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Abstract No.101

Flashover Plasma Expansion: Critical Test
Boris Vayner*
Abstract- Modern solar arrays have areas of tens of
square meters, and they operate with bus voltages
exceeding 100 V. Electrostatic discharges (arcs) are
undesirable and detrimental events for spacecraft
functioning, and preventing these events and/or
mitigating their consequences are of primarily
importance for spacecraft designers. Ground tests of
small samples of large solar arrays provide the
necessary information regarding arc inception
voltages and expected damages for a whole array
during its lifetime in space. However, the volume of
simulated space plasma is limited by the conditions
of a test equipment (vacuum tank), and this fact
necessitates the installation of additional capacitor
between sample and ground to simulate real
capacitance of spacecraft and solar array discharging
through arc plasma. The magnitude of such a
capacitance is subject of discussions for many years.
If the discharge of solar array capacitance is caused
by an arc plasma front propagating along the array
surface, this magnitude is limited by about 1 μF
because the array capacitance is approximately 0.25
μF/m2, and the propagation distance is less than a few
meters in the conditions of GEO plasma. On the other
hand, if a whole array discharges through current
channel created by arc, this capacitance can reach a
magnitude of 103 μF. The amplitude of arc current
pulse and its width are growing functions of
capacitance, and that is why the damage inflicted by
an arc to the solar array depends on the capacitance.
However, the physics of discharge of distributed
capacitance is different from the discharge of
localized capacitor. Moreover, the process of surface
discharge (flashover) in plasma is different from

discharge in vacuum. The one of the purposes of the
experiments described below is to confirm again that
the array parts are discharging in simulated LEO
(plasma) environment through the arc current channel
even under conditions when arc plasma front is
prevented from propagating along the sample surface.
The explanation is obvious: when potential of
underlying semiconductor increases (from high
negative to zero) Xenon ions cannot be kept on
dielectric surface by electric field, and surface
discharges. The differential charging and surface
charge density in GEO (vacuum) environment are
caused by secondary electron emission from
dielectric surface, and this excess of positive charge
can be neutralized by arc plasma electrons
exclusively. If arc plasma expansion is prevented for
a significant area of solar array the corresponding
dielectric surface (coverglass) will keep positive
charge for a long time, and the contribution of this
area of array to total flashover current will be
miniscule. In order to support these physical
arguments the tests in simulated GEO environment
were performed. Two solar array coupons (three
strings with twelve cells per string each) were
separated by grounded metal plate, and primary arcs
were generated on surfaces of both coupons.
Discharge currents were measured and recorded for
all six strings, and it was demonstrated that arc on
one coupon did not cause any measurable discharge
current on other coupon.
The analysis of results allowed concluding that the
discharges on high-voltage solar arrays in dense LEO
(or thruster plume) plasma could be more hazardous
than discharges in GEO.
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I.Experimental setup
All tests were conducted in horisontal vacuume
chamber (Tenney) with the diameter of 2 m and
length of 2 m.

Fig.1. Two coupons mounted in vertical position and separated by aluminum plate.

Fig.2. String and cell numerations are shown.
Each coupon contained 36 cells- 3 strings with 12
cells connected in series. Coupon dimensions were
approximately 20x50 cm2. The distance between
coupons was equal to 20 cm, and vertical aluminum
plate of 20 cm height was mounted in the middle of
this gap. The plate was grounded to chamber walls in
order to prevent arc plasma propagation between

coupons. To provide homogeneous charging for both
coupons thin aluminum diafragms (0.65 µm) were
installed on the barrels of two electron guns. The
diafragms were biased +10 kV from separate power
supply to support beam current density of 1 nA/cm2
on test coupon surfaces. One Faraday cup allowed

2

Spacecraft Charging Technology Conference 2014 - Paper 101

monitoring beam current density during the

experiment.

Fig.2. Two electron guns with thin diafragms provided a fairly homogeneous charging.
wave forms. In order to register data from elleven
probes two oscilloscopes were used: 4 channel
LeCroy 564 and 8 channel Yokogawa DL7480.
Video camera and VCR were used to determine arc
site locations. Partial pressures of different species in
vacuum chamber was measured and recorded by
quadrupole
mass-spectrometer
(RGA).

Four Langmuir probes were mounted in chamber and
grounded through respective resistors: FP&LP1-10
kΩ, LP2&LP4-3 kΩ. All six strings were connected
to the high-voltage power supply through RC circiut:
R=10 kΩ and C=0.22 µF for LEO test; R=1 MΩ and
C=30 nF for GEO test. Six current probes, one highvoltage probe, and three low-voltage probes allowed
measuring and recording current and voltage pulse

Fig.3. TV and VCR allowed locating arc sites.
Fig.4. Mass-spectrometer data obtained
after 20 h pumping.
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II.

GEO simulated environment.

Initially, strings were biased -3 kV and irradiated
with electron flux of 3.8 keV energy and 1 nA/cm2
current density. Arc occurred on Str.1 between cells

#3 and #4. Example of voltage and current pulses is
shown below in Fig.5.

Fig.5. Example of arc on Str.1. Bias voltage -4 kV, beam 4.8 keV, 0.5 nA/cm2.
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a)

b)
Fig.6. The same event: a) strings and LP; b) strings 4&5 (smoothed).
Confronting results (1) and (2) one can conclude that
approximately 15-20% of initial charge were flown
through the arc site.
It is worth noting that current peak on Str.4&5
corresponds to the peak on arc current-about 30 µs
from the arc inception moment. If plasma expansion
speed is close to 10 km/s then plasma could not reach
strings 4&5 distanced at 40-50 cm from arc site. And
so called “fast electrons” could not reach these
strings either due to shielding effect of grounded
aluminum plate. It is known that arc current peak
coincides with maximum of light emission intensity,
which means that number density of ions (electrons)
peaked at this moment [1,2]. Strings 4&5 could

Dissipated charge from Str.4&5 can be calculated as
100

Q

 I t dt  1.81 C
4&5

(1)

0

There was no possibility to measure differential
charging in this particular test. However, from
previous tests with the same coupons the arc
threshold was found within the range of Udif=600-700
V. Thus, initial charge on two parallel strings can be
estimated as
Qin  Cs  S  U dif  8.6  10 C
(2)
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“feel” the increase in plasma density from
semiconductor surface only. The explanation of

corresponding physical processes is summarized in
Ref.[3].

Fig.7. Arc on Str.4 between cells #7 and #8. No reaction on Str.1
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Fig.8. Arc on Str.4 between cells #7 and #8.

Fig.9. Arc on top of Str.1. Bias -3 kV, beam 3.8 keV.
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Fig.10. The same event (Fig.9).

Fig.11. Arc on str.1 (cell#7, left edge). Weak discharge current on Str.4&5, and huge pulse on LP1.

8

Spacecraft Charging Technology Conference 2014 - Paper 101

10

Current (A)

5

0

5

10

0

20

40

Time (us)

60

80

Fig.12. The same event Fig.11. Weak signals on Str.3 and LP4-about 2 V negative compared to 20 V on LP1.

Fig.13. Current on Str.1&2 is shown for arc on Str.4 (between cells 7&8).
Dissipated charge was equal to Q=0.052 µC that
comprised less than 1% of initial charge. Thus,
analysis of ten events revealed the following results:
dissipated charge on strings separated from arc site
by conductive plate reached less than 20 % of initial
charge on respective strings. It means that significant
neutralization of surface charge in GEO simulated
environment can be caused by arc plasma
exclusively.

III.

LEO simulated environment
(Ne=4*104 cm-3, Te=0.2 eV)

Low temperature Xenon plasma was generated by
Kaufman source. All strings were biased negatively
through RC circuit (R=10 kΩ, and C=0.22 µF).
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Fig.14. Arc on Str.5 between cells #11&12. Bias -230 V.

Fig.15. The same event Fig.14.
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Fig.16. Arc on Str.3 (between cells #10&11). Bias -200 V.

Fig.17. The same event Fig.16.
It is seen in Fig.16&17 that dissipated charges on
Str.1&2 and Str.4&5 were approximately equal,

which means that separation plate did not play
considerable role in surface neutralization process.
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Fig.18. Arc on Str.2 between cells 2&3. Peak on Str.4&5 is delayed on 10 μs after peak on capacitor.
Discharge on Str.4&5 begins 15 μs later than arc
itself. However, peak current on these strings was
150 mA only, and visual delay can be caused by low
sensitivity of respective current probe. Integral of
current pulse over time brings dissipated charge as

2.45 µC. Simple estimate Q=C*U gives about 3 µC.
It seems that Str.4&5 were discharged by arc on
Str.2. Potential on LP1 reached 7 V negative. Peak on
LP4 was 0.065 V.
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Fig.19. Arc on Str.5. Bias -240 V. LP4 peak (about 2 V negative) positioned exactly with capacitor current
peak.
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Fig.20. Arc on Str.4. Bias -280 V.
Statistical analysis for magnitudes of dissipated
charges was performed more than ten years ago
(2003, Table 1, unpublished). It was convenient to
introduce relative magnitude of lost charge

and confront measured and estimated values. It
should be noted that these results are in perfect
agreement with current measurements. In order to
evaluate different strings behaviors the following
circuitry diagram was implemented:

q arc  C string  C

q 2
C

Fig.21. Circuitry diagram for measurements shown in Table 1.
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Table 1.

No.

Closed : Arc on :
Key #

1
2
3
4
5
6
7
8
9
10

: str.#

None
1
None
6
K1
½
K1
6
K1&K2 2/3
K1&K2
6
K1&K2 2/3
K1&K2
6
All
4/5
All
2/3,6

q i
q i
:
q 2
q 2
: measured : estimate

q arc
q 2
: measured :
:

:

q arc
Bias
q 2
estimate (V)

0.25(0.03) 0.234(0.02) 1.186(0.11) 1.379(0.05) 300
0.17(0.03) 0.145(0.015) 1.077(0.04) 1.379(0.05) 300
0.25(0.024) 0.234(0.02) 1.41(0.08) 1.52(0.06)
300
0.16(0.02) 0.145(0.015) 1.22(0.08)
1.52(0.06)
300
0.25(0.026) 0.234(0.02) 1.4(0.08)
1.67(0.07)
300
0.217(0.06) 0.434(0.04) 1.49(0.07)
1.67(0.07)
300
0.26(0.034) 0.234(0.02) 1.43(0.1)
1.67(0.07)
280
0.21(0.05) 0.434(0.04) 1.46(0.1)
1.67(0.07)
280
0.19(0.05) 0.234 (0.02)
280
1.85(0.06)
2.14(0.1)
280
Of course, resistance R depends on time but this
dependence can be disregarded for qualitative study.
Then Eq.3 can be reduced to simple differential
equation by taking derivatives from both sides and
using obvious relation between current and voltage
for any string

Extensive measurements demonstrated that not arcing
strings discharged fully in both cases-with aluminum
panel between samples and without it. Thus, the
mechanism of discharge of a whole array can be
explained by an electron current flowing from the
negatively charge conductor (semiconductor) to the
surrounding plasma through arc plasma conductive
channel. Positive charge of coverglass is neutralizing
by plasma electrons attracted by the coverglass
positive potential. Desorption of Xenon ions
contributes also in coverglass neutralization.
It seems interesting to consider one example of
current pulse wave forms shown in Fig.19. Time

I 4  C4

dU 4
dt

Introducing new argument

 str  Cstr  R

(4)

x

t

 s t r , where

is the string relaxation time, one can

delay between peaks on flashover current pulse and
current pulse on Str.4 was about 5 µs. Within the
framework of simple qualitative model the magnitude
of electron current between arc site and Str.4 can be
written as

obtain the following equation for arc current

U U4
I 4 t   arc
R

If arc current pulse is simulated by two exponents or
Gaussian curve then the solution of the Eq. (5) can be
easily calculated (Fig.22).

C
dI 4 x 
 I 4 x    str  I arc x 
dx
C

(3)

Where R is total resistance between arc site and Str.4.
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Fig.22. Simulated time delay between peaks of arc current and string discharge
current is similar to the observed one.
electrons and Xenon ions desorbed from coverglass
surface. In GEO, the neutralization is possible only
for areas covered with expanding arc plasma. Thus,
significant parts of solar array surfaces can keep the
residual charge even after arc is extinguished. This
residual charge may cause unexpected discharges due
to variation of environmental parameters such as
temperature, electron flux and energy, or even neutral
gas density in case of starting plasma thruster.

Thus, one can conclude that time shift between arc
current pulses is not caused by plasma expansion, and
this shift cannot be used to determine the speed of
plasma front.

IV.

Conclusions

Solar array surface neutralization processes in LEO
and GEO are essentially different. In LEO, the
complete neutralization is caused by ambient plasma
References
[1]. B.L. Upschulte, W.J. Marinelli, K.L. Carleton, G.
Weyl, E. Aifer, and D.E. Hastings,
“Arcing on Negatively Biased Solar Cells in a
Plasma Environment”, Journal of Spacecraft
and Rockets, vol.31, no.3, pp.493-501, 1994.
[2]. B. Vayner, D.C. Ferguson, and J.T. Galofaro,
“Emission Spectra of Arc Plasmas”, IEEE
Transactions on Plasma Science, vol.36, no.5,
pp.2219-2227, 2008.
[3]. D. Ferguson, and B. Vayner, “Flashover Current
Pulse Formation and the Perimeter Theory”,
IEEE Transactions on Plasma Science, vol.41,
no.12, pp. 3393-3401, 2013.

16

National Aeronautics and Space Administration
Spacecraft Charging Technologies Conference 2014 - Viewgraph 101

Flashover Plasma Expansion: Critical Test
Boris Vayner
Ohio Aerospace Institute, Cleveland, OH 44142, USA
Boris.V.Vayner@nasa.gov

Spacecraft Charging Technology Conference (2014
SCTC), 23-27 June 2014, Pasadena, CA

www.nasa.gov

1

National Aeronautics and Space Administration
Spacecraft Charging Technologies Conference 2014 - Viewgraph 101

OUTLINE
●Arc pulse parameters in LEO and GEO
●Special Test Setup
●Pulse wave forms and statistics
●Physical processes and explanation
●Conclusions

www.nasa.gov

2

National Aeronautics and Space Administration
Spacecraft Charging Technologies Conference 2014 - Viewgraph 101

SETUP

Two coupons 3 strings with
12 cells each

Grounded aluminum plate
20 cm height

Two EGs with 0.65 um foil
www.nasa.gov
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GEO Simulated Environment

LPs grounded through 3.3 kΩ

After 20 hrs pumping

TV and VCR allowed locating arc sites

Example of arc on Str.1 (between cells 3&4). Bias voltage
-3 kV, beam 3.8 keV, 0.5 nA/cm2. C=50 nF, R=1 MΩ

.

Capacitance 7.5 nF/string
www.nasa.gov
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Arc on Str.1. Pulse on Str.4&5 (smoothed)

Dissipated charge from Str.4&5 can be calculated as
100

Q=

∫ I (t )dt = 1.81 µC
4&5

0

Initial charge

Qin = Cs ⋅ S ⋅ U dif = 8.6 − 10 µC
Arc on Str.4 between cells #7 and #8.

Analysis of ten events revealed the following results:
dissipated charge on strings separated from arc site by
conductive plate reached less than 20 % of initial charge
on respective strings.
www.nasa.gov
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LEO Simulated Environment
(Ne=4*104 cm-3, Te=0.2 eV) R=10 kΩ, C=0.22 μF.

Arc on Str.5 between cells #11&12. Bias -230 V

Arc on Str.3 (between cells #10&11). Bias -200 V

www.nasa.gov
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Arc on Str.2 between cells 2&3. Peak on Str.4&5 is
delayed on 10 μs after peak on capacitor
Integral of current pulse over time brings dissipated charge
as 2.45 µC. Simple estimate Q =C* U gives about 3 µC. It
seems that Str.4&5 were discharged by arc on Str.2.
Potential on LP1 reached 7 V negative. Peak on LP4 was
0.065 V.

Arc on Str.5. Bias -240 V. LP4 peak (about 2 V negative)

.

positioned exactly with capacitor current peak

www.nasa.gov
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Relative magnitude of lost charge

∆q arc ∑ C string + C
=
∆q 2
C

And confront measured and
estimated values
Circuitry diagram for measurements shown in Table 1.

www.nasa.gov
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Table 1.

No.

Closed : Arc on :
Key #

1
2
3
4
5
6
7
8
9
10

: str.#

None
1
None
6
K1
½
K1
6
K1&K2 2/3
K1&K2
6
K1&K2 2/3
K1&K2
6
All
4/5
All
2/3,6

∆q i
∆q 2
: measured :

∆q i
∆q 2
estimate
:

0.25(0.03) 0.234(0.02)
0.17(0.03) 0.145(0.015)
0.25(0.024) 0.234(0.02)
0.16(0.02) 0.145(0.015)
0.25(0.026) 0.234(0.02)
0.217(0.06) 0.434(0.04)
0.26(0.034) 0.234(0.02)
0.21(0.05) 0.434(0.04)
0.19(0.05) 0.234 (0.02)

∆q arc
∆q 2
: measured :
:

:

∆q arc
Bias
∆q 2
estimate (V)

1.186(0.11) 1.379(0.05) 300
1.077(0.04) 1.379(0.05) 300
1.41(0.08)
1.52(0.06)
300
1.22(0.08)
1.52(0.06)
300
1.4(0.08)
1.67(0.07)
300
1.49(0.07)
1.67(0.07)
300
1.43(0.1)
1.67(0.07)
280
1.46(0.1)
1.67(0.07)
280
280
1.85(0.06)
2.14(0.1)
280

www.nasa.gov
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For simple qualitative model the magnitude of electron current
between arc site and Str.4 can be written as

U arc − U 4
I 4 (t ) =
R

dU 4
I 4 = C4
dt

x=

t

τ str

τ str = Cstr ⋅ R
Cstr
dI 4 (x )
+ I 4 (x ) = −
⋅ I arc (x )
dx
C

Time shift between arc current
pulses is not caused by plasma
expansion

www.nasa.gov
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Conclusions
Solar array surface neutralization processes in LEO and
GEO are essentially different. In LEO, the complete
neutralization is caused by ambient plasma
electrons and Xenon ions desorbed from coverglass surface.
In GEO, the neutralization is possible only for areas covered
with expanding arc plasma. Thus, significant parts of solar
array surfaces can keep the residual charge even after arc is
extinguished. This residual charge may cause unexpected
discharges due to variation of environmental parameters such
as temperature, electron flux and energy, or even neutral gas
density in case of starting plasma thruster
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