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Arcing on Aluminum Anodized Plates Immersed
in Low-Density Plasmas

B. V. Vayner,*C. V. Doreswamy,T D. C. Ferguson,iJ . T. Galofaro,® and D. B. Snyder§
NASA Lewis Research Center, Cleveland, Ohio 44135

A number of experiments have been done to study characteristics of the plasma contamination and electromag-
netic radiation generated by arcing on anodized aluminum plates immersed in low-density plasma. The low-Earth-
orbit plasma environment was simulated in a plasma vacuum chamber, where the parameters could be controlled
precisely. Diagnostic equipment included two antennas, a mass spectrometer, a spherical langmuir probe, a wire
probe, and a very sensitive current probe to measure arc current. All data except for mass spectrometry were ob-
tained in digital form with a samplinginterval of 2.5 ns that allowed us to study the radiationspectrum at frequencies
up to 200 MHz. We found that the level of interference considerably exceeds the limitations on the level of elec-
tromagnetic noise set by technical requirements on Space Shuttle operation. Experiments with two independently
biased plates have shown that the arcing onset on one plate generates a pulse of current on the second plate and that
the secondary current pulse has a significant amplitude. The sampling interval for mass spectrometry was 250 ms.
This allowed us to obtain the rate of plasma contamination due to arcing. A significant degradation of the coating
layer was determined by measurement of the resistance of the plate, which had experienced a few hundred arcs.

Nomenclature

= atomic number

= diameter of hole in the shield, m
= capacitance, F

= langmuir probe diameter, m

= diameter of damaged area, m

= thickness of coating layer, m

= electrical field strength, V/m

= electron charge, C

= flux of atoms, atoms/m?*s

= frequency, Hz

= plasma frequency, Hz

= amplitude of discharge current, A
= distance between plates, m

= antennalength, m

atomic mass, kg

number of electrons

number of ions

electron number density, m~>

= neutral gas pressure, torr

= electrical charge, C

resistance, 2

= electron temperature, eV

= time, S

= time delay, s

= bias voltage, V

= amplitude of antenna voltage, V
= plasma expansion speed, m/s

= skin depth, m

= coating material density, kg/m®
pulse duration, s
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Introduction

NY spacecraft being placed in Earth orbit or moving to the
outer planets interacts with the space plasma. A wide range of
these interactions has been studied for years,'~7 but space systems
become more complex, grow in dimensions, transfer huge amounts
of information, and need much more powerful energy supplies. All
of this demands detailed and profound research in the field. Among
the many aspects of the problem, there is one that is of particular
interest: arcing on spacecraftsurfaces with a high-negativepotential
and its consequences. It is quite obvious that arcs are undesirable
events,and the main purposeof currentresearchis to elaboratemeth-
ods for arc mitigation #~'° However, previousexperience shows that
electrical discharges occur on the surfaces of a high-voltage solar
array, between two conductors with different potentials, and be-
tween spacecraft thermally insulated surfaces and the surrounding
plasma. Moreover, the deploymentof such large spacecraftas the In-
ternational Space Station (ISS) in low Earth orbit (LEO) will create
additional conditions stimulating the onset of arcing due to the use
of high-voltage solar arrays, frequent docking and extravehicular
activities, and complicated structures with insulated and conducted
surfaces exposed to the plasma. Even though special measures have
been adopted to control floating potentials (such as the plasma con-
tactor), no one can guarantee an absolute prevention of arcing.!'!
Arcing onset is a stochastic process. Arcs occur randomly on
spacecraft surfaces, and it is impossible to predict the moment and
site of arcing. However, it is possible to determine the most probable
sites of arcing and to prevent the adverse consequences by imple-
menting a special procedure that must be followed. An ideal tool
for designers might consist of the following blocks of computer
programs: 1) to compute the distribution of the electrostatic poten-
tials for given parameters of orbit, spacecraft geometry, and space
weather; 2) to determine the most dangerous sites by implemen-
tation of well-known dependencies of arc rate on plasma density,
electron temperature, surface material, and voltage; and 3) to adjust
the design for arc mitigation. The greater part of blocks 1) and 2)
exists now. The NASCAP code can be used for the computations of
potentials,'> and the results of the statistical analysis of large arrays
of experimental data can be employed to determine zones having
the highest probability for arcing onset.!*~'¢ There are also some
new results concerning arc mitigation on solar arrays that could be
useful for design adjustment. Nonetheless, even one arc may de-
stroy sensitive electronics and/or generate disturbancesin radio sig-
nal transmission. Arcs damage thermal insulation and contaminate
surroundingplasma and scientific instruments. To preventsuchneg-
ative consequencesof arcing at the design stage, it seems necessary
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to determine the spectra and absolute levels of electromagnetic ra-
diation generated by arcing [electromagnetic interference (EMI)],
magnitudes,and pulse forms of arc current and to investigate the in-
fluence of arcs on other spacecraft surfaces situated near the arc site.

A numberof groundand space experimentshavebeendone during
the last decade to determine the arc rate and threshold, the magni-
tude and duration of current pulse, and the spectrum and intensity
of EML'7~2 Undoubtedly, space experiments have some advan-
tages: Equipment operates in the natural plasma environment dur-
ing many days or even months, and both short-time and long-time
processes caused by interactions with the plasma can be analyzed.
But there are always strong limitations on the volume and kind of
data that may be collected due to technical requirements for ex-
perimental devices installed on spacecraft. On the contrary, ground
experiments have the advantage of a controlled environmentand an
unlimited choice of measurementsthat may be done. Many different
tests have been performed in a space plasma simulation chamber.?!
High-quality data were obtained regarding EMI and plasma waves
generated by arcs,”*? and the expansion of the plasma cloud was
also investigated* In spite of this long time and fruitful activity,
the following issues need more profound investigation: the level
and spectrum of EMI, the influence of arcs on the nearest space-
craft surfaces biased to high-negative potentials, and the degree of
degradation of thermal insulation caused by arcing. In the present
paper we describe the results of experimental study and theoretical
analysis that were carried out to elucidate these problems.

Experimental Setup

All of our experiments were performed in large vacuum tanks
(1.8-m diam and 3-m length) installed at the NASA Lewis Re-
search Center. Vacuum equipment provided pressures as low as
1077 torr. Two Penning sources generated an argon (or xenon)
plasma with the electron density n, = (2-10)10° cm~>, tempera-
ture 7, =1-1.2 €V, and neutral gas pressure p = (0.8-7)1073 torr,
which were steady during the experiment. An anodized aluminum
plate (18 x 18 cm) was mounted verticallyat the bottom of the cham-
ber, and it was biased by a high-voltage power supply through the
resistor R =100 k2. At the first stage of the experiment, we stud-
ied electromagnetic radiation, and diagnostic equipment included
two spherical langmuir probes each with diameter D = 1.9 cm, two
perpendicular antennas each with length / =56 cm, and two wire
probes (Fig. 1). For the second stage of the experiment, two pairs of
plates were installed with separations of L =25 and 50 cm, respec-
tively, and each plate was biased by an independent power supply.
The back sides and edges of plates were insulated by Kapton® films.
Because the plates themselves have a low capacitance, additional
capacitors, C =0.22 uF (0.47 uF for some experiments), were in-
stalled between the plates and ground. These capacitors allowed us
to increase the electrical charge collected on the plates to more ade-
quately simulate the real situation on spacecraft. The setup provided
the possibility to investigate the influence of an arc initiated on one
plate on the processes that were going on on the second plate. The
circuit diagram of the experimentis shown in Fig. 2. All data were
obtained in digital form with the sampling interval 2.5 ns. Thus,
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we are able to study electromagnetic oscillations with frequencies
up to 200 MHz. At the third stage of the experiment, the anodized
aluminum plate (12 x 12 cm) was mounted in the vacuum chamber
at the distance of 30 cm, facing the window of a mass spectrometer.
This plate was biased to high negative voltage (—300 V) to provide
an arc rate of 0.3-0.5 arcs/s. Aluminum atoms ejected from the arc
sites were registered by the mass spectrometer with the sampling
interval 250 ms. As a result of these measurements, we obtained
the rate of plasma contamination and thermal coating degradation
caused by arcing.

Experimental Results

High-Frequency EMI

It is now well established that the most probable sites for arc-
ing onset are the cells of solar arrays with high-negative potentials
and anodized aluminum surfaces exposed to the space plasma.?>26
Arc discharge current generates both plasma waves and electro-
magnetic radiation, which can disturb the operation of electron-
ics. The experimental study of plasma waves has shown that the
most intense waves are langmuir waves with frequencies up to 20
MHz for LEO conditions.?* The measured electrical field strength
E~0.1 V/m-MHz could be considered quite significant at dis-
tances of a few meters from the arcing site, and these measurements
confirmed the necessity of shielding sensitive electronics. High-
frequency transverse electromagnetic waves occupy a wide range
on the frequency scale (results are obtained for f <200 MHz), and
their magnitudes are quite large even though the spectra demon-
strate a drop of approximately 20 dB/decade (Refs. 22 and 23).
The EMI field strength depends on the bias voltage, decreasing by
40 dB when the voltage decreases from 1 kV to 250 V. One can
see from the results of our measurements (Fig. 3) that the regis-
tered level of radiation greatly exceeds the level of radiofrequency
noise allowed for the Space Shuttle.?’ Theoretical calculations and
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Fig. 5b Theoretical spectrum for the plasma density n, = 10° cm=3

and the electron temperature 7, = 1.2 eV.

computer simulations have shown that both the amplitude and
spectrumof EMI depend on the arc currentparameters 232829 A typi-
cal currentpulse wave formis shownin Fig. 4. Large space structures
(for example, ISS) have a high electrical capacitance (a few mi-
crofarads) that results in a large stored electrical charge, and as a
consequence, high-amplitude discharge currents /,, and compara-
bly long pulse durations 7. Previous measurements> of EMI were
done with an additional capacitance C = 2000 pF that seems not to
adequately simulate the real situation. This is one of the reasons that
we performed a number of experiments with insulated antennas and
additional capacitors of 0.22 and 0.47 uF. Moreover, as has been
observed,the high-frequencypartof EMI spectrumis determined by
short-time fluctuations in the arc current?* This makes theoretical
calculationsof the real EMI spectrumimpossibleif one implements
a simple pulse form approximation, as was suggested in Refs. 28
and 29. Our calculations have shown that the theoretical spectrum
is in quite good agreement with the experiments at the frequencies
f <10 MHz, but the high-frequency part of spectrum cannot be
simulated within the framework of the simple model (Fig. 5) (see
Ref. 23 for details). The results of two experiments are shown in
Fig. 6. For most of the measurements the amplitude of voltage in
the horizontal antenna is almost equal to that in the vertical antenna
(Fig. 6, left-hand panels). However, a few experimentsdemonstrated
some difference between the amplitudes of signals on the two an-

tennas (Fig. 6, right-hand panels). For this particular experiment,
the electrical field strength can be estimated as

E~ — =

l

U, { 0.06 V/m vertical antenna )

0.12 V/m horizontal antenna

Both spectrahave some common features: a broad peak atthe plasma
frequency f, and an almost flat spectrum at frequencies f > f,.
Because all measurements were performed in the near-field zone,
the attenuation of low-frequency waves (f < f,) in the plasma was
negligible. One can see from the spectra in Fig. 6 that the signals
have peaks at frequencies f,, & 1/t, which are equal to 40-50 kHz
for the current experiment. To consider the influence of EMI on
electronic equipment, one should take into account the thickness of
metal coveringthe equipment (because skindepth § o< 1 /f), the size
of holes in the conducting shields (because the penetration factor is
proportionalto f2a?), and the operational bandwidth of the receiver
that could be influenced. All of these problems are beyond the scope
of our paper, but the results obtained can be used as a basis for the
development of a computational tool for designers.

A few remarks should be added regarding the results of these
experiments. First, the 10 consecutive measurements of arc current
pulse forms and the response of both antennas demonstrate almost
identical features. This observation allows us to suggest that the arc
current direction is roughly perpendicularto the plate. Otherwise,
we would have found a significant difference in the amplitude of
voltage on the two antennas because the electrical field strength has
the highest amplitude in the direction parallel to the direction of
current flow. We attribute rarely observed differences to the events
that occur near the edge of the plate.

The second remark concerns the spectrum of EMI. The installa-
tion of an additional capacitor increases the duration of the current
pulse to T =20-25 us. Space experiments with samples of solar
arrays have shown that the duration of pulses may be as short as
0.2-0.4 ps with the same amplitude 1-3 A (Refs. 20 and 23). In
such a case, the spectrum has a maximum at frequencies of 2.5-5
MHz, and assuming the same slope of the spectral curve, we may ex-
pectasignificantincreasein the EMI intensityin the high-frequency
part of the spectrum. On the other hand, the capacitance of a space-
craftcanreach tens of microfarads,which means only the short-time
oscillationsin the arc current contribute to the high-frequency EMIL.

Plasma Effects from Arcing

The amount of electrical charge injected into the plasma during
the arc pulse can be estimated from the measurement of current
(Fig. 4)

o~1I,t ()

This value depends on the capacitance,and it is equal to 50-100 uC
for all of our experiments (for more details, see Ref. 23). Another
estimate is not so confirmative but is very informative. Namely, the
electrical charge stored on the plate before an arc is equal to

g=cuU 3)

The magnitude of Q' lies in the range 50-120 n«C, dependingon the
additional capacitance. This value is in quite good agreement with
the estimate obtained from Eq. (2), taking into account the relation
between stored and lost charges Q = (0.5-0.8) Q' (Ref. 24). It seems
convenient to express the value of the injected electrical charge as
the number of electrons

N,=Q/e=06x102Q “4)

This number of charged particles (~10'%) increases the plasma den-
sity in the tank considerably.

One more estimate for the number of ions injectedinto the plasma
can be made from the measurement of the size of the arc trace on
the plate. Black spots of destroyed aluminum oxide coating with
diameters D, =0.2-0.3 mm were observed, which means that the
number of injected ions is equal to

7 - D?

N,.:T’?.d-%mo” (5)
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Fig. 6 Signals and their spectra registered by two perpendicular antennas.

With such a sharp increase in the number of charged particles in the
tank, we may expectsome kinds of secondaryeffectson the indepen-
dently biased plate mounted near the plate where arc occurs. Our first
series of experiments was done with plates mounted at a separation
of L =25 cm, facing each other. When breakdown on the first plate
occurs, the capacitor discharges through the plasma, and a current
probe registers a pulse of current (Fig. 7a). A positive charge accu-
mulated on the dielectric surface is in the process of being rapidly
neutralized by plasma electrons, and the plasma potential changes
abruptly. The potential difference between the plasma and the sec-
ond plate decreases: This means a positive current pulse has to be
registered by the second current probe. After some delay (~10 us),

an expandingplasma cloud reachesthe second plate, whichis biased
at a lower negative voltage. In this case, the second current probe is
expected to measure a current pulse with positive amplitude again.
In fact, two different oscillograms were obtained from the experi-
ment. In the first case, the second probe registered a low-amplitude
positive current pulse, as was expected (Fig. 7b). One can see in
Fig. 7b that a small peak of negative current is observed simulta-
neously with the arc pulse on the first plate. We suggest that a fast
change in the electrical field strength due to breakdown is responsi-
ble for this peak. An expected time interval between pulses can be
evaluated as

tx/ ~ L/Vp (6)
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We did observe a time delay of 8-10 s, which confirms the earlier
result obtained in Ref. 24: V,, =25-30 km/s. A two-peak structure
was also registered by a wire probe mounted 50 cm from the plate
(Fig. 8). The significant increase in plasma density due to arcing
had already been established by computing the spectrogram of the
plasma waves.”® All of these results can be explained within the
framework of the simple physical model discussed earlier.
However, during a few experiments we observed an effect that
could be called induced arcing® (Fig. 9). It is seen from the graphs
that an arc on the first plate generates a negative pulse of current on
the second plate, and both amplitudes are comparable. This kind of
event cannot be explained until further experimental work will be
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Fig. 10 Increase in abundance of aluminum,oxygen, and heavy atoms
caused by arcing, which begins at # = 0 and ends at ¢ = 20 min.

done. An important result of our experimentis the measurement of
the current pulse on the second plate. In all variants we conclude
that a negatively biased surface situated a few decimeters from the
arcing site undergoessignificant potential changes. This could mean
a considerable current pulse in an electric circuit, for instance, in
solar array connectors.

Plasma Contamination and Surface Degradation

To determine plasma contamination, we mounted the aluminum
anodized plate (12 x 12 cm sizeand d = 2.5 um) at a distance of 30
cm facing the window of the mass spectrometer. The back side and
edges of the plate were insulated by the Kapton strips. The plate was
biased negatively 300 V to provide the arc rate of 15 arcs/min, and
additional capacitor with the capacitance C =1 uF was installed
between plate and ground to supply enough energy for each arc.
The initial pressure for this particular experiment was as low as 0.5
ptorr, and xenon plasma was generated with the neutral gas pressure
p =8 ptorr, electron temperature 7, = 1.2 eV, and electron number
density n, = 10° cm™>. The plate had been biased for 20 min, and
data from the mass spectrometer were registered at 5-min intervals.
The temporal behaviorof plasma contaminationis shown in Fig. 10.
We believe that the observed peaks in concentrationsof atoms with
atomic masses A =27 and 16 can be explained by the ejection of
aluminum and oxygen during the arcing. We also observed an in-
crease in concentrationfor atoms with the atomic mass A =52, but
we could not identify this element. Theoretical calculations have
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shown that this rate of contamination corresponds to an average
flux of aluminum atoms, F = 10% atoms/m?s. The flux is very low,
and we may conclude that arcs cannot contaminate special optical
surfaces mounted at the distances above a few decimeters from the
arc site.

To determine the degradationof thermal insulation, we have mea-
sured an electrical resistivity of the coating layer. The decrease in
resistivity caused by 600 arcs is shown in Fig. 11. It is seen that the
resistivity had fallen by a factor of 10. The exponential growth that
is measured for bias voltages U > 50 V can be caused by snapover
on the anodized aluminum plate. The events of snapover were ob-
served many times in the ground and space experiments'3? This
effectis important because the collection current increases dramati-
cally when the potential of the insulated surface reaches a threshold.
For the particular case under investigation, this threshold is as low
as 50V, although snapover threshold is believed to be above 120 V
for solar arrays.’? Current-voltage characteristic curves are shown
in Fig. 12 for the virgin plate and the plate having undergone 600
arcs. Inception of snapover at U =50 V is clearly seen. One can
see that the threshold does not change, but the collection current is
higher for the plate having experienced arcing.

Conclusion
It is well known that arcing on spacecraft surfaces is an unavoid-
able event with adverse consequences. An extensive experimental
and theoretical study of arcing onset and its aftermath has been
carried out with the purpose of obtaining the quantitative character-
istics of these physical processes. As a result of our efforts we have

dataregarding the arc rate dependenceon the bias voltage and space
environment parameters, the intensity and spectrum of the EMI, the
degree of plasma contaminationand thermal insulationdegradation,
and some other effects on the conductive surfaces situated near the
arcing site. We believe that incorporation of the collected results
in well-elaborated computer codes for calculations of the electro-
static field distribution along the spacecraft (NASCAP and EWB)
can provide an effective tool for designers. The realization of this
program will greatly increase the reliability of spacecraftoperation.
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