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Plasma Response to Arcing in Ionospheric Plasma
Environment: Laboratory Experiment
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Laboratory experiments are carried out to study the response of plasma to a sudden potential change induced
by arcing on a solar array in low-Earth-orbit plasma environment. A solar array is biased negatively in a plasma
chamber with insulator simulating coverglass or thermal paint located remotely from the arc point. When an arc
occurs, electrons are ejected from the arc point to the surrounding plasma, producing a negative sheath. Shortly
after the arc onset, the in� ux of positive charge into the circuit causes a jump of the potential, and the positive
sheath is formed near the insulator surface. If the positive sheath meets the negative sheath near the arc point while
the conductivity of the arc plasma is still high, a current path is formed between the arc point and the insulator
surface. The current path supplies the positive charge on the insulator surface to the arc current and feeds energy
to arc plasma. Experimental results show that there is a safety distance beyond which arc plasmas cannot form
the current path.

Nomenclature
B = magnetic � eld, G
C = capacitance, F
Cs = capacitanceof insulator surface to the electrode, F
d = distance between array and capacitance, cm
In = neutralizationcurrent, A
I p = peak of discharge current, A
m = particle mass, kg
n = number density, m¡3

Qd = charge � own in one arc, C
Qs = charge stored on insulator surface, C
R = resistance, Ä
Te = electron temperature, eV
Tp = peak time of discharge current, s
Tpr = peak time of probe signal, s
t = time, s
V = potential, V
Varray = solar array output voltage, V
Vb = bias voltage, V
Vpr = probe signal, V
y = horizontal position, cm
z = axial position, cm
1V = change of spacecraft potential due to arc onset, V

Subscripts

e = electron
i = ion
n = neutral
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Áe = electrode potential, V
Ás = insulator surface potential, V
Á1 = potential of the positive end of solar array, V
Á2 = potential of the negative end of solar array, V

I. Introduction

T O promote industrial use of low Earth orbit (LEO), such as
manufacturing,sightseeing,or power generation, the power of

a large LEO platform that follows the International Space Station
(ISS) may soon reach the level of megawatts. In principle, the trans-
missionvoltagescales to the square root of the power to be delivered
to minimize the energy loss duringpower transmissionand the cable
mass. ISS with 100 kW is operated at 120 V. An experimental solar
power satellite with 10 MW needs to be operated at least 1000 V
(Ref. 1). Therefore, a space platform with 1-MW power must be
operated at approximately 400 V. To realize 400-V operation in
LEO, arcing caused by interaction between the spacecraft and the
surrounding LEO plasma must be overcome.

When a spacecraft has a high voltage within its body and the
high voltage surface is exposed, most of the high voltage becomes
negative with respect to the electric potential of the surrounding
plasma. Figure 1 shows a circuit layout of typical spacecraft. The
spacecraft structural body that is made of conductormaterial serves
as the grounding point of the circuit and is usually connected to the
negative end of the array. Then, the spacecraft structural body has
a high negative potential. The spacecraft body attracts positive ions
from the surrounding plasma, and the ions impact the body surface
and solar array. Many parts of spacecraft surfaces are made of elec-
trical insulators, such as solar array coverglass or thermal coating
materials,which are often also electrical insulator materials. There-
fore, when ions impact spacecraft dielectric surfaces, the surfaces
are positively charged. The positive charging continues until the
surface potential reaches a value where the ion current to the sur-
face is equal to the electron current, which is typically comparable
to electron temperature ·Te and negligible compared to the body
potential V . Therefore, the electrical insulator acts as a capacitance
that stores the positive charge on the surface facing the plasma.

It is known that arcing can occur once there is an opening in the
insulator where the underlying conductor with a negative potential
of ¡100 V or larger, typically, is exposed to space.2 The arcing
is triggered by charging of insulator material via plasma and � eld
intensi� cation at the conductor surface, especially at the junction
with the insulator, which is called a triple junction, because three
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Fig. 1 Schematic of electrical circuit of spacecraft and potential with
respect to the LEO plasma.

Fig. 2 Schematic of current paths to the arc point.

materials with different electrical conductivity (conductor, insula-
tor, and vacuum), meet there. There are many ways for a triple
junction to be formed. One example is an interconnector between
solar cells, where the triple junction is formed with the intercon-
nector exposed to space, the adhesive to attach coverglass, and the
vacuum. Another example is a hole in the thermal paint exposing
the underlying conductive surface produced by impact of a small
particle on the surface.Arcing raises concernswith electromagnetic
interference,surface deterioration,or even destructionof spacecraft
circuits, which is demonstrated in Refs. 3 and 4. How much the
arcing affects the spacecraft system depends on how much current
and energy the arcing currentcarries into the spacecraftcircuit. Pre-
vious experiments5¡8 indicate that, once an arc occurson spacecraft
insulator surface, the arc induces a signi� cant current on the other
parts of the insulator surface.

The purpose of this paper is to study via laboratory experiments
how the arc current grows by receiving charge from the nearby in-
sulators. In the accompanyingpaper,9 we carry out a basic study on
the growing mechanism via a laboratory experiment and computer
simulation. Once an arc occurs at one point on a spacecraft surface,
eithersolararrayor bodysurface,thearc spot collectsa largeamount
of positive charge in a short time, driving the spacecraft potential
up. At the same time, electrons are ejected from the arc spot. The
insulating surface becomes positive comparable to the array output
voltage at maximum, exposing its positive charge on the surface to
the electrons. Then, the surface charge is rapidly neutralized by the
electrons, which results in a large negative current � owing through
the spacecraft body circuit. This phenomenon is the capacitive cou-
pling of the arc plasma with the spacecraft circuit. The current path
is schematicallyshownin Fig. 2 as paths1 and2. Path 1 is the current
path between the arc point and the insulator surfaceon the body, and
the path2 is the currentpathbetween the arcpointand the solar array
coverglass. The solid lines in Fig. 2 indicate the currents inside the
spacecraft circuit, and the broken lines indicate the current through

the plasma. This current path is essentially RC discharge, where R
is given by the resistance of plasma and circuit and C is coverglass
capacitance. This model of RC discharge feeding the energy to the
arc plasma has been illustrated in Refs. 5 and 10.

This study is important in the sense that we need to know how
much energy an arc can have. It is also important to know the con-
dition by which an arc becomes more severe. Current paths 1 and
2 in Fig. 2 feed the energy to the arc plasma through the RC dis-
charge. As the arc plasma grows and extends over the positive end
of the array string, the plasma can short circuit the positive and
negative ends of the array, shown as current path 3 in Fig. 2. This
path 3 can be attached to the positive end of the same strings, as
shown in Fig. 2, or of a different string and depends on the cell
layout on the array surface. A typical solar array string can gen-
erate a current of several amperes at the solar intensity in LEO. If
the arc plasma has a suf� cient conductivity to maintain itself with
that amount of current, the arc current keeps � owing, leading to
destruction of the solar array circuit, a so-called sustained arc.3;4

Initial growth of the arc plasma, therefore, is very important. The
degree of growth determines whether an arc causes a fatal effect to
the spacecraft circuit. Even if arcs end as single pulses, accumula-
tive effects, such as surface deteriorationlike discoloration,peeling
off, damage, and others, are determined by how large each single
pulse is. In the presentpaper,we investigateboth how far the surface
charge of the unarced surface is neutralizedby this mechanism and
how the current path is connected into the spacecraft circuit using a
model system in the laboratory experiment.

Recently, Cho et al.11 found that a current path between the arc
point and remotely located insulator is formed by arc plasma. They
biased the combination of a solar array and an electrode wrapped
by insulator � lm to a negativepotential as high as ¡700 V in a large
vacuum chamber of 2.5-m diam, where the LEO plasma condition
was simulated. They tested two cases of the distance between the
solar array and the electrode, 40 and 80 cm. The arc plasma could
connect the arc point on a solar array and the insulator on top of
the biased electrode even for the distanceof 80 cm. The arc plasma,
however, often failed to connect for the 80-cm case compared to
the 40-cm case. Also, the time for the arc plasma to connect the
two surfaces was longer for 80 cm than for 40 cm. A langmuir
probe was used to measure the plasma condition at various points
inside the chamber, and it was found that the spacepotentialnear the
solar array became negative and that the potentialnear the insulator
became positive, once an arc occurred at the solar array.

Based on these results, a model of the discharge path formation
was proposed, which is schematically shown in Fig. 3. Once an
arc occurs, electrons are ejected from the array to the surrounding
plasmaproducinganelectron-richnegativesheath.At the same time,
injectionof positivecharge into the circuit causesa jump in the array
potential and the electrode potentialunder the insulator toward zero
from the highly negative value. Before the arc, the insulator surface
potential is nearly zero, comparable to the electron temperature,
typically 1 eV, to have the zero current condition at a steady state.

Fig. 3 Modelof current pathformationbetween arcpointand unarced
insulator surface.
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Therefore,across the insulator,there is a potentialdrop nearly equal
to the bias voltage,which is of the order of magnitudeof 100 V. The
jump of the electrode potential, which is several microseconds or
less, also causes the jump of insulator surface potential from the
near zero value to a positive value of the order of magnitude of
100 V. Then a positive sheath is formed near the insulator surface
where the electric potential is positive. There is an electric � eld
between the array and the insulator, and if the conductivity is high
enough, the current path is formed.

In this study, we carry out new experiments and computer simu-
lations to further validate the model of current path formation. The
experimental setup is basically similar to the previous work,11 but
this time we have installed more test samples inside the chamber so
that we can study how far the arc plasma can in� uence the remotely
located insulator.Finding the safety distanceof arc plasmas provide
very important data to the design of high-voltage space systems. In
theaccompanyingpaper,9 to investigatehow the surroundingplasma
responds to the sudden change of the insulator surface potential
caused by arcing, we give an arti� cial jump of the insulator sur-
face potential and carry out a controlled experiment. We also carry
out computer simulation to visualize the phenomena occurring in
the experiment. In the second section of this paper, we describe the
laboratory experiment, which simulates solar arrays and remotely
located capacitanceunder the LEO space plasma conditions. In the
thirdsection,we show theexperimentalresults.Finally,we conclude
the paper with suggestions for future experimentalwork.

II. Experiment
The vacuum chamber we used in the experimentswas 4.0 m long

with 2.5-m diam and was located at the Institute of Space and As-
tronautical Sciences. The axial length is 5.5 m if we include the
semispherical noses at the both ends. The chamber had a diffusive
argon plasma source located at one end, which generated plasma
conditions of ne » 5 £ 1011 m¡3 and ·Te D 2:4 eV. The chamber
pressure was 2 » 3 £ 10¡4 torr while the plasma source was oper-
ating. To make the analysis easier, the Earth’s magnetic � eld was
canceledby externalcoilsmost of the time. Unless stated otherwise,
the magnetic � eld B inside the chamber was kept less than 0.09 G.

We placed two small solararraysand three capacitancesinside the
chamber, as shown in Fig. 4. The coordinateof each biasedsample is
given in centimeters.The cylindricalchamber is placedhorizontally.
Figure 4 shows the setup inside the chamber from the viewpoint as

Fig. 4 Setup of arc experiment.

if we look down from the top. The arrays and capacitances were
mounted on acrylic poles at the same height. One array was located
at the chamberaxis,which we call array1. Another arraywas placed
70 cm left of array 1, which we call array 2. Capacitance 2 was
placed 40 cm right of array 1. Capacitance1 was placed 30 cm right
of capacitance 2. Arrays 1 and 2 and capacitances1 and 2 face the
plasma source. Capacitance 3 was placed at the axis of the chamber
facing array 1, 270 cm from array 1. To specify the probe position,
we employed a coordinate system whose origin was at the surface
of array 1, as shown in Fig. 4. The axial direction toward the plasma
source is the z axis. The horizontal direction toward capacitance 1
is the y axis. In the present paper, the x axis is the vertical direction,
positive x in the upward direction.

The capacitances simulated coverglass of remotely located cells
from the arced interconnector.To increase the capacitance per unit
area, thin polyimide � lm (7.5 ¹m thick, dielectricconstant3.5) was
used instead of real coverglass (»100 ¹m, typically). The � lm was
placed on top of a stainless-steel electrode, which was completely
insulated by the � lm and acrylic holder. Capacitances 1 and 2 had
21 nF, and capacitance3 had 5.2 nF because its radius was one-half
of capacitances 1 and 2. Each solar array consisted of six Si cells
connectedin series with a separationdistanceof 0.8 mm. The size of
each cell was 2 £ 4 cm. The cells were glued on Kapton® � lm, and
the � lm was � xed on an aluminum frame. The wires of the arrays
were shortened and connected to a dc power supply to be biased to
up to ¡800 V.

One array, either array 1 or array 2 and either capacitance 1 or 2
or 3 were biased at the same time by a dc power supply.The distance
between the array and the capacitancefrom 40 to 270 cm was varied
by changing the combinationof bias. The current from each biased
sample was measured by a current probe. The arrows at the current
probe in Fig. 4 indicate the de� nition of the directionof the positive
current. The array potential was monitored by a 100£ high-voltage
probe. The voltage probe, the current probes, and the high-voltage
probe were connected to a four-channeldigital oscilloscope,whose
output was transferred to a lap-top computer. The oscilloscopewas
triggered when the array potential rose beyond ¡420 V.

The chamber is equipped with a planar langmuir probe of 6 mm
diam that can be moved in the three axes. The probe is grounded
through a 100-kÄ resistance. The current � owing into the probe is
measured by reading the voltage across the 100-kÄ resistance by a
voltageprobe.The resistanceof 100 kÄ was chosenso that the small
amount of current, such as an ion saturation 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 currents with timescales
faster than 100 kÄ £ 600 pF D 60 ¹s cannot be measured directly.
For such a fast varying current, only the time-integrated value can
be measured as the voltage across the 600-pF capacitance that is
parallel to the 100-kÄ resistance. The probe signal was also very
susceptible to external high-frequencynoise (2 MHz or higher). To
minimize the effect of noise, we carried out the Fourier transform
of all of the waveforms, including the currents and the voltage, and
� ltered out frequencies higher than 2 MHz. This � ltering limited
the time resolution of the experiment to 0.5 ¹s.

The current � owing to the probe consists of two parts. One part is
the conduction current that is carried by charged particles entering
the probe surface. The other part is displacementcurrent that is due
to the time variation of the surface charge induced on the probe
surface as the electric � eld on the surface varies in time. Because
the probe is � xed to the zero potential (chamber ground), there is
always a potential difference from the surroundingplasma, and the
probe is surrounded by a sheath. The probe surface and the sheath
boundary forms a capacitance, and any change on the potential or
the sheath thickness causes the change on the surface charge on the
probe surface. When the potential near the probe changes rapidly,
the probe surface charge also changes, and the displacementcurrent
� ows between the probe and the ground. The displacement current
basically corresponds to the time derivativeof the electric potential
near the probe.

In this paper, we mainly show the probe signal varying with
the timescale of the orders of magnitude of 1 ¹s. Therefore, the
probe signal should be regarded as the time-integrated value of the
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probe current. Because the probe signal is the time integration of
the probe current, the signal directly corresponds to the plasma po-
tential around the probe. Then the probe acts as an ac potential
probe (it cannot measure the dc potential) with the bandwidth be-
tween 16.6 kHz and 2 MHz. The positive probe signal means that
the plasma potential around the probe is positive with respect to the
probe. In that case, the probe signal mostly consists of the time-
integrateddisplacementcurrent because the conductioncurrent due
to ions is smaller in a short timescale of the order of magnitude of
1 ¹s. Therefore, the positive probe signal should be interpreted as
an indicatorof the plasma potential, though the probe signalvoltage
is not equal to the plasma potential. For the negative probe signal,
the conduction current is as equally important as the displacement
current. The interest is mostly in the positive probe signal.

The plasma uniformity inside the chamber was measured by the
moving probe that measured the ion saturation current. When the
temperature was assumed uniform, the plasma density decreased
less than 10% between y D 0 and 70 cm as the position approached
the chamberwall. In the z direction,the plasma density increasedby
a factorof two between z D 10and180cmas thepositionapproaches
toward the plasma source. During the experiment, the plasma con-
dition was monitored by a spherical (1-cm diam) langmuir probe
that was � xed at x D ¡30 cm, y D ¡80 cm, and z D 163 cm.

In a typical case of the experiment, the bias voltage was set to
a � xed value for 15 » 90 min, and we waited for arcs to occur.
Arcs occur with a time interval of typically 10 » 30 s. This time is
long enough for ions to recharge the insulator surface, producing
the potential difference of several hundred volts. After a suf� cient
number of arcs, usually 5 » 20, occur, the moving probe is moved
to a different position. The averages of currents and probe signals
are taken from the data taken in one run.

III. Experimental Result and Discussion
In Figs. 5 and 6 examples of the measured waveforms are shown.

In these examples, array 1 and capacitance2 are biased to ¡500 V,
and the probe is located at z D 10 cm and y D 0. Once an arc oc-
curs, positive current � ows from the array toward the ground,which
we call discharge current. At the same time, negative current � ows

Fig. 5 Example of typical waveforms of 1-peak-type discharge.

Fig. 6 Example of typical waveforms of 2-peak-type discharge.

from the capacitance,which we call neutralizationcurrent. The po-
tential jumps to nearzero valueas a part of dischargecurrent� owing
through 10-kÄ resistance causes the voltage drop across the resis-
tance. Once the potential jumps to near zero, the dc power supply is
effectively decoupled from the array and the capacitance. Then the
discharge current is supplied by the neutralizationcurrent and other
stray capacitances in the circuit.

The potentials of the insulator surface Ás is given by

Ás D Áe C Qs=Cs (1)

assuming that the insulator surface potential is uniform. Before an
arc, the insulator surface has almost zero potential to attain the
current zero condition. Then there is a potential difference nearly
equal to the bias voltage Vb across the insulator. The charge stored
by the insulator at a time t is given by

Qs.t/ D Cs .¡Vb/ C
Z t

0

In dt (2)

Substituting Eq. (2) into Qs of Eq. (1), we obtain

Ás D Áe C .¡Vb/ C

R t

0
In dt

Cs

(3)

as theinsulatorsurfacepotential.When theelectrodepotentialjumps
to near zero and while the charge � own as the neutralizationcurrent
is still small, the insulator surface potential is approximated by

Ás ’ ¡Vb (4)

Similar analysisof the surfacepotentialis presentedin Ref. 5, where
an ion acoustic wave launched from the insulator surface is also
observed. There is also a report12 of the optical measurement of the
insulator surface potential at the arc onset.

The discharge current waveforms are categorized into two types.
One is the type where the discharge current has only one peak, Ip1,
as shown in Fig. 5, which we call 1-peak type. When 1-peak-type
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discharge occurs, the probe signal � rst shows a negative peak Vpr1

when thedischargecurrentpeaksat time Tp1 and later showspositive
peaks Vpr3 at time Tpr3. The other waveform is the type where the
discharge current has two peaks, as shown in Fig. 6, which we call
the2-peak type.The � rst peak I p1 is similar to thatof the1-peaktype.
The second peak I p2 occurs 5 » 15 ¹s later, and it is usually larger
than the � rst peak I p1 . The probe signal for the 2-peak type also
shows a negativepeak Vpr1, at the � rst peak of the dischargecurrent,
which is similar to the 1-peak type. When the discharge current has
the second peak, however, the probe signal differs, dependingon its
position.

In the present experiment, we observed more than 1000 arcs. To
judgewhether each arc was 1-peakor 2-peak,we createda computer
program. In the program, each dischargecurrentwaveformwas � rst
smoothed by taking the time average with the window size of 40
neighboring points to reduce the block noise associated with A/D
conversion at the digital oscilloscope. In the smoothed waveform,
the local peaks of 0.05 A or higher were searched. The criteria,
0.05 A and40 data points,were determinedafter trial anderror of the
analysis.If therewas a peak in the smoothedwaveform, the program
went back to the original waveform before smoothing and looked
for the local maximum among the 40 points, then recorded its value
and time. The program successfully identi� ed the � rst peak I p1 for
all of the waveforms analyzed. If the arc was 2-peak type, however,
the program, occasionally, about 5% of all of the 2-peak types,
gave more than two second peaks I p2 if the waveform had a large
� uctuation that was not removed even after the low-path � ltering
with the 2-MHz criterion. In that case, the judgment was performed
manually and the waveform was looked at with the naked eye.

It was common to 1-peak and 2-peak types that the probe signal
shows a negative peak Vpr1 at the � rst peak of the discharge current
I p1. Figure 7 shows the correlation between the two peaks. In this
case, the probe position is at y D 0 and z D 80 cm, and array 2 and
capacitance 1 are biased to ¡500 » ¡800 V. The data at different
bias voltagesare combined in Fig. 7. The probenegativepeak Vpr1 is
proportional to the discharge current peak Ip1. Also, the data for 1-
peaklie on the same lineas thedata for2-peak.As far as the � rst peak
Ipr1 and theaccompanyingprobesignalVpr1 are concerned,we seeno
signi� cant differencebetween 1-peak- and 2-peak-typedischarges.
Once an arc occurs, the electronsare producedas the result of local-
ized gas discharge near the interconnectorsof the array.13 The ions
produced by the discharge are collected by the array and measured
as the discharge current. The electrons produced by the discharge
either neutralize the charges in the coverglass or are ejected into
space. By the time the discharge current has the � rst peak I p1, a
positive charge of more than 10¡7 C is already � own to the ground.
This means that the same amount of negative charge is ejected to
the chamber. If all of the charges stay in the chamber at the same
time, the number of electrons, approximately 1012, is about 10% of
all of the electrons inside the chamber before the arc. This increase
of the negative charge signi� cantly lowers the chamber plasma po-
tential. The plasma around the array becomes electron rich, and
the space potential becomes negative due to the space charge of
electrons. While the electrons travel toward the chamber wall or
the capacitance surface to close the current circuit, the probe col-

Fig. 7 Correlation between the � rst peak of discharge current Ipr1 and
probe signal Vpr1 .

Fig. 8 Example of waveforms of probe signal and discharge current
of 1-peak-type discharge measured at different positions along y axis.

Fig. 9 Probe signal Vpr1 at time of the � rst discharge current peak Tp1
measured at different positions along y axis.

Fig. 10 Probe peak signal Vpr3 for 1-peak-type discharge and probe
signal Vpr2 for 2-peak-type discharge measured at different positions
along y axis.

lects the electron conduction current giving the observed negative
peak Vpr1.

Figure 8 shows examples of how the probe signal of 1-peak-type
discharge changes depending on the probe y position. The second
row of Fig. 8 shows the discharge current waveforms measured at
the same time. In this case, array 2 located at y D ¡70 cm and
capacitance 2 located at y D 40 cm are biased to ¡500 V, and the
probe axial position is z D 10 cm. The dischargecurrent has the � rst
peak at t D Tp1 ’ 1 ¹s. The negative probe signal Vpr1 at t D Tp1
(see Fig. 5 for de� nition) is observed even in front of the insulator
(y D 40 cm), though it becomes smaller.

Figure 9 shows the probe signal Vpr1 observedat different y posi-
tions, which are the results of the cases where array 2 (y D ¡70 cm)
and capacitance 2 (y D 40 cm) were biased to ¡500 V. Figure 10
shows Vpr3 and Vpr2 for 2-peak-type discharge. In Fig. 9 the probe
z axial position is z D 10 cm. To increase the number of sampling
data, we combined data of the 1-peak- and 2-peak-type discharges,
and each point is an averageof at least eight measurements.Figure 9
shows that the probe signal Vpr1 is more negative as the probe po-
sition approaches the array. In Ref. 11, it was shown that the probe
signal Vpr1 becomesmore negativeas the axial distance (z direction)
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Fig. 11 Example of waveforms of probe signal and discharge current
of 2-peak-type discharge measured at different positions along y axis.

from the array surface decreases. The results shown in Figs. 7–9
indicate that the electron-richnegative sheath is formed around the
array within 2 or 3 ¹s from the arc onset regardless of the arc being
1-peak or 2-peak.

In Fig. 10, the positive peak value Vpr3 (see Fig. 5) is shown
for different y positions, which are the result of the cases where
array 2 (y D ¡70 cm) and capacitance2 (y D 40 cm) were biased to
¡500 V. The probe z axial position is z D 10 cm. In Fig. 10, we also
plot the probe signal Vpr2, which will be explained later. For Vpr3,
each point is an average of at least � ve measurements. Even if the
current path is not formed between the array and the capacitance,
the insulator surface potential jumps to a highly positive value as
the electrode potential jumps. For the case shown in Fig. 10, array 2
and capacitance 2 were biased. At the arc onset the potential of the
array and the capacitance electrode jumped from ¡500 V to near
0 V within 3 ¹s. The potential jump produces the positive sheath
around the insulator surface. In Fig. 10, the position of y D 40 cm
corresponds to the position in front of capacitance 2. Therefore,
the positive sheath is centered at the insulator surface. The array
position is y D ¡70 cm.

Figure 11 shows how the probe signal of 2-peak-type discharge
changes depending on y position. The second row shows the dis-
charge current waveforms measured at the same time. In this
case, the array 1 located at y D 0 and the capacitance 2 located
at y D 40 cm are biased to ¡600 V, and the probe axial posi-
tion is z D 10 cm. The discharge current has the � rst peak at
t D Tp1 ’ 0:5 ¹s and has the second peak at t D Tp2 ’ 7 ¹s for all
three examples. When the probe is in front of the array (y D 0), the
probe signal Vpr2 at t D Tp2 (see Fig. 5 for notation) is negative,
indicating that the in� uence of negative sheath formed at Tp1 still
remains even at time Tp2 . When the probe approachescapacitance2
(y D 40 cm), however, the probe signal Vpr2 becomes more positive
suggesting the presence of ion-rich positive sheath. Once an arc
occurs, the potential of the solar array increases rapidly from the
negative bias voltage to near zero, as shown in Fig. 6. The potential
of the capacitancesurfacealso increasessuddenlyfrom thenearzero
value to a positive value comparable to jVbj, where jVbj is the bias
voltage,as the potentialof underlyingelectrode increases.Although
the electrode and insulator surface potential increases within 3 or
4 ¹s from the arc onset, there is a time lag for the positive sheath
to develop. It takes only 2 or 3 ¹s from the arc onset for the nega-
tive sheath to appear in front of the insulator surface. This time is
even faster than the complete jump of the electrode potential. The
positive sheath appears at t ’ Tp2, which is nearly 10 ¹s from the
arc onset. The mechanism of the positive sheath formation is fur-
ther discussed in the experiment and the computer simulation in the
companion paper (Ref. 9).

Figure 12 shows the dependence of Vpr2 on the probe position
for the combinationof array 1 and capacitance2 at the bias voltage
of ¡600 V. In Fig. 12, y D 0 corresponds to array 1 and y D 40 cm
correspondsto capacitance2. The probe z positionis 10 cm for all of
the data points. Whether the probe signal Vpr2 is positiveor negative
at t D Tp2 depends on whether the in� uence of the positive sheath

Fig. 12 Probe signal Vpr2 at the second peak of 2-peak-type discharge
measured at different positions along y axis.

Fig. 13 Percentage of 2-peak-type discharge for different distances
between array and capacitance.

from the insulator (y D 40 cm) exceeds the in� uence of the negative
sheath from the array (y D 0 cm) or not. As the probe is placedcloser
to array1 or beyond.y · 0/, theprobesignalbecomesmorenegative
becausethe in� uenceof the negative sheath becomesgreater.On the
otherhand,as theprobeis placedcloserto capacitance2 (y D 40cm),
the probe signal becomes more positive because the in� uence of
the positive sheath becomes greater. Because the probe signal is
an indicator of the plasma potential, Fig. 12 indicates that there is
a gradient in the plasma potential, that is, an electric � eld, from
capacitance 2 to array 1, as shown in Fig. 3. If the conductivity of
the plasma between the two surfaces is high enough, the current
path is formed along the electric � eld, and the positive charge on
the insulator surface is carried to the array as the arc current. The
2-peak-type discharge is the result of the current path formation,
which is a RC discharge between the insulatorand the array, where
C is the capacitanceof insulatorand R is the resistanceof the current
path. At the second peak, we have a current of approximately 1 A
(see Fig. 6 for an example). When it is assumed that the potential
difference of the order of magnitude of 100 V exists between the
insulator surface and the arc spot, the resistance of the current path
is inferred to be of the order of magnitude of 100 Ä.

We now go back to Fig. 10, which shows the comparisonbetween
the signal Vpr3 for 1-peak-type discharge and the signal Vpr2 for
2-peak-type discharge. For the case of 1-peak-type discharge, the
probe signal Vpr3 increases near the capacitance, similar to Vpr2.
However, Vpr3 does not decrease nor become negative as Vpr2 does.
The two signals, Vpr3 and Vpr2 , indicates the presence of positive
sheath near the capacitance surface. For the case of 2-peak-type
discharge,the value of Vpr2 near the capacitanceis larger,by a factor
of 4 or 5, than the value of Vpr3. This suggests that, when the 2-peak-
type dischargeoccurs, the scale of positive sheath is larger.Also, for
the case of 1-peak-type discharge, the signal Vpr3 does not decrease
nor become negative near the array, indicatingthe disappearanceof
negative sheath near the array. Whether an arc leads to the current
path formation and 2-peak-type discharge or not depends on many
factors. In the following discussion, we � rst focus on the distance
between the two points because knowing how far the effect of an
arc extends is an important technologicalissue. Later we discuss on
the dependence on the bias voltage.

Figure 13 shows the percentageof 2-peak-typedischarge for dif-
ferent combinationsof biased array and capacitance.The horizontal



398 CHO ET AL.

Fig. 14 Time delay between the � rst and second peaks in 2-peak-type
discharge, Tp2 ¡ Tp1 , for different distances between array and capaci-
tance.

Fig. 15 Charge � own in one arc, Qd , for different distances d between
array and capacitance.

axis of Fig. 13 is given by the distance between the array and ca-
pacitance. The bias voltages are ¡600 and ¡500 V, and each data
point is calculated from at least 32 arcs. Generally, the probability
of occurrence of 2-peak type is less at longer distances because it
is more likely that the negative sheath in front of the array and the
positivesheath in front of the capacitancefail to meet as the distance
becomes longer.

Figure 14 shows the time delaybetween the two peaks, Tp2 ¡ Tp1,
for different combinationsof biased array and capacitance.The hor-
izontal axis of Fig. 14 is given by the distance between the array
and capacitance.The bias voltages are ¡600 and ¡500 V, and each
data point is calculated from at least nine arcs. The error bars in
Fig. 14 indicate the standard deviation. Generally, the time delay
is longer when the distance between the array and capacitance is
longer because the longer the distance is, the longer time it takes for
the positive and negative sheath to expand to form the current path.
The exception is the case of 270 cm at ¡600 V, which corresponds
to the bias combination of array 1 and capacitance 3. Array 1 and
capacitance 3 are facing each other along the chamber axis. Then
the sheaths expanding in the direction perpendicularto the surface,
that is, z directionde� ned in Fig. 4, meet each other. The other cases
shown in Fig. 14 correspond to the cases when either capacitance1
or 2 is biased with one of the solar arrays, where the sheaths meet
by expanding in the direction parallel to the surface. The speed of
expanding sheath is probably different in the two directions,which
will be shown in Ref. 9 via computer simulation.

Figure 15 shows the charge � own in one arc, Qd , for different
combinations of biased array and capacitance. The horizontal axis
of Fig. 15 is given by the distance between the array and capaci-
tance. The bias voltages are ¡600 and ¡500 V, and each data point
is calculated from at least nine arcs. The error bars in Fig. 15 indi-
cate the standarddeviation.When the 2-peak-typedischargeoccurs,
the charge � own in one arc is much larger than the 1-peak-typedis-
charge. Therefore, the 2-peak-type discharge has more signi� cant
impact on the spacecraft system. For the case of 1-peak-type dis-
charge, the charge is almost the same at 3:5 » 4:0 £ 10¡7 C for all
of the � ve cases of ¡600-V bias. The experimental circuit has a
stray capacitance of 2.4 nF, mainly due to the coaxial cables used

to bias the samples, which stores 1:4 £ 10¡6 C before an arc for the
bias voltage of ¡600 V. That the charge for the 1-peak-type dis-
charge does not depend on the distance between the array and the
capacitance suggests that the charge from the stray capacitance is
probably supplied as the arc current for the 1-peak-type discharge.
For the case of 2-peak-type discharge, the charge stored on the in-
sulator surface is also added to the arc current.

Even if the 2-peak-type discharge occurs, its scale decreases as
the distance between the arced point and the unarced insulator sur-
face becomes longer. Even if the current path is formed between the
arced point and the insulator surface and the charge on the insulator
is supplied as the arc current, not all of the charge on the insulator
is released in one arc. Capacitances 1 and 2 have 21 nF, and the
charge on the insulator surface before arc onset is 1:3 £ 10¡5 C for
the bias voltageof ¡600 V. Because capacitance3 has 5.2 nF, it has
3:1 £ 10¡6 C. To take into account that the capacitance for the case
of 270 cm is one-quarter of the other four cases, we multiply the
difference from the value of 1-peak-type discharge (0:8 £ 10¡7 C)
by four and plot the corrected value for the 270-cm case by a tri-
angle in Fig. 15. Then the data points of 2-peak-type discharge
follow a single line. The least-square � t to the � ve data points
gives

Qd D 2:60 £ 10¡6 ¡ 6:96 £ 10¡9d (5)

when the line is extended farther, how far the effect of one arc
reaches on the charge of unarced insulator can be estimated. From
Eq. (5), the distance of 374 cm is obtained as the point where the
line crosses zero, and that is the longest distance one arc can extend
its effect. The similar � t to the four data points for ¡500 V bias
gives the distance of 297 cm as the safety distance.

We biased array 2 and capacitance1 (separationdistance140 cm)
at voltages between ¡500 and ¡800 V. The intention was to see the
effectof bias voltageon the probabilityof occurrenceof 2-peak-type
discharge. At the beginning it was thought that the higher the bias
voltage was, the more 2-peak-type discharges would be observed.
However, as shown in Fig. 16, we saw no conclusiveevidenceof the
dependenceof the probabilityon the bias voltage.The percentageof
2-peak-typedischarge increasedas the bias voltage was raised from
¡500 to ¡600 V. This tendency was observed for all of the other
separation distances, as shown in Fig. 13. However, from ¡600 to
¡800 V, the percentage did not change, showing little dependence
on the bias voltage. The data of ¡500 and ¡600 V in Fig. 16 were
calculated from 163 and 246 arcs, respectively.On the other hand,
the data of ¡700 and ¡800 V were calculated from 58 and 55 arcs,
respectively. To investigate whether or not the bias voltage affects
the occurrence of 2-peak-type discharge, we probably need more
experimental data.

Althoughwe saw noclearevidenceof thedependenceof the prob-
ability of occurrence on the bias voltage, the time delay, Tp2 ¡ Tp1,
had clear dependence on the bias voltage. Figure 17 plots the time
delay between the two peaks, Tp2 ¡ Tp1 , against the bias voltages.
The bias combination is the same as Fig. 16, that is, array 2 and
capacitance1. In Fig. 17, each data point represents an average cal-
culatedfromat least 21 measurementsof thecurrentwaveforms,and
the error bars indicate the standard deviation. Note that the higher

Fig. 16 Percentage of 2-peak-typedischarge for different biasvoltages
applied to array 2 and capacitance 1.
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Fig. 17 Time delay between the � rst and second peaks in 2-peak-type
discharge, Tp2 ¡ Tp1 , for different bias voltages applied to array 2 and
capacitance 1.

the bias voltage is, the shorter time it takes for the positive and neg-
ative sheath to expand to form the current path. Similar data from
the previous experiment are also shown in Ref. 11.

IV. Conclusions
As the size of spacecraft systems and the demand for more power

increases, arcing on solar array will become an obstacle against
the development of megawatt-class space platforms that generate
and deliver power at voltages of 400 V or higher. How an arc on
solar array occurs has been well studied in previous work, and it
has been known that the � eld intensi�cation near the triple junction
due to charging of insulator by plasma triggers the arc. To develop
mitigation strategies against arcing on high-voltage space systems,
both preventing arc onset and preventing its growth have practical
importance. Laboratory experiments have been carried out to study
how an arc on a solar array in the LEO plasma environment grows
by taking charge from a remotely located insulator surface.

Once an arc occurs on a solar array, electrons are ejected from
the arc spot. Initially the charge is suppliedby the stray capacitance
of the external circuit, such as the cable. Electrons diffuse away
rapidly, and on their way, they producea negative sheath around the
arc point due to their negative space charge. At the same time, the
jump in the circuit potential makes the insulator surface potential
jump fromnear zero to a highlypositivevalue.As thepositivesheath
reaches the arc point, there is an electric � eld between the array and
the insulator. If the conductivity of the plasma along the � eld line
is high enough, a current path is formed between the two points
and carries the insulatorchargeand supplies the arc current, feeding
energy to the arc plasma.

The experiment has shown that not all of the arc leads to the cur-
rent path formation. If not, an arc is a just small pulse of current,
that is, 1-peak-type discharge, whose scale is determined only by
the stray capacitance connected to the circuit. If the current path is
formed, that is, 2-peak-type discharge, it has a possibility of lead-
ing to a large-scale arc, even short circuiting of positive and nega-
tive ends of the solar array. The experimental results indicate that
whether the current path is formed and how much the charge is

released depends on how far the arc point and the insulator are sep-
arated. By extrapolatingthe experimental result, the safety distance
of 3 » 4 m has been derived for bias voltagesof ¡500 » ¡600 V. Of
course, this number dependson the experimental condition,such as
plasma density, neutral density, and others, and must be veri� ed in a
futureexperimentwith a largerscale,possiblyin a spaceexperiment.
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