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Once an arc occurs on a solar array in low Earth orbit, it might grow by taking charges from a remotely located
insulator through a current path formed by the plasma. A laboratory experiment and a computer simulation
are carried out to study the response of plasma to a sudden potential change of the insulator surface induced
by arcing on a solar array in low-Earth-orbit plasma environment. The experiment gives an artificial potential
jump to the insulator surface. The simulation employs a Monte Carlo particle-in-cell method in axisymmetrical
two-dimensional space that simulates the laboratory experiment. When a set of simulation parameters as close as
possible to the experiment is used, the unsteady response of the plasma observed in the experiment is reproduced
very well. Once the insulator surface potential jumps up due to arcing, a positive sheath develops. If the neutral
density is high enough to be of the order of magnitude of 10'® m~3, explosive expansion of the sheath is set off
due to the feedback mechanism induced by ionization inside the sheath. The explosive sheath expansion alone,
however, cannot explain the current path formation between the array and the insulator observed in the arcing
experiment, and the importance of electrons ejected from the arc spot on the onset of arcing is pointed out.

Nomenclature
B, = axial magnetic field, G
I, = peakof discharge current, A
m = particle mass, kg
n = numberdensity, m—3
r = radial position, cm
T, = electrontemperature,eV
t = time, s
V= potential, V
V, = array bias voltage, V
Ve = probesignal, V
Vi = step-biasvoltage, V
z = axial position, cm
z, = probe axial axial position,cm
Ar = grid size in radial direction, m
At = time step, s
Az = gridsizein axial direction, m
Subscripts
e = electron
i = ion
n = neutral

I. Introduction

HEN a spacecraft has a high voltage within its body and
the high-voltage surface is exposed, most of the high volt-
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age becomes negative with respect to the electric potential of the
surrounding plasma. If the spacecraft structural body is connected
to the negative end of solar array, the spacecraft structure has a
highly negative potential. The spacecraftbody attracts positive ions
from the surrounding plasma, and ions impact the body surface and
solar array. The insulator on the spacecraft, such as solar array cov-
erglass or thermal coatings, is charged and acts as a capacitance
that stores the positive charge on the surface facing the plasma. If
a conductor with a negative potential of the order of magnitude of
100V is exposedto the plasma along with dielectric material, an arc
occurs due to field intensification at the triple junction formed by
conductor, dielectric,and plasma, such as an interconnectoron a so-
lar array.! Once an arc occurs on the spacecraft surface, the charge
stored on the spacecraft insulator is supplied as the arc current.
How much the arcing affects the spacecraft system depends on how
muchcurrentand energy the arcing currentcarriesinto the spacecraft
circuit.

In Ref. 2, a pair of one solar array and an electrode wrapped by
an insulator film separated by 40 cm or longer was biased to a neg-
ative potential of —500V or higher in a plasma chamber. Once an
arc occurred on the solar array surface, the mirror image current of
the arc current flew from the insulator electrode, which indicated
that the charge on the insulator was supplied as the arc current. It
was explainedthat a current path was formed in the plasma between
the arc point on a array and the remotely located insulator because
the current loop had to be closed. Once an arc occurred, electrons
were ejected from the array to the surrounding plasma producingan
electron-rich negative sheath, whose formation was inferred from
the transient signal of a langmuir probe. At the same time, the po-
tentials of the array and the electrode under the insulator jumped
from the highly negative value to near zero. Then a positive sheath
was formed near the insulator surface whose formation was also
inferred from the transient signal of the langmuir probe. When the
langmuir probe was moved inside the chamber, it was found that the
plasma potential was more negative near the array and more positive
near the insulator, which suggests that the negative sheath originated
from the array and the positive sheath originated from the insulator.
When the distance between the array and the insulator was short,
the arc current had a long duration and dual peaks suggesting that
the current path was formed in the plasma and the insulator charge
was released. Also, the shorter the distance was, the more charge
was flown as the arc current.
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The key mechanism of the current path formation is whether the
positive sheath and the negative sheath can meet. The purpose of
the present paper is to investigate the expansion mechanism of the
positive sheath. This paperis a part of basic study on the current path
formation, and we treat only the positive sheath. By studying the
contribution from the positive sheath and the contribution from the
negative sheath separately, we can reveal basic physical processes
underlying the complex phenomena and can identify the synergetic
effects produced by the two processes.

Once an arc occurs, the potential of the solar array increases
rapidly from the negative bias voltage V,, to near zero, as shown in
Figs. 5 and 6 of Ref. 2. For the case of real spacecraft, this increase
correspondsto the situation where the spacecraftpotential increases
due to the sudden influx of positive charges into a spacecraft that
can be regarded as one object floating in the plasma. The potential
of the capacitance surface also increases suddenly from the near
zero value to a positive value comparable to |V, | as the potential
of underlying electrode increases>* In the present paper we carry
out a controlled experiment by giving a potential jump to the elec-
trode underlying the thin insulator, similar to the potential profile
measured in the experiment of Ref. 2. We measure the plasma re-
sponse to the potential jump by measuring the transient signal via a
langmuir probe.

Another reason for carrying out the controlled experiment by
biasing only a capacitance is that the situation becomes simple
enough to carry out computer simulation matching most of the pa-
rameters to the experiment. By the use of computer simulation via
a Monte Carlo particle-in-cell code, we can visualize the phenom-
enaoccurringin the experimental condition, especially how the sur-
rounding plasmais responding to the sudden change of the insulator
surface potential. Doing so via experimental alone is difficult be-
cause the measurementby a probe givesdataonly on discrete points.
We also changethe neutral density and magnetic field, whichis usu-
ally difficult to change in the experiment, to see their effects on the
sheath formation.

In the second part of this paper, we describe the experiment and
its results. In the third part, we describe the computational code
and the results. We verify the code by comparing the probe signals
measured in the experiment and calculated by the simulation. Once
we have agreementin a macroscopicvalue, we can use the computer
simulationas a tool to investigate microscopic phenomena. Also, we
study the effects of neutral density and magnetic field by varying the
simulation parameters. In the fourth part, we discuss the necessary
conditions of the current path formation based on the finding made
by the simulation. Finally, in the fifth part, we conclude the paper
and suggest future work.

II. Experiment
A. Experimental Setup

In Fig. 1, the experimental setup for the experiment is shown,
whichis very similarto the one shownin Fig. 4 of Ref. 2. Actually we
did the experimenton the same week with the same facility as Ref. 2
without breaking the vacuum. The chamber plasma is produced by
a backdiffusion-typeargon plasma source with an exit diameter of
20 cm. In the plasma source, a dc bias of approximately 200 V is
applied between the grounded cathode and the anode, where the
cathode is made of hot tungsten wire and electrons are emitted by
thermal emission. This bias voltage of 200 V should be kept in mind
when we compare the simulation results to the experimental results
in Sec. III.A. The plasma condition, gas pressure, the magnetic field,
and the lagmuir probes were the same as those of Ref. 2. The only
differences were that we biased only the capacitance 2 and that a
stepwise voltage was given by a thyristor switch. The four-channel
oscilloscope measured the electrode potential, the current flowing
to the capacitance 2 via a current probe, and the moving probe
via a voltage probe across a 100-kS2 resistance. The oscilloscope
was triggered when the electrode potentialrose across 52 V and the
sampling rate was 50 MS/s.

The coordinate system of the probe position was the same as that
of Ref. 2. Capacitance 2 was located at y =40 cm and z =0. The
thyristor switch could provide a step bias from 5 to the 95% of the
peak valuein 0.5 pus and supply a step voltage as high as 2500 V. The

Table1 Parameters of experiment

Case Bias voltage V;, V Probe position, cm

El 434 z=5-100, y =—-50-70
E2 175~ 690 z=50,y=40
E3 85~ 690 z=10,y=40
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Fig. 1 Experimental setup of step-bias experiment.
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Fig. 2 Example of temporal profile of bias voltage applied to the
electrode.

30-nF capacitance connected to the external circuit prevented the
step bias from decaying after the switch was turned on. During the
experiment, each step bias was applied with an interval of 10 s or
longer. We carried out three cases for the experiment, which are
listed in Table 1.

The probe signal was also very susceptible to external high-
frequency noise (2 MHz or higher). To minimize the effect of noise,
we carried out a Fourier transform of all of the waveforms, includ-
ing the currents and the voltage, and filtered out frequencies higher
than 2 MHz. This filtering limited the time resolution of the exper-
iment to 0.5 us. The resistance of 100 k2 connected to the probe
was chosen so that the small amount of current, such as an ion sat-
uration current in the density measurement, can be measured as the
voltage across the resistance. At the same time, however, the cable
connecting the probe has a capacitance of 600 pF to the ground and
the current with the timescale faster than 100 k€2 x 600 pF =60 us
cannot be measured directly. Then the probe acts as an ac poten-
tial probe (it cannot measure the dc potential) with the bandwidth
between 16.6 kHz and 2 MHz.
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In Fig. 2, a typical waveform of the electrode potential is shown.
The original waveform recorded by the oscilloscope has the time
zero when the oscilloscope was triggered at the threshold of 52'V.
The waveform has been shifted by 1.6 us to the right so that the
beginning of the step pulse coincides with the time zero. This shift
is necessary to match the time between the experimentand the sim-
ulation. This waveform is also used as the temporal profile of the
electrode potential in the simulation cases S1-S4 and S8-S14. The
potential gives a small overshoot once it reaches the peak value
as shown at t =2 us in Fig. 2. The step-bias voltage is defined as
the time-averaged potential from 2.6 to 4.6 us after this overshoot
decays.

The waveform shown in Fig. 2 is similar to the waveform of array
potential observed in two-peak-typedischarge in Ref. 2, though the
time is shifted and it starts from O instead of V;,(<0). The current
waveform of a two-peak-type discharge has the second peak while
the array potentialis still near zero (see Fig. 6 of Ref. 2). Therefore,
when the steady electrode potentialis kept at least for that duration,
10-15 ps from the beginning of the step bias, the step bias can
simulate the potential profile of the arc experiment. The rise time,
however, is alittle too fast for the step bias by about 1.5 ;s compared
to the potential rise in the arc experiment. Therefore, the positive
sheath expansionin the step-bias experiment would be accelerated
a little compared to the arc experiment.

B. Experimental Result

InFig. 3, typicalwaveformsobtainedin the experimentare shown.
The waveforms are taken from a resultof case E1, where the capaci-
tance 2 is step biased to +434 V and the probe positionis z =10 cm
and y =40 cm. The high-frequency oscillation near time zero is
noises due to the switching of the thyristor. The waveforms has
been shifted by 1.6 us to the right from the originals recorded by
the oscilloscope. We have a positive peak, Vi, at T4, several mi-
croseconds after the bias is applied. Unlike the waveforms of the
arc experiment shown in Figs. 5 and 6 of Ref. 2, the probe signalin
Fig. 3 does not show the initial negative peak because no arc occurs
for this case and no negative sheath is formed. The probe transient
after 4 us, however, is very similar to the one-peak-type discharge
(see Figs. 5 and 8 of Ref. 2) and to the two peak near the capacitance
(see y =40 cm of Fig. 11 of Ref. 2).

In Fig. 4, the peak values V,,; measured in the case El are plot-
ted. For the case of the step-biasexperiment, the electrode potential
jumped by 434 V from 0 to 434 V within 2 pus, as shown in Fig. 2.
The probe position was changed along the y axis keeping the axial
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Fig. 3 Examples of typical waveforms observed in the step-bias
experiment.
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Fig. 4 Probe peak signalsfor the step-bias experiment, V.4, measured
at different positions along y axis in case E1.
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Fig. 6 Probepeak signalsfor the step-bias experiment, V.4, measured
for different step-bias voltages in cases E2 and E3.

position at z =10 cm. The peak value increases sharply when the
probe is located in front of capacitance 2. A similar plot is found
in Fig. 10 of Ref. 2, where the probe signals V,,3 for the one-peak-
type discharge and V,,, for the two-peak-typedischarge are plotted.
The peak values also increase when the probe is placed near capac-
itance 2. The similarity of the probe signal measured in the present
experiment with the signals measured in the previous arc experi-
ment supports the idea that the positive sheath develops due to the
sudden jump of the insulator surface potential.

The characteristics shown in Fig. 4 also shows that the positive
sheath has its center at the insulator surface. To support this idea, in
Fig. 5 we plot the peak values V4, measured at different locations
along z axis, the direction perpendicularto the surface, while fixing
the y position at y =40 cm. In Fig. 5, the results of case El are
plotted. The peak value decreases as the distance between the probe
and the insulator surface increases. It also shows saturation at the
distance of 60 cm or longer.

If the peak of probe signal V,,, is due to the jump of the insulator
surface potential, the larger the potential jump is, the larger and the
fasterit should appear. Figures 6 and 7, show the peak value V,,.4 and
its time 7,4 measured at y =40 cm and z =10 cm and y =40 cm
and z =50 cm for different bias voltages in the cases E2 and E3.
As the step-bias voltage increases, the peak value increases, and the
peak time decreases,again supportingthe idea of positive sheath for-
mation. Figure 7 also shows that the peak time 7,4 does not depend
on the probe axial location for the same step-bias voltage. Whereas
the peak amplitude depends on the probe position, the peak time
does not. We discuss the reason why via the computer simulation.
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III. Simulation
A. Simulation Code

As the simulationscheme, we use the Monte Carlo particle-in-cell
(PTC) method®® that follows the motion of charged particles self-
consistently with their own space charge and collisions with neutral
particles. The simulation domain is axisymmetric, and we consider
spatial variationsonly in the r and z directions, while all of the three
componentsof particle velocitiesare considered. Figure 8 shows the
computationaldomain. The computationaldomain simulates a slice
of cylinder with an angle of 7 x 10~% rad whose radius is 1.24 m
and lengthis 3.3 m.

Initially, a plasma of uniform density (n, =n; =5 x 10" m~3)
with the Maxwellian distribution at kT, =« T; =2.4 eV is loaded
inside the computational domain, and once the simulation starts,
no particle is added from the boundary. The plasma source is not
included in the simulation. The plasma parameters simulate the ex-
perimental condition in Ref. 2. In a PIC code, a particle followed
in the simulation represents a group of real charged particles or a
fraction of a real particle, which is often called a superparticle. Each
superparticle has its weight as an indicator of how many real parti-
clesitrepresents.If we load the superparticleswith equal weighting,
only few particles are loaded near the axis because the cell volume
becomes increasingly small as the radius approaches zero.

To avoid this problem, we assign smaller weight to particles
loaded near the axis, and load the superparticles so that an equal
number of superparticles, 18, is loaded in each cell. Then the ini-
tial number of particles in the domain is 730,000 for each species.
The ion to electron mass ratio is set to 73,400 to simulate the
real mass ratio of an argon ion to an electron. The computational
boundary is a fixed wall except for the center axis, to simulate the
chamber wall, where the potential is set to zero. Once a particle
reaches the wall, it is removed from the domain. The simulation
time step is A7 =7.5 x 10710, and the simulation is run typically
upto 15-32 us. Typical computationaltime for one case is 2-4 days
on a UNIX workstation with an Alpha 21264 500-MHz CPU.

The computational domain is filled with argon gas of uniform
density n,,. Collision between charged particles and neutral argon is
taken into account, though no motion of neutral argon is taken into
account. Quantitative accuracy of the collision cross section was
already checked against the the transport coefficient data, such as
ionizationand drift velocity, taken from the literature (see Ref. 6 for
details). Once ionization collision occurs, a pair of secondary elec-
trons and ions is placed with an appropriate energy at the collision
point.

To simulate the insulator and electrode used in the experiment,
we place an electrodeinsulated by acrylic and polyimide. The cylin-
drical coordinate of the computational domain has its center at the
polyimide surface for comparison with the experiment. In the ex-
periment, the insulator surface was 40 cm off axis from the chamber
axis in the r direction. The effect caused by this slight difference
is insignificant as long as the the sheath from the insulator does
not extend over 85 cm, where the closest chamber wall existed
in the experiment. The geometry reproducesthe real geometry with
the same thickness of the electrode, the polyimide, and the acrylic.
The area of the polyimide film is also the same so that it has the
same capacitance as the experiment. The dielectric constants are
3.5 for the polyimide and 2.7 for the acrylic. To model the thin film
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Fig. 8 Schematic of computational domain.

(7.5 pm), the computational grids are clusteredin z directionsusing
Eq. (5.220) of Ref. 7. The smallest grid size is Az =2 um and the
largest grid size is Az =3 cm. In the r direction, the grid size is
equalto Ar =0.02 m. The total number of grid points is 63 in the r
direction and 651 in the z direction. Initially, the insulator surface,
polyimide and acrylic, has a potential of zero. The initial surface
charge to have the zero potential is calculated from the capacitance
matrix method.® We give the same potential profile to the electrode
as the experiment, such as the one shown in Fig. 2. The potential
data are taken from the step-bias experiment and used as an input
file for the potential profile in the simulation. Because in the exper-
iment the oscilloscope was triggered at the threshold of 52 V and
recorded that time as time zero, we have shifted the oscilloscope
data by 1.6 us as shown in Fig. 2 so that time zero corresponds to
the time when the step pulse begins. The time 1.6 s was chosen
because the potential never went to negative after that time until the
end of the record.

To validatethe simulation code, we place alangmuir probe shaped
like a fat disk, whose radius is 2 cm and the thickness is 2 cm.
The planar surface is perpendicularto the z axis. In the experiment,
the probe is a disk of 3 mm radius. The thickness is about 1 mm.
The planar probe surface is parallel to the z axis in the experiment.

The probe current consists of displacement current and the con-
ductioncurrent. The displacementcurrentis due to the time variation
of the surface charge induced on the probe surface as the electric
field on the surface varies. The conduction current is mainly due
to ions entering the probe surface for the present case because the
plasma potential is mostly positive with respect to the probe. As it
was explained in Ref. 2, the probe signal in the experiment corre-
sponds to the the time integral of the current because of the large
resistance, 100 k€2, compared to the parallel capacitance. There-
fore, as a comparison, we calculate the surface charge induced on
the probe surface by integrating the electric field perpendicular to
the probe surface. By dividing the surface charge by the probe ca-
pacitancewith respectto the ground, 600 pF, we can obtain the probe
signal in the voltage as if it were observed in the experiment. Un-
fortunately,however, the probe signal calculated this way cannotbe
compared quantitatively because the electric field and the surface
charge on the probe surface depend on the size and shape of the
probe. Nevertheless, the probe signal in the experiment shows very
similar temporal profile to the computationallycalculated probe sig-
nal. In the simulation, the probe potential is fixed to zero, though
the probe actually has a small potential equal to the probe signal
output voltage, less than 1V. Because the probe is surrounded by
the plasma, whose space potentialis 20 V or higher, this assumption
on the probe potential causes no significant error.
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Table 2 Parameters of Monte Carlo
PIC simulation

Case Ny, m”3 zp,em Vi,V B, G
S1 6.5x 108 10 434 0
S2 6.5x 108 30 434 0
S3 6.5x 108 50 434 0
S4 6.5x 10" 100 434 0
S5 6.5x 108 10 174 0
S6 6.5x 108 10 262 0
S7 6.5x 108 10 690 0
S8 1.0x 10 175 434 0
S9 1.0x 107 175 434 0
S10 1.0x10"® 175 434 0
SI1 20x10"® 175 434 0
S12  4.0x10"® 175 434 0
S13  6.5x10® 175 434 0
S14  6.5x10'8 50 434 035

100 0 50

100 ¢ 50 100
r (cm) r(cm) r(cm)

T
30
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log(n,}

Fig. 9 Time variation of electron density (in m~3) distribution calcu-

lated by the computer simulation for case S4.

In Table 2, we list the parameters used in each case of simulation.
Cases S1-S4 are to check the simulation results against the exper-
imental results comparing the probe signals. Cases S5-S7 are to
investigate the effects of step-bias voltage and compare the results
against the experimental results. Cases S§8-S13 are to investigate
the effects of neutral density on the sheath expansion. To avoid the
effects of probe presence, the probe was placed far away from the
insulator. Case S14 is to investigate the effect of magnetic field.
The experiment in Ref. 2 was carried out by canceling the geo-
magnetic field to less than 0.09 G to make the analysis easier. The
chamber axis (z axis) was at the north-south directionat the latitude
of 36° and the eastern longitude of 140°. To investigate the effect of
magnetic field, we apply B =0.35 G along the z axis.

B. Simulation Result

In Figs. 9 and 10, the temporal profile of the electron and ion den-
sity are shown, respectively,for case S4. The densitiesareinm™>. In
Figs. 9 and 10, the insulator surfaceis at z = 0 and r = 0. The probe,
whose potential is fixed to zero, is located at z =100 cm and r = 0.
Initially, the plasma potentialinside the chamberis zeroeverywhere.
Once the simulation is started, electrons near the chamber wall are
rapidly absorbed, and a thin sheath appears near the chamber wall.

7(cm)

0 100 o 0 50 100 0 30 100 0 50 100
r (cm) r (cm) r {cm) r(cm) r(cm)

v 1 12 13 14 15
log(n,)

Fig. 10 Time variation of ion density (in m~?) distribution calculated

by the computer simulation for case S4.

The potential of the whole plasma increases due to the loss of nega-
tive charge. This phenomenonoccurs to any plasma producedinside
a finite volume, where the plasma has a positive potential with re-
spect to the wall. When no bias is applied, the plasma potential
becomes nearly steady at approximately 20V in 10 us. Once the
bias is applied to the electrode and the insulator surface potential
jumps up, electrons near the insulator are absorbed by the insulator
surface. Then a small positive sheath appears near the insulator (see
2 usin Figs. 9 and 10). At >~ 3 us, concentrationof ions begins to
build up near the insulator surface, and the sheath keeps growing.

These ions are produced due to ionization of neutral argon. Al-
though the ionization mean free path is about 10 m at its shortest for
this neutral density, the small amount of ionization still occurs via
electrons coming to the insulator surface. In the laboratory experi-
ment, we observed by naked eye a flash of light near the insulator
surface when the step bias of 690V is applied. Ions move much
slower than electrons, and they stay for a long time near the insu-
lator. The secondary electrons produced by ionization are quickly
absorbed by the insulator. Then the charge balance inside the sheath
is tilted. The sheath boundary is determined so that the space charge
inside the sheath makes the electric field at the boundary zero. To
compensate the increase of the positive charge, the sheath must col-
lect more negative charge, that is, electrons, by extending the sheath
boundary farther outward. Additional electrons are collected by the
sheath. However, because they run for a longer distance inside the
sheath, there is a greater chance of making an ionization collision.
Therefore, there is a feedback mechanism that further expands the
sheath outward, which is the so-called sheath explosion studied in
Refs. 9-11. As electrons are drawn to the insulator, a void of elec-
trons is formed near the chamber wall. The total charge inside the
chamber becomes more and more positive. As a result, a whole
plasma potential inside the chamber increases. Figure 11 shows the
potentialdistributionat 7 =9 us inside the chamber. The plasma po-
tential is elevated to as high as 130V, but it is rather uniform except
near the insulator where the sheath is formed.

Figure 12 shows the temporal profile of the electric potential cal-
culated in case S4. The probeis placedatr =0 and z =100 cm, and
we see a spot of zero potential. In Fig. 12, we plot the equipotential
contoursatevery 100 V forz > 7 us. We see that the chamber plasma
potential increases sharply between =8 and 9 ps. This time cor-
responds to the peak time 7,4 observed in the step bias experiment
in Ref. 2.
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Fig. 12 Time variationof electric potential calculated by the computer
simulation for case S4.

In the experiment, the chamber plasma is produced by a
backdiffusion-type argon plasma source. In the plasma source, a
dc bias of approximately 200V is applied between the grounded
cathode and the anode. It is essentially a dc glow discharge, and the
plasma density inside the plasma source is estimated to be of the
order of magnitude of 10'* m=? with a temperature of a few electron
volts. At a normal condition, the plasma source emits a plasma flow
via ambipolar diffusion of ions and electrons. The plasma poten-
tial inside the plasma source is generally higher than the chamber
plasma potential so that the plasma is extracted and compensates
the loss of charged particles to the chamber wall. When the plasma
density of n, =5 x 10'! m~3, the temperature of k7, =2.4 eV, and
the chamber area of 40 m? are considered, the thermal flux of ions
lost to the wall at the normal condition is approximately 10 mA,
translated into the current, which is compensated by the plasma
source via ambipolar diffusion.

For the present case, however, the chamber plasma potential
changes rapidly after the switch on of the thyristor. As the chamber
plasma potential becomes higher than the plasma potential inside
the plasma source, for example, 8-9 us, the plasmasourceno longer
acts as a plasma source. [t becomes an electron source. The thermal
flux of electrons is far greater than the ambipolar diffusion flux.
Therefore, once the plasma source becomes an electron source, it
can quickly supply enough electrons to lower the elevated plasma
potential inside the chamber.
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b) experiment.

Figure 13 shows the signal calculated for cases S1-S4 at different
probe positions along z axis. The probe positions are r =0 and are
varied in z. The probe signal in volts that is shown is calculated by
dividing the surface charge on the probe by the capacitance, 600 pF.
InFig. 13, the probesignalsmeasuredin experimentcase E1 are also
plotted. The high-frequencyoscillationat # > 2 us of the experiment
is noise due to switching of the thyristor. The probe signals of the
simulationand the experimentcannotbe compared quantitativelyby
plotting with the same vertical axis because the sizes of the probe are
different, causing the shape of the sheath surrounding the probe to
be different. Nevertheless, the probe signal of the simulation shows
the rate of increase very similar to the experimentalrate before t =
8-9 ws. In the simulation, the probe signal reaches a steady value
because there are no electrons from the plasma source to lower
the elevated plasma potential. The rate of increase changes at t =
6-7 us,and the simulationevenreproducesthis change. The relative
intensities among the different probe locations also agree between
the simulation and the experiment.

The probe signals in the experiment have peaks at  =8-10 us
irrespective of the probe position because the chamber potential
increases are so high, over 100V, that the plasma source emits elec-
trons lowering the chamber potential rapidly. This explanation fits
Fig. 7, where the peak time T},;4 does not differ much between the
probe positions. Because the whole plasma potential is lowered,
the probe peak appears almost simultaneously at every point inside
the chamber. In the present simulation, we do not include the plasma
source. Therefore, once the chamber plasma potential becomes near
100V, itis no longer correct. However before that, r < 8-9 us, while
the plasma source is acting as a plasma source, we can neglect its
presence because the amount of current, 10 mA, provided by the
plasma source is negligible compared to the electron charge drawn
to theinsulator. When the potentialdisturbanceis givenby a step bias
to the electrode, the amount of electrons drawn to the insulatoris of
the order of magnitude of 1076 C. Therefore, even if we include the
plasma flow of 10 mA from the outside in the simulation, it has little
effecton theresultsin the timescale of the simulationtime, 10-20 us.

Figure 14 shows the temporal variation of potential at r =0 and
z=175cmcalculatedforcases S1 and S5-S7 changingthe step-bias
voltages. We use the potential at this locationas an indicator to know
when the chamber potential jumps over 100 V. The higher the bias
voltage is, the faster the chamber potential increases. We do not
know the exact potential where plasma source acts as the electron
source giving the peak to the probe signal, though it is between
several tens of volts and 200 V. If we set the threshold arbitrarily
to 100 V for the moment, the chamber potential reaches that value
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att =6, 8, 11, and 14 us for the case of V, =690, 434, 262, and
174V, respectively. These numbers agree with the 7}, measured
in the experiment and plotted in Fig. 7 within 2 us for each bias
voltage.

Figure 15 shows the temporal profile of the spatial distribution
of the electric field amplitude calculated in case S4. Figure 15 was
created to visualize the sheath boundary that is not always clear in
the plot of density or potential. The sheath boundary is clearly seen
around the insulator (z=0 and r =0), where the field amplitude
becomes as strong as 1000 V/m or more. The sheath also grows
into the —z direction as the field line from the electrode penetrates
the acrylic holder. The sheath expansion is fastest in the forward
direction, that is, the +z direction, which is best seen at time 7 us.
This observationsupportsthe explanationmade for the experimental
results that the two-peak-type discharge occurred faster for the case
where the insulator and the solar array were placed face-to-face
than in the case where the insulator and the solar array were placed
side-by-side (see Fig. 10 of Ref. 2).

Figure 16 shows the potential distribution near the insulator sur-
face at 1 =10 and 20 us for various neutral densities. Figure 16
shows the simulation results of cases S8-S13. The equipoten-
tial contour lines are at every 50 V. For the neutral density n, >
4.0 x 10'® m~3, we see the plasma potential outside the sheath is
already higher than 100V at t =10 us. Also, the higher the neu-
tral density is, the larger the sheath size becomes. For the neutral
density of 2.0 x 10'® m~3, we still see the contourline of 50 V that
is extending outward at # =10 pus. The chamber plasma potential
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Fig. 14 Temporal variation of potential at r =0 and z=175 cm for dif-
ferent step-bias voltages.

eventually reaches 100V at + =20 us, and we see that the sheath
size becomes 50 cm in the z direction, 30 cm in the r direction,
and 10 cm in the —z direction, and keeps growing further. For the
case with n,, = 1.0 x 10'® m~3, the sheath never grows to such an
extentandreachessteady state, thoughit is still larger than the lower
density case, n,, = 1.0 x 10" m~3. There is no significant difference
between the cases with n,, = 1.0 x 10'7 and 1.0 x 10'® m~3. There-
fore, we can conclude that for this set of parameters the threshold
over which the explosive sheath expansion occurs is somewhere
between n, = 1.0 x 10" and 2.0 x 10'® m~3. Although, this den-
sity sounds very high as a density at the orbital altitude, the neutral
density around the spacecraftis easily enhanced to this level due to
surface outgassing or thruster firings.!

We also compared the cases with external magnetic field in the z
direction (case S14) and the case with no magnetic field (case S3).
However, as long as the neutral density was high, 6.5 x 10'® m=3,
there was no significant difference between the two.

IV. Discussion

In the simulation results, we have seen that the sheath expands
explosively from the insulator surface if a sufficient amount of ion-
izationoccursinside the sheath. The sheath boundary expands, how-
ever, only up to 50 cm into the z directionand 30 cm into the r direc-
tion within 9 s when the step bias is 434 V. In the arc experiment
of Ref. 2, however, we observed that a current path was formed be-
tween the arc point on a solar array and the unarced insulator even
when they are separated by as much as 270 cm in the face-to-face,
z, directionor 140 cm in the side-by-side,r, direction. That the cur-
rent path is formed indicates that the two points are connected by a
field line. Therefore, the jump of the insulator surface potential and
the successive ionization near the insulator is not enough to extend
the positive sheath from the insulatorto the arc pointand connectthe
two points by a field line.

When the current path was formed, that is, two-peak-type dis-
chargein Ref. 2, the arc currentshowed the increases at time 3-4 us
from arc onset, suggesting that the positive sheath has reached the
arc pointby that time. Therefore, whether an arc grows by receiving
the charge on unarced insulator surface depends on how quickly the
positive sheath from the insulator reaches the arc spot before the
arc plasma near the solar array loses the conductivity. With ambi-
ent electrons alone, the sheath cannot expand as fast and as far, as
shown in the computer simulation. Therefore, we need an additional
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Fig. 16 Spatial distribution of electric potential near insulator at time =10 or 20 us calculated for various neutral densities.

mechanism to speed up and extend its expansion. Electrons ejected
from the array on arc onset are probably the missing links in the
chain, contributing somehow to ionization near the insulator sur-
face. These electrons rapidly diffuse toward the chamber wall. As
they diffuse, their negative space charge significantly lowers the
space potential around the array and nearby insulators, which has
been illustrated as the probe signal V,,; (see Fig. 6 of Ref. 2). If the
diffusingelectrons find the insulator on their way and accelerate the
positivesheathexpansion, the current path mightbe formed between
the array and the insulator.

A question now arises on how many of these phenomena ob-
served in the chamber experiment apply to the situation in orbit.
In space, there is no chamber wall. Therefore, the plasma potential
outside the sheath is not elevated, as we observed both in exper-
iment and simulation. For the case in the chamber, as the plasma
potentialis elevated, the potential drop inside the sheath decreases,
and the expansion speed of the sheath is slowed down. In space,
this phenomenon does not occur, and the potential drop across the
sheath is maintained and the sheath keeps growing. Therefore, in
space, the sheath expansion is faster, which means the current path
is formed farther from the arc point. This leads to an unfortunate
prediction that the safety distance of 3-4 m derived in the labora-
tory experimentin Ref. 2 is probably longer for the real situationin
space.

Another difference s the gas species. The laboratory experiment
and its simulation are carried out with argon as the gas species. In
space, if the gas is provided via outgassing from the surface, the
major species is water vapor. The sheath expansion is due to the
difference of mobility between an ion and an electron, and it scales
inversely with the square root of the ionic mass.’ Therefore, for a
pure water vapor, the sheath expansionspeed is slower than the case
for argon, and the safety distance against the current path formation
can be shortened. If the gas is provided via thruster firing, the gas
species is determined by the byproduct of the thruster operation.
When the gas is heavier than argon, the safety distance must be
extended farther.

V. Conclusions

As the size of spacecraftsystems and the demand for more power
increase, arcing on solar array has become an obstacle against the
developmentof a megawatt-class space platform that generates and
delivers its power at a voltage of 400V or higher. Once an arc
occurs on a solar array, the jump in the circuit potential causes
the expansion of positive sheath from the unarced insulator that is
connectedto the arc pointthroughthe externalcircuit. As the positive
sheath reaches the arc point, there is an electric field between the
array and the insulator. If the conductivity of the plasma is high, the
current path is formed between the insulator and the array, feeding
energy to the arc plasma. The response of the surrounding plasma
to the potential change of the array and insulator surface plays an
importantrole because the arc plasma and the ambient plasma form
the current path between the insulator and the arc point. A laboratory
experiment and computer simulation have been carried out to study
the basic mechanism of positive sheath formation and expansion
near the insulator surface.

When a set of simulation parameters that match with the exper-
imental condition as closely as possible was employed, the simu-
lation reproduced the experimentally observed probe signals very
well, proving its accuracy. It has shown that the positive sheath ex-
pands as a small degree of ionization inside the sheath pushes the
sheath boundary outward due to the positive charge of secondary
ions. As the sufficient degree of ionization occurs, the sheath ex-
pands explosively.

The expansion of the sheath draws a significant amount of elec-
trons from the plasma in the chamber with a finite volume. As the
number of electron decreases, the chamber plasma potential outside
the sheath is elevated to a positive value of approximately 100 V or
higher. This potential increase makes the plasma source located at
the chamber end start operating as an electron source, rapidly low-
ering the plasma potentialinside the chamber, yielding the observed
peaks of the langmuir probe signal in the experiment.

Although the sheath expansion is extensive when ionization oc-
curs near the insulator surface, its speed and extent are not enough
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to explain the current path formation between the remotely located
solar array and the insulator surface observed in the experiment.
Therefore, it is noted that the contribution of electrons ejected from
the arc pointat the time of arc onsetis probably the key to speed up
and to extension of the initial sheath expansion. In future work, we
plan to include the motion of electrons ejected from the array in the
computer simulation to reveal fully the mechanism of arc develop-
ment. We also plan to include the plasma source to reproduce the
observed peaks of the langmuir probe signal.
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