JOURNAL OF SPACECRAFT AND ROCKETS
Vol. 42, No. 3, May—June 2005

Solar Arrays for Direct-Drive Electric Propulsion:
Electron Collection at High Voltages

Ioannis G. Mikellides* and Gary A. Jongeward"
Science Applications International Corporation, San Diego, California 92121
T. Schneider*
NASA Marshall Space Flight Center, Huntsville, Alabama 35812
and
T. Peterson,’ T. W. Kerslake,! and D. Snyder™*
NASA John H. Glenn Research Center at Lewis Field, Cleveland, Ohio 44135

Solar array technologies that can empower electric thrusters in direct drive mode may provide significant
mission benefits by reducing power processing, system complexity, weight, and cost over conventional systems. In
direct-drive systems the solar arrays will operate at high voltages and must perform safely in the surrounding
plasma environment, with minimal loss of performance due to parasitic current collection. For example, current
state-of-the-art Hall effect thrusters in the kilowatt class require applied voltages of 300 V or higher. Results
from experiments and modeling of electron current collection at high bias voltages (300-500 V) are presented.
The experiments employed two sample solar array coupon technologies. A hollow cathode was used to emulate
the induced environment around the solar arrays far from the Hall thruster and in nearby regions populated by
charge-exchange plasma (10'2-1013 m—3 and 0.5-1 eV). The measurements show that tens to hundreds of seconds
are required before the collected current relaxes to a quasi-steady value. Comparisons with results from numerical
calculations suggest that changes of the secondary electron yield properties of the dielectric materials may account

for the observed current collection trends.

Nomenclature
Ay = effective (sheath) collecting area, m?
d = coverglass thickness, m
E, = perpendicular component of the electric field, V/m
E, = nparallel component of the electric field, V/m
e = electron charge, C
I.,, = collected electron current, A
J = surface current per unit length, A/m
j = total current density, A/m?
je = emitted electron current density, A/m?
jep = incident current density of primary electrons, A/m?
Jjwmn = electron thermal current density, A/m?
k = dielectric constant
m, = electron mass, kg
n, = electron particle density, m™3
I = dielectric charging time, s
Y = secondary electron yield
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&, = mean energy of emitted electrons, J

g, = energy of primary electrons, J

&y = electric permittivity of free space, F/m

0 = charge density, C/m?

o, = parallel electrical conductivity, Q!

T = collision time between electrons and snapped-over
surface, s

¢ = electrostatic potential, V

¢, = electrostatic potential of dielectric (coverglass), V

¢qp = electrostatic potential of cell gap, V

Introduction

LECTRIC propulsion, with its highly efficient use of propel-

lant, has long been recognized as the technology of choice
for a number of space missions. These include long-duration
deep space missions, as well as station keeping for geostationary
satellites. Since its conception over three decades ago, the Hall
thruster’s (see Ref. 1) unique combination of high specific im-
pulse and thrust-to-power ratio established it as a favored propul-
sion system for a variety of such missions. Employment of these
thrusters continues to be evaluated, worldwide, for orbit insertion
to low Earth orbit (LEO),> geosynchronous orbit,> and in more
ambitious missions for the human exploration and development
of space.* A promising systems approach that may significantly
reduce the cost and weight associated with the employment of
these thrusters onboard both deep space and near-Earth spacecraft
is the use of direct drive. A joined NASA/U.S. Naval Research
Laboratory effort conducted in the late 1990s demonstrated that
direct-drive operation with a Hall thruster is indeed a viable option
(see Ref. 5).

In a conventional electric propulsion system, power is supplied
by low-voltage solar arrays (usually <150 V). The high voltages
needed to operate the electric thruster are provided by the (propul-
sion) power processing unit. If the array could provide the required
voltage directly, the power processing electronics and heat rejec-
tion system would be smaller and lighter. The reductions would
translate directly into cost savings and/or allow for additional
payload.
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This paper and the companion paper by Schneider et al.® doc-
ument results from tests and from modeling that have been per-
formed for the ultimate purpose of defining an envelope of safe
operation of the direct-drive Hall thrusters in the presence of
high-voltage solar arrays. The results, however, apply not only
to direct-drive systems but to other high-voltage space applica-
tions as well, such as megawatt-level electric propulsion power
systems’ and the space solar power satellite technology.® For the
direct-drive Hall-effect thruster (D2HET) system, the assessments
have been carried out largely through ground experiments. Wher-
ever possible the experiments have also been supported by mod-
eling and simulation. The plasma environment under which the
sample solar array coupons have been tested represents typical
conditions under which the flight D2HET solar arrays would be
exposed during thruster operation. Such conditions were defined
by three-dimensional modeling and simulation calculations.” The
calculations assumed a representative 2 x 2 matrix of thrusters
and mission scenarios, specifically the 4-kW class Busek—Primex
thruster and the 1.4-kW stationary plasma thruster onboard the Deep
Space 1 and EXPRESS spacecraft. A system study has also been
conducted to quantify the potential savings of a direct-drive sys-
tem over conventional technologies and to identify trends that may
offer additional benefits at power levels and/or mission scenarios
other than the representative 2 x 2 matrix considered in the D2HET
program,'%-!!

The high-voltage tests have been driven mainly by two potentially
hazardous plasma interactions: leakage (or parasitic) currents and
arcing. The first will reduce solar array performance, which can in
turn affect the overall spacecraft design if the collected electron cur-
rent is a significant fraction (more than a few percent) of the current
generated by the array. At the higher operating voltages, enhanced
parasitic currents can easily occur when dielectric surfaces “snap
over.” Commonly termed snapover, the phenomenon is the shift in
the mechanism by which a dielectric achieves current balance, from
repelling most of the incoming electrons to emitting secondary elec-
trons. These secondary electrons are emitted as a result of primary
electron bombardment of the dielectric surface and get collected
by the nearby conductor (which is usually positively biased), lead-
ing to a sudden increase in both current collection and dielectric
potential.

Arcing, which is most prominent when the conducting surfaces
such as exposed interconnects or semiconductor edges are at a neg-
ative potential with respect to nearby insulating surfaces, for exam-
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ple, when the HET is not operating, can lead to permanent elec-
trical shorts. Most efforts to investigate the causes of these and
other array failures have concentrated at voltages less than 300 V
(Refs. 12-15).

This paper presents electron collection measurements and mod-
eling of two candidate solar array technologies: 1) a design based
on the International Space Station (ISS) solar array technology
and 2) a design that is representative of the newer, more ef-
ficient advanced triple-junction technologies that utilize indium/
gallium/arsenide/germanium semiconducting materials. For brevity,
in this paper, we refer to the sample coupons used for the tests as
the coupon 1 for the ISS design and coupon 2 for the second de-
sign. Assessments of arcing initiation and damage from sustained
discharges are described by Schneider et al.%

Solar Array Designs

A variety of solar array concepts have been considered, some of
which employ interconnect shielding from the plasma, array string
layout patterns, spacing and grouting, isolation diodes, substrate
structural makeup, and multilayer insulation. The two main tech-
nologies that have been tested are described next.

Coupon 1

Several of the technology characteristics mentioned apply to the
ISS solar array. Despite its lower efficiency compared to newer,
multijunction designs such as that represented by coupon 2, the
ISS design was chosen as a D2HET candidate due to its relative
maturity and demonstrated operation in space. Moreover, both on-
orbit observations and modeling of ISS cells operating at voltages
less than 150 V suggested that the gap geometry shields the exposed
semiconductor edges from the plasma and may, therefore, offer a
natural isolation from the environment. No such shielding, however,
has been confirmed at the higher voltages (>300 V) of interest
here, where snapover of insulating surfaces is expected to, in fact,
suppress any electric potential barriers and enhance electron current
collection.

Coupon 1 is shown in Fig. 1. The 15-cell coupon was part of an
80-cell panel (16 x 5 cells) fabricated for the International Space
Station Phase 01 Mir Cooperative Solar Array Program. The solar
cell panel coupon design, materials, and fabrication techniques are
identical to those used in the ISS photovoltaic power module (PPM)
with two exceptions: 1) The solar cell submodule is 2 x 5 cells
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Fig. 1 Coupon 1 sample used for the electron current collection tests.
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Fig. 2 Cutaway view of adjacent solar cells in coupon 1 with approximately 0.05-mm cover glass overhang.
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Fig. 3 Coupon 2 sample used in the electron current collection tests.

(instead of 2 x 4) and 2) a pair of small diameter “button holes” is
introduced in the substrate between solar cells. The latter feature
was used to attach the solar cell panels to Russian-built solar array
frames. The coupon positive polarity tab (shown to come off cell 56
in Fig. 1a) is connected to the cell p contacts, whereas the negative
polarity tab (off cell 70 in Fig. 1a) is connected to the cell n contacts.
A bypass diode is connected between cells 70 and 61. A cutaway
view of two adjacent cells is shown in Fig. 2.

Coupon 2

The second design is shown in Fig. 3. It comprises two solar
power modules (SPM), each containing two solar cells as shown
on the right of Fig. 3. The solar cell is made of gallium indium
phosphide/gallium arsenide (GalnP/GaAs) on a germanium (Ge)
substrate (active junction). This technology was chosen primarily
due to its higher efficiency (GalnP/GaAs/Ge cells have reportedly
demonstrated >30% efficiency under concentrated light.'®) In con-
trast to coupon 1, coupon 2 utilizes conventional interconnects that
may lead to greater electron collection. The exposed interconnects
also increase the possibility of arcing. However, an SPM covers mul-
tiple cells with a coverglass. In the sample coupon, the coverglass
covers two cells (in the vertical direction as shown in Fig. 3) thus,
isolating interior interconnects from the plasma almost completely
(circled and labeled C in Fig. 3). Those interconnects that lie around
edges, however, are partially exposed. To emulate this arrangement
in the laboratory, Kapton® tape was placed on top of part of the edge
interconnects (circled, labeled E in Fig. 3) leaving approximately
one-half of their area exposed. Also in contrast to coupon 1, the
coverglass does not extend over the solar cell in the direction of the

adjacent SPM, thus, leaving no overhang. The coverglass material
is made of silica microsheet and is bonded to the cell with silicon
adhesive. The substrate materials consist of Kapton tape laid on top
of graphite layer.

Facilities

Two vacuum chambers at NASA Marshall Space Flight Center
were utilized for the tests. The first chamber with coupon 1 sample
is shown in Fig. 4a. The second chamber with the mounted coupon 2
is shown in Fig. 4b. Both arrays were electrically isolated from their
supporting structure during the tests. The first chamber is approxi-
mately 1 m in diameter and 2 m long. Two liquid nitrogen trapped
diffusion pumps provide the vacuum. A hollow cathode with an an-
nular keeper electrode has been used to simulate the HET plasma
conditions in the vacuum chamber. The source was constructed was
operated with argon. The second chamber is of similar dimensions
and capabilities and was used later in the D2HET program for both
electron collection and arcing tests.

Plasma particle densities in the range from high (10'") to low
(10" m~3) and electron temperatures on the order of 0.5-1 eV were
produced in the vacuum chambers. The plasma conditions were
chosen to represent the relevant plasma environment around the solar
arrays during operation of the thrusters. The plasma environment
was estimated by performing three-dimensional calculations with
the electric propulsion interactions code (EPIC)."”

With the plasma source off, the chamber pressure was about
5 x 1077 torr. During the operation of the source, the background
pressure was ranged from high to low (107°-10"* torr). Various
diagnostics were used to determine the plasma conditions around
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Fig. 4 Vacuum chambers employed for the tests: a) coupon 1 and
b) coupon 2.
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Fig. 5 Photograph of coupon 1 immersed in a plasma at a bias voltage
of 500 V.

the array segments, which are described in greater detail in Refs. 6
and 9.

Results from Experiments and Modeling

Experiments

Electron collection measurements during early tests, with one of
two samples of the 3 x 5 coupon 1, were performed by positively
biasing the coupon with respect to ground. The two sample coupons
were cut out of the same 80-cell PPM. Current collection measure-
ments were obtained using the first of the two coupons (coupon
1-A throughout this paper) at 100-ms increments. The bias voltage
sweeps ranged from 0 to 500 V (Ref. 9). Figure 5 shows a closeup
photograph (showing approximately 3 x 2 cells) of coupon 1-A dur-
ing electron collection at a bias voltage of 500 V. The 100-ms time
increment was deemed sufficiently large to allow for the relaxation
of transient effects associated with dielectric charging. Specifically,
in the ideal case of an insulating planar surface element of thickness
d, the charging time 7. to reach current balance, that is, the sum of
all currents equal zero at the surface, at a potential ¢, would be

determined by
te o
/ ar =Ko [ 20 0
0 d 0 J (@)

with j being the total current density at the surface. For the 5-mil-
thick cover slide of the coupon in Fig. 2, the maximum charging .
that could be attained would be if the mean current density to the
surface during charging was taken to be the thermal current density
(j = jin =200 mA/m?), and ¢, was taken to be the cell bias voltage,
for example, 500 V. Under these conditions, 7. would be 0.6 ms
(using a dielectric constant value for the cover glass to be k =3.5).
In reality, when the dielectric is snapped over, it is expected that
the mean (net) current density to the surface would be higher than
the thermal value and the charging voltage would be lower than the
cell bias voltage. Thus, the charging time would be much less than
0.6 ms. Despite such short relaxation times, the current-voltage (I-V)
measurements exhibited large fluctuations, lacking reproducibility
under similar plasma conditions.

To eliminate transient effects, the coupon was allowed to collect
electrons for times greater than 300 s at each (fixed) bias voltage.
Figures 6 and 7 show representative signals collected during the
period 5-11 September 2002 by using the original coupon 1-A at
300 and 500 V, respectively. The identical sample, coupon 1-B,
exhibited similar transient behavior. Figures 8 and 9 show electron
current collected after exposure to the plasma for 300 s, for coupons
1-A and 1-B, respectively. A notable distinction between the two
coupons is that coupon 1-A surfaces were exposed to the plasma
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Fig. 6 Representative transient data for coupon 1-A biased to 300 V:
n,=0.5-1. 4¢13 m=3, T, = 0.4-0.6 eV, and p = 6-9¢—5 torr.
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Fig. 7 Representative transient data for coupon 1-A biased to 500 V:
ne=0.5-1. 4¢13 m3, T, = 0.4-0.6 eV, and p = 6-9¢—5 torr.
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Fig. 8 Electron current collected by coupon 1-A after 300 s, on various

days during the September 2002 tests.
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Fig. 9 Electron current collected by coupon 1-B after 300 s, on various
days during the November 2002 tests.

for much longer time because the sample had also been used during
the earlier tests. More specifically, Fig. 9 shows the very first data
acquired from the tests of coupon 1-B sample; Fig. 8 shows data
toward the end of testing of coupon 1-A. By then, coupon 1-A had
accumulated hundreds of hours of exposure to the plasma.

The data reveal two main trends for coupon 1: 1) Relaxation time
is in the order of tens to hundreds of seconds. 2) The variability (stan-
dard deviation divided by the mean value) of collected current after
exposure to the plasma for 300 s generally increases with bias volt-
age, ranging 13-27% for coupon 1-A and 26—71% for coupon 1-B.
Coupon 1-B also collected higher currents the longer the coupon
was tested (Fig. 9). Similarly to coupon 1, coupon 2 also exhib-
ited transient behavior and large variability at each bias voltage for
most cases (Fig. 10). As shown in Fig. 11, however, many cases (at
500 V) did not exhibit large variations from the steady-state value.
By comparison with the 400-V case, it is observed that those cases
at 500 V that exhibited almost steady-state behavior were sustained
at values less than 0.4 mA. This value is lower than any of the values
recorded in the 400-V case. For example, the steady-state current
collected during the 18 November test 1 and 21 November test 1
tests are approximately 0.3 mA, which is comparable to the highest
current collected in the 300-V case (Fig. 12). The signals corre-
sponding to 18 November test 3 and 21 November test 3 shown in
Fig. 11 are at ~0.16 mA, which is comparable to the highest current
values observed in the 200-V case (Fig. 12). Thus, it is possible
that for the 500-V signals in question only portions of the exposed
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semiconductors were collecting electrons. These measurements (18
November test 1, 21 November test 1, 18 November test 3, and 21
November test 3) are, therefore, not used to support any of the con-
clusions presented in this effort. Moreover, in contrast to coupon
1, the variability generally decreased with increasing bias voltage,
from 43% (at 300 V) to 18% (at 500 V).

Table 1 lists average values of electron current collection after
300 s, scaled to nominal plasma density of 10"* m~ and electron
temperature of 0.55 eV. The scaling in Table 1 is based on the thermal
current density and is only an assumption. In reality, current collec-
tion depends on both the plasma conditions and the sheath around
the cell gaps. However, at the high bias voltages studied here, the
insulators have snapped over, the sheath is very large compared to
the cell gaps, and the plasma conditions do not very greatly for each
case. Under these conditions, it is assumed that the plasma condi-
tions perturb the sheath only slightly. Thus, the collected current is
assumed to scale with the thermal current density ji,. The scaled
values were used to determine the variability of the measurements
at each bias voltage. Finally, note that the waiting time between
current collection measurements in each day of testing did not alter
the transient trends presented herein. The waiting time was varied
from almost no time to more than 300 s. Between days, for many of
the cases presented here the coupons were exposed to air.

In the absence of charging effects, other mechanisms that may
possibly lead to the prolonged times observed during current collec-
tion are considered. For example, numerous studies on the adverse
effects of electron clouds on high-energy particle accelerator fa-
cilities involved measurements of the change in secondary electron
yield (SEY) properties with charged-particle dose (in units of charge
per unit area) for various metals.'®~20 These efforts were primarily
motivated by the need to reduce the electron cloud generated by sec-
ondary electron emission of metal surfaces. One proposed way to
reduce this effect is to condition the emitting surface by exposing it
to electron doses that are sufficiently high to reduce permanently its

Table 1 Average electron current collected® by coupons 1 and 2
(after 300 s) at ji, =200 mA/m?

Coupon 1-A  Coupon 1-B  Coupon 2 Coupon 2
Applied average /I, average I,  average I, (xA1/A2)
voltage, V mA mA mA average /, mA
200 2.038 0.407 0.055 0.233
300 5.538 1.201 0.180 0.776
400 10.31 2.687 0.405 1.745
500 16.88 5.974 0.661 2.875

2Coupon collecting areas: A; ~9.75¢—4 m? (coupon 1) and A, ~ 2.07e—4 m>
(coupon 2).

SEY characteristics. It was found that under specific conditioning
the SEY could indeed be permanently altered; if the conditioning
was insufficient the change would not be permanent. The results
from one such study'® on copper are shown in Fig. 13.

Modeling

Preliminary two-dimensional simulations of coupon 1 current
collection tests were conducted by using the finite element electro-
static code Gilbert, in conjunction with analytical modeling. Gilbert
solves Poisson’s equation for the electrostatic potential ¢, in two-
dimensional planar geometry:

V¢ =—p/eo 2)

using a nonlinear profile for the charge density p appropriate for
most LEO plasma environments.?! The calculations showed that in
the absence of snapover an electron potential barrier would form
approximately 100 mil from the cell gap. Barriers form because
the cover glass charges to a few volts negative as ions and elec-
trons achieve current balance at the insulating surface. At low volt-
ages (<150 V), two-dimensional numerical calculations suggest
that snapover does not occur. At such low voltages, the use of ar-
gon (the gas used during the tests) rather than xenon (commonly
the propellant of choice for Hall thrusters) can lead to different cur-
rent collection characteristics. Specifically, because the xenon ion
is heavier, the cover glass would charge to a more negative potential
value than it would in the presence of argon ions. In steady state the
cover glass potential can be estimated to be —5.67, V for Ar and
—6.2T, V for Xe (Ref. 9). Consequently, when two-dimensional
orbit-limited current collection that includes the effects of potential
barriers is assumed,” and with all other conditions (such as the gap
potential and electron temperature) remaining unchanged, current
collection could be reduced by about a factor of two in a xenon
plasma. Preliminary two-dimensional calculations suggest that, in
the absence of snapover, orbit-limited current collection at the higher
voltages of interest in D2HET (>250 V) greatly underestimates the
measurements.’

Additional calculations have, therefore, been performed that al-
lowed surfaces to snap over. Gilbert incorporates a model for
snapover electric field boundary conditions from Ref. 21 and is sum-
marized here for completeness. It is assumed that the snapped-over
surface has an electron-attracting component of the electric field £
and emits a low-energy electron current density j,. These electrons
“hop” along the surface in parabolic orbits with characteristic time
between collisions (with the surface) that is given by

T =22m.(e.)/(eEL)’ 3
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Fig. 13 Variation of SEY properties with electron dose for copper (from Refs. 18-20).
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The mean emitted-electron energy is (&.) and is taken to be 1-2 eV
(where an electron volt is equal to 1.602e-19 J). The layer of elec-
trons created along the surface will be accelerated by any parallel
electric field E, leading to surface current per unit length J (in
amperes per meter) given by

J = j(T*/)(eE)/m,) = 0/E) 4
where o, is the parallel electrical conductivity (in mho),
oy =4je((ee) [eET) 5)

When it is assumed that the emitted current is proportional to the
incident current density of primary electrons j. , according to

je = Y(gp)jc,p (6)

with Y (¢,,) being the SEY as a function of primary-electron energy
&,, then charge conservation j. , =V - J leads to

Jep = @/)Y (&) jeple) (V- E [/ ET)

= E, =/(4/0)Y(¢,)(e.)V - E ™

Equation (7) is the desired electric field boundary condition. The
value of ¢, was computed by using the local value of the surface
potential and was determined by iteration with the overall solution
to Eq. (2).

Two cases of SEY Y(g,) as a function of primary electron en-
ergy that have been used in the snapover calculations are shown in
Fig. 14. The thick curve shows the form used for SiO, when it is
assumed that no conditioning of the insulating surfaces due to elec-
tron bombardment has taken place.?? The thin curve is an assumed
form used to estimate the SEY reduction by the electron dose. To
the best of our knowledge, no data exist to date on the variation of
silica-based cover glass and substrate material SEY with electron
dose. In the absence of such data and in view of the similarity of the
SEY forms between copper (Fig. 13, lower left corner) and SiO,
(Fig. 14, thick curve) at zero dose, one case of the SEY reduction
was estimated by assuming that the primary electron current density
to the insulators is equal to the thermal current density jy,. Thus, the
insulators received a dose approximately equal to

dose ~ 1y, = (300 5)200 mA/m? = 60 £C/mm> ®)

At this dose, the variation of the maximum SEY for the case of
the electron gun at 500 eV in Fig. 13 suggests a maximum value
of 1.85. We use this value and the universal functional form of
the SEY?? (without changing the energy at peak SEY =400 V) to
compute the dose-affected SEY. Higher flux values, which would be
more appropriate for the substrate insulators, have been estimated
by using the collected current divided by the collecting area. At
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Fig. 14 Secondary electron yield curves used for the calculations in-
volving snapover of insulators.
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Fig. 15 Arrangement used for the two-dimensional numerical cal-
culations.

500 V, for example, with the data from the coupon 1-A tests, the
flux would be in the order of a few to more than 10 A/m?, which
would mean a dose greater than 1 mC/mm?. At these higher values,
the peak SEY for copper is observed to change only slightly with
increasing dose. A value of 1.2 was chosen as the maximum yield
to represent this region of SEY as a function of dose. We reiterate
here that the second-long timescales observed in the experiments
are much longer than the characteristic dielectric charging times
(<1 ms, as already shown). Therefore, in the present calculations,
the net current to the insulator is assumed to be zero. The current
density used in the estimation of the dose received by the insulator
is that of the primary electrons.

The two-dimensional planar geometry used for the simulations is
summarized in Fig. 15. The electric potential contours close to the
solar cell gap have been computed by using Gilbert for a cell bias of
300 V and are shown in Fig. 16. Note that at these higher voltages,
when the surfaces have snapped over, the influence of potential
barriers on the solution is negligible (less than 1e-2 V magnitude of
barrier potential) because the insulator surfaces that are at a negative
potential are far from the cell gaps. Thus, the smaller (in magnitude)
cover glass potential associated with argon ions (used during the
tests) is not expected to introduce major differences in the electron
current collection by comparison to xenon, the propellant of choice
for Hall thrusters. Other disparities between the two gases, such as
the effects of ionization on the sheath in the presence of snapped-
over surfaces, would be less easy to predict and would, therefore,
require more analysis and testing.

The result shown in Fig. 16 is for a peak SEY of 2.4. To com-
pute the collected current we assume that the cells collect all ther-
mal electrons. At the nominal conditions assumed for the calcu-
lations, 1, = 10" m™3 and T, =0.55 eV (= j; =200 mA/m?);
this corresponds to electron thermal energy per unit charge of
Vin= % (m./e)[8kpgTe/mm,]=0.7 V. The location of the 0.7-V con-
tour was determined by Gilbert and was then used to determine the
collecting area Ay,. The electron current collected I is then esti-
mated by

Lot X jinAm )

Although a more accurate calculation would incorporate electron
tracking to the collecting surface (e.g., that of Mandell and Katz?®)
estimation (9) can still provide a quantitative trend that may be
compared with the data to assess the effects of SEY properties on
current collection. Table 2 shows the results of several calculations
using different SEY forms and the data from the coupons 1-A and



MIKELLIDES ET AL. 557

Insulating surfaces
allowed to snapover

y+--
0.0015 0.001 0.0005

!

0.0 0.0005 0.001

X

Solar cell boundary
fixed at +300V

0.0015 m

Fig. 16 Electric potential contours computed for the case of a solar cell bias of +300 V; cell geometry emulates that of coupon 1 (see Fig. 2).

Table 2 Comparisons between current collection?
data for the coupon 1 samples and calculations
using different secondary electron yields

Applied voltage, V

Case 200 300 400 500
Coupon 1-A, mA
Maximum 2.19 636 147 25.1
Minimum 192 452 785 108
Coupon 1-B, mA
Maximum 046 220 628 127
Minimum 021 1.02 1.63 2.6
Computed values, mA
Ymax =2.4 734 117 G G
Ymax = 1.85 1.29 119 147 G
Yimax = 1.2 B B 8.08 169

Collected current data scaled to j = 200 mA/m>.

1-B samples. Grid size limitations did not allow calculations for a
few cases, which are indicated by G in the table. B indicates cases
for which potential barriers could no longer be ignored. For these
cases, the computed values would predict much less current than
what has been measured and have, therefore, not been computed
numerically. The peak SEY values for the calculations were selected
to represent the following cases: 1) no dose effects (Yiax =2.4),
2) dose effects assuming only thermal electron flux bombarding
the insulators (Y. = 1.85) and the maximum dose effect, and 3)
assuming an electron flux based on the collected current at 500 V
(Yimax = 1.2). The comparisons of Table 2 suggest that changes in the
SEY properties of the dielectric may indeed account for the observed
variation of electron collection with bias voltage. However, both the
lack of SEY measurements for the dielectric material on the coupon
1 sample and the significant variability in current collection observed
during the tests do not allow for a more conclusive assessment based
on the comparisons made between theory and experiment.

Summary

Two solar array technologies have been tested for electron cur-
rent collection at voltages higher than 200 V, as part of an effort
to assess solar array technologies for application to direct-drive
Hall effect electric propulsion systems. The first technology sample
was a coupon containing (3 x 5) cells that are identical to the ISS
backside connection design. The second coupon was a newer SPM
design employing (conventional) interconnects. The interconnects
were partially exposed to the surrounding plasma during the tests.
Both coupons exhibited transient variations in current collection
with characteristic times that greatly exceeded the dielectric charg-
ing time. After many hours of exposure to the plasma, the first of
two 3 x 5 coupons (coupon 1-A) cut from the same 80-cell PPM,

collected 2-5 times more current than its counterpart (coupon 1-B)
did when first tested. Coupon 1-B, however, also exhibited notice-
able increase in current collected with increasing exposure to the
plasma. Thus, the large differences in the magnitude of collected
current (in steady state) between the two identical coupons 1-A and
B may be attributed to 1) possibly tainted surfaces of coupon 1-B,
which did not have the chance of being cleaned-off by the plasma
(contrary to coupon 1-A which was exposed to the plasma for many
more hours), and/or 2) permanent property changes or hardening of
the collecting surfaces and surrounding insulators of coupon 1-A
after many hours of testing.

Coupon 2 also displayed transient collection for most of the mea-
surements. For a few cases at a bias voltage of 500 V, current collec-
tion occurred without much deviation from the steady-state value. A
comparison, however, between the current collection measurements
at 400 and 500 V suggests that those current signals that exhibited
almost steady-state behavior at 500 V were sustained at values of
less than 0.4 mA. This is despite the fact that the two cases were
conducted during the same days under similar plasma environments.
These current values are less than any of the values recorded in the
400-V case. Thus, in those 500-V cases for which no major tran-
sient behavior was observed, it is possible that only portions of the
exposed semi-conductors were collecting electrons. The reason(s)
that may have led to such behavior is unknown. Finally, all coupons
showed large variability from the steady-state mean value.

Modeling of current collection for coupon 1 suggests that changes
in the SEY properties of the dielectric materials may be playing
a significant role in the amount of current collected at high elec-
tron densities and high bias voltages. Calculations in the absence of
snapover boundary conditions would greatly underestimate the mea-
sured values of collected current. The calculations presented here,
which allowed for snapover, overestimate the data if no change in
the SEY is assumed. Better agreement is achieved after assuming
that the insulator SEY properties had been reduced due to incident
electron dose. The reduced SEY curve was deduced from exist-
ing data on copper. Although the dose-independent SEY curves for
copper and SiO; (the assumed material for the present calculations)
are similar, the sensitivity of current collection to SEY properties
emphasizes the importance of such measurements on solar array
insulator materials. Until such data become readily available, the
predictive capability of theoretical models for high-voltage arrays
(>300 V), such as the one presented in this effort, will be weak.
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