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RESULTS OF THE SOLAR CELL EXPERIMENTS ABOARD THE
NTS—2 SATELLITE AlTER 447 DAYS IN ORBIT

Background

The Navigation Technology Satellite—Two (NTS—2) is the second in a series

of developmental satellites tha t are forerunners of the DoD NAVSTAR Global

Positi oning System (GPS) . NAVSTAR GPS is being develope d as a group of

satellites that will use passive ranging technique s comb ined with highly

accurate clocks to provide extremely accurate navigation capability to sh ips .

aircraft, ground forces and other users 24 hours a day , worl dwide in any

kind of weather. The GPS satellites will occupy various positions in orbit

affording extremely accurate three—dimensional navigational information, i.e.,

longitude, latitude, and altitude. NTS—2 was launched 23 June 1977 into a

twelve—hour circular orbit 20,192 km high at an inclination of 63°.

The GPS satellites are powered by solar cells. Every year the demands

become more stringent with higher power requirements. The radiation which

solar cells encounter in space produces defects in the semiconductor material s

that cause a reduction in the solar cell power output. Therefore , in order

to predict the expected lifetime of a satellite mission , it is necessary to

know quantitatively the effects of radiation on solar cells in space. Al-

though numerous measurements of solar cells have been made in the

laboratory ,1’
~~° it is more significant to observe solar cell degradation in

the actual space environment .

The fifteen (15) solar cell experiments aboard NTS—2 are designed to

compare initial space performance with pre launch ground data , to measure

degradation rates thro ughout the flight , and to deter mine the radiation

resistance of several type s of experiment al and advanced design solar cells.
Nots~ Manuscript submitted December 21, 1978.
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These experiment s will also answer questions chat have aris en from the

NTS—l1~~~
3 solar cell experiments , such as: the need for ultraviol et rejection

filters in space solar cell systems , space qualifica tion of electrosta tic

bonding techniques for solar cell coverslips and the improv ed efficiency to be

realized from the use of texture d cell surfaces . In addition , a gallium arse nide

(GaA1&a/GaAa ) solar cell module is being flight tested. Each of the fifteen

separate experiments consists of an array of f ive 2 cm x 2 cm state—of —the—art -1
solar cells with all experi ments linked to an electron ics package which

measures the entire photo volta ic I—V curve of each experiment in sequence

every two minutes .
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Requirements
- This is the first annual report on the NTS—2 solar cell flight experiments

and covers the period fro m 1 October 1977 through 30 September 1978 as

re quested by the program moni tor.

The major goals of the past year ’s work at the Naval Research Laboratory

were to reduce, correct, and analyze the data to provide a history of the

temperature , open—circuit voltage , short—circuit current and maximum power

for all fifteen experiments. These goals have been achieved. Some of the

results have been forwarded in interim reports . The results of the NTS—2

solar cell flight experiments from launch through 30 September 1978 are

summarized in detail in this report.

I:
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Experimental Results

This report covers the analysis of data from the fifteen (15) solar cell

experiments aboard the NTS—2 satellite through 30 September 1978. To date

twenty— two selected revolutions have been anaj yzed . This period covers the

first 447 days in orbit. Day one is reckoned as 7 July 1977 when the solar

power paddles were deployed exposing the solar cell experiments to solar

illumination and to the total radiation environment. Until tha t t ime , the

solar cell experiments had been covered by the main array paddles that were

still in the wrap—around launch configuration as shown in Figure la. That

arrangement provided an affective shielding thickness of 40 mils of aluminum

(0.274 gin/cm2). The satellite is rotated around the appropriate axis, as

needed, to maximize the solar cell paddle exposure to the sun. Because of the

location of the experiments, this maneuver also maximizes the exposure of the

experiments to the sun. Figure lb shows the location of the panels on the

spacecraft. 
-

The current—voltage characteristics of the solar cell arrays are teleme—

tered in real time as the satellite passes over the tracking station at

Blossom Point , Maryland . The electronic circuit measures the I—V curve for

each module in sequence reading out current—voltage values for evenly—spaced

points from ‘s~ to Voc. A typical I—V curve showing the number of points

obtained is shown in Figure 2. Each cell module is short—circuited except when

it is being stepped through the I—V curve . Data were obtained from the

experiments within 6 hours of deployment. During the first recorded revolution

(Rev. 31) the panel temperatures measured close to 60 degrees C.
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Fig. is - The NTS-2 satellite with solar paddles
folded during launch

SOLAR ARRAY

_
‘ Iri

SOLAR CELL
EXPERIMENT

Fig. lb - The NTS-2 satellite with solar arrays deployed
and showing the location of the two solar cell experiment
panels
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Figure 2. A typical current—voltage data curve as received from the NTS—2
satellite, corrected for solar intensity, sun angle and to a
temperature of 50°C.
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Temperatures ar~ monitored at the rear surface of four cells by means of

three thermistors and one wire resistance thermometer. The thermistors are

accurate to within + 3 degrees C up to 100 degrees C, and the wire thermome ter

is accurate to within ± 2 degrees C to above 120 degrees C. The experimental

panels are continuously illuminated by the sun (except during the biannual

eclipse season of 25 days) by. virtue of the sun orientation requirements of

the main array.

Since day 1, the panel temperatures have gradually increased to higher than

100 degrees C. The average temperatures of both solar cell panels versus days

in orbit are shown in Figure 3. This temperature rise in excess of 20 degrees

higher than predicted has been attributed to the ultraviolet and particle

radiation degradation of the white silastic thermal control coating, DC 92007 ,

that covers al.J. panel areas surrounding the solar cell modules. The coated

area totals 52 percent of the panels’ surface. A closeup view of the panels

is shown in Figure 4. It is proposed that exposure to ultraviolet and particle

radiation has increased the a of the thermal control coating froui 0.27 to

about 0.45.

The first I~~ and V0~ data measured in space were in excellent agreement

with the ground calibrations which were done at NRL and AFAPL. The data

have been corrected for solar intensity (day of the year), for solar aspect

angle and to a cell temperature of 50 degrees C.

Table 1 gives a brief description of the experiments, showing the type

and thickness of the solar cell, the type and thickness of the coverslip, the

7
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nature of the covers] ip to cell bonding, the interconnect material, and the

beginning—of—life (BOL) cell efficiency.

The average spread in I~~ between NRL and AFAPL was only 2 mA; the average

of these measurements is used as the ground calibration numbers reported here.

The average error between on the first day in space and the pre—flight

value is 1.41 ± 0.99 percent. The difference between Voc in space and solar

simulator values was 1.24 ± 1.08 percent. These are much more accurate results

than were ob tained for the NTS—l solar cell experiment .13 The NTS—l experiment

1sc data deviated from the ground calibration by as much as, 15 percent for some

modules. There was an indication that this error was caused by a spurious

voltage, such as a ground loop, in the data acquisition box.

The average error between 
~m 

measurements on the ground and the first day

in orbit was 3.33 ± 3.17 percent. The greatest difference was for the gallium

arsenide cell, where the difference was 12.3 percent. This is not attributed

entirely to measurement error, but it is believed there was a possibility for

physical change in the cell module in the time between the last ground

calibration with a solar simulator and the space measurement (145 days). The

J GaAs cell module showed a significant amount of and Voc recovery or

“annealing” after 80 days in space (see Figure 5).

Three experiments have sustained unpredictably large degradations. The

fi rst of these , the Solarex “Low Cost Space Cell”, Experiment 8, experienced

an open—circuit of the module on the 69th day, causing the complete loss of

subsequent data. Fortunately this failure occurred during a time while data

were being recorded, allowing the abrupt manner in which it failed to be

observed. The suddenness of the failure is shown in Figure 6.
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Analysis of the data acquisition system showed that no single point

failure of the data system could result in both voltage and current data loss .

Therefore it is presumed the module open—circuited. A second anomaly was the

sudden onset of increased degradation rate in the Solarex vertical junction

cell, Experiment 7 (Figure 7). At this time there have been three sudden drop.

in the maximum power output of the vertical junction cells. These large

decreases have occurred around day 20 in orbit, close to day 180 and between

day 365 and day 390. Investigations performed at AF.APL14 suggest that these

unusually large losses in maximum power are the result of junction disintegra-

tion due to thermal cycling of adhesive bonded—coverslipped cells. The data in

Figure 7 seem to support this hypothesis. The abnormal drops in power occur

at approx imately the same time as the maximum duration of the eclipse. As the

cells experience increasingly longer periods of extrene cold, more of the

junction is destroyed resulting in power loss. The breakdown of the junction

is thought to be related to the type of adhesive used to bond the coverslip.

Following each drop in the power output stabilizes quite well until the next

maximum duration of the eclipse . The decrease in 
~M output of the vertical

junction cell by day 447 was 59.5 percent.

The third unusual occurrence is the large degradation rate for Experiment 5 ,

the ~~MSAT ~NR cell covered with a 12 mu (0.305 cm) fused silica coverslip

which has no ultraviolet cut—off filter. The COMSAT textured cell was flown

both with and without an ultraviolet rejection filter in order to evaluate

the effect of the filter. The of this cell has decreased to 41.7 seW after

447 days, while Experiment 6, an identical module except for the addition of
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the ultraviolet cut—off filter on the coverslip, has a of 56.8 thI. Although

• the two arrays start with approximately the same beginning—of—life short—

circuit current , the I~~ of the cells with the uv filter (Experiment #6) degraded

only 14.5 percent. However , the of Experiment #5 without the uv filter is

down by 38.2 per cent . Figure 9 shows the short—circuit current degradation

of the C0)6AT textured cell in both configurations. This amount is much greater

than was expected solely from the absence of the uv filter. There may be another

degradation factor involved which is so far unexplained. )bst experiments

indicate that degrada t ion from ultraviolet degradation of the solar

cell, assembly is about 2 to 4 percent . The damage is thought to occur primarily

during the first few days or weeks due to darkening of the adhesive. The cover—

t slip adhesive is R63—489. There may be an unknown environmental factor or

perhaps there is a defect in the adhesive layer in this case. Laboratory

measurements at COMSAT Laboratories did not show a substantial difference with

or without a filter.’5 If the degradation seen in the 1sc of these cells were

caused by particle radiation in the cell, the V0~ would be severely degraded.

Figure 10 shows that the Voc of the cells with and without the uv filter is

essentially the same . Neither the fill factor of Experiment #5 nor the knee

of its I—V curve , which would be noticeably “softened” , show any signs of

radiation damage. We will continue to follow the behavior of these cells to

determine the long—term effects of the absence of a uv filter. The flight data

for Experiments 5 and 6 are shown in Figure 11 and Figure 12.

The remainder of the modules have apezated as expected , although degrading

more rapidly than predicted from the published reports .’6’17 Table 2 lists the

of the experiments at BOL and af ter 447 days in orbit.
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Table 2

t4TS-2 MAXIMUM POWER OUTPUT FOR SOLAR CELL EXPERIMENTS

MAXIMUM POWER OUTPUT (u*i/4 cm2) *

EXPERIMENT SOLAR DAY 1 DAY 447 Z LOSS DAY 1
NO. CELL TYPE SIMULATOR IN ORBIT IN ORBIT TO DAY 447

1 XLI Cony. 53.1 56.3 43.3 23.1
2 ohm—ca

2 Spectro lab 57 .9 60.6 47.1 22.3
HelLos (tITS—2)

3 Spect rolab 52.4 53.5 43.9 17.9
Text. Rybr.,
F. S.

4 Spectrolab 54.6 55.4 47.4 14.4
Text. Hybr.,
FEP , P.S.
yb  filter

3 ComBat Text. 72.8 74.7 41.7 44.2
P.S., yb
filter

6 Comeat Text. 70.1 72.0 56.8 21.1
P.S.

7 Solarex V.rt. 63.1 62.2 25.2 59.5
Junc.

8 Solarex Space 60.6 63.1 — 100
Cell

9 Spectrolab Text. 66.0 70.0 54.6 22.0
HaLos Paflector

10 XLI Viole t , P.S. 67.5 66.6 53.7 19.4

11 Spectrolab HASP 53.2 55.8 44.4 20.4
yb diode

12 Sp.ctrolab RASP 42.0 42.1. 32.4 23.0
v/diode

13 XLI Cony. , ESB 47.0 46.8 37.9 19.0

14 Spectrolab HESP 63.3 63.8 49.7 22.1

15 RRL A1GaM 70.0 61.4 52.8 14.0 
*

*These data have been corrected to 50°C at one—sun and air mass zero (AMO) .
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The solar cell experiments have been in orbit long enough to suffer

sufficient radiation damage to allow one to make predictions of future damage

rates. The fluence of equivalent l—Me V electrons/cu 2 experienced by four (4)

selected groups of solar cells (Experiment 1, the XLI convent ional cell ;

Experiment 2 , the Spectrolab HelLos cell ; Experiment 3, the Spectrolab

textured hybrid cell and Experiment 10, the OCLI violet cell) by day 200 is

tabulated in Table 3. The corrected space data for these experiments are

shown in Figures 13—16 . These data were used to predict the estimated annual

fluence and the fluence expected over 3 years . The OCLI 2 ohm—cm cell is

used as a reference because the effects of varied amounts of fluence on these

cells have been studied extensively. The Spectrolab HelLos cell is being con—

sidered for the power system for NTS—3. The Spectrolab hybrid cell and the

O~LI violet cell are also being studied as possible choices. The predicted

degradation ra te of calculated from these experiments for the first three

years in orbit is plotted in Figure 17 along with the experimental data. The

space data indicates a slightly harder radiation environment.

The relative degradations of the cells mentioned above, as calculated

for day 200 , and predicted for 1. year and 3 years , are shown in Tab le 4. On

day 44 7 the of each of the experiments was approximately 2 percent lower

than predicted. The degradation curves for these three modules , Experiments

1, 2 , and 10 in Figure 18 were compared with laboratory results of 1-14eV electron

irradiation tests of similar cells . From these data we obtained values for

DENI space fluence of 1.6—2.7 x i0~~ 1-14eV electron/cm
2.year. These estimates

are being used in the design of the Navigation Technology Satellite III (NTS—3)
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Table lU — NTS-2 Equivalent Fluence (1- MeV e/cm2 ) Predictions*

OCLI Conventional 2 i’-cm, 10 ml! cell, 12 ml! FS Coverilip

SOL FlUence Fluence Fluence
______  _______________ 

at 200 days at lyr at 3yr

136.0 mA 1.5 X 1014 2.7 X 1014 8.2 X 1014

VmB 548 my 3 X 1O’3 5.5 X iO~~ 1.6 X iO~4
Pm 56.5 mW/4 ~~~~ 1.3 X 1014 2.4 X iO~~ 7.1 X 1014

Spectrolab Helios, 10 C� -cm, 9 ml! cell, 10 ml! Ceria Coverilip

BOL Fluence Fluence Fluence
at 200 days a t ly r  a t 3 y r

154 mA 1.3 X 1O’~ 2.4 X 10” 7.1 x 1014
VmB 545 mV 1 X 1013 1.8 X 1013 5.5 X 1013
Pm 60.5 mW/4 cm2 9 X 1O’~ 1.6 X 10” 4.9 X iO~~

Spectrolab Textured Hybrid, 8 ml! cell, 6 ml! FS Coveralip

BOL Finance Finance
at 200 daye a tl yr  at3yr

156 mA 5.0 x 10” 9.1 X i0’~ 2.7 X 1015
Vec 522 mV 5.0 X 1014 9.1 x 10~~ 2.7 X 1015

53.8 mW/4 cm2 3.3 X 1014 6.0 X 1014 1.8 X 1015

OCLI Violet

BOL Fluence Fluence 
- 

Fluence
at 200 days a t l yr  at3yr

166 mA 1 X 1013 1.8 X 1014 55 X 1014
552 mV 2 X 1013 3.7 X 10~~ 11 X 1014
67.5 mW/4 cm2 7.5 X 1013 1.4 x 1014 4.1 X 1014

CeU data at 50°C
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NTS — 2 EXPERIMENT #2

70 - SPECTROLAB HELlOS CELL
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DAYS IN ORBIT
Figure 17. Predicted degradation rate for the Spectrolab Helios cell over a

three—year period.
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Table IV — Percent of 1ve~ V0~ and P~~~ Remaining after 200 Days in Orbit
end Predictions for Percent Remaining at 1 yr and 3 yrs5

OCLI Conventional, 2 fl-cm, 10 ml! cell, 12 ml! FS Coverilip

Relative Relative Relative
BOL Degradation Degradation Degradation

at 200days a t l yr 
— 

at 3yrs

136.0 mA .91 .87 .81
548 mV .98 .97 .94
56.5 mW/4 cm2 .87 .82 .75

Spectrolab Hellos, 10 fl-cm, 9 ml! cell, 10 ml! Ceria Coveralip

Relative Relative Relative
BOL Degradation Degradation Degradation

at 200 days a t ly r  a t3yrs

154 mA .95 .91 .87
Vec 545 mV .98 .96 .93
Pm 60.5 mW/4 cm2 .88 .84 .76

Spectzolab Textured Hybrid, 8 ml! cell, 6 ml! FS Coveralip

Relative Relative Relative
BOL Degradation Degradation Degradation

• at 200 days a t ly r  at3yrs

• I,, 156 mA .93 .90 .82
522mV .96 .94 .90
53.8 mW/4 cm2 .90 .87 .74

OCLI VIolet, 10 ml! cell, 12 ml! FS Coveralip

Relative Relative Relative
BOL Degradation Degradation Degradation

at200dsys atlyr 
— 

at3yra 
-

•

166 mA .90 .84 .80
552 mV .98 .97 .95

Pm 67.5 mW/4 cm2 .87 .83 .75

IC.U data at 50°C
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Figure 18. Comparison of pover degradation in the OCL I violet ,
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at NRL . The launch date is scheduled for October 1981, at a time also of

increased solar proton activity.

Among the experiments of primary interest is the Spectrolab “Helios” back

field cell , Experiment #2. This cell was space qualified as one of the experi-

ments aboard the NTS—l satellite. The “Helios” cell is presently in use as the

main power source on NTS—2 and is in use in other satellite progr~~s. U of

day 447 , the maximum power output of the Spectroi.ab Helios cell (NTS—2) has

decreased by 22.3 percent. The maximum power versus days in orbit for this

experiment is shown in Figure 14. Interestingly, al though the Spect rolab

Helios cell degr ade d Less than a conventional cell in ‘Sc and ~M’ it has

degraded more in V0~ .
I 

- 
The performance of Hughes ’ gallium arsenide cell has generated a great

deal of interest. The gallium arsenide cell is a high—efficiency solar cell

that is expected to be radiation hardened and therefore be quite durable for

space applications . The problems of surface recoirbination and low lifetime

in the diffused region are largely overcome by the addition of a G A1As window.

The array of Hughes Research Laboratory ’s gallium arsenide (GaAIAs/GaM) solar

• cells comprises Experiment #15 on NTS—2 . The degradation in t~~ , V0~ and P1~
versus days in orbit are shown in Figure 5. Th. gallium arsenide module shows

the least PH loss af ter 447 days with 1.4.0 percent Following close behind is

Experiment #4, th. textured hybrid cell with PEP bonded covers].ip down 14.4

percent .

Experiments 3 and 4 were designed to distinguish between cell degradation

eff ects due to adhesiv, bonding vs. PEP Teflon bonding . There is a decided
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improvement for the Teflon bonded coverslip (14.4 percent degradation) using

“as sawn fused silica” instead of the traditional polished and uv filtered

Corning 7940 fused silica (degradation in 17.9 percent) . These data are

presented in Figures 15 and 19.

Another cover-slip evaluation is made in Experiments 1 and 13 which use an

OCLI conventional cell, Experiment 1 wi th an adhesive bonded Corning 7940 fused

silica cover-slip and Experiment 13 with an electrostatic bonded Corning 7070

glass cover-slip. There is a slight loss in BOL with the electrostatic bonding

technique. The percentage power loss af ter 447 days in orbit is slightly less

for the ESE cell at 19.0 percent compared to the 23.1 percent PM loss in the

adhesive bonded cell . These resul ts are shown in Figures 13 and 20.

Experiments 11 and 12 were designed to evaluate the behavior of a diode

in series with solar cells in the space radiation environment . The data from

Experiment 11. and Experiment 12 are shown in Figures 21 and 22 respectively.

As shown In Figure 23, the voltage drop across the diode has not changed

significantly over the 447 days in space .

The Spectrolab textured Helios ref lector , Experiment 9 , and the Sp.ctrolab

HESP cells, Experiment 14, have degraded ~~ P~ 22.0 percent and 22.1 percent

respectively . Experiment 9 is shown in Figure 24 and Experiment 14 is shown

In Figure 25.

The absolute and percent changes of short—circuit current and open—circuit

voltage are listed in Tables 5 and 6. The percent changes in 1~~ , V0~ and PM

are st~~ arized in Table 7.
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SPECTROLAB HASP CELL.
VOLTAGE DROP ACROSS D!ODE (AV)

O DAY 1
x DAY 367
A DAY 4147
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Figure 23. Comparison of changes in voltage drop across the diode in series
with the Spectrolab lithium—doped solar cell since day 1.

38

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~J i i~ ~~~~~~~ ~



5-~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —----- -- -— ---. -.. .

(~
u

~ pIi~
) ~1j

8 2 
_ _ _ _  _ _ _ _ _ _  

2

• 1 -- -- - 5 — - -—-5— - --- --5—-— - - -  -

ti
e S -

~~ 2N — .-I
• 5 -~ - -I-

0 S + I_if • .. 0V .4S a .,
.4 U

a, 4I
0 S + —

N

- 8
m • + •

~ .~!
0 +

0 +

• 
: .

“ 

+

+

0 i.-i a
z

51 0 • + Sal

0 + 
S0 5 + N

a +
1 5

I 

- ~

.•: 

- 

— - £

~~~~ 

- -

-~~~~ 

~~~~~~~~~~~~~ 
- - 0

(Au) 30A

39

—-5—- —•_ . . -~~~~~ .. . ~~~~~~~~~~ _-~ 1 ~~~~~ — - -a_c- - ~~~~~~~~~~~

r 
~~~~c- ’ 

•

~~~~—.•.~~~~-—— i
~~~~~~~~

.- --- — ~~~~~~~~~~~~ —_-~-_- _ ‘T _~.. L _ I~ll — 
- 

-



~-_ - --— —‘5--—---— 

~~~~~~

(~u3 ~fl~) ZlSj

- S 2

U .4 —I .4
•

S • 
— 

. -i
2 ..

U

8 0 S
c-i $4

-~~ .. S
O —

0 5 I ~~~~~~~~~~~~~~~~~~~~~

51

0 • S 2
0. ~S — o

0 I S

a ‘a
S — S U

c-i

~ 0~ I • 
In

I- S
5 

.0
4 • 

‘ a n
c-a 0 • * S

N 0 5
U I’ $i

— 
— 0*

a. — 0
U)
-. 

5.
.4 -

a S

0 • S 
~a • . a

• a I S 5 . .

— 0 5 S 0~~

S ..a 0
5 

.4

‘S 
SI

— 
0 • I

4 S
8 2
c-i 0 S S 

.4 5
I ~ •-,

o • S

0 S S
a I 4$
o 5
a S . 5
o 5 I —

• a
-V

o S S

- - c - .
~~~~~~ 

-- ~~~~- 0

(Au) ~
°A

40

ç~4 - - -
~

5 - —  — --— 5- ——-5--- _ _ _ _ _ _ _ _ _ _ _ _  

‘

~~~~

. -

_________ _______ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ~~~~~~~~~~ 
- - - - -



r T~ -T T---------- —----~ -- -~ -- -’—---- - - -- ---—--—-

Table 5

NTS-2 SHORT -CIRCUIT CURRENT OUTPUT FOR SOLAR CELL EXPERIMENTS

SHORT—CIRCUIT CURRENT OUTPUT (.A/4 cu2) *

• EXPERIMENT SOLAR DAY 1 DAY 447 Z LOSS DAY 1
NO. CELL TYPE SIMULATOR IN ORBIT IN ORBIT TO DAY 447

1 OCLI Cony. 135.4 136.5 112.5 17.6
2 ohm—cu

2 Spectrolab 154.5 155.5 137.0 11.9
Helios (NTS—2)

3 Spectrolab 155.6 154.0 136.2 11.6
Text. Hybr.,
7.S. -

4 Sp.ctrolab 151.0 149.6 137.5 8.1 -•

Text. Rybr.,
PEP, P.S.
v/n fil ter

5 Co at Text . 184.8 180.4 111.4 38.2
P.S., v/n
filter

6 Coasat Text. 180.8 178.7 152.7 14.5
• P.S.

7 Solar.x- Vert . 158. 4 160.5 118.1 26.4
Junc.

8 Solarex Space 155.9 158.8 — 100
Cell

9 Spectrolab Text. 174.3 175.8 149.4 15.0
Helm s Reflector

10 O~LI Violet, P.S. 165.1 164.3 138.5 15.7

11 Spsctrolab HASP 136.2 132.6 115.6 12.8
v/o diode

• 12 Spectrolab HASP 134.5 132.4 114.1 13.8
v/diode

13 O~LI Cony., £31 147.3 146.1 131.8 9.8

14 Sp.ctrolab RESP 166.2 165.8 145.3 12.4

15 filL A1GaAs 102.9 100.6 82.4 18.1

5These data have been corrected to 50 C at one—sun and air mass zero (All)) .
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Cab Le 6

NTS-2 OPEN—CIRCUIT VOLTAGE OUTPUT FOR SOLAR CELL EXPERIMENTS*

EXPERIME NT SOLAR DAY 1 DAY 447 2 LOSS DAY 1
NO. CEll.. TYPE SIMULATOR IN ORBIT IN ORBIT TO DAY 447

1 XLI Cony. 533 549 526 4.2
2 Ohm—on

2 Sp.ctrolab 
- 

527 546 503 7.9 —

Helm s (NT$— 2)

3 Sp.ctrolab 49]. 508 489 3.7
Text . Hybr.,
P.S.

4 Spectrolab 491 505 489 - 3.2
Text. Uyb r.,
PEP , P.S.
v/n filter

S Coasat Text. 533 555 517 6.8
P.S., yb
filter

a 6 Comast Text. 533 549 522 4.9
P.S.

7 Solarex Vert. 328 521 380 27.1
Junc.

8 Solarex Space 535 541. — 100
Cell -

•

9 Spectrolab Text . 550 545 507 7.0
* Uslios Reflector

10 OCLI Violet, P.S. 550 552 534 3.3

11 Spectrolab HASP 552 559 535 4.3
v/n diode

12 Sp.ctrolab RASP 523 523 488 6.7
v/diode

13 OCLI Cony. , £31 41$ 490 463 5.5

14 Spectrolab US? S..3 528 486 8.0

15 HHL AXGaA 914 895 873 2.5 •

*Th.s. data hays been corrected to 5 0 C  at one—sun and air mass aero (All)).
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Table 7

NTS-2 SOLAR CELL EXPERIMENTS

a SUIStARY OF CEANCES IN PHOTOVOLTAIC PARAMETERS5

PERCENT LOSS DAY I. TO DAY 447

EXPERIMENT NO. CELL TYPE MAXIMB( SHORT—CIRCUIT OPEN -CIRCUIT

P~ JER CURRENT VOLTAGE

1 XLI Cony . 23.1 17.6 4.2
2 ohm-cu -

2 Sp.ctrolab 22.3 11.9 7.9
Belies (NTS—2)

3 Spectrolab 17.9 11.6 3.7 -

Text. Hybr., P .S.

4 Spectrolab 14.4 8.1 3.2
Text. Hybr.,
PEP, P. S.
v/n filter

5 Comsat Text. P.S., 44.2 38.2 6.8
yb filter

6 Comsat Text. 21.1 14.5 4.9
P.S.

7 Solarex Vert. 59.5 26.4 27.1
.Junc .

8 Solarex Space 100 100 100
Cell

9 Spectro lab Text . 22.0 15.0 7.0
Hellos Reflector

10 XLI Violet, P.S. 19.4 15.7 3.3

11 Spectr olab HASP 20.4 12.8 4.3
v/n diode

12 Spectrolab RASP 23.0 13.8 6.7
v/diode

• 13 XLI Cony., £31 19.0 9.8 5.5

14 Spectrolab HESP 22.1 12.4 8.0

15 filL AlGiAs 14.0 18.1 2.5

5Thes. data have been corrected to 50C at one— sun and air mass zero (All)).

1 
_  _  _  _ _  

-

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
—— ~--~~~~~~— — - - - - — —— -~ -- 

~~~~~~~~~~~~~ - ______________________

~~~

-- -_______________ -

— —



Conclusions

The overall performance of the flight experiment and the quality of the

data continue to be excellent . Several important conclusions which have been

reached concerning the new cell technologies are listed below.

1. The Spec trolab Hellos p~ (1(6) cell with an adhesive—bonded 0.0254 cm

ceria micro ebee t cover alip is an excellent solar cell for the GPS natural

environment . The Spect rolab texture d hybrid cell with an PEP bonded

0.0152 cm “as—cut ” quartz coverslip is equally satisfactory for this orbit.

2. There are three other types of silicon cells which can be classed as

production cells , or re ady for production , whose exceeded the Helm s

(Exp . 2) and hybrid (Exp . 4) output. These are in ascending orde r of PM :

the Spectrolab textured HESP , no p+, with adhesive—bonded 0.030 Corning

7940 coverslip; the XLI violet cell, with an adhesive—bonded 0.030 cm

Corning 7940 coversl ip; and the Spectrolab textured Ech os p~ , with a back

surface reflector and an PEP bonded 0.030 cm as cut quartz covership.

3. The PEP Teflon bonded “as—cu t ” quar tz covetslip gives very high cell power

output, with no evidence of any p roblems , and perfo rms as weU. as adhesive

bonded uv filter Corning 7940 for radiation shielding and optical Crane—

mission.

4. The Hughes gallium-arsenide cell, has the smallest degradation rate for

and V0~ of all cells.

Some unresolved findings which are of great importance and deserve further

investigation are :
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1. Th. annealing of V0~ and in the gallium—arsenide cell during the firs t

SO days.

2. Therma L cycling effects in the vertical junction solar cell. ~~~~~~~~~

3. Unexpectedly large ~~~ loss in a solar cell covered with adhesive— bonded

Corning 7940 coverslip having no uv filter to protect against uv darkening

of adhesive .
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