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Experimental Studies on Spacecraft Arcing
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Space Station Freedom (SSF) will be the largest and highest powered spacecraft put into orbit. Because of the
balance of leakage currents throngh the ambient ionospheric plasma, the structure will be driven approximately
140 V negative of the ambient plasma without a plasma contractor for negative control. Surface materials such as
anodized aluminum will have the entire voltage dropped across a thin dielectric that may not have sufficient
dielectric strength to prevent dielectric breakdown. The results of experiments done to measure the dielectric
breakdown threshold of anodized aluminum with a range of anodization thicknesses designed to span a range of
thermal control properties being considered for SSF show breakdown thresholds near —90 V in an argon plasma
with densities comparable to that of low-Earth orbit. Because of the size of Space Station Freedom, the thin anod-
ization layer can store large amounts of charge. Experiments done to simulate the discharge of these large capac-
itances indicated currents as large as 1000 A are possible, and observations of the anodization surface show the
energy released in these high-current arcs produced craters through the anodic coating to the bare aluminum.
The debris from the craters produces a contamination source for sensitive surfaces.

Introduction

ITH few exceptions, spacecraft flown to date have had

power levels under a kilowatt and low voltage distribution
systems. Electrical distribution systems have typically been at 28
V, and solar arrays that convert sunlight into electrical power have
operated from 30 to 36 V. The highest voltage solar array flown by
NASA was Skylab, which had two separate arrays at different
voltages. One solar array was approximately 65 V and the other
near 90 V.! Skylab also had a 28-V secondary distribution system.

It has long been recognized that, for large spacecraft with
much higher power levels, it is necessary to operate at much higher
voltages. This is necessary to prevent the handling of large cur-
rents and to operate efficiently. Therefore, for many years research
has been conducted into the interaction of high-voltage solar
arrays and power systems with the low-Earth orbit plasma envi-
ronment.?= These interactions can have a detrimental effect on the
lifetimes of spacecraft systems.

A spacecraft immersed in the low-Earth orbit plasma must come
to an equilibrium potential such that it collects zero net current.
The electrons are very mobile and easy to collect, whereas the ions
are massive and are difficult to collect. Therefore, to collect the
same current of ions as electrons, most of the exposed spacecraft
surface will be negative of the ambient plasma. The ambient
plasma is the ultimate local potential reference and is defined as
zero volts. When a spacecraft such as Space Station Freedom
(SSF), with a solar array generating 160 V, is in orbit, most of this
voltage will be negative of the ambient plasma. Laboratory and
flight data have shown this to be the case.5 This is a simplified
description, and the actual equilibrium potential will depend on
solar array design, orientation of the solar array to the spacecraft
velocity vector and the sun, and the conducting area on the space-
craft. Tests of a segment of SSF solar array in a vacuum chamber
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with a plasma environment have shown that 2040 V of the 160 V
on the array will be positive of the plasma potential and the
remainder will be negative.'° Figure 1 illustrates the relative poten-
tials of the solar array with respect to the plasma as well as the
spacecraft structure. For the baseline case of negative ground, the
structure will be driven negative of the ambient plasma.

In recent years research has been conducted to examine tailoring
anodization coatings on the external skin of the spacecraft for pas-
sive thermal control. Skylab, which was the only previous experi-
ence with high-powered solar arrays, had an anodic thickness on
the order of a few mils,! which was not tailored for passive thermal
control but corrosion prevention. The thick anodic coating would
have prevented detection of any problem with dielectric break-
down. When tailoring the thermal control characteristics (i.e., solar
absorptance a and thermal emittance €) of anodized aluminum, the
thermal emittance is directly related to the anodic layer thickness.
The thickness of the anodization layer is in turn related to the
dielectric breakdown strength. To prevent internal cold spots, the
thermal emittance needs to be small, which indicates a thin anodic
layer leading to dielectric breakdown.
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Fig. 1 Diagram of floating potentials relative to ambient plasma
potential.
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Fig.2 Schematic of SSF solar array and power distribution negatively grounded to structure.
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Fig.3 Electrical breakdown test apparatus.

The thin anodization layer that is a dielectric will store charge
similar to a capacitor. Because the anodization layer does not have
sufficient dielectric strength to withstand the voltage stress, dielec-
tric breakdown will occur, discharging some or all of the stored
charge. The amount of the capacitance discharged is still not
understood, but this is a subject of ongoing tests. The discharge of
this stored energy affects the surface of the anodization layer and
changes the optical properties required for passive thermal control.

Space Station Freedom Design Issues

The design of the SSF power system has gone through several
iterations. Early in the SSF program there were working groups
that were addressing the question of SSF interactions with the
ambient plasma. When the primary power distribution system was
ac, the solar array was to be electrically isolated from the truss and
modules. The structure in this case would float near the ambient
plasma potential, and the interactions with the plasma would be
insignificant.

The ac design was abandoned and a high-voltage dc primary
distribution system was adopted during one of the redesign activi-
ties. The adoption of the high-voltage dc primary distribution sys-
tem eliminated the isolation between the SSF structure and the
power system. The solar array will operate at a nominal voltage of
160 V, and the power is distributed at this voltage. Dc-to-dc con-
verters isolate the primary distribution from the secondary power
distribution in the modules and on the truss. The secondary power
distribution is at 120 V dc. The all-dc system assumes a negative
ground of the primary and secondary power system to the struc-
ture, and this has been baselined for SSE. Figure 2 shows the base-
line configuration.

There are various interactions with the ambient plasma that
must be considered, but this paper deals only with the issue of

dielectric breakdown on SSF surfaces. The outer surfaces of SSF

are primarily nonconducting. The outer surface of the truss struc-
ture, the outer debris shield, the module surfaces, and the solar
array masts are designed to be anodized aluminum.!!"'? The type
and thickness of anodization is tailored to provide required emis-
sivity and absorptivity values for thermal control purposes.

To meet the required emissivity values, the anodized layer is
approximately 1-5 p thick. The structure is at about 140 V nega-
tive of the ambient plasma. The surface of the dielectric media will
be at plasma floating potential. If the thin anodization layer has
insufficient dielectric strength to withstand this voltage level,
dielectric breakdown and arcing will result.

The surface area of SSF will be very large. Each full size mod-
ule will have an exposed surface area of approximately 200 m?.
The thin anodization layer and the large surface area will provide a

Table1 Range of anodizing conditions

Test Optical properties
panel  Anodizing Anodizing Sealed/  Absorptance, Emittance,
sample voltage,V time,min  unsealed d €

A 40 30 Sealed 0.38 0.28

B 40 25 Sealed 0.39 0.27

C 40 60 Sealed 0.41 0.65

D 40 30 Unsealed 0.26 0.18

E 40 30 Sealed and 0.39 0.27

aged®

3Aged at 170°F for seven days.
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ARC RATE IN A PLASMA OF CHROMIC ACID
ANODIZED ALUMINUM
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Fig.4 Chromic acid anodized alominum arc rate in a plasma.
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Fig. 5 Effects of area on breakdown voltage.

capacitance on the order of 1000-3000 wF. All SSF structural ele-
ments will be connected electrically and will be capable of storing
many joules of energy, which may be released through arcs result-
ing from dielectric breakdown of the anodized surface. The combi-
nation -of resistances and inductances in the available current clo-
sure paths and in the structure will be important in establishing
how current may be supplied from the structure on SSF that is
remote from an arc site. Only the breakdown voltage and arc char-
acteristics for given capacitances will be addressed herein.

It is important to note that, even if a material has sufficient
dielectric strength to prevent electrical breakdown, the energy will
still be stored in the SSF capacitance. The increasing presence of
micrometeoroid and space debris particles in low-Earth orbit!?
increases the likelihood of a micrometeoroid or debris impact that
provides a means of discharging the stored energy. From microme-
teoroid and space debris impact testing it is known that at the high-
impact velocities the particle vaporizes and ionizes as it pene-
trates.'* Very small particles at high velocities will be able to pene-
trate the thin anodization layer. The resultant plasma from the
impact may provide a conducting path to initiate an arc at that site
by discharging the SSF capacitance, even if only locally. There are
some data to support this scenario, but more data are required.!>!6

Experimental Test Apparatus

Figure 3 is a schematic of the plasma test facility at the Marshall
Space Flight Center (MSFC) where the electrical breakdown test-
ing was performed. The test facility consists of a large cylindrical
diffusion pumped vacuum vessel, a hollow cathode plasma source,
and the necessary electronics needed to support testing. The cham-
ber is 1.2 m in diameter and 1.8 m long with two cold trapped dif-
fusion pumps. The vacuum facility is capable of a base pressure of
1X1077 Torr. Because of the gas load required to operate the
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. plasma source, the operating pressure was in the high 10~ Torr

range during testing.

The physical operation of a hollow cathode plasma source that
was used in these tests has been described in detail by Siegfried.!”
A hollow cathode plasma source was chosen because of its long
life capability and its ability to produce a fairly uniform plasma.
Langmuir probe measurements done to characterize the plasma in
the chamber showed only a factor of two change in plasma density
and a small change in the electron temperature from one end of the
vacuum chamber to a point near the plasma source.

The anodized aluminum plates used in these tests were chromic
acid anodized according to the standard chromic acid anodizing
process, BAC 5884 Type I class 1, at Boeing Aerospace. The range
of anodizing conditions, which are listed in Table 1, was designed
to produce anodic coatings that span a wide range of thermal con-
trol properties. The aluminum plates tested were 6061 aluminum
anodized on both sides with physical dimensions of 7.6 cmX12.7
cm. This produced a surface area of 194 cm? exposed to the
plasma. Also, larger plates with a surface area of 1560 cm? were
tested to examine the effect that area has on electrical breakdown
characteristics.

Figure 3 shows the general wiring diagram used to bias the
anodized aluminum plate in the plasma. The power supply used to
produce the desired negative bias on the plate was isolated from
the plate by a 10 kQ resistor to prevent current from being sup-
plied to the arc by the power supply. A capacitor was added to the
circuit to increase the charge storage capability of the plate to
eventually simulate the discharge of capacitances on the order of a
single SSF module. No capacitor was used when the arc rate tests
were performed because the time required to collect enough charge
from the plasma to recharge the plate to the given potential would
limit the arc rate and provide erroneous arc rate data. When the
current in the arc was being measured, the added capacitance was
varied from the self-capacitance of the plate (i.e. 0.3 uF) to 1210
ME. The larger value is on the order of the capacitance calculated
for one SSF module. The ammeter used to measure the arc current
discharge was an inductive current probe connected to an oscillo-
scope. The oscilloscope used during these tests had a frequency
response of 100 MHz and was capable of recording hundreds of
nanosecond rise times, but the inductive current probe had a fre-
quency response of 15 MHz and peak pulse current limit of 500 A.
From test observations, the current probe performed well when the
magnitude of the current transients were smail. Because the oscil-
loscope had sufficient frequency response, it was felt that the volt-
age data would provide more accurate data by differentiating the
trace to get the current trace.

Experimental Results

The tests done to examine the electrical breakdown characteris-
tics (i.e., initial breakdown potential and arc rate) of the anodic
coating on SSF were performed by first starting and stabilizing the
plasma source over a half-hour period. The plasma conditions
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Fig. 6 Typical arc current and voltage data.
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PEAK CURRENTS MEASURED DURING ARC AS A FUNCTION
OF EXTERNAL CAPACITANCE
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Fig. 7 Comparison of peak current data.

were then measured using a Langmuir probe before beginning the
experiment. The anodized aluminum plates were biased starting at
a voltage near —60 V. The initial bias was chosen because all sam-
ples tested did not produce an arc during a 10-min period. The
voltage bias placed on the plate was held for 10 min and the num-
ber of arcs counted on a strip chart. The 10-min period was chosen
arbitrarily. The factors that contributed to the selection were the
need to let the sample remain at voltage for an extended period of
time but to be able to complete testing of one sample in a single
day. During monitoring of the arc rate the data were easy to deci-
pher because the arc produced large current spikes (i.e., 1-A peaks
or larger) during the tests. The voltage was then increased more
negative in increments of 5 V and held for 10 min at each condi-
tion until a single arc was detected. The voltage bias on the plate
where a single arc was observed was considered the breakdown
threshold for that sample. After the breakdown threshold was
observed, the voltage was increased more negative at a faster rate
until the plate was tested at a bias potential of —200 V, which is
beyond the expected voltage stress across the anodization layer of
SSF.

Figure 4 shows the number of arcs recorded in the 10-min test
period as a function of the negative bias voltage applied to the
plate. The initial breakdown voltage of all of the plates tested was
below the predicted floating potential of SSF (i.e., —140 V) with
the worst test sample being the aluminum plates anodized accord-
ing to condition D. Also, the number of arcs observed at —140 V
was greater than 20 for all but the sample with the thickest anodic
layer. The aluminum samples anodized according to conditions A
and C bracket the emissivity and absorptivity values required to
control the temperature of SSF. Because all of the data shown in
this figure were recorded for the one sample size, tests were per-
formed to look at area dependence of the electrical breakdown
characteristics.

The results of the tests performed to examine the area depen-
dence of the electrical breakdown characteristics are shown in Fig.
5, which is a bar chart comparing the initial breakdown voltage of
the two different size plates at each anodization condition. The test
data show that, as the size of the plate increases, the initial break-
down voltage decreases negatively, making it easier to produce an
arc at the ~140-V design potential. Also, the increase in area
causes more arcs to occur in the 10-min period at any one given
bias potential. This fact may be because the number of defects in
the anodic coating will increase with surface area, causing an
increase in the arc rate, although a definitive explanation is not yet
known.

The magnitude of the current transient caused by one of these
arcs is also a concern because of the possibility of electromagnetic
interference (EMI) effects. Tests to measure the amount of current
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in the arc were performed in the same test chamber and configura-
tion as shown in Fig. 3. The plates were biased to —160 V, and cur-
rent and voltage data were measured as a function of time. Figure 6
shows a typical set of current and voltage traces. This particular set
of current and voltage data was measured with 8 wF of additional
capacitance to the system. Data of this type were recorded at
capacitance levels ranging from 0.3 to 1210 wF. From these data
traces the charge was calculated by integrating the current trace
and comparing it with the charge stored at 160 V in the particular
capacitor to account for all of the charge in the system. Also, the
voltage traces were numerically differentiated to compare the cal-
culated current data with the current data measured with the cur-
rent probe.

Figure 7 compares the peak currents measured during the arcing
experiments plotted on a log-log scale. The data in this figure are
shown for two reasons: 1) to demonstrate the problems encoun-
tered using the inductive current probe to measure current tran-
sients of this magnitude and 2) to provide an indication of the cur-
rent magnitude possible under the current grounding design. The
data measured with the inductive current probe begin to differ
from the current data calculated from the voltage trace at the
higher current levels, near 150 A. The cause for the difference is
because the inductive current probe did not have the time response
to respond to the large current transients in the time required, a 5—
10 s rise time. The oscilloscope was able to capture the voltage
data accurately to provide the best measure of the current tran-
sients at the higher current levels. Previously, the capacitance of a
single SSF module was stated as 1000 wF. From the data of Fig. 7,
a capacitance level of 1000 pF would produce a current of 1500 A
assuming the entire module would discharge at once. However,
there is some question whether the entire module would discharge
at once. Testing is ongoing in this lab to see if the low-Earth orbit
plasma environment will be able support a transient of this magni-
tude. Even if only a fraction of the capacitance can discharge dur-
ing one arc, current levels on the order of several hundred amperes
are possible.

Figure 8 is a photograph taken with a light-sensitive high-speed
video camera of a single arc. The videotape from the camera can
be stepped through frame by frame and any particular frame down-
loaded to a computer for printing. In the photograph, the small cir-
cle of light in the lower left-hand corner is the light produced by
the plasma source. The arc is the large burst of light seen in the
upper right-hand corner of the picture. The streaks of light origi-
nating in the arc were identified as particles of the anodized plating
and aluminum from the plate. The outline of the plate can be seen
behind the arc flash. Arcs of this magnitude will change surface
properties and can cause EMI problems. Particles ejected from the
bulk material during the arc will be a source of contamination.

Fig. 8 Photograph of a single arc.
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Conclusions

With the baseline of negative ground on SSF, the structure can
be at a high negative voltage relative to the ambient plasma. The
data collected using aluminum plates prepared with candidate
anodization procedures, which provide a range of acceptable ther-
mal properties, show that dielectric breakdown will occur without
active control of potentials. Only two sizes of anodized plates were
tested in the plasma environment, but a definite trend of lower
dielectric breakdown voltage with increased area was noted. It is
possible that this trend was due to the anodic layer thickness varia-
tion inherent in processing large panels. Also, it is anticipated that,
if the bias voltage is low enough, even the thinnest anodization
layer should be able to prevent breakdown, providing a limit to
how low the breakdown threshold can go. Even if a material were
used that met all other requirements and had sufficient dielectric
strength to withstand the voltage drop from the structure to the
ambient plasma potential;:the possibility of arc initiation due to
debris impacts is real. Studies in this area are required to quantify

“the conditions under which this could occuir.

The ability of the stored charge to be released through the arc
will depend on the closure of the current paths from the arc into the
plasma and through the structure. The resistarice and inductance
effects of the structure and current paths will be important. Study
of these effects is beyond the scope of this paper. However, arc
data with charged capacitors having an energy release that can rea-
sonably be expected in an arc on SSF modules show that very
large peak currents, on the order of hundreds of amperes, with fast
rise times are possible. Pitting and removal of the anodized surface
will result, producing undesirable effects such as contamination,
changing thermal properties, current and voltage transients and
EMI. There are numerous design solutions that can alleviate these
problems. The design solution includes both active and passive
solutions. SSF has baselined a plasma contactor to control the
potentials, thus eliminating the arcing problem.
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