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in the literature that examined effects of laser pulse interval,
energy, and so on.

Abstract—Spatial and temporal control of ESD initiation can
be valuable during tests and experiments, as it reduces variability
and uncertainty. In this paper we document a means to exert
such control, presenting the first systematic study of laserinitiated electrostatic discharges that are relevant to spacecraft
designs and space environmental charging conditions. Inverted
gradient (IG) ESD events were stimulated via focused laser beam
on a central electrode surrounded by seven concentric, annular
conducting rings covered with Kapton, during electron beam
irradiation. Flashover current flowing to each ring was recorded
independently. Effects of varying the laser pulse interval were
studied, and characteristics of laser-initiated events are
compared to spontaneous. Distribution of current flow on the
ring elements during events has been analyzed, as well as
integrated charge flows and other properties. Initiation
probability, current magnitude, and discharge duration are
among the parameters that were found to vary with laser pulse
interval. Results indicate that the radial propagation velocity
generally increased with radial distance up to a terminal velocity,
and that multiple propagating waves were frequently observable
during a given discharge event. Successive waves of a single
discharge event tended to propagate slower than the previous.
Acceleration was commonly observed during the early stage of
the discharge. Width of the inferred velocity distribution tended
to increase with radial distance and with subsequent wave
number. In general, ESD dynamics are found to be at wide
variance with what present working models suggest, and with
much greater complexity. The new results help to explain why
experimenters have found such a wide range of propagation
velocities in past studies. Further work is needed to understand
the underlying physics in detail.

Considerable research in the spacecraft charging
community has been devoted to understanding how rapidly and
by what mechanism an electrostatic discharge neutralizes
positive surface charge over insulators in vacuum.[2-26] Of
particular interest is how this type of inverted-gradient
flashover discharge progresses on large-scale insulating
satellite surfaces such as solar array cover glasses and multilayer blankets. These are known to be susceptible to high level
surface charging in space, unless special precautions are taken
to avoid charge buildup. The work is motivated by a desire to
accurately predict the magnitude, shape and duration of
potentially damaging induced current and voltage transients.
One common way to characterize ESD surface
neutralization is by a flashover velocity. The traditional ESD
flashover model, usually called the brushfire or perimeter
model, assumes that 100% surface neutralization occurs
instantaneously along the front of a radially-symmetric plasma
that expands outward from a single initiation point at a
constant velocity.[2-4] With this velocity known, induced
currents can be calculated according to the surface charge
density and rate at which surface area is swept out by the
plasma ring. The propagation velocity was assumed to be
constant and single-valued for a given discharge, until recent
time-resolved imaging studies [6,7] were performed during IG
flashover that suggested propagation velocity slowed as the
plasma traveled away from the cathode point (the source of
electron emission and neutralization current). There is wide
variance in velocity figures reported in the literature. Detailed
comparisons of measured current waveforms with those
calculated on the basis of coupon geometry, cathode point
location and perimeter theory have indicated poor agreement in
most cases. Due to the inconsistency between experimental
results, a Round-Robin test program was instituted to obtain
and evaluate standardized coupon results in multiple
laboratories.[5]

Keywords—ESD, laser, inverted gradient, flashover, vacuum
discharge, plasma propagation, velocity, Kapton, initiation

I.

INTRODUCTION

Electrical discharges have often been initiated by focused,
high power laser beams known for their ability to induce gas
breakdown.[1] Interaction of these laser beams with surfaces
has been widely studied. Material is removed from the surface,
with gas phase formation of charged particles as well as neutral
species. Laser energy absorption by surfaces and the resulting
change of gas phase environment can be an important
contributor to the development of a discharge. Laser-activated
switching via flashover discharge is a potential application
under investigation, due to potentially high reliability and
excellent temporal characteristics.

A competing model, known as the bubble model, was
proposed more recently. Similar to the perimeter model, it
assumes 100% neutralization occurs at the interface between
an expanding plasma front and the charged insulator
surface.[12-14] The bubble model also predicts a constant
propagation velocity, but allows for velocity dependence on
cathode composition due to the dependence of ion acoustic
velocity on mass, and instantaneous neutralization occurring
over broad radial spans.

Laser initiation is rarely used as a tool for studying ESD
relevant to spacecraft. We could not find any systematic study

The complexity of test articles used in ground-based tests
and experiments tends to confound deeper investigations into
the fundamental characteristics of ESD flashover. Until very
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recently, nearly all studies of ESD propagation have relied on
flight-like solar array coupons. While this can provide
empirical parameters useful for a narrow ESD risk analysis
study, it is difficult to generalize these parameters to determine
more intrinsic dynamical properties of ESD. In particular, arcs
can occur at random, uncontrolled locations on a solar array
coupon; the arc cathode material can vary; the insulator surface
is not uniform; and the rectangular solar cell strings are not
optimal for measuring induced currents from a radiallysymmetric neutralization process.
By utilizing a radially-symmetric test article and ensuring
that initiation always occurs at the center at the moment a laser
pulse is delivered, a high level of experimental control is
exerted and the complexity of data analysis and interpretation
is dramatically reduced.[8,9,11]. In this study, a custom
radially-symmetric test article was used, identical to that
described elsewhere.[8,9] This coupon was designed to address
some of the shortcomings discussed above. Specifically, it had
only one arc initiation point at the center, the cathode consisted
of a single material (aluminum), the insulator surface was
Kapton tape alone, and the electrodes beneath the tape were
split annuli centered on the arc point. By measuring induced
current transients on these electrodes, the temporal and radial
dependence of the flashover neutralization current could be
explicitly determined. This has allowed direct comparison to
ESD flashover propagation theories. A notional diagram
illustrating our view that propagating current and velocity
profiles of significant width exist during inverted gradient
discharge events, is shown in Figure 1. The expansion is driven
by an electric field, associated with greater positive surface
potentials and charge density σ+ at large radius compared to
small. Electrons are pulled radially outward. The radial electric
field is not necessarily uniform during the discharge, and is
reduced as neutralization occurs. If the propagation velocity of
the peak of the velocity distribution, vp, is constant, the radial
peak position of the current distribution could be obtained from
vp/Δt, but our new results indicate that vp can exhibit strong
variation.

Fig. 1. Conceptual view of ESD events.

The present study builds on the results of a previous
propagation study on this “ring coupon” [8], where it was
found that the common ways of calculating propagation
velocity would produce a wide range of results, because they
each described a different aspect of an extended neutralization
process at each radius. It was found that the slope of electrode
radial distance versus the 50% of peak integrated current time
was one of the more repeatable and consistent velocity
parameters.

Fig. 2. Diagram of the ring coupon.

study [8]. As illustrated in Figure 1, the test article consisted of
eight concentric pairs of aluminum electrodes, separated by
1mm gaps and attached to a G10 substrate. The central semicircular electrodes each had a diameter of 5.08cm and the
remaining half-annular electrodes each had a radial span of
5.08cm. The electrodes and any exposed G10 were covered in
two staggered layers of 2.54 cm wide, 50 μm thick Kapton tape
each with adhesive of 25 μm thickness. The capacitance of this
dielectric configuration, with substrate as the one electrode and
surface charge as its (virtual) counterpart, is 18.4 pF/cm2 based
on a simple calculation. The calculation treated the dielectric
layers as series capacitors, with εr = 3.4 for Kapton and 2.7 for
the adhesive. The error margin is expected to be less than 10%.
With about 4560 cm2 of surface area, total coupon capacitance

Measurements with an array of Langmuir probes were used
to quantify the flux of charged particles emitted during the
discharge. The observed flux for positive bias was found to
have a strong power-law scaling with distance from the arc
site, suggesting a novel method for determining arc location.
ESD propagation was also measured at much lower base
pressure to determine if any of the previously observed
properties had any pressure dependence.
II.

EXPERIMENT

The experimental setup for inverted gradient (i.e. positive
surface charging) was described thoroughly in the previous
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is about 84 nF. A 1 cm long portion of the gap between the
central electrode pair was left exposed. Thus, the sides of these
electrodes were partially exposed to the electron beam, similar
to a solar cell, with the Kapton on top acting like a coverglass.
This triple junction was the primary location for arc inception.
The test article was placed inside a 2.6 diameter, 4m long
vacuum chamber, and isolated from the chamber floor by 15cm
Delrin posts. All but the outer two electrode pairs were
electrically coupled together on the underside of the test article,
reducing the number of independent conductors to ten. These
conductors were then attached via high voltage silicone wire to
a 10-pin vacuum feedthrough. In addition to the various ring
currents, data were also obtained with a 2×4 array of 1.27cm
diameter spherical Langmuir probes suspended 21.5cm above
the coupon during the project. The Langmuir probe data will
not be discussed in this report.
As shown in Figure 2, once outside the chamber the ten
leads were coupled together into the external bias circuit.
Consistent with common practice (e.g. [21]), the circuit
supplied a -4.5kV bias to the electrodes with respect to ground
via a 5MOhm isolation resistor and incorporated a structure
capacitance of up to 1nF to ground. In cases where no external
capacitor was included, the coupon to wall capacitance estimated to be about 0.2nF – determined the magnitude of the
structural capacitance of the system. The article was uniformly
irradiated with 1nA/cm2 ~5keV electrons from a Kimball
Physics EFG-10 magnetically rastered flood gun. With the
chosen test article bias, this produced an inverted gradient
surface potential of 1-2kV, as verified by a two-axis scanning
Trek electrostatic probe.

Fig. 3. Diagram of the experimental setup for laser-initiated inverted gradient
ESD.

Instantaneous voltage across the capacitor was monitored
with a LeCroy 20kV high-bandwidth probe and current by
another Tektronix current probe. Current from each of the ten
conductors was monitored by Tektronix current probe (DC100MHz). All current and voltage probes as well as the eight
Langmuir probes were connected to a collection of five
simultaneously triggered Tektronix digital oscilloscopes and
subsequently recorded to a computer. The trigger was
generated by a Pearson coil current probe monitoring either
total current into the capacitor or current from the innermost
conductor (for 0nF external capacitance). The 0.1V/A Pearson
coil signal was fed into a custom bipolar detection circuit that
generated a trigger TTL when the voltage exceeded 50mV
(0.5A).

Fig. 4. Ring currents measured for a single laser-initiated event, 5s after prior
ESD, with no external capacitance and 1×10-5 torr background pressure.

A Vision Research Miro4 high speed camera, triggered by
the same signal as the oscilloscopes, was used to verify the
location of all arcs on the test article. Aside from a few offcenter arcs that occurred during the initial conditioning of the
test article, all arcs were observed to occur exclusively on the
center electrode, as expected. The sensitivity of this camera
was not sufficient to capture the flashover luminescence.
A portable, Q-switched mini-YAG laser supplied the laser
pulses for the experiments. Doubled 532 nm output, and ~18
mJ/pulse, was focused onto the middle of the split center
electrode.

Fig. 5. Cathode emission current and substrate voltage transients during the
laser-initiated ESD event recorded in Fig. 4. The discharge terminated very
abruptly, with duration and amplitude substantially less than observed during
typical spontaneous events.

All of the laser-initiated ESD data presented in this paper
were obtained at an ambient pressure of about 1x10-5 torr.
Comparison is given to spontaneous ESD events at the same

pressure and at 3x10-8 torr. The test facility was upgraded
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following the laser work, replacing one of the 2000 ltr/s
turbopumps with a 105 ltr/s re-entrant cryopump.

rise time, but the total charge emitted from R1 is nearly an
order of magnitude greater than the ~1 μC stored in the
substrate-wall stray capacitor, so that neutralization current
flowing into the rings dominates even in the 5s case. Current
flow initiated and terminated on all rings virtually
simultaneously. Propagation of plasma across the coupon, as
evidenced by sequential peaking on the various rings, is not
readily apparent in this case.

The largest “positive” current recorded during each ESD
event is due to electron emission from the discharge initiation
electrode, designated R1. This electrode acts as a cathode,
emitting an excess of electrons that either make it to the
chamber wall or help neutralize the positive charge that has
accumulated on the Kapton surface of the coupon. Current
going to the chamber wall, called “blowoff,”acts to release the
stored charge on the external structure capacitor shown in Fig.
3. If no structure capacitor is present, the substrate is connected
to ground only through the 5 MΩ and bias supply leg, and
discharge plasma during the ESD event. The blowoff current is
measured by the total current into the structure capacitor, Itot.
As charge is removed or neutralized from the Kapton surface,
an equal and opposite induced charge flows away from the
annular conductor beneath. Hence, negative current flows away
from each of the electrodes, designated R2-R8, peaking
sequentially with radius.

An example result for 30s intervals between laser-initiated
ESD and the preceding event is shown in Figures 6 and 7.
Here the point of initiation was also -10μs, with some
simultaneous current flow on all rings and concurrent
termination. Here there is some suggestion of propagation
across the coupon, but the waveforms are noisy and a regular
progression is not obvious. The duration of the discharge was
approximately twice that of the previous case with 5 s interval,
but the peak emission amplitude from R1 was similar.
An example result for the 120s laser initiation case is given
in Figures 8 and 9, with discharge beginning at -4.7μs and
terminating at 20μs. Peak emission amplitude is more than
twice the 5s and 30s levels, again with greater total charge
transfer associated with longer initiation interval. The rise time
for substrate voltage is shorter than obtained in the prior
examples, and the negative voltage dip after the discharge
terminates is more pronounced. More than one peak is apparent
for most rings. The current waveforms are still “noisy”, but it is
possible to look for propagation patterns in the data.

As noted in [8], the neutralization current on electrodes R2-R8
does not flow exclusively on one electrode at a time. The onset
of current is nearly instantaneous at all radii, as is the cessation
of current. The waveforms for some discharges are highly
structured, with multiple peaks and shapes rather than a single
peak and shape. These characteristics contradict common
assumptions about discharge progression, especially the
brushfire theory. As a result, the calculated progression
velocity depends strongly on which time marker of the
extended neutralization waveform is plotted against distance.
In [8], a number of markers were considered, including peak
current time (which was highly variable due to the structured
waveforms) and time to reach various fractions of peak
integrated current on each ring. For example, the latter
benchmark produced an effective velocity that decreased
rapidly with the chosen fraction of surface charge cleared,
strongly suggesting that an effective distribution of velocities is
needed to explain the results.
I.

The next example result is for a 500s initiation interval,
shown in Figures 10 and 11. Once again there is a substantial
increase in R1 peak emission current, the duration of the event
increased modestly, and the rise time for substrate voltage has
shortened further. As was the case at 120s, each ring current
waveform generally exhibits two peaks. There are some
striking similarities between the waveforms obtained with 120
and 500s intervals. One difference is that outer ring currents
tend to be significantly larger for the 500s interval.
The probability of recording an ESD event is plotted as a
function of laser pulse interval in Figure 12a. The data points
fit very well to a simple exponential function. The risetime
may relate to charging time for the Kapton surface, which is
estimated to be on the order of a hundred seconds. We infer
that the ability to sustain propagation across the coupon and
keep the discharge going increases with σ, the charge per unit
area.

RESULTS AND DISCUSSION

The ability to reliably initiate ESD was observed to depend
on elapsed time since the last ESD event. The example
discharge shown in Figure 4 was laser-initiated just 5s after the
most recent discharge. Initiating ESD with such a short interval
carries low probability, therefore few events of this type are
available to analyze. The characteristics of the resulting
discharge are unusual. Distinguishing features of the
waveforms shown include low peak current, short duration,
and relatively little total charge flow. Low level currents are
reasonably apparent on rings 2 – 5, and more difficult to see on
rings 6 – 8. The discharge extinguished rapidly at about 3μs,
according to the time scale shown in Figure 5, 13μs after
initiation (discharge current began to flow at -10μs rather than
zero, a consequence of the experimental triggering setup). The
substrate voltage dropped from the -4.5 kV bias potential
nearly to zero, as is generally observed for inverted gradient
discharges. Substrate voltage and R1 waveforms have similar

The total neutralization charge flow during the discharge,
which is the flashover current integrated over time, is plotted as
a function of laser pulse interval in Figure 12b. The data were
fitted to a double exponential function as shown. The total
flashover charge asymptotes at a value similar to what is
calculated on the basis of estimated coupon capacitance with
respect to the wall. Its general shape may relate to the charging
dynamics of the surface, and the RC time constant obtained
from coupon capacitance and the 5 MΩ resistor to ground.
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Fig 6. Current waveforms for single laser-initiated ESD, with 30s interval since last event and no external capacitor.

Figure 7. Waveforms for substrate voltage and emission current through the center electrode, for the same ESD event as Fig. 6.

Figure 8. Current waveforms for single laser-initiated ESD, with 120s interval since last event and no external capacitor.
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Figure 9. Waveforms for substrate voltage and emission current through the center electrode, for the same ESD event as Fig. 8.

Figure 10. Current waveforms for single laser-initiated ESD, with 500s interval since last event and no external capacitor.

Figure 11. Waveforms for substrate voltage and emission current through the center electrode, for the same ESD event as Fig. 10.
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Figure 12. Left panel (a): probability of ESD occurrence as a function of elapsed time between laser pulse and last ESD event,
with simple exponential fit. Right panel (b): sum of R2 – R8 charge flow as a function of elapsed time between laser pulse and
last ESD event; double exponential fit.
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Figure 13. Neutralization charge flow per unit area as a function of elapsed time between laser pulse and last ESD event, for rings
2 – 8; double exponential fit in each case.
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Figure 14. Neutralization charge flow per unit area vs mean radius of rings 2 – 8, for each experimental interval between laser
pulse and last ESD event. Spontaneous events obtained before and after the laser work are also compared.
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Figure 15. Neutralized charge density figures for the annular rings, at 1000s laser pulse interval, obtained from fit results shown
in Fig. 13.

Figure 16. Propagation dynamics for the single ESD event shown in Figs 8-9, with 0 nF external capacitor and 120 s elapsed time
between laser pulse and last ESD event. Left Panel (a): two distinct series of propagating current pulses were tracked across the
coupon. Right Panel (b): Outer ring, wave 1 data from panel (a) are plotted and fit.
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Figure 17. Propagation dynamics for the single ESD event shown in Figs 10-11, with 0 nF external capacitor and 500 s elapsed
time between laser pulse and last ESD event. Left Panel (a): two distinct series of propagating current pulses were tracked across
the coupon. Right Panel (b): Outer ring, wave 1 and wave 2 data from panel (a) are plotted and fit.

Figure 18. Averaged current waveforms for 21 spontaneous ESD events, with 1 nF external capacitor.

Figure 19. Left Panel (a): average charge collection for 21 spontaneous ESD events with 1 nF external capacitor (see Fig. 18),
originating at ring coupon center electrode. Right Panel (b): propagation properties for same event as panel (a); distance vs time
progression and vp as a function of time.
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Figure 20. Ring current waveforms obtained for a single low pressure spontaneous ESD event, 1 nF structural capacitance,
originating at center electrode of ring coupon. Four distinct wave series are labeled according to their wave number. Only a
portion of the collected data is shown, for clarity.

Figure 21. Propagation dynamics for the single spontaneous ESD event of Fig. 20, with 1 nF external capacitor. Left Panel (a):
Full progressions for four distinct series of propagating current pulses, as tracked across the coupon; Right Panel (b): Outer ring
velocity determinations for the four propagating waves.
The charge density per unit area, or σ, that was neutralized
is plotted against laser pulse interval for each annular ring in
Figure 13, showing that more charge is neutralized per unit
area as the interval increases (more time for coupon charging)
and that inner rings are neutralized more efficiently than outer
rings.

The same results are re-plotted in Figure 14, as σ vs mean
ring radius, with a curve for each laser pulse-ESD interval. In
addition, a comparison is provided between earlier and later
spontaneous ESD data, suggesting that over the course of many
ESD events the total charge flow may decrease.
Based on neutralized charge density at 1000s, as obtained
from data fits shown in Figure 13, Figure 15 was generated. It
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velocity is no more than 10 km/s. Early stage propagation
velocity for wave 2 is similar.

is clear from the plot that the extent of charge density
neutralization is lowest on outermost rings and highest on
innermost rings. From ring 6 to ring 8, charge density
neutralization σneut is approximately constant. The value of σ at
the innermost neutralization ring (#2) is 0.022nC/cm2, and an
extrapolation to “ring” 1 yields 0.027 nC/cm2. Multiplying this
value by coupon total area yields 123μC, a figure very close to
the estimated total stored charge of (84nF)*(1400V)=118μC.
The calculation provides only a rough estimate because ΔV
between substrate and kapton surfaces was rarely measured,
and was not highly uniform across the coupon. However,
because ring 1 is small and contains the cathode point we
anticipate that nearly complete neutralization could occur there,
as is supported by the analysis just presented. High
neutralization efficiency on ring 2 (and “ring” 1), combined
with insufficient time to produce significant electron beam
charging before the next laser pulse, would present a barrier to
electron propagation from cathode point to ring 3 and beyond,
reducing the probability that ESD events will occur.

A similar analysis can be performed for the 500s data
presented in Figures 10 and 11, which also has two main waves
– both of which could be fully tracked. Propagation speeds are
higher for 500s compared to 120s data, for the corresponding
waves. This difference may stem from the additional charging
time and higher electric fields along the surface. Figure 17
shows the results. The terminal speed of wave 1 was about 250
km/s, and the corresponding result for wave 2 was 70 km/s.
Wave 2 velocity was constant over rings 3 – 8, but accelerated
during its early stage.
Spontaneous ESD current waveforms, averaged over 21
events with 1 nF external capacitance, are plotted in Fig. 18.
Here it is very easy to find the principal propagation series and
track it through ring 5. Because the time of discharge
origination is unambiguous (-5.0μs), and the average
waveforms are very smooth, integrated neutralization charge
collection per ring and propagation velocity curves of high
quality can be generated (see Figures 19a and 19b). Integrated
charge is found to be approximately proportional to square root
of ring area and propagation velocity varies from about 8 km/s
near the origination site to about 27 km/s at ring 6. Thus, in this
averaged case, with 1 nF “artificial” capacitance vs zero, we
again observe substantial acceleration of plasma propagation
during the first half of the event.

On the basis of Figure 13, neutralized σ rise times are on
the order of 50s for outer rings and 100s for inner rings. Longer
charging time for inner rings is to be expected, given that
neutralization efficiency is higher there. The order of
magnitude for charging time can be estimated for inner rings
from the relation
(1)
Here C is coupon total capacitance, ΔV is the inverted gradient
potential difference, A is the total surface area of the coupon,
Δq is the net charge on the kapton surface and Je is the electron
beam flux. For ΔV=1400, C=84 nF and Je=1nA/cm2, the result
is Δt = 26s, but this does not consider the reduction of electron
yield per incident electron as the surface charges and impact
energy increases. We have not made an accurate assessment of
this effect, but 100s charging time is not inconsistent with
expectations.

Propagation waveforms for a single ESD event, under low
pressure conditions and 1 nF structure capacitance, are shown
in Figure 20. Analysis of propagating wave series was the most
complex for this example, as four distinct waves could be
tracked. The wave series are marked by symbols in the Figure,
and each is plotted for rings 2 – 6 in Figure 21. As observed
previously, temporal width of the current waveform typically
increases with ring number. Velocity of current waveform
peaks typically increases with ring number within a given
series, until terminal velocity is approached. The trend for
velocity of neutralization current waveforms is toward
decreasing values at later stages of the discharge. However, for
each of the four waves identified, a terminal velocity is reached
as shown by the plots in Figure 21.

Visual inspection of discharge waveforms for individual
rings during single ESD events suggests that current peaks are
often reached in sequence with ring number. However, the
patterns are typically not regularly spaced, contrary to
expectations for constant propagation velocity. In fact, the peak
spacing between adjacent rings can decrease markedly as the
ring number increases. The identification of peaks belonging to
a series is greatly complicated by the presence of multiple peak
progressions in most ESD events. We will refer to the peak
progressions as waves. Two distinct waves can be tracked in
the laser-initiated ESD event, with 120s interval, which was
shown in Figure 9. Of these, wave 1 can be fully tracked and
wave 2 can be tracked on the inner rings. The peak positions
for these waves are plotted in Figure 16a. Wave 1 originates
earlier in time than wave 2, and travels much faster. Due to its
speed, the ability of wave 1 to contribute to cathode emission
level via its neutralization current will be diminished relative to
wave 2 and any other slow waves, long before the discharge
event is over. Figure 16b plots just the final four data points of
wave 1, because its velocity is sharply increasing as it traverses
the inner rings. A linear fit of these data indicates a terminal
velocity for wave 1 of about 148 km/s, which is very fast
indeed. However, during early stage propagation its apparent

During the first 5 μs of the low pressure event, propagation
velocities were above 100 km/s, which is faster than any
quoted in the literature. During the middle (second) period of
the event, propagation velocity was on the order of 17 km/s
and quite constant; this period accounts much of the total
charge flow. In the third and final period emission current
amplitude was considerably lower and numerous small spikes
are present in the emission current (not shown in Fig 20).
These spikes can be very well aligned temporally, suggesting
very fast propagation – perhaps via a different mechanism than
applies earlier in the discharge evolution.
Instantaneous current levels can be predicted in an
approximate way from the expression
(2)
where dA/drp is 2πrpdr, drp/dt is the instantaneous propagation
velocity of the center of the electron density distribution
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into the fundamental physics. Spatial and temporal control of
ESD initiation can be valuable during tests and experiments, as
it reduces variability and uncertainty. In this paper we have
documented a means to exert such control, presenting the first
systematic study of laser-initiated electrostatic discharges that
are relevant to spacecraft designs and space environmental
charging conditions.

(assumed to match the peak of neutralization current
distribution), dQs/dA is instantaneous stored charge per unit
area (σ), and η(r,t) is a neutralization efficiency factor affected
by the velocity of propagation (higher velocity results in lower
efficiency). The quantities dQs/dA and dA/drp are approximate
because of the broad velocity distribution of the propagating
plasma, and dQ/dt = η(r,t)*dQs/dt.

Velocity profiles can be approximated by equating them to
current distribution profiles. When the velocity distribution is
constant, the spatial width of the current distribution is then
expected to increase linearly with time and distance. During
stages when propagation velocity is increasing, compression of
the velocity distribution may occur.

We can calculate observed current amplitudes at key stages of
the discharge by making reasonable assumptions and
evaluating Equation 2. During the early propagation stage of
wave 1 we can use the initial value of σ (0.027 μC/cm2), 12
km/s velocity, 70% neutralization efficiency and 5cm effective
radius, with the result that emission current equals 0.7A. This
agrees closely with observed emission current several
microseconds after discharge initiation (for example, see
Figure 11). At a later stage of the event shown in Figure 10,
we can use the same σ, 70km/s velocity, 25cm effective
radius, and 10% neutralization efficiency, with resulting
calculated emission current of 3.0A. Again, a good match
with experimental observations is obtained, but the 10%
efficiency figure is poorly anchored by data.

Electrons flow out continuously from the cathode point
during discharges. The instantaneous emission current and
neutralization current amplitudes are equal, therefore emission
current amplitude is limited by the instantaneous sum of
neutralization current (in the absence of different types of
current such as blow off). Electrons are emitted continuously
from the cathode with time dependent propagation
characteristics throughout the discharge event. The creation of
successive propagating “waves” stems from temporary
changes in the sum of neutralization electron current, since
these electrons can be supplied back to the cathode with
essentially no time delay.

The amount of energy stored on the ring coupon at an
inverted gradient potential of 1400V is estimated as 0.5*18.4
pF/cm2*4560cm2*(1400V)2 = 82mJ. The laser pulse energy is
about 5 times smaller, but its energy becomes equivalent to
coupon charge storage when the IG potential is about 650V.
The stored charge is not 100% neutralized, but on the other
hand laser energy converts to plasma energy with much less
than 100% effectiveness and may have the lower efficiency. If
the laser inputs energy into the discharge that is comparable to
the discharge energy, the strength of the ESD event may be
enhanced, and it is therefore plausible that discharge energy
for the 5s case includes a significant laser contribution. The
laser could help to sustain the propagation, particularly in the
early stage when emission current and propagation velocity
are low. Nevertheless, it is clear that discharge energy is much
lower for 5s vs 1000s cases, and the probability for observing
5s events as legitimate discharges was far lower.
II.

Initiation probability, current magnitude, and discharge
duration are among the parameters that were found to vary
with laser pulse interval and the external capacitance. Results
indicate that the radial propagation velocity and width of the
distribution generally increased with radial distance, and that
more than one propagation wave per discharge is the rule
rather than the exception. The first wave was found to
propagate faster than later waves, accelerating quickly during
the early propagation stage and reaching terminal velocity
before its peak finally traveled off the edge of the coupon.
Peak velocity and width of the distribution tends to decrease
and increase, respectively, with each subsequent wave.
Acceleration profiles can vary greatly with wave origination
time.

FURTHER DISCUSSION AND CONCLUSIONS

The driving force behind the early stage acceleration
observed in the study is presumably a radial electric field
produced by initially uniform positive surface potential
surrounding the relatively negative cathode emitter. Once
neutralization begins, surface charge gradients can continue to
drive electrons toward increasing radial distance, as long as the
surface is not completely neutralized. The high degree of
neutralization that eventually develops on the inner rings will
result in lower effectiveness for moving electrons from the
cathode point to the outer rings. As a result, it seems
reasonable to expect the discharge to terminate with highly
neutralized inner surfaces and partially neutralized outer rings.
It also seems reasonable to expect propagation to be faster
across the outer rings than surfaces adjacent to the emitter
point. Initial propagation velocities higher than 100km/s can be
produced by electron drift motion with energy of 1eV or less
per particle. Relatively slow propagation speeds that develop
later in the discharge might be associated with increasing

Location and timing of electrostatic discharge (ESD) events
on a large sample normally exhibits a strong stochastic
component. There are numerous possible sites at which the
discharge may be initiated, so that the origin of a given event is
difficult to predict. Similarly, the exact moment at which any
discharge will develop is unknown. In addition, the coordinates
of each site with respect to the sample as a whole are expected
to influence the propagation and current waveform of the
event. ESD events may be stimulated by charge differentials
and associated high electric fields, and influenced by plasma
background, direct application of high potential differences and
other factors, but they develop spontaneously.
The exceptional control provided by laser initiation,
combined with a highly symmetric segmented coupon,
represents a major step forward in experimental capability for
elucidating ESD propagation dynamics and obtaining insight
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neutralization and smaller radial fields, or ion drag forces. High
propagation velocity, which is experienced particularly by the
outer rings, may limit the instantaneous neutralization current
on those rings. Changing potentials and potential gradients
during the discharge may affect secondary electron yield and
migration patterns, further complicating the situation.

level was relatively low. During the middle period, with
emission current near its peak value, the majority of current
flow was associated with sizable radial distance and more
modest, approximately constant velocity. Our outer ring
velocities trended to lower values as the discharge evolved,
and therefore during some portion of the discharge it would be
correct to say that the average velocity decreased. The velocity
one obtains, and whether the propagation is accelerating,
constant, or decelerating, will depend on the location
examined and elapsed time after discharge initiation, as well
as dimensions of the coupon and the metric employed. Further
work is needed to understand the underlying physics in detail.

The conclusion that neutralization efficiency is not
spatially uniform is supported by concurrent research of
Toyoda.[25] The occurrence of plasma acceleration during
ESD events is supported by recent results of Hoffman.[26]
Normal gradient discharges are characterized by an order of
magnitude shorter duration and lower neutralization
efficiency. If the shorter duration results from correspondingly
higher propagation velocity, we can infer than the lower
neutralization efficiency results from high propagation
velocity and low plasma dwell time over unit surface area.
The lower neutralization efficiency observed on the outer
rings in the present study is understood to result from high
average propagation velocity above those rings compared to
the inner rings. In the mid- to late-stage of the discharge when
terminal velocity over the outer rings is on the order of 20
km/s, neutralization efficiency has risen considerably and
current levels flowing into those rings are maintained at high
levels for an extended period.
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Background

Installed an ESD chamber and fabricated annular ring coupon (2012)
Published initial measurements of ring current waveforms (PPC 2013)
Laser initiation measurements (2013); hi-speed vacuum pumping system (2013)
Insight into velocity distribution as source of ring current distribution (2014)

Experimental Approach for studying ESD mechanism: choose simplest, most
symmetric coupon and control initiation location, timing
5.08 cm

5.08 cm
R2

Kapton on
Aluminum
R8

G10

2

Use Multi-Electrode, Symmetric Coupon and Control ESD Initiation
2
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Test Facility and Instrumentation
•

2.6m ø × 5.2m long vacuum chamber
Base pressure ~3x10-8/~1x10-5 torr
High speed cryopump / 2 turbos (100 / 4 kltr/s)

•

5-20keV electron gun (100keV capable)
Simulated GEO charging (Normal and Inverted)

•

Q-switched portable YAG laser (532 nm;
18 mJ/pulse)

•

6 Synchronized Tektronix scopes (24
channels)

•

12+ Current probes to capture ESD
waveforms
Two 20kV HV Probes
Eight ½” Langmuir probes

•
•
•

Two high speed cameras (Phantom Miro4;
v710)

•
•

Low speed cameras (DVR recording)
In-vacuum color Rocketcams
3

3

All laser initiation work was performed at high pressure

Laser Initiation

Long history of high power laser ablation studies
Long history of high power laser breakdown in gases
Long history of electrical discharge initiation by high power lasers

• Minimal work on laser
simulation of micrometeoroid
impacts
• High current, low jitter switch,
pulsed plasma thruster firing,
etc.
• No systematic study for laser
initiation of inverted gradient
flashover (pulse interval etc)
• Location control is possible
via other means
– Focused ebeam
Vbias
– Create special site

High Speed Camera

Trigger

Kimball EFG-10 Electron Gun

Scopes

2-Axis Scanning
Trek Probe
HV probe

Langmuir
probes (x8)

5 MΩ

Current
Probes

0-1 nF

Harness

•
•
•
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Ring Coupon

External Circuit

4

First Systematic Study of Laser–Initiated Inverted Gradient Flashover
4
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Current and Voltage Waveforms - 1
•
•
•
•
•
•
•
•

No structural capacitance added to system
R2 – R8 traces are ring electrode current waveforms
Blowoff current is essentially zero
Laser-initiated ESD event just 5 seconds after last discharge
Discharge amplitude far lower than for spontaneous case
Current flow on each ring starts and ends at about the same time (amplitudes vary)
Duration of event is short (~13 µs) and was difficult to initiate
Sharp termination coincides with substrate voltage rising to ~0
– After discharge ends, substrate voltage trends negative
– Emission current may stem mainly from stray capacitance
termination

5

5

termination

Short Laser Pulse Interval Results in Weak Discharge
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Current and Voltage Waveforms - 2
•
•
•
•

Laser-initiated ESD event 30 seconds after last discharge
Integrated charge flow is considerably higher than 5 s case
Duration of event about twice as long as 5 s case, but with similar Vsub rise time
Still difficult to observe propagation effects
termination

termination

6
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Current and Voltage Waveforms - 3
•
•
•
•

Laser-initiated ESD event 120 seconds after last discharge
Integrated charge flow is higher again
Similar duration as 30 s case, but shorter Vsub rise time and 2x emission current
Propagation of peaks is now apparent
termination

termination

7
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Current and Voltage Waveforms - 4
•
•
•
•
•

Laser-initiated ESD event 500 seconds after last discharge
Integrated charge flow has increased again
Duration and amplitude are up; Vsub and R1 rise times are very different
Propagation of peaks is relatively easier to pick out
Like the 120 s case, double peaking is common in ring current waveforms

8

8
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Initiation Probability & Total Charge Flow
•
•
•

Short pulse interval carries low event probability
Probability asymptotes to ~1 at several hundred seconds
Total charge flow (integral of R1 waveform) asymptotes to ~65 µC

9

9

Probability Curve Resembles Charging Curve
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Ring Neutralization Efficiency & Pulse Interval
•
•

Charge density neutralization is lower on outer rings
Asymptotic behavior of neutralized σ with pulse interval
is stronger for innermost rings
Neutralized σ, extrapolated to coupon center and
applied to entire surface area, agrees closely with
calculated total stored charge of ~125 µC
Overall neutralization of stored charge is ~50% (1000s)

•
•
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Charge Neutralization Behavior is Ring-Dependent

2
4
6
Annular Ring Number
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Velocity Characteristics of Propagating Peaks (Waves)
•
•

Velocity starts low and accelerates to terminal value
More than one propagating peak is not unusual; second peak will be slower
Outer Ring Behavior

148 km/s!!

120 s
interval
(0 nF)

500 s
interval
(0 nF)

254 km/s!!
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Propagation Velocity is a Variable, and Acceleration is Common
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How Does Spontaneous ESD Behave?
Average of 21 Spontaneous Events; 1 nF structural cap

12

12

Acceleration Observed in Spontaneous Case Also,
but Average Waveform Looks Different
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Spontaneous ESD – Low Pressure
Single Event; 1 nF
structural cap

13
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Low Pressure Spontaneous ESD Shows Similarities

Spacecraft Charging Technology Conference 2014 - 167 Viewgraph

Conclusions
•

Flashover propagation has a broad velocity distribution
– Current distribution therefore broadens with distance from origin

•
•

Interval since last ESD can profoundly affect event characteristics
More than one propagation wave may be observable per event
– Successive “waves” will have lower velocity

•

Early in the discharge, propagating plasma may accelerate as it moves away from the
origin
– Approximately constant velocity at greater distance

•
•
•

Charge neutralization is not 100%
Inner ring charge density is neutralized more completely than outer rings
Partially charged inner rings are less effective at supporting a flashover
– Results in short duration, weak discharge or no event

•

Fundamental assumptions of the brush-fire or perimeter model are incorrect
– Narrow velocity distribution, 100% neutralization on the perimeter, constant velocity
– Actual flashover behavior is much more complex than allowed by the model

•

A more detailed model, properly validated by experimental data, is needed

– And more data….
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