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Various insulator materials, ineluding acryl-
iec plastie, fused silieca, Transite (an
inexpensive asbestos-cement), and Pyrex have been
investigated to determine their abilities to sur-
vive the hostile environment of a gas~filled
spark gap operating at 8 kJ and 0.4C per pulse
and 40 kA peak current at repetition frequencies
up to a few tens of hertz. Damage mechanisms ob-
served have included mechanical fracture,
softening and deformation, ablation, ecrazing,
current tracking, electrode-material deposition,
and UV solarization. The acrylic walls failed
from softening and ablation, the Transite from
current tracking between laminations, and the
fused silica from mechanical fracture. The Pyrex
walls have darkened from deposits but are still
running. Good results have been obtained with
Pyrex, a composite wall of acrylic and Transite,
and acrylic alone with the electrodes liquid-
cooled.
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A study was undertaken to determine failure
modes of various dielectriec materials which had
been, or could be, used for insulator walls in
repetitively triggered spark gaps. While realiz-
ing that the optimum material is probably a dense
ceramic with good thermal shock resistance, it is
inherently expensive and is a long lead-time
item, and the study looked at inexpensive and/or
easily fabricated materials: cast acrylie, Tran-
site, Pyrex and combinations of these. Fused
silica, the one exception to the cheap/easy cri-
terion, was tried because its ability to pass UV
allowed the pre-ionizing source to be placed out-
side the envelope.

A rather simple three-electrode gap with a
mildly vortex gas flow was used as a test bed for
the walls. Features which would have improved
the wall life, such as baffles to prevent line-
of-sight from the arc colum to the wall, low
erosion electrode material, and arc-stops to pre-
vent a long duration fault-mode discharge from
traveling to the walls were omitted to produce
accelerated wall failures. The center-electrode
was operated both with and without water cooling.
Operation of the gap was with the lower electrode
grounded, the midplane resistively biased at 40
percent above ground and triggered negatively
with a 100 kV, 5 ns risetime pulse. With the 60
pereent gap to the anode and the trigger polarity
negative, the longer gap fires first, providing &
large overvoltage for the shorter gap and a good
operating range. The energy store was a 10 us,
0.5 ohm, 5 section PEN command~charged up to 40
kV in 2.5 ms; the load was a 0.5 ohm low-
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inductance resistor. The gap was normally trig-
gered 5 ms after completion of PEN charging. The
current risetime was circuit-limited to 1 to 2 us,
depending on physical placement of the switeh,
making the commutation losses in the switeh a
small fraction of the conduction loss. The PEN
stored 8 kJ and 0.4 C at 40 kV, and most of the
operation was in long runs (many minutes) at 30 Hz
for 15 s alternating with 3 Hz for 45 s. 'The
short and long term average powers were (.24 Mw
and 78 kW respectively. The flow conditions were
normally 300 SCFH of compressor-supplied room air.
A coaleseing filter removed the oil aerosols, but
no attempt was made to remove oil or water vapors.
The pressure in the gap was 20 psig, giving a com-
fortable range between no-fire (failure to
trigger) and pre-fire (closure of the gap prior to
triggering). No-fires, and pre-fires after com-
pletion of charging, caused no difficulty;
pre-fire during PEN charging, while the charging
thyratron was conducting, allowed the capaeitor
bank to dump through the gap, as well as the power
supply short-cireuit current until the overload
sensors and main breaker disconnected from the
4160 VAC line.

a ing and Disel ing Cireui

The PIN was command-charged to give the spark
gap a zero-voltage condition to aid gap recovery.
The 50 uF capacitor bank, backed by a stiff power
supply (50 amp DC rating), charged the 10 uF PIN
through a 0.15 Hy inductor and an EEV CX 1536 two-
gap gradient grid thyratron operating off-ground,
heated and triggered through isolation transfor-
mers. The CX 1536 was prevented from retriggering
in response to the transients generated by the
spark gap discharging the PEN by low capacity 10
ulH chokes in the anode and cathode leads, a diode-
capacitor inverse clipper from cathode to ground
and, most importantly, a capacitor from the gra-
dient grid to cathode which bypassed the
transients around the cathode-control grid space.
Capacitors and varistors between control grid and
cathode coanpleted the protection against retrig-
gering. The charging current was a half sine
wave, 2.5 ms between zero crossings, with a slight
inverse current as the thyratron recovers. The
transient from the sudden stoppage of this inverse
current through the inductor caused several faults
before the diode-capacitor clipper was installed.
Figures 1 and 2 show the schematic and physical
layout of the charging circuit, respectively.

Figure 3 shows the PIN, spark gap, and trigger
unit; a 0.5 ohm liquid load resistor is connected
to the gap and PN by an array of 50 ohm cables.
Because physical damage was the major interest,
only the charging waveform, PEN voltage, and
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discharge current pulse were monitored electri-
cally. The load was matched to the PEN to avoid
coulomb transfer in ringing pulses.

Spark Gap and Gas Flow

The spark gap used for wall testing was a
three-electrode type made by Impulse Electronics
and patterned after one developed at Sandia by
Rohwein. The overall dimensions, including
corona protection but not gas flow manifolding,
were 8 in. diameter and 6.5 in. length. The
copper end electrodes were 2 in. diameter, 2.5
in. long, with a 0.75 in. axial hole for hot gas
exhaust. The center electrode was a copper plate
0.5 in. thiek, 5.5 in. diemeter with 0.75 in.
hole in the center; the hole edges were rounded.
The total gap length was 0.500 in.; 0.313 in.
anode to center, and 0.188 in. cathode to center.
The ratio of spacings was approximately 60/40,
and the center electrode was resistively biased
40 percent above ground with an 8/12 megohm divi-
der string. The wall diameter was approximately
4 in. for all insulator types. The gas flow was
fed through four manifolded holes in each end
plate between the end electrode and the wall with
a small emount of vorticity , exiting through the
holes in the end electrodes. It was necessary to
use a short coil of air-cooled metal tubing on
the exhaust ports to prevent melting the plastic
tubing, which was necessary for potential isol-
ation.

The center electrode ran appreciably hotter
than the end electrodes, apparently because of
less contact with the flowing gas, and because it
acts both as an anode for the lower gap and a
cathode for the upper. Because of the symmetry,
there is no gas flow through the hole in the
center. When liquid cooling coils were added to
the center eleﬁtrode, reﬁucing its edge tempera-
ture from 133°C to 30°C, the prefire rate
improved by over an order of magnitude, indicat-
ing that the stagnant gas being heated by contact
with this hot electrode is losing its dieleetric
holdoff strength and the effective gap spacing is
decreasing.

At a nominal flow of, 300 SCEM and field-
stressed volume of 1.6 in.”, the clearing factor
was 77 at a pulse repetition ratg of 30 Hz, The
switeh total volume of 69.1 in.” was flushed 1.8
times per pulse for the same conditions. Switeh
recovery and prefire rate were not limited by gas
flow; decreasing the flow by a factor of two had
no effect on the prefire rate. Even at the high
flow rate used the flow was ineffective in keep-
ing the arc debris off the walls, and a
noticeable deposit built up on all wall types
after a few thousand pulses, increasing the frac-
tion of radiated energy absorbed and hastening
thermal demage.

Demage Mechanisms

The wall damage can be divided into three
general categories,mechanical, thermal and
electrical. Electrical problems, current leakage
under the effect of tangential electric field,

accounted for  only one failure mode;
mechanieal ,thermal, and their combination accoun-
ted for all the others. The damaging thermal
effects are gradually increasing temperature due
to heat conducted from the gas and electrodes,
flash heating of the surface, and thermal shock-
ing; mechanical effects are from the pressure
pulse of the arc colum, the clamping pressure ne-
cessary to affect a gas-tight seal, surface
deterioration from deposition of the are debris
and ablation, and bulk deterioration from absorp-
tion of the UV generated by the are. Deposits on
the wall surface can worsen the electric field ef-
feets by enhancing surface tracking or improve it
by providing resistive grading; they can also
worsen the thermal effects by inereasing absorp-
tion of the energy radiated from the are.

Wall Materials
a. Aerylie:

The as-delivered spark gep used cast
acrylic walls, 4.0 in. ID and 0.375 in. thick,
and an uncooled center electrode. The progres-
sion of damage with inereasing repetition rate and
average power was darkening of the walls, shallow
axial crazing in the line-of-sight region, surface
melting of the crazed region, and finally soften-
ing and gross deformation of the wall edge in
contact with the center electrode, as sohown in
Figure 4, whose temperature reached 133°C, well
above the softening temperature for acrylie. At
moderate and high average power there was a strong
acrylic smell in the exhausted gas, probably from
the dissociation of polymers into monomers on the
inner wall surface. There was no evidence of
electrical tracking over the surface or damage
from the acoustic shocking. The wall discolor-
ation was a soft, sooty brown deposit, presumably
copper evaporated during the pulse and oxidized
before reaching the walls. Any UV solarization of
the acrylic was in a very shallow layer at the
surface, as would be expected from the high at-
tenuation of UV in acrylic. The walls were easily
cleaned with mild abrasive cleanser and water.
The are associated with a prefire fault, during
which the cepacitor bank dumped and the power
supply drove its short-circuit current through the
spark gap until the main breaker cleared, was
lower current but of much longer duration. This
longer time allowed significant arc motion, often
leaving a meandering track on the electrode sur-
face up to 0.5 in. long, moving under the
inf luence of magnetic and gas dynamic forces, pre-
daminantly away from the current feed. Where the
errant arc attached itself to the electrode-wall
interface, the result was a heavy deposit of me-
tallie copper, strongly bonded to the wall
surface.

These walls were satisfactory at very low av-
erage power, such that the thermal 1imitations
were not reached., A liquid cooling coil was
added to the center electrode to eliminate the
heat loading conducted from it to the acrylie, and
a new set of aeryliec walls ran 10° shots without
failure, although there was serious surface
damage, a reduction of thickness by 0.025 in., and
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slight deformation from the eclamping pressure
centered on the line-of-sight region. The upper
wall, consjstently the more damaged, is shown in
Figure 5. A significant improvement noted in
prefire rate is described above., A estimate of
the remaining life in these walls under.the con-
ditions described is another 2 to 3 x 10" shots.

b. Transite:

This is an inexpensive asbestos-loaded
Portland cement laminated insulator material fre-
quently used for its high temperature capability
and reasonable dielectrie strength. The 4 in.
pipe, from which these walls were made, is used
for electrical conduit and sewer pipe. There was
no gross thermal damage, although there was
slight ablation of the wall and a small amount of
the cement dust was present in the exhaust gas.
Electrical performance was significantly worse
than with acrylic, with many more prefires and
system kickouts. The cause was found to be
electrical leakage between the laminations,
acting as an uncontrolled resistive divider
between the center electrode and the two end
electrodes, changing the voltage distribution
from the intended 60/40 ratio. The small dark
line on the edge of the cylinder near the spark
plug in Figure 6 is one end of this leakage path.
The asymmetry of the metal deposits from the mag-
netically-pushed long duration fault arc, and its
metallie rather than oxidized appearance, are
evident also.

¢. Composite Walls:

To capitalize on the good electrical
properties of acrylic and the thermal properties
of Transite, a camposite wall was made from a 1.0
in. ring of Transite joined to an aerylic wall
with a eylindrical step-joint. The Transite
rings needed external metal reinforcing bands to
maintain physical integrity because the presence
of the holes for the spark plugs reduced the
cross section of the ring by over 50 percent.
Figure 7 shows these walls after 144,000 pulses
at 8 kJ and _04.4 Cwith a prefire rate of approxi-
mately 5x10 °, equivalent to the acrylic walls
alone. The major damage evident is the ecrack in
the Transite, which occurred before the metal
bands were applied, and the wearing away of the
Transite around the crack from ablation and the
serubbing action of the gas flow. These walls
were still servieable when shut down.

The Transite rings are inherently weak, and
the machining necessary to join the materials
makes the composite no longer inexpensive, but
this wall gave satisfactory results at 0.24 Mw
average power for 15 s burst length for hour-long
runs.

d. Fused Silica:

Except for its cost, fused silica offered
many potential advantages: good electrical prop-
erties, excellent thermal capability, fair
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mechanical strength, and UV transmission which
allowed placing the pre-ionizing UV source, the
spark plugs in this case, outside the gap envel-
ope. With 0.187 in. thick fused silica walls the
gap ran for much of one day at 0.32 Mw for many
minutes at a stretch, with a total pulse count_gf
43,000 pulses and a prefire rate of 4x10 °.
Enough heat was depoisted in the center electrode
to slightly blue it, but there was no apparent
damage to the walls. The next day, however, after
a few seconds at low repetition rate and no kiek-
outs, the uppgr wall exploded. Autopsy showed no
sign of the 45" angular cracking characteristic of
fused silica which has been thermally abused, but
that some of the kickout are spots had migrated to
the wall-center electrode interface. A little
known characteristic of fused silica is its dis-
parity beftween short-term and long-term mechanical
strength™, due to the slow propagation of surface
mierocracking through its volume. The postulated
failure mode is that one of the kickout ares near
the wall, see Figure 8, created surface cracking
which, over a few hours, propagated through the
wall, weakening it sufficiently that the pressure
pulses from normal operation the following day
broke it. The presence of grinding marks from the
fabrication of the walls may have exacerbated the
surface problem.

e. Pyrex:

After 5 x 104 pulses with a cooled center
electrode, the Pyrex walls show no damage except
deposits of electrode g}fterial, and the prefire

rate is better than 10 °, as was acrylic with the
cooled electrode. There  have been no
prefire/kickouts in which the arce attachment spot

migrates to the wall interface, and it remains to
be seen whether the Pyrex can withstand it. While
Pyrex cuts off considerably more of the UV than
does fused silica, enough gets through, along with
the visible, to make an external source effective
in stebilizing the triggering of the gap.

Conelusions

The spark gap insulator wall operates in a
harsh electrical, thermal and mechanical environ-
ment. To ensure wall survival without resorting
to exotic or expensive materials, this environment
can be modified by shielding the wall from debris,
deposits, and radiated energy; by liquid cooling
of electrodes; and by preventing the arc from
moving against the wall surface. A composite
wall, where different materials are used to do
different parts of the insulator function, is a
viable approach.
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