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Abstract— Results are reported from testing performed in
support of the U.S. Round-Robin Test on Plasma Expansion
Speed. Tests were performed in a Low Earth Orbit plasma at
the Princeton University Plasma Physics Laboratory (PPPL) on a
unique coupon designed to simulate a satellite solar array. The
coupon was designed to force arc initiation at a single site and
enable symmetrical plasma expansion about this point whereby
detailed plasma characterization could be achieved. Numerous
Langmuir Probes were arranged above and to the sides of the
sample, which also included numerous Current Probes, allowing
for measurements of plasma propagation speed. Primary arcs
and the corresponding current waveforms were measured in a
Low Earth Orbit-type plasma generated in the backflow region
of an operating Hall Current Thruster. The objective of this and
other Round-Robin tests is to characterize primary arc
waveforms in terms of speed and degree of discharge of arc
plasmas produced by primary arcs, and their dependences on

environment, capacitance per unit area, arc voltage,
temperature, and so on. The final goal is to allow engineering
estimates of arc current peaks and halfwidths to allow confident
design and construction of space solar arrays, and to allow
mitigation techniques to be evaluated.
Keywords— plasma expansion; spacecraft arcing; spacecraft
charging

I.

INTRODUCTION

Many Discharges (ESD) on spacecraft may result in power
system disruptions, operational mode changes, noncatastrophic but degraded solar cell performance, or permanent
failure of solar array circuits.
Modern spacecraft
manufacturers often conclude that the complete or total
prevention of ESD is impractical due to cost, mass,
complexity, or schedule impacts and opt instead in favor to
design against the results, or effects, of ESD. In doing so the
energies and currents involved in ESD are of great concern,
and understanding the manner with which the expanding
plasma discharges the spacecraft becomes an important goal.
One of the most important, yet most poorly known quantities in
determining ESD currents for spacecraft arcing events is the
plasma propagation speed [1-7].
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In a dense plasma, such as that in Low Earth Orbit (LEO),
dielectric surfaces can be discharged by the ambient plasma
because of the change of surface potentials due to capacitive
coupling with the underlying conductor connected to the arcsite. A typical ESD event on a spacecraft solar array is
triggered by a blowoff discharge attributed to the spacecraft
capacitance.
The blowoff discharge leads to flashover
discharge on the solar array surface, the energy source of
which is the capacitance of the solar cell cover glass (CG) and
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the dielectric solar panel substrate (surface onto which the cells
are bonded). Because the spacecraft capacitance (typically on
the order of ~nF) is less than the capacitance of the coverglass
and substrate surface (typically on the order of F for designs
which do not include conductive coatings on the CG),
flashover discharge is the major current contributor to ESD
energy.

II.

U.S. ROUND-ROBIN EXPERIMENT

To better quantify dependences of the various quantities
important in determining the peak currents, pulse widths and
energies of plasma arcs, a U.S. Round-Robin test has been
proposed [1, 2]. The present manuscript follows the series of
results from these experiments [1, 2].
Experiments
summarized herein were performed as part of an on-going
collaborative effort between Lockheed Martin and Princeton
Plasma Physics Laboratory authors in Princeton, New Jersey.
Results presented herein represent first results using the AFRL
designed Round-Robin test article in a LEO plasma.

It has been shown previously [2] that all electricallyconnected surfaces will discharge to a high degree whether or
not the expanding arc plasma reaches the surfaces. In such
cases current consists of flashover current [3-6] as well as
ambient collection currents, which, depending on ambient
plasma density, can be the significant contributor to surface
discharge. A complete physical understanding of flashover
pulse formation and propagation is required as practical
limitations necessitate that grounding testing is performed on
small solar array coupons (sizes <1 m2) rather than on large
flight-like production solar panels (sizes >10 m2) wherefore it
is necessary to electrically simulate the full flashover current
pulse. Recent attempts to characterize expansion velocity on
an array in LEO plasma were met with limited success [6].

III.

PLASMA EXPANSION VELOCITY

Evidence of the HCT plume plasma similarities with LEO
is demonstrated by compliance with test conditions needed to
study the expansion velocity of an ESD-generated plasma in
accordance with necessary Round-Robin test conditions [1, 2].
All testing was performed in the 8.4 m2.2 m Hall Thruster
Experiment (HTX) vacuum vessel located at Princeton Plasma
Physics Laboratory (PPPL) in Princeton, New Jersey. Arcs
were generated by biasing the test article in the back flow
region of a Cylindrical Hall Thruster (CHT) operating at PPPL.

When an ESD event occurs in GEO, the return current
waveform depends on how rapidly and completely spacecraft
dielectric surfaces are discharged by the plasma created by the
ESD event as it expands outward. The ESD current in this
case, except for a brief blowoff current to discharge the
spacecraft capacitance to space, consists entirely of flashover
current; it is the rate of discharge of spacecraft surfaces that
determines this current and several physical possibilities exist.
If the expanding plasma completely discharges all dielectrics,
all of the spacecraft surface capacitances will add to the total
discharge current and energy. However, if the expanding
plasma discharges surfaces slowly and incompletely, the
currents will be less and the total energy released will be less.
Finally, if the ESD arc-current stops before all the surfaces are
discharged, the total discharge energy will be significantly
reduced.

A. Background Plasma Characterization
The ultimate placement of the Round-Robin test article was
determined by characterizing the background plasma density in
the backflow region of the operating CHT. The desired plasma
conditions include background pressure <10-5 torr, plasma
density (np) ~106 cm-3, electron temperature (Te) <5 eV, and ion
energy (Eion) <5 eV.
Thruster operational parameters include discharge voltage
of 250 V; discharge current of 0.79 A; power of 197.5 W; cusp
magnetic field of +2.5 A (BC) and -1.0 A (FC); and xenon
flow rate of 4 sccm (anode) and 2 sccm (cathode). In all cases
the chamber pressure with thruster operating was <1.610-6
torr. The measured pumping speed for Xenon was ~106 l/s.
The proposed position of the test coupon was determined
by characterizing the background plasma behind the operating
thruster. As shown in Fig. 1 a single Langmuir Probe was
swept, in the absence of any test article or fixtures, at a fixed
distance of 72 cm from the thruster exit plane from a position
parallel with the exit plane (0 deg), to directly behind the
thruster, to a cylindrically symmetric position directly parallel
with the thruster exit plan on the opposite side (-180 deg) while
characterizing the plasma at several intermediate locations (-30
deg, -60 deg, and -90 deg). Measurements demonstrated that
plasma density is quite uniform behind the thruster (angles
between approximately -30 deg and -150 deg).

Thus, the expansion rate of the flashover plasma and the
degree to which it discharges surfaces can mean the difference
between a rapid, high current event, which may lead to power
system disruptions, single event upsets, damaged solar cells, or
even a sustained discharge on solar array surfaces or a slow,
low current event, which leads to no disruptions or damage [1,
2]. Published experimental results identify an expansion
velocity within the range of 7 km/s to 140 km/s with most
falling between 10 km/s and 30 km/s [1, 2]; Ref. [1] and Ref.
[2] contain an excellent summary of recent and historical
plasma expansion velocity results and methods.
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Results of this initial characterization yield Te of <3.5 eV,
np between 2106 cm-3 and 3106 cm-3, Eion of <5 eV, and f of
+0.6 V suggesting plasma conditions are quite satisfactory to
simulate LEO environment as desired for Round-Robin testing.

discharge current (0.7 A) and higher power (175 W).
Measurement results indicate an average plasma density of
1.5106 cm-3 with a deviation from average that does not
exceed 20% at any of the 9 probe positions.

B. Plasma Characterization at Surface of Simulated Solar
Panel
Having established satisfactory background plasma
properties the plume plasma was characterized on the surface
of a simulated Round-Robin test coupon using a machined flat
aluminum plate of dimensions equal to the Round-Robin
coupon (30 cm  100 cm) and thickness of 0.25 in (0.635 cm).

Fig. 3. Round-Robin coupon and diagnostics used in plasma expansion
velocity measurements; the coupon and diagnostics were installed in backflow
region (behind) the Cylindrical Hall Thruster (shown but not annotated)
visible in lower middle portion of photo.

C. Characterization of Electrostatic Discharge Generated
Plasma Expansion Velocity
Supplied by AFRL KAFB, the test coupon was a long (100
cm  30 cm) aluminum panel segmented as shown in Fig. 3
and Fig. 4 and covered with a 1 mil (0.0254 mm) layer of
Kapton® HN. It is intended for all arcs to initiate at a single
site and for the arc plasma to expand symmetrically about this
point (denoted “Arc Site” or “AS” throughout this text). The
test article construction enables simulation of the capacitance
per unit area of a solar array [1, 2]. Segments of the test
coupon were electrically connected with wires (see schematic
in Fig. 5) but insulated from each other in every other way;
insulation was verified via measurement up to 500 V with a
mega-ohmmeter. Wires to certain segments, denoted Arc Zone
1 through Arc Zone 5, included electrometers (Pearson coils)
on lines connecting them to all other segments, so currents to
or from these segments can be measured. As shown
schematically (Fig. 5) all aluminum segments were biased
(DC) by a Fluke 415B power supply to the same negative bias,
simulating an inverted gradient condition on a spacecraft solar
array. All edges and back of the coupon were covered with
Kapton® tape with the exception of the Arc Site where the
metal-Kapton® boundary was left uncovered. It was intended,
by design, for arcs to occur only at this site and for the arc
plasma to expand symmetrically about this point. Additional
Kapton® tape was added by the authors to ensure that wire

Fig. 1. Langmuir probe was swept through region behind thruster at fixed
distance of 72 cm from thruster exit plane; no test articles were present during
measurement.
25 mm
950 mm
50 mm
300 mm

200 mm

1000 mm

Fig. 2. Nine surface mounted LPs were used to characterize plume plasma at
the surface of a simulated solar panel

An array of 9 planar geometry probes was flash-mounted to
the faux coupon surface as shown in Fig. 2. The probe radius
(Rp) was 1.25 cm, and for a plasma density on the order of 106
cm-3 and electron temperature of 2.5 eV, the Debye length
(D) is approximately 1 cm.
When the characteristic
dimensions of Rp D the planar probe operates much like a
spherical probe.
Thruster operating parameters were identical to those noted
in the previous section with exception of slightly lower
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leads (banana plugs) and panel edges were covered in their
entirety to prevent arcs from occurring at undesirable locations.
The coupon was mounted to an aluminum frame and
installed in the HTX vacuum chamber (Fig. 3). The coupon
was verified, by measurement, to be isolated from the
aluminum frame and the frame grounded to the chamber.
Six cylindrical Langmuir Probes were installed a fixed
distance (10 cm) from the coupon surface for purposes of
characterizing expansion plasma properties. Each probe was
0.96 cm in diameter and 2 cm in length. Specific probe
locations are defined by [1] and noted in Fig. 4. Each probe is
held, unbiased, relative to ground via a 1 k resistor placed
immediately adjacent to the probe (interior to chamber).
Voltage measured across the resistor yields current collected
by the probe. Coaxial cabling was used for all probe wiring.
The test coupon was designed to enable all segments (Arc
Zones) and the Arc Site to be biased to negative potentials
(between -500 V and -1500 V) uniformly and simultaneously;
such bias values are comfortably below the DC breakdown
strength of 2 mil Kapton® HN. Shown in Fig. 6, the bias
circuit included a 100 k resistor in series and a 0.033 F
capacitor in parallel so as to decouple the discharge event from
the bias power supply over the entire timescale of the ESD
event but not contribute significant capacitive energy to the
discharge, compared with the capacitance of the sample.

Fig. 4. LP locations on simulated solar panel. LPs denoted (from right-toleft) as LPAS (Arc Site), LP1, LP2, LP3, LP4, and LP5.

Care was used to minimize, where possible, cable lengths
on all harnesses; where not possible to minimize cable length
care was taken to ensure equal length, and identical type
cables. Insulated 8 ft (2.44 m) wires were used to make all
connections with the test coupon; male banana plugs were
overwrapped with Kapton® tape to ensure no exposed metal.
The same cables connected to N-type chamber feedhtroughs
via a BNC-to-N-type adapters. On the chamber exterior 15 ft
(4.57 m) RG58 coaxial cables were used for interface between
chamber and the breakout box (coil box). The same length /
type cables were used for the breakout box to RC circuit
interface. 3 ft (0.91 m) RG58 coaxial cables were used to
connect to 2 Tektronix DPO4104B oscilloscopes (1 GHz
bandwidth and 5 GS/s rate), used to monitor and record
transients, via computer, on the current probes. All data
collection was triggered either by the detection of arc either by
current probe (CP) or high voltage (HV) probe (not shown)
placed on the Arc Site line; delay between Oscilloscope 1 and
Oscilloscope 2 was measured at ~30 ns. Approximately the
same delay was measured between Oscilloscope 1 and the
multiple oscilloscopes used to record LP data, which were also
triggered in the same manner.

Fig. 5. Electrical schematic used in plasma expansion velocity
measurements. Resistor and capacitor values as noted; LP acquisition
triggered from CP oscilloscope. Arc Site shown at left in figure.

It can be shown that the amount of aluminum material
ablated or evaporated during the electrostatic discharge event is
sufficient to enable detection over the backflow CHT plume
plasma at the Langmuir Probes 10 cm from the arc site.
Assuming a realistic arc site diameter of 1 m,  denotes
density, M atomic mass, the number density of aluminum at the
arc site is calculated as,
6.022

4

10

,

(1)
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which can be scaled as ~r-2, assuming radial expansion,
yielding a scaled number density of aluminum at the Langmuir
probe (nLPA) of 6.021018 m-3. Given that this value is larger
than the, soon to be discussed, empirically measured plasma
density of ~1017 m-3 on LPAS (10 cm directly above the arc
site) one may conclude that there is sufficient aluminum
ablated during the arc to form the entirety of the measured arc
plasma.

velocity average (VH or the velocity parallel to coupon
surface) over all shots yield values of
Δ

1.69

0.89

10

(2)

and
3.17

Assumptions made when analyzing the LP data during arc
events include assertions that arc-generated plasma is single
species and quasi-neutral of constant electron temperature [8].
Further, the authors assume that nearest LPs do not shadow
those measurements at farther LPs and that there is no
secondary electron emission from the probe surfaces [8].

1.6

/

10

(3)

If one treats each plasma “bunch” independently then time
separation and velocity average over all shots yields
Δ
Δ

1.57
2.79

0.19
0.17

10
10

(4)

and
3.41
1.92

0.41
0.12

10
10

/
/

(5)

The values are within the accepted range published by
spacecraft charging community [1] as well as within 2 of
values published by [8] and [9].
Physically one expects that Current Probes (CP) to see a
signal before the LPs as the plasma requires time to propagate
to the LPs. The vertical velocity, or arc-generated plasma
velocity normal to the coupon surface (VV), can be obtained by
measuring the time difference between CP and LP signals
corrected for signal delays in cables. Assuming, again,
independent plasma “bunches” as above, we find,

Fig. 6. Test equipment; shown are DC bias supply, bias circuit, CP
oscilloscopes (2), LP oscilloscopes (2), electrical feedthroughs, and location
of image intensifying camera.

Δ
Δ

During multiple days of testing more than 50 arcs were
generated at sample bias voltages between -500 V and -1500 V
DC. Fig. 8 includes a sample of the LP traces acquired for one
arc; LP and CP responses were, as expected, quite repeatable
wherefore data plotted in Fig 8 should be considered typical.
Note that “LPAS” annotation corresponds to LP located directly
above Arc Site and LP1 corresponds to LP directly above Arc
Zone 1 (AZ1).
The unmistakable observation of two
prominent peaks of same polarity, on both probes, may be
indicative of the existence of two plasma “bunches” arriving at
each LP with delay of a few microseconds. Making the
assumption that all plasma “bunches ” propagate with the
same velocity then time separation yields a horizontal plasma

6.88
1.56

0.93
1.12

10
10

(6)

and
1.45
6.60

0.20
4.11

10
10

/
/

(7)

Assuming radial, isothermal plasma expansion the slope of
density at the LP above Arc Zones and Arc Site should be
equal to ratio of squared radius 11.34 ⁄10
1.29 or
AS1.29 1, where it is noted that the distance from Arc Site
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5.35
or 11.34 cm. Referring
and LP1 is 10
to Fig. 9, the slope of ratio AS / 1 should be equal to 1.29
however measured data show it is not the case as values are
higher at AS2.08 1. The plasma expands more quickly
than predicted by radial expansion. If one assumes adiabatic
expansion, and not isothermal expansion [10], ion density may
be scaled with time and position as,
,

,

duration ~25 s. Current pulse widths for all “Arc Zones”
were approximately equal at ~25 s. Pulse widths agree
favorably with those reported by [7] in LEO experiments
performed in the NASA GRC “Tenney Chamber”; pulse
widths were slightly (~2) lower than the most recent results of
Okumura [5] in LEO experiments. In all cases the polarity of
signal on CPAS was opposite that on all other CPs.
Significantly, no time gaps were measureable between
current peaks on all “Arc Zones”, as shown more clearly in
Fig. 11 which shows details of a selected arc event. The results
are consistent with those observed by other authors [7] in LEO
experiments. Data show that the peak amplitude on CPAS is ~3
A, peak amplitude on CPAZ1 is also ~3 A. These values are
approximately 10 larger than peak amplitude measured on
any other CP with the exception of CPDZ, where a peak value
of ~1.2 A was observed.

(8)

where
.

(9)

[17] gives the velocity profile with time and position as,
,

.

(10)

Switching into the reference frame of the expanding plasma
pulse (“bunch”) the density scaling can be expressed as a
function of time only,
̅

̅ 0 √1

Ω

,

LPAS
LP1

(11)

where ̅ represents the position of the plasma “bunch” at
time t based on integrating the velocity profile. This enables
computation of
̅ , where n0 is an arbitrarily
chosen density of 1.0 at the location of the Arc Site LP. When
time (t) is 2 s, which corresponds to plasma arrival at LP1,
one obtains a theoretical ratio of AS1.39 1. This ratio can
be compared to same ratio as obtained from strictly a statistical
review of empirical data (AS2.08 1) and an assumed
isothermal expansion, as described above (AS1.29 1). We
recognize that, instead of scaling as r-2 density scales as a
higher power of r and plasma density decreases more quickly
than predicted.

Fig. 7. Captured Langmuir probe traces during arc generated plasma event.
Sign of the LP current indicates operation in ion collecting mode; multiple
peaks may indicate multiple plasma “bunches” arriving over several s.

Fig. 10 includes a selected summary of the >50 current
traces captured during the experiment. In order to capture the
full amplitude of trace of CP1 the authors elected to switch
lines with the CP intended for use on Dead Zones (DZ), which
included 10 attenuation, as current transients on AZ1 were
significantly larger than those on DZ. Discharges were, in
large, quite repeatable with Arc Site current of 3 A to 5 A and
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phenomenon in LEO experiments [7] performed with a coupon
representative of the ISS array design.
We must consider how does a non-negligible current signal
appear so quickly in the farthest CPs. We propose that the
neutralization current at CPAS2 through CPAS5 resulting from
collection from the disturbed ambient plasma – the propagation
of an electromagnetic wave through the plasma.
Consider the plasma dispersion relation,
(12)
where

Fig. 8. Ratio of measured densities; plasma expands more quickly than
expected by radial expansion.

(13)

In studying the absence of any measureable time difference
in currents measured by CPs we recognize that there was,
repeatedly current detected by all CPs, including those farthest
from the Arc Site (CPAZ3, CPAZ4, and CPAZ5) despite the
observation that no plasma was detected by the LPs farthest
from the Arc Site (LP3, LP4, or LP5). Further, as shown in Fig.
12 which compares the initial arc current measured by CPAS to
the sum of all currents measured by CPAZ1 through CPAZ5 and
CPDZ, the sum of current at the arc zones exceeds the initial arc
current at the Arc Site. Other authors observed a similar

and
the wavenumber, k, is given as
~

7

,

(14)
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Fig. 9. Figure 1. Selected CP measurements; repeatability was quite good.

cm-3 as well; results appear consistent with plasma density in
the range of 0.5106 cm-3 to 1.5106 cm-3.

with distance between arc electrodes, darc, estimated at 1 mm.
The arc induced disturbance propagation velocity is given as
the group velocity,
,

Various high speed cameras were employed for purposes of
capturing the expanding plasma in a manner similar to that of
[5]; cameras included an Andor iStar Image Intensifying CCD.
Although successful in capturing images of arc events the
authors were, ultimately, not successful in capturing images
with which expansion speeds could be determined.

(15)

or for a physical value of p (~600 m2) a value of
0.99999996c which indicates an instantaneous disturbance is
created throughout the background plasma.

IV.

CONCLUSION

The velocity of arc-produced plasma was measured in the
LEO-like plume plasma present in the backflow region of an
operating 3 cm diameter 300 W cylindrical Hall thruster
operating on Xenon gas. Backscattering and charge exchange
collisions in the Xenon thruster plume produce background

Unlike the results of [7], where plasma densities were
varied substantially (down to ~105 cm-3) all observations
described above were verified at plasma densities of ~0.5106
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plasma in the vacuum vessel, including at the test article
placement.
Repeated Langmuir Probe measurements
characterized the plume plasma in the backflow region in an
empty vacuum chamber and on the surface of a simulated solar
array panel.
Distributed LPs were used in detecting and measuring arcgenerated plasma signals, and along with CPs placed on test
article segments, were used in deriving the plasma velocity
normal to the test article and horizontal to the test article
(across the surface):
3.41
1.45

0.41
0.20

10
10

/
/ .

Present results, along with those in Vayner’s LEO
experiments [7], reflect the difficulties in discerning plasma
expansion velocities across the panel surface using CPs at a
number of background plasma densities (105 cm-3 to 106 cm-3).
Additional results associated with Round-Robin experiments
may offer improvements on those presented herein.

Fig. 11. Current measured measure by CPAS and sum of all other current
measurements (Arc Zone 1 through Arc Zone 5 and Dead Zones); sum of
other currents exceeds that of initial arc current on Arc Site.
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