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SUMMARY

The problems associated with operating solar arrays at high positive and
negative voltages have been investigated at Lewis for several years. These
studies have shown that, for arrays biased positively with respect to plasma
potential, plasma coupling currents to the array are greatly enhanced by the
insulators surrounding current collection points. For arrays biased negative-
ly, arcing occurs at threshold voltages that depend on the plasma densities.
Tnis current ennancement and arcing were verified both in ground and space
testing for small arrays (~100 cm®). Extension of these results to the
larger arrays proposed for future missions pecomes difficult to verify in
ground tests because the sheath generated around a larger surface may extend
to the vacuum chamber wall. Scaling laws are therefore required. Scaling
from small laboratory-size arrays to large kilowatt and gigawatt power arrays
is not reasonable. So the approach taken in this preliminary investigation is
to obtain results and devise scaling laws for arrays that can be tested in
ground-based space simulation facilities. This report presents preliminary
results for tests conducted on solar arrays with areas ranging from approxi-
mately 100 to 13 700 cif in a plasma density of roughily 1xio# e]ectron/cnﬁ.
The plasma coupling current for the small array (~100 cm2) did not scale
linearly to current for the larger arrays.

INTROOUCTION

The problems associated with operating solar arrays in the kilovolt range
have been investigated extensively for several years (refs. 1 to 9). Most of
these investigations were carried out on small arrays in relatively small
vacuum chambers. Future satellites will require kilowatts to gigawatts of
power, necessitating solar arrays of meters to kilometers in length. These
arrays will operate at much higher voltages than present arrays. Operating
voltages to 45 kilovolts have been proposed (ref. 10). At such high voltage
and power levels, large areas of the solar array operating at kilovolts will
pe exposed to the plasma environment. The interaction of these high-voltage
surfaces with the ambient plasma must be understood before these large arrays
become operational.

Testing of small arrays in plasma environments has revealed that, if the
array is biased positively with respect to the plasma, the electron current
coupling the ambient plasma to the array is tens to hundreds of times larger
than would be calculated from simple probe theory. If the array is biased
negatively with respect to the plasma, blowoff arc discharges cause large cur-
rent surges in the array harness. Testing for these interaction phenomena on
full-scale kilowatt and gigawatt power arrays is impossible in present labora-
tory plasma simulation facilities. Scaling laws are therefore required.
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Scaling from small laboratory-size arrays to large kilowatt and gigawatt power
arrays is not reasonable. Thus the approach taken at the Lewis Research
Center is to devise scaling laws from arrays that can be tested in ground

simulation facilities and then to substantiate these resulits, where possible,
with flight data.

This report presents preliminary results for tests conducted on solar
arrays with areas of approximately 100, 400, 800, 1200, 1600, 2000, and 13 700
square centimeters in a plasma density of roughly lxlO4 electrons/cm3,

The array was externally biased in steps to *1 kilovolt. Four 400~square-
centimeter arrays that can be operated independently or in combination to give
areas of 400, 800, 1200, or 1600 square centimeters are scheduled to be tested
on a flight in mid-1982.

EXPERIMENTAL SAMPLES

A1l the arrays had 2- by 2-centimeter solar cells with 6-mil-thick fused
silica glass covering each individual solar cell. The conventional Z-bar
interconnections were left uncovered. The interconnections served as the
electrodes for collecting charges from the plasma. They represented approxi-
mately 5 percent of the total array area. The 100-square-centimeter array
consisted of 24 solar cells arranged as a 6- by 4-cell matrix. The 2000~
square-centimeter array consisted of 414 solar cells arranged in a 23- by
18-cell matrix. Three columns (18 cells in each column) were removed from
another similar 2000-square-centimeter array to form four independent array
segments of 400 square centimeters each. The 400-, 800-, 1200-, and 1600-
square-centimeter arrays were combinations of these segments. The approxi-
mately 13 700-square-centimeter array was formed by arranging seven 1400-
square-centimeter solar array panels and two 2000-square-centimeter solar
array panels to give one large 3- by 3-matrix solar array panel. This array
was tested as a single unit.

PROCEDURE

A1l the solar panels except the 13 700-square-centimeter array were
tested in a 2.4-meter-diameter by 3-meter-long vacuum chamber. The 13 700-
square-centimeter solar array was tested in the 20-meter-diameter by 27.4-
meter-long vacuum chamber at the NASA Johnson Space Flight Center, as well as
in a 4.6-meter-diameter by 19.2-meter-long vacuum chamber at the NASA Lewis
Researcn Center. A more detailed description of the 13 700-square-centimeter
solar array tests is given in reference 9.

The plasma was generated by bleeding argon gas into a 5-centimeter-
diameter by 7-centimeter-long discharge chamber. The argon was ionized by
electrons emitted from a hot tungstun filament. The emitted electrons were
accelerated through a potential of 50 volts that was applied between the fila-
ment and the cylindrical anode. The ionized argon and the electrons formed in
the discharge chamber exited through an 1.3-centimeter-diameter orifice at one
end of chamber. A sketch of this plasma source is shown in figure 1. Thefe
charggd particles ;grmed the plasma for the tests. Plasma densities of 10
to 10° electrons/cm® are possible at the testing location with this source.
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. In_tne tests tne solar arrays were piased ~ith an external power supply.
'ne small voltage generated by the array nad a negligiole effect on tne plasma
coupling current since the vacuum champer was dark auring the tests. The

plasma coupling current to tne arrays was measured with an electrometer be-
tween tne power supply and tne array wnile tne voltage was slowly increased.
A sxetcn of the test setup is shown in figure 2. Both positive and negative
pias were used. The maximum voltages were £l <ilovolt, or less if the sample
arcea,

DIAGNOSTICS

The current-voltage (I-V) cnaracteristics of the two spheres {1.9 cm and
1.27 c¢m diam) were used to determine the plasma parameters. The volitage was
varied from -100 volts to 100 volts. Assuming the gas was Maxwellian, the
%ur;enfl;n tne electron repulsion region of the [-V characteristic is given oy
ref.

v
a2 -
I = Aen (%%ﬁ' e lkT (1)

where A is the area of the sphere, n 1is the electron density, k is
Boltzmann's constant, T is the temperature, m 1is the electron mass, e is
the electronic charge, and V is the applied voltage. From equation (1) the
temperature T is found to be (ref. 11)

okt
S e

where I1,V] and 1[),V) are two current-voltage points in the re-
pulsion region,

The plasma density was found by using the electron saturation region of

the I-V characteristic. Assuming tnhe gas was Maxwellien outside the sheath
and collisionless within the sheath, the current is (ref. 11)
1/2

b (B0 ()

so that after taking the derivative, the equation can be solved for the elec-
tron density to give

(2xmkT) 212 d1

n =
e A av

Tnis equation was usea to aetermine tne density of the plasma.
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RCSULTS AND DISCUSSION

Tne plasma coupling current as a function of appliea positive voltage for
the 100-square-centimeter array is snown in figure 3. Tne data in tnis figure
snow a comparison of flignt results witn laboratory results. The flignt data
were obtained from tne Plasma Interaction cxperiment (PIX) satellite that was
launcned in Marcn 19738.7 In adaition to the solar array experiment, there were
two aisk experiments on tnis flight, a Kapton adisk and a plain disk. Tne
Kapton aisk consisted of a l.4-centimeter-diameter gold-coated metal electrode
mounteda on a J0-centimeter diameter 5-mil-tnick sneet of Kapton. Tne plain
QisK nas tne same Size gola-coated electrode witnout the Kapton sneet, More
getails of tne experiments are given in reference o. In this figure the
grouna-onasea data agree well witn the flight results.

Figure 4 snows the flight anda ground-based results for these same three
experiments when tney are negatively piased. Again the grouna-based data
agree well witn tne flight results. The arc discharges for the solar array
are typical for solar arrays negatively biased in a plasma. For this array,
arcing occurred at a bias voltage of -700 volts. This is the nighest voltage
achievea with any of tne solar arrays wnen negatively biased. Figures 3 and 4
snow that ground-pased facilities can be used to reliabply simulate the plasma
interaction on small arrays in space.

Figure 5 snows the 13 700-square-centimeter array. This array was formed
from nine single panels. The panels were mounted on a aluminum grating struc-
ture by using l.9-centimeter-iong ceramic isolators. Each panel could pe
biased individually or in comdination. rigure 6 shows tne total plasma cur-
rent wnen all panels were Diased at the same positive voltage. For comparison
the data for a single 2000-square-centimeter panel are also shown in this
figure. If tne coupling current scaled linearly with area, the nine-panel
array current woula be approximately seven times larger than the single-panel
current. As can be seen from this figure, the nine-panel array current is
much nigher tnan this at the low voitages and lower than this at the high
voltages. Botn panels were tested in tne same plasma environment.

Figure 7 snows the results for negative bias on the nine-panel array and
tne single 2000-square-centimeter panel. As can be seen, the current for
negative bpias also does not scale linearly with area. However, tnhe inception
voltages for arcing on tne two arrays are within 200 volts of each other.
This agrees witnh data previously obtained in that the arcing voltage is in-
dependent of tne size of tne array (refs. 6 and 9). Oetails of the 13 700-
square-centimeter solar array results are given in reference Y.

The results for positive bias on the 400~ and 1600-square-centimeter
arrays are given in figure 8. Apove 300 volts the 1600-square-centimeter
array current saturated. This indicates that the array was collecting the
maximum current possible for this size facility at this plasma density. Below
300 volts the current for the 1lo00-square-centimeter array was approximately
four times that for tne 400-square~centimeter array. For these arrays the
current does scale approximately linearly with area., This linear scaling was
substantiated with preliminary results from the 800- and 1200-square-
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centimeter arrays. The currents for these two arrays were two ana tnree times
that for tne 400-square-centimeter array, respectively.

Also shown in figure 8 are data for the 100-square-centimeter array. The
aashed curve shown represents four times the 100-square-centimeter array
agata. As can be seen, these data fall far below tnose for the 40Q-square-
centimeter array. Une would have expected that tne small (100 cm?) array
current woula follow close to spnerical theory since end effects are not
negligible. Since spheres collect the maximum current, it was expected that
tne dashea curve woula fall above tnhe 400-square-centimeter-array data.
Further tests are being performea to investigate tnhis benavior.

The results for negative pias on tne 400- and 1600-square-centimeter
arrays are snown in figure ¥. ror voltages apove 100 volts for the 1600-
square-centimeter array and 200 voits for the 400-square-centimeter array, arc
discharges occurred. Tnis 100 volts arc inception voltage is the lowest in-
ception voltage tnat has been observed for arcing. Before arcing occurrea,
the current scalea approximately linearly with array area. 7This was also sub-
stantiatea with preliminary cata for the 300- and 1200-square-centimeter
arrays., Tne current for tne 100-square-centimeter array was much too low for
negative pias also, as can pe seen from tne dashed curve in figure 10.

CUNCLUDING REZMARKS

Tne plasma coupling current as a function of appliea voltage has been
presentea for solar arrays ranging in size from 1UJ to 13 700 square centi-
ineters. ror tne l0u-square-centimeter array, flight ana laboratory data have
peen presented. Thne two results were in good agreement. This verified that
grouna-pasea facilities can pe used to simulate the plasma interaction pne-
nomenon in space for small solar arrays.

Une of tne opjectives of this investigation was to determine wnetner the
plasma coupling current scaies lineariy with array area. Tne 100- ana 2000-
square-centimeter-panel coupling currents dia not scale linearly with area to
the 13 700-square-centimeter array. However, tne coupling current for the
4QuU-square-centimeter panel could be scalea linearly with area to obtain the
current for the 800-, 1200-, ana 19600-square-centimeter panels. Since these
arrays were on the same substrate, this may nave contributed to the linear
scaling. This result occurrea for potnh positive and negative bpias on the
arrays. Continuea testing is peing done to further investigate this effect.

REFERENCES

1. Cole, R. K.; Ogawa, H. S.; ana Sellen, J. M., Jr.: Operation of Solar
Cell Arrays in Oilute Streaming Plasma. (TRW-09357-0006-R000, TRW
Systems; NASA Contract NAS3-100l2.) NASA CR-72376 1968.

2. Grier N, T.; ana McKinzie, D. J., Jr.: Measurea Current Drainage Tnrougn
Holes in Various Dielectrics up to 2 Kilovolts in a Dilute Plasma. NASA
TN D-00b63, 1972.

3. Grier, N, T.; ana Domitz, S.: <Current from a Dilute Plasma Measured
Tnrougn Holes in Insulators. NASA Th D-8111, 1975.

926



10.
11.

Kennerua, K. L.: High Voltage Solar Array Experiments. (Boeing Aerospace
Co.; NASA Contract NAS3-14364.) NASA CR-121280, 1974.

. Herron, B. G.; Bayless, J. R.; and worken, J. D.: High Voltage Solar Array

Technology, AIAA Paper 72-443, Apr. 1972,

. grier, N. T.; ana Stevens, N. J.: Plasma Interaction Experiment (PIX)

Flight Results. Spacecraft Charging Technology - 1978, NASA CP-2071,
AFGL TR-79-0082, 1979, pp. 295-314.

. Grier, Norman T.: High Voltage Surface - Charged Particle Environment Test

Results from Space Flight and Ground Simulation Experiments. NASA
TM-79184, 1979.

Stevens, N. John: Space Environmental Interactions with Biased Spacecraft
Surfaces. Space Systems and Tneir Interactions witn Eartn's Space Envi-
ronment, H. 8. Garrett ana C. P. Pike, eds., Progress in Astronautics and
Aeronautics, vol. 71, American Institute of Aeronautics ana Astronau-
tics, Inc., 1930, pp. 455-470.

. arier, Norman T.: Experimental Results on Plasma Interactions with Large

Surfaces at Hign voltages. NASA TM-81423, 1980.
Systems Definition of Space-Based Power Conversion System (0D180-20309-1,
Boeing Aerospace Co.; NASA Contract NAS3-31023.) NASA CR-150209, 1y77.
Cchen, rrancis r.: Etlectric Probes. Plasma Diagnostic Techniques,
R. H. Huaalestone ana S. L. Leonara, eas., Academic Press, 1965,
chapt. 4, pp. 113-200.

PLASMA
DIAGNOSTICS 5

1

Ar

: i
O ;H!r
BAFFLE col i * SURFACE /
PLATE K TEST | VOLTAGE \ /
e ® \
~..
\
< PLASMA soum —)ﬁp
~ CATHODE | . ) =
; = .ur’ w N
“ ANODE eilJ 2
50V &) SURFACE VOLTAGE } TEST
| [ INSTRUMENTATION
Figure 1. - Plasma-generating _®_)”f'_ﬁ J
source. COUPLING CURRENT = CS-80-2246

Figure 2. - Schematic diagram of test arrangement,

927



FLIGHT DATA

----- == PREFUGHT GROUND
TEST RESULTS —— FLIGHT DATA
----- PREFLIGHT GROUND
i == TEST RESULTS
o . = A;{C
< — =3 I
= -
(-4 2 e
s — > —
3 2 —
(L] [_ > —
£ 0 s —
a I}
2 4 e =
s P ] : =
2 o~
2 1070 — z [
= B _ 111l
— -100 -500 -1000 -100 -500 -1000 -100  -500-1000
— NEGATIVE APPLIED VOLTAGE, V
ool L 11l |
100 5001000 100 500 1000 100 500 1000 (@) Plain (b) Disk on (c) Solar grray
CS-80-4658 POSITIVE APPLIED VOLTAGE, V disk. Kapton. {100 cm .
(@ Plain (b) Disk on (¢) Solar grray Figure 4. - Fliaht plasma current compared with pre-
disk. Kapton, (100 Cmi,_ flight ground current as a functjon of applied voit-

age. Plasma density, n, ~ 2x107 electrons/cm”.
Figure 3. - Adjusted flight current compared
with preflight ground current as a function
of applied voltage. Plasma density, n, ~2x1
electrons/cm?.

- —
» -
X1
»0 W -
R ' -
S -
S -
* SO B
—-—
R L T
—
— 1\
1T X
— —
—
+ W
- -
e
———
—

Figure 5. - 13 700-Square-centimeter array.

928

CS-80-4651



PLASMA COUPLING CURRENT, A

1072
NINE-PANEL ARRAY (~13 700 ¢m?)

SINGLE PANEL (~2000 cm?)

Q,
nﬂ_\

10 100 1000
POSITIVE APPLIED VOLTAGE, V CS-46%4

Figure 6. - Plasma coupling current as a function of positive
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