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Abstract

A series of survey tests have been condueted in the T.ewia Regearch Cehter —
substorm simulation facility, The test specimens weére spacécraft paints,
silvered Teflon, thermal blankets and solar array segments. Thé samples, rang-
tng in size from 306 to 1000 em? were exposed to_monovénergetic electron energles
from 2 to 20 keV at a current density of 1nd/cm®, The samples generally behaved
as capacltors with strong voltage gradients at their edges. The charging éHarae-
teristics of the silvered Teflor, Kaptbn, and solar cell covers were controlled by
the secondary emission charnéteristics. Insulators that did not discharge were
the gpacecraft paints and the quartz fiber Cloth thermal blanket sample. All other
samples dig experience dlscharges when the surface voltage reached -8 to -16 kV,
The discharges were photographed. The breskdswn voltage for éach sample was
determined and tne average enéfgy lost In the discharge was ¢omputéd,
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1. INTRODUCTION

Many satellités in géosynehirondus orbits haveé expérienced and are éxperiénc-
ing anomalous behavior id their electrénic systems at various times in thelr oper-
ational life. Le This behavior {5 beliéved to be caused by the énvircnmetit charging
the {nsulator surfaces to the point that discharges can ogeur, 3 These discharges
will produce an electromagnétic pulse which can couple into the dpacecraft harnéss
and cauge an anommaly, Since parts of the satellite that are shaded &ancharge to a
different value from a sunlit surface, the discharge can be bétween a shaded
insulator and the spacedéraft structure. Therefore, inorder ts understand this
Charging phenomenon, it is necessary to know how typical spacecraft materials
respohd to the charging environment and to determine what factors influsnce this
charging.

An investigation to determine the matériald charactéristics under the charging
cbnditions has been initiated at the NASA -L.éwis Réséarch.Center under the joint
USAF-NASA interdependency program. 4 This investigation IS a cbntinuation of the—
work iliitiated to suppbrt the CanadiansAmerican Communic¢ations.Technology
Satellite program. 5

The approach used in the materials characterization testing was th expose
selected-test specimens to simulated substorm conditiond and determine their
résponse to these conditions. The specifen surface poteritial and the specimen
leakage current to ground wéré measured as a function of the simulation conditions.
From this data the charge deposited and the energy stored in the sample Were coni-
puted. For those tests where discharges occurred, the surfaee pbtential at break-
down, the Charge lost and the energy dissipated in the discharge were determined.
These tests were run on simple samples to investigate the material characteristics
as a function of material geometry, thi¢kness, surface temperature and test dura-
tion. Additional tests weré runon more complex samples to determine the &ffects
of assembly techriigues, surroundings, and multiplé surfaces on samplés,

This paper will describe the results of survey-type testing conducted on the
typi¢al spaeecrah external coatings listed in Table I, The survey-type test is
vwagieally a short duration test of 20 miinutés at each beam voltage. This period {8
sufficlent to ingure that the sample surface has come to its equilibrium potential,
The teats were run in the Lewis geamagnetic substorm simulation facility, 6 The
tegt results repbrted here are for 1nA/om2 beam current detisity testd. Uiiless
othérwise specified all data is for dark eonditions with the saniplé at room terri-
perature. More detailed test reports on the samples can be found in the
literature, 1°9
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Table 1 LeRC Materials Characterization Studies

[
L4

Materials testeu

Spacadraft paints
$=13G nonconductive paint
Conductive paints

Silvered Teflod samples

Thérmal blanket samples
Kapton outer layer
Quartz cloth outer layer

Solar array segments
Standard cells OR fiberglass substrate
Solar cells on flexible substrate
Solar cells With conductive film coverglags

2. PROCEDURE

The typical data set for the testing & dhown {n Figure 1. A capaecitively
coupled, doneontacting surface voltage probe is used tb verify that the initial sur-
face potential Was zeto and thett wept acrods the test surface at fixed time inter-
vals after the sample charging started. Sinte the probe Functions with the beam
operating, there i nb need to fsiterrupt the test to obtain the surface potential data,
This procedure IS followed for the test. duratian and results in transient charging
turves for eadh test conditibns. Each time the probe {3 swept ae¢ross the sample,
voltage profiles are automatically obtained. The typical stzady-state profiles for
insulating films aire shown in the figure.
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Figure 1. Typtbal Data Set of Mater{als Characterization Tests
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The total leaknge clectron currcnt tu around is mcasurod as a funetion of time
aftev the test start, A typieal example of tho clcctron curront flow to ground is
also shown in Fgure |, This curront shows the characteristies of eapacitor
charging; an inltinl surge decaying with time to a steady-state value, The charge
deposited on the surface ean be obtoined by integrating thio transient aurrent (as
shown by the shaded area); Once the ehurge nnd surfacc potential arc known, the
capacitance and energy storage can bo computed, The steady-state values of the
surface potential and leakage currcnt can be used to compute the effective resist-
ance of the sample.

The same 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 potential of the surface after discharge can be determined. The transient
leakage current is used to determine 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. TEST RESULTS

3.1 Sparecraft Painfs
3.1.1 SAMPLE DESCRIPTION

Both conductive and nonconductive paint samples have been tested. The hon-
ronductive paint chosen for evaluation was the S-13G low outgassing white paint.
This paint uses zinc oxide as the pigment with an RTV silicone as the vehicle,

The sample dimensions were 17 by 20 cm by 9.02 cm thick,

The conductive paints were black, white, and yellow conductive paints supplied

by the Guddard Space Flight Center. These paints were formulated with conductive

pigment to provide desired optical properties. The sample area was also 340 cm2
but the thickness was 0.01 em,

3.,1.2 TEST RESULTS

The results of the simulation test are shown in Figure 2. The conductive
puints did not charge; the surface potehtial remained less than 1V for all beam
voltage conditions. There was no apparent physical damage to the samples as a
result of these tests. It is planned to conduct long duration tests of these samples

to determine if there will be any time dependent degradation due to the electron
bombardment,
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Figure 2. Spacecraft Paints Charging Survey
Data

The nonconductive paint does ch&rge but soon reaches a limiting value of
about -2200V. The behavior is typical of those insulators who\se resistance
decreases with voltage., The steady-~state leakage current values verify this
resistance decrease. There were no visible discharges during these tests nor
was there any apparent damage to the sampled as a result of the tests. It was
noted, however, that the sample did "eléetroflusresce' under electron bombard-
ment = it glowed in the beam.

3.2 Silvered Teflon Samples
3.2.1 SAMPLE DESCRIPTION

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 exposed
to the electron fluix. The sample was usually made by coveritg a grounded metal
substrate with 5 cm wide strips of silvered Tenon tape. A conductive adhestve
was used 30 chat the silver layer Was electrically grounded within & few shms,

3.2.2 TEST RESULTS
3.2.2.1 Chargirg Characteristics

The results of these teats are shown in Flgure 3. The steady-state surface
voltage profiles (a) show that the central portion of the insuldlor reached a uniform
potential dependent only on the beam voltage. Therefore, the central portion of
the insulator seems to acquire the characteristics of a conductor — notransverse
electric field. However, there is a very pronounced edgé voltage gradient that
appears to becbme more pronounced with increasing beam voltage. Apparently
these edge voltage gradients can drive currents afound the &dgés contribiting
significantly to the total leakage current médsiired ih this expériment,
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Figure 3. Silver Teflon Charging Data

If the steady-state Surface potential for the centra! portion of the sample is
plotted against the beam voltage, a linear relationship resultd as shown in Figure
3(b)., The surface voltage i5-8imply 1800 V lesd than the beam voltage for the
range shown. Sinee 1800V IS approximately the value for the secondary emission
yield to be uiiity, the surface voltage appears to be controlled by the secondary
emission; the leakage currents are too smali to irnfluénce the surface poteritial.

If the leakage current tratisients aré integrated, the eharge deposited &n the
gample tan be computed. A plst of this charge versus the centrul surface poten-
tial for each test condition 18 Bhown in Figure 3(¢), The slope &f this curve is the
effective Capacitance of the sarmple, THhis ¢urve indicates that the capacitance
deperids upod the surhce voltage. This effect is béllevéd to be due to thé edge
effebt od the surface voltage and not due to a change in thé matérial dielectrie
coefficient.

Once the chirge arid surface potential are available, the énergy storéd i the
saniple can be computed. This result Is shewn in Pigire 3(d).
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3.2.2.2 Discharge Characterlstics

When the beam voltage is theréeased above -12 kv, visible discharges occur
similar to those shown in Riguré 4. Pictured is a sirigle discharge Went as a
result of bombardment with 20 keV electrons. Pinholes were deliberately placed
in the center of each 5 cm width of tape. The discharges originate at the edges of
the tape and the pittholes which are the places where the largeést voltage gradients
would be expedted.

Figure 4. Discharges in Silver Teflon Sample. .
Tapé sample, donductive adhesive

The surface voltage and leakage current data obtained during a discharge test
art! shown in Figure 5. The voltage probe was swept at discrete time intervals
and the leakage current was recorded every minute. The actual time of the dis-
charge was. determined-from the recordeér trace of the *eakagé curredt. The charge
deposited up to breakdbwn and the chargé remalning on the sample after breakdown
wag computed by integrating the leakage current. The surface voltage was abtained
from the prabe readings, The enérgy last was computed frori-the charge and volt-
age valued. The effective value of the Capacitance also computed from the charge
and voltage values, was essentially a constant. The distinetion between partial
digcharge and majbr discharge depends »gon the charge and ériergy lost in the dis-
charge; in & riajor discharge a large fraction of charge and stored érergy is lost,

Typical characteristics for the discharges in silvered Teflori samples ark
summarized {1 Flgure 6. Oré assurmption madde in these studies {s that a single
sweep deross the sdmiple provides a voltage profile representdttve of the entire
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Figure 5. Discharge Characteristics of Silver Teflon Samples
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gample, This assumption was verified by comiparing sample surfagé psténtial
profilés obtained just beforé ahd just after discharge with computed surfacé Volt-
age values, Thésé values were compiited using a one-dimensional mbdel for a
silvered Teflon capacitor.. Thes¢ values are -10,160 V before digcharge and
-6500 V after digcharge. These values are i1 good agréement with the actual
probe readings of Figure 6(a). Hence, it appears that the Voltage obtained frbm
the probe sweep i§ representative of the whole Bample.

The transient current pulges durihg a major discharge under 20 keV electron
bombardment have also been obtained. A typical pulse is shown in Figure 6(b),
The duration of this pulse is on the order of 800 ngec while the peak amiplitude
ranges between 20 and 100 A, The maximum values of charge represented-by this
pulse (from integration of the area under the curve) are on the ooder of 15uC
instead of the 50 to 60 «C of charge lost {n.discharge as computed from the surface
voltage reading. The replacement current does not appear to compensate for &ll
the charge that is lost in the discharge. A model.sf the discharge phénomenon ig
being developed,

As a result of the discharge tests there was somé silver loss at the tape edges
where the discharges originated. The Ibss was concentrated at the discharge
lozation and did nbt appear to increase with time up to tést times of several Hours.

It was possible that the outgassing ¢f the adhesive in the cracks betweeén the
tape might have influenced the discharging characteristi¢s, Tb investigaté this a
test was conducted with a single sheet of sitvered Teflon mosunted sh a wire frame
with a minimal amouint of adhesive on the sample back. Again the Teflon faced the
eleetron beam, Thé silver layer was wired directly to the electri¢al ground. The
test results were simtlar to those of the tape samples, The visible dlgchargés
observed under 20 keV electron bombardment are shown {n Figure 7. This is a
time exposure and represents about three major digcharges. It appeéars that if
there {8 any outgassing, it does not appreciably changetheé discharge
characteristics,

3.3 Thermal Ble.:Let Samples
3.3.1 SAMPLE DESCRIPTION

Four difterent types of Kapton outer layer blankets were evaluated in this
serieg of tests. These samples &re ghown in Figure 8, Sample A, B, and D have
0.013 ¢ (5mil] thick Kapton as the outer layer, Sample C has a 0.005 cm {2 mil)
thick Kapton otiter layer. Sample D hds a sewn edge construction while the others
have' open edges. The {nterior portions of the blarkets aré 15 or 26 layers of
aluminized Mylar, Al metailic layers of all blankets weré grounded through the
électrometér, In all cases the samples were testéd with the Kapton layer fdclrg
the electron source,
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Figure 7. Discharges in Single
Sheet Silver Teflon Sample

Figure 8. Kapton Thermal Bldriket Samples
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3.3.2 TEST RESULTS
3.3.2.1 Charging Charédcteristics

The charging characteristics are shown in Figuré 9. The steady-state oltage
profiles (Figure 9(a)) shbw thé same characteristics as the silvered Teflon film:
uniform potentizl across the central portion of the Kapton with very strong grad-
ients at the edges. The distbrtibn in the voltage profile at the right hand edge
(above 5 kV beamnt voltage) otcurred when the prbbe passed clbse to a bladket
grounding tab.
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The plot of the steady-state voltage versus the beam voltage (Figure (b))
again shows a linear relationship for the 0.013 &m (5 mil) thick Kapton. The
surfaceé vultage for the Kapton is 1200 V less than the bedm voltage, atd again is
chntrolled by the sésondafy emission characteristics of the surface. The 0,005
¢m (2 mil) Kapton material beging with theé surface! vbltage contrblled by secoridary
ermigslon, Howeévér, above -5 kV surfdce voltage, the effect of leakage current
begins tb slow the rise in surface! Voltage. This effect is expected based on the
lower bulk resistance.

The charge deposited per unit surface area and the éncrgy stored per unit
surface area, aré¢ shown in Figure 9(c) add (d). The slope of the charge-surfaee
voltage curve again changed with the voltage, showing that the capacitance varies
with voltage. This variation ishelieved to be due tb the voltage gradients at the
material edges.

The conélusion from this work is that thé charging characteristits of Kapton
blankets do ribt appear to depend upbn the methdd of edge treatment. Thé niaterial
thickness dependence is as anticipated. More pronounced effects of edge treat-
ment will be discussed when discharge tharactéristics arb reviewed.

3.3.2.2 Discharge Charatteristics

The discharge characteristic data are shown in Figures 10 and 11. Generally,
the discharge characteristics of the twb 0,013 em Kaptoh open edge blarikéts
(Figures 8(a) add (b)) were similar. The 0.005 cm Kapton blanket ahtl the sewh
edge blankets (Figures 8(c) arid (d)) behaved in a similar manner. Therefore, the
discharge characteristics will be discusded bnly in terms bf séwn edge blankets
and open edge blankets,

The discharge charatteristics of the sewn edge blankets are shbwn in Figure
10(a). In this figure the surface vbltage prbbe traces just before and after dis-
Charge aré displayed. Using the transient leakage current data to obtain values
for the charge, and the comiputéd value of the capacitance, the surface voltage has
been caltulated and superimposed on the voltage probé trates. The agreement is
véry good. Applying these techniques to all of the test data results, in the break-
dowr chdractéristics lilted. It has been found that the initial breakdown for each
beain voltage test above -10 kv occurred when the average surfate voltage was
about -10.4 kV, After this initial breakdown subsequent discharges occurred
when the average surface poteittial reached -8.2 kV, The éenergy dissipated in
these discharges is relatively low. The number of discharges zér unit test tinie,
Howevet, is raiely high.

The visible discharges observed orn the sewn edge blanket are shown in
Figure 10(b). The chardcteristic of the discharge is that of a giow of light over
the Kapton surface with definite; discharge spots at the thread line of the blanket
edges, It is believed that this sewing dcts as the trigger for the discharge.
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The discharge charactéristics of the open ¢dge blankets are shown in Figure
11(a). {Tere, only the trace after the dideharge has beeén bbtained. The -12 kV
limitation of the surface voltage probe prevented méasuring the surface potential
profile before discharges occurred. The agreéement between the available voltage
trace and cowtputed average voltage is still gaod. As one can sée from these char-
acteristics, it requires a large voltage to cause the breakdown, but when it does
digcharge the energy dissipated is very large. Almost all of the stored energy in
the blanket IS lost. The visible discharges from this type of discharge are showh
in Figure 11{b), The discharges appear as streaks originating at either vent holes
or grounding points and extending across theé blanket surface.

2,3,2.3 Effect of Sunlight on kapton Blanket Characteristics

A sunlight-eclipse simulation test was conducted using an open edge, Kapton
outer layer blatiket (Figure 8{a)). The surface Voltages measured during this test
are shown in Figure: 12. The ¢conditions throughout this test were: -10 kv beatn
vdltage with a 1 nA/em2 beam curreht dehsity. The test was started with the sam-
ple potential at zero vblts and then exposed to the electron flux with the solar gimu-
lator off. The sample charged to about -9 kV as expected. The effective resistance
of the sample under the dark steady-state conditions was 3.6 x 10!t ohms.

e~ SIM ON == DARK S
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\
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15 [ ] U UV G U S R S Y
0 10 20 % 40 S0 e 70 B0 %0 100 ™
TEST TIME, mun

Figure 12. Effect of Sunlight on Kaptot
Thermal Blankets

The solar simulator was turned on 30 minutes after the test started and pe-
mained on for an additional 30 minutesd. Theé durface vsltage ahd the leakage cut-
rent changed immediately (the step {n this cirve wad causge by the two-stage turn
oh requirement of the solar siriuldtor), After 37 rinites in the sunlight {at about
3/4 solar lntensity), the gurface voltage was decreased to about -200 V rind the
sample effecttve resistance reduced by 3 orders ofmagnitude {to 3.6 x 108 ohms).
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At thig point the gimulator was turned off and the sample allowed to charge up
again. The charging rate for thi - eclipse cycle was slower than the first eclipse
cycle. After tho 30 minutes in the dark, the suxface voltage reached only -7 kV
corresponding to ad effective résiscarnice of 4 1010 ohma. Turning the golar simu-
lator back on drove the thé surface voltage batk down th the -200V level.

The test was repeated with the beam voltage set at 20 kV with a 1 nA/cm2 beam
current density. The initial dark eclipse simulation resulted in a series of dis-
charges, When the sirulator was turned on, the surface potential dropped again
to about -200 V and ail discharge activity ceased, After 20 minutés into the gecond
eclipse simulation the potential was only about -6 kV with no discharge activity.

The behavior appears to be related to the photoconductivity éffect reported
for Kapton. 10 e Kapto#i material has shown an immediate decrease id bulk
residtance With illuminatiod and appéars to slowly return to the original properties
wheén reéturned tb dark conditions, The Kapton behavior exhibited in these tests is
probably nbt the result of photoemission frbm the samplé since no bther ma‘erial
tested with the solar simulator exhibited sudh an immediate and pronounced drap.
The redhctian in bulk resistivity ¢ould be enhanced by an increase in the sample
temperature. But this should take a finite time to cause the change.

3.3.3 QUARTZ CLOTH OUTER LAYER BLANKET SAMPLES

TWo samples af thermal blankets wilth Astroquartz clbth substituted for the
Kapton outer layer were tested. One sample had a sewn edge (provided by Rock-
well Intérnational, Inc.) while the second had ocpéh edges.

The test rbsults are shown in Flgureé 13(a) and (b), The steady-state surface
voltage as 4 function of beam voltage (Figure 13(a)) shows that the surface charges
only to slightly mére than -4 k¥ under a 20 kV beam test conditisr, The charac-
teristic corresponds to a sample is which the resistance! increases with the surfaee
voltage, The sample effective resistance is shown in Figure 13(b). The transient
leakage current data indicate that theré is littie, if ahy, charge stored in these
samples.

There we:e no discharges observed during these tests, Howeveér, as With the
S~154U paint sumplé, the blanket did electroflubresce in the beam A picture of
theé sample glowlig b shown in Figure 14.

3.4 Solar Array Segments
3.4,1 SAMPLE pESCRIPTION

Three different solar array ségrments Were evaluated in this test series, The
segimenis are shown in Figire 15, Segmierit A {s caliéd the standard solar array
segmért, It ls an darray of 24 2- by 2-cm célis in series. The cells are 10 mils
(0, 025 cr) thick, 16 ohm-cm resistivity, N on P type solar cells, Thé covér
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Figure 13. Quartz Cloth Thermal Blanket Charging Survey Data

Figure 14. Gléw on Quartz Cloth Thermal Blanket
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slides are 12 mils (0,03 em) fused sillea (Corning 7940), The cells are bonded to
a Kapton gshect whtch is bonded to a fiberglass sheet, One end of tho fiberglans
board is covered wtth a grounded metal plate ‘the fibergla 8 on the other three
edges of the segment s uncovered and exposed to the electron ‘lux dutihg the test-
ing. The eleetrical circuit of the segment is grounded through the electrometer
for the tests,

Scgment €3 consists of 27 2- by 2-em cells in a series/parallel configuration.
These cells arc mouated direatly on a 3-mil (0, 00”-cm) Kapton-fiberglass flexible
substrate. The cells are 8-mil {0, 012-cm) thick, 1ohm-cm solar cells. The
cover slides are 4-mil (0, 006-cm) thtck cerium doped microsheet. This segment
has been constructed using the same techniques employed in manufacturing th
Canadian-American Communications Technology Satellite array. 11

Segment C consists of nine 2- by 4-cm cells in a sertes/parallel configuration
with a conductive coating on the coverslides. These cells are mounted on a fiber-
glass board with about a 0. 6 cm fiberglass border exposed at all four edges. The
cella are 11-mil (0, 028-cm) thiek, 15 to 45 ohm-cm solar cells. The cover slides
aré 12-mil (0, 03-em) fused silica (Corning 7940) 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 current collected by the array
circuit.

3.4.2 TEST RESULTS
3.4.2.1 Charging Characteristics

The characteristics of the standard and flexible substrate segments (Figure
15(a) afid (b)) are shown in Figures 16 and 17; the conductive coverslide segments
will be discussed later. In Figure 16 the voltage profiles across the two segments
are shown for various beam voltages. For both segments the effect of the edges is
pronounced when the beam voltage exceeds -5kV, The most severe voltage grad-
ients are produced at the interface between the coverslides arnd the border. In
fact, there is evidence that the border can control the charging of the coverslides
(see Ftgure 16(a)). This effect suggests that material samples should be tested
with the flight configuraiion boundaries in order to evaluate properly the behavior
of any particular satellite exterior desigh,

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 error bars, on the voltage curves represent the
range of values across the samples.
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The surface veltage ¢ wrve for the standard segment coverslide and the fiber-
glass are straight lings, This implies that the surface voltage for bath is coli-
trolled by the secondary emission characteristies of each material with the fused
siliza being & slightly better émitter.

The surface 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 resistancé in¢reas&s with voltage. Thi$ behavior
may be the regult of thé¢ charging of the border and may not be real. This will b2
Verified. in future tests on the microshéet alone. The Kapton-fiberglass substrate
behaves as expected. The durface voltage is controlled by secondary emission
until the surface potential reaches about -9 kV at which point the leakage current
influences the voltage and the curve starts to fall off,

The charge deposited on the coverslides of both segments, along with thd
energy stored, is shown in Figure 17(b) and (c) as a function.cf the coverslide
average voltage. From these curves it is evideht that, although the same charge
is depbsited on the flexible substrate segment ad the standard segment, the energy
stored in the flexible substrate segment is considerably less. This effect may be
due to the charging of the substrate boundaries. In any case, the techniques used
in constructing the flexible substrate segment appéar to minimize the charging ef
thé segment.

3.4.2.2 Discharging Characteristics

The discharge characteristics of snly the standard array segment have been
obtained. For this segment, discharges are observed when the beam voltage is
abbut -14 kV, A picture of a typieal discharge is shown i Figure 18. The dis-
charges seem to originate at the edges of the coverslides and culminate in a flash
of light over most of the coverslides. There is ho apparent physical damage tu the
coverslides due to these discharges. The voltage-current characterigtics of the
segment are the same aftér this test a8 before. Long time discharge tests are
planned to déternine if the discharges can eventually decrease the array
performance.

The discharge characteristic$ for this segment havé been obtained from the
leakage currént measurements as shown in Figure 19, The charge stored is coni-
puted by integrating this current. The breakdown voltage is coniputed from the
value of thé capacitance dnd the cornputed charge depodited up to the point of dis-
charge. The energy last in the discharge is obtained by computing the energy
stored at the time of the discHarge and the energy remaining after the discharge,
The average results for the three partial discharges end the 15 major discharges
are tabulated on Figure 19. As can be seen thé discharges seem to occur between
-gand -9 kV. In a partial discharge only about 25 mJ are lost whereas the full
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60 mJ stored in the segmeht are lost {4 major discharge, The reasons for
partial digcharges in soté tésts and major discharges in bther tests are still to
be ¢stablished,

3.4.2.3 Effest of Selar Simulation on Flexible Sustrate Segment

It is known that sunlight will increase the Conduction in Kat‘[;»tcm10 exposed to

the Light. This increase wduld result in lowering the surface potential and possi-
bly prevent discharging. However, there is a question of what wduld happen to the
dark dielectric surfaces behind the solar cells if the 4rray were expbsed to a sub-
storm condition while the cell side was illuminated, Would there be discharges?
Or would the reduced.resistivity of the illuminated Kapton affect the darkened
areas? A test has been conducted at the LeRC to determine the response to these
conditions. Additional testing of a similar array segment has been conducted in
the ESTEC facility. 2

The flexible substrate segment was mounted in the LeRC .facility such that the
dielectric side was exposed to the electron flux. A infrared, quartz arc lamp was
mounted in the tank so that the light would illuminate the cell side of the segment
I t about 0.5 solar intensity. Test runs were made at sevéral voltages at a beam
current density of 10 n.A/cm2 firgt with the lamp bff f6r 30 minutes. then With the
lamp on for 30 minutes, followed by 60 minutes again in the dark and finally, 36
minutes With the lamp on again. The total number of discharges detected by the
loop antenna 50 em froin the segment was counted at éach beam current voltage.
The results for the -10, -12. and -14 kV beam voltage tests are shbwn in Figure
20. Similar trends were found in the -16, -18. and -26 kV tests.

As is apparent from Figure 20, the segment axperigiced numerous discharges
when the segmént was it the dark initially. When the light was turned on the dis-
charges stopped immediately, When the lamp was again turned off, the discharges
octurted again, but at a significantly lower rate. Even the lower rate was ternii-
nated when the lamp was again turned on. Therefore, thé light on the gell side of
the segment deems to stop the discharges that occur when the dieléctric side. is
bombarded with kilovolt electrons while the cell glectrizal circuit is grounded.

The reason fbr this behavior is either due to the photoconductivity effect in Kapton
or thermal effects in the dielectric (there was no attemipt to control br measure
the segment tefiiperature during these tests).

The discharges that wére observeéd during this test are shown in Figure 21.
This piéture B a multiple discharge exposure of the segmerit in the dark While the
dielectric is bombarded. The thajority of the discharges occur at tke cell inter-
connécts. This ifnplies that the Kaptoti-fiberglass cloth is charged to a point where
theri! is a breakdown through the cloth to the grourided ihtércotiriéct, Prelliminary
caleulations indicate that the surface potential is about -8 to -9 kV at the discharge
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which is sufficient to break down thé thin Kapton sheet bétween the fiberglass
strands.

After rurning tests on the segment for about 40 hours, a marked decrease in the
number of digchargés was noted. The segment was removed from the facility and
inspected. It was found that the cloth was punctured at every intercontiect, This
apparently reduced the number of discharges per unit tinie. There was ho degra-
dation of the cell characteristics as a result bf these tests.

3.4.2.4 Conductive Coverslide Test Results

This segment was exposed only to a limited test. The voltage prbfiles obtained
are shown 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 ard the thin conductive covers were possible. Theretore, the test
was stopped. The-fiberglass Will be covered and grounded ahd the test will be
repeated.

CONDUCTIVE COVIRSLIDE ARRAY SEGMENT
P FIBERGLASS tUNCOATED!
AT TS
PROBE TRACK /' 1= = 2

SURFACE VOLTAGE, kV

o 5 10 15 2
POSITION, ¢m

Figure 24, Steady-state Surface voltage
Profiles of Solar Array Segrnerits

The conductive coverslides did collect currents proportiondl to the cell area
and the beam current, as expected. There were no nohuniformities observed in
the voltage profiie over the conductive coverslides. 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 the surroundings can be evaluated.
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4. CONCLUDING REMARKS

A series of survey tests have been cbnducted in the Lewis Research Center
geomagnetic substorm gimulation facility on typical spacecraft matérials, The
samples, ranging in size frorm 300 to 1600 cm® were exposed to mahoercrgetic
electron energies from 2 to 20 keV at a current derisity of 1n.A/Crn2.

In geheral, all the insulator Materials behave as if they wére capacitors with
one surface at ground pbtential while the suzface facing the electron beam tare to
an equilibrium pbtential that depended Upon the secondary emission, baékscattering,
and-leakage currents. Strong voltage gradients wére found at the edges of the sam-
ples and these must be considered in treating the sample as a simple capacitor.
Theé effec¢tive capacitance of the sample appears to change with surface voltage as
a result of this edge voltage gradient. Solar simulatioti changed the charging
Characteristics of the samples either because of photoemission, photoconduction,
or thermal effects. Finally, it was found that thé surroundings can influence the
charging of the samples. Therefore, realidtic evaluations of the behavior of mate-
rials for a specific degign must include the effects of the surrotndings in the flight
configuration,

The samples in which discharges did nbt occur were the spacecraft paints
(both conductive and noriconduetive), quartz cloth samples and cunductive cover-
slide Solar array segments. In the ease bf the S-13G paint and the quartz cloth
the samples were charged to limited voltage valuégs, but they did " electrofluoresee’
in the electron beam.

All of the sther samples tested did discharge. The discharges normally orig-
inate at the sample edges or at imperfections on.the surface, These aré the places
where the voltage gradients dre the most sevére, The discharges were visible and
have been phbtbgraphed. The discharges otcurred whén the surface potential was
in the range of -8to -12 kV, The energy lost in the discharges was computed to
be in the range of about 0. 6 r‘nJ/cm2 for the solar.array segments th about 2 mJ/
cm® for Kapton blankets. Construetibn techniques and surroundings were found to
Influénee the discharge eharacteristi¢s of the samples so that the evaluation for a
particular spacecraft design shbuld invelve testing in flight cénfigurations,

There are two scalirig factors that still must be resolved. The first {5 the
geometrie Staling, or How to determine the ¢haratteristics of very large space-
craft surfaces from testd on smiall area samplés, 1n order to obtain this scaling
factor, large area tests in very large facilitiés mult be donducted. Such a test.
program {s being considéred for the near future.

The setond secaling fadtor i8 the erivironmerital scaling or the transition frorn
inonoerergetic electron fluxés to the distributed energv plasma of space, One
attempt at this extrapolation is giveti in another paper of thls session. 3 The final
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answer will come only after space-flight data bn the materiale characteristics
have been obtairied from experiments such as those on SCATHA.

The testing program that has been deséribéd here will continue urtil all of the
significant parameters for the various spaceeraft materials have beed evaluated.
The informatior gathered will be issued in reports and catalogued for incorpordtion
in the Design Criteria Handbook that is to be the main output of the joint AF-NASA
Spacecraft Charging Investigation, 4
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