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ABSTRACT

This report describes irradiation of lithium doped p/n solar cells

at temperatures of 223°, 303°, and 3539K. Irradiation was con-

ducted in vacuum and the source was 908r beta particles at a rate of
1012 e/cm?/day. The cells were irradiated to a fluence of

2 x 1014 efcm?, Conventional n/p cells were included for comparison.
Results of the test show that crucible grown lithium cells are
superior at 353°kahile float zone grown lithium diffused cells ave
slightly superior at 303°, and at 22398, where lithium mobility is

very low, conventional n/p cells are superior.
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SUMMARY

The work described in this report was directed toward an effort to

£i11 the need for a more efficient electrical power system for orbiting
vehicles. It describes an engineering test of the effect of electrons
on the performance of 1ithiqm diffused p/n silicon solar cells. The

903r - 90Y source approximating the electron

electrons were provided by a
spectrum encountered in earth orbit space flights. The exposure was
accomplished in vacuum with cells loaded and illuminated with solar quality
light. The effect of temperature on cell performance was evaluated by
maintaining four distinct temperatures in the system: 223°, 3030, 3339,

and 353°K. Groups of conventional n/p silicon cells were included for

comparison purposes.

The objective of the test was to compare the electrical power ocutput of
various lithium p/n cell designs or production processes including such
parameters as silicop growth method, lithium diffusion schedule and re-
Gistribution cycle with the power output of conventional n/p cells for a
simulated synchronous orbit mission. The higher conversion efficiency of
p/n solar cells over n/p cells cannot be realized during long exposure

to space radiation due to their higher susceptibility to radiation damage.
The high energy electron radiation produces defects within the semi-
conductor lattice creating trapping centers which impede the flow of
minority carriers and thereby reduce ihe power output of the cell., It is
felt by some investigators, however, that the highly mobile lithium atom,
‘ diffused into the base region of the p/n cell will anniliate or compensate
radiation induced traps and virtually anneal the damage as it is produced,
thus yieléing 2 significant improvement in the power available from p/n

solar cells during long exposure to orbital electron znvirenment.

i~



Time dependent drift of the lithium atoms in ané around the junction
region could conceivably affect their availability to anmneal the damage.
Hence, it was necessary to perform a test close to the same time scale
as the orbital vehicle is expected to survive. The irradiation began
with unexposed cells and ended with & fluence of 2.0 x 1014 electrons
per square centimeter resultihg from essentially 200 days of continuous
exposure at a flux of 1012 e/cm2 per day. This total exposure has been
estimated by at least one source (reference 1) to be equivalent to 2-4

years in synchronous orbit dependent on solar activity,

The results of the test show that the conventional n/p cells are superior

to the lithium diffused cells at the low temperature where the lithium
mobility is low. At the intermediate temperature of 303°K the float zone
grown lithium diffused cells were slightly superior to the remaining types
while at the highestté;perature evaluated (353%K) the crucible grown lithium
cells were found to be superior. At 333°K no selection was possible. Extra-
polation of the results to longer exposure times indicate that further testing
would not alter the conclusion that n/p cells are most desirable for lomg
flights at temperatures up to 300°K and that crucible grown lithium p/n

cells are most efficient at temperatures above this.

It is recommended that a test of duration equivalent to the flight time

should be made with cells at 303° and 333%K.
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1,0 INTRODUCTION

The p/n solar cells are more desirable for space power sources than n/p
cells because their efficiencies are higher. However, conventional p/n
cells have been found to be more readily degraded by the radiation
encountered in space flights than the n/p cells. This has led to the

use of the less efficient n/p cells for satellite power sources.

The introduction of lithium into the p/n cells has been found to improve
the radiation resistance of this type of cell, the improvement presumably
arising from an anmealing process which occurs by the diffusion of lithium
ions to the damage sites produced by the radiation. This damaging and
annealing process is a function of the type, energy, and flux of radiation,
of the concentration and gradient of available lithium ions in the cell
and of the cell temperature, since the ion mobility in silicon varies

sharply with the temperature.

solar cells was much lower than the maxiﬁum power output of the conventional
nfp cell, However, improved production techniques have yielded lithium
cells with power characteristics superior to the n/p cell. Thus with
higher initial power plus improved radiationm resistan;e the lithium diffused
p/n cells should be candidates for mission use. Prior to such use it is
reasonable to experimentally assure that improved performance will accrue
over the expected life~-time of a mission. Such a test would ideally be

be conducted in the space environment in which the cells would be used

but this would be both too expensive and too lengthy (since the test would
necessarily be the mission length)., This report describes laboratory

test, and its results, which reduces both the expense and the test time.
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The axperiment consisted of exposing groups of solar cells to a simulated
space environment. The celis include both conventional n/p cells and
state-of-the-art lithium diffused p/n cells. The space environmental
parameters simulated include pressure, temperature, illumination and
radiation. Pressure was maintained below 1(}"6 Torr which was low

enough to simulate space so far as known or expected effects on the
cells were concerned. Illumination was by xenon lamp with close spectral
filtering which reasonably approximates solar illumination with air mass
zero. Groups of cells were maintained at 223, 303, 333 and 353°K, thus
gpanning the range of temperatures to which the cells might be subjected
on missions, The radiation was restricted to the 90Sr - 9OY electrons

spectrum and the attendant x-rays, The significant environmental para-

meter omitted was the proton flux.

The following sections deseribs, in order, the experimental arrangement,

the data reduction, the test results and the derived conclusions.



2.0 TECHNICAL DISCUSSIGN

2.1 EXPERIMENTAL DESIGN

Photographs of the experimental area and data acquisition equipment are
in figures 61 and 62, A view of the test cells taken through the light

access window is in figure 63,

2.1.1 Eunvironmental Chamber
The environmental chamber was specially designed and fabricated for this
irradiation test. The chamber is stainless steel with facilities for a
9oSr source, four heat sinks on which the test cells were mounted, a
hermetically sealed electrical feed through for each test cell, and a
fused silica window to provide entrance for the illumination. The
primary criteria in the design of the chamber were minimization of

hydrocarbon contamination and the ability to maintain the presgsure below

10-6 Torr.

The top assembly drawing of the chamber is shown in Figure 1. The
chamber consists of three major sections., The center section is the
main body of the chamber which contains the test specimens and the
fused silica window. Thig section is approximately 0.356 meters in-
outside diameter and 0.564 meters in length, To the right of the main
body is the source storage section consisting of two tubes 0.162 meters
in diameter and 0.87 meters long. The cross-hatched section is a cast
lead shield into which the source mayibe retracted to reduce the
radiation level when access to the system is required. The shield {s
cast in sectlions for easy removal. Push rods extend through the lead
shield and are magnetically coupled to the source plaques which are

mounted on guides inside the chamber,



To the left of the main body is the vacuum pumping system which consists
of two ion pumps, one titanium sublimation pump, and three Vacsorb pumps.
The ion pumps have maximum pumping speeds of 25 literc/second and 125
liters/second. The 550 liter/second sublimation pump:is an integral

part of the smaller ioan pump. The three vacsorb roughing pumps are
connected to the main body through the large straight-~through, ion

pump and are individually valved into a section which may be isolated from

the main system when the roughdown is accomplishad.

During the test only the smaller dicn pump was normally In operation.

The power supply current for this small ion pump drove an L&N recorder
equipped with cam-operated microswitches to turn the large ion pump on

and off., The set points for the large pump were 5 x 10~7 Torr and

9 x 10°7 Torr. After initial pumpdown the chamber pressure remained be-
tween 1 and 3 x 107 Torr except during such times as source movement,
These were the only imstances that the large pump cycled on. The sublima-~

tion pump was found to be unnecessary and was not operated.

Chamber cleanliness was obtained by carefully designed and executed cleaning
procedures carried out during fabrication of individual assemblies and
assembly of the complete chamber, All surfaces were glass-shot-peened'and
then solvent-cleaned, Weldments were acid-cleaned prior to the solvent
wash. The various parts of the chamber were bolted together using OFHC
copper seals except that one viton O-ring was required to seal the fused
silica window to the chamber, The completely assembled chamber was

pumped down and baked at 373°R to obtain the final cleanup. The dura;ion
of the bake-out was 40 hours, and a base pressure less than 1 x 107 Torr
at temperature was obtained., (Test cells were not in the chamber dufing

bake~ocut.)



The test cells were mounted on the test item flange as depicted in
Figure 2, This flange is 0;00535‘meters thick stainless steel and

forms the closure for one end of the main chamber. The cells were
fastened to minor heat sinks as described in paragraphk D of this
section. The minor sinks were bolted to the major heat sinks of the
flange. The major sinks are four massive copper bars vacuum oven-

brazed into the flange such that one side of the bars was inside the
chamber and the other side was exposed to the atmosphere. The
temperature of these bars were maintained at 353, 333, 303, and 223°K.
The temperatures of the 3530, 323° and 303° bars were individually
coantrolled by the on-off action of five watt power resistors mounted on
the air side of the bars., There were six uniformly spaced resistors on
the 353° bar, eleven on the 333° bar and nine on the 303%bar. For each
bar the resistors were connected in parallel, with one side connected to
a Variac through a pair of micreswitches mounted on an expanded rangs L&N
recorder, The L& recorders were driven by thermocouples mounted on the
air side of each sink,. Cam action within the recorders turned the power
on or off as required. The voltage setting of the Variacs determined the

period of operation of the microswitches.

The 223°K sink was the evaporator of a two stage mechanlical refrigeration
system. The initial stage consisted of a package refrigeration system
which reduced the temperature of the finzl stage condenser to 264°K. The

final stage was an unthrottled Freon 502 system.

No difficulties arose in either the refrigeration, heating or control
systems during the entire course of the experiment. The temperature of
the 223°K bar was maintained within # 29K with normal operation between

222 and 223°K, The higher temperature bars were maintained at nominal



#0.50K with one exception. The single exception occurred whem the power
to the heater-controller system was inadvertently discomnected for a period
of 66 hours, During this time the temperature of the 303° bar decreased

to 250°K, the 333° bar to 303°K and the 353° bar to 323K,
2.1.2 Iliumination

The illumination of the test solar cells was accomplished with a dual
system: a Spectrolab solar cimulator X-25 was used exlusively for data
collection and a Xenotech XE-20 Floodlight was used for illumination
during the time period between data collections. .The dual system pre-
cluded the effects of long operating time degradation of the calibrated
source (X-25) for data collection. The spectral distribution of the X-25
source shown in Figure & is filtered to match the solar spectra as closely
as possible, The Xenotech source was an unfiltered xenon lamp providing
about one solar constant at the test plane. It was used only for steady-

state 1illumination.

The X-25 used for data collection was calibrated prior to the irradiation
vith NASA balloon flight standard cell #177. The calibration provided an

1llumination of 140 watts/meter?

through the chamber window at the plane

of the solar cells with the lens system of the X«25 2,44 meters from the
plane of the cells, A second measurement was made In front of the window
for later reference, The angle of incidence of the light was perpendiculax
to the plane of all cells. During the course of the experiment the
illumination used during data collection was monitored in two ways. Firstly,
the balloon flight standard cell (#177) was positioned at the front window

with its temperature fixed at 301°K, The output of this cell was used to

adjust the settings of the X¥-25, as determined by the initial calibration.



There was no change required in those settings until the eighteenth data
collection cycle (a fluence of 1.5 x 1014 e/cmz). From this time on there
was a gradual change which required altering the settings a total of less

than 1% to maintain the fixed illumination.

The red-blue ratio using Corning filters Red 7-69 and Blue 1-57 was also
. measured during routine data collection for this cell at the front window.
The ratio was 0.81 and no measurable change occurred during the test, thus
the X-25 performance was excellent. The total time the X-25 was in opera-

tion during the experiment was less than 250 hours.

The second monitoring measurements were made on a cell from Centralab Lot
Cl2 located behind the small observation window of the test item flange
which is depected in Figure 1, Ihis cell observed the X-25 illumination
through both the largé fused silica window and the observation window.

The red-blue ratio was also measured for this cell with the same filters
used for balloon flight standard cell. The output of this cell appeared

to degrade with exposure time while the red-blue ratioc increased from 0,82
to 1,25 during the irradiation. This behavior could be attributed to de-
gradation of the cell itself or the resistor across it, or to degradation
of either or both of the windows. At a fluence of 1,6 x 1014 e/cm2
measurements were made to resolve the cause of this behavior. The balloon
flight standard cell demonstrated a red-blue ratio for illumination through
the two windows similar to that obtained with the monitor cell., The small
observation window was removed and found to have browned due to irradiatiom.
Red-blue ratios with the observation wiﬁdow removed wére equivalent to
those obtained in front of the large fused silica window, The observation
window was replaced and the test continued, The data from this cell has

subsequently been ignored,
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Although the X-25 contained the 9613L optical system to provide a
uniform illumination, the cells on the upper row of the 353o bar and on
the 223° bar were partially shadowed by the source rod guides. To correet
for this shadowing and to provide the best data from the experiment the
intensity at each cell was determined prior to and following all irradia-
tion as described below., The light level across the plane of the cells
was mapped using each cell as a calibrated reference, First the short
circuit current of each cell was measured individually at the same point
in the X-25 light beam after being soldered to its heat sink. This point
was set to 140 watts/meter2 by reference to the balloon flight standard
and the cell temperature ﬁas maintained by a copper heat sink. Then the
cells were attached to their respective positions in the test chamber and
short circuit current measured in the experimental arrangement with pré-
cautions tzken to assure that the cell temperature was within # 1K of
the original calibration temperature (301°K). The measured currents were
normalized with the cells calibrated current at 140 watts/meter?. The
post calibration was performed two days following the termination of the
irradiation. Some concern was felt for the effects of annealing during
the time of the post calibration so a series of measurements were made
over a three day period. These measurements showed the annealing to be
negligible for the 3039, 333°, and 353° cells and to be less than 1% per
day for the 223°K cells. Post calibration was accomplished in less than
eight hours. Results of the pre and post illumination uniformity cali-

bration are presented in table 1.

The Xenotech Xe-20 illumination source used between data collections
failed at a fluence of 1 x 104 e/cm? and subsequent illumination was by

tungsten floodlights at s much reduced light level.

8-



2.1.3 1Irradiation Sources

The irradiation source is composed of two sections, each containing five
stainless steel tubes of 205r-90y oriented so as to deliver a uniform
electron flux distribution of 1012 electrons per square centimeter per day
over the plane of the solar cells. Each stainless steel tube had a diameter
. of 3.18 x 10-3 meters, an active length of 0.508 meters, a wall thickness

of 2.54 x 10”4 meters and contains 10 curies of 9OSr.

An empirical procedure was used to develop the source-solar cell geometry.
Ten source tubes were used that were identical to those used in the
radiation test except each contained only 13 microcuries of 9QSr. Ap
anthracene detector and multichannel analyzer {(MCA) were used to mage flux
and spectral measurements on these diluted source tubes, System calibra-

tion was performed using a weak 6000 source.

The primary method of energy disposiftion in the scintillation dete;tor under
consideration is by single Compton scatter. The Compton process is the
dominant method 6f interaction between gamma rays and orgamic scintillators
in the energy range of 20 eV to 30 MeV, The total energy of the incoming
photon may be deposited in the scintillator only after multiple Compton
scatters terminating in photoelectric absorption. Since the dimensions
of the anthracene detector (1l.5-inch diameter x l-inch thick) are too
small to allow for the multiple scatter process, the response of the

90

detector to the 6000 source 1s quite similar to the response to the ~ Sr

source,

An expression for the degradedphoton‘arising from a Cowpton collision is:

= Ey

B1 (1 ~ cos @)

ne

Ep
1+

-



where E; and E; represent the energy of the incident and scattered photons,
respectively, Setting ¢ equal to 180° and subtracting E, from E; yields
the familiar expression for the kinetic energy of the Compton electron:

Eg ° ol

14 .31
2Eq

In the case of 6000, where there are two primary photons, the value for
Eq is based on the average photon energy (1.25 MeV). Setting Ej equal to
1.25 MeV, we find E, equals 0,21 MeV, and E, equals 1.04 MeV. The peak
of the Compton digtribution collected by the 512-channel MCA will be at
1.04 MeV, This spectrum is shown in Figure 5. The peak of the 6060 Compton
distribution was located in chamnel 170 of the MCA corresponding to an
energy disposition in the detector of 1.04 MeV., By simple division then
we determine that each channel of the analyzer is 3.85 KeV in width. With
the detector system calib;ated in this manner we can now look at a source

having unknown energy distribution and determine its characteristic decay

spectrum,

Spectral and flux measurements of the 9OSr-goY sources were made after the
calibration procedure was completed, Determination of the correct source
geometry and source to detector or source to solar cells spacing was
accomplished by a trial and error method based on an assumed workable
geomelry, Factors considered in making a first assumption ofra workable

geometry were:

1) The physical dimensions of the source rods
2} The cross-sectional area of the solar cell plane
3) TFlux uniformity requirements

4) Light uniformity requirements

10~



5) Dimensions of the light beam
6) Prior knowledge of the shape of an iso-responece curve
for a source in the form of a long right circular cylindexr
7) Desired vacuum system design
8) Within relatively broad limits the spectral distribution
of the source is depéndent of the source to detector

(or solar cell) separation.

Considering the above factors, a good first approximation of the source
geometry could be obtained. For instance, minimum and maximum displace-
ment of sources in the horizontal and vertical planes within the desired
vacuum system was determined. The isoresponse curve of the source would
be elipsoidal therefore a central attenuator would be required., The

resulting source geometry which gave a relatively flat flux distribution
at the solar cell plane is shown in Figure 6. The arrvangement in effect

reduces the electron source from 100 curies to 32 curies.

The flux was determined by sﬁoring counts or data in the MCA for a known
period of time. These counts were then dumped from the MCA to a flexowriter
giving a tabulation of counts accumulated in each analyzer channel.
Totaling the counts, dividing by the time of the count and cross-sectional
area of the detector entrance surface gave the flux in electrons/cm?/sec.
The process of changing source geometry, source strength, source to
detector spacing and center attenuator was repeated until an equivalent
flux of 1012é/cm2/day was attained. After attaining a center line flux
of 1012 the detector was moved in a fixed plane (the plane to be occupied
by the solar cells in the vacuum chamber) to the four clock positions 3,
6, 9, and 12 and the flux measured. The flux distribution was determined

to be 1 x‘iolze/cm?/day plus or minus 5%.

~11-



Reference is made above to an equivalent flux of 1012 e/cmZ/day. The
actual measured flux was much lower, of course, since diluted or low
activity source rods were used in the experimental procedure and linear
extrapolations performed. The validity of the extrapolation technique
had been verified in the performance of other unrelated contracts
(Reference 2) using the same 9OSr~9 Y sources diluted and full strength.
in the referenced report a procedure is described wherein the anthracene
crystal is used to measure the flux from the diluted source rods. The
measured values were used to predict the flux from the full strength
gource tubes, To verify the resulting data a Faraday Cup was placed

in a large vacuum chamber with the full strength source tubes and the
actual electron current measured. For the geometry-used the measured
current was %4.35 x 10-10 amperes which compared favorably to a computed
current of 4,40 x 10'10 amperes. The diluted source tubes contain 0.6
microcuries 20 sr per inch and the full strength tubes ccntain 0.5 curies
90gy per inch. Spectral measurements were then made with the source and
detector in a minimum scatter geometry and with the source and detector
inside a heavy walled zluminum tube to simulate the scatter geometry of

the actual chamber. No significant gpectral shift was observed. The

measured spectrum is shown in Figure 7.
2.1.4 Solar Cells

The test chamber contained 144 solar cells, each (1X2)x 10"2 meters in
size. The performance of each cell was observable external to the
chamber through hermetically sealed feed-throughs attached to Ti-Ag
contacts on the qell. The cells were soldered to minor heat sinks
depicted on the left in Figure 2. These heat sinks were copper T sections
3.18 x 10-3 meters thick with the top of the T sized to accommodate two

cells, Both the cells and the sinks had been pre-tinned, thus the

w12«



mounting process consisted only of alignment of the cells and application
of heat in an inert atmosphere., The minor heat sinks with cells
attached were then bolted to the major heat sinks described in paragraph

B of this section,

The arrangement of the cells on the test item flange is shown on the
right in Figure 2, The cells were divided among four temperatures:

the bottom 18 cells of Figure 2 were at 223°K, the next higher 44 cells
were at 303°K, the next 54 cells were at 333°K and the top 28 cells

were at 353Y°K. At each temperature there are a number of groups, each
containing cells of the same type, as shown in matrix form in Figure 3,
The number in the matrix indicates the number of cells in the group. The
cell selection was based on obtaining a maximum of information about the
performance of a cell type coupled with 2 measurement of its performance
relative to other cell types., The range of comparisons available is

evident from Figure 3 and is further evidenced in later sectioms.

During the irradiation each cell was loaded by an eleven ohm resistor.

The load was removed when performance measurements were made. No cover
glass was used. Three groups of cells were covered with thin aluminum

foil during the irradiation to evaluate the effect of illumination on the
cell degradation. This foil was swing out of the way by a magnetic coupling

during the measurements,
2.1.5 Data Collection

The semi-automatic data acquisition system that was used to measure the

I~V characteristics of the test cells is shown in block diagram form in
Figure 8, The system operated as follows: A precision resistor was manually
connected, across the load leads, The automatic system switched the first

cell into the load leads and the voltage developed across the load resistance
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was determined by the digital voltmeter., The sample number and voltmeter
reading were automatically recorded on punched paper tape-and in type-
written format by a Flexowriter. The system then indexed to the next
solar cell and the measurement process was repeated, This automatic pro-
cess continued until the system had indexed each of the 144 test cells.
The indexing was then interrupted and the next load resistor was manually
connected into the measurement system and the sequence repeated through
the array of cells. This process continued until the voltage across each
of 16 loads spanning the solar cell characteristic curve had been measured
for each test cell. The 230 individual measurements required about 150
minutes. The typewritten format was retained for record purposes. The

paper tape data was transferred to cards for computer processing.

The voltage measufements were made directly across the solar cell thus
each load included the leads frum the cell to the load registor decade
box. Each of these total loads was calibrated to obtain an accurate current

value.

The dataacquisition system operated satisfactorily during the experiment.
During the measurement of one complete data set of 2304 voltage values
there were commonly 6 to 10 bad pleces of data. These bad data points
were easily recognized and smoothed., On a few occasions the entire set
of data from a cell was found to be inconsistent, but overall the system

proved sufficient.
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2.2 DATA COLLECTION AND ANALYSIS

Data was collected a total of 22 times during the experiment which
terminated at an electron fluence of 2.0 x 10% e/cm?. Each collection
cycle covered every cell of the test matrix at each of 16 load resistance
points, thus providing 16 data points on the I-V characteristic curve for

each eell at each collection.

The computer program used to reduce the data is presented in the Appendix
and a flow chart is in Figure 9, The major objective of the program was
to determine the maximum power point for a set of data and to output

the current, voltage, and power at this point, In addition the program

evaluated the parameters Ig, Io, Rs and n of the solar cell equation

I = Ig - Io (exp (B (V~IRs)/n) - 1) (1)

»

where I, V are the experimentally determined current and voltage and B is
an input constant dependent on the cell temperature. Because the major
goal was the determination of the meximum power, the program used an altered

form of equation (1). Substituting P/I for V the equation becomes

P=1I(Blilog (LA TIg -1) - IRs), (2)
B Io

This is the basic equation which the program solved,

The program first related the data to cell nomenclature, then calculated
the current for each measured voltage using the known, input resistance.
From the resultant I-V pairs, the power was calculated thus providing

P-I pairs for use in equation (2). An iterative procedure based on the

Newton-Ralphson method was then used to find parameters for equation (2)
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such that the standard error of estimate of the power was minimized.

The maximum power point was then determined by iterative approach to

the condition dP/dI = 0. This sequence was done for the data from

each of the 144 individual cells in the test. The composites were then
assembled, each consisting of one of the groups shown in the matrix of
Figure 3, In this case the points for all the cells in the composite

were used in the curve fitting procedure. 1In other respects the

procedure was essentially the same as for individual cells. The output
consists of the equation parameters the standard error of estimate of
power, and the current, voltage and power at the maximuw power point for
each cell and each composite plus the I-V pairs for the individual cells,
The power and current parameters of each composite were corrected for light
level by dividing each quantity by the average light level factor for the
group as noted in table 1. These corrected values appear in the plotted
data. The data presented in Appendix II have not been corrected for light

level.

The sources of possible error in the measurement system include the digital
voltmeter, the stepping-switch and make-up connector contacts, and the
light source. The voltmeter was calibrated to the manufacturers specifica-
tion of 0.01% prior to the test and this calibration was rechecked at the
end of the test. No detectable change had ocecurred during the test period,
All switches had gold plated contacts thus the contact poteutial was
reduced less than 10 microvolts which was considered negligible. A manual
connection was made at the point where the loads during exposure were dis-
connected and the measuring system comnected for data acquisition. This
connection would normally produce elther a negligible effect or would be
very 1arg? and hence easily recognized (such an effect apparently occurred

on two occasions during the test). These types of connections are
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normally repeatible within at least 0,1 ohms.

The light source presents the most probable source of error in the system.
It was aligned at the start of the test, the red-blue ratio was measured
and the light intensity at the plane of the solar cells was mapped. The
possible occurrences during the test include misalignment of the source,
change in the spectral quality due to aging, change in the intensity due

to aging, and inherent flicker in the arc,

The possibility of misalignment occurring during the test was ruled out
by aremeasurement of the light intensity at the cells at the conclusion
of the test. There was no observed change in the spectral quality as
measured by the red-blue ratio. Such a measurement .was made at each data
collection and no detectable change was found except for that described in
II1.B. The intensity of the source is adjustable. At the start of each
data collection the source intensity was set to a standard value by use
of a balloon flight standard cell held manually at the front window of
the system. This adjustment was found to depend slightly on the location
of the cell and significantly on the location of hands, etc. from which

light could be reflected to the cell., Such errors were reduced by careful

manipulation.

A test was conducted at the conclusion of one of the data~collections to
evaluate the system performance. A set of 10 voltage measruements was made
on each of 10 of the cells in the matrix. The measurements were made by
stepping through the cells repeatedly, thus including the effect of the
stepping switch contact. The standard deviations for the cell voltages
varied from a low of 0.05 mV to a high of 0.28 mV, The lowest measured

voltages during data collection were about 12 mV, hence the maximum measured
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standard deviation represents about 2.57% of this value, thereby the
expected uniformity of the data for the first point on the characteristic
curve is very poor. The second point is less sensitive by a factor of
six due to the increased voltage, thus the statistics of the data should
be very good after the first point, since the maximum expected standard
deviation is less than one-half of ovne éercent of the measured voltage

value for most of the data.

A minimal effort has been expended to analyze the data statistically.

The standard error of estimate calculated during the curve fitting isa
quantitative measure of goodness of fit and was not intended to provide

a basis for statistical analysis. As a first attempt to analyze the validity
of the results the standard deviation of the individual values within the
composites was calculated, It was found that these deviations varied
drastically from one composite to another because of intial cell variation.
The range of values for intial power in a composite was as low as £ 1.5%
of the mean and as high as 4 8% of the mean. These have been plotted on
thg last point of each of the maximum power curves. Subsequently an
attempt was made to normalize the cells within a composite to the same
initial power but this was found inappropriate because the cells in the
composites behave differently with exposure. Further effort should

obviously be made to evaluate the results statistically,
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2.3 RESULTS

The performance of the cells has been evaluated on the basis of maximum
power, the Eurrent and voltage at the maximum power point, the short
circuit current, and the open circuit voltage. The results for these
parameters are presented in graph form in Figures 10 through 58 and

in tabular form in Appendix II. The maximum power, maximum power current
and voltage, open circuit voltage, and short circuit current are

presented for each test group.

14 2

Figure 59 shows the velative maximum power degradation at 2 x 10 e/em
of each cell type as a function of temperature. Relative maximum power
degradation at a particular temperature is determinéd by taking the ratio
of post irradiation maximum power to pre-irradiation maximum power at
that temperature, The effect of;presenting data in this fashion is to
normalize with respect to absolute maximum power differences between the

various cell types and also with respect to the absolute maximum power

temperature dependence of each cell type. Figure 59 shows that:

1) For n/p cells, relative maximum power degradation is
essentially independent of temperature over the range
223 to 353°K.

2) TFor float zone p/n lithium cells, relative maximum power
degradation decreases with temperatures over the range 303
to 3539K.

3) For crucible grown p/n lithium cells, relative maximum
power degradation increases with temperature over the

range 223 to 353°K.
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Figure 60 iz a plot of power at the end of the tecst versus temperature

for the different cell types.

Table 2 contains the initial power for each composite aleng with the
: 1 i4 2 3 14
smooth curve wvalues a2t 10 7e/en” and at the =nd of the test, 2 x 10

5 Figuves 10 and 12

- 2
e/em™, plus an extrapolated value at 5 x 101 %e fen?.
compare composites that were covered with aluminum feil, andéd hence not

iliuminsred, during the szposure with equivalent composites that were

11lluminated.
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3.0 CONCLUSIONS

At low temperature (223°K) the conventional n/p cells are supericr
in performance to the crucible grown lithium cells to which they

were compared, This superiority increases with increasing fluence.

Centralab Lot C12 cells outperformed the Heliotek Lot H8A which
had the same lithium diffusion schedule. -This was'true for all

temperatures and fluences tested.

The float zone grown lithium cells were slightly superior to the
conventional n/p cells at 303°K. Both these types outperformed all
the crucible grown lithium cells at this temperature to the fluence

tested.

There is no definitely superior group at 333°%. Further testing is

necessary at this temperature,

Centralab Lot C12 stands out in performance at 353K while the

remaining groups are similar,

The test to determine the effect of illuminating or not illuminating
the cells during exposure was inconclusive but implies there is no

difference.
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4.0 RECOMMENDATIONS

The test results and conclusions lead to the following recommendations:

1¢

That further effort be expended to thoroughly analyze the data
obtained during this test, particularly the statistics, to evaluate
significant differences. " The lack of such a full analysis has
limited the conclusions which can be drawn from the test results

and essentially invalidates any extrapolations made,

That the test be continued to the exposure expected from a full term
flight, The continuation test should inclﬁde cells exposed in this
test in addition to more advanced lithium diffused cells. This is
particularly important at or near the intermediate temperatures used
in this test. The following items should be given consideration in

any new test:

a) Cell groups should be selected so that the initial power
of each cell in a group is as near the same as possible.

b) Cells from the same production, but of significantly different
initial power, should be included to evaluate initial power as
a selection criteria,

¢) The test be long enough to reach the anticipated fluence of an
expected flight.

d) A new source geometry be devised to increase the electron flux
at the cells, thus reducing exposure time and expense. It is
reasonable that an entire flight could be experienced in a one
year test thus making such terrestial testing even more

attractive,
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APPENDIX 2

CHARACTERISTICS FOR COMPOSITES
UNCORRECTED FOR LIGHT LEVEL

These run/fluence data may be applied to all data included in the
appendix,

Run Run

No. Howrs  Fluence No.  Hours Fluence
01 Preirradiation 13 1645 6.85 x 10'7
02 18 0.75x 1012 14 1881 7.8% x 10"
03 4%  1.67x10% 15 2209 9.20 x 1017
ol 58 a242x 102 16 M3 1.02 % 10"
05 101 k.21 x 102 47 - 301% 1.26 x 10
06 o 6,21 x 102 18 3611 1.51 x 10%*
o7 212 8.83x 1012 19 3915 1.63 x 1014
08 2719  1.16x 107 20 B172 1,74 x 10"
09 364 1.52x 100 2 1480 1.87 x 10
10 528  2.20x 107 22 4840 2.07 x 10"
11 837  3.49 x 107

12 1217 5.07 x 107
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