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CHARGING OF FLEXIBLE SOLAR ARRAY SUBSTRATES
IN KILOVOLT ELECTRON BEAMS
by John V, Staskus and Steven J, Narciso

National Aeronautics and Space Administration
Lewis Research Center
Cleveland, Ohio 44135

INTRODUCTION

Many satellites in geosynchronous orbit have experienced anomalous
behavior in electronic systems at some time during their operational lit'el'z.
The anomalies are believed to be the result of discharges which occur fol -
lowing the differential charging of various spacecraft surfaces by the geo-
magnetic substorm envimnment3. Investigations to determine the behavior
of various materials under charging conditions have been undertaken in the
Lewis Research Center's geomagnetic substorm simulation f;wility“. Ther -
mal control materials and some solar array segments have undergone con-

siderable testings‘ 6, 7.

These samples all discharged under conditions
simulating moderate to severe substorms,

Flexible substrate solar arrays used on some communications satellites
present a large insulator area that can be charged by the environment, The
first such array was designed and built for the Canadian-American Commu-
nications Technology Satellite (CTS) before spacecraft charging effects were
understood. There was sufficient concera for the possible charging of this
AEG-Telefunken supplied array that a charging investigation was cnnductoda.
The CTS has survived the environmental charging since launch in January,
1976, but has suffered a power loss possibly due to a charging ovontg.

When a similar solar array was proposed for use on the latest COMSAT
satellite, Intelsat V, several modifications to the substrate were suggested
to minimize the charging of the dielectric surface. The KAPTON -fiberglass
substrate was changed to include woven carbon fiber fabrics and or
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conductive surface coatings. The fabric and coatings would be electrically
grounded, These ''quasiconductive'' dielectric substrates required testing
to evaluate their effectiveness in controlling surface charging. Four solar
array segments were prepared by AEG-Telefunken and COMSAT using dif -
ferent carbon fabric weaves and surface coatings.

The segments were tested in the Lewis Research Center facility as
part of the continuing evaluation of new materials and techniques being
developed to control surface charging. Survey tests were conducted on
both the solar array sides and the substrate sides by exposure to 2 to
20 KeV electron beams, Simulated eclipse testing was also conducted in
which the segments were exposed periodically to sunlight while being ir -
radiated by the electron beam. This report describes the testing and
summarizes the results,

SAMPLE DESCRIPTIONS

All of the array segment samples were nominally 10 centimeters by
11 centimeters in size. The solar cells were 2 centimeters by 4 centi-
meters having 10 2 -centimeters resistivity. The substrates were com -
posed of 12,5 pm thick (0. 0005 in,) KAPTON sheet (19 gm mz) reinforced
with either a woven carbon liber fabric or a woven glass fiber fabric. The
samples were designated set 1, set 2, set 3, and set 4 by COMSAT Cor -
poration, Table I summarizes the characteristics of the sample
substrates,
The set 1 sample, fig. 1, had a carbon fiber fabric of 66 gm m2 den-
sity bonded to the KAPTON sheet for reinforcing and charge control. The
elements of the woven carbon fiber fabric were approximately 1.5 mm
wide and spaced 5 per centimeter resulting in an open area of about 6
percent, A conductive strip down each edge of the rear surface provided
the electrical contact with the carbon fiber reinforcing and charge control
material. A short piece of KAPTON insulated wire was epoxied to each
strip for circuit connections. The eight 2x4 centimeter solar cells were
mounted on the KAPTON with RTV 566 in two parallel strings of four cells
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in series. 'The 0.1 mm thick cerium doped cover slides were applied with
DC 9350 adhesive and were similar to those used on the Communications
Technology Satellite,

The set 2 sample, fig, 2, had 45 gm m
the KAPTON sheet for reinforcing and charge control, The fabric elements
were about 1 mm wide and spaced about 3-‘- per centimeter resulting in an
open area of about 42 percent, Electrical connection to the carbon fiber
fabric was provided by a conductive strip down each edge of the sample's
rear surface. A short length of silver mesh was bonded to each strip for

2 carbon fiber fabric bonded to

solder connections, The four 2 centimeter by 4 centimeter solar cells,
connected in series, were centered on the KAPTON substrate, The long
dimensions of substrate and cells were parallel, The 0. 15 mm thick ce-
rium doped cover slides had a magnesium fluoride anti-reflection coating,

The set 3 sample, fig. 3, was similar to the set 2 sample except that
a film of adhesive -soot material was applied over the woven carbon fiber,
This was done to improve conductivity and thereby reduce the charge
buildup,

The set 4 sample, fig. 4, had a substrate of KAPTON reinforced with
27 gm m2 woven glass fiber fabric. The weave density of about 24 strands
per centimeter allowed very little, if any, open area. This sample had the
reinforcing material applied to the front or solar cell side of the KAPTON
sheet, The charge control material, a mixture of adhesive and soot, was
applied to the bare KAPTON on the rear surface of the substrate, Con-
ductive strips and silver mesh again provided electrical connection to the
conductive coating on the rear of the substrate. The solar cells were the
same type as used on the sets 2 and 3 samples,

DESCRIPTION OF TESTS

The test program consisted of three parts, In the first series of tests
the sample front surfaces were exposed to the electron beam without solav
simulation, In the second series of tests the backside surfaces were ex-
posad and in the third series the front surfaces were exposed to the electron
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beam while being subjected to simulated solar illumination and eclipse. In
the first two series of tests the samples were subjected to nominal electron
fluxes of 1 m‘\/’cm2 for 20 to 30 minutes at each of the various electron beam
accelerating voltages. In the third series of tests the electron flux was nom-
inally 1 nA/cm2 and the beam energy was 20 KeV. Each test was begun with
the sample surface neutral. An i>n source was used b~tween tests to dis-
charge this surface. The surface potential measuring .';ystem verified that
the surface was neutral. The electron current collected by the solar cell
circuit and that collected by the substrate were monitored separately. The
sample surface potential profile was monitored using the electrostatic volt-
meter which was swept across the surface at a minimum separation of about
0.2 centimeter. Discharge activity was monitored with a 15 centimeter
diameter loop antenna centered about 38 centimeters from the sample
center,

The first series of tests, run at beam voltages of 2, 5, 8, 10, 12, 14,
16, 18, and 20 KV, was conducted to survey the response of the front di-
electric surface and the solar cells. The second series of tests, run at 2,
8, 12, 16, and 20 KV beam voltages, was conducted to survey the backside
performance. The samples could be compared one to another to determine
the most effective technique for controlling charge buildup on the rear
surfaces.

In the third series of tests, the front surface of each sample was ir-
radiated with a 1 nA cmz, 20 KeV electron flux for a period of two hours.
The first half hour period was similar to the initial front surface tests ex-
cept that the sample temperature was lowered to about -18° C. During the
second half hour the sample was illuminated by a solar simulator producing
about 0. 6 sun intensity at the sample plane. During the third half hour the
sample was again in darkness while during the fourth half hour it was il-
luminated. Throughout the test the temperature, substrate collection cur-
rent, cell circuit collection current, and surface potential profile were re-
corded once per minute. During the illuminated portions of the test, the
array segment short circuit current and open circuit voltage were also re-
corded each minute,




DISCUSSION OF RESULTS

The test results for the set 2 sample is shown in figures § through 8,
Figure 5 shows some typical surface potential profiles for the front and
rear of sample 2. All are profiles of surfaces being bombarded in dark -
ness. Figures 5(a) and (b) are equilibrium profiles of the front surface
under exposure to 5 KeV (low energy) and 20 KeV (high energy) beams,
respectively, Note that in the low energy beam, the KAPTON border be-
comes charged to a significantly higher potential than the cell cover slide,
In the high energy beam the potentials of the cover slide and KAPTON
border are comparable. Figures 5(¢) and (d) show the rear surface in a
high energy beam early in the test and at equilibrium, The carbon fiber
threads of about 0, 1 centimeter width and intervening 0,2 centimeter
squares of KAPTON are resolvable as the alternating potential peaks
and valleys. The conductive strips on the edges of the sample are seen
as high potential peaks. The most significant observation to be made
is that the small open areas of KAPTON on the rear surface become
charged to nearly the same potential as the broad open KAPTON borders
on the front surface, Therefore, it appears that the carbon fiber simply
breaks up the charging into smaller areas,

Figure 6 shows the range of potentials occupied by the various sur -
face materials of the sample for exposure to electron beams of 2 to 20 KeV
energy,  Figure 7 shows the equilibrium electron currents to the conduce -
tive substrate and solar cell circuits in beams of 2 to 20 KeV energy, It
should be noted that increasing accelerating potentials focus the beam so
that a 20 KeV beam of 1 nA cm: density at the sample center will not pro-
vide the same total current to the sample as a 2 KeV beam of the same
density at the sample center,  The current collected by the solar cell eir-
cuit during electron irradiation of the substrate side is not shown since it
was more than an order of magnitude less than the current collected dur -
ing frontal irradiation,  Figure 8 is a summary of the test conducted with
the solar simulator, Figures 8(a) and (b) are records of the surface po-
tentials on the cover slides and KAPTON substrate border,  Note that
under illumination of only 0. 6 sun intensity the surface potentials are
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reduced by an order of magnitude from the values reached during electron
irradiation in total darkness and may be due to the photo conductivity of
KAPTONIO. Figure 8(c) is a plot of sample temperature versus time, The
thermocouple used to monitor the temperature was located in the center of
the rear surface of the sample. Due to its location it probably indicated the
true temperature of all surfaces of the sample only during the first half hour
for which there were no thermal inputs to the sample and a steady state had
been achieved. Figure 8(d) is a cumulative record of the discharge activity
that took place during the test. The three couniers connected to the loop
antcnna were operating with thresholds of 1V, 2V, and 5V. The curve
labeled with roman numeral I shows the occurence of discharges which gen-
erated pulses of greater than 1V in the antenna, Curve 11 is for those dis-
charges which induced pulses of greater than 2V and curve III is for pulses
of greater than 5V. No discharges of level III were observed during the two
hour test of sample of set 2 and only one was detected during each two Lour
test of samples of set 3, set 4, and set 1. Discharge activity was greatest
during the first half hour when the sample was cold and in darkness, The
discharge rate was reduced following illumination of the sample but in-
creased during the second half hour of darkness. The discharge rate dur -
ing the second dark period was somewhat less than the rate during the first
half hour and may be due to the higher sample temperature., The discharge
activity during the first and second test series is summarized in table II,
The test results obtained with the set 3 sample are summarized in fig-
ures 9 through 12, Figure 9 shows typical potential profiles for this sample.
This sample was identical to the set 2 sample except for the addition of the
soot bearing charge control material to the rear surface. The cover slid«
and KAPTON border potential profile for low energy (5 KeV) electron beam
irradiation (fig. 9(a)) is very similar to that for the set 2 sample (fig. 5(a)).
The profile for high energy (20 KeV) electron beam irradiation (fig. 9(b))
shows that the KAPTON border became less highly charged probably due to
the additioinal adhesive -soot charge control material. The most dramatic
improvement is noted in figure 9(c) which shows the profile of the rear
surface exposed to a 20 KeV electron beam., The maximum potential is two



orders of magnitude less than that of the sample lacking the adhesive -soot
charge control material, Figures 10, 11, and 12 show the surface poten-
tials versus beam energy, collected electron currents versus beam energy,
and curves summarizing the two hour test in which the sample was illumi-
nated by simulated solar radiation,

The test results obtained with the set 4 sample are summarized in fig -
ures 13 through 16. Figure 13(a) shows the front surface potential profile
when exposed to a 5 KeV electron beam. The cover slide and fiberglass
vorder became charged to approximately the same potentials as the cover
slides and KAPTON borders of samples of sets 2 and 3. The potential pro-
file of the surface exposed to a high energy (20 KeV) electron beam is shown
in figure 13(b). Exposure of the rear surface to a 20 KeV beam produced
the potential profile of figure 13(c). Recall that the rear surface has the
adhesive -soot charge control material applied to plain KAPTON without any
woven carbon fiber material. Comparison with figure 9(c) shows that the
adhesive -soot material alone is nearly as effective as the combined woven
carbon fiber and soot bearing material in reducing charge accumulation,
Figures 14, 15, and 16 show the surface potentials versus beam energy,
collected electron currents versus beam energy, and the curves summariz -
ing the two hour test of alternating periods of darknoss and simulated solar
illumination,

The test results obtained with the sample of set 1 are summarized in
figures 17 through 20, This sample was a better simulation of a proposed
flight array in that the exposed area of the substrate on the solar cell side
was a small fraction of the total sample area. Figure 17(a) shows the two
deep potential wells due to charge accumulation on the narrow KAPTON
borders. The potentials reached by the surfaces in the low (5 KeV) energy
electron beam were much the same as the levels reached by similar sur-
faces on the other three samples, The voltage probe crossed four cover
slides as it traversed the sample and evidence of these is barely discern-
able in the profile of figure 17(a). Figure 17(b) is a typical surface poten-
tial profile of sample 1 in a high energy (20 KeV) electron beam, The
solar cell cover slides are more easily seen. The potential profile of the
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rear surface in a 20 KeV electron beam is shown in figure 17(¢) The rear
surface of this sample looks much like the rear of the set 2 sample except
that the carbon fiber material is more densely woven, Comparison of fig-
ure 17(c) with figure 5(¢) shows that the closer weave eliminated the numer -
ous highly charged regions evident on the rear of sample 2, Although an
improvement over the behavior of sample 2 was realized, the closer weave
was not as effective in reducing charge accumulation as the soot bearing
material appliad to samples 3 and 4 (see figs. 9(c) and 13(¢)). Figures 18,
19, and 20 . how the surface potentials versus beam energy, sample cur-
rents versv: veam energy and the data summarizing the two hour test with
periods of solar simulation,

The discharge activity of the samples during the 20 to 30 minute tests
in darkness is collected in table II. The numbers represent the cumulative
number of discharges which induced signals of greater than 1V, 2V, and
SV in the loop antenna during 20 minutes of exposure to the electron beam.
The set 1 sample experienced significantly more discharge activity on the
front surface than the other three samples. This may be due to the larger
number of solar cells whose cover slides could become charged and inde -
pendently discharge to the solar cell interconnects, Comparison of fig-
ures 8(d), 12(d), 16(d), and 20(d) shows that illumination of the front sur-
face significantly reduced or eliminated discharge activity on all samples
which may be due to the photoconductivity of KAPTON“. The data in the
table indicates that the densely woven carbon fiber fabric alone or the less
dease carbon fiber fabric with the adhesive -soot material added were most
elfective in preventing discharge activity when the rear surface was ir-
vadiated in darkness,

CONCLUDING REMARKS

Four solac array segments of differing substrate construction supplied
by the COAN AT Corporation, were exposed to monoenergetic electron
beams ' the Lewis Research Center electron irradiation facility. These
segments differed in the approach used to (1) reinforce the basic KAPTON
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sheet substrate, and (2) to maxe the dielectric substrate ''quasi-conductive''
and hence, minimize surface charge build up.

The sample which exhibited the lowest surface potential on its rear sur-
face was that with a woven carbon fiber reinforcing material (density of 45
gm ’mz) and an adhesive-soot mixture applied to the back (set 3). The sam-
ple having only the adhesive -soot mixture applied to the rear (set 4) ranked
second, The set 1 sample, having only the higher density (66 gm n12) woven
carbon fiber material on the back, ranked third in lowering substrate rear
surface potentials and the sample having only the low density (45 gm n12)
woven carbon fiber material (set 2) ranked last, These results are as ex-
pected; the more nearly continuous the ''quasiconductive'' layer, the lower
the surface potential,

In terms of discharge activity un the rear surface, the set 1 and set 3
samples appear equivalent with no discharges recorded. Samples 2 and 4
did exhibit some discharge activity on the rear surface with sample 2 the
most active,

The data obtained from these tests show that electronic charge accumu-
lation by the substrates of flexible solar arrays can be reduced. This re-
duction can also be obtained with minimum impact on the solar array weight
since some materials used for charge control also serve as strengthening
elements in the flexible substrate. The influence of these charge control
techniques on the thermal characteristics of the array have vet to be
evaluated,

T T ——
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TABLE I, - SUMMARY OF SAMPLE SUBSTRATE CHARACTERISTICS

Set Matertals’ Welght Dimension | Anti-charging
number (mm) |represented by
Elements | Substrate w/o
(m,/m') Anti-c|
(gm/m*®)
KAP;ON (12.5 um) 19
j=—| C2C L 155 100 x 110 | CFC
CY 209 o8
Hardener HT 972
KAPTON (12.5 ym) 19
3 [ e 95 100x110 | CFC
DuPont 46971 s
Hardener RC 805
KAPTON (12,5 uym) 19 CFC +
3 CFC 45 104 100 x 110 DuPont +
DuPont 46971 40 Hardener +
Hardener RC 805 Soot
KAPTON (12.5 ym) 19 DuPont +
4 Glass Fiber 90001 27 59 100 < 110 | Hardener +
DuPont 46971 13 Soot

Hardener RC 805

1411 of the samples hud 2 strips of silver -filled polyester bonded to the rear surface
80 that the samples' rear side could be grounded. All of the samples were sent by
AEG/Telefunken. Set | was received without cells and cells were mounted on the
samples for COMSAT by TRW Space Sysi."ms.

zCl.l'lmu fiber composite (CFC).

TABLE II. - CUMULATIVE DISCHARGES AT 20 MINUTES

Electron beam energy, KeV
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irradiation
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_— Solar cell
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A~ Kapton border

(@) Front surface potential profile,
5 KeV beam, minute 26,
1 KV/division,

(b Front surface potential profile,
20 KeV beam, minute 20,
2 KVHidivision,

(c) Rear surface potential profile,
20 KeV beam, minute 1,
1 KV/division,

(d" Rear surface potential profile,
20 KeV beam, minute 20,
1 KV/idivision,

Figure 5, - Typical surface potential profiles of sample # 2,
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Figure 6. - Surface potential versus beam energy for
sample no. 2.
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Sample current, 1077 amp

COMSAT sample no. 2 SNI
O Cell circulit
O Substrate circuit Frontal irradiation
A Substrate circuit Rear irradiation
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Figure 7. - Collected current versus beam energy for
sample no. 2
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(@) Surface potential of solar cell cover slides versus time during
solar simu lation test of sample number 2.
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() Surface potential of KAPTON border around solar cells versus
time during solar simulation test of sample number 2.

Figure 8.
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(@) Cumu lative discharge count versus time during solar simulation
test of sample no, 2.

Figure 8. - Concluded.
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| \ L Kapton border

(a) Frent surface potential profile,
5 KeV beam, minutes 20 and 27,
1 KV/division,

(b Front surface potential profile,
20 KeV beam, minutes 15 and 20,
2 KVidivision,

(c) Rear surface potential profile,
20 KeV beam, minute 20,
20 volt/division,

Figure 9, - Typical surface potential profiles of sample # 3,
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COMSAT sample no. 3 SNI
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Figure 10. - Surface potential versus beam energy for
sample no. 3.
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COMSAT sample no. 3 SNI

O Cell circuit | Frontal irradiation
O Substrate circuit |

A Substrate circuit Rear irradiation
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Figure 11. - Collected current versus beam energy for
sample no. 3,
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@) Surface potential of solar cell cover sliges versus time during
solar simulation test of sample number 3.
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b) Surface potentiai of KAPTON border around solar cells versus
time during solar simulation test of sample number 3.

Figure 12.
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Figure 12. - Concluded.
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L~ Fiberglass over
Kapton border

{a) Front surtace potential profile,
5 KeV beam, minutes 12, 14, 18
and 0, 500 wolts/division,

ib) Front surface potential profils,
20 KeV beam, minute 20,
2 KV/division,

(¢) Rear surface potential profile,
20 KeV beam, minute 22,
20 volts/division,

Figure 13, = Typical surface potential profiles of sample # 4,
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(@) Surface potential of solar cell cover slides versus time during
solar simu lation test of sample number 4.

Ml ——-I-——ugm—-*—— Dark —-{-—ugm—~|

| leml L & | | h 1l 4 |
0 10 20 30 40 5 60 7 80 9% 100 110 12
Test time, min

b) Surface potential of glass fabric border around solar cells versus
time during solar simulation test of sample number 4.
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(c) Rear surface temperature as a function of time during solar
simulation test of sample no. 4.

-

et
———"""1 1V threshold
Les 11 2V ihreshold
i 111 5V threshold
et e ] j“l

10 2 30 4 5 60 70 8 9 100 110 1
Test time, min

(d) Cumu lative discharge count versus time during solar simulation
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Figure 17, - Typical surface potential profiles of sample # 1,
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Figure 18. - Surface potential versus beam energy for
sample no. 1.
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(a) Surface potential of solar cell cover slides versus time during
solar simulation test of sample number 1.
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b) Surface potential of KAPTON border around solar cells versus time
during solar simulation test of sample number 1.

Figure 2.
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