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Degradation of High-Voltage Solar Array
Due to Arcing in Plasma Environment
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Chiba University, Chiba 263-8522, Japan
and

Teppei Okumura,† Satoshi Hosoda,‡ and Mengu Cho§

Kyushu Institute of Technology, Kitakyushu 804-8550, Japan

A degradation test for a solar array coupon against electrostatic discharge was performed under a simulated low-
Earth-orbit environment as part of research project to develop the next-generation 400-V high-voltage solar array
technology. All tests were performed in a vacuum chamber with a plasma source. An inductance–capacitance–
resistance circuit was used to simulate the arc current that would flow by collecting electric charge stored on cover
glasses. Arcs were repeated until the solar array coupon showed degradation of electrical output. The locations,
current waveform, and voltage waveforms of all the arcs during the tests were recorded. The electrical output of
the coupon was measured without opening the vacuum chamber. The arc that damaged a solar cell was identified;
the cell was damaged by only one arc, which occurred at the edge of the cell.

I. Introduction

R ECENT spacecrafts have larger structures and longer lifetimes
and need a large amount of electric power generation, often

larger than 10 kW. The International Space Station (ISS) generates
65 kW of electric power. The higher bus voltage is necessary for
the large spacecraft to reduce the power line weight and the power
loss due to Joule heating as the generated power increases. The bus
voltage of 100 V or higher is employed for 10-kW-class spacecraft
and the output voltage of the solar array of such spacecraft is higher
than 100 V. In the case of the ISS, electric power is generated at a
voltage of 160 V and transmitted at 120 V. In the near future, the
electric power will increase further as much larger spacecraft appear,
such as a space factory, a space hotel, or an experimental solar power
satellite, that will use power of 1 MW or more. Considering the fact
that the bus voltage should be proportional to the square root of
the electric power, the 1-MW-class spacecraft will need an output
voltage of about 400 V.

The negative end of the solar array is usually connected to the
spacecraft body. In the low-Earth-orbit (LEO) environment, space
plasma, the density of which is of the order of 1010–1012 m−3, can
charge a spacecraft to a negative potential with respect to the plasma
due to the high mobility of electrons. The spacecraft potential also
depends on plasma parameters and spacecraft design. If the positive
end of the solar array has the same potential as the ambient plasma,
the spacecraft body and the negative end of the solar array have
negative potential equal to the output voltage. In this case, the solar
array generates power at 400 V, most of the spacecraft circuit and
the solar array have negative potentials with respect to the plasma,
and the negative end of the solar array is −400 V.

Arcing is observed on the spacecraft surface, especially the solar
array, when a spacecraft has a negative potential of over 250 V
with respect to the ambient plasma.1 An arc occurs on the solar
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array surface as the potential difference between surface insulator
(such as cover glass, adhesive, or insulator film) and the spacecraft
chassis (such as an interconnector) exceeds about 200 V. A cross-
sectional view of a typical spacecraft solar array is shown in Fig. 1.
The solar cells are glued on insulator substrate (usually made of
polyimide film) by adhesive and are connected in series with each
other by the interconnectors (conductor). The cover glasses are also
glued on the cells. When the spacecraft has a negative potential
with respect to the ambient plasma, some cells and interconnectors
also have negative potentials. Therefore, positive ions are attracted
to the cells and charge the cover glasses. This potential difference
between the cover glass and the interconnector enhances the electric
field at the triple junction, which consists of the interconnector, the
cover glass, and the plasma. The electrons emitted by field emission
from the triple junction collide with the side surface of the cover
glass. The electric field is enhanced further by charging of the cover
glass, leading to an avalanche of electron emission and ionization
of desorbed gas.2

The arcing causes degradation of solar cells, malfunction of elec-
trical devices, and short circuit of solar array circuit. The degree of
influence of the arcs depends on both the number and the energy of
the arcs. The more negatively the spacecraft is charged, the higher
the arc rate becomes. The arc energy is supplied by the electrostatic
energy stored in the dielectric material, such as the cover glass, near
the arc spot. Therefore, the arc energy also becomes larger as the
voltage becomes higher.

There have been research efforts to develop 300- or 400-V high-
voltage solar arrays in LEO plasma environment.3−5 There are sev-
eral mitigation methods that are very promising to suppress arc
inception. No mitigation method, however, is a perfect solution to
suppress arcing. Covering the solar array surface with a sheet of
transparent film can suppress arc inception up to 1000 V (Refs. 3
and 4). Debris or meteoroid impact may punch a hole in the film,
jeopardizing the effectiveness. Using room-temperature vulcaniz-
ing (RTV) grouting sometimes works, but a void in the adhesive
often becomes an arc spot. A wrap-through cell like the one used in
ISS is also effective, but arcs can occur at the exposed triple junc-
tion formed at the edge of the solar cells. The arcs occurring at cell
edges can cause damage to cells. Therefore, to develop 400-V space
photovoltaic technology, we need to consider not only suppressing
arc inception but also minimizing the damage caused by each arc.

In previous work,6 we found that arcing may damage the solar cell
positive–negative (PN) junction. The damage is not as extensive as
the so-called sustained arc,7 which destroys one or more strings of a
solar array circuit. An arc that ends as a single pulse of current, the
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948 TOYODA ET AL.

so-called trigger arc, may destroy only one cell or contaminate the
coverglass surface by outgassing. The purpose of the present paper
is to investigate the mechanism of PN-junction damage caused by
a trigger arc in detail via a laboratory experiment in simulated LEO
plasma environment. We investigate what type of arc damages the
PN junction and estimate the tolerance limit to which we can allow in
the operational lifetime of a given spacecraft. Knowing the tolerance
limit will give us a goal of how far we should suppress arc inception.

In the second part of this paper, we describe the experimental
system that has been developed for the present purpose. We have
developed systems that can record all the arc current waveforms and

Fig. 1 Cross section of a solar array.

Fig. 2 Picture of the solar array coupon.

Fig. 3 Experimental system.

identify all the arc inception locations. By matching the waveform
and the arc location, we can identify characteristics of the arcs that
destroy the PN junction. In the third part, we present the experi-
mental results and discuss the tolerance limit for real spacecraft.
In the fourth part, we conclude the paper with suggestion of future
work.

II. Experiment
A. Solar Array Coupon

The solar array coupon used in the experiments is shown in Fig. 2.
This coupon uses a standard design of a typical 100-V satellite that
is currently in use. The substrate is 25-mm-thick aluminum honey-
comb which is covered with carbon-fiber-reinforced plastic, and the
top of the substrate is covered with Kapton® film. The 12 silicone
cells (70 mm × 35 mm) are glued on the Kapton film. Four cells are
connected in series via interconnectors. The electrodes connected
to the end of the series connection are called bus bars. In the present
paper, we call the bus bars and the interconnectors “exposed elec-
trodes” and call the side edges of cells “cell edges.” The cell edge
contains two types of the triple junctions. One is formed by a P-
electrode and the adhesive between a cell and insulator substrate.
The other is formed by an N-electrode and adhesive between a cell
and cover glass. Both the triple junctions, especially the N-electrode,
are not necessarily exposed to the ambient plasma.

Three parallel connections are denoted strings R, B, and G, re-
spectively. We designate each cell on the coupon by the number
shown in Fig. 2. We also call the cells by the numbers shown in
Fig. 2. The cells have an integration bypass function (IBF), which
allows the current flow from N to P electrodes in the cell even if the
cells cannot generate the electric power. The gap between strings is
glued by RTV silicone rubber to prevent the sustained arc.8,9 The
coupon was kept at 40◦C by an infrared (IR) lamp during the exper-
iment to simulate the temperature on orbit. We biased the coupon
to 400 V by a dc power supply.

The coupon we used is a new coupon that was not used for any
previous experiment. After it was shipped from a factory, it was
left in an ordinary laboratory room without any humidity control.
Although the coupon temperature was kept at 40◦C during the ex-
periment, no baking was done before the experiment. From these
facts, the coupon is likely to have a very high arc rate at the begin-
ning of experiment, because the surface contains much water vapor
and many contaminant particles that provoke arc inception.

B. Experiment System
A schematic picture of the experimental system is shown in Fig. 3.

The experiments were performed in a vacuum chamber, which was
1 m in diameter and 1.2 m in length. The pressure in the chamber
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TOYODA ET AL. 949

was 9.7 × 10−3 Pa during the experiments. Plasma was produced
by an electron cyclotron resonance plasma source10 with xenon as
the working gas. The plasma density around the coupon was about
2 × 1012 m−3 and the electron temperature was about 3–7 eV with
xenon gas flow rate of 2 × 10−8 kg/s.

The arc location on the coupon was identified by the arc position
identification system.11 During the experiments, video image of the
coupon was recorded to a hard disk drive connected to a personal
computer. After the experiments, the arc location was identified
automatically by analyzing the digital video image with a computer
program on the personal computer.

All waveforms of both the array potential and the arc current were
acquired by a high-speed data acquisition system.12 This system
consists of a high-speed data acquisition board, a personal computer,
and the LabVIEW® program. This system can record the waveforms
of each arc in as short as 30-ms intervals. The circuit used in the
experiments is shown in Fig. 4. The derivation of the external circuit
is discussed in detail in the Appendix. The numbers of L, C, and R
were chosen so that the arc current waveform generally has the shape
shown in Fig. 5. The current probes CP1 and CP2 can measure from
dc to 10 MHz. The current supplied from the external capacitance,
C (= 5 µF), was measured as the voltage drop of a pickup resistance
of 0.1 � using a differential voltage probe.

The metal halide lamp installed inside the chamber enables us to
measure the electrical performance of the coupon without opening
the chamber during the experiments. A circuit with variable resistors
was connected to the coupon for electrical performance measure-
ment. The electrical performance was measured in each string by
varying the value of resistance connected to the string. An example
plot of the voltage-current (VI) characteristic of a string before the

Fig. 4 Schematic picture of external circuit with LCR.

Fig. 5 Typical waveform of arc current supplied by the external circuit
shown in Fig. 4.

Fig. 6 Result of VI characteristic measurement.

experiment is shown in Fig. 6. The output power is also shown. The
light intensity of this lamp was 19,000 lx at the center of the coupon.
The plasma source was turned off during the VI measurement. The
VI curve was corrected by the coupon temperature, which was mea-
sured simultaneously, because the electric performance of the solar
cell depended on its temperature.

III. Results and Discussion
Table 1 lists the experimental result. The coupon was biased at

−400 V in the plasma environment. Each experimental case was re-
peated until the coupon was degraded. After each experimental case,
the VI characteristic was measured. By the end of the experiment,
the coupon had been exposed to the plasma with 400 V bias for 565 s
and suffered 295 arcs. Among the 295 arcs, 269 arcs occurred at the
exposed electrodes and 26 arcs occurred at the cell edge. This result
indicates that arcs occurred more easily at the exposed electrode
than at the cell edge. From this table, the average arc interval was
1.9 s/arc. Capacitor charging time is about 1.5 s. Therefore, because
the arc interval was close to the charging time, some arcs occurred
before the capacitor was fully charged.

The peak of the output electric power measured after every case
is shown in Fig. 7. The maximum power Pmax was normalized by
the value measured before the experiment. The maximum power did
not change in any strings until case 5. In case 6, string R showed
degradation of electric power. In case 9, string G suffered the degra-
dation by 20%, and suffered 20% more degradation after case 10.
By the end, the total power degradation was 40% in string G. String
B showed little degradation.

In Fig. 8, we show the VI characteristics of string G after the
experiment. This measurement was performed under atmospheric
condition after the coupon was removed from the vacuum chamber.
Degradation appears mainly as a decrease in the open circuit voltage
Voc, indicating that short circuit via formation of a leak resistance
occurred somewhere in the string. We measured Voc of each cell in
string G by exposing one cell to the light while shading the other
cells. We found that Voc of cells 1 and 2 decreased by 90% after the
experiment.

The arcs occurred at the side edge of the cells in both string G and
string R when the electric power decreased. In Fig. 9 we show the
distributions of the arc location. In string G, arcs at the cell edge did

Table 1 Number of arcs

Experimental Number
Case duration, s of arcs Electrode Cell edge

1 100 53 53 0
2 62 29 29 0
3 26 18 18 0
4 40 28 26 2
5 39 25 23 2
6 78 41 38 3
7 37 18 18 0
8 76 34 30 4
9 55 26 19 7
10 52 23 15 8
Total 565 295 269 26

Fig. 7 Peak value of output power measured after each case: the values
are normalized by the value before experiment.
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950 TOYODA ET AL.

not occur until case 8. The electrical output of string G decreased
only after case 9. In string R, the electrical output decreased after
case 6, where three arcs occurred at cell edges. String B suffered
arcs at cell edges in case 8 but showed no power degradation.

Figure 10 shows the microscope photographs of cells that had arcs
at their side edges. Cell-edge positions were denoted as a–f. We see
that P and N electrodes were melted and left traces of intensive arc
currents. The arc locations of the exposed electrode showed little
sign of arcs.

At most of the arc locations at the cell edge, it looks as if the
cell was connected to the adjacent cell via the arc track. If the P

Fig. 8 VI characteristic of string G.

a) Cases 1–3

d) Cases 7 and 8

b) Cases 4 and 5

e) Case 9

c) Case 6

f) Case 10

Fig. 9 Position of arcs.

electrodes of the backside of the cells short-circuit each other, the
P and N electrodes are short-circuited in one cell and this leads to
a decrease in electric power. The resistance between the adjacent
cells, cells 1 and 2 in string G, was measured to clarify whether
the two cells were short-circuited or not. The three interconnectors
connecting two cells were cut to measure the resistance. The result
showed that the insulation was maintained between the two cells.
From this result, the decrease in electric power resulted from a leak
resistance within each cell.

When a leak resistance is inserted within a solar cell, the generated
voltage collapses because the generated pairs of an electron and a
hole recombine through the leak resistance. When we apply inverse
voltage to a solar cell under dark condition, the current flows through
the IBF and the leak resistance. Joule heating of the leak resistance
causes thermal emission. By detecting IR radiation, we can identify
the current leakage point. The current leakage points in cells 1 and 2
of string G were identified in this way. Figure 11 shows microscope
photographs of the current leakage point of the cell 2. The left-hand
photograph shows IR emission from the leak resistance. The IR
signal was emitted from the arc track attached to the N electrode
below the cover glass. The arc that produced this arc track was the
264th arc. The cover glass was peeled from the cell to observe the
arc track in detail in the right-hand photograph. The track ran on
the silicone to the N electrode via melting the silicone. The N+

diffusion layer of the silicone under the arc track is only 0.1 µm in
depth. This layer can be easily destroyed by the arc track.
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The current leakage point in cell 1 is marked in Fig. 10d. The
current leak occurs at the arc track attached to the N electrode also
in this cell; this was produced by the 293rd arc. A simillar arc track
was also observed on the current leakage point in cell 2. The arcs
that produced the leak resistances were only single arcs for both cell
1 and cell 2. We can conclude that even a single arc can destroy one
solar cell.

As shown in Fig. 10a, string R has an arc track attached to the N
electrode that coincides with power degradation observed after case
6. Therefore, this arc track is strongly suspected of producing the
leak resistance. On the other hand, string B has no such arc track.
String B had several arcs at the cell edge in case 8 but did not suffer
power degradation. The arc traces in string B are connected only
to the P electrode. Therefore, an arc that occurs at the triple junc-
tion involving the N electrode has a high probability of producing
the leak resistance within a solar cell. We can exclude the possibil-
ity of leak resistance formation for arcs at the exposed electrode.
It is still premature, however, to exclude the possibility for arcs at
the P electrode. We need more experimental evidence that arcs ap-
pearing at the N electrode is the necessary condition for the power
degradation.

The current waveforms of the 264th and 293rd arcs that produced
the leak resistance in cells 1 and 2 of string G are shown in Fig. 12.
The current waveform was measured by the current probe CP1 in
the circuit (Fig. 4). The overall shape of the current waveforms is
not different from the typical waveform shown in Fig. 5, which is
mostly determined by the external LCR circuit. As we look at the
waveform in Fig. 12 closely, however, the details differ depending
on where the arc occurs.

In Fig. 13 we show the definitions of array potential just before
arc inception, V0, peak of arc current, Ipeak, arc resistance Rarc, and

Fig. 10 Microscopic photographs at the cell edges.

Fig. 11 Current leakage point of cell 2 in string G.

arc power Parc. Figure 14 shows the relationship between the array
potential V0 and the peak current Ipeak. We put different marks de-
pending on the arc location to distinguish the arcs that occurred at
the exposed electrode and the arcs that occurred at the cell edges.
Because arcs occurred very frequently in this experiment, recharg-
ing of the external capacitance to 400 V did not catch up each arc.
Some arcs occurred before the array potential recovered to −400 V.
Therefore, the array potential before arc inception, V0, has various
values. The charge stored in the external capacitance before arc in-
ception, Q0, is proportional to the array potential |V0|. The peak
current Ipeak is generally proportional to the charge Q0. For the case

Fig. 12 Waveforms of the arc current that degraded cells 1 and 2 of
string G.

Fig. 13 Definitions of V0, Ipeak, and Parc.
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Fig. 14 Relationship between Ipeak and V0.

Fig. 15 Relationship between Ppeak and V0.

of the arcs at the exposed electrodes, the peak current was propor-
tional to |V0| and lay on a single line. On the contrary, the peak
current of the arcs at the cell edge scatters below the single line.

In Fig. 15, the peak value of Parc, Ppeak was plotted against V0. The
power Parc injected into the arc plasma was calculated by multiplying
the current and the absolute value of the array potential. As shown
in Fig. 15, Ppeak of the cell-edge arcs was larger than that of the
electrode arcs. This is because that the voltage drop at the current
peak for the cell-edge arcs was higher than that for the electrode arcs.
These results suggest that arcs at the cell edge cause concentration
of the arc current to a small spot and give excessive heating at the arc
spot, which probably led to formation of the leak resistance. On the
other hand, the arcs at the exposed electrode give a smaller power
density. Even if an arc occurs at the exposed electrode, the heat can
be diffused easily by conduction.

We now estimate how much degradation would occur in space.
The array was biased at −400 V in the experiment. The power
degradation was 10% in string R and 40% in string G. Each string had
four cells. Therefore, the loss is equivalent to the loss of two cells.
During the experimental time of 565 s, we had 295 arcs. Therefore,
the arc rate is 0.52 arc/s. This arc rate is extremely high. We tested
two other coupons with exactly the same design. At −400 V, the
arc rates were 0.03 and 0.01. From this result, the probability of
one arc destroying one cell was about 0.7%. Limiting the arcs at the
cell edges, 26 arcs occurred. One cell was destroyed after 7 arcs,
two cells after 18 arcs or 26 arcs. The probability of one arc at the
cell edge destroying one cell was higher: about 10%. Because of the
way solar arrays are designed, loss of a cell may mean loss of up
to an entire string, which would greatly amplify the rate of power
degradation.

We calculated the arc rate to keep the cell loss under 1% of all the
cells. The total hours of sunlight in the satellite lifetime, 10 years,
is about 50,000 h. About 20,000 cells, of size 70 mm × 35 mm,
are mounted within an area of 4 m in radius. If 200 cells are de-
graded for 10 years, power degradation is about 1%. The number
of arcs degrading 200 cells is (200 × 295)/2 � 30,000. Therefore,
we should keep the total number of arcs below 30,000, within an
area defined by a circle of 4 m radius. The arc rate to cause 1%
power degradation is 30,000/50,000 = 0.6 arc/h. From this result,
we must suppress the arc rate under 0.6 arc/h. This arc rate is equiv-

alent to 1.7 × 10−4 arc/s, which is smaller than the arc rate of the
ground experiment, 0.52 arc/s, by three orders of magnitude. Al-
though 0.52 arc/s can be regarded as the upper bound of the arc rate,
we still need to suppress the arc rate significantly. Also, because the
cell-damaging arc is limited to the cell edge, we need to keep the
arc rate at the cell edge as low as possible.

IV. Conclusions
An electrostatic discharge test of the 400-V power generation

solar array for space use was performed in a vacuum chamber sim-
ulating the LEO plasma environment. The waveform of arc current
was controlled using an inductance–capacitance–resistance (LCR)
circuit simulating the neutralization current of coverglass charge.
The system that can record all the arc current waveforms, identify
all the arc locations, and measure the electrical performance of the
solar array in situ was constructed.

Many arcs occurred on the solar array biased at −400 V and
degraded the electric performance of the solar array. The degradation
appeared as a drop of the open-circuit voltage, indicating formation
of a leak resistance within a cell. By identifying the degraded cells
and the current leakage point, it was found that a single transient
arc destroyed a cell. The interconnector and the bus bar had little
damage due to arcing. On the other hand, because the arcs occurred
at the cell edge, P and N electrodes melted out. Arc tracks attached
to the N electrode were found at the current leakage point. Arcs at
the cell edge give excessive heat stress that is locally confined to P
or N electrodes and eventually destroy the cell.

Extrapolating the numbers obtained in the ground experiment to
1-MW spacecraft, the limit on the arc rate to keep the power loss
below 1% in 10 years was derived to be 0.6 arc/h, which is a signif-
icant challenge. By developing a mitigation method to specifically
suppress arc inception at the cell edge, this limit can be relaxed.

In the present paper, we have found that cell degradation occurs
once an arc track is formed to the N electrode, not to the P electrode.
We need to accumulate more experimental data to conclude that
the arc track to the N electrode is the necessary condition of cell
degradation. We also need to find out the threshold values of arc
current, energy, and so on for the cell degradation to occur.

Appendix: Charge Supplied by the Charged Cover Glass
In this Appendix, we explain how we derived the external cir-

cuit connected to the solar array coupon. Before arc inception, the
surface of the cover glass (dielectric with typically 100-µm thick-
ness) has a positive potential with respect to the underlying cells and
the interconnectors, because the coverglass surface has almost the
same potential as the plasma although most of the solar array circuit
has a negative potential with respect to the plasma. After arcing,
the charge stored in the capacitance between the spacecraft and the
plasma is discharged and the spacecraft potential increases to near
the plasma potential. Then the coverglass surface becomes positive
against the plasma. The arc plasma expands from the arc site, neu-
tralizing the charge on the cover glasses. This neutralization of the
coverglass charge is observed in the ground tests.11 A typical satel-
lite of 100-V bus has solar array panels that span longer than 10 m.13

The 400-V solar array for 1 MW will have a huge number of solar
cells and area of the order of 103 m2. The area of the cover glasses
(capacitance) will be huge, too. The cover glass supplies a large
amount of charge to the arc plasma. It is important to estimate the
current waveform supplied from the cover glass before we carry out
a test to investigate the cell degradation due to arcing, because the
degree of cell damage is likely to depend on the amount of the energy
flowing to the arc site. We estimated the current waveform based on
Ref. 14.

In Ref. 14, it was observed that the arc plasma could neutralize
the charge stored on thin film that simulated cover glass. By data
extrapolation, it was concluded that the arc plasma could neutralize
the charge of cover glasses within 4 m from the arc site. We assume
that the ratio of the neutralized charge to the total charge stored on
the cover glasses is 100% at the arc site and decreases linearly to
the distance from the arc site, r , untill it becomes 0% at 4 m from
the arc site. In short, the charge stored on the cells far from the
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arc site remains after arc inception. The velocity of the arc plasma
propagating by neutralizing the charge on the cover glass is assumed
as 7 × 104 m/s from the experimental results. We also assume the
capacitance of the cover glass to be Ccg = 287 nF/m2.

We assume that the charge on the cover glass is neutralized ra-
dially at the velocity v from the arc site. The charge, Ccg|�V |, is
stored on the cover glass per unit area before arcing, where �V is
the potential difference between the cover glass and the cell. We
denote the fraction of charge neutralized by the expanding plasma
as γc. We assume that γc = 1 − 0.25r , where r is in meters. We count
the time t from the arc inception time. The charge neutralized at r
during dt is denoted as dC . From r = vt , the discharge current I is

I = dC

dt
= [π(r + dr)2 − πr 2]Ccg|V |γc

dt

= 2πrCcg|V |γc
dr

dt

= 2πCcg|V |v2t (1 − 0.25vt) (A1)

Substituting the values of Cg , v, and |V |(= 400 V) into Eq. (A1),
we obtain

I = 3.5 × 106t (1 − 1.8 × 104t) (A2)

From this equation, the peak of the arc current, Imax, is 50 A,
and the amount of the charge is 2 mC. Therefore, as the external
capacitance we need 5 µF. When we do not connect anything to the
external capacitance, the charge stored in the external capacitance
flows only though the arc resistance of a few ohms between the solar
array and the chamber wall. In such a case, the charge flows instan-
taneously within a few microseconds and the peak of the current is
very large. To match the arc current close to the value denoted in
Eq. (A2), we added a resistance and an inductance in series to the
capacitance. The experimental circuit is shown in Fig. 4. A voltage
of −400 V was applied to the solar array during the experiment.
The inductance L and the resistance R are 270 µH and 4.1 �, re-
spectively. These values were estimated using a circuit simulator
and were corrected slightly via preliminary experiments by trial
and error. The waveform of the discharge current measured using
this circuit is shown in Fig. 5. In the figure, the estimated current
waveform is given by Eq. (A2). The peak of the measured current
was 47 A. This value was close to the estimated peak value, 50 A.
The amount of charge given by integrating the experimental current
in time was 2 mC. Therefore, the entire amount of charge stored in
the capacitance was discharged in one pulse.
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