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As power demands continue to increase, spacecraft power systems are being designed to operate at higher
voltages. When operating at high negative voltages, however, arcing may occur on the solar cells, generating
electromagnetic interference and solar cell damage. Numerical and analyticmodels have been developed to simulate
the arcing onset process, showing good agreement with experimental data. This simulation was used to predict
arcing levels for the conventional geometry solar cells flown on the Photovoltaic Array Space Power (PASP) Plus
experiment. Both preflight and postflight simulations showed good agreement with the flight data. The flight data
were analyzed to examine correlations between arc rates and the various material, environmental, and operational
parameters and to validate the theoretical model. Arcing levels were found to depend strongly on bias voltage,
with the scalings suggested by the model proving to relate the arcing rates on the different modules accurately.
Cell temperature was also verified as being a critical parameter, with high arcing rates seen at low temperatures.
As expected from the model, there is a critical temperature, above which no arcing occurs. The ion flux was also
seen to affect arc rates, as expected. Radiation flux to the arrays, however, did not affect arcing levels, although
the data to support this conclusion are limited. Thus, the model was found to predict arcing levels for the cells
under varying environmental and operational conditions and to allow data from one module to be accurately
scaled to a module with different material and geometric parameters. This simulation could then be used to
perform power system or solar cell design trade studies, with much less ground and flight testing needed for verifi-

cation.
Nomenclature N, = number density of neutral particles adsorbed on
. . ; ‘o -2
A = Fowler-Nordheim coefficient dielectric side surface, m
(1.54 x 106 x 104.524);,”2 JbwA/V?) Ny, = surface neutral density for monolayer coverage, m 2
A _ soiar array area. m> v n, = plasma number density, m™>
A"‘"‘*y ; solar cell };rea I’nz /. = ambient neutral density, m~>
Acell — discharee Wav,e area. m> Ty, = critical desorbed neutral density for breakdown, m~>
wave - — & . . 9 .15 QOpsp = effective electron stimulated desorption cross section,
B = Flower.—Nor.dhelm coefﬁcwnt (6.53 x 10°¢>V /m) 2
b, = coefficients in polynomial fit to d; /d R = arc rate. 5!
Ciele = capacitance of dielectric, F/m? DR . .
— capacitance of coverglass front surface, F Sen = emission site area determined from Fowler-Nordheim
front 5 g . ’ lot Il’l2
s = ion acoustic velocity, m/s plot.n . . .
C..C, = coefficients to arc rate fits Sreal = emission site area determined by accounting for
Lz = thickness of dielectric. m electron space charge effects, m?
o > . . T, =
d; = distance of electron first impact point from triple ¢ ?ISCU'OH temperature, eV
junction, m T; = ion temperature, eV
d, = thicknes’s of coverglass,m T = cell surface te.mperature, K
d — thickness of adhesive H’l Ve = voltage at which last arc occurred, V
Ezd ; neutral adsorbate bin(iing energy, eV Viias = bias voltage of interconnectortonductor, V
o ] V. = inimi ing ti
E.ax = electron incident energy for maximum secondary ¢ voltage that minimizes arcing time, v
electron yield, eV Vion = mean speed of ions entering sheath, m/s
E — secondary ele:: tron energy, eV Vorbit = spacecraft orbital velocity, m/s
se = , o L S .
E., = electron incident energy for a secondary electron yield Y = distance of emission site from the trlp.lejunctlon, m
of unity, eV o = angle of attack—angle between velocity vector and
¢ = elec tron, charge vector normal to array front surface
m = electron mass, kg Y = wake angle
m" = jon mass, kg ’ B = field enhancement factor
i = ) _ .
Ny = number of solar cells in array Vee B secqndary electron yield .
Vimax = maximum secondary electron yield at normal
incidence
_— o ) Esp = electron stimulated desorption flux, /m?s
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n = factor accounting for difference in electric field at
emission site and triple junction

0o = Mach angle

K = Boltzmann constant

& = factor accounting for difference of dielectric constants
between coverglass and adhesive

& = £ at the coverglass front surface

Tarc = time between arcs, s

Tehrg = total charging time, Tiop, + Tefees S

Tefee = enhanced field electron emission (EFEE) charging
time, s

Tion = ion charging time, s

Texp = experiment time, s

b = work function, eV

I. Introduction

HOTOVOLTAIC power systems continue to be the most com-

monly used means of meeting power needs for both Depart-
ment of Defense (DOD) and commercial satellites. In the past, most
systems operated at low voltage levels, typically -28 V. Driven by
higher power requirements, several modern spacecraftdesigns now
utilize a somewhat higher bus voltage, with several satellites us-
ing —33 and —51 V bus voltages. Future space missions, however,
will need still higher power than present systems, with power levels
of 10 kW to 1 MW needed. To meet these requirements, the use
of high current is undesirable for two reasons. First, high-current
systems require more massive power distribution cables, increasing
the mass of the spacecraft. Second, high current results in greater
resistive losses during the power transmission. Thus, high voltage
power generation and transmission at low currents is desirable. For
example, the space station design calls for power to be provided by
high-voltage solar cells operating at —160 V.

High-voltagesolar arrays have been found to interact with the am-
bient space plasma environment in several manners, including cur-
rent leakage,' arc discharges? and enhanced drag due to Coulomb
collisions.? For positively biased arrays, the current collection can
become anomalously large, known as snap-over. This can result in
a significant leakage power loss. For large negative voltages, arc
discharges have been found to occur. An arc is typically defined as
a sudden current pulse up to the order of an ampere on a time scale
of a microsecond or less. The current pulse is often accompanied
by a spot of light at the edge of the coverglass, which may inter-
fere with optical systems.* Arcing can alsoresultin electromagnetic
interference (EMI) and solar cell damage, thus degrading the oper-
ation of both the power subsystem and the spacecraft as a whole.
If the EMI generated by the arc couples to the spacecraft power
system, it could become significant enough to disrupt communi-
cations between spacecraft, or between spacecraft and telerobotic
systems .

This paper will describe several previous experiments that have
examined solar array arcing as well as several models that have
been developed to explain the phenomenon. A detailed analysis
of the data from the Photovoltaic Array Space Power (PASP) Plus
experimentwill then be presented, along with comparisonsto model
simulations.

A. Previous Experiments

Arcing on high-voltage solar arrays has been observed in both
ground and space experiments. It was first observed in 1971 by
Herron et al.’ during plasma chamber tests of solar arrays biased be-
tween £16 kV. Several ground tests examined the role of a dielectric
on a conductorin arcing, confirming arcing on dielectric-conductor
systems.*~?

In an experimentby Kuninaka,'® luminosity was observed during
arc discharges. This luminosity is believed to be due to collisions
between electrons emitted from the conductor and neutral gas des-
orbed from the dielectric. The uv spectrum emitted during arcing
was measured by Upschulteet al.!! and was found to show a strong
hydroxylspectrum, indicating that water moleculesare among those
desorbed from the dielectric and ionized by the electron current.
The duration of an arc is typically assumed to be on the order of
a microsecond, based on several experiments.''~!3 Several ground

experiments measured the effect of operational,environmental,and
geometric parameters on the arc rate. Experiments by Kuninaka’
and Hastings et al.'* found that the arc rate increases with voltage
and plasma density and decreases with temperature. Experiments
by Grier'® and Miller® also found an increase in arc rates with in-
creasing voltage, and Miller’s tests also found increasing arc rate
with plasma density. Upschulte et al.!! observed that overhanging
the coverglass 10-20 uwm over the adhesive substantially lowers the
arc rate. To reduce arcing on solar arrays, a new cell design was
created, known as the wrap-through-contactcell. In this design, the
metal interconnectsare not exposed to the ambient plasma. Instead,
the interconnects run underneath the coverglass, down through a
hole in the center of the cell, and then under a kapton substrate to
the adjacent cell. However, the semiconductor is still exposed to
the plasma, leading to a possible arcing site.'® Leung'? found that
wrap-through-contact cells did arc, although less frequently than
conventional geometry cells.

The occurrence of arcing on conventional geometry solar cells
in the space environment was verified by the two Plasma Interac-
tions Experiments (PIX I and II) in 1978 and 1983,'>'7!¥ where
arcing was observed at voltages as low as —255 V. Arcing on both
conventional and wrap-through-contactcells was later observed on
the NASA Solar Array Module Plasma Interactions Experiment
(SAMPIE), conducted aboard the Space Shuttle in March 1994
(Ref. 19).

B. Arcing Onset Model

Using numerical and analytic methods, Cho® developeda model
to describe the arc initiation process, which is the model used in
this work. In this model, the arc location is at the triple junc-
tion of the plasma, interconnect, and dielectric layer (i.e., cover-
glass and adhesive). The arcing mechanism is described in detail
in Refs. 14 and 20-22 and can be summarized as follows. Ambient
ions charge the dielectric (i.e., coverglass and adhesive) front sur-
face but leave the dielectric side surface uncharged. This creates a
strongelectricfield at the conductorsurface,inducingprebreakdown
electron emission due to enhanced field electron emission (EFEE).
Some of the emitted electrons strike the dielectric side surface, in-
ducing the release of secondary electrons and causing electron stim-
ulated desorptionof neutrals adsorbed on the dielectric surface. The
secondary electron emission further charges the dielectric and in-
creases the electric field, providinga positive feedback mechanism.
This leads to EFEE runaway and possibleionization of the desorbed
neutral gas. A discharge wave created by the arc resets the charging
process at all of the emission sites within the area covered by the
wave.

This model was producedthroughthe use of computerparticle-in-
cell (PIC) and Monte Carlo simulations of the arc initiation process.
These results were then used to develop analytical formulas for the
ion charging time and the EFEE charging time. The total charging
time at an emission site is the sum of the ion charging time and the
EFEE charging time given by

{Ve - [Vurc - (A Q/Cfronl)]}cfronl

€N, Vion Acell

Tehrg =

n Cieted? ( Bd ) )
€X
(yee - 1)\/ SrealnsA(SFN/Sreal)Bﬂ P ﬂﬂfOVe

Once EFEE runaway has occurred, it was found that breakdown?”
would occurif the desorbedneutral density was greaterthanacritical
density of approximately 6 x 10?! m~3. The desorbedneutraldensity
is given by

N, Qgsp €0 | 2e “/E_se 2
—_— = V; ()
c eV m, Eg d?

n, = 2.08

where the adsorbed neutral density on the dielectric surface before
the intensiveoutgassingdue to the EFEE beginsis givenas a function
of time since the last arc at that location by

N, (1) = (A1 /A)(1 — e~ ) 3
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where A; and A, are given by
Al = nnu Uorbit Sil’lOl + nnu (6/4)

4
Ay =(Ci/N,y) + K exp(—Ep /kT,) @

A semianalytic computer code was then developed to predict
the arc rates for high-voltage solar arrays placed in a plasma
environment2*2! In this model the cell temperature is a critical
factor in the arcing process, since the density of neutrals adsorbed
on the dielectric side surface is a strong function of the cell temper-
ature. These neutrals are then desorbed and ionized, producing the
arc discharge.

Two other models have been proposed to explain the arcing pro-
cess. The first, proposed by Parks et al.,> based on previous work
by Jongeward et al.,** attributes the arcing onset to the Malter ef-
fect at a thin dielectric layer on the conductor surface. The second
model, by Thiemann and Schunk,” proposes that arcing occurs at
the cell side surface, due to secondary electron emission runaway
on the Kapton substrate. Note that in neither of these two models
should the cell temperature greatly affect the arcing process, which
was seen in the ground experiments by Kuninaka.”

C. Overview of this Paper

In this paper, the semianalytic model was used to predict the arc-
ing rates for the conventionalgeometry cells on the PASP Plus diag-
nosticsexperiment. This Air Force experimentwas flown to examine
the interactions between high-voltage solar arrays and the ambient
space plasma and radiation environments. In the next section, the
PASP Plus experiment will be described, and then the results of the
simulations will be discussed. The data from the experiment will
then be analyzed to examine correlations between arc rates and the
cell properties,environmental variables,and operational parameters
and to verify the accuracy of the model.

II. Description of PASP Plus

The interactionsbetween solar arrays and the ambient plasma and
radiation environments need to be properly understood to design
power systems that will survive and perform as desired. Because
of the complex nature of these interactions, ground simulations are
often inadequate to accurately quantify the effects of the space envi-
ronmenton the solar array systems. Thus, the PASP Plus experiment
was designed by the U.S. Air Force to gather a large base of flight
test data to be used to develop an understanding of the interaction
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of both highly positive and negative biased solar arrays with the
space environment. The experiment was designed to systematically
investigate the effects of the space environment on advanced so-
lar arrays. The PASP Plus experiment is the primary experiment
on the advanced photovoltaic and electronics experiment (APEX)
satellite.

On Aug. 3, 1994, the APEX satellite was launched into orbit by a
three-stage solid-fuel Pegasus rocketreleased from the NASA B-52
aircraft within the Western Test Range off of the coast of Califor-
nia. The launch occurred without problems, as did the satellite’s lock
onto the sun and the deploymentof the four panels. The satellite was
placed into a 70-deg inclination, 363 x 2550 km orbit, which has
an apogee higher than the baselined 1950-km apogee. This higher
altitude allows the satellite to traverse fartherinto the radiationbelts,
allowing the radiation effects portion of the experiment to be per-
formed in roughly half of the time originally needed.?®

A. APEX Satellite

The deployed configuration of the APEX satellite is shown in
Fig. 1. The body of the satellite is a hexagonal cylinder 152 cm tall
and 96.5 cm across. The top payload shelf contains eight solar array
modules, three electric field transient pulse monitors, the APEX
sun sensor, one calorimeter, and two quartz crystal microbalances.
Extending up from the payload shelf are two 60-cm booms. On one
boom is the Langmuir probe head, and on the other is the APEX
magnetometer, which is used for satellite attitude control. Under the
payload shelfis the avionics shelf, which contains electronics boxes
and the other secondaryexperiments. The satellite has four deployed
panels attached to the top shelf. Three of these panels contain the
solar arrays used for spacecraft power, while the fourth deployed
panel contains the remaining PASP Plus solar array modules and
diagnostic sensors. There is one transient pulse monitor (TPM), one
calorimeter, one quartz crystal microbalance (QCM), and the PASP
Plus sun sensor on the panel. The satellite is three-axis stabilized
and is sun pointing to within £0.5 deg. Thus, the solar arrays are at
varying angles of attack to the ram plasma flux as the satellitemoves
around its orbit. Because the Langmuir probe head is 60 cm away
from the shelf, the plasma density recorded by the probe while the
array modules are in wake does not match that at the location of the
modules *®

B. Diagnostic Equipment Description
The PASP Plus experimentis controlledby a microprocessorcon-
troller, which contains all of the electronics for the solar cell biasing
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Fig. 1 Deployed Apex spacecraft with PASP Plus experiment.
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and data acquisitionand telemetry. The controllerdistributes power
and commands from APEX to all of the instruments, except for
the dosimeter, and receives, processes, and sends the data from the
instruments to the satellite. The data are then stored for later trans-
mission to a ground station or sent down in real time. The dosimeter
has its own interface for power, command, and data transmission to
and from the satellite 26

Diagnostic sensors for the PASP Plus experiment include®® the
following.

1) A sun sensor to measure the incident angle of the solar energy.

2) A Langmuir probe to measure the plasma temperature and
density. The probe also has a potential sensor (SENPOT) to sense
and compensate for the vehicle frame potential, which may be more
negative than the space plasma potential. The Langmuir probe can
measure plasma densities of 10% to 10'> m~> and plasma tempera-
tures of 1000 to 8000 K, with debye lengths of 2.2 mm to 62 cm, at
spacecraft potentials of 2 to —30 V (Ref. 27).

3) Four TPMs to detect and fully characterize (amplitude, rise
time, integral, and number of pulses per second) the arc discharges
that occur during the negative biasing portion of the experiment?®
These monitors have a rate limitation of 15 arcs per second. There
is also one sensor on the high-voltage power line inside the con-
troller. The minimum electric field pulse counted by the TPMs can
be chosen from preset levels, listed in Table 1.

4) An electrostatic analyzer (ESA) to measure the 30 eV to 30
keV electron/fion spectra and to detect the passage of the spacecraft
through the auroral region. The ESA has four heads: two for ions
and two for electrons. The instrumentcan measure one ion and elec-
tron spectrum per second, with an energy resolution of 10%. The
number flux range measurable is 10° to 10'°/cm?- s - sr, integrated,
at integrated energy fluxes of 10° to 10'° keV/cm?®- s - sr (Ref. 27).

5) A dosimeter to measure the short- and long-termionizing par-
ticle (electron and ion) radiation flux and dosage.

6) Contamination monitors to measure the amount and effect of
molecular and particulate contamination on the array surfaces. Two
types of monitors will be used. QCMs will be used to measure
the mass of contamination being deposited on the surface, while
thermal coated calorimeters will determine the optical degradation
of the coverglass through v /e measurements.

(7) Temperature sensors to measure the temperature of the arrays.

In addition, an electron emitter will be available to emit a stream
of electrons to alter the spacecraft potential. This will allow the
experiment to more accurately simulate the positive bias voltage
operation of large functional arrays.

Table1 PASP Plus TPM settings

Telemetry E-field threshold, In-line sensor
Setting counts V/m threshold, mA
0 5 10 6
1 55 45 30
2 105 225 140
3 155 700 420

GaAs/GaSbMini-Dome(12)

Thick-GaAs/Ge(8)

Thin-GaAs/Ge(12}

C. Solar Array Module Descriptions

There are 17 arrays of 12 different types being flown on the pay-
load shelf and deployed panel of the spacecraft. Since there are only
16 electrical channels, 1 of the arrays is not being used. Ten of these
arrays are subjectto high-voltagebiasing. The information for these
arrays is taken from Refs. 29 and 30. The array modules are num-
bered from O to 15 for identification. Figure 2 shows the location of
eachmodule on the payloadshelfand deployedpanel. The numberin
parenthesesbeside the array name is the number of cells in the mod-
ule. ArraysO0, 1, and 2 are conventionalsiliconsolarcells. These cells
haveadielectricthicknessof 190 um. Module 3 is made up of silicon
wrap-through-contact (WTC) cells designed for the space station.
Arrays 4 and 6 are Applied Solar Energy Corporation’s (ASEC)
gallium arsenide/germanium (GaAs/Ge) conventional cells, with a
dielectric thickness of 153 um. TRW’s Advanced Photovoltaic So-
lar Array (APSA) cells make up array 5 (previouslylabeled array 36)
and have a dielectric thickness of 127 um. The advancedsolar cells
of AlGaAs/GaAs monolithic multiband gap (MBG) are on array 7.
Array 8 is made of Spectrolab’s GaAs/Ge WTC cells. Amorphous
silicon cells developed by TRW and Solarex are located in module
9. Array 10 contains advanced indium phosphate (InP) cells. Spec-
trolab’s conventional GaAs/Ge cells are in array 11, with a dielectric
thickness of 22 um. Modules 12 and 13 are made up of Boeing’s
GaAs/CulnSe MBG cells. Two concentratordesignsare being flown
in modules 14 and 15. Module 14 is the Mini-Cassegrainian GaAs
cell from TRW, while module 15 contains the Boeing Mini-Dome
Fresnel Concentrator. Of these, modules 1-6, 8, 11, 14, and 15 are
the arrays subject to high-voltage biasing. The arc rate simulation
was run for the conventional geometry cells (arrays 1, 2, 4-6, and
11). The geometric and material properties of the conventionaland
WTC modules are listed in Table 2.

D. Experiment Operation

After the turn-on and checkout of the APEX spacecraft in orbit
and initial current-voltage (I-V) curve measurements, PASP Plus
experimental operations began on Aug. 8, 1994, with positive bi-
asing of the solar array modules. In both the positive and negative
biasing, each array to be tested is biased in a sequence of four steps
eachlasting 23 s, with each step preceded by an I-V curve measure-
ment on the module being tested, an I-V curve of one of the other 16
modules, and a Langmuir probe measurement of the plasma density
and temperature.”’ The modules to be tested are biased in descend-
ing numerical order using the four-step bias sequence. The biased
arrays can be either shorted or at optimum load, with bias voltages
between +500 and —500 V possible. The other mode of experimen-
tal operation s the I-V curves only mode, which produces one I-V
curve for each of the modules in 8 min.

Negative biasing of the modules to be tested began on Aug. 22,
1994 (day 94,234). This phase continued until Sept. 3, 1994 (day
94,246), with biasing from —75 to —450 V being done on all arrays
except 5, which was biased up to —300 V. The biasing up to —220
V (days 94,234-94,237) was done within £20 min of perigee. At
this point, high levels of arcing were seen, especially on the APSA
module 5 while in eclipse when the cells were cold.’! Because of

Silicon(60)
Silicon-WTC(4) l

GaAs-WTC(4)

Thin-GaAs/Ge(20)

GaAsMini-Cassegrainian(8})

Silicon(20)
APSA(12)

Fig. 2 PASP Plus solar array module locations.



96 SOLDI ET AL.

Table 2 PASP Plus cell data

Module no.

1,2 3 4,6 8 11 5(36)
Cell type Si Si WTC GaAs/Ge GaAs/Ge WTC GaAs/Ge APSA
Manufacturer RCA NASA ASEC Spectrolab Spectrolab TRW
Cell size, cm? 2 x4 8 x8 4 x4 4 x4 4 x4 2.6 x5.1
No. of cells 20, 60 4 20, 12 4 8 12
Cell gap, um 500 1000 500 1000 500 635
deel, pm 203 203 89 178 178 56
dy, pm 153 203 102 152 152 51
dy, pm 37 N/A 51 N/A 76 76
€4 35 4 4 4 4 4
€d, 2.7 3 2.7 3 2.7 2.7
Vmax 3.46 4 4 4 4 4
Ymax, 3 2 3 2 3 3
Emax;» eV 330 400 400 400 400 400
Emax,, €V 300 200 300 200 300 300
dw, eV 4.76 4.85 4.26 4.5 4.26 4.26

concerns over damaging the PASP Plus experiment in this early
phase, the decision was made to continuenegative biasing from only
15 min after exiting penumbrato 1 min prior to entering penumbra.’!
Thus, the negative biasing from —240 to —450 V (days 94,240~
94,246) was conducted only in sunlight, when the cells were hot.
Upon biasingat —450V, the TPMs became saturated. It was decided
that this was due to fluctuationsin the power supply and not arcing,
and therefore biasing was continued only up to —430 V (Ref. 31).

Biasing from —160 to —400 V was next carried out Oct. 17-22,
1994 (days 94,290-94,295). The APEX orbit during this time was
in a noneclipse orientation, and so the cells were always hot when
biased, gathering a large number of data points at the high tem-
peratures. Because arcing data were desired during eclipse times,
positive biasing was resumed Oct. 24-30, 1994, while the satel-
lite remained in a sunlight-only orbit. Negative biasing was then
continued from Oct. 31-Nov. 4, 1994 (days 94,304-94,308), when
the APEX orbit contained portions of eclipse. The bias voltages in
this portion of the experiment were predominantly from —160 to
—300 V, with a few points from —310 to —370 V. On Nov. 4, 1994,
as the negative biasing beyond —300 V was being conducted, a
problemdevelopedon APEX, causing the spacecraftto go into con-
tingency mode and to shut off the experiments. The problem that
developed was in the battery control regulator. Software to work
around the problem was written and tested and then uploaded to the
spacecraft, allowing experimental operations to resume on Jan. 14,
1995.

With PASP Plus once again operational, positive biasing was
conductedJan. 14-17, 1995, and negative biasing from Jan. 18-Feb.
11, 1995 (days 95,018-95,042). Because of high levels of noise in
the TPM data,* the TPM threshold was increased from level O to 1
on Feb. 2, 1995 (day 95,033). The counts detected on these days are
believed to be noise (not arcs) for several reasons. First, the counts
are an order of magnitude higher than the previous data and are
independent of which cell is biased or what bias voltage is used.
Also, although the counts show up, there is no amplitude measured,
indicating low-level noise and not arcing.

Because of the high noise in the data for days 95,018-95,032,
these data will not be used in this paper. On days 95,033-95,042,
the arrays were biased between -240 and -440 V. In this set, one
module was biased repeatedly for four consecutive orbits, then the
next module was biased for four orbits, etc. This was done to try
to get data at continuous points in the cell temperature and plasma
density ranges seen throughoutthe orbit.

The next phase of negative biasing was performed from March
3-April 1, 1995 (days 95,062-95,091), when there were portions
of the eclipse that had the modules in ram. The same scheme was
used as in the last phase: biasing one array at a time repeatedly for
several orbits, then moving on the next array to be tested. The last
set of negative biasing to be discussed in this paper took place from
April 13-18, 1995 (days 95,103-95,108). Reference 21 contains a
more complete discussionof the PASP Plus experimentand lists the
exact bias sequencing used on each day of negative biasing.

E. Flight Data Processing

The raw data from the satellite were first processed by software
written by Boston University’? and then distributed to the PASP
Plus science team. These data include the satellite housekeeping
and ephemeris data, environmental data, and the positive and neg-
ative biasing data. The data were then analyzed by examining the
variation of arc rate with one parameter while keeping the remain-
ing parameters constant. The appropriate data points were found by
choosing which parameters to hold constantat given values and then
scanning the data set to find the corresponding arcing data points.
When the data were averaged, error bars were set to standard devi-
ations determined using Gaussian statistics if there were more than
one point at each value of the independentvariable; otherwise, Pois-
son statistics were used.'® On graphs showing the actual flight data
points (not averages), discrete levels of arc rates are seen because
the arc rate is calculated from the discrete pulse counts divided by
the constant experiment duration.

III. Arc Rate Simulations

The arc rate simulation’*?! was run both pre-and postflight for the

conventional geometry solar cell modules on PASP Plus. The pre-
flight simulations were conducted using environmental parameter
values generated using the Environmental Workbench (EWB) soft-
ware from S-cubed,* assuming the 360 x 1950 km, 70-deg baseline
orbit. The EWB software provides a user interface to the standard
neutral, plasma, and radiation environmental models. The arc rate
simulations showed a fair agreement with the flight data, although
the cell temperatures used in the simulations were between 30 and
50 K colder than the actual flight conditions.

The simulations were then rerun postflight as soon as the ini-
tial negative biasing data were processed, using the environmental
parameters and cell temperatures measured during the experiment,
where available, listed in Table 3. The EWB generated values of ion
mass, neutral density, and neutral temperatures were again used, be-
cause they were not measured during the experiment. A maximum
plasma density of 3.5 x 10'' m~3 was used, because the experimen-
tal Langmuir probe data above 2 x 10'' m~3 was unreliable. The
cell temperatures used are given in Table 4, which are the ranges
seen during the first day of negative biasing (day 94,234). The max-
imum temperature corresponds to the minimum arcing condition
and vice versa. In eclipse, the APSA array was coldest at 205 K,
whereas the remaining cells ranged from 231 to 255 K. The stan-
dard silicon cells were coolest in sunlight, at 311 K, whereas the
remaining modules ranged from 323 to 333 K. Figure 3 shows the
mean values of the postflight simulations for the silicon module 1
at the maximum temperatures in Table 4. The neutral density for
the maximum arcing conditionin these simulations was 3.18 x 10'4
m~3, which is the maximum density from the EWB generated en-
vironmental data for the APEX orbit. At lower neutral densities,
lower arcing would be expected at the higher cell temperatures.
Also shown in the graph are the flight data points with temperatures
four degrees colder than the temperature in the simulations, £3%,
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Table 3 Postflight environmental parameters
for minimum/maximum arcing

Plasma Electron Ton Orbital Neutral

density, temp., mass, velocity, density,
Condition m~3 eV kg m/s m3
Minimum 1. x 108  0.023 2.64x 10720 6195  6.85 x 10°
Maximum 3.5 x 10''  0.85 221x107%7 8211 3.18 x 10™

Table4 Temperature ranges of biased PASP Plus conventional cells

Module no. 1 2 4 5 6 11

Minimum, K 231 231 255 205 255 253
Maximum, K 311 311 329 333 329 323
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Fig. 3 Postflight simulations and flight data for silicon module 1 at
Ts =307 K.

because there are very few data points at the temperature extremes
themselves. Figure 4 shows the mean values of the postflight simu-
lations using the minimum temperatures from PASP Plus in Table 4,
along with flight data points 4 K warmer than the temperaturein the
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Fig. 4 Postflight simulations and flight data for silicon module 1 at
Ts =249 K.

on any conventional geometry solar array under any given set of
environmental and operational parameters.

IV. Flight Data Analysis

In this section, the PASP Plus flight data will be examined to de-
termine correlationsbetween the arcing rates of the various modules
with the environmental variables, operational parameters, and cell
properties that are known for the experiment. From the model used
in this work, the arc rate is expected to be a function of bias voltage,
array area, dielectric thickness, ion flux, neutral flux, and surface
temperature, as well as the various EFEE parameters. Thus, the arc
rate can be expressed as R = R(Vpius, Aumay, d, T, T, Ty, EFEE).
Correlations with these parameters will be examined, as well as pos-
sible dependencies on radiation flux, ram angle (which affects the
ion flux), and transition into and out of eclipse.

A. Arc Rate Dependency on Bias Voltage

The arc rate of solar arrays biased to high negative voltages is
given by the inverse of the charging time, given by Eq. (1), times
the ratio of array area to discharge wave area. The arc rate expected
for an array can then be given by

A array /A wave

simulations, £3%. In both cases, the mean value of the simulations
agrees with the general trend of the arcing activity. There is observed
to be a threshold at about —200 V followed by a nonlinear increase
in the arcing as a function of voltage. The wide variation in the
data stems both from the statistical nature of the arc process and
the variation with the orbital parameters. Since not all of these are
known, exact agreement with the experimental data is impossible to
attain. However, approximately 99 % of the flight data fell within the
range predictedby the simulations. Also, the high arc rate data points
measured between —260 and —300 V all occurred before the TPM
threshold was increased, suggesting that these may have been due to
low-levelnoise other than arcing. In general, similar agreement was
found for the other conventional geometry cells. The thin GaAs/Ge
modules showed less arcing than expected, however. This could
possibly be due to a lower emission site density, to which the arcing
rateis very sensitive. Also, the arcing levels at the high temperatures
are more difficultto predict,because at these temperaturesthe arcing
becomes very sensitive to the unknown parameters such as neutral
density and the desorption yield. Thus, it was found that, given
the correct environmental parameters, the model simulation was
able to predict the arcing rates for the PASP Plus experiment. The
model simulation can then be used to predict the arcing activity

({Ve - [Vm‘c - (AQ/Cfronl)]cfronl}/enevionAcell COSO{) + [Cdielediz/(yee - 1) Vv SrealngA(SFN/Sreal)Bﬂ] eXp(Bd/ﬂng(JVe)

Thus, setting all parameters except the bias voltage constant, and
assuming that the potential across the coverglassdrops by a constant
fraction of the bias voltage, the premultiplier of the EFEE term is
constant, and V, is a constant fraction of Vi, the arc rate can be
written as

1
R =
CoVoias + C1 exp(Ca/ Vipias)

6)

Atlow bias voltages, the EFEE term will dominate the charging pro-
cess and the ion charging term can be neglected, further simplifying
the equation for arc rate to

1

S — 7
C, exp(Cy/ Viias) ™

Figure 5 shows the variation in average arc rate with bias voltage
for the silicon module 2 for days 95,033-95,108 at an ion flux of
1 x 10"3/m?s and cell temperature of 245 K. The error bars show one
standard deviation from the average at each voltage. There is clearly
a strong dependenceof arcing on bias voltage. The curve shows a fit
to the data made using the form given by Eq. (7). Althoughthe shape
of this form fits the data well and models the onset characteristics
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Fig. 5 Arc rate variation with bias voltage for silicon module 2.
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Fig. 6 Arc rate fit to bias voltage for conventional geometry cells.

accurately, the coefficients do not match those expected from the
model. This is because in performing a fit all other parameters are
assumed to be constant. This, however, is not the case, because
parameters such as the enhancement factor are seen to vary greatly
with bias voltage in the simulations. Similar results were found for
all of the conventionalgeometry cells. The WTC cells also exhibited
arcing, although much less frequently than the conventional cells.
The two concentratormodules showed very little arcing, such that it
was difficult to distinguishpossible arcs from noise. Figure 6 shows
a comparison of fits made for all of the conventional geometry cells
on days 94,234-94,308 at eclipse temperatures and an ion flux of
1 x 10'*/m?s, except module 4, which did not have enough points
available for a fit to be made. Because of the large number of data
points, plotting the data for all of the cells on the same graph would
make any cross-cellcomparisonsimpossible. By plottingjustthe fits
to the data on one graph, arcing levels from various cell types can be
compared. This shows that the silicon and APSA cells showed the
highest arcing, and the thick GaAs/Ge module had very low levels
of arcing.

1. Onset Voltage

At high ion fluxes, the total charging time will be dominated by
the EFEE charging time, and the arc rate can be given by Eq. (7).
The EFEE charging time will then determine the threshold voltage
at which arcing will begin. The charging time, as a function of bias
voltage, is given by the form

Tchrg = Cl eXP(CZ/Vbias) (8)

Table 5 Simulated and experimental arcing onset voltages

Simulated onset Experimental onset

Array voltage, V voltage, V
(1, 2) standard silicon —160 —160

(3) silicon WTC N/A —160

(5) APSA —100 —75to0 —125
(4, 6) thin GaAs/Ge —120 —125

(8) GaAs/Ge WTC N/A -260 to -300
(11) thick GaAs/Ge -180 -180

For any finite experiment duration, there will exist a voltage be-
low which the charging time exceeds the experiment duration, at
which point no arcing will be seen. This voltage is the arcing onset
voltage for the array at the given experiment time. Onset voltages
were found using both the flight data and the simulations, which
are summarized in Table 5. Because the simulation used in this
work is based on a model of arcing on conventional geometry cells,
simulated onset voltages could be found only for the conventional
geometry cells on PASP Plus. To find onset voltages in the simu-
lations, a cell temperature of 200 K, an ion flux of 3.5 x 10" /m?s,
and an experiment duration of 60 min were used as extreme values.
In the flight data, the onset voltage was taken to be the voltage be-
low which arcing did not occur, which requires a judgment to be
made as to whether a single pulse is an arc or some other noise.
The very low arcing activity on the concentrator arrays makes de-
termining an onset voltage problematical. As seen from the table,
the simulations predictthe onset voltages very accurately. The onset
voltages observed during the experimentare a significant finding by
the PASP Plus experiment, because previously it was believed by
the space power community that solar arrays could be operated up
to —300 V before arcing would become a concern.** This experi-
ment has shown that arcing may be an issue at much lower voltages,
which are at the level of current designs for the space station.

2. Area Scaling

From Eq. (5), it can be seen that, all else being equal, the arc
rate is expected to scale linearly with array area. Thus, it would
be expected that module 1 would have an arc rate one-third that of
module 2. If the arc rate for an array of area A; is fit using Eq. (7),
the scaled rate for a similar array of area A; would be given by?!

A A; 1

R=SiR=H— — ©)
A Cy; exp (Cz,-/Vbias)

J Ai

Figure 5 shows the fit to the arc rate of the silicon module 2, which
results in coefficients of C; = 0.002677 and C, = 2011.77. The
scaled equation for silicon module 1 is then

160 cm? 1

R =
" 480cm? [(0.002677exp(2011.77/ Viias)]

1
= (10)
0.008031exp(2011.77/ Vies)

Figure 7 shows the fit to the arc rate data of silicon module 1, along
with the scaled fit from Eq. (10). The solid line is the fit to the
data for module 1, whereas the dashed line shows the scaled curve
from module 2 given by Eq. (10). Both curves are seen to fit the
data equally well. A similar scaling was conducted on the two thin
GaAs/Ge arrays (modules 4 and 6), which had an area ratio of 20 to
12. Again, the scaled curve fit the data as well as the curve found by
fitting the data directly. These results support the linear area scaling
suggested by the model. Thus, once the arc rate is known for a given
solar array, the expected rate for a similar array of different size can
be determined from a simple area ratio scaling.

3. Dielectric Thickness Scaling

The thickness of the solar array dielectric layer (i.e., coverglass
and adhesive) is expected to be a key parameter in determining the
arc rate. As the dielectric thickness is increased, the arcing rate is
expected to decrease, because it is this thickness that determines
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Fig. 7 Area scaling on silicon module 1.

the strength of the electric field in the region of the triple junction
(E = —¢/d). However, a thicker dielectric also results in an in-
creased mass. Thus, there exists a tradeoff between an acceptable
level of arcing and solar cell mass. The coefficients in Eq. (7) are
both functions of the dielectric thickness. The coefficients for a cell
of dielectric thickness D; can be scaled to a cell of thickness D,
by21

_ Dl Zn bn(y/Dl)l/zn D2

= C C, =—C 11
2T DY b(y/Dy) ! »=p D

G

where b, are the coefficients to a polynomial fit to the numerically
determined electron first impact location. This scaling, however,
assumes that the other parameters in Eq. (5) remain constant be-
tween the two cells. Unfortunately, this is not necessarily the case.
In particular, the average value of the enhancement factor § of the
emission sites that arc can vary between cells. Since this parameter
appears within the exponentialterm, it will strongly affect the arcing
rate and must be accounted for to scale between cells of differing di-
electric thickness. Numerical studies of the thin and thick GaAs/Ge
cells found that the average enhancement factor decreases with bias
voltage for both arrays, and the average enhancement factor on the
thick cellis approximately 1.25 times that of the thin cell.?! Thus, the
coefficients C; and C, can be scaled by this factor, B, to take into
account the difference in the enhancement factor between the two
cells.

A fit using Eq. (7) for the thin GaAs/Ge module 4 yielded coeffi-
cientsof C; = 0.0628 and C, = 2779.69. Scaling these coefficients
using Egs. (9) and (11) and adjusting for the variationin the field en-
hancement factor yields coefficients for the thick GaAs/Ge module
11 of C; = 0.141 and C, = 3313.39. Figure 8 shows a compari-
son of the scaled fit and the fit to the data itself for the thick cell.
The scaled fit is somewhat lower than the fit to the data but is still
within the error bars and is a reasonable fit considering the varia-
tion seen in the arc rate at the different voltages. The large scatter
in this data set makes the results somewhat inconclusive, but the
dielectric scaling does appear valid. Unfortunately, to perform this
scaling, the simulation must be run to determine the relationship
between the average B values for the cells being examined. Once
this relationshipis known, experimental data from a cell of one di-
electric thickness can be scaled to predict arcing rates for a similar
array with a different dielectric thickness. Thus, the trade between
arcing and mass can be conducted either using the simulation itself
to predict arcing rates or by measuring arcing on one cell and then
scaling for varying dielectric thicknesses.

4. Work Function Scaling

The work function of the interconnector determines the mag-
nitude of EFEE. Thus, cells with a lower work function will ex-
hibit higher electron emission and, thus, have a higher arc rate. The
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module 5 (days 94,234-94,308).

coefficients from the fit using Eq. (7) can be scaled for cells with a
different work function by?!

Clz = 10(4'52/ Pu2 —4RN o) (¢wz /¢w1)cll
(12)

C22 = (¢w2/¢w1)1'5C21

Because no two modules on PASP Plus differ only in work function,
this scaling cannot be tested independently. Instead, this scaling,
along with the area and dielectric thickness scalings, were applied
to scale the siliconmodule 1 fit to the APSA module 5 data. The cell
properties for these modules are listed in Table 2. As well as hav-
ing different thicknesses and work functions, these cells also have
different dielectric constants and secondary electron yield charac-
teristics. Also, as noted previously, the silicon cells are believed to
have a higheremissionsite density, which would resultin a different
B variation between the two modules than was determined from the
simulations. Thus, the scaling, which assumes that these properties
are the same, can be expected to yield a scaled fit that is higher than
the actual fit to the data. Applying the scalings from Egs. (9), (11),
and (12) to the coefficients from the fit shown in Fig. 7 yields coef-
ficients for the APSA module of C; = 0.168 and C, = 1043.02. In
performing these scalings, a value of 1.4 was used for 8, based on
the simulation results. Figure 9 shows the scaled curve, along with
the fit to the data itself. The scaled curve (shown as a dashed line) is
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Fig. 10 Expected critical ambient neutral density variation with tem-
perature for varying bias voltages for the APSA module 5.

somewhat higher than the fit, as expected, but still reasonably rep-
resents the arcing activity. Thus, all of the scalings can be applied to
the results of testing a single module to estimate the arcing rates on
arrays with different areas, dielectric thicknesses, and interconnect
work functions.

B. Arc Rate Dependency on Cell Temperature

As discussed previously, the cell temperature is a critical factor
in determining the possibility of breakdown and arcing once EFEE
runaway has occurred. High levels of arcing are expected when the
cell is coldest and there is a large adsorbed neutral density. As the
cell temperature increases, the arcing will sharply decrease until
at some critical temperature there will not be a sufficient neutral
density to allow breakdown and the arcing rate will drop to zero.
This critical temperature is a strong function of the ambient neutral
density and bias voltage. Because the neutral density was not mea-
sured during the PASP Plus experiment, the effect of neutral density
cannotbe examined directly. In general, the ambient neutral density
and plasma density are roughly correlated. Thus, it will be assumed
that the neutral density will be higher at points of high ion flux.
The importance of the neutral density is shown in Fig. 10, which
shows the critical ambient neutral density needed for breakdown at
various bias voltages and cell temperatures, with an assumed des-
orption cross section Qgsp of 1 X 10~ m?, for the APSA cells.
The horizontal dashed lines show the maximum and minimum neu-
tral density for the APEX orbit generated using the EWB software.
This shows that the cell temperature and expected neutral density
regime of the experiment are in the area where neutral density and
cell temperature dependencies would be expected. If, for example,
data were gathered over the entire density range at —300 V and 220
K temperature, it would be expected that there would be arcing only
above a density of approximately 1 x 10''/m?, whereas at 250K
arcing would only be expected to occur at points above 1 x 10'3/m?>.
At approximately 275 K, the neutral density needed for breakdown
exceeds that expected for the experiment, at which point no further
arcing would be expected at increasing cell temperatures. In this
work, the method of analysis is to examine the variation of arc rate
with one parameter while keeping the remaining parameters con-
stant. Because points of constant neutral density cannot be found,
the varying neutral density for the points of constant voltage, cell
temperature, and/or ion flux examined in this study can resultin a
large scatter in the data.

Although all of the conventional geometry cells showed a strong
dependence on cell temperature for arcing, the APSA module 5
has shown the highest sensitivity to cell temperature during the
experiment. Figure 11 shows the data for the arc rate variation with
cell temperature for the APSA module ata voltage of =300V and an
ion flux of 1 x 10'3/m?s on days 95,033-95,108. Arcing activity is
seen only at the low temperatures. Because the APSA cells are thin,
and the module was mounted over a cutout on the deployed panel,
the temperaturerise time is very fast. Thus, very few datapoints were
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Fig. 11 Arc rate variation with cell temperature on APSA module 5
at-300V and 1 X 10'3/m?s ion flux (days 95,033-95,108).

taken during the times that the temperatures were transitioning from
low to high. During all of the experimentsat -300 V, the APSA array
only showed two possiblearcs attemperaturesabove 230 K. Because
duringactual operationon spacecraftthe cells will only be operating
in sunlight, there should not be arcing on this type of cell during
most of the orbit. However, as the cells exit eclipse, they will still be
cold and have a high adsorbed neutral density and the cell may arc.
As they heat up, the cells will initially thermally desorb neutrals,
which will further enhance the electron-stimulateddesorbed neutral
cloudover the triple junction and increase the chance of breakdown.
Thus, the cells should initially increase their arc rate as they cross
the eclipse-sunlight transition before the higher temperature of the
cells reduces the arc rate. Once the high eclipse neutral density is
thermally desorbed, the adsorbed neutraldensity will reach a steady-
state value as described in the model description, which will not be
high enough to lead to further breakdown. This transient effect was
seen during the experiment, when increased arc rates were measured
on both the silicon and APSA modules during the eclipse-sunlight
transition periods 3!

Similar temperature effects were seen on the remaining conven-
tional geometry cells. For example, the arc rate on silicon module 2
was seen to drop to zero at approximately 260 K for experiments at
—360V and an ion flux of 1 x 10'*/m?s. The nonconventional ge-
ometry cells showed very little arcing, making a study of a possible
temperature dependence difficult.

The temperature dependence seen during the experiment is an
important validation of the model. This temperature dependence
and the eclipse-sunlight transition effect support the theory that
adsorbed neutral gas is desorbed during the charging process and
breaks down during the arc discharge. The other arcing models?32?
suggest no cell temperature or eclipse-sunlight transition depen-
dence. Because the ambient neutral density was not measured, the
critical temperatures for arcing on each module cannot be properly
determined. However, from the entire data set, the APSA module
appears to have a critical temperature of 230 K at -300 V, whereas
the critical temperature of the standard silicon arrays varies from
260 to 280 K, depending on bias voltage and ion flux.

C. Arc Rate Dependency on Ion Flux

Another important parameter in determining the arcing rate on
a high-voltage solar array is the ion flux to the front surface of the
array. This flux determines the ion charging time, which, along with
the EFEE charging time, determines the interval between successive
arcs within the radius of a discharge wave. The ion charging time is
given by

{Ve - [Vurc - (AQ/Cfronl)]}Cfmnl
Tion = (13)
enevionAcellcosa
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The term {V, — [V, — (AQ/Con)]} is the drop in potential AV
across the coverglass due to the arc discharge. This is the potential
that must be built back up by the incoming ions. The front surface
capacitanceis given by

Cfronl = ! = Acen
(d/ea) + (dean)

[dl/(AcenGal)] + [dz/(Aceuéaz)]
(14)

The ion flux is given by I'; = n,viencos . Thus, the ion charging
time can be rewritten as

. AV
s el"l- (dl/edl) + (dz/édz)

Note that the cell area cancels out in the equation, and thus the ion
charging time is not a function of cell area.

Given two arcing rate data points at different ion fluxes, but at
the same bias voltage, the potential drop AV may be determined.
Since the EFEE chargingtime is nota function of ion flux, the EFEE
chargingtimes for the two points will be the same. Thus, subtracting
the two total charging times yields

15)

T, =T (Tionz + Tefeez) - (Tionl + Tefee])

AV AV

T (di/en) + (& [en) eTa (d [ ea) + (/)

_ AV (L _ L)
e(dl/edl) + (dz/édz) riz l—‘il
(16)

Therefore, given two charging times 7, and 7, and their correspond-
ing ion fluxes I';, and I';,, Eq. (16) can be solved for AV as

_ e(ty — Tl)(dl/éal) + (dz/éaz)

(1/7:) = (1/Ta)

Figure 12 shows the arc rate variation with ion flux at a cell temper-
ature of 245 K and bias voltage of —300 V. Although thereis a large
amount of scatter in the data at high ion fluxes, this graph clearly
shows an increase in arc rate with increasingion flux. To determine
the potential drop during an arc, two arc rates need to be chosen at
differention fluxes. A fit suggested by the model of the form

an
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Fig. 12 Ion flux fit for silicon module 2 at 245K and -300 V.

was used. However, because only points with a nonzero arcing rate
(and thus a finite charging time) can be used, only the nonzero points
were fit. The coefficient C; represents the parameters in Eq. (15)
otherthan the ion flux. Using the parameterslisted in Table 2 for the
silicon cells and assuming the entire 300 V are discharged, a value
of 2.9 x 10" is expected for C,. This is very close to the fit value
of 2.4 x 10", From this fit, at an ion flux of 1.2 x 10'3/m?2s the arc
rate is 0.05/s, correspondingto a charging time of 20 s. At a flux of
2 x 10'/m?s, the arc rate is 0.5/s, and the charging time is thus 2 s.
Substituting these valuesinto Eq. (17) yields a potentialdrop during
thearc of 238.8 V. Thus, the surface potentialdrops to -62.2 V, which
is on the order of ~100 V seen in ground experiments’

Note that this method of estimating the potential drop is very
sensitive to the arc rate and ion flux at the lower of the two ion
fluxes, because these terms dominate. Typically, the point where
one arc occurs is chosen, to try to make the difference in the ion
fluxes greatest. Because points with only one arc have a high relative
uncertainty,however, thereis thus also ahigh uncertaintyin the value
of AV. For example, this method was used on the APSA module
5 at =300 V at a cell temperature of 215 K, resulting in a AV
of only —45.7 V. Although this is not completely unrealistic, it is
lower than expected. So, although this does help confirm the model,
it is difficult to produce accurate estimates for AV without more
accurate data.

1. Critical Ion Flux

For a finite experiment time 7.y, there will exist a critical ion
flux below which the ion charging time will exceed the experiment
time. For ion fluxes below this critical flux, the electric field at the
triple junction would not become sufficiently large to induce EFEE
runaway during the experiment duration, and no arcing would be
expected. Neglecting the EFEE charging time, the critical ion flux
can be determined by setting Tj,, = Teyp in Eq. (13), so that

_ (AV)Cim

Mo = (19)

e Acell Texp

Using the parameters for the silicon cells at —300 V, assuming the
potential drops to —100 V after an arc occurs, the expected critical
ion flux is approximately 1 x 10'3/m?s. If the EFEE charging time
is not negligible, the critical ion flux will be greater than this value.
Examination of the arc rate variation with ion flux for the silicon
module 2 biased to —300 V at a temperature of 315 K yielded
a critical ion flux of approximately 3 x 10'*/m?s. Thus, since the
EFEE chargingtime is notexpected to be negligible at only =300V,
the model accurately predicts the critical ion flux. However, at the
low ion fluxes the neutral density will also probably be low, which
could also contribute to the lack of arcing. The critical ion fluxes
seen in the PASP Plus experimentare for a 20-s experimentduration.
If the modules are biased for a longer duration, a lower critical ion
flux would be seen, as described by Eq. (19).

2.  Wake Effects

When the ram angle is greaterthan 90 deg, the solararray modules
are in the spacecraft wake. This could result in a much lower ion
flux, depending on the wake angle, which would suppress arcing.
Wake current collection was studied by Wang for charged plates
atzero, small, and large wake angles. Small wake angles are defined
as oy, < b, where 6, is given by 6, = sinfl(l/M) and M is the
Mach number. When a plate at a small wake angle is biased to
even a low voltage, a sheath structure develops on the plate. For
the APEX orbit, the Mach angle is approximately 7-15 deg. Thus,
if the ram angle is within approximately <105 deg and the side
of the biased module is near the edge of the panel, the resulting
presheath structure is able to draw a significant flux of ions to the
negatively biased array. For larger ram angles, a high voltage is
required to generate a high ion flux. This is case for the silicon
module 2 near the edge of the panel, which is able to receive a large
ion flux at low voltages when slightly in the wake and is able to
receive a high ion flux at large ram angles when biased to several
hundred volts. The reason that module 2 can arc in the wake at
high voltages can be explained as follows ¢ In the wake, the plasma
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densityis reduced. Thus, the potential structure generated by a high-
voltage module extends a considerable distance outward, crossing
the wake boundary. This potential structure is able to deflect the ion
trajectories,causingthem to strike the module. If, at low wake angles
and low bias voltages, the biased module is not near the leading edge,
the collectingsurfaceis notin the presheathbecausethe front portion
of the plate is unbiased. Thus, the current collected by the module
in this case would be much lower. At low wake angles and high
voltages, the potential structure is still able to attract ions from the
wake boundary to the module, which will result in arcing. At high
angles, however, the electric field at the wake boundary is too weak
to draw ions to the module. This is the case for the silicon module
1, which is located half of the panel width away from the leading
edge, shown in Fig. 2. Thus, it would be expected that module 2
would exhibitarcing up to ram angles of approximately 105 deg at
low voltage and higher angles at high voltage, whereas module 1
should arc only in ram (i.e., @ < 90 deg) at low voltage and slightly
into wake at high voltage. This is exactly what was seen during the
experiment.’! Module 2 was seen to arc heavily at ram angles up
120deg and arced to alesser degree even beyond this angle. Beyond
120 deg, the spacecraft was also in sunlight, causing the cells to be
hot and further suppressing arcing. On silicon module 1, however,
arcing was not observed until the panel was at a low wake angle
(o < 105 deg). Because operational solar panels on spacecrafthave
cells over the entire panel, the results seen for module 2 represent
the expected arcing activity during wake operations. Thus, high-
voltage solar arrays operating in the —400-V range can expect to
arc heavily up to ram angles of approximately 120 deg and at lower
levels beyond that.

D. Radiation Effects

The ESA on PASP Plus measured the ion and electron spectrain
the 30-eV to 30-keV range. The arc rate variation with both ion and
electron counts were examined to test for a possible correlation be-
tween arcing and radiation flux. A hypothesisfor such a correlation
is that the radiation deposits charge within the dielectrics, which
would then alter the potential structure in the triple junction region
and affect the arcing rate.?! When examining the data, cell tem-
perature, bias voltage, and plasma ion flux were all kept constant,
because correlations between arcing and these parameters were all
found to exist. Because the majority of the data was taken at low
altitudes, where the plasma density was greatest, most of the data
is at a relatively low radiation flux, making this study somewhat
limited. Upon examination of the data for each of the modules, no
correlation was seen to exist for eitherion or electron flux. Thus, the
limited data from the PASP Plus experimentindicate no correlation
between arcing and radiation flux.

V. Conclusions

A semianalytic arc rate code was used to simulate the arc rates
for the conventional geometry cells biased during the PASP Plus ex-
periment. This Air Force experiment was flown aboard the APEX
satellite to examine the interactionsof conventional, WTC, and con-
centrator cell designs with the space plasma environment. Preflight
predictions of the arcing activity were made with parameters gen-
erated using environmental models for the baseline APEX orbit.
Postflight simulations were then conducted using the actual flight
data parameters. The simulations were found to accurately predict
the arcing levels seen during the experiment.

Analysis of the PASP Plus flight data was then conducted to ex-
amine arc rate dependencieson the various material, environmental,
and operational parameters. The results can be summarized as fol-
lows.

1) The WTC cells were found to arc, although much less fre-
quently than the conventional cells. The concentrator cells showed
a much lower arc rate than either design, to the point to become
almost indistinguishablefrom possible noise.

2) A strong dependency on bias voltage was found, as predicted
by the model. Fits based on the model form were then made, which
could then be scaled to account for differencesin cell area, dielectric
thickness, and work function. From this, it was verified that the arc
rate varies linearly with array area and strongly with the inverse of

the dielectric thickness. Onset voltages of between approximately
—100 to —300 V were found for the conventional and WTC cells,
which is significantly lower than was previously believed. This fur-
ther shows the need to consider solar array arcing during the design
of high-voltage power systems.

3) The strong dependence of arcing with cell temperature pre-
dicted by the model was also verified by the PASP Plus experiment.
During eclipse, all of the conventional modules showed increased
levels of arcing. The existence of a critical temperature above which
no arcing was seen, for a given bias voltage and ion flux, was veri-
fied. Thus, if cells on operating power systems are kept hot, arcing
can be avoided. The APSA module was mounted over a cutout on
the deployed panel and was exposed to space on the back, which
most closely represents the configuration of actual arrays. Because
of the resulting high temperatures during sunlight, this module was
found to arc almost exclusively during eclipse and transition from
eclipse into sunlight. Thus, if operating systems are heated prior
to exited eclipse, arcing can be significantly reduced and possibly
avoided altogether.

4) Ton flux was also verified as a factor in the arcing process, with
arcing possible even during wake operations. Thus, to avoid arcing,
the cells must either be kept below the onset voltage or above the
critical temperature.

5) Radiation flux, however, was not found to affect arcing levels,
although only a limited amount of data was available to support
this. The dependencies found between arcing and bias voltage, cell
temperature, and ion flux, as well as the arc rate scalings with array
area, dielectric thickness, and work function, all strongly support
the model developed by Cho and Hastings.'*?? The semianalytic
simulation was shown to be an accurate tool for predicting solar
array arcing. This tool could then be used to perform voltage/mass
trade studies or to help design new cells to mitigate arcing during
high-voltage operation.
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