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1.0 INTRODUCTION

Current and projected trends in space solar power systems require
larger and more efficient photovoltaic arrays. Thus, the increased
emphasis on the power/weight ratio of solar cell arrays and on improving
the economy of manufacture of these structures has required new efforts
to discover materials suitable for use as solar cell covers. As these
new materials are being developed, it is necessary to conduct evaluation
vesting of these new materials and/or methods, to dctermine their feasi-
bility for various space missions. During this program, laboratory tests
that provide a basis for meaningful evaluation, have been conducted under
conditions which closely approximate the environmental conditions of
space. The materials tested include several new candidates for space
solar array encapsulants. These materials are 1) 0211 Ceria-doped micro-
sheet, 2) FEP-A coatings 3) DC 93-500 adhesive, 4) PFA "hard coated",

5) GE 615/U¥-24 and 6) electrostatically bonded 7070 qlass.

There were fifteen each of nine iypes of individual test specimens
(2 cm x 2 cm) and two 3 x 3 cell modules provided by NASA-Lewis Research
Center for this program. The test was divided into three separate
envircnmental factors: 1 MeV electrons interspersed with thermal cycling,
0.5 MeV protons interspersed with thermal cycling and ultraviolet ex-
posure interspersed with thennal cycling. There were five samples of
each type in each environment with the two modules being exposed only in
the ultraviolet test. The total fluence exposure was done in increments
and each incremental fluence or exposure was followed by a set of fifteen
thermal cycles in vacuum. There weve four incremental fluence levels
of electrons that reached a total fluence of 1 x 10]6 e/cmz.
two incremental fluence levels of protons that reached a total fluence
of 3.3 x 10]5 p/cmz. The UV exposure was divided into three increments
with a total exposure of 8,760 ESH. The thermal cycling range was
-175°C + 10°C to +55°C + 5°C.

Measurements of the I-V characteristics of each speciman were

There were

made in situ prior to, hetween and following each irradiation and set
of 15 thermal cycles. Specially prepared silicon cells were used as

D180-26590-1
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control cells to be exposed to the same conditions as the covered cells.
Bare silicon cells, protected from the radiation environment, were used
as monitor cells for adjustment of the lighi intensity during the in situ
[-V measurements.

The program is discussed in detail in the following sections.
Section 2.0 discusses "he types of materials tested and describes a pre-
liminary thermal cycling rest. Section 3.0 describes the experimental
test facilities and Section 4.0 describes the test instrumentation.
Section 5.0 gives a detailed explanation of the test plan and test pro-
cedures. Section 6.0 contains the analysis of results arranged by
sample type including summary plots of the four test parameters (I
v p and Fill i'actor) versus particle fluence or UV exposure.

oc’ "max
Section 7.0 summarizes the results.

s¢’

D180-26590-1
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2.0 ENCAPSULANTS AND COVERS EVALUATED

The program included nine types of encapsulants or cover materials
applied to solar cells in various ways. The solar cells served two
functions. They served as a test vehicle to measure the changes in the
light transmission properties of the materials and they were also part
of the total physical system made up of encapsulant or cover materials,
adhesive, and cell. In this way, both the material properties and their
application techninue wire evaluated for their performance in the space
envirorment.

Table 1 describes the types of cell-cover-adhesive combinations
included in this program. The A Series, Double Number and electrostati-
cally bonded (ESB) cells all have qlass covers. The B Series, ¢ Series,
and GE cells are plastic covered type. The D Series and E Series have
only a thick layer of adhesive as the cover. The P Series have 0.5 mil
of GR 650 Glass Resin(R) as the cover. ‘

2.1 PRELIMINARY THERMAL CYCLING TESTS

A preliminary thermal cyciing test was conducted on spare A Series,
B Series, C Series, Double Number and P Series samples provided by NASA-
Lewis. The purpose of the test was to determine the amount of bending or
flexing of the cell-cover combination and then to determine the best
method to mount the cells to the sample plate. The test fixture was a
temperature controlled copper block with a thermocouple for monitoring
the temperature mounted on it. The cells were then mounted to the
copper block. The cell temperature was lowered to LN2 temperature and
then warmed to ~55°C. The cell was observed throughout the cycle.

The A Series test samples, which were glass-covered,did not curl
cr break when held down on each side as might be expected. The samples
were held down by two small beryllium-copper clios attached tc the
block with 0-80 screws. The beryllium-copper clips were used throughout
the test because they allowed the sample to flex.

The B Series samples are encapsulated in FEP-A and Kapton with
GE 6574 as an adhesive (Table 1). It was found that at about -50°C

D1RC-26590-1
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TABLE 1. PROGRAM CELL-COVER-ADHESIVE COMBINATIONS

9l
1-06592-0810

SERIES CELL COVER BACK ADHESIVE REMARKS
A OCLI 8-mil 4 mil1 0211 ceria | None 93-500 ~0.5 mils
10a-cm BSF/R doped
C OCLI 2-mil 2 mil FEP-A 1 mil Kapton |93-500 front and
100-cm Ta205 BSF back ~2 mil ea.
D OCLI 8-mil ~1.5 mil 93-500 None None Weld "footprint”" may
10Q-cm BSF/R be present on some
cells
P Solarex 2 mil ~0.5 mil GR 650 None None
20-cm Ta,0
2°5
GE Cells | Solarex 2 mil 2 mil PFA 1 mil Kapton |93-500 front
"Hard-coated" and back
Double Spectrolab 2-mil 2 mil 0211 2 mil FEP-20C|2 mil FEP-A Portions of 16-1 &
Number Space Quatified 1% mil fiber-~ 16-2 exposed,
Texturized BSF glass 15-16 may be broken
2 mil FEP-20C
1 mil Kapton
E Spectrolab 10-mil | 2 mil None None
10Q-cm Series 4500 GE 615/UV-24
K 4%
ESB* ASEC 2 mil, 500/sq | 2 mil 7070 None None
Control Spectrolab 8-10
Monitor mil 109-cm
B 2 mil 2 mil FEP-A 1 mil Kapton {GE 6574 front Not included in test
and back, ~1 program due to poor
mil each response to preliminary
thermal cycling test.

*Electrostatically bonded




the cover and the cell started to curl then at about -100°C the cell would
flatten again. A closer visual inspection of the cell at room temperature
showed that the FEP-A had debonded from the cell and blistered up in
places. After five thermal cycles all the covers on several test samples
of this type were completely debonded. Apparently the GE 6574 adhesive
was not able to hold the cell-cover combination together at low tempera-
tures. With this result and the approval of the Contract Monitor the

B Series samples were removed from the test plan.

The C Series samples have the same encapsulant materials as the
B Series except DC 93-500 was used as the adhesive. These samples
curled slightly but after five cycles there was no apparent blistering or
debonding of the FEP-A.

The Double Number samples were cycled with no curling or other
damage. The P Series samples did not curl or break during cycling. Small
pieces of Kapton were placed under the beryllium-copper clips to protect
the surface and give the sample greater flexibility by allowing lateral
slipping under the clips.

Therefore, through these preliminary thermal cycling tests it
was found that the beryllium-copper clips with Kapton pads work well for
such tests. It was also found that all the test samples except the B
Series encapsulated samples were suitable for carrying forward into the
more complete evaluation testing program.
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3.0 EXPTERIMENTAL TEST FACILITIES

The general objective of the program was to determine the in-
vacuum effects of space radiation (electrons, protons and ultraviolet)
and thermal cycling on a variety of solar cells and cover combinations
under environmental conditions which will be described in this section.

3.1 SIMULATION OF ELECTROK AND PROTON ENVIRONMENTS

The Boeing Dynamitron accelerator was used for both the 1.0 Mev
electron and 0.5 MeV proton irradiations. The particle beams were energy
analyzed by a 90-degree bending magnet and directed into a vacuum test
chamber where they impinged on a high-purity aluminum foil. (See Figure 1.)

Beam ﬁirectian

o
-

90°

Vacuum Test ‘ Analyzing
Chamber . Quadrupole = Magnet
ﬁ(%v %%*ﬁfﬂf ( e

4 e

FIGURE 1. DYNAMITRON BEAM HANDLING SYSTEM
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The thickness of the scattering foil was selected to give the desired
profile for the scattered particle field at the sample plane. The
incident particle beam was adjusted in enerqy so that, after losing energy
in traversing the scattering foil, the particles emerged with the desired
energy on the sample plane. The scattered particle field was mapped
using a remotely controiled Faraday cup which was rotated in front of
the sample and in a plane normal to the sample plate with the axis of
rotation at the scattering foil. The relative incident flux profile on
the sample plane was then determined from this angular beam distribution
and the absolute intensities at the sample location were measured by a
second Faraday cup fixed at the sample plane. Current collecting tabs
were located around the periphery of the sample array and were monitored
during the test to ensure that the beam had not shifted from its original
axis.

The main features of the vacuum test chamber are shown in Figures
2 and 3. They show the placement of the foil holder, rotating Faraday
cup, current collecting tabs and test samples. The vacuum test chamber
was a diffusion pumped system with a liquid nitrogen cold trap.

turrent Collecting Tad
\1 Fined Samsle Plane Rotating

fareday Cup f — Fotl
araday Cup
Soler / Holder
Smalator )

1 An0 ~———— Electron or
Spectrup Proton Beem
—
:""l'!‘ ’|\- Rutating Sample Plate
(W grade) ’

< Lurrent LoHlecting Tab

FIGURE 2. SIDE VIEW OF VACUUM TEST CHAMBER
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FIGURE 3. TOP VIEW OF VACUUM TEST CHAMBER

The electron irradiations were divided into four fluence levels
of 5x10'%, 1 x10'%, 5 x 10" and 1 x 10'® e/cm®. The 1 Mev electron
flux ranged from 5 x 1010 e/cmz-sec to 2 x 10]1 e/cmz-sec.

The proton irradiations were divided into two fluence levels

of 3 x 10" and 3.3 x 10" p/ecmé. The 0.5 MeV proton flux was 1 x 10

p/cmz—sec.

3.2 THERMAL CYCLING SYSTEM

The thermal cycling system was made up of two parts, 1) the sample
plate holder and 2) the thermal cycling cover plate. The sample plate
holder was a 9 x 9 inch copper plate. The p1éte had an internal heater
and a 3/8-inch temperature control fluid line passing through it. The
themal cycling cover plate was also a 9 x 9 inch copper plate that was
blackened using the nickel black process in order to improve radiative
heat transfer between it and the samples during cycling. The cover
plate also had internal heaters and fluid lines. The cover plate was used
only during thermal cycling when it was brought in to cover the samples
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in a "sandwich"-1ike fashion. This was necessary because the samples
had such a variety of thermal conduction properties.

The uses of the cover plate provided a very realistic thermal
cycling environment because the samples could see nothing but the correct
thermal environment both front and back. Figure 4 shows the two pla‘tes
in the thermal cycling position.

Sample Thermal
Plate Cycling
Holder Cover

Plate

FIGURE 4. SAMPLE PLATE IN THERMAL CYCLING POSITION

The samples were cycled from +55°C + 5°C to -175°C + 10°C. The
heating was accomplished by warming the plates with a combinatior of
the internal plate heaters and by passing hot nitrogen gas through the
plates. The cooling was accomplished by passing liquid nitrogen through
the plates. Figure 5 is a diagram of the thermal cycling systems. A
five minute temperature soak was observed at both extremes of each cycle.
The temperatures were monitored by one or two thermocouples mounted on
each type of cell on the plate and by thermocouples mounted on the sample
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plate, sample holder and cover plate. Figure 6 is a typical thermal
cycle temperature profile.

w
2 FRO COVER PLATE w,
VENY NEATER CONTROLLER

INTERMAL
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/

SNPLE  INTENWAL
PLATE

NEATER VENT
HOT N, GAS NOLDER
HOT N, GAS
FROM SAMPLE PLATE VENT
MOLDER WEATER CONTROLLER

FIGURE 5. THERMAL CYCLING SYSTEM.

SAMPLE
PLATE

FIGURE 6., TYPICAL THERMAL CYCLE TEMPERAVURE PROFILE.
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3.3 VACUUM TEST CHAMBEHS
There are two vacuum test chambers used for the entire program,
one for the electron and proton irradiation and one for the UV exposure.

3.3.1 Particle Beam Vacuum Test Chamber

The test chamber used for the particle beam irradiations has been
partially explained in the particle beam environment section. Additional
features of the chamber peculiar to this proaram will be explained in this
section. Figure 2 shows the position of the quartz window used for the
in situ I-V measurements and the in situ visual inspactions. Figure 7 is
a photograph showing the external layout of the vacuum test chamber and
positioning of the solar simulator., Due to limited space it was necessary
to deflect the solar simulator beam with a first surface aluminized mirror.

Solar
Simulator

Mirror—\ Vacuum

N > ,,f”d“”Test
S Chamber
Solar
anrtz Simulator
Window

FIGURE 7, VACUUM TEST CHAMBER AND SOLAR SIMULATOR
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Figure 8 shows the inside of the test chamber. The sample plate
holder is shown in the irradiation position (the particle beam would be
coming out of the page). This plate was mounted on a moveable rotating
shaft with internal temperature control tubing. This allowed the plate
to be translated horizontally and rotated 270° around its horizontal axis.
In the center of the sample plate is the Faraday cup used to adjust beam
intensity during dosimetry. For I-V measurements, the sample plate
holder was rctated 180° from the position shown so that it faced the
solar simulator. Also visible in Figure 8 is th2 monitor cell plate shown
in the protected position. This plate was mounted on a moveable rotating
shaft with internal tempera . e control tubing. This allowed the plate
to be translated horizontally nto the chamber and rotated to remove the
protective cover (see Figure 9). The thermal cycling cover plate is
shown out of the way as was the case during the particle irradiations.

I+ is mounted on a shaft with internal fluid 1ines which translates
vertically in and out of the chamber. The test chamber used a 6-inch
diffusion pumped system with a 1iquid nitrogen cold trap. Typical
vacuum pressures were in the 10'6 torr range.

3.3.2 UV Exposure Vacuum Test Chamber

The UV Exposure vacuum test chamber was set up as a separate
facility. Figure 10 is a diagram of the side view of the test chamber.
This chamber used the same sample plate holder and thermal cycling cover
plate used in the particle beam test chamber. The UV chamber is
equipped with a water window in order to reduce the heating of the
samples due to the solar simulator beam used as the UV source. Figure 11
is a photograph of the test chamber. Figure 12 illustrates the positions
of the sampie plate and thermal cycling cover plates in both the
exposure and thermal cycling positions as seen from the end of the
chamber (UV beam into the page).
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FIGURE 12, END VIEW OF UV EXPOSURE VACUUM CHAMBER

This chamber used a 1500 L/s turbomolecular pump for the vacuum.
The same thermal cycling equipment and methods were used for the UV
testing as in the particle beam tests. The sample temperature during
irradiation was controlled by pulsing the flow of liquid nitrogen to
the sample plate. The pul-e length was controlled by a temperature
recorder. The plate temperature was controlled to within + 2°C with
this system.

3.4 SOLAR SIMULATORS

Two solar simulators were used to accomplish this program. Both
simulators were Spectrolab X-25L simulator . One simulator was used
only for 1-V measurements. It was set up for AMO at a 72-inch focal
distance. Figure 13 is a plot of the spectrum of the X-25L equipped with
close match filters. Figure 14 is a plot of the intensity uniformity
of the X-25L at 72 inches. Uniformity is typically +2 percent.
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—— INOUSTRY STANDARD (Thekaekara, IES Technical Meating, April 1970)
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FIGURE 14, X-25L UNIFORMITY OF IN SITU LIGHT FIELD
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NORMALIZED MATCHED DATA W.R.T.

the UV exposure tests.

The second X-25L solar simulator was used as the UV source for

This simulator was identical to the
simulator except there was no spectral filter.

AMO

Figure 15 is the

spectrum of the simulator used for the UV test showing the water window
cut-off wavelength.

ONE SOLAR CONSTANT (W/cm?)

200 Cutoff wavelength of water —
—
150 |
' ce=e-yq Spectrum Removed
\ by wWater
100+ bdacoa=q
'
"
L- - ek * o T
50}
0 1 1 i '] A L 1 1 'y
0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
WAVELENGTH ()
FIGURE 15, UV EXPOSURE X-25L SOLAR SIMULATOR SPECTRUM
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4.0 TEST INSTRUMENTATION

This section will cover the particle beam dosimetry, the UV
dosimetry, the I-V measurements and data reauction programs and the
temperature measurements.

4.1 ELECTRON AND PROTON DOSIMETRY

The particle beam was scattered by an aluminum foil scattering
system. The particle beam dosimetry was done with the sample rotated
180° from the direction of the beam. The required current from the
accelerator was set using the reading in the sample plane Faraday cup
(see Figure 3). The current reading in the sample plane Faraday cup (I)
was calculated from a predeternined flux (F) at the sample plane using
the foliowing equation:

I = FeA
where e = The charge of a proton or electron in coulombs
A = The area of the sample plane Faraday cup opening

A beam profile map was made before each irradiation using the
rotating Faraday cup ornce an accelerator current was set. A profile
point was taken every 0.9° so that a total of 25 points make up a plot
of beam uniformity over the sample area. Figures 16 and 17 are plots
of relative fluence uniformity across the samples as they were positioned
in the chamber.

Having achieved a given fiux at the sampie plane, a current
integrator was used which automatically stopped the beam when the
required fluence was reached.

4.1.1 Tolerances

The toierance of the Faraday cups was+ 15% and the tolerance of
the Keithley €10 electrometer was + 3%, therefore, the probable error
in the fluxwas [(0.15)% + (0.03)212 or + 15.32. The tolerance of the
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current integratorwas + 2%. Therefore the probable error in the fluence
was [(0.15)2 + (0.03) + (0.02)21V/2 or + 15.41.

4.2 UV DOSIMETRY

For purposes of this program one AMO UV-energy-equivalent solar
constant was defined to be a UV intensity with total energy below 0.4 um
in AMO sunlight. The UV intensity was measured with a Hy-Therm Pyrhelio-
meter manufactured by Hy-Cal Engineering. It wasa water-cooled radiation
flux sensor with a spectral response from 0.2 to 4.5 microns. A Corning
filter No. 051 with a transmission cut-off of 0.4 um was used to determine
the UV content of the beam. Figure 18 is the transmission curve of the
Corning 051 filter.
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FIGURE 18, TRANSMISSION CURVE FOR CORNING 051 FILTER

The UV content was determined from pyrheliometer readings with
and without the UV-absorbing filter over the detector. The following
formula describes the calculation:

UV sun rate = TI"?’G‘}"](%JG:?T)‘ =2.31 (T -1.18 F)
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where T = total radiation reading without UV-absorbing filter
F = Reading with UV-absorbing filter
1.18 is a factor related to reflection losses of each surface
of the filter and transmission losses of the filter.
4.76 is the pyrheliometer sensitivity in millivolts per
incident sun (135.3 mw/cn?)
0.091 is the decimal ultraviolet content of the 1 AMO spectrum.

The UV content was set by mounting the pyrheliometer on the sample
plane and passing the X-25L beam through the water window. Five sets of
filtered and unfiltered readings were then taken and the UV content cal-
cuiated from the averaged readings. The pyrheliometer was then moved
to a special mount which provided repeatable positioning outside the
chamber. Another five sets of filtered and unfiltered readings were
taken. From the UV content measured outside a calibration factor was
computed which then allowed the UV content to be measured and adjusted
from outside the vacuum chamber. The uncertainty in the pyrheliometer
was + 3% of a solar constant.

4.3 I-V MEASUREMENTS
4.2, AMO Calibration - In Situ

The 1 AMO calibration was made using the secondary standard pro-
vided by NASA-Lewis. The standard was mounted at the sample plane
and the X-25L solar simulator beam passed through the quartz window onto
the standard. Without adjusting the simulator the two monitor cells
and a cell mounted outside the chamber were cross calibrated to the
standard. This allowed the standard to be removed during the test.
This procedure was followed each time a sample plate was mounted in
either chamber. Each time a I-V measurement set was made the monitor
cells mounted inside the chamber were used to set the solar simulator
intensity. The monitor cells were mounted on a rotating translating
shaft such that the cells could be protected from the radiation environ-
ment.

D180-26590-1
33



4.3.2 AMO Calibration - Ex Situ

The ex situ calibration was made using the NASA-Lewis secondary
stanjard mounted on an array with eight other solar cells used to monitor
the intensity and spectrum of the X-25L simulator. The array was made up
of two each of four types of cells with different spectral responses rang-
ing from conventional N/P 2Q cm to blue-shifted cells and BSF cells having
enhanced red response. Thus, by imposing the requirement that all of
these cells reproduce their calibration value for short circuit current,
any significant shift in spectral output of the X-25L could be detected.

4.4 DATA ACQUISITION SYSTEM

A block diagram of the data acquisition system is shown in Figure
19. A four terminal measurement system was used. The cells were mounted
on the sample plates with two leads connected to the top contact bar and
a common back contact. The top contact leads were kept separate until
they reached a stepping switch array located just outside the vaccum
chamber. In the switch array each cell could be selected one at a time
to be connected to the electronic load bank. Theretore a cell at the
time of measurement had two top contacts (I,V) and two bottom contacts
(1,V) connected to the load bank thus removing any circuit resistance
problems.

A mini-computer was used to drive the electronic load bank from
short-circuit current to open-circuit voltage. The computer also
collected the I-V data which was stored on magnetic tape and printed out
on the line printer. The computer took twenty I-V pairs to make up a
curve. More data points were taken around the knee of the curve where
the detail is more important than at either side of the knee. The
accuracy of the acquisition system was +2 mV for voltage and +0.1 mA for
current.

The ex situ measurements for the electron and proton cells differ
only in that they were made using the calibration array and not mounted
in the chamber. On the temperature controlled calibration array the
back contact was made through pressure exerted by the vacuum hold-down
system. Contact was made to the top surface contact bar by two silver-

D180-26590-1
k)



plated spring contacts.

Special leads were attached to cell types
that had no back contact due to encapsulation.

o
SIGNAL CABLE FOR FOUR
CELLS STEPPING hrppInaL MEASUREMENT
mm s e ———
ARRAY
CABLE FROW
NONITOR
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LIGHT STEPPING SWITCH ELECTRONIC
INTENSITY CONND D
MONITOR LOAD BANK
CELL READ QUT COWNTER
AWLOS TO DIGITAL
CONVERTERS
MAGNET 'C TAPE
LINE PRINTER R NINI COMPUTER
DATA' STORAGE

\

|

FIGURE 19, BLOCK DIAGRAM OF DATA ACQUISITION SYSTEM

4.5 DATA REDUCTION SYSTEM

The outputs of the data reduction system are computer-fitted I-V
curves, summary plots of cell parameters and data tables of absolute and
Figure 20 is a block diagram of the data

normalized cell parameters.
reduction system.
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FIGUK: 20. BLOCK DIAGRAM OF DATA REDUCTION SYSTEM

A curve fitting routine was used which first makes a least-
squares fit to several data points near the short circuit current from
which it finds accurate values for the short-circuit current and the shunt
resistance., The effects of shunt resistance are then subtracted out from
each data point and an exponential fit is made to find the three other un-
known paramters, including the series resistance. The maximum power is
found by applying Newton's method using the solar cell equation includ-
ing all five parameters.

_ ¥ v
I=Ig -1, exp [y (V+ IR )] - R

—-—
H

where cell's output current

cell's short-circuit current
diode saturation currert

= cell's series resistince

= shunt resistance

= cell junction quality factor
electronic change

= cell's teminal voltage

= Boltzmann's constant

= absoluie temperature
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4.6 TEMPERATURE CONTROL

A Neslab RTE-8 refrigerated circulating bath was used for temper-
ature control of the sample plate during the electron and proton irradia-
tions.

There were one or twc thermocouples on each sample type in each
test. However, it was necessary to use the sample plate thermocouples as
the standard to set the I-V measurement temperature of 25°C + 1°C
because of the varying amount of thermal contact each sample type had with
the sampie plate. The flexing and curling due to thermal cycling of some
types of samples caused the differences. It was impossible to change
the sample plate temperature for each sample so it was decided to
standardize on the sample plate temperature which was repez¢cble.
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5.0 TEST PLAN AND PROCEDURE

The program was divided into three testing tasks. The titles
of the tasks were:

Task I - Effects of electron irradiation interspersed
by thermal cycling )

Task II - Effects of low energy proton irradiation
interspersed by thermal cycling

Task III - Effects of ultravinlet irradiation followed

by thermal cycling.

There were eight types of samples included in all three tasks.
There were also two modules of nine cells (3 x 3) included in the UV
exposures. There were five samples of each type for each task. There
were also ten control cells and ten monitor cells that were used at
different times throughout the test. Each sample from NASA-lewis was
labeled; however, it was necessary to assign a three or four digit
number to each test sample due to computer program restraints. Table Z
is a listing of samples in the tests with their NASA-Lewis number, their
Boeing numiers and the type of environment in which each sample was
tested.

Photographs were takan of one representative sample of each group
before the beginning of each test and each sample was photographed after
the completion of testing. These photographs were taken in the vacuum
chamber under vacuum. In addition, each sample was photographed outside
the chamber under improved photographic conditions.

There was one control cell in each electron and proton test.

A 6-mil removeable quartz cover was placed over each control cell. In
the LUV exposure test tnere were two control cells in each test. These
cells were bare and without any AR coating. There were also two bare
monitor cells in each test for the AMO intensity adjustment. These
cells were mounted on a moveable, rotating shaft with a thick aiuminum
cover shield attached so that the cells would be protected during the
irradiations,
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CELL TYPE

Control Cells

Monitor Cells

A Series

C Series

TABLE 2.

CELL DESIGNATIONS AND ENVIRONMENTS

NASA CELL

NUMBER

UK-1
UK-2
UK-4
UK-3
K-51
K-52
K-53
K-54
K-55
K-56

M-57
M-58
M-59
M-61
M-62
M-63
M-64
M-65
M-66
M-67

A19
A27
A34
A60
A6l
A62
A63
A64
A65
A68
A69
A70
A71
A73
A75

C1
Cc2
c3
C4
cs
cé
c7
c8
c9
c10
cn
12
13
Q4

-C15

BOEING CELL

NUMBER

101
102
103
104
105
106
107
108
109
110

201
202
203
2nN4
205
206
207
208
209
210

301
302
303
304
305
306
307
308
309
310
311
312
313
314
315

401
402
403
494
405
406
407
408
409
410
411
412
413
414

415
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TYPE OF

ENVIRONMENT

uy

uy

uv

uv
Electrons
Electrons
Protons
Protons
Protons

Eiectrons
Electrons
uv

uv

Not Used
Not Used
Not Used
Not Used
Not Used
Not Used

Electrons
Electrons
tlectrons
Electrons
Electrons
Protons
Protons
Protons
Protons

Electrons
Electrons
Electrons
Electrons
Electrons
Protons
Protons
Protons
Protons
Protens
uv

uv

v

uv

uv

& Protons
& Protons



TABLE 2, CELL DESIGNATIONS AND ENVIRONMENTS (Continued)

NASA CELL BOEING CELL TYPE OF
CELL TYPE NUMBER NUMBER ENVIRONMENT
D Series N18 501 Electrons

D20 502 Electrons

D22 503 Electrons

D23 504 Electrons

D25 505 Electrons

D26 506 Protons

D28 507 Protons

D30 508 Protons

D50 509 Protons

D51 510 Protons

D52 511 uv

D53 512 uv

D54 513 uv

D55 514 uv

D56 515 uv
E Series E4 601 Electrons

E14 602 Electrons

E27 603 Electrons

E28 604 Electrons

E29 6N5 Electrons

E3l 6N6 Protons

E32 607 Protons

E33 608 Protons

£E34 609 Protons

E36 610 Protons

E37 611 uv

E39 612 uv

E42 613 uv

E45 614 uv

E46 615 uv
P Series P1 701 Electrons

p2 702 Electrons

P3 703 Electrons

P4 704 Electrons

P5 705 Electrons

P7 707 Protons

P1 708 Protons

P13 709 Protons

P14 710 Protons

P15 711 Protons

P6 706 uv

P22 72 uv

P23 713 uv

P24 na uv

P28 715 uv
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TABLE 2. CELL DESIGNATIONS AND ENVIRONMENTS (Continued)

NASA CELL BOEING CELL TYPE OF
CELL TYPE NUMBER NUMBER EMVIRONMENT
GE 3 801 Electrons
4 802 Electrons
6 803 Electrons
10 804 Electrons
13 806 Electrons
12 805 Protons
20 808 Protons
23 809 Protons
24 810 Protons
19 807 Protons
25 811 uv
26 812 uv
29 813 uv
30 814 uv
31 815 uv
DN Series 14-16 901 Electrons
(Double Numbers) 15-3 902 Electrons
15-4 903 Electrons
15-6 904 Electrons
15-9 905 Electrons
15-12 906 Protons
15-16 907 Protons
15-19 908 Protons
15-20 909 Protons
16-1 910 Protons
16-2 9N uv
16-4 912 uv
16-5 913 uv
16-7 914 uv
16-11 915 uv
ESB C-4 1001 Electrons
c-5 1002 Electrons
t-10 1003 Electrons
¢-1 1004 Electrons
C-13 1005 Electrons
C-65 1006 Protons
Cc-70 1007 Protons
c-Nn 1008 Protons
c-72 1009 Protons
C-73 1010 Protons
2-1 oM uv
2-5 1012 uv
2-3 1013 uv
3-104 1014 uv
3-130 1015 uv
NASA-Lewis Module 1ol uv
JPL Module 102 uv
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A visual inspection was made of all the samples following each
increment of irradiation or » set of 15 thermal cycles. Al? visual
inspections were made through the q artz window except the post-test
ex situ inspections.

I-V measurements were nade both ex situ and in situ. The ex
situ measurements were made before the start of irradiation and after
the completion of all irradiation and themal cycling. All ex situ measure-
ments were made in the ex situ measurement facility except the UV exposure
measurements. They were made in the test chamber just before and just
after the total exposure and in situ measurements. The chamber was
filled with nitrogen for this test. This procedure was used to allow
for post-test I-V measurements without the fear that the damage would
anneal out. The in situ measurements differ from the ex situ measurements
only in that the solar simulator is beamed through a GE124 optical-grade
fused silica window and the intensity is monitored by two monitor cells
located in the vacuum test chamber but protected from the irradiation.

The same Spectrolab X-25L solar simulator with an AMO clos<-match filter
was used for both the ex situ and in situ measurement:z. The I-V measure-
ments wore made at a nominal 25°C,

Beryllium-copper clips were used to mount the samples to the
sample plate. They were used because of their ability to flex with the
cell. Heat sink compeind was used under each sample to improve the
thermal contact between sample and the temperature controlled sample
plate.
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3.1 EFFECTS OF ELECTRON IRRADIATION INTERSPERSED BY THERMAL CYCLING

The 1 MeV electron irradiations with thermal cycling were the
first tests performed. Table 3 lists the electron fluences the samples
received, the number of thermal cycles the samples received and the level
number of each measurement. It was necessary to assign each measurement
a level number in order to computerize the data, therefore use Table 3
to translate the level numbers to test conditions for the electron tests.
Also included in Table 3 is the flux used to achieve each incremental
fluence.

TABLE 3. ELECTRON IRRADIATION TEST PARAMETERS

;3'2‘%“ Flgg}lés ’"?fﬁ?ﬁ'é@“ FLUX
LEVEL | THERMAL S i -
NUMBER CYCLES (e/cm®) (escm™) (e/cm"-sec)
0 0 0 0 0
1 0 5 x 10" 5 x 104 5 x 1010
2 0 1x 10" 5 x 104 5 x 10"
3 15 1 x 100 .-
4 15 5 x 10! 4 x 10'° 2 x 19"
5 30 5 x 10'° -- ---
6 30 1 x 106 5 x 10'° 2 x 10"
| 7 45 1 x 106 ---

The samples were divided into two groups for the electron test.
The first group included the A Series, C Series, D Series and Double
Number samples (see Figures 21 and 22). Also included in the first
tests were five samples of 2-mi1 thick 7070 glass. The second group
included the P Series, E Series, GE cells and ESB cells. (See Figures
23 and 24.)
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FIGURE 23, SAMPLE PLATE LAYOUT - 2nd SET ELECTRON IRRADIATIONS

FIGURE 24, PRE-IRRADIATION ELECTRONS
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Table 4 is a flow diagram of the electron test with the measure-
ment level numbers included.

TABLE 4. PROGRAM FLOW DIAGRAM OF ELECTRON IRRADIATION INTERSPERSED
WITH THERMAL CYCLING - TASK I

Determine ex situ -V characteristics for 15 Thermal cycles -175%C to +559C in situJ
each specimen under solar simulator.

Photograph ore representative sample of Visual inspection and !-V characteristics
each qroup for Jocumentation, in situ. in situ (Level 5).

Pre-irradiation [-V characteristics in Last electron irradiation increment of

situ (Level 0). 5 x 1015 e/cm? in situ.

First ﬂectmn irradiation increment of Visual inspection and -\ characteristics

5 x 1014 e/em? in situ. in situ (Level 6).
[1-v characteristics in situ (Level 1). ] [15 thermat cycles -175%C to +550€ in situ. |

[
Second electron jrradiation increment Visual Inspection and 1-¥ characteristics
of & x 1014 e/cm in situ. in situ (Level 7).
{ visual inspection and I-V characteristics Samples to oxygen-free atmosphere and
Jin situ (Level 2). inspection under magnification. ]
F'.'. Thermal cycles in situ -1750C to *55°C.] Ex situ 1-V characteristics under solar
simulator (Level 1).
1-V characteristics and inspection in situ ‘
{Level 3). Photograph each sample for documentation
I in situ. Y

Third 2lectron ir adiatira increment of Photograph each sample for documentation

3 x 1018 e/and in it ex situ

Visual “;SDQCU\:. 1 .~ 1=V choracteristics [PT.*- samples for shipment to NASA-Le\ﬂﬂ
in situ (Level 4.

-

1
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5.2 EFFECTS OF LOW ENERGY PROTON IRRADIATION INTERSPERSED BY

THERMAL CYCLING

The 0.5 MeV proton irradiations with thermal cycling were per-
formed after all electron tests were completed. Table 5 1ists the proton
fluences the samples received, the number of thermal cycles the sample
received and the level number of each measurement. Also included is
the flux used to acliieve each incremental fluence.

TABLE 5. PROTON IRRADIATION TEST PARAMETERS

ISLQER TOTAL INCREMENTAL

LEVEL NUMBER. FLUENgE FLUENgE FLgX
NUMBER CYCLES (p/cm®) (p/cm®) (p/cm©-sec)

0 0 0 0 0

1 0 3 x 1014 3x 10 1 x 101!

2 15 3x 104 - -

3 15 3.3x10"° | 3x10'° 1 x 10"

4 30 3.3 x 10'° —-- —--

The samples were divided into three groups for the proton test.
The first group included A Series, C Series, and GE cells (see Figures
25 and 26). The second group included D Series, DN Series and 7070
glass (see Figures 27 and 28). The third group included E Series,
P Series and ESB cells (see Figures 29 and 30).
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TABLE 6.

Table 6 1s a flow diagram of the proton {rradiation, showing

the order of the testing and including the measurement level numbers.

PROGRAM FLOW DIAGRAM OF LOW ENERGY PROTON IRRADIATION

INTERSPERSED WITH THERMAL CYCLING - TASK II

Datermine ¢ situ I-V characteristics for
each spec’men under solar simulator
{Level 0). i

Photograph one representative sample of
each group for documentation.

l

Pro-irradiation 1-V characteristics in
situ (Level 0).

First Proton irradiation increment of
3 x 1014 p/ome in situ.

t

1-V chacacteristics and visual inspection
in situ (Level 3).

DS Thewmatl cycles in situ -175°C to +55°C, ]

1-V characteristics and visual inspection
in sfitu (Level 4).

1

Samples to oxygen-free atmosphere and
inspection under mugnification.

[ Ex situ I-V characteristics {Level 1). |

1-V characteristics and visual inspec-
tion in sity (Level 1),

l:hotograph each sample for documentation
n situ.
[15 Themal cycles in situ -175°C to #SS°C.] ‘

Photograph each sampie for document
I-V characteristics and visual inspection ex situ.
in situ (Level 2).

‘ l Prepare samples for shipment to NASA-Leuis.]
Second Proton_irradiation increment of
3 x 105 P/em? in situ.

1

A special picture freme type of shadow shield was placed over
those types of cells that may have exposed edges (see Figures 26, 28
and 30). This was done to prevent any proton damage to the samples
caused by exposed edges. This would prevent complicating the analysis
of the data. The samples that had shadow shields were A Series,
D Series, DN Series, E Series, P Series, ESB cells and control cells.

D180-26590-1
51



5.3 EFFECTS OF UV EXPOSURE INTERSPERSED WITH THERMAL CYCLING

The UV exposures with thermal cycling were performed after
both the electron and proton tests were completed. Table 7 1ists the UV
exposure the sample received, the number of ‘hermal cycles the sample
received and the level number of each measurement. Also included is
the range of the exposure rate used to achieve each incremental exposure.

TABLE 7. UV IRRADIATION TEST PARAMETERS

JS;QEP TOTAL INCREMENTAL EXPOSURE
LEVEL THERMAL EXPOSURES EXPOSURE - RATE
NUMBER CYCLES _(ESH)* (ESH)* (ESH/hr)
0 0 0 0 0
1 0 1000 1000 4-5
2 15 1000 .-~ ---
3 15 4000 3000 4-6
4 30 4000 --- ---
5 30 8760 4760 4-6
6 45 8760 --- ---

*ESH = equivalent sun hours

The samples were divided into two groups for this test. The
first group included A Series, C Series, D Series, P Series, and the
3 x 3 module made by NASA-Lewis (see Figures 31 and 32). The second
group included E Series, DN Series, GE cells, ESB cells and the JPL
3 x 3 module (see Figures 33 and 34;.
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Table 8 is a flow diagram of the UV expesure test showing the order
of testing and including the measurement level numbers.

TABLE 8. PROGRAM FLOW L “GRAM OF UV IRRADIATION INTERSPERSED
WITH THERMAL C'. . LING - TASK III

Ex situ I-V characteristics {Level 0). I 15 thermal cycles -175°C to +55°C.
1 1
Photogram one representative sample of 1-V characteristics and visual inspection
each group for documentaiton in Situ. in situ (Level 4).
Pre-axposure [-¥ characteristics ia situ Third UV exposure increment of 4760 ESH
{Levai Q). in vacuum.
Fi‘vﬁs.t_uv e.:oosyre increment of 100G £5H 1-V characteristics and visual inspection
in vacuum. in situ {Level 5).
1.V characteristics and visual insgection Samples to oxygen-free gtms_p!ere and
in situ {Level 1}. inspection under magnificatica.
llS thermal cycles - 175°C to +55°C. —] Ex situ 1-V characteristics (Level 1). ]
I-V characteristics and visual inspection 1 l_’hotqgraph each sample for documentation
in situ {level 2). H in situ.
Second UV expcsure increment of 3000 ESH Photograph each sample for documentation
in vacuum. ex situ.
I-V characteristics and sisual inspection [!Trepare samples for shipment to NASA-Levis.ﬁl
in situ (Level 3).

l

During the tTirst UV exposure test the test chamber developed a vacuum
Teak when a ceramic electrical Feed-through cracked suddenly during the first
set of thermal cycles. The failure caused an instant up to air condition in the
chamber and an electrical short of the sample plate heater leads. The feed-
through was replaced and the chamber pumped out again. It was observed from
this point on that some of the samples had hazy reaions on them including the
control cells. When the samples were removed at the end of the test it was
found, for example, that much of the haziness coulu be wiped off of the NASA-
Lewis module. Also the bare controlcells had signs of defraction patterns.
These are indications of contamination. The contamination was probably pump
0il from extra pump downs and other unknown compounds created when the feed-
through cracked and shorted out. The contamination appeared to be uneven
in coverage over the entire sample plate so that the contamination portion
of the transmission lost could not be factored out.

It must be remembered that the contamination was only present during
the first UV exposure test which included A Series, C Series, D Series, P Series,
and the 3 x 3 module made by NASA-Lewis. The second UV exposure test, which
included E Series, DN Series, GE cells, ESB cells and the JPL 3 x 3 module, was

contamination free.
D160-26590-1
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6.0 ANALYSIS OF RESULTS

The testing program included eight types of encapsulants or
cover materials applied to solar cells in various ways and two 3 cell x
3 cell modules. The solar cells not only served as a test vehicle to
measure the changes in the light transmission properties of the matarials,
they were also a part of the total physical system made up of the encapsu-
lant or cover material, the adhesive and the cell to evaluate the physical
properties of the materialsin space environments.

The results of the program are in two parts, the visual inspections
of the cells and the electrical measurements of the cells. The visual
inspections describe the outside physical properties of the sanpléé.

The electrical measurements indicate the electrical properties of the
cell and integrates the visual damage into the values of lsc’ oc’ Pmax
and F.F. 1In the case of the electrical measurements the cell changes
must be separated from the cover changes in order to assess the cover
materials' transmission 1oss. Therefore, the possible causes of solar
cell output changes will be discussed.

The 1.0 MeV electrons penetrated through the covers and the
cells causing displacement damage in tha silicon cells and ionization
and/or displacement damage in the cover materials. The 0.5 MeV protons
did not penetrate through the cover materials but caused heavy ioriza-
tion and displacement damage in the covers, primarily near the front
surface. The UV radiation was absorbed by some cove: materials and
transmitted into the cell by others. Generally, for unirradiated
cells, UV radiation is not damaging; however, for irradiated cells UV
1ight may enhance vacancy migration and interaction with impurities
in the cell to alter cell characceristics. Therefore, unirradiated
cells were used in the UV tests so that significant changes are not
expected. Thermal cycling may cause changes in the cell output also.
Generally for the temperature range of -170°C to +55°C the major
effects of thermal cycling will be mechanical but these mechanical changes
may be manifested electrically by contact resistance changes in the cell
or transmission loss due to delamination at interfaces.
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In order to separate * ~ effects of encapsulant degradation and
cell degradation it is first t "pful to consider the nature of the
effects of degradation in the various regions of the cell cover system
on electrical output of the cell. Cover degradation would normally
result only in a loss of light transmission into the cell and would
result simply in a lateral shift of the I-V curve to a lower short
circuit current, Isc’ value. The fill factor, i.e., series or shunt
resistance, would not be expected to change due to darkening of the
cover material. Nomally incident 1.0 MeV electron damage will cause
changes in both the ISc and open circuit voltage, voc’ values of the
cell due to uniform minority carrier life.ime degradation throughout
the cell. Usually, the fill factor is not significantly affected. For
proton damage, the damage, if any, will be in localized regions of the
cell, i.e., exposed regions at the periphery of the cover and the
effects on overall cell output will be primarily a shunting effect on
the remainder ot the cell. Thus the fill factor would be seriously
degraded in the form of a "softened" knee on the I-V curve. For thermal
cycling one would normally expect changes in series resistance due to
contact stresses or loss of ISc due to cransmission losses at delaminated
interfaces; thus, in the former case the fill factor would be changed
in the form of i:creased loss of output voltage with increasing output
current.

6.1 DATA FORMAT

The data is of two basic types, visual and electrical (I-V
measurements). The visual deta were recordec at the same time the I-V
measurements were made. The visual data are in the form of written
observations and vhotographs. The photographs were taken only at the
beginning and at the end of testing (post-test). There are both in situ
and ex situ end of test photographs. A1l the photographs are part of
the Data Report. Selected photographs are used in this report to
illustrate the damage to the samples where necessary.

The I-V measurements are in the form of I-V curves which describe
the sample performance over an I-V range from short-circuit current to
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open-circuit voltage. Due to the large number of I-V measurements involved,
a mini-computer was used to collect, store and reduce the measurements. The
Data Report contains the computer-plotted I-V curves (see Figure 35 for an
example). Each I-V curve also has plotted with it the P-V curve and a listing
of short-circuit current (sc)‘ open-circuit voltage (voc). maximum power
(Pmax) and fill factor (F.F). Each page contains more than one curve to aid
in analysis and to reduce the number of pages. The level numbers refer to the
fluence and number of thermal cycles received. There are I-V curves for both
the ex situ and in situ measurements. Tables 3, 5 and 7 should be used to
translate the level number to test conditions for electrons, protons and

UV, respectively.

The I-V measurement data were reduced in several ways. Tables were
created of the four cell parameters (lsc‘ Voc' pmax’ F.F.) and their normalized
values for each level of each test (see Table 9 for an example). Summary tables
were created which then listed the average normalized value of the four cell
parameters for each level (see Table 10 for an example). The average normal-
ized value of the four cell parameters was plotted versus the fluence for
electrons and protons and the exposure for UV. The range of the normalized
values is also shown on these plots. Figure 36 is an example of the plots.

The level number is written beside each point. The X refers to measurements
made after an irradiation and O refers to measurements made after thermal
cycles. The range of the normalized data is also plotted. The hars with
horizontal lines i refer to the range of measurements made after an irradia-
tion and bars with wavey lines §'refer to the range of measurements made after
thermal cycles. The ¢ indicates the ex situ post-test value. The ex-situ
data for the test samples in the electron and proton tests were taken in the
ex situ measurement facility. For post-test measurements the samples were
removed from the irradiation sample plate and measured one by one in the ex
situ measurement facility. Some samples were difficult to remove from the
irradiation plate without coming apart or further damaging. Thereiore, the

ex situ post-test data sometimes varies from the in situ data. Under these
circumstances it is felt that the in situ data is of greater value in this study.

The results are grouped by sample type. The three environments are
discussed for a sample type before moving to another sample type. The visual
observations are summarized in Tables 11, 12 and 13 for the electron, proton
and UV test, respectively. Included with each sample type and environment are
the summary plots of normalized test parameters versus fluence and summary tables
of normalized and averaged normalized test parameters.
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TABLE 9. TABULATED TEST PARAMETERS AND THEIR NORMALIZED VALUES
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TABLE 10.

AVERAGE NORMALIZED CELL PARAMETERS

H SERIES ELECTRON IRRRDIATION IN-SITU
TEMP. {C»: 29 HREH: < INTENSITY 1+AMA
Level AVERAGE AVERAGE AVERHAGE HVYERRAGE
Nuwmber IscIsco VacosYoco Pr<o'Pmxo F.F.#F. F. o
5] 1. B8y 1. @A 1. QoS 1. a6a
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TABLE 11. SUMMARY OF ELECTRON IRRADIATION - VISUAL INSPECTION
TOTAL SERIES
FLUENCE TOTAL
%) THERMAL
LEVEL =4 CYCLES | A 4 0 [ E [ow 4 Es8 6€ CELL 7070 5LASS
0 ] 0 -- -- .- - -- .- 1 cell has bubbles in
cracked encapsulant,
corner
) sx10* |o nC NC we | ne | xe NC N e ne
2 1x 108 (1] NC 1 cracked nc ] me | N NC NC NC n
4N
3 120’3 s 1 cracked | NC nc | W | 1 cracked |1 cracked | nc 3 cracked "
cover cover cover covers
4 NC 4 NC 4 NC 2 NC
4 sx10'® | 1s 2 cracked | ¢ | nc | nc 1 cracked | WC " N
covers cell
INC 2 NC
5 sx10% | 2 KC all covers | wc | wc | nc tcents | N 4 cracked s
blistered cracked covers
and 1 NC
cracked
6 1210 | 2 N N Ne | NC | 3 cracked | nc e ne n
covers
2 KC
7 1210 | a5 e more blist- | Nc | nc | mec e NC ne "
ering and
cracking
Ex 1 x IO‘6 45 2 cracked | covers NC S cracked | 4 cells 4 cells cells and NC
sity covers blistered covers cracked cracked covers cracked
visual 2 covers and some 1 ok 1 ok and drittle
debonded cracked curling
1 NC

AC - no changs
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TABLE 12. SUMMARY OF PROTON IRRADIATION - VISUAL INSPECTION
TOTAL
FLUENCE TOTAL
() THERMAL
LEVEL | om CYCLES | A ¢ £ [ £s8 E CELL 7070 GLASS
0 0 0 -- 2 cells .- -- -- -- - .-
with air
bubble
1 31210" {0 Ne NC e we | mc NC 2 blistered ne
2 curled
2 3x 0% 15 NC no bubble many cracks{ KC [ 3 cracked] 1 cracked| more blister- curled
covers in cover cells cover § ing, curling
hazy 2 NC cell
4 NC
3 3.3x 5] 18 NC NC yellowish | Nc | wc Ne badly blistered | curled
appearance
4 3.3x10%] 30 3 covers | all yellowish | WC | & cracked] 3 cells | badly blistered | nc
cracked covers :g‘p:u:nce. cells curling & peeled
hazy COVEr 1 NC
Ex 1ax16{ 3 3 covers | FEP-A yeltowish | NC | a1 celts{ 1 cracked| badly blistered | curled badly
site cracked is hazy appearance, cracked cover & & peeled
visuval 2 ok 1 cell cracked cell, s
cracked cover curling
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TABLE 13, SUMMARY OF UV EXPOSURE - VISUAL INSPECTION
TOTAL v TOTAL SERIES
EXPOSURE THERMAL
LEVEL (ESH) CYCLESJ A C D £ DN p £98 GE CELL MODULES
Y 0 0 -- -~ -- .- -- 1 partial -- - -
! 1000 0 NC NC NC NC NC NC NC NC 1 - NC
2 - NC
2 1000 15 NC NC NC NC NC 4 cracked NC NC 21 haty rear
cells cenier
1 NC #2 NG
k] 4000 15 hazy little NC yellowish NC hazy NC 4 hairline 1 xC
appearance wrinkling " appearance appearance :Eacks #2 NC
4 4000 30 NC NC NC Ny NC NC NC NC 1 N
728
H 8760 30 NC 4 cells NC NC NC very NC NC 1 NC
hazy hazy #2 N
[ 8760 45 NC NC NC L1d NC NC NC NC 1 8
#2 RC
Ex 8760 8% Tittle Tittle NC yellowish NC 4 cracked NC hairline #1 1/30f
sity hazy curling appearance cells cracks & ared My
visual 1 MC curling 2 NC

NC - ae change




6.2 CONTROL CELLS

The control cells used in this program were Spectrolab 8-10 mil
10 @-cm cells. They were supplied with 6-mil removeable quartz covers.
The control cells were used to check the amount of damage received with
what was expected from past experience. Figures 37 and 38 are plots
of normalized Isc and VOC viarsus fluence for the electron test. Also
plotted on the same plots are the solar cell radiation handbook (JPL
Publication 77-56) values for 1 MeV electrons or a 8-mil 10 2-cm
conventional cell. The handbook data agrees well with the test data
and verifies that the electron irradiation fluences did not prcduce any
anomalous results. Tables 14A and 14B 1ist the nomalized parameters
and the average normalized parameters.

In the proton test, the control cells were again covered with
the 6-mil quartz cover. The tabulated data Tables 15A and 158 and
summary plots Figures 39, 40, 41 and 42 show, as expected, there was
no damage to the cell due to the thick cover stopping th~ protons.

There were two uncovered, uncoated control cells in each of
the two UV exposure runs. The purpose of the cells were to check for

contamination. The two cells in the first UV exposure (101, 102) showed signs
of contamination when they were removed from the chamber. The contamination
appeared to have acted as a poor AR coating causing an increase in Isc. (See
Section 5.3 for further details.) The cells in the second UV exposure showed
no sign of contamination.
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TABLE 14A. TRABULATED CONTROL CELLS DATR - ELECTRON IRRADIATION

CONTROL CELLS EX-SITU
TEMP. <C>: 25 ARER: 4. INTENSITY #AMO

Lewvel BVERAGE RVERRAGE AVERAGE RYERAGE
MNumbaet Iscrlsco Yoo A\Voco PuxPoxo F.F.#F.F. o
%) 1. 9aQ 1. pae 1. 66a 1. age
1 @ 778 @ 852 8. 635 8. 9a1

COMTROL CELLS EX-SITU
TEMP. ). 25 ARER: <4 INTENSITY AMa

Sertal  Lewel Isc Iscs Yoo Voo Frax P Fill FF
Muber  Number (mH>»  Isco (mr»  Woco Ll Prxo Fuac. F.F.o

1Bs 5] 1491 1. 889 SS8. 5 1 609 &4 .18 1. 888 @ 782 1. 998
16 (&) 15c. 8 1.888 S45 9 1. 8860 64 06 1. 608 0. 77 1. B8a
R 1 114. 6 @ 7F69 468. 68 0856 40 =8 A 629 @ 75z W 962
18e 1 113 8 B FEE 466, 4 B. 853 41.11 6 642 @ 741 @ 961
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TABLE 148. TABULATED CONTROL CELLS DATA - ELECTRON IRRRDIARTION
CONTROL GRS ELECTRON IRRADIATION IN-SITU
TEMP. 02 28 HEER: 4 INTENSITY 1+HPu3
Serial level Is Iscs Yoo Yoo Prax Pt F1il
Number  Number oAy [zco w2 Voco add o Pm>o Fa:

7
-n
£

IR b & 15 A 1 ogd ST & 1 aEd 48 38 1 |ada Q. Uvv 1 ewdn
RN 8] A0 B CBOBR SA8. 8 1 adn 45 TS99 1 e i P05 1 AER
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CONTROL CELLE:  ELECTRON IRFRAGIATION  IN-SITU
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Lewvel
Hunber

[N

Lewve L

Fivimbaesr

SRR FNEN -

15R. TABULATED CONTROL CELLS DRTA - PROTON IRRADIATION

CONTROL CELLS
TEMF. <C>:

HVERRAGE
T cflszo
1. 088
B 9oz

CONTROL CELL
TEMP. <C.:

Wi I
<
.. M
= 7
I
[ "3
m

—

i

BB &

DS O NS I A

il o
(oI

EX-SITU PROTON IRRADIATION

ARER: 4. INTENSITY AMa

RYERRAGE
ocS/Vaco

1. vea
1. oag

PROTON

ARER: 4.

HYERHGE

S g w D W]

BEODe
LW
AN R
IR I )

01 RE-26590-1
T1

[EERDIATION
INTENSITY 1+RMG

AVERRAGE
Pmx<-Fnxo

1. vvea
8. 954

HYERRAGE

P P

1. e
a. 987
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HYERRAGE
F.F.,F.F. o
1. vaa
8. 35
HYERRGE
F.F F <

s
v
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LYY LY S
IS GO B I SN
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TRBLE 15B.

Ser-ial  Lewvel
Humber  Numoer
18% &
183 3
118 5]
188 1
189 1
118 1
183 2
189 % 2
118 2
1az 3
183 x =
118 2
183 =)
189 % %4
i1 4

CONTROL CELL PROTON IRRADIATION

TEMF. <C>:
Isc I=c/
mAY  Isco
109 3 1. a8a
195. 6 1. 98
111. 8 1. @88
189S5 @ 297
195 5 @ 939
iia 4 9. 2943
189 ¢ 1. 69a
168. & 1. 923
1186 & Q. 338
189 2 4 99
89 & B 853
110 9 @ 3939
118. & 1. 847
TR QA @ 883
118. 3 8. 999

+NOT INCLUDED IN AYERRGE

29

AREA: 4
Voc Voc .
(V) Yoco

o956. 4 1 @en
S56. 9 1 @00
554. 5 1 @8
55&. 2 1 689
S52. 4 @ 992
85314 8 938
5353. 9 1 684
S552. 4 8 99z
355. 3 1 6681
55¢. 2 1 8a1
Sd1. 4 B8 972
854 4 1 Goo
853 2 1. 8a8s
S41. @ @ 972
§55.3 1 881
01802635901

v

Pmx
Tl

a8.
44,
48.

47
44,
47

37,
45
47

48. -

47,

43
a3,

48.

?

IN-SITU

INTENSITY 1+AMB

P
Pmxo

o0 oOEG

PO

200 Ppp

880
aen
8ag

995
989
are

995

= o

282

998

S37

283

ae1

S

au4

506

o O

SE0 SO

o b

Dar

20® FEPE MM

TRBULATED CONTROL CELLS DATR — PROTON IRRADIATION

vea
age
2ea

Q93
998
85

985
201
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TABLE 16A.

Level
Humber
%]
1

el
Humber

o

”
)

T e i

Serval  Lewvel
Number Noamber

1e1 i3
1az a
18z (5]
144 6]
181 1
162 3
133 x 1
104 1

CONTROL CELLS UV IRRRDIATION EX-SITU

TEMP. (Ci: 25

AVERRGE
Iscslsco

1. ©BE
1,04z

CONTROL CELLS

TeEMF. <02 25 ARER:

AVERRAGE

IscsIlsca

oY B e Y
O I RO TR ax]

i)

e e
DHE R oD

L0

CONTROL CELLS

TEMF. CCHr: 25
I=sc Iscs

L Isco
9.5 1 9aa
9.2 1. gos8
35. 2 1. 099

E.a 0 aas
87y .+ & 391%
iii.2 1 183
41 . 4 & 422
97 .4 @ o

+NOT INCLUDED IN RYERRAGE

AREA:. 4. INTENSITY 1+AMO
HVERRKRGE AVERADGE
Voo svYocoo P Prso
1. aaa 1. aas
1. 242 Q. 981
Uy IRRADIATION IN SITU
INTENSITY 1+«AMG
AYERRAGE AVERRGE
Vac S VYaco P Paso
1. goe 1 880
1. BARE 1. 868
1. 0@z 1. 998
1. 84z 1. a9%
1. 885 1. 1806
1. 818 1. 18
1. 818 114

WY IREADIATION ExX-SITU

HREA: 4
oo Voo
Ve Vaco

546 5 1. 0@
S45. 4 1 gae
559.5 1 @ae
g e a 969
5678 1 639
ST 7 1. @48
Sep. 2 1. 9vl
S57Y. S @ vao
DiBR-26590—-1

va

Pmx
Cmid

INTENSITY 1sAMa

P
K] Pmxo
39 1 0w
33 1 ooo
43 1 oag
Ve 8 ooe
85 8 733
g 1 2z
26 8 35X
VS8 0on

F
F

W,

8

a.

€

Dol !}:l

RAVERAG
F.F. ~2F.F. o
1. 9848
Q. 887

AVER
F.F. - fu]
i
51
51
&
53
5
a
P11 FF.
ac. F.F. [
T4 1 89e
L7191 BB0
5S4 1 ava
. Bas B a0e
. 9Bz 6 vF1
vz o1 094
. B15 4@ 815
Y51 A aan

TRABULATED CONTROL CELLS DATR - UV IRRﬂDIHTICML




Serial
Number

161
1432
s TS
144

i81
1ez
laz
184

191
iaz
193»
184

184
182
lazx
164

161
182
163
194

1@l
ia2
183
164

161
laz
183«
194

*NOT INCLUDED IN

TRBLE 168

Level
Number

L (S I LN G5 [l ol ol Lo

W e L

Ao R OO O SO X

DA £

TABULATED CONTROL CELLS DATR - UY IRRADIATION

CONTROL CELLS UV IRRADIATION

TEMP. <C:
Isc Isco
mR: Isco
94. 8 1. ovo
94 . @ 1 9gu
9.1 1. @8
3.6 1. 968
181. 3 1 a8l
112.8 1 ig8a
9. 8 1 68108
34. 2 1 ale
181 . 4 1 889
i12. & 1 1&57
6.5 Q. 857
S4. .41 1 815
124. & 1. 282
11€. ¥ 1 1686
8.5 6 498
3. 5 1 631
i2:.8 1. 295
112 @ 1. 180
3IV. 6 8 395
94 . 4 1. 919
1ee. S 1 144
195,23 1 157
IF.9 92 333
5.6 1 @32
8€. & B 315
188 . 7 1. 158
41 .1 @ 432
9%. 7 1. 833
AVERAGE

2%

IN SITU

ARER: 4 INTENSITY 1+AMG
Yac Yoo Pmx Fnoee!
tmv>  Voco CmldD Pmxo
S53 4 1. 900 39 7@ 1 gae
5518 1. 8008 3IT. 81 1 @aa
SE0. 6 1. 8400 48 091 1 6ga
SO7. 6 1. 698 329 1v 1. age
94 .4 1.882 42 18 1 @ex
956 . 1. 688 45 31 1. 138
350. 6 1. 801 44 27 1. gar
574 1.0 39 168 1. 686
S48. € 0. 231 36 .98 6 268
§54. 7 1. 885 45 23 1. 197
S62. 4 1. 884 26 T4 0O G&ES
S58. @ 1. 881 3947 8 995
555 8 1 88 42 13 1. Q&3
5529 1.0804 44 18 1. 1R
SE@ 2 1. @08 13 83 A 326
F52. 8 1. 8982 39 95 1. 822
o5 . @ 1.a83 3872 A 977
S56. 6 1.809 44 51 1 AVF
5619 1. @83 13X 88 B 326
558 8 1. 08z 39 .93 1 @22
5668 1823 3 47 A 843
S571.86 1. 835 44 32 1. 185
S8l 2 1.8z 13 26 6. ZE2
S35 1. 862 40 18 1. 028
S66. 1 1. @623 2875 & 724
SF9.1 4 833 45 88 1. 132
S61. 1 1. 862 14 86 0. 352
589. 2 1.883 99 42 1. @34
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6.3 MONITOR CELLS

The monitor cells were used to adjust the AMO intensity inside

the test chambers. Two cells were mounted on a moveable shaft so that
they could be moved out of the radiation beam. They were used before
each measurement to set the X-25L AMO intensity. Figures 47, 48

and 49 are plots of the Isc versus fluence for the electron, proton and
UV tests. They show that the repeatability of the intensity was very
good.
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6.4 A SERIES CELLS

(OCLI 8-mil 10 f-cm BSF/R cell, 4-mi1 0211 ceria doped cover,
0.5 mi1 93-500 adhesive.)

6.4.1 Electron Irradiation

The electrical parameters are plotted in Figures 50, 51, 52 and
53. For comparison, the JPL Handbook values are also plotted for an
8-mil 10 R-cm BSF cell without cover. Figure 50 shows, relative to the
bare cell, that the encapsulated cell had 3-4% greater loss in I c at
5x 101% and 1 x 10'® and 5% to 6% greater Toss in I, at 5 x 1015
and 1 x 10'6 e/em?. The V__ data agrees with the handbook data for
bare cells. The additional loss in ISc can be explained by the darken-
ing of the 0211 micro sheet. Figure 54 shows the ISC/ISco versus
fluence for 0211 microsheet and shows the loss at 1 x 1015 e/cm? is
4% and the loss at 1 x 10'® e/cm® is 5%. Thus, the method of additive
cover and cell degradation is demonstrated in this sample whose response
has been well established. Tables 17A and 178 contain the tabulated
data. Figure 55 is a typical pre- and post-ex situ I-V curve. The
temperature during the irradiation ranged from 52°C to 56°C. Visually
ther2 was some cracking of the covers during thermal cycling and an
indication that two covers were starting to debond by the end of the
test.
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TABLE 17A. TABULATED AR SERIES DATA - ELECTRON IRRRDIATION
A SERIES ELECTRON IRRADIRTION EX-SITU
TEMP. (C>: 25 ARRER: 4 INTENSITY 1+AMA

Level RVERRGE RVERAGE AVERRGE AVERAGE
Number Isc/lsco Vaco SYooo Pane'Phixo F.F.-F.F

Qa 1. van 1. gaa 1. gaa 1. A3a
1 8. ve2 8. 778 8. 5za a. 29

A SEFIES  ELECTROM IRRADIATION  IN-SITU
TEMP. 2y 2% BRER: 4 THTEMNSITY LeAMd

Lewel AEREHGE AVERAGE AYERRKGE AVERAGE
WNu ke i=cAlzaw o SWaco oS Friss F.F..F.F.
s 1. oo 1. aan
1 5 I O I ke H
2 B, andg TR 12
= I S B £, 356
< 15 MR TR LS T A
= 1% M P (A
& (5 I | S
v 16 Nk =4 SRR
B SERIES ELECTRON 1EERDIATION Ex-SITU
TEMF. {C»:. 25 AHRER: 4 INTENSITY 1+AMO
Serial  Level I=zc Isc oo oo, Fmx b Fill F. F.
Number  Numbesr dmAr I=co im¥r Noco Crabd 2 Frixg Fac. F.F oo
NS A (% 15%. 6 1. 808 385 2 1,888 Tea 8l 1 esa 46 Frg 1 bed
=92 o 152,09 1.908 S22 5 1. 488 TH. 83 1. 998 4. 772 1 ane
Y I a 154. T 1. @988 883 X 1. 888 Fi1.51 1 9a8ah 8 Fre 1 oo
a4 8 154. 9 1. 9098 £6% 3 L 9560 71 093 1 088 4 ey 1 gea
dul 1 154 € 1. 080 S93. 4 1. 868 7@ .33 1. 809 @ 759 1 8ed
L 1 116 1 6. 717 466.8 @ 795 7. 37 B 941 8. 738 4 350
=8z 1 187.7 @ 785 464 4 B TVE 3754 B 55 B 798 9 9v2
3@z 1 186. 2 § 688 468 8 0. 7V IV 26 B 85123 9 V5E @ 537¢
384 1 1898 8 0,792 486 . 4 A 771 IT. 65 A S2Z 8. ¥4z @ %7
35 1 1@87. 9% " 633 9465 9 8. 777 3F 51 @ 59EZ 8. ¥4e B 382
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TASLE 178. TABULATED A SERIES DATA - ELECTRON IRRADIATION

A SERIES ELECTRON IRRRDIATION IN-SITU
TEMP. ¢C>: 25 ARER: 4 INTENSITY 1%AMa

Serial Lewel I=sc Isc/ Voo Voo~ FPmx “Paxs’ Fill
Number Number mH)  Isco mv)  Voco Cml > Pmxo F

™™
nm
."‘v

3@1 a 129.5 2. 000 S91. 6 1. 008 S9. 38 1. 0688 @ T74 1 008
ze2 & 123 9 1. 6680 681 .3 1 680 S9.7V8 1000 O PT1 1. 060
zax g 8.8 1.908 6062 1 @08 S92 1 w88 w ¥V 1 aua
a4 & 128 5 1. @80 6185 1 680 S9 &8 1. 000 0 7S 1 069
3@s e 129.9 1. 008 684.7 1 080 S2.49 L w8 6 75T 1. 000
set 1 111, 2 @ 859 S21.5 B8 382 44 48 @ 749 @ TES @ 989
ez 1 118 4 0 856 S20.3 @ 865 44.18 & V39 @ Fe9 8. 233
3ex 1 116. 6 9. 964 S20.9 0. 855 49412 0. 738 0 Fe7 @ 994
ze4 1 111.1 © 864 SPE. 9 A 853 4413 @ T3 @ FE&I 1. 083
385 1 111. 5 @ 858 S21.5 8. 562 4411 0. 742 0. 759 1. eez
201 2 7.1 @ 827 S1R 2 @ 862 94163 @ TeZ2 o TE: @ 985S
zas - 105 7 9820 S62 7V 0 846 41 14 9 638 @ Tes 9 9983
A3 g 186 € A 833 SB9. 7 0. 841 41 84 @ SIS @ Fre 4 99%
3 z 166 4 9528 S10.2 0 836 41 85 8 693 0 7S¢ @ 394
an 2 167 & B S28 S18. 3 0 844 4L 34w 595 9 THI & u9g
1 = 1829 8 794 9123 A 886 4B 15 0 67 8. Te2 @ au

ez K 186 3 0 829 SES B R S48 1 TS @ ESR R TR e
@3 = 197 1 8 835 S11.2 0. 847 41 %1 0 708w VEE o HID
364 = 188 & @8I0 S12. 3 B g 9 41 24 @ 6Tl A FS4 A el
20 o LTS 0 838 S12.03 A 8¢, 42 85 B VT @ VER 1 ane
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LEVEL : e
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6.4.2 Proton Irradiation

Due to the thick cover (4-mil) the samples did not degrade in
the proton-thermal cycling environments (see Figures 56, 57, 58 and 59).
Several covers cracked in the last set of thermal cycles probably due
to mounting stress. Tables 18A and 18B contain the tabulated data and

Figure 60 shows a typical pre- and post-test [-V curve. The temperature
during the irradiation ranged from 50°C to 57°C.
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TABLE 18R, TRABULATED R SERIES DATA - PROTON IRRADIATION
N SERIES FPROTON IRRARCIRTION EX-SITU
TEMF. (C>»: 25 HRREA: 4. INTENSITY 1+RMO
Levwel AVERAGE AVERRGE AVERAGE AVERRGE
MU b Iscilsco VocsYaca FaxPmxe F.F. “F. F. o
A 1. g8d 1. 688 1. Gaa 1 ag@
1 8. 998 §. 998 a. 982 @ Lgv
A SERIES PROTON IRRADIATION IN-SITU
TEMF. <C». 25 RARER: 4. INTENSITY 1#RMA
Lewvel HBYE RAGE AYERAGE AVERAGE AVERAGE
Number Isc Isco Yoo /Voco PuxPmxo F.F./F. F. o
8 1. 858 1. aga 1. aoa 1. aga
% a 2393 Q. 999 g 993 1 ao1
f 8. 295 1. 661 8. Q9% @3 o[a
3 8. 294 1. 006 B, 988 8. 994
4 1. 998 a 999 a 33z Qa 29z
A SERIES FROTOM IRRADIATION Ex-2ITU
TEMF. vC»: 25 ARER: 4 IMNTENSITY 1+AMB
Serital Lewvel I=c Isc/ Voo Yoo o P~ Foe’ Fill F.F. «
Numter  MNumber (mR>  Isco mW¥e  Woco bl Pmxo Fac. F F.o
ZHe 9 1939 1. 088 5989 8 1. 088 &3. &5 1. 008 0 Tel 1 8900
A7 J 15Z. 9 1. 900 605 9 1. 908 &5 82 1 938 & 717 1. 96a
sag & 1521 1. 606 3583 2 1. 89986 68 14 1 V08 © FTES 1. 86O
a9 4 15X @ 1. 088 05895 9 1. 09080 68. 62 1. 088 OV Tel 1. 86A
31a a 143 A4 1. AB0 56327 1. 080 59 39 1 68608 g 7i7 1. 980
88 1 1.8 1. 862 T83. 1 0.392 €7.582 @ 93% 9 742 @ 384
a7 1 154. 8 1. 0681 682 9 6. .99F g5 35 0 978 0. 784 @ 3382
zas 1 1%8. 7 0. 7%%1 5§85 7 1.884 65 74 9 988 & 756 O g9
e ) 1 151. & 6. 391 586. 39 6. 995 €6 12 0. 363 0. .74z 0. 97Ve
219 1 93. % B.&24 S56. 58 8. 977 32. 88 A 552 0. s8a @ 14
*NOT INCLUDED IN AVERRGE
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Sertatl
Number

388
eV
385
zag
318

86
a7
3ag
389
316

306
307
308
205
z18

306
397
z08
@9

TRBULATED A SERIES DATA — PROTON IRRADIATION

TRABLE 188,
A SERIES
TEMP. (C>:
Level Isc Isc/
Numher mR>» Isco

a 1214. 2 i @46
¢} 122. 6 1. 690
8 1195 1. Q80
a 128. 8 1. Q08
a 111. 8 1. 004
1 121. 3 1. 988
i 122. 4 9 999
1 118 4 @ 991
1 121. 2 1.083
1 114. 7 6 398
2 124. 3 1. 960
Py 1z2. 7 1. 981
2 117. 9 @ 987
2 126. X @ 9%
2 111. 1 @ 994
3 121. 4 1. 881
3 122. 7 1 861
X 117. 5 8 984
3 128. 4 @ 998
3 116. 7 6. 399
4 i21. 8 1 264
4 123 3 1. €a6s
4 118. 3 0B 3939
4 120. 7 o 393
<4 112. 3 1. ao4

*NOT INCLUDED IN AVEKRAGE

PROTON IRRADIATION IN-SITU
AREA: 4 INTENSITY 1xAMA
Yoc Voc/ Prax Prmx
<mV> Voco Crold s Praxo
S37. 8 1. 8000 55 &5 1. 0@a
608. 1 1.868 52 69 1. 0806
$92. 86 1. 0688 53 76¢ 1 9o
997. ¥ 1.088 535 21 1. @80
S71. 3 1.806 48.92 1. Q6@
9596.0 1. .9008 5% &2 6. 999
608. &6 1. 091 S2. €668 0. 998
590. 6 ©. 298 53.46 0. 994
598. 8 1. 891 55 15 0. 989
569.5 @ 95¢ 48 84 1 @00
S92 1 1. 682 955 .88 1 004
612 & 1. 684 52 44 9 995
S92 2 1.9B6 53 22 @ 9%0
596.5 © W2 54, 51 9 987
S70. 8 0 933 47. 98 @ 997
598. 4 1 681 55 54 6. 998
618. 5 1. 684 52 S @ 997
591.4 @8 999 52 67 8 980
595. 5 ©8.9%8 53 74 0 973
S69.9 0.998 47. 63 @ 99z
598.4 1.@91 55 93 1. 4asS
618. 1 1. 983 OS2 22 6. 991
S91. 4 ©0.999 53 27 9. 991
S94. 4 ©8.995 54, .24 0 982
S62.4 0. 984 3628 @ 7SS
D180-263S0-1
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6.4.3 UV Exposure

There was a 7% decrease in I, at the completion of the
exposure; however, there was no change in Voc therefore the change in
Isc appears to be due to a transmission loss. The samples appeared
hazy during the exposure and as mentioned in Section 6.2, there were
signs of contamination on the cells. The cause of the 7% loss was
therefore one or more of the following: (1) contamination during
the UV exposure, (2) darkening of the 0211 microsheet or (3) darkening
of the DC 93-500 adhesive. Figures 61, 62, 63 and 64 are plots of
the average normalized test parameters. The tabulated data are in
Tables 19A and 19B. Figure 65 is a typical pre- and post-test I-V
curve. The temperature during exposure ranged from 45°C to 48°C.

D180-26590-1
93



1.1

i | k) 1) L i 1 ¥ | ]
E e
1 ‘ ¢
g ‘82 384 T
2.9 1 1 1 L 1 L1 1
18 T

EXPOSURE CESHD
FIGURE 61. A SERIES UV IRRADIATION IN SITU

1.1

",2 s N4

8.9 1 1 A A ) I

13

EXPOSURE CESHD
FIGUPE 62. A SERIES UV IKRADIATION 1IN SITU

5

D180-26590-1
N
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TABLE 19R

Level
Number

%)

1
Lewsl
MNumber

I8
1
3
5
Serial  Lewvel
Number  Number
=11 %
12 a
1= (%)
14 (%)
15 a
=11 1
312 1
1z i
=14 1
315 1

A SERIES UV IRRADISTION EX-SITU

TEMP. <C>:

AVERAGE
Iscrlsco

1. BRB
a azv

A SERIEZ WV

TEMP. (Ca: 25
RYERAGE
sCo/lsco

1. aag

8. 230

B, 932

7. 243

1 34=

0 334

@ 233

# SERIES W
TEMP. <C>: 25

o Iscs

cmAY Isco
15z . 2 1. vad
156. 9 1 abd
15z . & 1. BE3
14€. 9 1 dan
155 . 7 1 a8
131. 2 9. 33z
138. 6 @ 913
adz. 4 @ 933
13€. 2 @ 2z0
144 .4 9 32z

25 AREA: 4.

INTENSITY 1+xAMa

AVERRAGE RYERRGE
Yoo 'VYoco Pax-Puaxo
1. @8Q 1. van
1. 83z B 981
IRRACIATION IN SITU
ARER: 4. INTENSITY 1+AMO
AVERAGE YERAGE
Yoo Voo o FaaPae
1. Baa 1. @aen
1. B B arz
a. ag? 8 975
8 9324 a. 334
G, 935 Q. 24z
1. 822 1. 950
1. 81 a. 247
IRFRADIATION EX-=ITU
ARER: 4 INTENSITY 1+AMa
Yoc Voo, P P
cmVr  Vooo bl Frixo
S28. 7 1008 &5 34 1 bog
S572.% 1. 6086 €4 21 1 oaa
S80. € 1. 988 €5 31 1. 9aa
FY.3 1. 9000 &4 .42 1 @348
586.2 1 9@ &7 1@ 1. goo
599.1 1.8z22 84 37 @ 57z
S94. 7 1. 832 &1 .66 0. 954
S9:. 5 1.827 &82.75 4 351
F95. 6 1. @832 8171 0 358
599.1 1.0632 64 8X @ 266
0180-26990-1
Sé

TRABULARTED A SERIES DATA - UV IRRADIATION

AVERRGE
F.F. /'F. F.
1. Ban
1 A&@s
HYERRGE
F.F. /F.F. o
1 i
a 29z
g Aas
a. 3%y
1. 88z
8 33c
S e
Fill F.F.
Fac. F.F. o
0795 1. 80R
1% J ) I T & 1€ [
B, 737 1. a9
@ 7SE 1. 8o
[ S S W 15 %]
s e I W b R
@ 743 Q. 295
g Tig 1 g
7 TP 17 B T ) % £
@ 743 1 63

™
J
‘\3



TABLE 198. TARULATED A SERIES DATA - UV IRRADIATION

A SERIES UV TERADIATION IN SITU
TEMP. (C»: 2B AREA: 4 INTENSITY 1xAM@A

Seriwal  Lewel Isc Isc Voo Voo Pmx emxs Fill
Humber Number ((wmR>  Isco mv} Voaco Cmld? Puaxo Fac.
11 a 156. 4 1. 836 5858 1. @006 &7 23 1. @gaa @ 76z
12 a 149. 8 L 988 S81. 3 1. 8688 &4 73 1. 8806 8. 747
ES i a 1%99. 7 1. 008 585 9 1. 888 &5 16 1 @daa @ 78
=14 a 145 .9 1. 898 582 4 1. 888 4. 83 1 @@ Q. V&3
S R a 154 .1 1. 8980 S8S. € 1. 888 &7 43 1. @G 8. 747
11 1 147 .5 8. 981 SRS . 8 @899 6581 4 367 6752
=12 1 144 . 3 9. 962 S22 6 1. 88z &2 96 A 373 @ 7439
313 1 1457 8. 9333 S84 7 8993 64 082 @ 38IT 8. 731
14 1 141 8 8. 9372 5819 8. .939 2.8 A 35T 4 7O
215 1 151. 5 @ 23383 S85. 8 1. 808 5. 86 @ ITI @ 744
3131 2 1459 4. 933 S84. % 8. 996 5. .24 9 IFa @ 749
iz 2 14 .7 A 378 TS 1 4 2393 62 28 & 362 A T3V
1= 2 145 . 5 B 3993 G882 4 B 994 &3 37 @ 3IEZ 4 T34
=14 2 14Z. 7 Q. 3RS 5S82.8 0. 993 G2 2 @ Ife 8. 7Ss
=15 2 193. 8 8 333 S58Z.9 A 9397 &6 3P B Az v T4z
14 = 1417 8 942 S8 7 A 393 6271 @ 933 & Tew
z1z = 13%. 8 0. 2373 S8 @ © 9334 S92 32 A 32 | 741
1= = 194 . 4 @ 393 S81.1 € "2 &1.91 @ 38 A T8
314 z 13T .3 3. 33) 588 . 4 A 397 53 43 @ 27 @ 7S84
ES Bl 3 14 . 3 @ 243 S8 3 A 3992 &3 81 8 942 v 752
41 34 141. 8 8. 943 S24 X B 99 &3 67 Q@ 7 v FeR
iz 4 146. 1 8. 348 ST & 839937 & Teé 8. 3z3 @ T48
1z 4 144 & @A 959 S81.1 8 .992 &2.25 8 955 a4 741
Zi4 4 12€. % R 338 S8 7 @ 997 S22 @ 92X @ 754
1% =) 144 .7 A 939 S83 3 @ 998 &3 83 @ 34T 8. Vo
i1 ] 141 2 @ 348 S39. 9 1 a2z &2 F7 A 95z 0 755
iz S 1381 @ 327 995 . X 1. 824 61. 26 8 946 A 745
1z S 141 23 8 2341 595 & 1 817 82 81 O 384 B 74z
314 i) 13 8 B 220 S35 & 1. 823 0. 53 v 2385 6 7os
4SS S 143 .8 8. 222 S93. 2 1. 822 54 36 @ 954 A 742
11 5 141 & A 341 S37 S 1. 06183 S4. 97 @953 Q. 798
S ) 13886 B 331 S92 9 1. 80280 611 8 44 o 744
I e [ 142 . 2 B . 343 S34. 2 1. 014 1. 97 A 951 @ 734
14 & 1324 & 8 323 583X 7 1.8z20 8B V2 1 93T O Vea
315 Y 142 .6 A 2325 SS9V . @ 1 920 &4 92 8. 949 @ 7o
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CURRENT <MAD

S/N : 313 LEVEL ' e

{

TEMP: 25 C ISCCMAY : 152.68 142. 4
AREA: 4 CM~2 VOCCMV) : 688.6 §588.5
INT.: {(wAM® PMAXCMMD): 66.3 62.8
F.F. + ©.787 ©.738
zoa i | | ) ) L J ] ¥ “
189} {72
100} 4064
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wo# ] 40
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88 | 124
e | ] 18
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", | M ' 2 2 92 2 ”.)
) 10 200 3P 498 680 608 700
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FIGURE 65
A SERIES UV IRRADIATION
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6.5 C SERIES CELLS

(OCLI 2-mil, 10 Q-cm BSF cell with Ta205, 2-mil FEP-A cover, 1-mil
Kapton back and 2-mil of 93-500 adhesive on front and back.)

6.5.1 Electron Irradiation

The first visible damage was observed after a fluence of 5 x 1012

e/cm2 and 30 thermal cycles. At this point the FEP-A covers started
coming loose from the cell. The cracking became worse after the third
set of thermal cycles were completed. The electrons caused the FEP-A
to harden and the flexing during the thermal cycles caused the cracking
and blistering.

The summary plots (Fiqures 66, 67, 68, and 69)include the JPL
Handbook values for a 2 q-cm BSF cell. However, the physical damage
to the samples preciude any meaningful interpretation of the electrical
data. The tabulated data are in Tables 20A and 20B and Figure 70 is
a typical I-V curve. Figure 71 is a photograph of a sample showing the
FEP-A cracks. The sample temperature ranged from 54°C to 56°C during
the irradiations.
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TRBLE 20M. TRBULATED C SERIES DATA - ELECTRON IRRADIATION

C SERIES ELECTROH IRRADIRTION EX-SITU
TEMFP. (T2 25 ARER: 4. INTENSITY L1+AMB

Level AVERAGE AYERAGE AVERAGE AYERAGE

Number Iscs/Isco Moc A Voco PrixAFmxo F.F.F.F »
@ 1. aag 1. Baa 1. gea 1. aga
1 a. &0z a8 352 A 512 s R B

C SERIES ELECTROM IRRARDIATION IN-SITU
TEMP. <25 25 ARER: 4 INTENSITY 1+AME

Lewsl AYEFRAGE HYERHAGE HYWERAGE AYERHGE
Mk Izc lzco Yoo oo P P FF.AF. F.oa

[E] 1. 888 1. oog i. ©ag 1.

1 (5 ] g 245 H 24z 1.

g ] SE7 a. 225 % S 53

= 8. 344 b oo2e L% S S 34 1.

4 a. 91 a vz {5 P ~Y &} (5]

3 5 o Hgva AT K,

& B 53z 8. 547 B 458 &,

7 LS Y] &34z B84 5}

T SERIES ELECTROM IRRACIATION Ex-5ITU
TEMP. T 25 AREA: 4 INTENSITY 1AM

Serial  Lewsl zc I=zc ‘oo Mo Foies Prie” Fill FF
Number  Mumber  CmA>  Izsco Lty Yocoo Crabd o Pm=o Fac F.F o

L & 144. 3 1. 0@p S61.6 1808 S35 1 1968 @ TI3 1 uen
4.2 15 1471 4. 696 S6@. 2 1. @86 &1 .77 1. 063 0 758 1 4o
HE 9 151.9 1. 088 S74. 5 1. 098 &4 24 1 688 @ TIc 1 968
494 a 148 & 1.080 S67.6 1. .88n &4 17 1 203 @ 75 1 ud
485 3 145 5 4. @99 S57.F7 18900 S5 85 1. 800 4 Fel 1 689
a1 1 (5 B G A 515 g 8 & 69 @ A6 0. 080 O a8 D oed
482 1 6.9 09 aea 1% T B < = 1. T (6 T B O s [ R = = 1 B = M 5 T
48z 1 9@ 5 0. 535 484 .4 9. 843 32 48 @ Sed4 B Vg 1 aes
434 1 B2 5 O 608 488 8 @ 3957 32 24 B8 .TA3 O V45 o :
485 1 385 6. 599 4778 B8.8%7 39.81 8 5283 0 793 1
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TRABLE 20B. TAMK.ATED C SERIES DATA - ELECTRON IRRRDIARTION

C SERIES ELECTROM IRRRODIATION IN-SITU
TEMF. (CH: 25 ARER: < INTENSITY 1*AMG

Serial  Lewvel Isc Isc’ Voo Voc . P Prx/ Fill F.F. /A

Mumbier-  Number <mR>  Isco ) Voco Cbl e Pmxo Fac F.F. o
4l a 41. 3 1. 6968 <424 @ 1. @880 13 83 1. 868 @ &72 1. vov
462 a 128 Z 1. 800 5559 1. 6889 S22 38 1.988 B 752 4. @ed
4az a 128.4 1. 808 S&4. 8 1. 808 S35 1. 688 B VI3 1 808
404 e ] 125.4 1. 088 S&V. 6 1. 880 55 86 1. 868 6 773 1 988
485 (5 125 6 1. 6088 55989 1. @86 42 3@ 1. 8608 6 V1o 1 460Q
ETER 1 9% 6.94941 467.1 8. 841 18 .31 Q. TSF 4 g4z @ 955
48z 1 1128 8. 304 S3ZH. 68 B 303F 45 22 6. 863 & 7Fa7¥ 1. Boc
=150 1 112 6 0. 885 S29. 4 8 939 44 T4 0. 836 @ V44 1 Qos
44 i 111. % 8 832 5358 8 942 45 78 6. 832 6. .76eS @ 328
G5 1 118 2 8. 877 S32.2 8 2391 42 .19 @ 845 @& V15 1 vlz
31 % 2 Z8.2 @ 312 482 % @ 832 9 32 B 723 4 &44 @
= 150 2 187. 3 @ 857 Sl & B 335 41 54 @ FIZ 4 745 4
403 2 1868, 2 & 327 S15 8 8,915 48 .82 0. .78z 9 745 1
44 2 184 . 5 8. 834 S22 @ 922 41 33 9 T8l A Fad 8@
455 Py 184 4 8. 521 S20.2 B 238 38 387 8.779 4 7is 1
431 % = 2.4 /A 37 EZ3Z.4 8 81z 271 B T1Z 8. 84z 4. 8%a
3z 3 197. 2 B . 8%S: S28. 7 @ 227 42 28 @ 3ag Q. V35 1 pas
403 = 187. 8 0. 283Z S15. 3 8. 912 41 29 @ 7Vl o8 F45 1 aay
464 = 1a4. 7 B B25 S5S25.05 8 926 42 .82 B FeL A 78S @ 334
405 S 1A% 8 A 338 S22.1 B EE OZ9.43Z 8796 @ 719 1 81z
EYERIE 4 3.2 B 833 I8 3 A 24 2 a6 0. e8S @ 645 @ IS1
432 4 328 8 FeV 4337 H.383 33.83 8 831 @ ¢S5 1. 085
42z 4 225 8. &9B 49303 QA 2€% 2. 21 A sz 6 T4z 1 w94
404 4 8. 4 B ERY 49 % G 875 22 42 64 582 @ TSe @ ava
S5 3 858 0877 4835 @ 884 SR A1 0 &8l & Ti4 1 985
3031 * 4 R B G R T 161 8.8 3 g8 888 0 988 8 aen Q. oga
4az b 24.1 9132 441 4 B 794 & B 8 115 a8 Sese @ 752
4az b 8BS 8 @ 6683 4583 X 6. 886 31 .11 @ 581 @ P42 1 gadg
464 S B 4 B 665 4395 0. 2862 31, .82 6. .564 B 7ea B 984
35 5 829 B9 e68 49325 @ 882 Z9. &5 B 35394 0@ ViV 1 Hag
4015 5 A8 Qe 8.8 0 vag g e O 99 9 e 6 0ag
432 * = 1.2 B 163 4285 6. Voo 5 44 B 184 B <16 © 211
E TS & FET @A S89 472 4. 848 26 .46 B 434 @ VI8 g 333
e ) T4 1 @2 591 472 5% 0. .84Z 2ZE 43 @A 4238 0 P45 B 964
35 5 FRLe B S97 4800 A @ 858 25 81 B .51 9 Viz 1 gaZz
4@1 % v [ SN B & B 5 [ 8.6 6 6eg 898 @ 380e @ Bk B Pay
SEz v 11. 7 8 033 412. 8 8 74z 2 45 Bop4yv @ Dlw A eva
40z v T4 5 £.5588 4739 Q. 840 26. 061 9 4z @ TV @ 397
434 v F2.0% B3.58a 475 1 9. 837 26.81 @ 47 @ 7Sz @ 874
405 v T2 8 573 475 2 ©6.84% 24 69 @ 435 @ Y21 1 ais

#+NOT INCLUDED IN RVERAGE
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CURRENT C(MAD

S/N : 403
TEMP: 26 C
AREA: 4 CM™2
INT.: {»AMB

LEVEL : %

ISCCMAD> :+ 1561.8 80.6
VOCCMVD> : §74.5 484 .4
PMAXCMW)D : 64.2 32.4

F.F. : ©.736 e.738
29@ L] L] ¥ | L) ) se
1eak 472
160} 4 64
I40+ 4 56
1201 4 48
iee 4 48
4 32
4 24
416
{8
0 Ny _p 1 1 L [} e
e ie@ 200 380 400 see 600 700
VOLTAGE <MV)
FIGURE 70
C SERIES ELECTRON IRRADIATION EX-SITU
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ORIGINAL PAGE IS
OF POOR QUALITY

FIGURE 71. SAMPLE C 1 (401) SHOWING FEP-A
CRACKS, POST-ELECTRON IRRADIATION
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6.5.2 Proton Irradiation

The only visible damage observed was a‘ter 3 x 1014 p/cm2 and
fifteen thermal cycles where the samples had a haxy appearance. After
3.3 x 10]5 p/cm2 and 30 thermal cycles the FEP-A was hazier and this was
reflected in a decrease in Isc of 4.5 percent. The Voc was not affected.
Therefore the loss in ISc was caused by transmission loss of the FEP-A
covers., Figures 72, 73, 74 and 75 are the summary plots and Tables
21A and 21B contain the tabulated data. Figures 76A and 76B are a
typical full set of in situ I-V curves. The sample temperature ranged
from 50°C to 54°C during the irradiations.
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NORMALIZED Isc
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FIGURE 72. C SERIES PROTON IRRADIATION IN-SITU
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FIGURE 73. C SERIES PROTON YRRADIATION IN-SITU
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NORMALIZED Pmx
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FIGURE 74. C SERIES PROTON IRRADIATION IN-SITU
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FIGURE 76. C SERIES PROTON IRRADIATION IN-STTU
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TABLE 21R.  TABULATED C SERIES DRTA - PROTON IRRADIATION

L SERIES PROTON IRRACIATION EX-5ITU
TEMF. CCx: 25 AREA: 4. INTENSITY 1xRAMO

Lewvel HYERRAGE AVERAGE HVERAGE AYERRAGE

M ks Isc/Izco Yoo SVoco P "FPmxo F.F./F.F. o
0 1. Qoa 1. Qvo 1. aga 1. el
1 8. 393 I 1. 81585 1 818

SERIES PROTON IRRADIATION IN-SITU
TEMP. {C»: 25 ARER: 4. INTENSITY 4+AMO

Level AYE RAGE AVERAGE AVERAGE AYERRAGE
Number Isc/ Isco Yoo \oco PmxPmxo F.F.ASF. F. a
a 1517 1. @9a 1. a9 1. ea
1 8B 99z 1. 667 1. BAS 1 88&
=z 4. 995 1 015 1. aes 1 gea
= 8. 955 1. 812 Q. 972 1 4@as
4 8. 366 1 613 9. 374 Q. 34

C SERIES FROTON IRRADIATION Ex-S1TU
TEMP. CCH: 25 AREA: 4 INTENSITY 1+AM3

Zerial  Lewvel i Iz Yoo Voc P Pmx/ Fuil E.f”

Numbesr  Number  “wmRY  Isco V> Yoco bl Fmx=o Fac. F.F. o
EINT @ 1%1. 7 1. 988 5748 1880 &5 7Tz 1. 868 & 754 1.6@?
387 a 147.9 1. 8@3 SE2.5% 1.688 &1 2% 1 8@ @ Vi 1‘@@?
433 3 14€. 2 1. 688 556 F 1.0 S Ta L aab b LBy 1.0??
eI 5] 145. %F 1. 988 S86. &6 1.8 93 45 1. 8990 0 “:a 1. t:ﬁin:'
41 (5] 147.7 1. 688 S&1.8 1.8 5% 34 1 @od @ 722 1. oug
BT 1 148. 7 8. %223 570.6 0 933 62 37 6 97F @ 754 li?BB
GETH 1 557 B3 384 S56 S v 989 2 3% QA 38z 8 Y41 1 0og
485 1 146 2 1. 984 H52.7 ©. 994 T8 43 1 @0 @ 70 1.?fs
4 s 1465 1. A0S 558 5 6 295 €@ 53 1. 626 @ 745 1.%5%
410 1 1423 1.684 S64.5 1.985 61 66 1,929 @ TiIs 1 wall
+HOT INCLUDED IN AVERARGE
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TRBLE 21B. TRBULATED C SERIES DATA — PROTON IRRADIRTION

C SERIES FROTON IRRADIATION IN-SITU
TEMP. {C>: 25 AREA: 4 INTENSITY 1*RMO

Ser-ital  Level Isc Isc Voo Voc. Pmx Pmx Fill
Humber Number mAR} Isco (mV> VYoco Cmld > Paxo Fac.
486 B 128.4 1 88@ 585 1 10668 S57. 86 1. @886 8. 77
4a7 a 125. 4 1 868 S38.5 1. 880 46. 76 1. 899 G 7@z
4as a 124 1 1. 898 S63. ¢ 1. 884 S1. 62 1. 688 8. 738
$i o 124. 3 1. Q848 ¥3.3 1. 688 S3 61 1. 806 0 752
18 (5] 12835 1.8 S4X 4 1. 086 S8.91 1 688 0. 722
ETEIN 1 1283 9.993 S88. 8 1. 89z SV . 82 @ 3939 4 a9
4687 * 1 121. 6 2. 978 S14.5 @ 97@ 32. 62 8 6893 o 522
a3 1 121.F 8,981 SE7.5S 0.99%: D@ T8 0984 8. 735
dad 1 1239 @ 997 5S7F5. 6 1.884 S3. 61 1.@98a @ 752
41 1 127. 6 8. 3932 5574 1. 826 S2 32 1 937 6. 74z
425 2 128.4 1. 988 S85. 2 1. 8685 S7V. 43 8. .99 @ Tea
SAT X 2 S8.1 9 3252 526 L 0.293%2 19. 46 @ 416 @ TZ=E9
488 & 122. 2 8. 355 589 - 9.939% S0 e @ 95@¢ o 7238
433 2 124. 2 @ 2393 SPY. I 1. @89 S 85 1 @aaa g 75n
410 Py 1279 8. 29 568. 5 1. 946 S4. €3 1. 861 8. 742
408 S 122.4 9 952 588.1 1. BHZ 5551 @ 953 8 774
Ja7* = 42 2 8 384 433X 8 8. 931 17. 23 8. 3269 8. T2
4ag = 116 7 8. 949 368. 7 A 938 43. 92 4. 931 a 724
489 = 12868 0.365 SFe. 9 1. 8988 S22 =4 9. 3F6¢ 8 75
416 = 1233 B 361 S57.1 1. 844 S2. @4 1822 @ F43
4685 4 1232 8,362 S35 1.884 S8 .14 8 IPG A FFS
47 * + 48. 8 8. 390 424 . 4 8. 932 16. 17 @ 3245 O 658
403 4 112§ 8. 9585 S892. 2 8 992 47 3283 A MME @ 7Tax
489 4 1218 8. 373 5F6. 6 1. 888 S2 89 6 357 8. 754
418 4 12485 @ 978 SE67Y. 6 1. 6845 51 89 1. 813 8 734
*NOT INCLUDED IN AVERAGE
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CURRENT <MAD

S/N : 408 LEVEL s -] 1 2

TEMP: 26 C ISCCMAD> :+ 124.1 121.7 122.2
AREA: 4 CM™2 VOCCMYV) » ©5068.6 867.86 868.2
INT.: {(eAMB PMAXCMU)D + 1.6 0.8 8.8
F.F. : 0.738 8.736 0.728
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FIGURE 76A.

C SERIES PROTON IRRADIATION  IN-SITU
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CURRENT <MAD

S/N : 408 LEVEL : 3 4

TEMP: 25 C ISCCMAY> :+ 116.7 118.5
AREA: 4 CM™2 VOCCMVY : §68.7 569.2
INT.: 12AMO PMAXCMU)D ¢ 48 .0 47 .4
F.F. r 0.724 8.7e3

m R | R ] ] k J L § | | ”

160, 172

160} J 64

148{ i{se

] 48

4 40

{32

4 24

J 16
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") 4 N 3 1 L L e

"] 100 200 300 400 S92 800 709
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FIGURE 76B.
C SERIES PROTON IRRADIATION IN-SITU
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6.5.3 UV Exposure

ISC degraded by 13% at the completion of the exposure. The
visual inspections showed the sample looked hazy. The loss in Isc
is due to a transmission 12ss caused by one or more of the following:
(1) contami.iation during the UV exposure (see Section 6.2), (2) darken-
ing of tne FEP-A or (3) uarkening of the DC 93-500. Fiqures 77, 78,
79, and 80 are the summary plots of the test parameters and Tables 22A
and 228 contain tne tabulated data. Figure 81 is a typical pre-
and post-test I-V curve. The thermocouple attached to the cell
failed after the first set of thermal cycles; however, before that time
the sample read 34°C.
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1.2 T T T T T | I S |
]
2
01.1 d :
W
~
L. . 51°
g | 3 '
L - 1
2.9 L 1 1 1 bt o1 1
13 18

EXPOSURE <ESHD
FIGURE 78. C SERIES UV IRRADIATION 1IN SITU

D180-26590-1
AL
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NORMALIZED F.F.

2 L
4
L J 3 °
| A1 1 1 1
13 T
EXPOSURE CESH)
FIGURE 79. T SERIES UV IRRADIATION 1IN SITU
¥ | 1 0 1 L
t
4
P ’ 6
:.
L 1 i L | AL
13 T

EXPOSURE <CESHD
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TRBLE 22R. TRBULRATED  SERIES DATA - UV IRRADIATION

C SERIES UV IRRACIATION ExX-SITU
TEMP. <C»: 25 AREA: 4. ITHNTENSITY 1«AMa

Level HYERAGE AYERRAGE RYERRGE AYERAGE
Number Ischlzscn Voo Aaoco P P F.F SF. F.o
A 1. a@@ 1 Boa 1. Qi 1 an
1 8, 887 1. az4 B 315 L. BO7

COSERIES WUV IRRARIATION  IN SITU
TEMF. C» . 25 ARER: 4, INTERSITY 1+AMG
Lewel HVERAGE HYERAGE RYERRAGE SYERAGE
MHumber Izc#Isco Yoo AAoc o P P F.F. AF. F. o
e 1. aui 1. QoA 1. aan 1. 800
L B 238 1. 824 (S JR=1A 1. AHE
& 8 95z 1 A=z1 8, 99 1. ale
= 8. 333 1. 8za S I e 1. 814
4 a. [as i Az i 959 1. az9
) 0 asr 1. 349 L T oy 1. 8z
(= @ 87z 1. 852 Boazv 1 821

G SERIES UV IRRADIATION EA-SITU
TEMP. CC3: 25 ARER: < INTENSITY 1:#AMa

Zeriat  Lewel I= ¢ I=c W Voo, P> FPrax Fill F.oF.s
Number  Number  CwH:  Isco LoV) o Mooo Cmld 2 Praxo Fac. F.F. o
411 (%] 152 .4 1. @am3 S7PS. 8 1 e &7 58 1 aan A FES 1. 0de
41z %) 152, % 4. @98 S?P4.7 1808 &6 88 1 oBB B FEl 1. e
=% 6] 154 .1 4. 883 S7S. 2 1.898 £2 45 1 aa@ A 715 1 aoa
414 9 185 . @ 4. @6@ S72. X 1.8 €% @ 1 aBa @ TS4 1 aad
415 a 1% 9.4 1.808 S7S. 9 1.eé88 &5 22 1 666 4 7S 1 0o
411 1 133.5 @ 371 S986.6 1. 625 €1 € B 3z @ 7Fai 1 a2l
412 1 1Z6. 2 B S94 S9a3. e 1. .822 &8 27V @ 965 @ 743 1 [85
41z 1 17 .4 @ gss 53 9 1. 917 S23. 84 8 5314 0 VIV 1 4le
314 1 136 .4 B 337 S88. 2 1.922 A0 44 8 221 G TSI @ 399
$15 1 134. 9 & 293 ST 48 1. 0912 S0 88 3 321 4 Va4 1 ads
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TABLE 228. TRBULATED C SERIES DATA - UV IRRARIATION

C SERIES UV IRRACIATION IN SITU
TEMP. (C)>: 25 RREA: 4 INTENSITY <i+AMO

Serial  Level Iz ¢ Isc/ Voc Voc/ Pmx Pmx/ Fill
Number HNumber (rnA> Izco (m¥?> Voco Crald > Pmxo Fac
411 a 151. 6 1. 900 S?P5. 2 1,006 656.25 1 089 B 759
412 a 154 . 3 1. 008 S23.7 1. 600 58 91 1 @a@ 0. 718
413 (%} 151.7 1.0 S7P2 7 4. 000 €2 34 1 800 @ 717
314 o) 15@. 2 1. 99008 SEX 7Y 1 @08 &2 93 1 000 8 743
415 a 152. 6 1. 000 S8€ 8 1. 088 55 59 1.989 a9 V14
411 1 14z . 4 B . 938 S7R 8 B.991 &2 23 0 941 @ 767
412 1 141. 1 0. 915 538 9 1. 0629 54. 74 0 944 @, 720
413 i 142. 4 Q. 945 $569. 8 06.995 S8 .22 0.924 4 7Viz
314 1 145. 6 8. 9692 S61.1 0. 995 59 8% 0 951 @ 732
413 1 1414. 4 @ 521 S&2. 6 1.11a 59 82 1 882 8 742
411 2 142. 7 B8 947 SFL. 7 6. 893 862 48 @ 957 @ 772
412 2 144 . 0 B 933 S5HE I 1. 082 59 .58 1. 626 @ 74
412 2 145. 9 8. 855 DHe6. @ 0. 928 S8 75 U 94z @ 71X
414 2 148 .9 6. 331 S63. € 1,088 &2 1% 8. 9833 ©. 741
415 2 14Z. 7 8. 226 5824 1 116 59 9= 1. 8723 @ 742
311 2 135.8 a.83@ SVl e 3 991 58 65 @ 885 0 76l
41z = 13Z.7 8. 857 S3ZZ & 4 |19 S2 &3 8 367 @ 73g
31z 3 138. 4 @912 S6Z 7V 8 284 55 52 B0 .892 4 71z
414 3 129. 5 8. 329 Sel. 2 B 99 57989 6.9z @ 7iI9
415 K 137 .06 B 896 5817 1.1pg ST.9F 1.84Z @ 75a
311 4 136. 4 8. 3@ S7Y1 1 8 3% &8 18 8 203 @ Fig
412 4 137,14 8. 883 S57. 6 1.885 56 53 @ 374 @ V4a
41z 4 148 2 @ 2925 Se6. 2 ©.989 S6 55 @4 267 A Fiz
314 4 148 . 2 6. 923 561 .2 6 2396 59 55 4 248 4 V98
415 4  137.5 8 255 S6X @ 1111 55 75 1 @57 @ 7E
413 S 129. 8 B 355 53 68 1. 817 5S3 47 8 833 @ vs9
41z b 129. 8 ©.82341 SS5€ = 1 @6z S53 322 B 218 0. 738
31z ] 1X% @ 9 2378 5772 1. 888 25 52 @ 391 B 72z
414 ) 137 . 4 B 938 S¥S. 6 1. 822 57382 6 326 o 754
415 S 128, 2 B8 348 S76 1 1137 58 VE L e @, 75¢&
311 = 1314 . X 8. 268 S8Z 1 1. 912 S2 V2 8 30e @ VeT
412 [ 1Z2.8 B.3581 S€8. 8 1. 886 55 49 @ 937 6. 735
41z & 134. 8 8. 2382 SFV. 0 1 @37 55 52 0291 4 712
414 & 135 . 2 8 988 S7¥4. 4 1. 913 58 228 8 326 6 756
415 & 1312 8. 2395 S72.9 1. 1368 S7. A6 1 62¢ 9 755
D18G-26598-1
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CURRENT <MAD

S/N :+ 41| LEVEL ' e {

TEMP:
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INT. s
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a8 C ISCCMAY> : 153.4 188.5
4 CM~2 VOCCMV) : §75.8 £80.6
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F.F. 1 98.768 e.781
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FIGURE 81,
C SERIES UV IRRADIATION EX-SITU
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6.6 D SERIES CELLS

(ocLI 8-mil 10 q-cm BSF/R cell, 21.5 mil 93-500 cover, no backing,
no adhesive.)

6.6.1 Electron Irradiation

There was no visible damage observed throughout the irradiation.
On summary plots (Figures 82, 83, 84 and 85) are also plotted the JPL
Handbook data for an 8-mil 10 Q-cm BSF cell for comparison. The normalized
ISc curve shows that there is an additional 3-4% loss compared to the
bare cell data. This additional 3-4% loss is attributed to darkening
in the 93-500 cover material. The normalized voltage data compares well
indicating no unusual electron effects in the cell itself. Tables 23A and
23B contain the tabulated data and Figure 86 shows a typical pre- and
post-test I-V curves. The sample temperature during the irradiations
ranged from 50°C to 54°C.
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TABLE 23A. TRABULATED O SERIRS DATA - ELECTRON IRRADIRTION

D SERIES ELECTRON IRRADIATION EX-SITU
TEMP. <C>: 2% RAREA: 4. INTENSITY 1+AM@

= scAlsco Moo AVoco Pmx<sFrxo F.F ZF. F. o
£ - ~ . .
L 3.228 1.@29 1. a@a 1. 089
- red 8. 77E @. 541 6. 964
» SERIES ELECTROM IRRADIATION IN-5ITU
TEMP. cC2x: 259 HREAR: 4 INTENSITY L+AME
Level ANERAGE AYERRGE AYERAGE AVERAGE
R Y ATT Iz Tzco Yoo Moco Friz e Proso F.F.¢7F.F. o
5] 1. 333 1. 8a4 1. @ai 1. 8RR
1 8. 868 @ 8s7? L€ TR Y e i, aag
z 8. 236 1% = A o7z 1. 98z
E [ A @ 838 TLovan 1. 81z
4 8. 744 Q. Faz £, B2 8. 299
bt S It 9. 7od4 A 591 a, a9z
= W 7ol @ TeR B S9EZ goPEs
¥ LS 2 . Fre /534 a. Qg
[ SERIES ELECTRON IRRADIATION FR=-SITH
TEMP. <C»:. 25 HREA: 4 INTENSITY 1AM
al Lewvel I:=c¢ Isc/ Voc Voc Fmx P! Full F.F. &
e Mumber (mAY  Isco . Moco bl P Fac. F 7w
So1 B 156. 7 108908 601.1 1. 800 &3 34 1,988 @ 755 1 ool
b 5 P4 %) 154 7 4. 990 605 I 1.080 72687 1.688 @ TV 1 way
saz %) 149. 7 1. @96 SS81. & 1.@08 &7. 41 1. 6886 @ 774 1 [od
S %) 152 7 1.008 699 3 1.0600 71 .63 1. 988 06 7s 1 0w
S8%5 (&) 153 2 1.008 ©0S 4 1. 668 72 51 1.0900 0. 773 1 000
sel 1 18, 7 ©. 721 465 3 0. Tv4 IV . 48 ©.540 © 741 © 568
g 1 111. 2 ©. 718 466. 5 B. 771 38 7 @ S3Z7 Q. 747 4 571
S0 1 199 2 @ . 7IH 48% 3 @ 8el 37T E3E 9 558 8. 739 g Huh
B 1 111. @ 9. 727 466 9 ©. 76x 38 88 8. 536 & VIe O 9l
=5 1 111. 1 @ 72% 466 5 @ 767 I8 88 £ 535 @ 749 8 963
0190-26550-1
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D SERIES ELECTRON IRRADIARTION IN-5ITU
TEMP. <C»: &5 RRER: 4 INTENSITY 1+AMa

Serital Level Isc I=c/ Voo Voc Prx P Fill F.F.
Number  MNumber <mA»  Isco omV>  VYoco Cmld2 Fmxc Fac. F.F.o
Al (5] 1285 1. 608 S95. 9 1. 080 S7V. 93 1. 000 8 T57 1 0088
aBz 5] 131.F 1. 008 596 1 1 860 359 .96 1.868 8 754 1 @A
b7 6 ) a 1296 1. 800 S7F2.7 1. 080 56. 084 1. 6800 8 758 1. Qoa
S04 a 132.7 1.886 595 9 1. 6868 59 3T 1. 8680 9 758 1 oow
1akad g 1226 1. 088 S28. 0 1. 6080 60. 68 1. 808 A Va4 1 80@A
Sal 1 1181 & 357 5181 0. 8% 42 53 0 7iI4 a4 757 1 8o.
<A 1 114. &8 9. 38FS S87.6 68.3%8 44 . 72 8758 A Ve 1 @13
par] 5 Y 1 1132 8. 3878 586.5 8.884 4Z g2 8. 773 8 Fea 1. aaz
Siad 1 11559 8. 379 S894. 2 0.845¢ 44 65 @ V42 Q758 1 0as
5] 1 114 Z . 862 SOS. & 8. 845 44 &% @ 7V 8. 772 1. 611
2 186 2 8. 8327 4987 @ 837 42 .28 A 524 8 7SS 1. 88z:
2 11868 6 8328 495. 5 8. 831 41. 483 0B . Fe:Z & Fé1 1 9ags
2 189 . 2 8. 848 435, 6 8. 2365 41,18 8. 735 @ Fel 1 @ez
2 116. 8 @ 825 43328 B 827V 48, 38 H &89 o 748 @ 2397
& 118 5 B8 834 493 3 8 825 41 . 682 B 6823 B FH4 1 pvoa
Sl = 185 9 A 224 S02. 7 4 844 4082 A 7ad o VeV 1 Blz
b S = 116 5 @ 342 S€8. 8 6 848 4224 B 7le @ 7Fé4 1 01z
S RN K 8.0 & o009 0.8 9 a8e 8 g B Baa 4 Pvea 8 Lo
SEg = 1118 8. 828 4359 @ 834 42 a2 A Vez 6 Fez 1. 491s
5] K 118 23 0. 837 499 8 B 838 4259 8 VeI Q. 788 1. aas
A: 4 4. 1 A7 4¥4 3 o TRV ZZ a8 538 v Y4 /. 39
= 4 S8.E A 743 4VE 4 B vt E4.8% B S321 8 T4 @ 238n
Sz 4 T I = [ T 9.8 3 Jae 8. 08 6 agn O aB 9 Ban
g 4 A% @3 747 4629 @ V87 IS 1Z 8 53892 B8 vs 1. 885
Y5 ) <4 938 BT 4715 8 7E2 5. 14 8. 588 0. SSE 6 385
Tl b 35 8 8. 745 475 2 8 V9T EZ g8 B SsEoA T4 8
hagz 5 28 .4 B.75 474, 2 B 735 35 15 @ S3e A USIE B 33s
T S g0 o aog 08 @ Qoo % 1 I T T T T = SO 15 TS B v B w7 165
Sa4 ] 188. 86 8. 794 471 2 9. 791 35 Z2 4 53% @ 749 @4 999
bt L) S 998 B.7VS93 4V 3 B V9 3I5.7a A 5383 v TS5 4 33
) Q.2 B 832 4812 @ TFVE B 7e B %31 @ V51 g 332
= 9[22V B TAF 452 X A V&R 1 €3 B S3Z8 A V44 @ oy
& a8 a3  a oag L5 TR O v T 1% 1< BoBe B 488 . oae @ 8o
= 939 e vas 455 2 B . Yed 1L VS B S35 @ V42 B 989
& d2.7 B A33 4573 6765 31 .38 8. 525 6. 754 @ 9se
Sl v 387 B 6890 461 B Fv4 30 .45 8 528 B Y44 @ Qgz
TS Py v 912 A TFE8 459 .4 9. 771 21445 A S3E 6 F4€6 @ 939
b JES v 0.0 @ gaa 5 T X Y < W 1% [ Y. 98 B oas o 8es 1 ego
S84 v 2T % A Ted 456 7 @ TEE Z1. 68 6. 534 @ T4z 0. 383
TS v 92. 7 8. 639 452 1 @ 768 32 12 B S8 9 TS5 A gss
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6.6.2 Proton Irradiation

Cracks started to show in the 93-500 used as a cover after
I x 10]4 p/cm2 without any thermal cycling. The rest of the proton
fluence and thermal cycling caused further cracking until the 93-500 was
full of small cracks. It appears that the 93-500 hardened in the proton
beam then cracked due to the stress of thermal cycling. The summary
plots (Figures 87, 88, 89 and 90) show the affects of protons getting
through the 93-500 where there were cracks. This result maxes the 93-500
a poor choice as a cover. Figure 91 is a photograph of a D Series
samples showing the cracks. The tabulated data is contained in Tables 24A
and 24B and Figure 92 is a pre- and post-test I-V curve. A temperature
range of 53°C to 56°C was recorded for the samples during the irradiations.
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TABLE 24R. TRABULATED D SERIES DATA ~ PROTON IRRADIATION

[ SERIES PROTON IRRRDIATION EX-SITU
TEMF. CCx. 25 ARER: 4. INTENSITY 1+AMO

Lewvel HYERAGE AVERAGE AVERRGE AVERAGE
Number Izco'lzc0 Voo SVoco o FaoxsPmxo F.F. SF. F.
@ 1 8ae 1. aea 1. a2 1. 894
1 a vy a. 845 a8 368 Q. 729
[ SERIES PROTON [RRSDIATION IN-SITU
FTEMP. G 2% RREFM: 40 INTENSITY 1xAMa
Lews] AVE F}' RGE HYERRAGE HYERRGE FE RFIGE
Murabaor Isvsizco Voo Vaco Froc Fmson FF -F F
B 1. o0 1. @8 1. v 1. fid
; g, 3z Q. 887 1 Y S @ Lia
= K243 a. §13 L ed7 G 8Ll
= 8 827 Q. ezv @ 29 a Vi
3 a. 544 &, €28 SRNEE] a va1
{» SERIES FEOTON IRFRADIATION Ex-SITU
JEMF. (T 29 RREA: 4 INTENSITY 1+FMB
Serial  Lewvel Isc I=c Vo Voo Fos P’ Frll F»F
Nunber Number  (mB?»  Isco tmv>»  Moco ik Friso Fac F F
SRE a 1514. 9 1. 08 S0Z 2 1. 988 To 22 1 988 a4 Ve L oa
Sav @ 192,09 1. 0890 698 2@ 1. 888 TA w8 1 ead 8 Vel 1 oo
Lag a 0.8 8 vea 9.8 4 oua A Ga 8 ool a gul 9 oBn
5 a 154. 6 1. 069 S99 7 1. 096 69 .14 1 wld@ 0O F4e 1 Qo
1 ) 153. @ 1 G@3 588 2 1.988 w3 08 L auw 8 T 1 o
506 1 1273 @ 838 405 7 B8 672 22 4% ©.411 8 DL v X
Lav 1 111.5 8. 729 3T4 4 9. 623 22 54 @ 3132 8 S48 e 7o
oag 1 TE R 0308 3528 A pea 12 68 B ped B 4RSS @ ue
SO % 1 94. 4 B &1 359 2 6. .59 17V . 88 & 258 8 527 8 Ve
51 1 117. 8 A TS 3764 A 648 25 41 @ 368 @ SV 878
*NOT INCLUDED IN RVERRGE
D180-265%90-1
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TABLE 24B. TABULATED D SERIES DATA - PROTON IRRADIATION

O SERIES PROTON IRRADIATION IN-SITU
TEMP. (C>: 25 ARER: 4 INTENSITY 1AM

Serial Level Isc fsc Voc Voc Pmx Paxs Fill F.F. .

Number Number <mA) Isco (V> Voco Ll Pmxo Fac F.F.o
588 7] 122.7 1.88090 €81. 3 1. 0600 S6. 72 1. 608 06 789 1 880
Sa7 (x) 117.9 1. 0988 ©6@&8 4 1 9P S5 52 1. 868 4 774 1. @ea
588 a 126.9 1. 0890 @6 . 2 1. 980 56.37 1. 088 9. 778 1 @00
S5ag | 121. 8 1. 608 606.5 1.60@6 54 .99 1. 6868 4 744 1 864
518 a 122. 2 1.808 5S94. 8 1. 086 56 .12 1. 808 O 772 1. @80
Sa6 1 118,92 8. 969 5339 0.888 41 67 6. .V34 9 858 @ 853
s87 1 112. 6 2955 524.8 0.83 41. 72 06.7S1L @& Fas 8. 312
568 1 182. 3 0. 846 436. 2 0. 720 26 .11 6. 459 8. 585 4. 7S4
5a9 1 1823 & 8. 8398 442 . 6 0.730 28 52 8. 519 0. 594 @ 7a3
518 1 119. 4 8. 977 496. 8 6. 834 39 .39 6.782 4. e85 0 382
‘s@8 2 1281 @ 979 5392 8. 897 42 . 74 B 7SI @ ecy 0 95g
Sa7 e 114. 8 @ 97 G228 0.876 43,08 8 FF4 @ v8Z A 908
568 2 195. 3 9. 871 436. 2 9. 720 26. 68 0B . 468 @ S7T9 @ V48
SE3 z 1163 8. 284 444 . 3 B8 . 732 28.3% B 5S27 8. St 0 7995
S18 2 128.6 B. 987 S81. 2 0 843 22937 A4 FT1l1 6. 881 @ 855
S8E = S1.9 86563 287.6 0. 644 1285 0. 318 @ S74 8 T4a
S8y = 66 & B 564 367.6 0. 684 A3 FO 8. 247 8 568 ©. 724
Suge RS 45. 1 @ IFIT 346. & 4. 572 7.91 A 139 9 585 9. &52
SBS . = 6. & B 497 3579 8. 598 11 54 @ 218 0. 532 09 7ie
518 3 TS5 09 850 FV.S 8.630 17.6F B 315 Q8 589 6 F&EX
5a5 3 83 9 @. 681 387.3 ©B.644 18 44 @ 225 9 SFo Q. 741
5@a7v 4 69. @ @ 585 Z€8. 9 B8.€06 14 28 B 256 8. 557 & 728
Sas» 4 47. 3 B. 381 246. 8 8. 57 8 21 0 144 ©6 .S91 0. 45
S5 e s 2.2 B 519 3N6. 6 8.588 11,597 B 218 08546 © vze
51a 4 81. 4 B. 665 3IPF.5 0. 635 18. 84 B 321 9 587 6 7Téa

+NOT INCLUDED IN AVERRGE
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6.6.3 UV Exposure

The Isc degraded by 7% to 14% from 1000 ESH to 8760 ESH.
The 1oss was caused by efther one or a combination of the darkening
of the DC 93-500 or contamination during the UV exposure. Figures
93, 94, 95 and 96 are the summary plots and Tables 25A and 25B are
the tabulated data. Figure 97 shows a typical pre- and post-test
[-V curve, The sample temperature thermocouple failed during the first
part of the exposure.
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TRABLE 23A.

D SERIES
TEMP.

(Co:

UY IRRADIATION EX-SITU
2% HREH: 4. INTENSITY 1«AME

Lewvel AVYERAGE AYERAGE AYERAGE
tambae tecelaco Yoo SVocn mxAlPaxo
15 1. 896 1. Qe 1. aag
1 g 381 1. 8273 Q. sav
D SERIES 1 IRRROIATION IM <1ITU
TEMP. Ca. 2% HREH: 4. INTENSITY 1+AME
Lewe | HYERRGE RYERAGE AYERAGE
teenket Izc 1z Voosaco P FPmxo
5] 1. aag 1. 896
1 6. 297 ST L
o © 997 Q. B2a
= @, qaz 16 B
3 (T T B 284
) 1. 414 B, 8ed
& 1 814 o =] !
POSERIES UV IREFRCIATION EX-<ITU
TEMP. 0y 295 ARER: 4 INTEMZITY 1+HMEA
erial Lewvel I=zc Izc s Yoo Jrcf Pz, P’
b Mumbetr T HD Toco s Yoco o ppbd Fireso
511 it 15%2.9 1. 80 &11. 8 1. 096 Fa &4 1 aogd
S e &) 152 . 4 1. 9908 108 L 8on 23 57 1. Bk
1z X 1%1. 5% 1 v98 &1a. 1 1. 869 &3 27 1. 900
Si4 £ 151. ¢ 1. 988 <% 1 1 885 23 11 1 aog
51% 1% 155 . 4 1. 088 €13 % 1. 888 V9 32 1 960
511 1 12144 @ S8 826 1 1022 €2 9z o 278
51z 1 1Ze .8 2 832 E22 2 1. az8 &4 BT & 919
S e 1 134 .4 4 Q&EF Ez24. 2 1. 82E A3 BT 4 <14
Si4 1 124 .8 8B 267V 23 4 1. 022 &1L zB 9 238
15 1 13%. 7V 8. 899 £22. 3 1 627 66 468 b, 2E7

(120-2655%0-1
13%
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TABLE R98. TABULATED O SERIES DRTA ~ UV IRRRDIATION

L SERIES UV IRRADIATION IN SITU
TEMP. CCH: 25 ARER: < INTENSITY 1xAMa

Serial Level Isc Isc Voo Voc P P/ FFa) F.F. ¢
Numbetr- Number <(mR> Iszco tmV> VYoco CramW > Pmxo “ac. F.F. o
311 g 156. 7 1. 6898 6125 1. 808 T8 28 1.008 @ 7s@ 1 ogg
542 @ 151. 1 1. 809 &1 2 1.@688 £9.74 1. 680 o 7Sz 1 o096
51z a 148. 8 1. 982 S1X 7 1. 808 7. 77 19060 8 742 1 aga
S14 a 158. 1 1. 9986 &1 3 1. @986 63 =22 1 2068 o ©°51 1 9a@
519 (%] 194 .5 1. 6068 &18. 7 1. €68 71 64 1 868 o 742 1 0o
S11 1 13F.2 6. 241 811 8 A [9F &3 88 B 8% A F51 A [83
512 1 148. 2 B, 928 611.8 B 998 £€Z S8 2 911 4 741 8 985
S1z 1 138 . 6 B. 932 611.5 0. 99 €2.84 9 2°F7 6. .741 8@ 939
S14 i 128. 2 8. 221 <895 9 0 293 §3 15 @9 Sz 0 743 @ 297
515 1 14Z. 7 8. 3280 £15 2 0.9%94 &6 27 6 33T B 749 1 26
bp I 8 e 1289 8,922 el 4 8 938 &2 43 A 293 A 748 A 321
Siz 2 142 .2 4.948 €180 0.99%5 &4 .28 A 222 A 741 0 988
513 2 140 0 2. 341 S12. 84 0. 997 &3 95 9. .944 @ 74 1 98¢
514 2 1392. 2 9. 927 dla g 8 999 2. 689 8 211 A VI8 e 983
515 2 144 . 7 B8 337 Rl4. 8 B8 294 G S22 0. .96 & 743 L Bas
mil = 132.4 8.8V 663 7V 13 994 68. 25 8. 857 a ¥4 & I58%
G512 3 136. 2 2,991 SRAF. 1 @.998 61. 24 @ 87V2 6. 741 8 354
513 3 1337 A . 8%3 86lp. B 8. .934 &0 22 A 88% 0 7S 6 235
S14 3 131.2 B 874 #0539 8. .39 52 .42 v 35349 & 735 A 9vs
515 3 129.1 8.981 K11 3 @ 23828 £I. 43 0. .2833 A T4 1 aad
11 4 132,18 8. 822 &12. 8 B 932 &1l 24 @ 372 Q794 @ 352
o1 4 135. 7 ©8.85958 €82 & 6 994 g1 32 08 885 @A 743 @ a5
par)e K 4 133 4 8. 38537 611 % 0.9%2¢ £1.84 @ 291 a 743 1 pes
514 4 131.6 0. .873 609 5 9.993 52 48 B 354 0745 @ 99y
b p 8] 4 141 . 3 @ 514 €16 1 0 99¢ &3 53 B8 295 B 731 & 588z
S11 S 127V.4 9. .242 62328 1.0617 S3 &7 8. 243 @ 7SZ 9 331
S1z S 1Z2Z .2 ©8.881 62008 1 812 & 41 0 288 B 731 @ 371
S1Z S 1ZR. € B 87V8 &22. 2 1. 814 59 46 0. 8797 @ 732 Q. 2as
S14 S 124. 7 9 831 €15 8 1. 81 5798 0. .242 Q.75 v 333
545 b 136. 8 @ 885 &24.9% 1. 818 S2. 78 @ 823 A T4 B 987
511 ) 126. 2 ©.833 623 4 1.81e 58 284 @ 8I7 . 742 B 2324
=) B & 131.7 B 871 6202 1.0811 64 32 B 87z @ 745 @ 2909
iz ) 1253. 7 B 372 622 2 1. 0614 59 67 0. 881 @ 739 @ 39¢
514 5 1.8 8. 848 812 7 1. 615 58 38 ©.348 . 743 6. 335
15 = 134. 6 B.87V1 626 1 1912 62 54 6 320 @ 742 6 3¢
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6.7 t SERIES CELLS

(Spectrolab 10-mil 10 q-cm series 4500 (K 4 1/2) cell, 2-mils of
GE 615/UV-24 as a cover, no backing and no adhesive.)

6.7.1 Eiectron Irradiation

Figures 98, 99, 100 and 101 show the test parameter versus fluence
and plotted with it are data from Spectrolab for similar HESP cells
(Type 2 and 8) (see Table 26). The HESP cells differ in thickness but
the values used bracket the E-Series cell. The agreemert indicates that
there was no significant darkening of the GE 615/UV24. Tables 27A and
278 contain the tabulated data and Figure 102 is a typical pre- and
post-test I-V curve. The sample temperature during the irradiations were
betwean 55°C and 8§7°C.

TABLE 26. SUMMARY OF HESP CELL DATA*

1 x 10]5 e/cm2 1 x 10]6 e/cm2
Egg !gg me Isc Voc me
Isco voco mxo Isco voco meo
HESP HYBRID TYPE 2 0.86 0.92 0.77 0.74 0.84 0.58
12 mil 10 §i-cm
TYPE 8 0.87 0.93 0.80 0.75 0.85 0.61
8 mil 10 ¢-cm

*Taken from High Efficiency Solar Panel Report No. AFAPL-TR-722-36 by
Spectrolab, Inc.
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TABLE &7A. TRBULATED E SERIES DATA ~ ELECTRON IRRADIATION

£ SEKIES ELECTRON IRRADIATION EXSITU
TEMF. <C>. 285 HRRER: 4. INTENSITY 1+AMa

Lewe HVERAGE AVERRGE AYERRAGE RVESHGE
Number Isuo'lsco Voo SVYoco FaxAPmxo F.F.F.F. o
w 1. aaad RIS 1. 998 1.@9@

i aovaEs a S84 @, 6354 a. &2

£ SERIES ELECTRON IRRADIATION IN-SITU
TEMF. (CZ2: 25 PARER: 4. INTENSITY 1+AMa

Level AVE RAGE BVERAGE AVYERRGE AVERAGE
Number Isc” Isco Yoo SVoco P 'Pmxo F.F.-F.F. o
a 1. daa 1. 60a 1. 988 1. Q88
1 A e Q. 3. a. 848 @ 3233
Z Q. 834 @ 219 a 7a3 8. 3ve
= a 872 8. 9434 a. 317 & 294
<4 a 773 3. 39a a 672 g Ive
) a 7ra a. 834 8. 875 g I8l
[ 8 7o4 8. IS 8 833 Q. ava
v Q Va3 Q. 8FRs B 538 a 371

£ SERIES ELECTRON IRRBLDIATION ENSITU
TEME. (C»: 25 ARER: < INTENSITY 1+AMA

Sertgl Lewel T=u 1z \Voc Voo Fmx P, Fill FOF
MHumber  Namber  (mARD> Isem My Vaco bl 2 Pmxo Fac F F o
(SR “ 145. 2 1. 8988 S84 . 4 1. 868 e 78 1. 888 @ 7Hd 1 Ao
o 1 149 38 1. 98 558 . 5% 1. 6886 &3 33 1.9 0 77F¢ 1 éna
R %) 146,59 1. 80 S43 1 1. 0808 8113 1. 880 4 Tew 1 @an
i %) 144 9 1 @@ S49 5 1 900 &2. 599 1. 889 o Yo 1L v
2% a 145 2 1. @89 S49 9 1 80y 62 15 1. avg A 77 1 aon
il 1 1118 & T3 J67.F Q. 842 3.3 & 547 @ 792 Q z3u
se2 1 118 3 @ 733 4611 9. 838 48 773 @ 831 @ 728 9 351
Lkt 1 14% 9 @ 731 461 3 9 839 39 26 @ &4z @ T4 @ [
i1 1 115 % 8 V83 453 8 9 837 39 Zv R e28 753 9 aung
S b 1 114% 81 A 738 461 9 @ 830 39 26 B 622 6 T3 o0 3w
D196~26390-1
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TRBLE 278. TRBULATED E SERIES DATA - ELECTRON IRRADIATION

E SERIES ELECTRON IRRRDIATION IN-SITU
TEMP. (Ch: 25 ARER: 4 INTENSITY 1+AM@

Serial  Lewvel Isc Iz, Voo Voc. Pox Pmx. Fill F.F. ¢

Number Number (wmH) Isco my)  NVoco cmidD Pmxo Fac F.F. o
sal a 1225 1. a8 S45. 9 1 ven 2 35 1.880 4 7TV 1. g8
YTy a 136.1 1. 888 Sz26. 4 1. 06 S 81 1. 688 6 774 1 838
8a3 @ 12€.4 1. 888 5317 1. .88 S8 62 1. 6088 8. 7S 1. oo
a4 a 12¢. 9 1. 888 S41. 2 1. @860 S3 72 1. 6808 @ 735 1 adn
&as a 12¢. @ 1. dad S35 5 1. 088 S 85 1. @88 o 7F21 1 08s
cal 1 1141.F 8. 984 S12. 9 A 232 4377 8. 838 8. FsS A 385
5 by 1 119. 5 @ 918 495 3 8. 941 45 190 6 851 8@ Fez 4 934
&3z 1 11€ . & @ 32 S80. 8 8. 248 42 24 @ 854 @ F44 a4 gy
cad 1 11€. 2 8 9123 589 & 8. 942 45 38 4 843 8 P85S B ars
@S 1 1181 G 917 S82. 6 8. 939 45 59 0 247 A Teg 6. NgZ
aal 2 187. 5% 8. &8va S82. 9 9,921 48 T3 8. 778 A .F34 9 571
ca2 2 116. 3 8. 8% 484 € 9. 921 42 44 8. 861 © TS5 a4 972
Az 2 112 . X 8 888 488 4 8. 918 4@ 48 @ 7I9 Q. T8 @ w9ga
& 2 111 & @ 879 437. 2 8. 912 42. 64 QA 734 @ F71 B 33:
&8s z 114 . 3 @ 887 451 4 9. 918 42 82 A 791 4. 75y & 372
&8l = 186 3 B 8388 S11.9 8. 238 41 93 8. 891 9 F7V1 6 99X
682 = 1127 8 874 S85. 4 0 380 44 31 Q. 838 @ 77 g D9
0z 3 116.9 & 877 S61 &6 8 942 41 . 85 a4 23 @ TV43 4 aag
04 = 118. 9 @ 874 S04 4 Q. 932 43 503 @ 818 4 788 o 2384
oS = 112. 4 B 372 996 1 @ 345 42 97 9. 817 Q. FVE @4 3949
aal 4 3.8 @6 Tég 483 3 Q. 885 34 33 8 &858 @ vEv
ang 4 1886. 2 0. 771 478 . &6 8. 985 26 . 3% @ 831 B8 7os
eax 4 [T BT 4V 1 @ 833 24 .33 8 883 O vav
NaE) 4 9E. 9 ATFR 4F5.8 B . QFS 35 67V QA &84 A Teg
aus ¢ 998 a4 yvs 4vY¢F. 4 8,891 35 39 @ 68 @ 7585
el ) 9.9 B.Tel 4851 @ 883 34 45 @ 53 B8 VSY Q. avn
a2 ) 9.5 @ 85 4FE 5 A %89 36 49 0 €38 @ Ve @ 3o
(X% S 9.1 A 778 4749 @ 833 3479 9 827 0 47 B 94z
[l ) 9. 2 A TFFF 4¥8. S B8 . 883a 25 57 8 867 O .Fed Q. 988
cas ) 95 8 A TFF2 480. ¢ B 897 X6 5 A &FE 8 Fea D vs
&al & [EL 3 OB P31 4T84 B .86z 32218 B 61 8 798 B 974
[ ) 13 95 2 A VeI 4E4. 3 8. 832 4. 42 B.84% 0 FAY A 365
[ 1) SE. 4 @B TE2 453 4 @ Q84 32 T B ede B TIH B 381
&Q4 & S¢. 8 @782 461.8 8 852 2318 8.8618 8 Toa @ 9us
205 & 37 .4 @8 756 464. 3 8. 887 34 25 6 838 A TSR A AT
Sl T 8. 4 a7z 4711 8 863 3204 A &1 @ el a8 atn
e B 2.2 B 7SS0 464 @ @ 832 24 28 6 84D @ VRO QL 9w
583 v FE. 4 8763 4507 0 8587 =260 6 644 © VY34 @ ars
a4 v 9.9 @795 461 . 5 @ 8% 3351 Q. 824 @ Vel @ 98w
&as v S 7 B TS 4841 @8 BT 33 72 8628 O 7S1 A 952
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6.7.2 Proton Irradiation

Cracks started to show in the GE cover material after the first
set of thermal cycles. The rest of the proton fluence ard thermal cycling
caused further cracking until the GE 615/UV-24 was fuil of many cracks
similar to the D Series <ells. It is clear frca the summary plots (Figures
103, 104, 105 and 106) that the cracks in the cover material allowed
protons to reach the cells and degi-ade them. Figure 107 is a photograph
of a sample after the proten irradiation. The tabulated data are listed
in Tables 28A and 285 and a pre- and post-test I-V curve is shown in
Figure 108. During the irradiations the sample temperature veried from
55°C to 56°C.
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TRBLE 28A. TABULATED E SERIES DATA - PROTON IRRADIATION

E SERIES FROTON IRRACDIATION EXR-SITU
TEMP «¢Ch: 25 AREAR: 4. INTENSITY 1+AMA

Lewel HYERRAG RAVERAGE AVERAGE HYERAGE
Nk e IscIsco Voo Voco PaxsFmxo F.F.AF. F «
%] %,BGB 1. B9& 1 Goa 1. 96
L a. I8 a8 gz (5 = TN a 88z
E SERIES PROTON IRRADIATION IN—S!TU
TEMP. (Co: 25 HAREA: INTENSITY 1#4/Ma
Lewel AVE RAGE AVERAGE AYERRAGE HVESHGE
Mumbeer Izc/Isco Voo sVoco P Pmxo F.F.S/F. F. o
%) 1. aBy 1. @8 1. aas i.?@?
1 @, 990 @ 991 8. 25a ?.jév
2 @ 9321 A, 994 a. 257 U.?VE
= @ 8le A 531 8. 6v% ?.88?
4 8 s2e (= IS A Q. 857 g age
E SERIES PROTON IRRRDIRTION EX-SITU
TEMP. <Co: 25 AREA: 4 INTENZITY 1+RM@
Serial Lewel Isc Isc Voo Voo P Fee s Full F.F. .~
Mumber  Mumber CmA? Izco vy Moco ikl s Fm=o Fuac. F.F. o
EEE & 148 2 1. 9068 S43 % 1 @6 Ss1 93 1 Bge a 771 1 060
a7 (g 146. 4 1. 808 5505 1. 8988 w2 a8 1 kg @ 783 1 e
car A 146. 4 1. 908 S5 5 1. @898 b2 0@ 1 a8g ¢ 7es 1 oo
R ais & 145 2 1. av@ S51. .9 1 8B &2 7 1.868 9 783 1. oo
S (5] 14V, 8 1. 98@3 552 @ 1. 68606 63 42 1. o 8 7FVs 1 poR
Tl 1 141. 83 B 27¥3 S2%. 4 @ 983 S92 .55 0. 343 G 7a0 A Lhes
a7 1 13314 B 9%8 515 8 9 235 48 .15 Q4 777 8 72 8. 874
sev 1 13%. 1 6. 358 515 6 6 335 45 15 a4 V77 8. Vs 8. 874
L% b 1 127V 4 8 948 S11.1 @ 826 47. @3 3 749 a 6% A 555
s 1 1409 8 354 %253 8952 51 926 6 319 9 Te1d 9 991
0180-2655%6-1
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TABLE 28B. TMBULATED £ SERIES DRTA ~ PROTON IRRADIATION

E SERIES PROTON IRRADIATION IN-SITU
TEMP. <Ch: 295 ARER: 4 INTENSITY 1#+AMQ

Serial  Lewvel Isc Yoc Voc Pmx P’ Fill

Izcs F.F.
Number HNumber twA} Isco (¥ Yoco Cmbd Pmxo Fac F.F. o
SR %) 11% 8 f. aae 553 2 41.6080 49 00 1 989 4 FFe 1 080
&av %) 114 7 1. 663 552 S 1. 000 48 . 76 1. 000 0 Fé8 1. @oa
&08 %] 114 8 1. 888 S57. 4 1. 008 56 414 1 066 6 Fag 1 8ga
509 5] 115 5 1. 060 553 4 1. 008 59 42 1 088 @ 789 1. v9v
&18 Qa 116. 7 1. 808 S5V 1 1. 080 48 97 1. 488 w F5Z 1 9g8
S8 1 112 2 984 551 4 0 997 47. 53 6. 970 9. VeZ A 9nn
a7 1 1121 &8 385 545 7 0. 985 4€. 01 @ 244 8 745 a 371
YE I 1 114 7 @ 399 552 4 9,991 47V. 42 8. 941 A 749 3 258
SRS 1 112 7 B 3234 S8z 6 @920 48. 821 A 9683 A 7TV B 9RE
s16 1 116. 2 8. 335 S47. 68 0 982 45 48 9. 3929 A 710 A 3443
SHE by 112 3 8 27e 5529 8 .993 47 2080 9 983 0. Tew g 287
e 2 114. 8 B 992 548 .4 @ 991 46. 72 @ 258 @ T4z @ 9713
moa by 114 2 8 285 55Z 1 9992 47,12 @ 3D 4. V48 @ 24y
=83 2 114. 7 9 293 354 2 1.0061 49 324 @ 979 0. 7V 8 384
a1l ey 116 6 B 399 549 5 6 985 446 51 6 958 4. 726 8 264
ey s L = H4.7 8 2323 528 .89 9 %4 25 43 80 T2 6. Va3 0 821
sav z 94.% 2 224 S1.. 8 0 822 3244 8 865 B ETE B avFs
SR = 919 wo2eER SBUFT.9 A 311 1. 483 @ 624 8 67H B 258
sl oA 9Z.04 B S@E2 S2209% B %44 34 41 9. 682 B TOS @ 894
sin z 6. 2 9834 512 V7 @ 2 ZIZ.029  6.€88 0 ATH 1 438
SRE 3 5.7 0. 832 S22 E A 985S IS TS 4 TIa 9 77 B 3is
=t ey 4 95,058 B8 3835 59125 B 928 ZXZ 11 9 673 1 &T4 4 Evs
S 4 9%01 2 911 916 .2 A 3S 31 89 4 eIX 4 871 6 8ne
e L) 4 S35 05 B 227 S2X 8 0Q.347 IS5 22 B e%e @ Tost 0
16 4 IVV B BEY S133 8922 3391 B e37 v eVe 4
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CURRENT CMAD
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FIGURE 108,
E SERIES PROTON IRRADIATION EX-SITU
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6.7.3 UV Exposure

The camnles appeared to develop a yellowish appearance as the
exposure progressed. Isc dropped after the first 1000 ESH (by 11%)
and continued to drop throughout the test for a total locss cf 25% in ISc
(see Figure 109). Voc did not change during the test (see Figure 110),
therefore the loss in ISc can be attributed to transmission loSs in the
GE615/UV-24. Figures 111 and 112 compiete the summary plots of the test
parameters. Tables 29A and 29B 1ist the tabulated data and Figure 113
shows a pre- and post-test I-V curve. The sample temperature ranged
from 35°C to 42° during the exposure.
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TABLE 29A TRABULATED € ~ :RIES DRTA - UV IRRADIRTION

E SERIES UV IRRRDIK.ION EX-SITU
TEMP. <C>: 2% AREA: 4. IRTENSITY 1+Ara

Level HVERAGE AVERAGE HYERRGE RVYERAGE
Number Iscsl=zca Voo Vaca Fmx/Pmxo F.F.AF.F. a

1. v8a 1. Y8R 1. oaa
1891 8. V7% 1,818

[l G
@ e
]
=
X
U o

=1
-}

E SERIES U IRRACGIATION 1N SITU
TEMP. <Co: 25 RARER: 4 INTENSITY 1#AMG

Lewvel HYERHGE AYERRAGE AVERHGE RVERRGE

P mbaer Iz lzco o Yoo Froeo - Pmso F.F VF. F. o
(5] 1. =30 1. aan 1. @306 1 oaw
1 (S g 334 a. 354 i a2l
= TR I B 99e (5 (5T 1. a2
= a yy v 231 S T 1815
3 Qa 7e3 i 931 a 7ve 1 AL
“ 5 T ¥ a. 93g a 7eZ3 1 12
B 5 I A a. 939 A 752 1. 61g

E SERIES W IRRADIATION EX-SITU
TEMF <00 25 ARER: 4 INTENSITY 1+AMG

Serval  Lewel Iz I=c Yac Yoo, Fo Fme’ Fill F P

Number Muamber  mA»  Isco (W Voco bl Froso Foac F.rowo
=11 5] 141 1 1 g S92 2 1 989 112 39 1 sy 1 =21 1 voaa
ol 2] 144 © 1. 808 Ses & 1. 898 &4 22 1. 688 g 728 1. aos
=1z o 142 7 1. 8889 SS9 2 1. 893 &1 58 1 o@s 3 7SS 1 oan
nl4 o 143 & L o@uy S&88 7 1. 88 &4 67 1 8w 3 vey 1 a8a
=15 5 145 2 1. 8803 S35 1 v &4 42 1 0B a Y8 1 aoo
ll 1 111 2 3 733 S64. 6 8. 244 G2 A1 A G441 @ Ve @ Bal
ol 1 1121 8 778 S82. 4 @ 33 43 34 A VeV @ FTEI o anl
nlz 1 193 X B TeIl SeZLV 8 933 48 51 8 733 A T332 1 944
14 i 105 2 9 743 5682 4 0 2383 47 IV a T4z @ Tas 1oaas
9 R i 115 2 @ 7532 G685 2 9 292 51 Voo saz @ vRag o 1oa2a

*NOT INCLUDED IN AVERAGE
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TABLE 29B. TABULRTED E SERIES DRTA - UV IRRADIATION

E SERIES W IRRRDIATION IN SITU
TEMF. (C): 25 ARER: 4 INTENSITY 14AMQ

Serial  Lewvel Isc Iscs \Voc Voo Pmx FPmx,/ Fill F.F. «
tHumber HNumber wmA» Isco (mVY?> Voco Cmid) Pmxo Fac F.F. a
oliw a 138.9 1. 888 S33.1 1 883 2271 L. g8 QA 271 1. 884
iz a i42. 2 1. 808 S68. 5 1. 900 64 46 1. @8 8 727 1 ol
81z a 141. 7 1 888 SP¥1. @ 1. 8@ S8 . 48 1. goa 9 F47 1 9ad
eld a 14Z. @ 1. 0988 S82. 9 1 agd &3 56 l. gaa 8 788 1. vad
2% &) a 142.9 1. 6880 S570.2 1. 080 &4 1= 1. 6880 Q. 787 1 @aad
nllw 1 1267 8. 985 S7VS. 2 8. 981 42 .51 1.8 A S8 2 151
sl 1 127.3 8. 393 5656 9 995 T.29 E. 883 &8 TI: o 934
813 1 24 & @ S38 See 2 B.932 35 3 8 9237 A 793 1 asl
614 1 1294 . @ 8. 867 5685 .3 9. 933 55 5@ © 873 8. 791 1 aid
S15 1 1313 8. 319 S83.1 8. 93 $9. 61 @ 329 8.7 1 91%
cllix 2 126. 92 8 23@7 S&67. 7 8. 948 S5 73 2493 4 FaF 2 %45
&6l 2 128. 2 8. 2391 S86. 5 @ 99 S7.92 4 83% 8 FIR 1 a0l
Bl = 125 .2 B 883 SEFV. X2 @ 994 5. 72 8. 321 9. 785 1 0853
14 by 124. 86 0. 857 S8V 2 9.935 55 321 @ 878 B 78 1 gas
29 i 2 1286, % 8 318 SE8. 7 8. 997 SS9 3@ 9. %34 v oad 1 a2
1l = 118. 2 @ 7292 S66.2 © 'S 9 47 20179 @ 783 2. 9as8
&1 X 116.9 8. 788 S&8XF B.832 S8 28 4 VF: @ Sz 1oaar
elz 3 188, 3 @ Te8 Sed. 7 3. 383 47 3@ 1. TSI B FE1 0 1 ugas
214 = 187 . &€ E. 753 S85. 3 A 9% 47. 36 8.745 @A TR QA 998
15 = 119 . & @ 2393 SE66. 2 0. 933 S92 85 A 81 @ 795 1 811
elix 4 185 . 4 9. TS89 S6E8. 2 B 245 49 48 2 1TF8 @ 72 2 847
o 4 118.5 @777 SEd4. 8 8 997 49 .22 A Ved A . F83  a 3[a
29 S 4 187 .1 a 7S8 S&5 e 9 983 4776 8. 783 | 788 1 a5s
vl 4 18 . & 9. 745 SEZ T R.989 47 42 @A V48 Q. T8 1 a1l
1S 4 114. 1 O 733 S5&85. 2 B 932 5178 & 36 0 S98a 1 als
EAGE ) 18 . & © SES. 2 8. 343 48 13 21286 Q. 793 2 243
el S 18V . @ o 563 S Q.931 47 .36 A F44 @ 795 v 35g
a1z S 184 2 8 = 5632 8. 987 4€ 26 B 78S 8 78R 1. 855
sl S 182. 2 8 72 SEX A @ 989 45 3% @ T2 4. 798 1. 813z
w15 S 111.8 B 777 S€5. 2 8,392 S50.84 A TR Q. 7FIV 1 iz
cll» ) 166 7 @ SES. 8 B8 943 48 47 2 11V B TRV & 343
ol 5 1a7 .4 @ S8 & B. 932 47. 7V A 741 Q. 733 o 233
C N & 1a4 X @ SE4. 1 0 288 45 85 . 758 A 7T 1 342
s14 & ¢z . 23 © SEL T B IS 48 22 A TI7 OB vRa 1 alz
=15 & 111 = 9 Ses. 2 B 933 S 2 (S I I 5 A T S R = )

+NOT INCLUDEC IN AVERRGE
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FIGURE 113

E SERIES UV IRRADIATION EX-SITU
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6.8 P SERIES CELLS

(Solarex 2-mil 2 Q-cm with Ta205 cell, 0.5 mil of GR 650 as a
cover, no backing, no adhesive.)

6.8.1 Electron Irradiation

The P Series ceils were very delicate cells and did not survive
thermal cycling well. At the end of the electron test there was only one
cell that had not cracked. Due to these mechanical failures no transmission
or electrical performance conclusions are made. Summary plots (Figures
114, 115, 116 and 117 ) and tabulated data (Tables 30A and 30B) are in-
cluded for completeness only. Figure 118 is an I-V curve. The sample
temperature ranged from 53°C to 56“C.
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TABLE @R, TRABULATED P SERIES DATA ~ ELECTRON IRRADIATION

P SERIES ELECTRON IRRADIATION EX-5ITU
TEMF, (Ch: 25 AREA: 4. INTENSITY 1+AMB

Lol HYERAGE HYERRGE HYERRGE HVERHG%
Munber- IscAlzco Yoo Moo PrixePm=o F.F.AF. F. o

a
=

1. @0 1. 968 1. @e 1.
B 674 B, 84z 8. 527

bl
o G

[

[N
[ue)

F SERIES ELECTRON IRRADIATION  IM-SITu
TEMRP. <Cx: 25 AREA: < TMTENSITY 1+AMa

Leawe | HYERAGE HYERAGE AYEFRAHGE AVERAGE

M b scelsco Moo Ao o P P F.F. SF.F.

i 1. 1. pEg 1. s 1

1 (S I A B TYe £

= 9. @ 912 (SN 16 TR AE g
= (5} | 913 @ 744 LS T =9
4 . 1. S2ed a. 53 6 I
il . 8. 847 (SR a 3z
& a. A gze W, By 0, 2525
v oA, A 311 15 T P21 15 T

P SERIES ELECTROM IRRRDIHTION Ex-SITU
TEMF. Qs 29 REEA: 4 THTENSITY 1+AMa

Sertal Lewsl Iz« Ieqs Moo Voo Pri: Fineo’ F.11 F
Mumber Mambee CmAy Izoo M NVoco odd Fso Fac

ﬁ
mm
i

yal &) 143 @ a7 PR BG GE ooE @ Vs AT n I
Ve (& 144, 1 o682, gan s52 14 BaE @ Tee 5 15 15

b8
142 7
145 1

B
g
Ll

115

S
T

DI

ey 51,
e 66 &

[xx]
PO RE

%
1
BOG 0. 0
4
&

ol A S
[ O ol
GG &&
[ AR X I WX ]
)
LR Q0T
PrErPP

o e

DA ]
- =
o0 =
[oUBL A s P
il O ol

-t - -
I,

Do

[ I SN P
e

fax]
)

FAal 1 9.3 0. BTH 4300 0. 835 6 22 9 %544 6 7SE @ 971
TR 1 IV OBETI ATT.0 0.348 3174 @ S11 @ 650 0 son
s e 1 2.3 8 8o B. o b Bop 6. oo 9 809 8 oo O poen
Vad 1 G & I € =1 8.8 o ges (S0 = B I (T R T T [ B B~ T T
as 1 By B Boen . a B 8o LR B S O =T T s T T T S & BT T
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TABLE 38B. TABULATED P SERIES DATA - ELECTRON IRRADIATION

F SERIES ELECTRON IRRADIATION IN-SITU
TEMP. (CH: 25 ARER: 4 INTENSITY 1#AMe

Serial Level Iz ¢ Isc/ Yoc Yoc Prox Pmxe’ Fill F.F. A

NMumber  MNHumber (m A Isco mV)  “Yoco Crald s Pmxo Fac. F.F. o
el 9 12€ .2 1. 68@ S82. 7V 1. 808 56 .57 1. 900 B 769 1 0948
ez ] 12268 1.89006 SF2 2 1.60@ 53 87 1.6060 Q P66 1. 008
raz @ 81.5 1. 809 S7P2 9 1. 690 26. 99 1. 080 9 789 1. @90
Ta< a 121.1 1. 886 S7e.V 1. 000 S2. 5% 1.0@aa @ 752 1. 4da
e a 126. ¢ 1. 888 Sgz. 1.8860 5709 L1 008 0 774 1 0688
Fe1 i 112. 6 8.6832 5424 @ 921 44 65 6. 739 A FiE1l 4 951
fae 1 11€ .2 ©9.83¢ B3I6. X @ 97 41. 8% @ 777 @ 7e8 @ 925
ez 1 v4.0 B 983 5379 4 937 2828 0. .7€4 g Tag @ 898
v 1 1892. @ o %98 S39.2 A 925 39 .28 A 748 @ 669 @ 389
Te5 1 111 . 2 6. 278 543 4 @A 933 45 64 @. 799 QA 7RIS @ 76
Tl 2 185 .1 B . 832 S3Z1. 2 8. 912 40 28 @ 714 @ 72 @ 341
oz 2 18Z. 5 6. 841 S23 1 8 914 35 27 8. 672 QA EFE @ 875
) < ped 85,9 B 8%2 5246 0. 914 25 24 B €34 B &2z @ 872
viag P 14 . 3 B 353 SZZ &€ 1 988 I3. 5@ @ 838 . 515 @ 2317
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6.8.2 Proton Irradiation

The summary plots Figqures 119, 120, 121 and 122 show that the
cells degraded 90% in I__ with a fluence of 3 x 10'% P/cn®. 1t is apparent
that the GR 650 either has many holes in it or it is just not thick
enough to stop the protons; therefore, no conclusions can be made about
its transparency. As in the election test the cells also cracked with
repeated thermal cycling. Tables 31A and 31B contain the tabulated data
and Figures 123A and 123B show an in situ I-V curve. The sample tempera-
ture during the irradiations ranged from 53°C to 55°C.
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TABLE Z1A. TABULATED P SERIES DATA - PROTON IRRPOIATION

F SERIES FROTON IRRARIARTION EX-SITU
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TRRLE ZiB. TRABULATED P SERIES DATA - PROTON IRRRDIATION

F SERIES PROTON IRFADIATION IN-SITU
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6.8.3 UV Exposure

There appeared to oe a haze developing on the samples as the
exposure progressed. The summary plots, Figures 124, 125, 126 and 127
show that ISc has degraded 9% by the end of the exposure. There was
l1ittle change in Voc therefore the Isc loss can be attributed to a
transmission cnange caused by one or both the darkening of the GR 650
or contamination during the UV exposure. The tabulated data is listed
in Tables 32A and 32B and a pre- and post-test I-V curve is shown ip
Figure 128. The sample which had the thermocouple attached cracked
causing the temperature data to be faulty.
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6.9 GE CELLS

(Solarex 2-mil cells, 2-mil PFA "Hard-coated" cover, 1-mil Kapton
back, 93-500 adhesive front and back.)

6.9.1 Electron Irradiation

The GE samples all had bubbles trapped in the encapsuiant before
mounting in the test chamber and the edges of the samples would not lay
flat on the sample plate. However, the cells exhibited no visible damage
until they had received a total fluence of 1 x 10]5 e/cm2 and 15 thermal
cycles. At this point three cells had cracks in tne PFA cover material.
After a total fluence of 5 x 1015 e/cm2 and 45 thermal cycles all the
cells and PFA covers were badly cracked (see Figure 129). The PFA and
Kapton had become very brittle. There is little significance in the
electrical data because of the physical response of the cell. The
summary plots (Figures 130, 131, 132 and 133) and tabulated data (Tables
33A and 338) are included for completeness. Figure 134A and 134B are
in situ I-V curves. The sample plate temperature ranged from 54°C
to 58°C during the irradiations.
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TABLE 33B. TRABULATED QGE CELL DATAR - ELECYRON IRRRDIARTION

GE CELLS ELECTRON IRRACIATION IN-SITU
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6.9.2 Proton Irradiation

The GE cells showed visible damage after the first proton
fluence ot 3 x 10]4 p/cm2 and no therma: cycles. Four of the five
cells had started to curl up from the contact bar end indicating a
shrinking of the PFA cover material. One cell's cover had started
to biister. After the first 15 thermal cycles the only additional
damage was more curling. After a total fluence of 3.3 x 10]5 p/cm
and 15 thermal cycles the PFA covers were blistered and peeling off on
all five cells. The last 15 thermal cycles only made the blistering and
peeling worse. Figure 135 is a photograph showing the blistering and
peeling after the completed proton test. The summary plots. Figures
136, 137, 138 and 139 and tabulated data (Tables 34A and 34B) indicate
that once the PFA curled up protons were able to penetrate and degrade
the cell electrically. As in the case of the electron damage the
mechanical damage was so severe that no meaningful electrical performance
conclusions can be made. Figures 140A and 140B ~re in situ I-V curves
for a cell showing how the cell degraded. The sample temperature during
the irradiation ranged from 57°C to 58°C.

2

D180-26590-1
184



CRIGIHAL PAGE IS
OF PCOR QUALITY

FIGURE 135, BLISTERING AND PEELING OF CELL GE12 (806),
FOST-PROTON IRRADIATION EX SITL
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TABLE 24R. TABULATED GE CELL DATAR - PROTON IRRADIATION

GE CELLS PROTON IRRADIATION ER-SITU
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TABLE 348. TABULATED GE CELL DATA - PROTON IRRADIATION

GE CELLS PROTON IRRADIARTION IN-SITU
TEMP. ¢CH:. 25 RREA: 4 INTENSITY 1%AMO

Serial  Level Iszc Isc Voo Yoo P Prax Fill
Number  MNumber (A Isca i} Yoco Cmldd FPmxo Fac.
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6.9.3 UV Exposure

There were small hairline cracks in the PFA after 4000 ESH
and by the end of the test all the samples had them (see Figure 141).
The summary plots (Figures 142, 143, 144 and 145) show that there was
a 13 percent drop in Isc over the entire test with no change in voc.
This was apparently due to the cracks scattering the solar spectrum and
darkening of the DC 93-500. The tabulated data are contained in Tables
35A and 35B and an in situ I-V curve is shown in Figures 146A, 1468
and 146C. The sample temperature ranged from 53°C to 59°C during the
UV exposure.
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FIGURE 141. SAMPLE GE26 (812), SHOWING
HAIRLINE CRACKS IN PFA, POST-EXPOSURE LV
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TRBLE 35B. TRBULATED GE CELL DATA - UV IRRADIATION

GE CELLS UY IRRADIATION IN SITU
TEMP. ©C3: 25 ARER: 4 INTENSITY 1*AMO

Serial Level Isc Isc/ Voc Yoc/ Pmx Pmx/ Fill
Humber Number (mR>  Isco (V> Voco Cradd > Pmxo Fac.
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6.10 DOUBLE NUMBER CELLS

(Spectrolab 2-mi1 space-qualified texturized BSF cells; 2-mil
0211 as cover; 2-mil FEP-A adhesive; . 2-mil FEP-20C, 1 1/2 mil fiberglass,
2-mil FEP-20C and 1-mil Kapton backing,)

6.10.1 Electron Irradiation

There was a s1ight haze when viewed at an angle between the
covers and the cells after the first set of thermal cycles. The next
visible damage occurred after a total fluence of 1 x 10]6 e/cm2 in
which a total of three cells had cracked covers. After the final set
of thermal cycles the cell-cover interface looked hazy when viewed at
an angle and the covers were coming loose. When the samples were re-
moved from the sample plate the backing separated from the cell. There
is insufficient information about this cell type to permit conclusive
separation of cover/cell response. Figures 147, 148, 149 and 150 are
summary plots of the test parameters. The last data point (7) on the
summary plots taken right after the last set of thermal cycles shows
that the samples were in poor condition. The Voc dropped indicating
that the samples were loosing contact with the thermal control plate
and heating up. During the ex situ measurements the samples were made to
have better thermal contact and therefore a more realistic Voc was ob-
tained as the summary plot indicates (Figure 148). Tables 36A
and 36B 1ist the tabulated data and Figure 151 shows pre- and post-test
I-V curves. The sample temperature ranged from 54°C to 57°C during the
electron irradiation.
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TRBLE 36A. TABULATED DN SERIES DATA - ELECTRON IRRADIATION

DN SERIES ELECTRON IRRADIATIONM EX-SITU
TEMP. {C>: 25 RRER: 4. INTENSITY 1%AM@

Level AYERRGE AVERRGE RVERAGE RAVERAGE
Number Izclsco Voo Vaco P> Fmso F.F. /F.F. &
4 1. 8#5a 1. aQa 1. 989 1. 890
1 a, gas @ 730 8. 5337 8. 951

D SERIES  ELECTRON IRRADIATION  IN-SITU
TEMP. (C»: 25 AREA: 4. INTENSITY 1+RMB

Lewel RYERAGE RVERRAGE AVYERRAGE AVYERAGE
Nidinbs IzcIsca Yoo SVooo PP F.F. “F.F o
a 1. a9 1. aaa 1. aan 1. B8O
1 0. gl & 2396 B axg @, ey
by 8 9us @ a8l 15 B B 291
= 0, 214 (5 = 4 3. T&S &, 394
4 B, 214 8 g8e 15 Y 1 woagy
bi) B o225 @ 7oz s L I
E Q. 78z @ 76z b, 377 8. wss
¥ a. a8ss @ S8% £, 438 a. a&va

DN SERIES ELECTRON IRRADIARTION ExR-SITU
TEMP. <C>:. 25 RAREAR: 4 INTENSITY 14RAM&
Ser-tal  Lewvel Isc Izc” Voc Yoc . P P Full F.F.
Number  Number <mR>  Isco <m¥r Yoco Crald > Praxo Fac. F.F. o
=150 a 181.8 1 083 S80. 7 1. 8090 &9 .18 1. 608 0 736 1 vos
2432 %} 158. 2 1. 000 S85. 6 1. 0608 69 43 1. 800 O 749 1. Q84
Qaz 5] 162. 2 1. @888 S87. 3 1 wul V2. 48 1. 080 0O .7l 1 v@@
204 a 166. 6 1. 008 588 5 1. 008 75 34 1. 688 @ 771 1. oo
3us @ 152. 4 1. 808 3586 . 4 1. 808 €9.68 1. 080 @ 732 1 966
Sa1 1 124.5 0. 831 452. 9 0.786 49 07 O 579 0. 653 0 894
san 1 1268 8. 891 457. 8 0. 782 42 95 0. 6193 @ 746 9 9838
1% A 1 1265 8. 780 453 7 8783 43 . 06 ©. 534 0. 740 9. 272
16 L) 1 124. 1 0. 883 455 2 6. 774 42 . 76 V. 568 B Tl & 908
6o 1 121 4 0. 8399 457 1 06.786 42 %59 0. 626 6. 72 @ 992
D188-2639~1
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132. 6 @ 947
124. 2 @, 22
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1Z1. 6 8. 942
1214. 2 9. 942
129, 8. 22
119 2 @ 291
124. 4 @, 912
127. 8 8 989
126. 8 0. 914
129. 2 9 22z
120. 4 9. 399
125. 1 @ 917
128. 8 6. 917
127. 2 9. 912
115 9 & 328
187. 1 @ 3@
112 5% & 224
1i4. 6 6. 821
111. % 8 7939
1i7. &6 6. 844
167. 7 8. ges
112 2 8 334
116. 2 9. 332
112 = 8. 81z
111. 8 @ 793
191 9 @ 761
198. = A 794
111 & 8 799
196 £ B 754
12%. 3 @ 880
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11% 6 A 225
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8 © 852 %8 83 a 837
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Vo6 862 4% 32 0. 7ga
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¢ B8.8v8 41 B3 4 €66
Toe 81 28 25 9 641
1 © =R& 39 .18 0. 648
1 B3 =x 4110 6 842
8 8 BBz 7. 9% 0 63z
I @A 795 39.39 0. 857
2 @680 2T .81 @ 632
4 B F99 3. .89 0 847
7 B 7Py 29.78 @ sz
3 B 789 3IF T3 4 e29
& o 763 25 &Y B 587
3 B.FFZ 24 .46 9 576
8 0 769 35 % A a9
8 O Fd4e 35 98 o0 S63
S 075 =4 .17 8. 563
1 & S1iv 22 58 9, =7e
5 0. .655 29 5% 06 492
4 Q. .514 22 3@ @ 377
S 9. .61 29 47 @ 461
S 8. 636 29 .18 0 485
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6.10.2 Proton Irradiation

There was no visible damage throughout the test. The summary
plots, Figures 152, 153, 154 and 155 show no damage also. The 2-mils
cf 0211 stopped the protons as expected and without the radiation harden-
ing the FEP-A adhesive the thermmal cycling did not affect the samples.
The tabulated data are in Tables 37A and 378 and pre- and post-test I-V
curves in Figure 156. Sample temperatures ranged from 43°C to 54°C.
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TABLE 37A. TABULATED DN SERIES DATA ~ PRITON IRRRDIATION

DN SERIES PROTON IRRADIATION EX-SITU
TEMP. (C2: 25 RRERA: 4. INTENSITY 1xAMa

Ltevel RAVERRAGE RVERRGE AYERRGE RVERRAGE
Nuirber Isc /Isco Voo <Voco Pox - Pmxo F.F. /F. F. o
a 1 Bo8 1. 9@ 1. 288 1 98a
1 A, 992 | 233g 1 08w 1 83

DN SERIES PROTON IRRADIATION IN-SITU
TEMF (C>. 295 BRER: 4 INTENSITY 1+RM@

Level RAVE RAGE AVERAGE AVERAGE AVERRGE
Nunber Is¢cs Isco Voo SVoco FaxePaxo F.F. SF. F. o
) 1. ong 1. ada 1. aaga 1. 88a
1 a. 935 1. a8l 1. 84z 1 88s
2 g 938 1 9al 1. 8aag 1. a9

X Jd. Qe 1. @81 a 8= B 32c
4 a w3a 1. @8z Q s 1. Q%
DN SERIES FROTON IRRADIARTION EX-SITU
TEMF <C>: 25 RARER. 4 INTENSITY 1+RAMO
Serial Level Isc Isc Voc Yoo Prix Fmx’ 111 F.F -
Number  Number <aF>» Isco (mVy  Voco Crld o Pmxo Fuar. FF o
98§ 3] 1§B.3 1.@83 S86.1 1L 806 Fa S99 1 988 @a 751 1 98y
37 (%} 1621 1 9ad 531 € 1. 880 &7.61 1888 @ 717 1 8o
pal S 1 (5] 162.6 1. 088 S387. 3 1.008 &8 737 1 888 @ 722 1. 80d
98? 5] 1§8.{ 1.808 S8 . 2 1,808 78 19 1. 028 @ 748 1. f@ap
1| Qa 1616 1. 9060 S81. Z 1. 800 78 41 1 009 @ 758 1. ¢ae
9@§ 1 @@ 6 936 0.8 9Q 290 B a0 oad 6 e a ava
337 1 161.89 3 .933 S81 4 1. 808 &7 .38 9 997 @ 7o L 90d
[0 1 1§2A$ g 998 5&6. 2 0.3923 68 .32 8 M3 @ T 4 aeD
?89 1 l?i.% 1.3;1 S85. % @ 9% TF1 33 1 817 A TSI 1 807
18 1 168. & B8 994 5§77 I 0. 993 €2 &3 B 989 @ 7S1 1 eaz
D180-26590-1
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TABLE 378. TABULATED DN SERIES OATA - PROTON IRRADIRTION

DN SERIES PROTON IRRADIATION IN-SITU
TEMP. (C>: 25 ARER: 4 INTENSITY 1#RMQ

Serial Level Isc Iscs’ Vac Voo Pmx Pmxs Fill F.F. .~
Nunmber Number (mR* Isco Cmv) Voco Cmild 2 Pmxo Fac. F.F. o
2| a 1247 1. 688 S85 3 1. 880 55 .61 1. 0988 @ 757 1 daa
a7 a 1238 1. 888 590 X 1. @@ S3.27 1. 882 98 729 1 ovv
aas a 134. 0 1. 888 S86. 2 1. 880 53.96¢ 1. 62a @ 73@ 1 3gw
239 %) 1228 1. 888 S84S5 1. 488 55 53 1. 889 6 766 1. 884
218 Q 1227 1.08@8 586 . 5 1. 888 5S4 &5 1 A0 0O 759 1. a88
208 1 121. 6 Q. 234 5396 . 2 1. 821 55 V4 1 @2 6 7T 1 988
wav 1 1231 @3.994 S9@. 4 1 008 S3 33 1. 981 0 T34 1 9e7
Q3 1 1237 @988 5965 1. 8681 5S4 22 1. 895 8. 735 1 988
[0 1 128 8 8. 2330 9594 5 1L 888 S5 65 1. 802 A 779 1 412
=B K% 1 1229 0. 998 588 % 1. 893 54 . 54 Q@ 397 @ THE 9. 296
Qe by 1287 8. 9392 $996. 2 1. 991 S5 81 1.48884 8 7F7s 1 011
Sav 2 1238 8. 9937 §91.1 1. 681 S3 79 1. @@ 9 F4g 1 @id
[0S 2 124. 8 1. 838 593 . 6 1. 881 55 a7 1 828 0 F48 1 81z
sal 2 1221 1. 681 S94. 4 1. 800 S5 F& 1. 884 Q. Ted 1 844
Q14 = 12268 @ 993 5838 . § 1. @9 S4. 889 1. gAaX A 7és 1. 291
8 3 118. 7 8. 378 995 . 8 1. 86868 54 @7 @ 972 8. T84 @ 937
a7 3 1218 8. 981 S22 9 1. 881 S22 17V B 979 a4 FY 8 298
ang = 124. 2 1. 882 8§95 7 8. 939 53 33 9. 999 A 728 8 938
Iyq = 12808 8 2364 594 . 2 0 998 54 43 QA . 988 & Vel @ [}37
318 = 1219 A 998 838 4 1 .l S3F3 A 98X A 752 a 9sa
6 4 112. 9 Q. 38 596.1 1. 008 S4. 7S 9. 985 8. 76e A 333
AT 4 1211 8 578 S31. @ 1. 881 53 32 1. 081 8 745 1 a2z
Sag 4 124. Q0 1. 908 S37.5 1. 83z S3 88 @ 3% A TV Q2396
T < 121. 2 Q. .334 5947 1. 899 53 23 @995 8 7es 1 ael
aia 4 1216 8. 991 S88. 7V 1. 904 5S4 6% 1 81 A Téed 1 Qg
D180-26590-1
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6.10.3 UV Exposure

There was no visible damage throughout the test. The summary
plots Figures 157, 158, 159 and 160 also indicate there was ro damage.
Tables 38A and 388 contain the tabulated data and Figure 161 shows
examples of pre- and post-test I-V curves. The sample temperature during
the exposure ranged from 55°C to 60°c.
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TRBLE 38R, TABULATED DN SERIES DATA - UV IRRADIATION

ON SERIES UV IRRADIATION EX-SITU
TEMF. <G 25 ARER: 4 INTENSITY 1xAM@

Level AVERAGE AVERRGE RAVERRGE AVERAGE
Numbier s Isco Voo Voo PuxPmxa FF.SF.F o
“a 1. a8a 1. 9aa 1. 98y 1. BB
1 1. 864 1. @63 1. 9as 1. 381

LHOCELLS UY IRRRDIATION  IN SITU
TEMF. LG 285 HARER. 4 INTENSITY 1+AMA

Level HYVERRAGE RVERAGE RVYERRAGE RVERRAGE
Nusminer Tz Leom Voo SWYoco Frs P FF VF R oo
e 1, GGG 1. 8o 1. 880 1 e
1 K, R g, 937 Qa. 38x I 2 Y
& 8. 931 8 93y SIC P R L e
= S 1. 860 Kt 983 16 T
<+ [RS8 3 999 o Aavs (5 I Ry
3 S e 1 aae AN Pt O R b
5 B, BER 1. 239 @ agz @ 394

Ohi SERIES UV IRRADIATINON EX-SITU
TEMF CCr»: 25 ARER: < INTENSITY 1+3Ma
Serwal Lewsl Iz Izc Ve Voo, P P’ Fuill F.E.f
Nuwcer  Number  CmHD Isco cmvy Voco Cmild» Mo Fuc. F.F. o
ail (5] 164, 2 1 o0g &80 4 1. 800 T4 89 1 aad @ FE7 1 wad
31 a 141 8 1. @08 &5 2 1. 800 T3 21 1 660 4 754 1 o
943 a 162 . % 1. 6889 687 5 1. B8 73 45 1 o 0 742 1. 90
=14 a 163 . 2 1. 4080 GOV B 1. @00 7354 1. 008 @& 741 1 deo
215 Q 167 4 1. 8688 68 4 1 @8n 7S 33 1 868 9 Vad 1 duag
911 1 15%. 5% 8. 9584 6909 1. 081 T3 44 8 98Z @ Voé @ Q93
91 1 184 . 8 1. 814 B8 8 1. 0084 75 23 L @12 @ 753 1 a8
913 1 162 X ©.997 609 4 1 06z V3. 31 1 68 o 747 1 voe
914 1 loe. &2 1. 613 811 1. 884 74 93 1 @19 @ 7ig @ a7
215 1 164 9 1. 693 &85 7 1. @9z 7712 1. 018 @ Fey o1 o004
D18B-26590-1
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TRBLE 388. TRABULATED DN SERIES DATA - UV IRRADIATION

DN CELLS UV IRRADIATION IN SITU
TEMP. CCy: 25 ARER: 4 INTENSITY 1*AMD

Serial  Level Isc Iscs Voe Voo Fmx Pmxq Fill F.F &
Number  Number <mR*  Isco {(mV)  VYoco CmildD Pmxo Fac. F.F. o
211 a 1815 1. 988 SS7. % 1. 000 T4 36 1. @089 Q. 77 1. 9aa
S1s & 181 2 1. 830 &B8 I 1. 98u T4 43 1. 298 09 757 1 aen
o B a 1615 1. 808 &687. 9 1. 888 7313 1 68@ & V46 1. 998
R a 1634 1. 002 &89 1 1. 08608 F2. 68 41 060 8 738 1. 909Q
QA1s (8] 165 2 1 8@ S92 1 1. 668 FF.38 1. 806 Q77 1. 98a
211 1 158. 6 Q. .932 SS9 S Q. 998 V2 3@ @972 8 T4 Q. 2ag
B 1 181 2 1. 803 805 2 @ 998 T3 .63 8 995 @ 754 Q. 3137
= RS 1 158 4 QA 388 8BS 2 @ . 93% F1. 687 @ 982 8 T4e 1. 8al
S14 1 1ot 3 1. 885 &9V 8 @ 937 V2.2 1. 891 a v Q. 99g
LS 1 1831 B 295 &§96. 8 Q. 9938 T4 48 8 282 B T54 B8 972
Q11 2 198. 3 B 2R G9¢. 1 1,898 72 85 A& 269 0. .Fél1 B R39
AL o 161,80 B 393 886 4 1. a8 FI 48 9 983 9. 752 9. 994
= B U ) 159. 3 8. 9886 608 5 © 998 T1. .29 0. 974 @ 738 8 2398
914 : 164 4 1 886 887 7 B 998 T AV 1. 814 @ FiI8 1 810
Q15 - 181 8 8 982 8@y @ @ 998 T4 3V #8981 @ Vsl @ age
“11 '."~.-? 1571 B 877 833 4 1. 061 72 82 6 989 8 Tee 0 35
= N S 181 3 1 880 8875 1882 TIOEV @ 290 9 Fd48 0 988
a1 > 159 . 4 2. 837 687 2 @ 99 71,08 @ 3T 8 724 8 9ad
D14 = 1659 14 1. 818 883 2 1 wud TR 83 1 wl?¥ A T8 1 984
b 3 161, 2 9. 984 893 9 1. 090 T4 28 0. .969 B8 Fed4 @ 23g%
a1 B 12598 8 [ GH%. 1 1. 088 7O 98 6954 A FeS @ 994
HLE < 152 8 @ 290 687,68 1. 991 T 88 @ 987 @ 7SI 8. 29
a1z 4 196 % 8 WL eBe. & B398 T 282 A 968 @ 747 1 @it
ald 4 1631 @933 &3 8 8. 99% T 20 1.687 @ 737 1. 810
ih 8 <3 151,14 8 983 &87. 5 6. 997 T4 67 @ 985S B FTEZ A 354
=11 G 155 9% @966 S597.6 1 898 71 41 B 960 @ Ver A 23%
a1l ) 1889 8 995 S@6. 6 1. 008 T3 46 9. 991 0. 754 9 89%
Gl o] BEV.F 8. 97 €87, @.99% T1.21 8. 5973 8 744 9 9uv
214 3 162 & B 337 602 . 2 1 680 73 17 1. @87 @ 738 1. 914
=k 8] bt 168, 4 9 979 &08. 4 8.999 T4.81 @ 964 3 Ted4 B o3ev
=R & 196. % Q@ 969 S3 2. 8§ 1. 0081 T1.70 @ 964 B8 7esS o 2334
o & 161. 7 1. 002 606 6 1. 081 T3 .91 Q@ 998 0 TH4 Q39
3 S & 153 4 0 951 &7 ¢ @993 T1. 84 a8 371 8 78 94 934
14 & 1633 1. 008 609 2 1 0w T2.18 1. 007 @ Tir 1 po4
15 € 1681 3 @ 3837 & . e 9 997 F5. .13 0. 971 @ Ted Q@ 3se
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6.1 ELECTROSTATICALLY BONDED CELLS (ESB)

(ASEC 2 mi1, BSF/R, 50 @/sq., 0.2u junction depth; 2-4 mil
7070 glass electrostatically bonded as a cover.)

6.11.1 Electron Irradiation

The ESB cells showed no visible damage until they had received
a total fluence of 1 x 10]5 e/cm2 and 15 thermal cycles. At this point
four of the five cells had cracks in the cover or portions of the cover
were missing or coming loose. After a total fluence of 1 x 10]6 e/cm2
and 45 thermal cycles the damage became worse with the covers coming loose
on two cells. One cell displayed no visible damage throughout the test.
It should be mentioned that the cells used in this test were some of
the first cells made during the parameter optimization phase of the
electrostatic bonding program (NAS3-22216) and did not have the quality
bond that was later achieved as demonstrated in the UV tests. There
was little information found about the electron degradation of bare
ASEC 2-mil cells of this type therefore transmission losses can not
be evaluated. Figures 162, 163, 164 and 165 are the summary plots and
Tables 39A and 39B are the tabulated data. Figures 166A, B and C are
an example of in situ I-V curves. The sample temperature ranged from
52°C to 56°C during the irradiations. Tiere was no post ex situ data
taken on these samples because the cells all cracked during the test
or during removal from the sample plate.
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TEMP «C>. 25 RREA: 4. INTENSITY 1+AMa

Lews L HVERAGE RAVERRAGE AVERAGE AVERRAGE

Number Isc-I=zco Voo sVoco P Fmxo . F F.F. o
3 1 Q@ 1. 88 1 a8a 1. ot
L QA 879 a 333 a fi1 | 339
= tr 828 Q 212 a 733 a 931
N W 320 a. 2as Q. 836 Q. 337
4 (5 NN Q. 8359 8 544 (SI" RN ¢
) 8263 8 853 v 2% B 948
e o &31 a 835 g 435 a Sdu
v 0 ais o ol4d 3484 a I

D180-26590-1

222



Serwal
Numbrer

1961
raez
1A%
1604
1905,

loal
l1oez
1090z
1984
18as

laul
1882
S TS BN
1884
1ems

1@l
1082
Lanx
18084
1005

[N
Dot oD o A

o G
o

AR o0
oo

ol ol o
o)
[

1o21
10Q:
1002
1304 %
1685

1e01
laoz
188z

1964 *

1865

1301
1vaz
190:
1904 *
A8988

TRRLE 3958

Level
Number

a

RN bbbl d  LILILILILL RPIPIRIRIR b OO0 0

T X T 3

RS RSS!

TRBULATED ESB CELL DATA - ELECTRON IRRADIATION

ESEB CELLS

TEMP. (2>

Is

e HD
9s 4
11 3
187 1
114 7
11X .1
B SO
99 2
1.8
191 . S
181 A
3. S
Qx i
8. 2
35. =
94 .9
8. 9
Qz =
SV, 1
91 1
[ 4
sE 3
¥1.8
vE 1
Y. 8
vE .2
| IECVRE |
T1. 4
vE 1
vE. ¢
0 I
n:. 3
6E . 2
VEL T
V.8
S
1.0
1Y Y
73
Vo

I
I

s
s

o

*NOT INCLUDED IN RVERRGE

it

cQ

aua
‘g
aae
g
aoa

905
asv
Qs

SR =Y

. 884

g9z

Soi
sa4
8as

L Ze

-
3R

S44
2a%

. 813

-qK

PR Pl S,

. 84X

LW Ty s T 1S
i B S b X O

[ RO ARSI |

T Oy =
o0&
=4 L) =)

e

Voc

<My

pal-v=g
532
S35
S¥V.

5¢F.

533
S43.
S545.

E¥

S43.

AN

MR SEAEAR S

7
[N
‘0

nn
)
b

!

S34.

563

53

494,
Sas.
Sav,
483,
Sas.

491
S0
Sa4.
457
Saz.

473,
486,
491,

oo b b b
=3P =) T
o R OO

D180-26590-1

U A~ I

ol R |

b L
2 (I N
o

s REORV O S g

b AW

-y =4 =1~

0Py =M

Pa @Ry 0

wo bk ow

[l S IV O3

VYoo
Vaco

R

&
. Bz2a
. 82%
N

. 841

VAo

L%

SO PEPEEE

SOOOC
00 W W\

DO o

PO

.
a
u

Qo
aga
aRa
aga
aac

Seu
=)
Qe
a3a
24

3 300 D))
Py =) T O 0

oD
o1

[}

gay
&7S
17y

|86
854
852
836
a7vs

ol =
E'I -

845
846
vo1
863

&54

. 828
. 604
. 802
T4z

. 819

223

ELECTRON IRRADIATION
AREA: 4

37. 83
42 a2
g &5
41 55
41 34
34 62
3V. 93
358 2%
IV 48
38 55
38 =

38 42
35 &3
38. 38
3855
24 11
29 45
27. 81
24 32
=338
24 a1
8. 35
2V 14
22. 38
£9. 383
2178
&5 2@
24, 23
19 &7
26, 41
21 12
4. 32
23 89
1% 18
&5 7T

IN-SITU
INTENSITY 1+AMa

Pmx
Pmxo

a
a
a

aQ

Q
a

a
a
Q

a

il ol ol ol &

OO ®D

SO0
LWL RN
IR R NI
W) B 301D O

aea
ape
e
ava
cea

845
724
vaz
204

—
-

- =) =g =
o 0y [ @ =)
LN IR 8]

“J =)= T

s (R RS |

R Ui B

N A
LYV s 0 TS Y
[2 S (s SN (s 1

P O30 <) 0D
NE L ry o

N L) 4 o o

ooy )

-l D O

Fac

8 88z
a. 781
a 764
&, 78a
| 78S
8. 780
A 773
a 77l
8. Féz
L5 RS ey
Q. Fed
Q. 7&8
S S N
8. 759
a. Tex
B 36
[ N |
8. 785
a8 &59
8 759
Qo o33
& 73X
8. Fa7
A 881
& 7Va2
B 835
S R 35
a 7o
6. &4
a 7ou
9. 899
8. 745
B 74E
L% N S
Q. 738
Q. e
Qa Vie
0747
a o4
3. T

ORI R RN O o)
=i & WO =)
R B A PR o

TR

1
et

=i b D LN Oy

N L T DT

M 0D D D
& = N =

IR IS R (8

[y s LY Y IRY Ol 5 1

FORN (IR I

=D e b



CURRENT C(MAD

S/N : 1001 LEVEL : e 1 2
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CURRENT <MAD
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6.11.2 Proton Irradiation

No visible damage was observed until after the first set of thermal
cycles. At this point two of the five cells had cracked and had a reduced
output or no output at all. Therewereno further changes in the cells'’
appearance until the testing was completed. At this point, two cells
showed no change from the beginning except some curling on the ends,
two cells were cracked and curled and had no output and one cell was
curied and had several lengthwise cracks in the glass.

The surmmary plots (Figures 167, 168, 169 and 170) show that
for the cells that had an output there was no damage due to the protons.
Tables 40A and 40B contain the tabulated data and Figure 171 shows an
example of pre- and post-test 1-V curves. During the irradiation the
sample temperature varied from 52°C to 53°C.
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TABLE 40A. TABULATED ESB CELL DRTA - PROTON IRRADIATION

ESEB CELLS PROTON IKRADIATION EX-SITU
TEMP. CC>: 25 PAREA: 4. INTENSITY 1+AMO

Level AYE RAGE RAVERARGE AVYERRGE AVERAGE
Number: Iscs Isca Voo Voco P/ Pmxa F.F. /F.F. o
%] 1. aog 1. 69 ... 998 1. 9B&

1 1. B> 8. 994 . 955 @ 95z

ESE CELLS PROTON IRRADIARTION IN-SITU
TEMF. CC>: 25 HARER: 4. INTENSITY 1AM

Lewvel AVE RAGE AVERRAGE AYERAGE 'HVESHGE
Mumber Isco Izco Voo AVaco PaxoPmxo F.F./F.F o

a 1. @R 1. avea 1. 9aa 1. GaE

1 15 R A Q. 998 @ 993 o, as7

= 1. aag 1. 964 1. g9 6. 29g

3 1. @ax f. 99% & 38% B, 287

4 1. 8a% a. 997 @ 939 @, 2

EZB CELL: PROTON IRRERDIATION EX-SITU
TEMP. «C): 25 ARER: 4 INTENSITY 14«AMG

Serial Lo 21 Iz« Iz Vog Voo P Foix’ Fill F.F. .~
Number:  Humosr (e Ry Izco oV Maco b Feonaxo Fuac. F.F. o
1808 a 8V.5% 1. 888 S52 4 1. 8600 26 58 1. 086 2 S5 1. 098
1987 5] 181 . € 1. 868 586 . € 1. 000 45 69 1. 0@ B 765 1. QAQ
16008 (5] 9¢. VY 1. 808 5924 1. @08 42 5B 1. 008 @ 745 41 60A
1089 5] 18z .1 1. 09080 600. 2 1. 0898 48 32 1. 088 6. 726 1. 029
1916 %) 97 .6 4. 888 577. 8 1. 00806 38 27 1. 008 @ &7 1. 006
18086 1 8.7 1. 018 S%2 4 1. 001 27 .35 4. 014 @ 552 1 @@z
1967 i 18z, % 1. 813 581.9 B 9592 45 67 1. 890 0 TEI 6. 935
1968 1 97 .4 J ek 36 2 ©.98% 4 44 0 887 @ B3 Q. 249
1609% 1 54.5 0929 S32.4 A 987 21.93% B 455 @ €81 @ 8372
1018 1 9.2 1. 08Y SV 9 699 28 214 6. 998 @ 6877 @ 999

*NOT INCLUDED IN AVERRGE
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6.11.3 UV Exposure

The ESB cells used in the UV test did not degrade electrically
or visually. These cells were some of the last ones made under the
electrostatic bonding program (NAS3-22216) and withstocd thermal
cycling very well. The summary plots are shown in rigures 172, 173, 174
and 175 and the tabulated data are listed in Tables 4'A and 4i8.
Figures'176A. B and C are in situ I-V curves. The sample temperature
varied from 37°C to 45°C during the exposure.
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6.12 2-mi1 7070 GLASS

Samples of 2-mil 7070 glass 2 cm x 2 cm in size were also in-
cluded in the electron and proton irradiations.

6.12.1 Electron Irradiation

There was no visible damage to the glass throughout the electron
irradiation.

6.12.2 Proton Irradiation

The glass started to curl on the ends which were nnt held down
after the first set of thermal cycles and 3 x 10]4 p/cm2 fluence. The
curling continued throughout the test. The glass curled up as much
as 5-mm off the surface of the plate at the ends. It is thought that
the protons may be compacting the glass at the surface therefore
changing its density which creates shear stress when glass is tempered.
These surface stresses on only one surface result in the curling
observed.
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6.13 NASA-LEWIS MODULE #1

(2 mi1 cell; 7070 cover; 1 mil FEP-C adhesive; 1/2 mil
FEP-C, 1 1/2 mi1 fiberglass, 1/2 mil FEP-C, 0.3 mil Kapton back; 0.5
mil silver interconnects)

This module was exposed to the UV and thermal cycling environ-
ment only. The module developed a hazy region after 1000 ESH and 15
thermal cycles. At the end of the test the hazy region covered 1/3
of the module area. It was found that the hazy region could be wiped
off after the module was removed from the chamber indicating that the
hazy region was contamination of some type (see Section 5.3). Figure
177 is a photograph showing the hazy region. Figures 178, 179, 180,
181 are the summary plots. Tables 42A and 42B 1ist the tabulated data
and Figure 182 is the pre- and post-test I-V curves. The sample tempara-
ture during the exposure ranged from 42°C to 58°C.
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FIGURE 177. PHOTOGRAPH SHOWING HAZY REGION OF NASH-
LEWIS MODULE (1101), POST-UV EXPOSURE EX SITU
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TABLE 428. TRBULATED MODULE 1 DATA - UV IRRADIATION

MODULE NUMBER 1 UV IRRADIATION IN SITU
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6.14 MODULE #2 (made for JPL by TRW)

(2 mi1 Solarex ce'l with Tazos. 3 mil 0217 cover with DC 93-500
adhesive)

There was no change observed throughout the exposure. The
summary plots (Figures 183, 184, 185 and 186) indicate there was no
degradation. Tables 43A and 438 are the tabulated data and Figure 187
is a nnotograph of the module at the completion of the exposure. Figure
188 is the pre- and post-test I-V curve. Tne module temperature during
exposure rvanged from 46°C to 54°C.
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TABLE 43R, TABULATED MODULE 2 DATR - UV IRRADIATION

MODULE NUMBER 2 UV IRRADIATION EX-SITU
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TABLE 43B. TABULATED MODULE 2 DATA - UV IRRADIATION

MODULE NUMBER 2 oY IRRADIATION 1IN SITU
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FIGURE 187. JPL MODULZ (1102) AT COMPLETION OF EXPOSURE,
POST-EXPOSURE UV
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7.0 SUMMARY OF RESULTS

7.1 INTRODUCTION

Current and projected trends in space solar power systems require
larger and more efficient photovoltaic arrays. Thus, the increased
emphasis on the power/weight ratio of solar cell arrays and on improving
the economy of manufacture of these structures has required new efforts
to discover materials suitable for use as solar cell covers. As these
new materials are being developed, it is necessary to conduct evaluation
testing of these new materials and/or methods, to determine their feasi-
bility for various space missions. During this program, laboratory tests
that provide a basis for meaningful evaluation have been cnnducted under
conditions which closely approximate the environmental conditions of
space. The materials tested include several new candidates for space
soclar array encapsulants. These materials are 1) 0211 Ceria-doped micro-
sheet, 2) FEP-A coatings, 3) DC 93-500 adhesive, 4) PFA "hard coated,"

5) GE 615/UV-24 and 6) electrustatically bonded 7070 glass.

There were fifteen each of nine types of individual test specimens
(2 cm x 2 cm) and two 3 x 3 cell modules provided by NASA-Lewis Research
Center for this program. The test was divided into three separate
environmental factors: 1 MeV elec*rons interspersed with thermal cycling,
0.5 MeV protons interspersed with thermal cycling and ultraviolet ex-
posure interspersed with thermal cycling. There were five samples of
each type ir each environment with the two modules being exposed only in
the ultraviolet test. The total fiuence exposure was done in increments
and each incremental fluence or exposure was followed by a set of fifteen
thermal cycles in vacuum. There were four incremental fluence levels
of electrons that reached a total fluence of 1 x 10]6 e/cmz. There were
two incremental fluence levels of protons that reached a total fluence
of 3.3 x 10]5 p/cmz. The UV exposure was divided into three increments
with a total exposure of 8,760 ESH. The thermal cycling range was
-175°C + 10°C to +55°C + 5°C.

Measurements of the I-V characteristics of each specimen were
made in situ prior to, between and following each irradiation and set
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of 15 thermal cycles. Specially prepared silicon cells were used as
control cells to be exposed to the same conditions as the covered celis.
Bare silicon cells, protected from the radiation environment, were used
as monitor cells for adjustment of the light intensity during the in situ
I-V measurements.

7.2 CONCLUSIONS

It should be mentioned that while some types of samples were
in poor condition at the end of the electron or proton environment tests,
the total fluence reached in each test was extreme and may not represent
fluences reached in any particular mission. For this reason, it is
important to also analyze the test results of intermediate fluences. To
relate this work to an actual mission one must know the exact orbit
parameters and use the proper radiation model to predict the radiation
environment the solar cells are to encounter. The fluence levels expressed
in this report are the fluences impinging on the surface of the samples.

The results will be summarized by sample type with all three
environments discussed before continuing to the next sample type. Where
it was possible damage thresholds and limits of reliable use are discussed.
Table 44 is a summary of the test results at the maximum fluence or
exposure the samples received.

7.2.1 A Series

(OCLI 8-mil1 100-cm BSF/R cell, 4-mil 0211 ceria-doped cover,
0.5 mil 93-500 adhesive)

These samples responded as one would predict. At an electron
flunce of 5 x 10'%, I__ Tost 14% (11% from cell and 3% from cover)
with the loss increasing to 32% (27% from cell and 5% from cover) at
1 x 10'6 e/cmz. Therefore, the electron irradiation caused a 3-5%
transmission loss in the 0211 microsheet cover. In the proton environment
the 0211 microsheet was thick enough to stop the protons and protect the
cell from proton damage. There was no transmission loss in the 0211. In
the UV test there was a transmission loss of 2% to 7% from 1000 ESH to
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TABLE 4.

SUMMARY OF RESULTS

CELL-COVER-ADMESIVE COMBINATION

SIMULATION ENYVIRONMENT

1.0 Mev ELECTRONS
WITH THERMAL CYCLING

0.5 MeV PROTONS
WITH THERMAL CYCLING

UY EXPOSURE
MITH THERMAL CYCLING

A SERIES - Sec. 6.4

Cell - OCLI 8-m1) 10 Q-om, BSF/R
Cover - 4 mil 021) Ceria doped
Adhesive - 0.5 mil DL 93-500

5% transmi.sion loss in 0211

0211 stopped protons thus na
damage to sample

7% trenamission loss dus to
possible contamination, 0211
afcroshest darkening or

DC 93-500 darkening

C SERIES - Sec. 6.5

Cell - OCLT 2-#%1, 10 G-cm, Y|205 8SF
Cover - 2 wil 7CP-A

Sack - | mil Xanton

Adhesfve - 2 mil DC 93-500 front § back

FEP-A hardened, cracked and
blistered

4.5% transmission loss in
FEP-A

135 transmission loss due to
possible contamination, FEP-A
darkening or DC 93-500 darkening

D SERIES - Sec. 6.6

Cell - OCLI B-wil, 10 u-cwm, BSF/R
Cover - 1.5 mil OC 93-500

3-4% transmission loss in
DC 93-500

DC 93-500 hardened with protons
and cracked badly

14% transmission loss due to
DC 93-500 darkening or
possible contamination

E SERIES - Sec. 6.7

Cell - Spectroisb 10 mil, 1¢ 2-om,
Serfes 4500
Cover - 2-mil GE 615/UV-24

No transmission loss in
GE 615/uy-24

GE 615/UV-24 hardened with
protons and cracked badly

252 transmission loss in
GE 615/uUv-24

P SERIES - Sec. 6.8

Cell - Sotarex 2-wil, 2 n-om Ta,0,
Cover - 0.5 wil GR 650

Failed mechanically due to
thermal cycling

GR 650 allowed protons to
severely deqrade cells

9% traasmisgion {oss due to
possible contamination or
dsrkening of the Gk 650

GE CELL - Sec. 6.9

Cell - Solarex 2-mi)
Cover - 2-mi) PFA “Mard-coated”

PFA became brittie wit* - lectron
and cracked badly makiny .amples

PFA covers b istered and
peeled off making samples

Crecks or darkening in PFR
and darkening of DC 93-500
ceused 131 transmission

Back - | mil Xapton useless useless loss
Adnesive - DC 93-500 front & back
DOUSBLE MUMBER CELLS - Sec. 6.10
Cell - Spectrolad 2-mi), Texturized BSF FEP-A adhesive hardened and Cover stopped protons thus "o
Cover - Z mil 021} the covers came off in thermal no damage to samples damege
Back - Z mil FEP-20C, 1.5 mil fiborglass cycling
2 mt) FEP-20C, 1 mil Kapton
Adhesive - “ mil FEP-A
ESS CELLS - Sec. 6.1} N
Insufficient data to evaluate No demege

Cell - ASEC, 2-mt], S0 a/sq.
Cover - 2 mil 7070

Cover stopped protons thus
no damage to cells

Adnesive - GE 6574 front B back

B SERIES - Sec. 2.1
Cel) - 2 mf)
Cover - 2 mil FEP-A
Sack - 1 mi] Xapton

These samples did not pass & preliminary thermal cycling test.
They were not included further in the evaluatioms.

cell after a few thermal cycles.

The cover debonded from

Module ! (made by NASA-Lewis) - Sec. 6.12

Celt - 2 mil

Cover - 7070 glass

Adhesive - 1 afl FEP-C

Beck - 0.5 mil FEP-20C,1 1/2 m1l fiberglass
0.5 mil FEP-20C,0.3 @) Kapton

103 trunsmission loss before
cleantag -~ 2.75 after.
Possibly due to FEP-C
adhbesive

Module 2 (mede for JPL) - Sec. 6.13




8760 ESH. The cause of the loss was one or more of the following:

(1) contamination during the UV exposure, (2) darkening of the 0211
microsheet or (3) darkeni..y of the DC 93-50C adhesive. It is not possible
to separate the causes because of the presence of some contamination during
this UV exposure as explained in Section 5.3 . However, it is felt that
some portion of the 7% loss is caused by the DC 93-500 adhesive and 0211
microsheet,

7.2.2 C Series

(OCLI 2-mil, 10Q-cm BSF cell with Ta205. 2 mils FEP-A cover,
1 mil Kapton back and 2 mils of DC 93-500 adhesive on front and back.)

In the electron test the sample survived to a fluence between
1 x 10'° e/cm® and 5 x 10" e/em?. By 5 x 10'° e/cm® the FEP-A was
becoming hard and then the thermal cycling caused blistering. The protons
caused tne FEP-A to start becoming hazy at 3 x 10]4 p/cm2 and by 3.3 x 10]5
p/cmz there was a 4.5 percent transmissicn loss. In the UV test there
was a 6% to 13% transmission loss from 1000 ESH to 8760 ESH. The loss
was caused by one or more of the following: (1) contamination during
the UV exposure (see Section 5.3), (2) darkening of the FEP-A or
(3) darkening of the DC 93-500. The reaction, if any, between the
FEP-A and the contamination is unknown but the contamination was not

felt to be responsible for the entire transmission loss.

7.2.3 D Series
(ocL1 8-mil 10Q-cm BSF/R cell, 1.5 mil 93-500 cover)

In the electron test there was a 13% to 30% loss in ISc from

14 e/cm2 to 1l x 10]6 e/cmz. Ahen the bare cell electron damage

5x 10
was substracted it was found there was a 3 to 4 percent transmission loss
in the DC 93-500. In the proton test cracks were apparent in the DC 93-500
at the intermediate fluence of 3 x 10'% p/cm?. The DC 93-500 hardened
during the proton irradiations and then cracked badly during thermal
cycling. In the UV exposure there was a 7% to 14% loss from 1000 !:SH

to 8760 ESH. The loss was caused by either one or a combination of the
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darkening of the DC 93-500 or contamination during the UV exposure.

7.2.4 E Series

(Spectrclab 10-mil 10a-cm, series 4500 (K 4 1/2) cell,
2 mils of GE 615/UV-24 as a cover.)

During the electron test there was no degradation of the GE
615/Uv-24 throughout the total fluence of 1 x 1016 e/cmz. In the proton
test cracks appeared in the cover material after the intermediate fluence
of 3 x 10]4 p/cm2 and 15 thermal cycles. The protons caused the GE 615/
UV-24 to tccome brittie and then crack during ‘nemmal cycling. Therefore,
the threshoid for embrittiement is below 3 « 10]4 p/cmz. 'n the UV
test it was found that I_. deqraded from (1% at 1000 ESH to 25% at
8760 ESH. The samples had a yellowish appearance at 4000 ESH indicat-
ing that the degradation was cue to transmission loss in the cover material.
The high transmission loss under UV exposure and the proton embrittle-
ment would indicate that using GE 615/UV-24 as a cover alone is not
advisable.

7.2.5 P Series

(Solarex 2-mil 29-cm with Tazo5 cell, 0.5 mil of GR 650
as a cover,)

During the electron test the delicate samples cracked and
broke due to thermal cycling induced mechanical stresses. There were
no performance conslusions made. Duringthe proton test the samples
again cracked; however, there was enough data LO "how that I degraded
90 percent at the intermediate fluence of 3 x 10 p/cm2 It appears
that the GR 650 either had many holes in it or it was just not thick
enough to stop the protons. During the UV test it was found that ISC
degraded from 2% at 1000 ESH to 9% at 8760 ESH., The cause for the loss
is either one or a combination of darkening of the GR 650 or contamina-
tion during the UV exposure. The loss is not large indicating that
either or both causes are not great.
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Improvemant in the method of applying the GR 650 and deter-
mining the proper thickness for the mission and proper mounting techniques
on the panels could make this type of sample a candidate for use. Additional
testing would be required to verify that the improvements were successful.

7.2.6 GE Cells

(Solarex 2-mil cell, 2-mil PFA "Hard-coated" cover, 1 mil
Kapton back, DC 93-500 adhesive front and back.)

In the electron test the electrons caused the PFA to bacome
brittle and then crack during thermmal cycling. At a fluence of 1 x 10
e/cn’ the PFA had already become brittle and cracked during the thermal
cycles that followed. Further electron irradiation and thermal cycling
made the cracking worse. 1In the proton test the cover started to curl
and blister at or before the 3 x 10]4 p/cm2 fluence., Further, irradiation
caused worse blistering and p2eling. During the UV exposure smali hair-
Jine cracks began to show up after 4000 ESH and became worse by the end
of the 8760 ESH exposure. There was a 13 percent drop in ISc over the
entire test caused by one or more of the following: (1) cracks in the
PFA scattering the solar spectrum, (2) darkening of the PFA cover or
(3) darkening of the DC 93-500. The amounts of transmission loss could
not be separated.

15

7.2.7 Double Number Cells

(Spectrolab 2 mil space-qualified texturized BSF cells,
2-mil 0211 cover; 2 mil FEP-A adhesive; 2 mil FEP-20C, 1 1/2 mil fiber-
glass, 2 mi1l FEP-20C and 1 mil Kapton backing.)

Tn the electron test the first indication of hardening of
the FEP-A adhesive occurred at 1 x 10]5 e/cmz. The thermal cycling
caused the cover to lossen due to the flexina of the cell-cover system.
As the FEP-A hardened and was thermal cycled it became hazy. When the
samples were removed from the sample plate the backing separated from the
cell. In the proton test the 0211 cover stopped the protons as expected
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and therefore there was no damage to the cells. The UV exposure did not
affect these samples. It was not possible to determine if the 0211

cover had a UV filter therefore the lack of transmission loss cannot be
ettributed to the FEP-A adhesive withstanding the UV exposure. In

fact, in light of the ATS-6 results* where an early 2% loss in ISc due to
UV effects was observed in cells with FEP used as a cover adhesive without
a UV rejecting filter, it would appear that there was a UV rejecting
filter on the double number cells.

7.2.8 Electrostatically Bonded Cells (ESB)

(ASEC 2 mil, BSF/R, 50R/sq., 0.2u junction depth; 2-4 mil
7070 glass electrostatically bonded as a cover.)

In the eiectron test the fiyst visible damage wa:s observed
after a fluence cf 1 x 10]5 e/cm2 and 15 thermal cycles when there were
cracks in the covers or the covers had come off. This continued through
the total rluence of 1 x 10]6 e/cm2 and 45 thermal cycles. There was
however, one cell that did not crack throughout the entire test. It
should be mentioned that the cells used in this test were some of the
first cells made during the parameter optimization phase of the electro-
static bonding p. :gram (NAS3-22216) and did not have the quaiity bond that
was latar achieved as demonstrated in the UV test.

ia the proton test the thermal cycling appeared to cause the
cracking of one cover and cell. The proton irradiation also caused the
samples to curl on the ends. It is thought that the pi-otons may be
compacting the glass at the surface therefore changing its density

*_. J. Goldhammer and Luther W. Stifer, Jr., "Summary Results of the
ATS-6 Solar Cell Fiight Experiment,” Proceedings of the Fourteenth
IEEE Photovoltaic Specialists Conference, Jan. 1980.
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which creates shear stress when the glass is heated. These surface
stresses on only cne surface resulted in the observed curling. The 7070
glass cover was thick enough to stop the protons so that there was no
electrical degradation.

In the UV exposure there was no electrical or visual degrada-
tion. The samples withstood themnal cycling very well.

7.2.9 B Series

(2-mil1 cell, 2-mil FEP-A cover, 1-mil Kapton back, GE 6574
front and back as adhesive.)

These samples were not included in the test program. It was
found in a preliminary themmal cycling test that the covers debonded
from the cell after a few thermal cycles. The GE 6574 apparently was
not able to hold the cover and cell together at low temperatures.

7.2.10 Module 1 (made by NASA-Lewis)

(2-mil cell; 7C70 cover; 1-mil FEP-C adhesive; 1/2 mil FEP-C,
1 1/2 mil Fiberglass, 1/2 mil FEP-C, C.3 mil Kapton back; 0.5 mil silver
interconnect.)

~his module was involved in the UV exposure only. There was
about 1/3 of the module that appeared hazy at the completion of the
test. It was found that the hazy region could be wiped off after the
module was removed from the chamber. This indicates that the hazy region
was contamination from the vacuum chamber. There was a 10% loss in ISc
befere removing the contamination and a 2.7% loss after removing the
contamination. The 2.7% loss is minimal and may be from incomplete
removal of contaminates or early IV effects on the FEP-C adhesive as
described in the ATS-6 soiar cell flight experiment*.

*L. J. Goldhar.ner and Luther W. Slifer, Jr., "Summary Results of the
ATS-6 Solar Cell FLight Experiment," Proceedings of the Fourteenth IEEE
Photovoltaic Specialists Conference, Jan. 1980.
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7.2.1 Module 2 (made for JPL by TRW)

(2-r31 Solarex cell with TaZQS’ 3-mil 0211 cover with DC 93-500
adhesive.)

This module was only tested in the UV expesure test. The
modu le showed no dearadation whatever. The results indicate that up
to 8760 ESH there is no significant darkening of the 0211 cover or the
DC 93-500 adhesive.

7.3 RECOMMENDA. IONS

Some general comments and recommendations can be made from the
test results cf this program.

The electrost::ically bonded (ESB) cells showed great promise. They
survived well in the proton and UV tests and would have survived the electron
test if they had not been the first cells produced during the parameter
optimization task of the ESB contract (NAS3-22216). Additional testing is
recommended in all three environments using improved mounting and thermal
cycling techniques for thin solar cells and the latest ESB technology cells.

FEP-A v,ed as a cover or as an adhesive showed signs of embrittle-

ment at electron fluences of 1 x 10]5 e/cm”. For proton environments
15 2

between 3 x 10]4 p/cm2 and 3.3 x 10
and caused transmission loss of 4-5%. The UV results were difficult to
separate for the FEP-A covers; however, the FEP-A adhesive showed no damage.

p/cm- the FEP-A covers became hazy

The results indicate the FEP-A covers or adhesives are only useful if
used in environments which have 1 MeV electron fluences less than 1 x 10
14 p/cmz. These restrictions

15

e/cm2 and 0.5 MeV proton fluences less than 5 x 10
limit the use of the FEP-A to shorter missions than other materials.

PFA "hard coat" used as a cover is not recommended due to em-
brittlement and blistering in the electron and proton environments.

DC 93-500 and GE 615/UV-24 are not recommended for use as
covers only due to the hardening and cracking caused by protons and thenrnal
cycling.

The use of GR 650 as a cover material showed promise in the
electron dand UV environments. However, the protons were able to penetrate
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the material. Improvements in applying the GR 650 could increase the proton
hardness to acceptable levels. Additional proton environment testing would
be required to prove hardness.

It is clear that some of the materials included in this program
show promise. Further improvements in application of the materials to the
sclar cell and then evaluation testing in simulated environments is required.
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