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For surfaces in low Earth orbit on the International Space Station, contamination may occur from Space
Shuttle thruster exhaust, sputter contamination products, and products of silicone degradation. Interaction of the
natural low-Earth-orbit environment with the surface contaminants may degrade the performance of solar cells
and thermal control coatings. This paper describes laboratory testing in which solar-cell materials and thermal
control surfaces were exposed to simulated space environmental effects including contamination, atomic oxygen,
ultraviolet radiation, and thermal cycling. Contamination from thruster exhaust in amounts significantly exceeding
those expected on the Space Station resulted in increased solar absorptance of surfaces and in degradation of
solar-cell performance. Fused silica samples that were subsequently exposed to an environment dominated by
atomic oxygen and containing some vacuum-ultraviolet radiation showed reversal of this degradation. Materials
which were exposed to vacuum-ultraviolet radiation subsequent to thruster-exhaust contamination showed slight
additional degradation in solar absorptance. Despite significant differences between the simulated environments
and the low-Earth-orbit environment, these data are useful in suggesting possible trends in performance changes
for solar cells and thermal control surfaces due to the interactions between surface contaminants and the natural

low-Earth-orbit environment.

Nomenclature
E(A) = spectral irradiance of the sun, W/m? - nm
o = solar absorptance
€, = total normal emittance
A = wavelength, nm
p(}) = spectral reflectance
Ds = solar reflectance
T(A) = = spectral transmittance
Ty = solar transmittance

Introduction

N order to predict the long-term performance of solar cells

and passive thermal control surfaces on low Earth orbit (LEO)
missions such as the Space Station, it is necessary to know how
optical properties of such materials will change owing to contam-
ination in the presence of the natural LEO environment. Sources
of contamination for Space Station surfaces include Space Shut-
tle thruster exhaust, products of sputtering from negatively biased
surfaces, and products of degradation of silicones. Products of in-
complete combustion of Space Shuttle thruster fuel are conden-
sible and could contaminate nearby surfaces impinged upon by
the thruster plume.!~® On the Space Station, surfaces that are at
a negative potential relative to the plasma environment of space
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will attract positively charged ionized gases, resulting in sputtering
of those surfaces if the potential differences are sufficiently high.”
Products of this sputtering can deposit onto nearby surfaces. It is
possible that the anodized aluminum truss of Space Station will
undergo sputtering, resulting in aluminum deposition onto the solar
arrays, which then oxidizes to form aluminum oxide. Silicones used
on spacecraft include adhesives for solar cells, potting compounds,
wiring insulation, and coatings for solar array blankets. Outgassing
products of silicones in LEO may cause contamination of nearby
surfaces.?~1! Even for silicone materials that have passed outgassing
requirements for a LEO mission, such outgassing products may be
released upon atomic-oxygen attack of the silicone surface. This
paper describes laboratory testing to determine trends in the com-
bined effects of the natural LEO environmental constituents such as
atomic oxygen, ultraviolet radiation, and temperature cycling with-
contaminated solar-cell and thermal control surfaces. Because of
the complexities associated with simulating the natural LEO and
contamination environments, these experiments have obvious defi-
ciencies compared to actual flight experiments. Furthermore, some
flight experiments have been performed to address these issues.®
However, because flight experiments are typically quite short in du-
ration and are very expensive, ground laboratory testing such as
this can be very useful in determining trends in long-term on-orbit
performance of materials.

Experimental

Materials Evaluated

Three sample trays were prepared for exposure to thruster ex-
haust contamination. Table 1 describes the contents of these trays.
They are shown in Fig. 1. Samples included 2.5-cm-diam fused
silica disks, five of which were contaminated with 1200 + 120 A
of dimethylsiloxane fluid prior to thruster exposure. Z-93-P, a white
thermal control paint consisting of zinc oxide pigment in a potassium
silicate binder, was applied to 2.5-cm-diam substrates of aluminum
alloy 6061-T6. Also included were one sample of each of the follow-
ing types of anodized aluminum materials: chromic-acid-anodized
aluminum alloy 2219-T851, sulfuric-acid-anodized aluminum alloy
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Table 1 Contents of sample trays for
thruster exposure

Tray
no. Samples Qty.

1 Fused silica 12
Silicone-contaminated
fused silica
Stainless steel
2 Fused silica
Silicone-contaminated
fused silica
Z-93-P on aluminum
Anodized aluminum
Stainiess steel
3 Aly O3-contaminated
solar cells
Stainless steel
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Fig. 1 Sample trays for thruster exhaust contamination: a) tray 1, b)
tray 2, and c) tray 3.

2219-T851, and high-emittance Duranodic™ black (HEDB) an-
odize on alclad aluminum alloy 7075-T6. These samples were 2.5
by 2.5 cm.

Two 8 by 8 cm solar cells with cover glass of the type to be
used on the Space Station were coated with 835 & 68 A of alu-
minum oxide (Al,O3) using electron-beam evaporation to simulate
contamination from sputter deposition prior to installation on tray 3
for additional contamination from thruster exhaust. Stainless-steel
witness coupons of 2.5-cm diam were also included on each tray.

Sample Characterization

Spectral transmittance and reflectance between 250 and 2500 nm
were obtained using an ultraviolet—visible-near-infrared (UV-VIS—
NIR) spectrophotometer equipped with a 60-mm-diam integrating
sphere. These data were used to calculate the solar absorptance of
samples. The solar transmittance and solar reflectance values can
be represented by

2500 nm
_ Jrsomm T(MEMR)dA M
G 2500 nm E() da
250 nm ( )

2500 nm
— J250om p(k)E()‘) da (2)
Ps 2500 nm EO)dA
250 nm ( )

The solar absorptance was calculated for transparent samples by
o =1— (1 + ps) 3
and for opaque samples by
oy =1—py )

The accuracy in the measurement of o is expected to be ap-
proximately +0.02. This significant error is attributed to the small
size of the integrating sphere. The repeatability is expected to be
approximately +0.005.

For opaque samples, the room-temperature total normal emittance
€, between 5 and 25 pm was measured with an infrared reflectome-
ter. The repeatability in measurements is expected to be £0.005. A
high-emittance and a low-emittance standard were used to calibrate
the instrument prior to each measurement.

Stainless-steel witness coupons were weighed before and after
thruster exposure to determine the mass of deposited contaminants.
In order to identify the composition of the deposited contami-
nants, one of these witness coupons was studied with micro-Fourier-
transformed infrared (1.-FTIR) spectroscopy. The analysis was done
using a 15 x Cassegranian objective over an area 100 pm in diam-
eter at the center of the sample.

The solar-cell air mass zero (AMO) efficiency was obtained by
measuring current—voltage (/-V) characteristics while the cell was
under illumination. These measurements were made using separate
current and voltage leads (four-wire), measurement obtaining volt-
age directly off the cell and current across a shunt resistor. The cell
was biased at various voltages using a dc power supply. Illumina-
tion was provided by a xenon-arc solar simulator with filtering to
approximate the AMO solar spectrum. A monitor solar cell was used
to correct the cell current for variations in light intensity, which are
up to 1-2%. The efficiency was calculated using an AMO standard
of 136.7 mW/cm?. :

Exposure to Thruster Exhaust

The three sample trays were exposed in the Space Shuttle Primary
Reaction Control System (PRCS) thruster facility (test cell 405) at
NASA White Sands Test Facility in White Sands, New Mexico. The
PRCS bipropellant thruster uses monomethylhydrazine (MMH) fuel
and a nitrogen tetroxide (N,O;) oxidizer. Samples were exposed in
the test cell at a region near the outer edge of the exhaust plume, for
up to three increments of 30.6 s of thruster-on time, during pulsed
firing operation. Figure 2 shows the configuration of the sample
trays with respect to the thruster. Figure 2a is a photograph of the
three sample trays in the thruster facility. As can be seen in Fig. 2b
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Fig. 2 Configuration of sample trays with respect to thruster: a) pho-
tograph of facility and b) top-view drawing of test cell.

(a top-view drawing of the test cell), the trays were mounted near
the diffuser at an angle of approximately 30 deg to the centerline
of the thruster. The diffuser, pumped by a gaseous-nitrogen ejection
system, is used to expel the thruster exhaust from the test cell. Be-
cause the diameter of the plume at the front surface of the diffuser is
larger than the diameter of the diffuser inlet, and because the diffuser
surfaces are painted, a stainless-steel shield was placed between the
diffuser and the sample trays in order to prevent paint particles and
debris from being blown back onto the sample trays. The trays were
mounted in an attempt to provide the maximum arrival of combus-
tion by-products while minimizing the thermal load from the plume.
Since the chamber is typically at a rough vacuum pressure during
thruster operation, it was determined that the trays needed to be as
close as possible to the outer edge of the plume to provide sufficient
arrival of contamination in the absence of molecular flow. During
the three thruster firing sequences, the test-cell pressure ranged from
1.3 x 10° to 5.3 x 103 Pa. The disadvantages of this test arrangement
were that the background pressure was many orders of magnitude
higher than that on orbit and that the samples were situated much
closer to the plume than would occur for Space Station—Space Shut-
tle operations. Two free-standing thermocouples were installed at
either end of tray 2 in order to provide an estimate of the temper-
ature distribution across the surface of the sample trays. Thruster
firing profiles show temperatures ranging from 93 to 260°C for the
leading edge (away from diffuser) thermocouple and temperatures
ranging from 177 to 427°C for the trailing edge (near diffuser) ther-
mocouple. Although these temperatures are not representative of the
samples themselves, they do give an indication of the temperatures
of the environment. Because the samples were located so close to the
plume, the temperatures were probably much higher than those that
would be experienced for Space Station—Space Shuttle operations.

Between thruster exposures, the cell was purged to atmospheric
pressure with nitrogen to allow suited personnel to enter and re-
move samples. The samples were placed in containers and sealed

in two nitrogen-purged bags. Upon removal from the cell, the sam-
ples were sealed in a third nitrogen-purged bag for transportation
back to NASA Lewis Research Center. Samples were stored in these
purged bags in a desiccator. The purged bags were not opened to
atmosphere until immediately prior to exposure to the simulated
LEO environments.

Simulated LEO Environmental Exposures
Exposure to a Rough Vacuum Environment

A fused silica and a Z-93-P sample that had been exposed in the
PRCS thruster facility for 61.2-s thruster-on time were placed in a
vacuum desiccator and pumped to a pressure of approximately 4 Pa.
Samples were kept in this environment for 120 h to determine the
effects of exposure to vacuum on their optical properties.

Vacuum-Ultraviolet Radiation Exposure

Samples that had been previously exposed to a total of 91.8 s
of PRCS thruster-on time were exposed to vacuum ultraviolet
(VUV) radiation. These samples included chromic-acid-anodized
aluminum, HEDB-anodized aluminum, Z-93-P, and two fused sil-
ica slides, including one that was coated with approximately 1200 A
of silicone fluid. The VUV exposure facility contains three water-
cooled copper compartments each equipped with a 30-W deuterium
lamp with a magnesium fluoride window. These compartments are
located inside a cryopumped high-vacuum system bell jar, which
operates at a pressure of approximately 7 x 10~* Pa. Samples are
placed on the floors of these compartments. The lamps provide VUV
radiation predominantly in the wavelength range between 115 and
200 nm. The fused silica and Z-93-P samples received 312 equiva-
lent sun hours (ESH) of VUV with an acceleration of 2.6 VUV suns,
and the anodized aluminum samples received 276 ESH of VUV with
an acceleration of 2.3 VUV suns, where the number of VUV suns
refers to the ratio of the intensity of the test lamp to that of the sun
at AMO in the same wavelength range (115 to 200 nm). Prior to
use, VUV lamps were calibrated with a photomultiplier tube (PMT)
with a narrow-bandpass filter at 182 nm in air. The PMT was cali-
brated with a lamp calibrated by the National Institute of Standards
and Technology (NIST). Because it was assumed that the NIST-
calibrated lamp and the test lamps had the same spectral irradiance
curve shape, relative irradiance values of the NIST-calibrated lamp
between 115 and 200 nm were multiplied by the appropriate factor
based on the measurement at 182 nm to obtain irradiance curves
for the test lamps. The area under each irradiance curve was calcu-
lated to obtain the intensity between 115 and 200 nm. No long-term
intensity monitoring was used.

Exposure to Atomic Oxygen and Vacuum-Ultraviolet Radiation

Thruster-exhaust-contaminated samples of Z-93-P and fused sil-
ica, including one fused silica sample which was also silicone-
contaminated, were exposed to combined atomic oxygen (AO) and
VUV radiation. Reference 12 describes the facility in detail. It uses
an electron cyclotron resonance (ECR) plasma source to provide a
low-energy (approximately 0.04 eV) directed AO beam. The base
vacuum system pressure during AO exposure is approximately 0.08
Pa. Deuterium lamps of the same type used in the VUV facility were
used to provide VUV radiation, and calibration was performed in
the same manner. The effective AO flux and fluence were mea-
sured by the mass loss of Kapton®, The effective fluence ranged
from 1.3 x 10%! t0 2.5 x 10! atoms/cm? at effective flux levels of
2.7 x 10 to 5.1 x 10' atoms/cm? - 5. The VUV exposure con-
sisted of 100 to 230 ESH at an intensity of 0.8 to 1.7 VUV suns.
The AO and VUV radiation were not properly balanced to repre-
sent the actual space environment. The simulated environment was
deficient in VUV exposure in comparison with the environment to
which these materials would be exposed in space. The fused silica
samples were exposed to an unknown level of additional VUV radi-
ation from the AO source, expected to be predominantly at 130 nm
because of their position with respect to the AO beam. The Z-93-P
sample was shielded from this additional VUV radiation. The o of
Z-93-P was characterized in situ. Samples were also characterized
for o ex situ.
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Vacuum Thermal Cycling and Vacuum Ultraviolet Radiation Exposure
Following the thruster exposures, one of the solar cells was ex-
posed to a total of 300 vacuum thermal cycles including approxi-
mately 300 ESH of VUV. Deuterium lamps were also used in this
facility, and calibration was done as previously described. The tem-
perature range for thermal cycling was between +80 and —80°C, and
the VUV intensity was approximately 5 suns between 115 and 200
nm. The vacuum-system pressure was on the order of 1 x 10~* Pa
during this exposure. Reference 13 describes this facility in detail.

Results and Discussion
Characterization of Thruster-Exhaust Contamination

The contaminants present on a stainless-steel witness coupon ex-
posed to 91.8 s of total thruster firing time were characterized by
1-FTIR. The spectrum of this sample is shown in Fig. 3. This analy-
sis indicated the presence of NH; ™ and NO3; ~, most likely indicating
the presence of monomethylhydrazine nitrate (MMHN), which can
be written as CH;NHNH;+NO; ™. The methyl (CHj;) peak is known
to be obscured by NH;*. MMHN is suspected to be the most signif-
icant contaminant from monomethylhydrazine—nitrogen tetroxide
bipropellant thrusters. It has been found to be present on the walls
of thruster facilities.!? The shape of the infrared spectrum shown in
Fig. 3 is similar to spectra obtained in previous studies of this type.!?

Figure 4 shows the mass gain of stainless-steel witness coupons
due to accumulation of contaminants from exposure in the thruster
facility during pulsed firing operations. Data points for all witness
coupons and estimated errors are shown. One witness sample was
installed on the sample tray during the test setup, but was removed
justbefore the thruster firings began. The objective of this procedure
was to determine whether the environment in the test chamber would
induce mass gain. Another sample was used as a control and was
weighed with the other samples, but was not otherwise handled.
Mass gains of both of these samples are shown at 0 s. The mass gain
of the minimally handled control sample, which showed the larger
gain, was considered to be the error in the mass measurements and
was used in the calculation of the error bars for all data points.
These data show that accumulation of contaminants is proportional
to thruster firing time.

The amount of molecular deposition on Space Station surfaces
provided by Space Shuttle thruster plumes during proximity opera-
tions is required not to exceed 1 x 1075 g/cm? in a year of nominal
operations based on an assessment of the external induced contam-
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Fig. 3 Micro-FTIR spectrum of contaminants analyzed on stainless-
steel sample.
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Fig. 4 Mass gain of thruster-exposed stainless-steel samples.

Table 2 Effects of thruster contaminants on optical properties

Optical properties

Sample Tray lelutl:rsrt;: Preexposure Postexposure
type no. s s €n o €n
Fused silica 1 . 306 —0.003 — 0.078 —
Fused silica 1 612 —0.003 — 0.058 —
Fused silica 1 91.8 0.002 — 0.045 —

with silicone

oil
Chromic-acid- 2 91.8 0493 743 0516 0.798

anodized Al
Sulfuric-acid- 2 91.8 0.461 0.863 0.490 0.884
anodized Al

HEDB-anodized 2 91.8 0.857  0.859 0.855 0.866
Al
Z-93-P 2 61.2 0.097 — 0.122 —_
Z-93-p 2 61.2 0.101 — 0.183 —
Z-93-p 2 61.2 — 0917 — 0.908
Z-93-P 2 91.8 — 0.916 — 0.910
Z-93-P 2 91.8 0.102 0915 0.135 0.910
Z-93-P 2 91.8 0.105 0914 0.162 0.908

ination environment.'* Furthermore, results of the Shuttle Plume
Impingement Experiment implied that the mass of permanent con-
tamination produced by the PRCS engine firings would be much
less than that calculated in earlier assessments.® The coupons ex-
posed in these experiments gained mass on the order of 10~# g/cm?.
Clearly these coupons received a much greater amount of contami-
nation than surfaces in space would receive over the lifetime of the
Space Station. Therefore, the changes in optical properties due to
deposition of such a large amount of contamination are expected to
be worse than would actually occur in space.

Effects of Deposited Contaminants on Optical Properties of Samples

Table 2 shows o, and ¢, values for samples before and after
thruster exposure for fused silica slides, anodized aluminum sam-
ples, and Z-93-P samples. Samples with initially low ¢, showed
significant increases due to the contamination. The HEDB-anodized
aluminum sample, which had the highest initial «; showed a negli-
gible increase. It is expected that €, of the contaminant is between
the ¢, of the anodized aluminum specimens (0.743 to 0.863) and
the ¢, of Z-93-P (0.914 to 0.917), because the anodized aluminum
samples show increases in €,, whereas the Z-93-P samples show
decreases in €,,. In view of the scatter in the data, there does not ap-
pear to be a significant correlation between o increase and thruster
exposure time.

Subsequent Simulated LEO Exposure of Contaminated Samples
Exposure to Rough Vacuum

A sample of fused silica and a sample of Z-93-P were exposed
in a rough vacuum of approximately 4 Pa for 120 h. The fused sil-
ica sample showed an increase in solar absorptance of 0.006, from
0.025 before exposure to 0.031 after exposure. Because the error in
repeatability of the spectrophotometer is considered to be approx-
imately £0.005, this change is within the error of the instrument.
The Z-93-P sample showed a reduction in &, of 0.007, from 0.133
before exposure to 0.126 after exposure, again within error of instru-
ment repeatability. The purpose of this experiment was to determine
whether dehydration of the deposited thruster contaminants would
result in restoration of original optical properties of the sample and
thus removal of the contaminants. These data show that dehydration
of the contaminant did not cause it to completely volatilize from the
sample surface. Therefore, any significant changes in optical prop-
erties of samples exposed to simulated LEO environments were not
due simply to exposure to vacuum,

Exposure to VUV Radiation

Table 3 shows the optical properties of samples exposed to be-
tween 276 and 312 ESH of VUV radiation. The samples had
previously been exposed to 91.8 s of total thruster firing time. For
solar-cell materials, which would be sun-facing, the 312-ESH expo-
sure represented only approximately 18 days in space. The anodized
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aluminum samples were exposed to 276 ESH, which is equivalent
to approximately 15 days in space. For the Z-93-P coating, which
would not be sun-facing, but could receive small amounts of sun ex-
posure due to small errors in positioning of the radiator, exposure to
312 ESH represented approximately 330 days in space. The initially
low-solar-absorptance materials, fused silica and Z-93-P, displayed
increases in ¢, that are outside of the error of the spectrophotometer.
Both the Z-93-P sample and the fused silica with silicone oil showed
increases in &, of 0.016 when measured in air. This may be indicative
of darkening of the contaminants on the surfaces. In space, a surface
that became contaminated with thruster contaminants and/or with
silicone contaminants may experience degradation in o, with so-
lar ultraviolet radiation exposure. Note that the €, values of Z-93-P
and HEDB-anodized aluminum changed only slightly with this ex-
posure, whereas the chromic-acid-anodized aluminum showed a
measurable decrease in €,. The reason for the change in this sample
is not known.

Exposure to Atomic Oxygen and VUV Radiation

Table 4 shows the results of exposure of samples of fused silica,
fused silica with silicone oil, and Z-93-P, all of which had previ-
ously been contaminated by thruster exhaust, to AO combined with
VUV radiation. The levels of AO and VUV exposure are shown.
Also shown is the ratio of AO fluence to VUV equivalent sun hours
experienced in the facility divided by the value of the same ratio
required by the Space Station for solar cells (represented by fused
silica) and radiator surfaces (represented by Z-93-P). Photovoltaic-
power-system radiator surfaces on the Space Station, including the
Z-93-P coating, are required to survive exposure to approximately
1.7 x 10?2 atoms/cm? and 5160 h of solar ultraviolet radiation over
a mission life of 15 years.!S Solar-facing solar-array surfaces on
the Space Station are required to survive an AO fluence of approxi-
mately 4.3 x 10?2 atoms/cm? and up to approximately 97,500 h of
solar ultraviolet radiation in 15 years.'6'7 The ratio of AO/VUV
to AO/VUVg;s indicates the imbalance in the ratio of AO fluence to
VUV equivalent sun hours experienced by the test coupons as com-
pared to what is expected on the Space Station. Note that the AO
dose in this test exceeded the VUV dose for comparison with the
Space Station environment. The fused silica materials experienced

Table 3 VUV radiation effects on optical properties
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more of an excess of AO than the Z-93-P, as indicated by the fact
that the ratio was much greater for the fused silica samples.

Values of «; for all of the fused silica samples decreased, in-
dicating that AO reacted with the contaminants on the surface
and oxidized them, thus either removing or bleaching them. The
AO-VUV exposure did significantly reduce o, although it did not
restore the original o, values measured prior to thruster-exhaust
contamination. One possible conclusion that can be drawn from
these data for solar cells that contain cover glass is that contam-
ination may not severely compromise performance as long as the
cells are in an atomic-oxygen environment. However, caution must
be used in interpreting these results with respect to the Space
Station, because the test environment contained a much greater
AO dose in comparison with VUV than would occur for Space
Station surfaces.

The in situ measurements of Z-93-P before and after AO-VUV
exposure showed an increase in «; of 0.03, whereas the ex situ
measurements showed a decrease of 0.06. Exposure of uncontam-
inated Z-93-P samples in the same facility have shown significant
a; degradation due to color-center formation, which was reversible
upon exposure to air.'> Therefore, it is expected that the degradation
observed in this test is dominated by color-center formation in the
Z-93-P coating, although VUV darkening of surface contamination
may contribute slightly to this degradation. Because the sample was
removed from vacuum, and VUV-induced color centers were likely
eliminated, the reduction in &, for Z-93-P samples likely indicates
bleaching and/or removal of contamination similar to that for the
fused silica samples.

Note that the pre-exposure in situ and ex situ o, values are differ-
ent. There are two contributors to this difference. First, exposure of
a Z-93-P sample in a rough vacuum caused a 0.007 reduction in a;.
Second, it is likely that there is a difference in accuracy between the
two instruments used to obtain in situ and ex situ e, values. Both
instruments have good repeatability, and, because the purpose of
these investigations was to determine changes in «; due to exposure
to the AO-VUYV environment, attempts were not made at this time
to correlate the two instruments.

Selar-Cell Performance

Figure 5 shows changes in solar-cell efficiency as a function of
the various treatments for two cells labeled SC-1 and SC-3. The
efficiency is the ratio of the measured power output of the cell to

of contaminated samples the power input from the solar simulator. Error bars are included.
- . Note that exposure to Al,O; and the thruster contaminants resulted
ESHVUV —p eforeo\‘l)gijﬂ propeilfi:r VOV in some performance degradation. Exposure to the first 150 VUV-
Sample Tray @ no. of thermal cycles indicated continued degradation. After exposure to
type no.  sums %s én %s En another 150 cycles, for a total of 300 VUV—thermal cycles, a slight
Fused silica 1 312@26 0.027 — 0038 — improvement was observed, However, the measured cell efficiencies
Fused silica with after VUV—thermal cycling may be within error of the measured cell
silicone oil 1 312@26 0020 — 0036 — efficiency prior to this exposure. Therefore, the indicated changes
Z.93-P 2 312@26 0141 0910 0157 0912 due to VUV-thermal cycling may not be significant. One may con-
Ch;gg:f;g’gl s 276@23 0550 0798 0558 0786 clude that exposure of solar cells to an environment containing tem-
HEDB-anodized 2 276@23 0856 0866 0848 0.867 perature cycling apd solar ultraviolet radiation would prob_ably not
Al improve cell efficiency, but may not further the degradation. Be-
cause of the facility limitations, only one cell was able to be tested
Table4 AO/VUY exposure effects on solar absorptance of contaminated samples
Throster  Effective AO ESH VUV Solar absorptance
Sample firing fluence, at.fcm?, @ no. of (AO/VUV)pest Before After
type time, s @ flux, at./cm?s suns (AO/VUV)ss exposure exposure
Fused silica 30.6 2.6 x 102! 105 49 0.078 0.008
@5.1 x 1013 @0.79
Fused silica/ 91.8 2.0x10% 147 27 0.045 0.021
silicone oil @4.1 x 10V @11
Fused silica 61.2 2.0 x 102 147 27 0.058 0.015
@4.1 x 10% @1.1
Z-93-P 61.2 6.8 x 1020 103 31 0.167 0.196
in situ @3.0 x 1015 @17
Z-93-p 61.2 1.3 x 102 226 2.7 0.183 0.122
ex situ @2.7 x 105 @17
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Fig. 5 Combined contamination and simulated LEO environmental
effects on solar-cell efficiency.

in this manner. Additional tests would allow statistical correlations
to be made. In view of the effect of AO-VUYV exposure on the fused
silica samples, which was to decrease a;, it is likely that an envi-
ronment containing AQ would restore some of the efficiency of the
contaminated cells.

Conclusions

Exposure of fused silica slides and thermal control surfaces to
exhaust from a Space Shuttle-type thruster in a rough vacuum fa-
cility resulted in significant a, increases in tests where the pressure,
temperature, and amount of deposited contaminants well exceeded
those expected for Space Station surfaces. This performance loss
was reversed to a great extent by subsequent exposure to an envi-
ronment containing an excess of AO over the VUV radiation ex-
pected for Space Station surfaces. In situ measurements indicated
an increase in o for thruster-exhaust-contaminated Z-93-P exposed
to AO and VUV, whereas ex sith measurements showed a decrease
in a. It is likely that this is predominantly due to VUV radiation
effects on the Z-93-P material, which are reversible upon exposure
to air. The VUV radiation environment alone caused some degra-
dation of previously contaminated anodized aluminum, Z-93-P, and
fused silica. This indicates that solar ultraviolet radiation alone can
react with deposited thruster contaminants resulting in a darkened
film.

Aluminum oxide and thruster-exhaust contamination reduced
the efficiency of solar cells. Subsequent thermal cycling combined
with VUV radiation exposure did not result in continued degra-
dation. Also, results from the AO-VUYV exposure of fused silica
indicate that AO exposure of contaminated cells would likely result
in some restoration of cell efficiency due to bleaching or removal of
contaminants.
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