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Laboratory Tests on 110-Volt Solar Arrays
in Ion Thruster Plasma Environment
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Ground-based experiments on the interaction between solar arrays of the Engineering Test Satellite VIII and
ion thruster plasma are carried out. We carry out the experiments with two different designs of the solar arrays,
and the results are compared. The electron current collection by the positively biased solar array is reported. The
dependence of arcing rates on the bias voltage and the neutral gas density of negatively biased solar array are
reported. Failure of the ion thruster neutralizer is simulated, and the sustained arc is observed at the gap between
the adjacent cells of the solar array without room temperature vulcanization silicon grouting with the potential
difference of 55V and the current of 2.64 A. The grouting prevents a sustained arc even under the worst condition
expected for the satellite. A sustained arc is observed bridging two interconnectors separated by 6 cm with an
interstring voltage of 130 V and current of 2.64 A for the array with grouting.

Nomenclature
C = capacitance,F
Ce.x = external capacitance,F
C, = coverglasscapacitance,F
E = energy,J
1 = current, A
I = maximum current flown between two strings
via a power supply
n, = electrondensity, m™>

n; ion density, m~?

n, = neutral gas density,m™>

ny = chargeexchangeion density at the source, m~>
p = chamber pressure, torr

R = resistance, 2

T, = array temperature, K

V. = inter-stringbias voltage, V
V, = array bias voltage, V

Ax = gridsizein x direction, m
Ay = gridsizein y direction,m
Az = gridsizein z direction, m
kT, = -electrontemperature,eV
kT; = intemperature,eV

¢, = array potential, V
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Subscripts

B = string B
e = electron
G = string G
i = ion

n = neutral
R = stringR

Introduction

INCE the end of the past decade, satellites in geosynchronous
Earth orbit (GEO) have begunemployinga bus voltage of 100V
to meet the demand for more power. At the same time, satellite size
and longer operational lifetime requires a mass saving propulsion
system, such as electric propulsion, which is now widely used espe-
cially for the north—south station keeping. In the past five years, the
use of 100-V solar arrays has become widespread for GEO satel-
lites because less plasma interaction is expected compared to low
Earth orbit (LEO). The combination of the high-voltage solar array
operating at a voltage of 100 V or higher and an electric propulsion
system, however, raises concernover the issue of plasmainteraction.
The National Space Development Agency of Japan plans to
launch the Engineering Test Satellite VIII (ETS-VIII) in 2004. ETS-
VIII is a 3-ton class geosynchronous satellite with a lifetime of
10 years. In ETS-VIII, new technologies such as high-voltage bus
technology (110 V) and a large-scale deployable reflector of gold
mesh are introducedto establishand verify the technology for future
large-scale spacecraft systems. It has two 12-cm-diam Kaufman-
type 20-mN xenon ion thruster systems. The thrusters are expected
to operate twice a day for north—south station keeping. The time for
each operationis 5 h, the operationis repeated five days a week, and
it continues for 10 years. The solar array nearest to the ion thruster
is approximately 5.2 m away in the direction approximately 41 deg
from the center of the thrust beam. During the ion thruster oper-
ation, the plasma density around the array might reach as high as
10" m~2 order of magnitude, which is much higher than GEO den-
sity (~10°m~%) and is similar to the density of plasma in LEO.
Detail of the estimate is given later. Hence, simulating the condition
of GEO with ion thruster operation in a ground-based solar array
testing will be similar to simulating the LEO plasma environment.
The ion thruster neutralizer will act as a plasma contactor, the
solar array has a positive potential with respect to the plasma, and
the spacecraft potential is nearly zero. The array with a positive
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potential can undergo a phenomenon called snapover.! Snapover
is a sudden and rather dramatic increase in the current collection
by positive conductors that are surrounded by dielectric material.
Having a positive potential above a certain value can lead to such
a jump. Primary electrons in the plasma surrounding the solar ar-
rays are accelerated toward the positively biased conductor. As the
primary electrons strike the dielectric passing through the sheath
above the array, one or more secondary electrons can be liberated.
Many of these secondary electrons are collected by the conduc-
tor, causing the current to increase dramatically?-* The gas-induced
glow also occurs once the ionization occurs inside the sheath near
the conductive surface. The ionization increases the positive charge
inside the sheath, results in the increase of sheath thickness, and
further increases the probability of the ionization collision inside
the sheath.*=® This process leads to the anomalous ionization in-
side the sheath and results in a gas-induced glow.? This results in a
substantial power losses for the spacecraft.

The increase of the electron current to the solar array from the sur-
rounding plasma may drop the solar array potential. If the collected
electron current exceeds the amount of current emitted by the neu-
tralizer (0.5 £ 0.1 A for ETS-VIII), it is possible that the spacecraft
potential will drop to a negative potential of —110V, equal to the ar-
ray output voltage. If the neutralizerfails to operate and cannot emit
electrons, then the potential may drop to —1 kV, equal to the beam
acceleration voltage. This potential drop leads to arcing. Arcing in
a high-voltage solar array with a negative potential is mainly due
to charging of the coverglass by ions from the surrounding plasma.
Charging of the coverglass enhances the electric field at an inter-
connector, which is especially strong at the edges of the coverglass.
The field enhancement at the triple junction where the coverglass,
the interconnector, and the plasma meet leads to arcing.” Arcing re-
sults in an electromagneticinterference or surface deterioration.In
most cases, an arc ends as a single pulse of discharge, which we call
a trigger arc or simply refer as arc in the present paper. However,
when certain conditions are met, a trigger arc may short circuit two
points with different potentials over the solar array. The strings of
the solar arrays are short circuited by the arc plasma. When the so-
lar array power is sufficient to sustain the arc, the solar array circuit
may provide continuous energy to the arc plasma.® We call such a
state of arcing a sustained arc in the present paper. Once a sustained
arc occurs, it may destroy the array circuit, causing the permanent
loss of solar array power.

This is the second part of the reporton the laboratory test of ETS-
VIII solar arrays. In Ref. 9, the results of the charging experiment
using a high-energy (greater than keloelectron volts) electron beam
is reported. The purpose of the present paper is to verify that ETS-
VIII arrays can function without any serious interaction with the
ion thruster plasma. Because the density of the plasma used in this
study is similar to a LEO environment, the results of the present
study can be also applied to the study of 110-V arrays in LEO
environment. Davis et al.! carried out tests on 100-V solar arrays
to be used in LEO environment. In the present paper, we test two
types of test coupons. One type has the gap between the solar array
strings grouted by room temperature vulcanization (RTV) silicon
rubber. This is the standard design implemented after the failure of
the Tempo-2 satellite in 1997. The other type has no RTV grouting
between the strings, which represents the design before 1997. We
investigate how the presence of RTV grouting affects the nature of
the interaction with the ion thruster plasma.

In the ground-basedexperiments, the full string of the solar array
of one satellite cannot be tested. This allows us to insert additional
capacitance into the external circuit to increase the energy release,
and we examine whether that condition leads to a sustained arc.
We increase the potential difference between the strings and deter-
mine the threshold for a sustained arc for the future use beyond
ETS-VIIL

We describe the laboratory experiments, which simulate the in-
teraction between the solar array and the ion thruster plasma. Then,
we presentthe experimental results. In the experiment, first, we bias
the test coupon positively to study the electron current collection.
Second, we examine the conditions under which trigger arcs occur.
We vary the bias voltage and the background gas density and mea-

sure the arcing rate and the current waveforms. Third, we examine
the conditions for a sustained arc. We investigate the sustained arc
between different solar array strings, that is, interstring sustained
arc.? Finally, we conclude the paper.

Experiment

Plasma and Neutral Gas Densities Estimate
Around Solar Array in GEO

The ion thruster beam consists of high-energy ion beams, neu-
tralizer electrons, and charge exchange (CEX) ions. The laboratory
diagnostic tests on the CEX plasma with a langmuir probe revealed
that the CEX plasma density at 0.5 m from the thruster exit is be-
tween2 x 103 and5 x 10" m~3 (Ref. 11) The CEX plasmadiffuses
outward from the thruster plume due to the ambipolar diffusion. If
we assume that the plasma diffuses radially and the density de-
crease is proportional to the inverse of square of the distance from
the source, the density decreases by (0.2/5)* = 0.0016, where we as-
sume that the source is a sphere of radius 0.2 m and the distance to
the array is 5 m. Based on this estimate, we have chosen the plasma
density in the range of 1 x 10''-8 x 10'! m~? for the experiment.

In orbital conditions, the neutral density near the solar array is
estimated to increase to an order of magnitude of 10'® m=3, approx-
imately, at the extremely worst condition, where the solar array is
at the downstream of the 22-N thruster (for east-west control). In
our experiment, the neutral density is 10'-10' m~3. The increase
of the plasma and neutral densities will increase the risk of arcing
on the solar array surface. Therefore, simulating the higher neutral
and plasma densities in our experiments are regarded as the worst
conditions, giving a safety margin to the array design.

Plasma Chamber

Figure 1 shows a schematic diagram of the experimental setup.
The chamber is the same as the one used in Ref. 9. Xenon plasma
is created using a Kaufman-type dc plasma source in the sub-
chamber that generatesthe plasmatemperatureof 1.6 eV and density
of 1 x 10'"-8 x 10" m~3 at the neutral densities of 0.23 x 10'—
5.2 x 10! m~3. In one case, the plasma density along the axis of the
chamber is varying between 7 x 10" m~3 at 0.35 m from the gate
valve and 5 x 10" m~* at 0.75 m from the gate valve. To simulate
the operational temperature of 40°C at GEO, we use infrared lamps
inside the chamber. The solar array is placed inside the chamber
so that its face is parallel to the chamber axis. The 3-cm-diam alu-
minum langmuir probe is placed inside the chamber 0.4 m away
from the array to study the plasma parameters inside the chamber
during the experiments.

Solar Array Coupon

A detailed description of the ETS-VIII solar array is given in
Ref. 9. Therefore, in this paper, we describe only the differences
from Ref. 9. We use two different designs of solar array, one with
RTV silicon rubber (W/RTV) between the strings and over the bus
bars (Fig. 2b). The second is without RTV (W/O/RTV) between the
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Fig. 1 Schematic of experimental setup.
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Table 1 Experimental parameters

COHPOH Vb’ Cexl’ My, e, Va’ Imax’ p,
Case type \'% nF 10°m=3 10" m=3 \'% A 10~* torr
1 W/RTV +10—370 NA 0.36-3.1 5-8 NA NA 1.1-9.6
2 W/O/RTV +10—270 NA 0.28-3.1 1-3 NA NA 0.87-9.6
3 W/RTV —110-—-600 NA 1.8 7-8 NA NA 5.6
4 W/O/RTV —700 NA 0.26-3.1 1-3 NA NA 0.81-9.6
5 W/O/RTV —500 200 2.2 1-3 10-55 2.64 6.8
6 W/RTV —-500 200 2.2 1-2 10-55 2.64 6.8
7 W/RTV —500-—700 180-1440 1.6-2.1 2 55 2.64 5.0-6.5
8 W/RTV —700 1440 1.8 2 60-130 2.64 5.6

Fig. 3 Schematic of circuit configuration for cases 1 and 2.
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Fig. 4 Schematic of circuit configuration for cases 3 and 4.

cells (Fig. 2a). Wheneveran array couponis exposed to atmosphere,
we bake it at a constant temperature of 70° & 1°C for 2 h before we
start an experiment. The array temperature during the experimentis
keptat 40+ 1°C.

Experimental Setup

We list the experimental parameters in Table. 1. The purpose of
cases 1 and 2 is to study the snapover mechanism, measure the col-
lected electron current, and identify the threshold voltage for the
glow discharge. The circuit diagram is shown in Fig. 3. All three
strings are positively biased at the same potential using the power
supply, which is grounded through the 1-k€2 resistance. The col-
lected currentis measured as the voltage across the 1-k€2 resistance
using a passive probe (10:1) and a digital multimeter. The array po-
tential ¢, is monitored using a high-voltage (HV) probe. The HV
probe and the passive probes are connected to a digital oscilloscope.
The bias voltage is raised from a lower value to a higher. Each volt-
age is applied for about 1 min, and the collected currentis read from
the output of the multimeter before going to the next step. The os-
cilloscopeis triggered manually when the gas-induced glow occurs
at the solar array. The glow dischargeis identified by looking at the
video monitor with naked eyes.

The purpose of cases 3 and 4 is to study the trigger arc inception
in relation to the bias voltage V,, and the neutral density n,,. During
the measurements, all three strings (R, B, and G) of the solar array
are biased to the same negative potential using a dc power supply in
the external circuit, and whether an arc occurs at that condition is

b) W/RTV

Fig. 2 Photographs of array coupons used in the experiment. determined. The circuitdiagramis shown in Fig. 4. The gas density
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substrate
O

Fig. 5 Schematic of circuit configuration for cases 5-8.

is controlled by adjusting the xenon gas flow rate, and the pressure
is measured by an ionization gauge. The temperature of the solar
array is controlledby adjusting the power of infraredlamps and mea-
sured by using the thermocoupleattachedat the backsideof the array
coupon. The currents flowing throughthe strings, I, I, and I, are
measured using current probes, and the array potential ¢, is moni-
tored using an HV probe. The current probes and the HV probe are
connected to the four-channel oscilloscope (Tektronix-TDS 224),
which is triggered by the rise of the HV probe signal when an arc
occurs at the array surface. A digital video camera is used to record
the arc positions on the solar array during the experiment and to
count the number of arcs. The video image is also used to infer the
scale of arc from the intensity of the arc spot image.

The purpose of cases 5 and 6 is to measure the effect of V, on
the current waveforms of I, Iy, and I;. The purpose of cases 7
and 8 is to find the threshold condition over which the sustained arc
occurs for the W/RTV coupon. The circuit diagram for these cases
is shown in Fig. 5. To simulate the potential difference between
the adjacent strings, we apply the potential difference V, between
strings R and B using a floating dc power supply at the external
circuit. The power supply operates as a constant power supply, but
once theload suddenly collapses and the outputis shortcircuited, the
power supply operatesas a constantcurrentsupply with a maximum
current /;;,,,, which can be preset. The currents flowing through the
strings, I, I, and I, are measured using current probes, and the
array potential ¢, is monitored using an HV probe. Current probes
and the HV probe are connected to the four-channel oscilloscope.

Results and Discussion
Electron Current Collection

Measured electron currents for W/RTV and W/O/RTV are given
inFig. 6. The collected currentincreases with the increasein the bias
voltage for both the cases, and the increase is higher for W/O/RTV
than W/RTYV. In the measurement, we have increased the bias volt-
age from the lower value to the higher value. The neutral density is
the same at n, = 1.8 x 10! m~2 for both cases. The plasma density
is 7x 10" m~® for W/RTV and 2 x 10" m~* for W/O/RTV. Al-
though the plasma density for W/O/RTV is lower than W/RTYV, the
collected current by W/O/RTYV is still higher than W/RTV. Higher
electron current collection with W/O/RTV is due to that the area
for the current collection is larger compared to W/RTV. In both
designs, the probable sites for the electron collection are the inter-
connectors and the bus bars. In the case of W/O/RTYV, the entire
area of the bus bars (9.1 cm?, approximately)is exposed in addition
to the interconnector, whose total area is 5.4 cm?, approximately.
On the other hand, in the case of W/RTV, most of the bus bars are
coated with RTV and less conductive area (mostly interconnectors)
of the array is exposed to the plasma. From the results it is clear
that coating the bus bars with RTV reduces the electron current
collection.

InFig. 6, the curve for W/RTV shows two jumps,at 160and 220V,
whichindicatesnapover. As we increase the bias voltage further, the
array surface shows a visible bluish glow. The glow appearsover the
conductivepart of solar array when the positive bias voltage reaches
the threshold voltage, which depends on the neutraldensity. Figure 7
shows an example of the current waveforms measured during the
gas-inducedglow discharges.In this example, the W/RTV couponis

10' | ® W/RTV
[ o wWioRTV

Current (mA)
<
D]
Q

10°].®

10

0 50 100 150 200 250 300
Positive bias voltage (V)
Fig. 6 Electron current collected for different positive bias values; re-

sults for W/RTYV coupon (case 1) and W/O/RTYV coupon (case 2). Typical
error is less than 5%.
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Fig. 7 Exampleof the current waveforms during the gas-induced glow.

biasedto 310 V. The neutraldensityis n, = 0.45 x 10" m~2, and the
plasma densitiesis 5 x 10'! m~3. Although the glow appears steady
on the video, the collected current shows a pulsatile character. The
collected current while the glow appears also depends on the neutral
density. Therefore, the glow is due to ionization of the gas near the
electron-collectingconductor. The collected current is at least three
or four times larger than the current collected just before the glow
inception. For an example, the maximum current collected at the
neutral density of 3.2 x 10" m™=3 at 95 V for W/O/RTV is about
2.2 mA, whereas the maximum just before the glow inception is
only 0.7 mA. For W/O/RTYV, the glow is observed mostly at the bus
bars, which are the largest conductors exposed to the plasma. For
W/RTYV, the glow is observed not only at the bus bars but also at
the interconnectors because the area of the exposed bus bar was as
small as the exposed interconnectorin this case. In real spacecraft,a
huge amount of electron current will be collected by the solar array
during the glow discharge, and the power loss will be substantial.
Hence, it is important to prevent the electron collection due to the
snapover phenomenon, especially the gas-induced glow discharge.

Figure 8 plots the glow inception voltages for four different test
coupons at various neutral gas densities. During the measurements,
we increased the positive bias voltage from the lower value to the
higher values in steps of 10 V at a time interval of about 1 min for
eachincrement.Once we observed the glow on the array, the voltage
was fine tuned to determine the inception voltage. We repeated the
same procedure at different neutral densities. The neutral densities
were increased by increasing the amount of the gas flow into the
chamber. It was difficult to keep the plasma density the same for
different neutral densities. Therefore, the plasma density in Fig. 8
varies for each sample, 5 x 10'!'-8 x 10! m~3 for W/RTV (case 1)
and 1 x 10''-3 x 10" m~3 for W/O/RTV 1, 2, and 3 (case 2). From
Fig. 8, note that the glow inception voltage decreases with the in-
crease in the neutral density. The three coupons of W/O/RTV give
slightly differentinception voltage, which is attributed to the differ-
ence of each coupon. Nevertheless, the overall trend of W/O/RTV is
the same for the three coupons. The inception voltage shows a steady
decrease as the neutral density increases, and it is even lower than
the operational voltage of 110 V at the extreme. On the other hand,
W/RTV has a relatively constant inception voltage for the range of
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Fig. 8 Glow inception voltageat different neutral gas densities; results
for four different test coupons.

gas densities tested. It is well above the operational voltage, 110 V,
even at the extreme. Therefore, covering the conductive part of the
solar array with insulator, especially the bus bars, is required for so-
lar arrays operating at a voltage higher than 100 V with ion thruster
or in LEO environment. Otherwise, an accidental increase of the
surrounding gas density triggers the onset of the glow discharge,
which may lead to substantial loss of power and sudden drop of the
spacecraft potential.

ETS-VIII has 23,056 cells, and each string (262 cells) supplies
110V and 1.32 A of current. The total power generated by the solar
array is 12.7 kW maximum. The solar array used for our experiment
contains 15 solar cells. At 110 V, the collected electron current is
about 0.017 mA for W/RTV and 0.16 mA for W/O/RTYV, although
these values might differ by several factors at different plasma and
neutral densities. By extrapolating the data to 23,056 cells for the
ETS-VIII case, the expected collected current for the ETS-VIII solar
array thathas RTV isabout26 mA at 110 V. The expected power loss
of the spacecraftis about 2.8 W at its maximum. This power loss,
2.8 W, is negligible when compared to the total power generated,
12.7kW.

Trigger Arc Inception

If the neutral density around the array increases accidentally to
108-10" m~=3, gas-induced glow dischargemight occur. If the array
collectsmore electron current than what the neutralizercan provide,
it no longer acts as a plasma contactor. The potential of the array
would drop to a negative value. The maximum expected negative
potentialfor that case is about —110 V. The ion thruster will operate
for5h. We havebiasedthe array at —110V, but we havenotobserved
any arc for 5 h. Therefore, even if a severe snapover makes the
satellite potential and the array potential negative to the plasma, as
long as the ion thruster beam is neutralized and the array potential
is kept to —110 V at most, arcing will not occur during the normal
operation of the ion thruster.

We now investigate the more severe cases, where the neutralizer
fails to neutralize the ion thruster beam and the satellite potential
goes down as low as —1 kV. We increased the negative bias voltage
from 200 to 600 V atevery 50 V. Arcs have been observedat a volt-
age of 300 V or more. At 250 V, no arc was observed for 20 min.
Figure 9 shows the dependence of the arc rate on the negative bias
voltage V,. Generally, the arc rate increases with the bias voltage
with exceptionof —450 V; the reason why is unknown at the present
time.

Figure 10 shows the distribution of the trigger arc points on
W/RTV and W/O/RTV. The trigger arc points have been identified
by carrying outimage processingof the video image.!? The distribu-
tion of arc points observed on W/O/RTV is shown in Fig. 10a for a
bias voltageof =700V, n, = 1.8 x 10 m~>,andn, =2 x 10! m=3
(case 4). The experiment time is 20 min. Note from Fig. 10a that
many arcs are observed at the interconnectors of the array, such as
point a, for example. Arcs are also observed at the gap between the
strings of the array, such as point b, for example. Arcs also occur at
bus bars, such as point c, for example.

1 T | ‘ T T T

¢ Experiment time =20 min

B Experiment time =10 min [ |
3 0.1 N
2 No arc in
=] 0
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Negative bias voltage, [V, |, (V)

Fig. 9 Arc rate at different negative bias voltages V;; case 3 results
where W/RTYV coupon is biased.
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Fig. 10 Distribution of trigger arc points on a) W/O/RTV coupon at
bias voltage —700V and b) W/RTYV coupon at bias voltages —500, —550,
and —600 V: - - - -, cell boundaries.

Distribution of arc points on W/RTV at n, = 1.8 x 10" m~? and
n,=7x 10" m~3 (case 3) is shown in Fig. 10b. For this case, the
results of three bias voltages, —500, —550, and —600 V, have been
combined. Each bias voltage has been applied for 10 min. Many
arcs are observed at the interconnectorsof the array, such as pointd,
in Fig. 10b. Many arcs are also observed even at the bus bars, such
as point e. For the case of W/RTYV, bus bars are coated by RTV.
However a part of N-bus bar is exposed to relax the thermal stress
on the conductor. The coating at P-bus bar is not also complete,
and many arcs are observed at the edge of RTV layer. Observation
with an optical microscope of point e has revealed that the arc spot
is located at the outer edge of RTV layer at the P-bus bar, which
forms the junction with the Kapton® sheet coveringthe carbon fiber-
reinforced plastic (CFRP) substrate. The arc probably occurred at
the underlying P-bus bar through a void in the RTV. Arcs are even
observed at the gap between the strings of the array that has RTV
grouting, such as point f in Fig. 10b. We see a black spot left on
the RTV between strings R and B. RTV grouting certainly reduces
the probability of trigger arc onset. However, it is not the perfect
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solution unless considerable effort is spent to inspect the quality of
grouting.

In Fig. 11 we show typical waveforms measured at the trigger arc
inception. Figure 11 shows a result of case 4, where W/O/RTV is
biased to —700 V and the neutral density is 1.8 x 10'° m~>. In the
example shown in Fig. 11, the trigger arc occurs at string R, where
we see a positive current pulse with a peak of approximately 20 A.
(See Fig. 4 for the definition of each current.) At the same time,
negative current pulses flow in strings B and G, whose peak values
are —9 and —11 A, respectively. The array potential ¢, shows a
sudden increase at the arc onset because of the voltage drop across
the resistance of 100 k2 in front of the power supply. Then, the
dc power supply is effectively decoupled from the arc current. The
current forms loops among the strings. If we add the currents /g
and I, the sum becomes the mirror image of the arc current Ig.
This implies that there is a current path between the arc spot and
the surface of the coverglass on the nearby cells. The electrical
charge flown as the arc current I is supplied by the coverglass
and ionization along the current path. If we integrate the current
I, the total charge that flowed from one string is 7.5 x 107 C,
The total charge stored on the coverglass of one string (C, = 3.5 nF
per string) is estimated to be about 2.5 x 10~ C. Therefore, the
additional ionization provides 5.0 x 10~® C. The charge provided
from the other nonarced string increases due to ionization as the
gas density increases. The effect, however, is much smaller than the
effect of a dc power supply inserted directly between the strings, as
itis shown later in discussion of the sustained arc formation.

In Fig. 12, we show the temporal profile of the arc count at
different neutral gas densities measured in case 4. In Fig. 12, the
gas densities are denoted per cubic meter. The number of arcs
has been counted via image processing of the video image taken
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Fig. 12 Temporal profile of arc count during experiment where neu-
tral gas density is varied in time; case 4 results.
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Fig. 13 Example of typical waveforms of the current flowing to string
B, Ip, when arcs occur at string R for different interstring bias voltage
Va3 case S results.

during the experiment. The plasma density also varies as the gas
density changes, from n, =3 x 10"' m~3 for n, =3.2 x 10 m~3
ton,=1x 10" m™3 forn, =2.6 x 10" m=3. The experiment time
at each gas density is about 20 min exceptn, = 3.2 x 10" m~>. In
Fig. 12, the steeper the gradient gets, the more frequent arcs occur.
Because arcs tend to occur less and less as time goes on even at
the same experimental condition, so-called conditioning effect, we
first lowered the density and and raised again. Even taking into ac-
count the conditioning effect, Fig. 12 shows more arcs at higher gas
density.

Sustained Arc

In the present investigation, we use the negative bias voltage of
—500 or —700 V to simulate the drop of array potential to —1 kV
due to the failure of neutralizer because, if we had biasedto —1 kV,
too many arcs would occur and disturb the measurement. In Fig. 13,
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Fig. 14 Pulse width of neutralization current flow to string B when
a trigger arc occurs at string R for different interstring bias voltages;
case 5 and 6 results.
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Fig. 15 Charge flow to string B as the neutralization current when
a trigger arc occurs at string R for different interstring bias voltages;
case 5 and 6 results.

typical waveforms measuredin case 5 at variousinterstring voltages
V, are shown. In Fig. 13, we show the current flowing to string B,
15, when arcs occur at string R. These are the neutralization cur-
rents feeding the energy to the trigger arc plasma.'> Once an arc
occurs at string R, a positive current (discharge current) flows, as
shown in Fig. 11. The energy for the discharge current is supplied
by the charges stored in the coverglass of strings B and G as shown
in Fig. 11. In Fig. 13, Ts, is the time when the current has 5% of
the peak of the neutralization current I for the first time. The time
Ts_ is the time when the current becomes 5% of the peak of the
neutralization current for the last time. The pulse width is defined
as the time difference between 75_ and 75, . In Fig. 14, we plot the
pulse width of the neutralization current at differentinterstring bias
voltages V, between strings R and B for W/RTV and W/O/RTV
at the neutral density of 2.2 x 10" m~* and at the plasma density
of 1 x 10''=2 x 10" m~3. The error bars indicate the standard de-
viation. Each point is an average of at least 3 measurements and a
maximum of 24 measurements. From Fig. 14, itis seen that the pulse
width is smaller for the case of W/RTV. The pulse width increases
with the increase in the interstring voltage for both the cases.
Figure 15 shows the chargereleased from string B at differentval-
uesof theinterstringvoltagebetweenstrings R and B. Itis calculated
by integrating Iz with respect to time. Each point is an average of
at least 3 measurements and a maximum of 24 measurements. The
released charge increases with the increase in the interstring voltage
V., but the chargeis higher for solar arrays W/O/RTV. Note that the
coverglassof string B can supply only 1.7 x 1076 C to the arc. Even
if ionizationis taken into account, it is more or less 1.0 x 107> C as
discussed with Fig. 11. The fact that a charge far greater than those
values is suppliedby string B to the arc indicates that the power sup-
ply between the strings R and B contributes the additional charge to

Before experiment

After experiment

Fig. 16 Microscope photograph of sustained arc site on W/O/RTV
coupon, taken after case 5 experiment.

the arc plasma. As long as the pulse width and the amount of charge
are limited to finite values, the trigger arc ends as single pulses.
However, when the pulse width becomes infinite, it means that the
power supply keeps supplying the current between the strings.

For W/O/RTV, we observed the sustained arc between strings
R and B at the plasma and neutral densities of 3 x 10'" and
2.2 x 10 m™3. Before this plasma density, we had increased the
interstring bias voltage V, from 10 to 55 V with the plasma density
of 1 x 10"'-2 x 10" m~3. Each bias had been applied for 20 min.
Because we did not observe the sustained arc at V, =55 V, we
increased the plasma density to 3 x 10" m™ to make more arcs
occur. Then in 2 min we observed a sustained arc. Therefore, if
we had waited long enough, a sustained arc would have occurred
even at 2 x 10! m~3. Otherwise, the slight change of the ambient
plasma density determines whether the sustained arc occurs, which
is hard to justify. When the sustained arc occurred, the bias voltage
(Vo =55 V) dropped to 7 V and the current indicator showed the
presetmaximum currentof /;,,, = 2.64 A. We switched off the array
bias (V,, = =500 V), yet the current kept flowing for more than 10 s,
until we finally switched off the interstring bias. Microscope pho-
tographs of the sustained arc point between strings R and B is given
in Fig. 16. From the photographs, it is seen that the sustained arc
damaged the strings and Kapton film (50 xm) on a CFRP face sheet
(0.1 mm) substrate on which the cells were mounted. The inspection
after the experimentrevealed that the two strings and substrate were
completely short circuited.

The model for the sustained arc formation between the adjacent
cellsof W/O/RTV is givenin Fig. 17. When thereis no RTV grouting
between adjacent solar cell strings, trigger arcs may occur at the
point where the triple junction is formed by adhesive, solar cell,
and plasma. The arc plasma grows by receiving the energy from the
external capacitance.This current path is shown as the broken line in
Fig. 17a. Then a dense arc plasma is produced at the arc spot, which
makes a direct coupling with the nearby exposed conductor (cell
electrode) of the adjacent cell. Then the direct short circuit between
the stringsis developed,and the arc is sustainedby the power supply
V.. This current path is shown as the solid line in Fig. 17a. As the
currentkeeps flowing throughthe arc plasma, the underlyingKapton
sheet finally breaks down, and there is short circuit between the
solar cell strings and the underlying conductive substrate. Then the
permanent short circuit occurs between the string, and the current
continues as long as the power supply works. This current path is
shown in Fig. 17b.

In the ETS-VIII solar array there are 88 strings (2 wings). Each
string has a capacitance of 180 nF. One wing of the solar array hasa
total of 8- F capacitance.In the case of failure of the neutralizer, the
potential of the spacecraftbody may reach up to —1 kV. The power
supply of the ion thruster has the function to detect the failure of the
neutralizer. When the failure occurs, the beam voltage will be shut
down within several milliseconds. In this small time gap, a potential
difference of about 300 V will develop between the coverglassand
the interconnector,consideringthe ion thermal flux derived from the
density near the solar array. At this potential difference, one wing of
the array can supply energy E = % x (8 x 107%) x (300)>=0.36 J
to the arc.
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Fig. 17 Schematic of sustained arc formation for W/O/RTYV coupon in
laboratory experiment.

Incase 7, we inserted additionalcapacitancein the external circuit
and examine whether the described conditionleads to a sustained arc
or notin the case of W/RTV. We increasedthe capacitance from 180
to 1440 nF in steps of 180 nF at the bias voltage of —500 or —700 V
with the interstring potential difference of 55 V and current capabil-
ity of 2.64 A. We simulated the worst condition in our experiments
by inserting the capacitance of C.,, = 1440 nF at the bias voltage of
Vi, = =700V, so thatit would deliver the energy of 0.36 J to an arc.
A test coupon was biased for at least 10 min for each condition, and
the worst condition, (V, = =700 V and C., = 1440 nF) was tested
for 80 min. Although more than 100 trigger arcs occurred under the
worst condition, a sustained arc did not occur. This result verifies
that even if the neutralizer stops operating in orbit and one wing of
the solar array supplies energy to the arc, a sustained arc will not
occur between the solar cell strings with RTV grouting.

We increasedthe interstring bias voltage V, from 60 V at a step of
10 V, until we see a sustained arc on W/RTV while fixing all of the
other parameters. Each interstring bias voltage V, was applied for
20 min. At each bias voltage, at least 20 trigger arcs were observed.
As the voltage V, increased beyond 100 V, we observed very bright
flash at more than two points over the array. One of the flashes al-
ways occurred on string R and the other points are on string B or
G. This observation suggested that a trigger arc on string R found
connection points on the other strings. Occasionally, we observed
that the interstring bias power supply showed a brief transition to
the constant current mode, indicating that the power supply pro-
vided the current for a short period. The multiple flashes, however,
did not continue more than two video frames (66 ms). Finally, at
V. =130V, we observed a sustained arc, as shown in Fig. 18. The
sustained arc occurred between an interconnector on string R and
an interconnector on string B separated by 6 cm. Observation by
an optical microscope revealed that the interconnector at string R
was completely blown off. The interconnector at string B was not
only blown off, butalso suffered significant melting. The brightflash

Fig. 18 Video image of sustained arc between strings R and B on
W/RTV coupon; case 8 result, where interstring bias voltage 130 V
is applied.

b) Sustained ac formation

chamber wall

¢) Short-circuit through conductive substrate

Fig. 19 Schematic of sustained arc formation for W/RTV coupon in
laboratory experiment.
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shownin Fig. 18 continuedforeight video frames and vanished after
that, though the current of 2.64 A kept flowing at the voltage drop of
V., =10V even after we switched off the array bias (V, = =700 V).
Inspection after the experiment revealed that strings R and B were
both short circuited to the substrate. Therefore, after eight video
frames, the current flew through the substrate.

If enoughenergyis givento the arc plasma, a sustainedarc can oc-
curin a form bridging remotely located conductiveareas via the arc
plasma. We show such a modelin Fig. 19. Once a trigger arc occurs
at an interconnector, the arc current flows through the capacitance
connected in the external circuit to the chamber wall and closes the
current path. This is the same as the case of W/O/RTV and is shown
as the broken line in Fig. 19a. As the arc plasma grows, it extends
furtherand couples with the coverglassof the nearby solar cells. The
coverglassacts as another capacitance C, because it stores charges
before the trigger arc inception and supplies the energy to the arc
plasma. This current path is shown as the solid line in Fig. 19a. As
the arc plasma grows, it finds an exposed interconnector of the ad-
jacent string. If the conductivity of the arc plasma is high enough, it
can carry the current supplied by the power supply V. This current
path is shown in Fig. 19b and also corresponds to the video image
in Fig. 18. As the currentkeeps flowing, the excessive heating at the
arc spot and its counterpart causes the underlying Kapton sheet
to break down. Then the permanent short circuit occurs between
the two strings and the short-circuit current keeps flowing through
the underlying conductive substrate. This current path is shown in
Fig. 19c.

Conclusions

Because of the operation of ion thrusters for north—south station
keeping, even a GEO satellite is surrounded by a plasma whose
densityis comparableto LEO environment.Laboratoryexperiments
havebeen carriedoutto study the interactionbetween theion thruster
plasma and the solar arrays of the ETS-VIII satellite. The results of
the electron current measurements for two differentdesigns of solar
arrays that are planned to operateat 110 V shows that the solar array
with RTV grouting between the cells and on the bus bars (W/RTV)
collects much less electron current compared to the W/O/RTV solar
array. The threshold voltage for the gas-induced glow discharge
is lower for the case of W/O/RTYV, even lower than 100 V at the
extreme case. However, the gas-induced glow does not occur for
W/RTV at 110 V even at the worst case of neutral density increase
mainly because the bus bar is coated by RTV, hiding a large area of
the positively biased conductor from the plasma. The power loss of
the spacecraft will be negligible compared to the total power of the
satellite as long as RTV grouting is used.

The potential drop of the solar array due to the anomalous elec-
tron collectionto the solar array has been simulated, but we have not
observedany arc at a bias voltageof —110V for 5 h. The arcrate has
strong dependence on the bias voltage and the neutral density. The
failure of the ion thrusterneutralizerhas been simulated,and we have
observed a sustained arc between the adjacent cells of W/O/RTV at
a voltage of 55 V and maximum current of 2.64 A. The sustained
arc short circuited between the two strings of the array and led to
destruction of the solar array circuit. The RTV grouting between
the adjacent cells has prevented sustained arc formation under the
operational condition of the ETS-VIII. We have inserted additional
capacitancein the test system, but we have not observeda sustained
arc between the strings even under the worst condition, where the ion
thrusterneutralizerfails and one entire wing of the solar array cover-
glass suppliesthe energy to the triggerarc. Increasein the interstring
voltagein the solar array with RTV to V, =130V at maximum cur-
rent Iy, =2.64A at a bias voltage of V,, = —700 V finally led to a
sustained arc formation between two interconnectors separated by
6 cm. This threshold gives a sufficient safety margin to the present
designofthe ETS-VIII array for flightuse employing RTV grouting.

The use of RTV around the cells and the bus bar coatings is con-
sidered as the minimum requirement for the spacecraft with an HV
bus system such as the ETS-VIIL. We suggest the following miti-
gation strategies: 1) Prevent the increase of the gas density around
the solar array to further reduce the possibility of glow discharge
inceptionand trigger arcs. 2) Put the block diode at the positive end
of the array circuit to protect the other strings from the short circuit
with the substrate even if one string is lost due to a sustained arc.
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