current to the sample. Typical surface potential ptcfiles 

( are shown in figure 18(a). The tagged profile is probably a result of varia- 
tion in the concentration of epbxy and graphite fihrs at the surface. Note 
the prominent potential spike at the discontinuity in the graphite-fiber sheet. 
The general surface pbtential across the sample is shaJn in figute 18(b) as a 
function 6f beam energy. For energies greater than 5 keV, the potential in- 
creases only $lightly if at all. 'he nominal current density at the center of 
the sample was 1 W c m 2  before each test, as read by the Faraday cup. The sam- 
ple current recorded for each test was nearly 1 microampere, indicating an 
average flux over the 893-square-centimeter sample of about 1 n ~ / ~ m 2 .  No dis- 
charges were recorded by the loop antenna located near the sample or by the 
time-exposute camera. 

The Voyager antenna samples (6 and 7) were exposed to electron beam of 
2 to 20 keV add flux densities of 1 and 3 n ~ / c m * .  The depetldence 6f the sur- 
face potential on beam energy and flux density is shown in figure8 19(a) end 
(b). The depehdence on beam energy disappears ar i b i  much reduced above 10 keV 
for bbth stimples. The surface potential of the conductive-paint sample is 
abcvt two orders of magnitude lower than that of the nonconductive-paint sample 
for the $ m e  beam conditions. Data from earlier tests of another nonconductive 
paint (S-13GIX)) is shown in figure 19(c) for comparison. 

The sample 8 and 9 honeycomb-panel surfaces were also exposed td 2- to 
20-keV electron beams of 1- to 3-nA/cm2 flux density. The samples were tested 
simultaneously, side by side. The tests were conducted with the sampled at 
-46' C to better simulate the environment of the materials in use on Intelsat ;,. 
Typical suriace potential profiles are shown in figure 20(a). The remlts of 
these tests, including the Navstar test data for comparison, are showil in fig- 
ure 20(b). The ragged appearance of sample 8's profiles is similar to the 
Navstar profiles and is probably due to the varying epoxy concentration ectbss 
the surface. Sample 9'8 profiles appear more uniform, with ttso prominerit po- 
tential spikes at the locations of significant epoxy bleed through the carbon 
fibers. Though the loop antenna did not record any discharge activity, the 
sample cutrent record and the time-exposure photographs show evidence of activ- 
ity on semple 8. 

The semple cureent records (fig. 21(a)) were quite noiey. The pulses on 
sample 9's current record may have been a responee to what was happening Qn the 
other sample. The time-exposure photographs (fig. 22) show a faint glow out- 



l in ing the graphite-fiber pat tern of sdmple 8 but sh& no evidence of dis-  
charges-from sqmele 9. Atso, the surface potent ia l  of sample 8 appeared d i f -  
ferent  with each sweep of the probe (fig.  21(b)), but sample 9 's  p ro f i l e  ap- 
peared nearly coustant. 

The firsi t  test specimen of Mylar was about 28 ceririmetefs Bquare add was 
isolated from ground, w i t h  the  bare surface facing the e lectron source. An 
electron beam of nominally 1 nA/d,  a t  its center, i n  the plebe of the speci- 
men was ekepped through various energies fram 24 t o  20 keV. The potent ia l  of 
t%e Mylar surf ace was monitored by the electrod t a t i c  troltmeter . 

The respolise of surface potent ia l  of the  Mylar f i lm t o  the varying beam 
energy is shown i n  f igure  23. With the specimen isolated f ram ground and i n  
t o t a l  darkness, thus eliminatiag bulk conduction and pilotoemhion currents, 
the equilibrium sur iaee potent ia l  was a function of beam energy and the mate- 
r i a l  seCoddary emi88ion prdperties . Although no temperature-measuring device@ 
were mounted on the specimen, it was estiadated tha t  the  specimen was a t  10' C, 
as were other s t ructures  within the cha.lriber. 

The surface p o t a t i a l  respbdse of the 7.62-micrometer-thick Kaptod fi lm 
t o  varying beam ohergy, with the dpecimed t o t a l l y  isa la ted fram grbund, is 
shown itr  f igure  24. Zn t h i s  configuration, the surface potent ia l  is about the 
same a8 tha t  of the Mylar f i lm mounted s imi la r ly  and exposed t o  the same-etier* 
electron beam. 'Lhe eurface potent ia ls  a r e  compared i n  f igure  25 as  a function 
af  bead energy for  both materials i n  the  t o t a l l y  isolated and grounded sub- 
s t r a t e  mmuntitrg configuratime. fie t e s t  data and calculated values of res is-  
tance arid r e s i s t i v i t y  a r e  cantained i n  tab le  XI. 

The data from the tes t ing  of the 127-micrometer-thick Kaptdd f i lm shirw 
tha t  the  surface potent ia l  incfeased l inear ly  with beam energy t o  abbut 12 keV. 
Bey6nd t h i s  level* discharges began t o  take piece on the eurface. The data 
taken were not euf f ic ien t  t o  tell whether the disicharges were eharaeterized by 
charge transport  from the frarit surface t o  the back surface a t  the edges o r  by 
chmge emissj.on from the surface t o  other etructuree within the chede r .  

Four f lexible-subs t r a t e  solar-array degments , f i ve  g~eph i t e - f  iber/epoxy - 
eiluminum honeycomb pairels, and two th in  d i e l e c t r i c  films were exposed t o  mono- 
energetic electron baama i n  the L e w i s  Research Cenmr's geomag~etic-eubstonn- 
environment eimulation f ac i l i t y .  The array siegments represented dikferent ap- 
proaches t o  making the d i e l ec t r i c  beck surface "quasi-conductive" and thus 
minimizing surface charge ecc~uuzlation. The tests ehowsd, as  expected, t ha t  
the  more nearly continuous the quasi-conductive surface treatment, the  lower 
the surface potential .  The tea ts of the honeycomb-pairel eamplee a r e  evidence 
tha t  strong, lightweight, nonmetallic s t ruc tu ra l  mateoiale a r e  avcrilable t h a t  



have acceptable spacecraft-charging properties. I f  the surfaces have a euff i -  
c ien t ly  high and unif o m  conc&nttl tf  on of conductive mediuy with a cond&lctive 
path t o  ground, eurface ps ten t ia l s  well belbw those a t  which discharges occur 
caa be maintained. Findlly, th in  d i e l e c t r i c  films chatge t o  high surface po- 
ted t ia le  &en they a r e  isoidted from ground. Howelrer, when the  films a re  
placed over a condustive substra te  a t  ground potent ia l ,  surface potent ia ls  of 
less thari 23 kiiovoits can be maintafried evdd when the films a re  i r radiated 
tvith 20-keV electrons. 
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'I'ARU I. - SAMPL~ SUBSTRATE CHARACTERISTICS 

Sample 

- 
1 

- 
2 

- 
3 

4 

- 

Anticharginp, 
rcprcucntod by- 

Rcsistancc! 
bctwrcn 

cbnductlve 
cdgc-stripe 

k ,l 

Kaptbn ( h . 5  .~m) 19 
C P C ~  66 
C'i 209 plus  66 

hardcncr HT 972 

Kapton (12.5 ~ r m )  19 
C F C ~  45 
VuPon: 46971 plus  31 

hardener RC 865 

100 u l l d  

CFC,' DuPont 4697 1, 
hardener,  and soot  

Kapton (12.5 wn) 19 104 

- 
DuPont 4697 1, 

hardener, and soo t  

CFC" 
DuPont 46971 plus  

hardener RC 805 

Kapton (12.5 vm) 
Fiberglass  90601 
DUPOIW 46971 plus  

hatdener RC 805 

' ~ 1 1  the samples had two s t r i p s  of s i l v e r - f i l l e d  polyes ter  bonded t o  t he  back su r f ace  s o  t h a t  
t he  back su r f ace  could be grounded. 

b~a rbon- f  i be r  cahposite.  

TABLE 11. - TEST DATA AND CALCULATED RESISTANCE F'Od ~ H I N  PLASTIC F f W  

45 
40 

19 
27 
:3 

-- 
Beam voltage 
minus surface  

vol tage ,  
kV 

.- 
39 

Effec t ive  Effec t ive  
bulk bulk 

r e s i s t ance ,  r e s i s t i v i t y ,  
n .: - cm 

0 . 1 4 9 ~ 1 0 ~ ~  0 . 4 0 h . 1 0 ~ ~  

. 8 3 % 1 0 ~ ~  2.277~10" 

1.167x1d12 3 . 2 0 1 ~ 1 0 ~ ~  

1 . 8 ~ 1 0 ~ ~  4 . ' 3 3 & 1 0 ~ ~  

1 . 5 4 3 ~ 1 0 ~ ~  4 . 2 3 2 ~ 1 0 ~ ~  

1 . 6 ~ 1 0 ~ ~  4 . 3 8 ~ 1 0 ~ ~  

1 . 0 6 7 ~ 1 0 ~ ~  2.927x1016 

LX 1012 2 .743~  1(316 

5 . 8 2 x 1 0 ~ ~  2 . 6 6 2 \ 1 0 ~ ~  

. 9 2 6 x 1 0 ~ ~  .423x1016 

, 7 5 5 ~ 1 0 ~ ~  .345w1ol6 

. 6 5 8 u l 0 ~ ~  , 3 0 0 ~ 1 0 ~ ~  

. 2 0 7 % 1 0 ~ ~  .094u lo1' 

.147U1010 1 . 0 6 7 * 1 0 ~ ~  

po ten t i a l ,  
kV 

127-um-thick 
Kapton 

7.62-irm-thick 
Kapton 

2.54-m- th ick  
Plylar 

" s W ~  rice d l s ~ l t n r g e s  occur; 8urtaCC p o t e n t i a l  not t r u l y  i n  cqull lbrium; e l l  soroplcs 
17.01 cio hy 20.32 cm. 



Front surface 

Back sufaqe 

(a) Sample 1. 

Front surface 

Back suplace 

(b) Sample 2. 

Front sulace 

Back surface 

(c) Sample 3. 

Figure 1. - Flexible-subsb rate solat-array samples. 



(a) Front surfate: 5-kev beam; mlilute 26; 1 k~!dlvision. 

- 
(b) Fronf surface: 20-keV beam; niinute 20; 2 kV/division. 

(c) Back surface: 20-keV beam; mfnute 1; 1 kV..divlsion. 

(d) Back strrface; 20-keV ham; minute 20; 1 kV.'dnislon. 

F~gure 2. - Typ~cal s~liface potentla1 profiles of sample 2. 



C - - SolBrsell cover slide + Substrate 
-8 -4-- Buck sur fae  

Figrire 3. - Surlllte potential as furrction of beam energy 
for sample 2. 

Front-surface irradiation 
0 Substrate circuit 
A Substrate circuit Back-surface Irradiation 

-1. hl0" 

-- -- 
Beam e l W o f i  energy, keV 

Figure 4 - Collected current as function of beanl energy 
for sample 2. 



Figure 5. - He~ul l r  of solar slmulallon test of samDle 2. 



Solar-cell 

Ka ptan 

(a) Front surface: 5-keV beam: minutes 20 a i d 2 ~  1 kv~divisiiifl. 

(c) ~ a c k  surface: %keV Beam'; minute 2Q 20 V/division 

Figure 6. - Typical surface potentlal profiles of sample 3. 



Beam electron energy, keV 

Flgure 7. - Surface potential as lurlctlon of beam energy 
for sample 3. 

Front-surface irtadiatlon 
O Substrate clrcuit 
A Substrate clrcult Back-surface irradlstion 

0 2 4 6 8 10 12 14 16 18 20 
Bear electron energy. keV 

Flgure II. - Collected current as function of beam energy 
lor sample 3. 



(a) Surface potential of solar-cell cover s l ld~s as function of time. 

-6 
Dark --f-liq!lt + Dark +-r ight - (  
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0 
~ b )  Surface potential of Kapton border around sola; cells as function 

of time. 
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~ c )  aack-surface temperature as function of tlme. 
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Flgure 9. -Results of solar slmulation test of sampir 3. 



Solar-cd l cover s tide -, 

Fib~rglas-over- 
Ka ptdn bbrder -- 

(a) Front surface: 5-keV beam; minutes 12, 14,18, and 20; 
500 V/division. 

(b) Front surface: 25 bV!Meam; minute 20; 2 kV/division. 

(c) Back surface: 2O.keV beam: minute 22: 20 \/;dit!ision 
- - 

F~gure 10. - Typ~cal surface potential prof~les of sample 4. 
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Figure 11. - Surhce Wtentlal as fumtlan of bwm energy- 
rw zsmie 4 
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Flgure 18, - Calioctd current as functlon of Bkam energy 
for sampla 4 



lest time, min 

Id) C~mula l iw  discharge count as function ot time. 

Fk~ure 1A - R~sul ts  ol solar simulation last of sample 4 
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-+ - Salar-tell cover slide 
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-4- Beck surface 

- - 
Beam electrun energy. keV 

Figure 15. - Surfsce @tenHal as function of beam energy 
for sample 1. 

I 0 S o l a r d l  circuit frarorlt-surface irradiation 
B Substrate circuit 1 
A Substrate circuit Back-surface irradl, tion 
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Rgure 16. . Coilecied current as function of beam energy 
for sslt$!e 1. 



1 - 1 ~ 1  
# ul Surface wtenlial of lolar-cell cover s l id6 as furiction of time. 

Ib) Surface potential of Kapton border araund solar cells as function 
of time. 

+ Dark ++--Light+ 

....... ..... ..- ...... ..... ... 

ld) Cumulative djrrharqe count as function of time. 

Figure 17. - RPWS of salat slrnutaiion test of sample 1. 



l 5  - a m p  

(a-2) 8-Kllovoll beam. 
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(a-4) 20-~ilovolt beam. la-3) 14-Kilovolt beam. 

(a) typica! surface patential profiles. 
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Beam volta4e. k v  

(b) Quilibrium surface fltentials In l-nAfcm2- 
current-density electron beam. 

Figure 18. - Results of Navstar solar-array substrate (sample 5) charging test 
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la) Voyager antenna honey- (b) Voyager antenna honey- (C) Nonmdut l i ve  paint 
comb panel with GSFC comb panel wl!h PVIM) 6-13610) o n  gmund- 
MIX: conduclive paint nonconductive paint al f l e b l  substrate lor 
(sample 6). (sample 7). comparison. 

Figure 19. - Rosults of Voyager antenna honeycomb-wnel charging test  





11) 63-&nute time W u r e  Q 16 keV; h ~ 1 r . m ~  trledron beah (bl 10-Mlnble time Bxporure al 16 ke< l - n ~ l c r n ~  elatron beam 

Ic) Control t ime-emure  fllamsnt on, accelerating polential off. Id) Surlace voltage prabe sweeping across top of sahlple 8. 

Figure 22 - Time-exposure photographs ol honeycomb panels lsaqles 8 and Y). 

- Beam accelerating potential 
----- Mylar surface potential 

-12 - -7 

-10 - 
2 -0- .1 

I 
1 ,-,,,A 

1 ::- 
-2=----1 

I 
0 60 

Test time. mln 

Figure 23. - Response of 2.54-micrometer-thick Mylar surface po- 
len!laI to varying electron b f m  energy.  mylar Isolated from 
ground. ) 



Figure 24 - Response of 7.62-micrometer-thick Kapton surface po- 
tential to varying eieclron beam energy. tKapton isolated fmm 
ground. 
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Figure 25. - Thin-film surface potential as function of 
electron beam energy. 
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