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Abstract

Surface flashover arc discharge velocities on
electron-beam—charged polymer sheets have been measured
directly by detecting the light emitted at two points
along a straight arc and measuring the time interval
between light pulses. For Mylar, the average velocity
is 1.2 x 10% n/s, and for Teflon the average velocity
is approximately 7.3 x 105 m/s independent of sheet
thickness. These velocities are about two to four
times higher than previous measurements. The techni-
ques employed to produce single, straight surface arcs
are described.
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Introduction

Electron-beam-charged, thin dielectric sheets ex-
perience electrical breakdown of two distinct types,
punchthrough (bulk) arcs and flashover (surface) arcs,
which have been the subjects of extensive study!’? in
the context of their probable occurrence on spacecraft
in synchronous orbit. The surface arc discharges ex-
hibit both peak currents and pulse durations which are
proportional to the square root of the specimen
aread?’¥*5'6>7  This suggests that the arc duration is
controlled by a well-defined arc propagation velocity
which for a circular specimen can be estimated by divi-
ding the specimen radius by the arc duration, a proce-
dure which has led to velocity estimates usually in the
range of 1.5 x 10° m/s to 3.0 x 105 m/s. One report of
experiments on Kapton® gives the velocity range as 1l to
7 x 10° m/s, as deduced by the above procedure. Such a
calculation presupposes the existence of a well-defined,
unique velocity at which the arc propagates in straight
radial lines from the specimen edge to its center: arc
photographss’“’s_indicate that this presupposition is
only partly valid, because the arc paths are very irre-
gular and some are appreciably longer than the specimen
radius, so that these velocity estimates are expected
to be low.

Discharge arc propagation mechanisms have been
postulated in various forms, as a transmission-line
model?, a "brushfire” modelio’ll’lz, and a plasma-tunnel
model®’13. The early stages of a dielectric arc in the
bulk of the material have been viewed as negative-
streamer developmentlu with a velocity computed at 1.65
x 10° m/s in Teflon. It has been noted11°12 that a
typical ion accelerated by the breakdown potential
achieves a velocity of 2.45 x 105 m/s and its motion
across the charged surface could trigger a series of
small discharges.

Direct measurements of arc velocity on Kapton have
been made using two techniqueslz. A series of top-
surface metal pads with wire leads gave a velocity of
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2.5 x 105 m/s, and a series of segmented-substrate pads
gave a velocity of 2.1 x 105 m/s. These techniques
have been proved useful but they are also "{nvasive'" in
the sense that a top-surface pad or substrate segmenta-
tion could influence the progress of an arc. Optical
techniques which involve a remote measurement of arc
light emission are by their nature potentially much
less invasive and are the subject of this work.

Exper imental Techniques

The most straightforward non-invasive method of
measuring arc propagation velocity is to measure the
time interval as the arc traverses a known path between
two points, by means of measuring the light emission
from the arc at each point. However, the arc must
travel in a straight line, and only one arc must occur.
Furthermore, it must be ensyred that the arc always
starts outside the measurement region so that it pro-
pagates unidirectionally between the two measurement
points: a start inside the measurement region followed
by propagation in both directions would give a falsely
high indication of velocity.

It is known from experiments in our laboratory
that very light brushing of a Teflon specimen before
exposure to an electron beam will result in surface arc
discharges which follow the direction of the brush
strokes: the single discharge shown in Fig.l was pro-
duced by such very light, straight stroking with a
camel's—hair brush. At NASA similar results have been
obtained by rubbing with a soft tissue (N.J. Stevens
and J.V. Staskus, personal communication). The proce-
dure used for the experiments to be described here was
to wipe the specimen lightly in one direction with a
lens tissue dampened with acetone. Inspection under a
microscope showed that this procedure produced faintly
visible sub-micron-width scratches on the polymer sur-—
face. In addition we have found that, as an oblong
mask aperture covering the specimen is narrowed, the
number of parallel arcs diminishes. Thus we have been
able to select experimental conditions such that the
vast majority of arcs are single straight ones.

Numerical computations of electron orbits showed
that charge accumulates preferentially in the corner
regions of a rectangular-masked specimen. Thereafter
experimentally it was shown that an oblong mask with a
sharp "corner" at one end produced discharges which
started preferentially from that end. However an even
better technique to ensure discharge initiation near
one end of the specimen proved to be the making of a
very small pinhole there.

The final experimental arrangement is shown in Fig.
2. The optical fibres were located in slots on the
underside of the mask, with the fibre ends 1 cm in from
the slot ends so that the slots served as collimators
for the incident light. The fibres carried the dis-
charge light to two avalanche photo-diodes which were
comnected to a dual-beam 400 MHz oscilloscope. The
measured light pulses had risetimes of the order of 20
ns (the pulse rise was used for the velocity calcula-
tions) and decay times of the order of 120 ns. Cali-
bration was achieved by inserting both fibres in the
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same slot and adjusting the oscilloscope for coincident
traces from actual arcs. The optical fibre separation
was 3 cm, but separations of 2 c¢cm and 1 cm were also
tried with proportional decreases in pulse separation
intervals. Typical detected light pulses for a 3 cm
spacing are shown in Fig.3. The veam accelerating vol-
tage was 20 kV and the beam current density was 100 nA/
cm“. Various specimens were used but all were cut with
the same orientation from the same sheet.

Results

The results for Mylar (spacecraft grade, back-
aluminized, 75 pm thick) are shown in Fig.4. The points
shown in the figure give a mean velocity of 11.6 x 10°
m/s. For comparison, consider previously reported
results!® for the same material in which a mean sub-
strate pulse duration of 25 ns and a circular mask area
of 11.7 cn? give a velocity estimate of 7.7 x 105 m/s.
Earlier measurements of gulse duration3’* suggested a
velocity of about 3 x 10° m/s but those specimens were
commercial-grade Mylar, so it may be that a direct com-
parison with the present results is not valid. Not
shown in Fig.4 and not included in the statistics is
one measurement at 70 x 10% m/s which may have been
initiated between the optical fibres rather than at the
pinhole.

The results for two thicknesses of Teflon are
shown in Figs.5 and 6. The mean velocities of 7.5 x
10° m/s for 60 um unmetallized Teflon and 7.2 x 105 m/s
for 125 ym back-silvered Teflon suggest that the arc
velocity is independent of material thickness. For
comparison, consider previously reported results!> in
which a mean substrate pulse duratjon of 58 ns and a
mask aperture area of 11.7 cm? give a velocity estimate
of 3.3 x 10° m/s; earlier measurements of pulse dura-
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tion are similar .
Discussion

The only "invasive" aspect of the experimental
technique used is the wiping procedure which scratched
the polymer surface slightly. These scratches are
appreciably less than a micron in width and presumably
no deeper than that. For comparison, discharge damage
tunnels" are somewhat wider and up to a few microns
below the surface, so it would appear plausible that
the wiping procedure could exert an arc-guiding in-
fluence without affecting greatly the basic mechanism
(hence velocity) of discharge propagation. It is worth
noting that without wiping, the surface would have been
contaminated with dust and other foreign matter.

The measured difference in velocity between Teflon
and Mylar confirms the earlier and less direct evidence
of such a velocity difference (Balmain and Hirtl®),
However it is not clear what physical property of the
two materials is primarily responsible for this
difference.

In summary, the first direct optical measurement
of surface arc velocity on spacecraft dielectric
materials is reported. The mean velocities are greater
than previous estimates by factors ranging from 2 to 4,
factors which are too large to be explained entirely by
the straightness of the present arc paths in comparison
with previous cnes. The velocity appears to be inde-
pendent of material thickness but dependent on material
composition.
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