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Abstract

A spark gap at pressures from 100 kPa to 7 MPa with
various gases is fired by overvolting the electodes. The re-
covery of the gap is studied using a second identical pulse to
test the voltage holdoff during the recovery period. A TV
camera, interferometer and a spinning mirror camera are also
used to record arc locations and density profiles. The gas is
stationary during the recovery. Breakdown voltages go up to
130 kV, currents are hundreds of amps and voltage risetimes
are about 1 kV/ nsec. Results show the effects of gas species,
electrode material and pressure on both breakdown voltages
and recovery curves. The recovery of the ability to be
overvolted occurs much slower than the recovery to DC
breakdown voltages. The effects of the first arc on the second
arc locations are shown as well as density profiles using a
Mach-Zender interferometer.

Introduction

High pressure spark gap switches are well suited for high
powers, fast turn-on, and low impedance, but have difficulty
operating at high repetition rates. The energy lost in the switch
is deposited in a small region which must return to normal
before the gap can recover. Although high-power blowers can
physically remove the energy by removing the hot gas, they
deprive the spark gap switch of its small size and high efficiency.
It is therefore very desirable to improve the inherent recovery
mechanisms of the switch itself. This work studies the factors
that limit the recovery of a spark gap in which the gas is
stationary. A two-phase technique is used to measure the
recovery of a gap subjected to a fast rising pulse that overvolts
the switch. Video cameras and an intererometer are used to
study the location of the arcs and the density profiles of the
disturbed region.

Experimental Setup

The spark gaps used in these experiments are untriggered,
solid, cylindrical Rowgowski-shaped electrodes made of brass,
elkonite or graphite and range in diameter from 20mm to 70mm.
They are used in open air, or housings made from plexiglass or
epoxy. See Figure 1. The housings have quartz optical windows
and can withstand pressure up to 7 MPa. Gap spacing is adjusted
by a micrometer and can be varied from .lmm to Smm. The
gas can be exchanged slowly (Iml/sec) to prevent long term
changes due to by-products. The gases used in these experimants
are dry air, hydrogen, helium, and argon.

A diagram of the two-pulse circuit is shown in Figure 2.
The 20.8 nF capacitors are charged to 30kV. When one of the
thyratrons is triggered, it dumps its capacitor through the 5:1
step-up transformer to produce a voltage pulse across the spark
gap. The voltage rises at a rate of about 1kV/nsec with an ap-
proximately linear ramp up to a maximum of 140 kV. After a
preset time delay, The second thyratron is triggered to produce
a second identical pulse which is used to indicate the recovery of
the spark gap. Since all of the energy initially stored in the
spark gap is discharged through the gap, the amount of energy
going through the gap is constant regardless of the breakdown
voltage. A series resistor is used to limit the current through the
thyratrons, and to damp the circuit. The current through the gap
peaks at a few hundred amps and lasts for about a half a micro-
second. A resistive divider and a current viewing resistor provide
the voltage and current signals.

The fast-rising voltage ramp causes the statistically varying
time to breakdown to produce a variation in breakdown
voltage. A transient digitizer system is used to obtain means

473

and standard deviations of the data. The static breakdown
voltage is measured with a high-voltage D.C. supply.

Video cameras and still cameras are used to observe the
location of the arc channels on the electrode surface.

To obtain density profiles during the recovery period, a
Mach-Zender interferometer is wused with a spinning-mirror
framing camera. See Figure 3. The interferometer uses a
helium-neon laser to produce a 4 cm interference pattern
through the windows of the spark gap. The pattern is re-
corded on 35mm film using a Beckman-Whitley framing
camera. The mirror spin rate provides a 3 microsecond ex-
posure time and 8 microseconds between each of 25 frames.
The camera can record up to 2 milliseconds after the spark
without rewrite. To measure the interference patterns for time
periods greater than a millisecond, high-speed Fastax moving-
film cameras were used at 5,000 frames/second.

Experimental Results

Breakdown Voltage

The breakdown voltage of a spark gap under a ramp
voltage pulse is determined by both the static breakdown
voltage, which is a function of the pressure-spacing product,
and the amount of overvoltage, which is a function of the
rate of rise of the voltage pulse and the time for the
formation of the spark channel. Our experiments show that
while pulsed breakdown is a linear function of gap spacing, it
is not a linear function' of gas pressure.! The percent of
overvoltage is greater at atmospheric pressures than at higher
pressures. Results show that varying the electrode material has
a significant effect on the amount of overvoltage. For our
fast rising pulses, elkonite showes the most overvoltage,
graphite the least.

Recovery Curves

Figure 4 shows an example of the percent recovery as a
function of time. Percent recovery is the ratio of the average
second pulse breakdown to the average first pulse breakdown
for a particular time delay. Thirty samples were taken for
each data point. The standard deviation for both the first and
second pulses ranged from 2 to 20 percent. The recovery
curves for all of the gases, electrodes, and spacings tested
generally have a plateau or inflection point that occurs near
the static breakdown voltage for the particular set of para-
meters. The explanation for this appears to be that the
recovery of an overvolted gap occurs in two stages. The first
stage is the recovery of a voltage corresponding to the static
breakdown voltage. This occurs on the order of a few mil-
liseconds. The second stage is the recovery of the ability to
be overvolted and occurs over a much longer time frame,
often greater than a second. Therefore, for an overvolted
gap, complete recovery will occur only after the ability to be
overvolted is reacquired. Since this is a very slow process,
overvolting a spark gap may drastically reduce its maximum
repetition rate. While the electrode material, gas pressure and
gas species affect the significance of the second stage, the
major factor controlling the time necessary for the second
stage to recover is the gap spacing. The recovery time is
directly proportional to gap spacing.?

Spark Location
Open shutter photographs and video recordings show that

generally the second spark does not follow the path of the
first spark, even when the gap has only recovered a few
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percent of its breakdown voltage. This was true of all gases
and presures. The second sparks occur in a cylindrical region
around the first spark and this region expands with time. This
indicates that the weakest point of the interelectrode region is
not necessarily the original breakdown channel. It also in-
dicates that a hot electrode spot at the center of the initial
spark does not control recovery.

Figure 5 shows how the distance from the first spark to
the second varies with time for air at atmospheric pressure.
Each curve represents about 1000 shots and the resolution is
about 1mm. The housing was removed to prevent shock wave
reflections. The sparks are confined to a cylindrical region
(the direction is random) which expands until the gap has
recovered its static holdoff voltage at about 50 milliseconds.
At this point the region is about one cm in diameter. At
later times, the second spark locations become more random
and approach the independent distribution by the time the
second stage of recovery is complete. The luminous spark
channel, as recorded by video cameras, has a diameter of
about one mm for high pressures and a few mm for atmos-
pheric pressures.

Interference Patterns

Figure 6A shows an interference pattern before the spark
fires. The top electrode goes across the whole pattern while
the bottom electrode is smaller to localize the spark within
the interference pattern and the optical windows. The in-
terference lines are not straight due to poor surfaces on the
cube beamsplitters. Gap spacing is 0.5 cm. Some light from
the arc (which is defocused) appears in Figure 6A. Figure 6B
shows the pattern in air at atmospheric pressure 8 microseconds
later. A downward deflection in the lines indicates a decrease
in number density of the gas. After 8 microseconds a shock
wave leaves this low density region and propagates away. The
shock velocity drops from about Mach 2 in Figure 6C to
Mach 1.3 in Figure 6D as it propagates out of the field of
view. No reflections from the housing can be seen. A dis-
countinuity behind the shock wave can be seen in Figures 6C
and 6D. However, the 3 microsecond exposure time blurs the
shock front and makes it difficult to follow the fringe lines
through it. The low density region centered around the spark
expands quickly to about 0.5 cm in diameter (in 10 micro-
seconds) and then remains fairly constant out to hundreds of
microseconds, when the fringe lines begin to swirl indicating
turbulent convection (Figure 7A and 7B). Once turbulence
starts, density profiles are difficult to obtain,

Figure 8A and 8B show a breakdown in helium at 617
kPa (75 psig). The size of the low density region is about
the same as for air but the shock wave travels faster due to
the higher sound speed. Shock wave velocities are about Mach
1.3. Figure 8C shows Helium one millisecond after the spark.
Note that there is very little turbulence. The data showed
that for all of the gases, the onset of turbulence occurs more
rapidly as the gas pressure is increased. Turbulence occurred
within 10 microseconds in air or hydrogen above a few
atmospheres. However for atomospheric pressure hydrogen and
for helium up to several atmospheres, turbulence did not
occur for at least a millisecond. Lack of turbulence makes a
mathematical description of recovery much simpler. Figure 8D
shows a second spark breakdown occurring one millisecond
after the first. Shock wave velocities for the second pulses,
even for very little recovery, had about the same velocity as
the first.

Figure 9A shows hydrogen at 617 kPa (75 psig) one
millisecond after firing a spark which occurred near the left
edge of the lower electrode. After the gas becomes turbulent
the remains of the turbulent gas localize near the upper
electrode. Figures 9B, C, D show the second arc. The second
arc does not go through the location of the luminous channel
of the first arc but does originate in the remants of the first
arc. The first spark breakdown voltage was 120 kV and the
second was 50 kV. The spark remnants in Figure 9A appear to
have risen due to bouyancy forces but calculations showed that
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the bouyancy forces are too slow. Figure 10A and 10B shows
a spark firing horizontally. Figure 10C shows that after a
millisecond the remnants still go toward the large electrode.
Figure 10D shows the second spark going through the re-
mnants. Polarity, and electrode tips were changed and it was
concluded that current direction, polarity and the external
circuit were not factors. It appears to be the effects of
electrode geometry on the mass flow into the low density
region. A similar situation occurs in air but on a much slower
time scale.

Figure 11 shows the effects of varying the energy dumped
through the gap in air at atmospheric pressure. Figure 11A
and 11B are with 3.0 nF stored on the primary capacitors
and Figure 11C and 11D are with 20.8 nF, a factor of seven.
With higher capacitance the low density region is about twice
the volume indicating more energy is dissipated in the gas.
The shock wave velocities and the onset of turbulance are
almost the same for both cases.

The high speed moving film cameras show that the
density profiles return to the normal background after a few
milliseconds in hydrogen and a few tens of millissconds in
air. The heated regions continue to expand slowly during the
later time period out to a diameter of about two cm. This
corresponds closely to the arc locations in Figure 5.

Conclusions

For a fast rising pulse, the amount of overvoltage de-
pends on gap spacing, electrode material and gas pressure. For
a given charging waveform, increasing the gas pressure reduces
the amount of overvoltage. Recovery of an overvolted gap
occurs in two stages. The first is the recovery of gas density,
which will provide the gas with its static holdoff voltage. This
typically occurs in a few milliseconds and is independent of
electrode material. The second stage is the recovery of the
ability to be overvolted. This is a slow process and depends
strongly on the gap spacing. Recovery of this stage can
require seconds for gaps larger than a few millimeters. The
mechanism for this slow recovery has not been determined.

The spark column heats a cylindrical region of gas which
expands to orders of magnitude larger volume than the
luminous channel. Most of this expansion occurs in the first
10 microseconds. If a second voltage pulse is applied to this
region. The spark channel will form within this large heated
region but not necessarily through the original spark channel.

The expanding gas forms a shock wave which separates
from the heated region after about 10 microseconds and
propagates away at slightly supersonic speeds.

The onset of turbulence can be controlled by gas density
and species. For currents of a few hundred amps, hydrogen
and helium are non-turbulent at atmospheric pressures. This
simplifies modeling problems. Increasing gas pressure speeds up
the onset of turbulence. Air or hydrogen above several atmos-
pheres becomes turbulent within 10 microseconds.

Electrode geometry plays an important role in determin-
ing the gas dynamics and where the gas remnants collect.

Increasing the amount of energy dumped through the gap
increases the size of the disturbed region. However, the shock
wave velocities and the onset of turbulence remain the same.
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Fig. 9. Hydrogen 617 KPa (75 psig)

B. second spark starting
D - 80 u sec after second
spark

Fig. 6. Interferograms of breakdown in air at atmospheric
pressure. Time after spark: ;

A-0Ousc B-8usec C-16usec D-32usec A - 1.1 millisec after spark
C - 8 u sec after second spark

A

Fig. 7. Turbulance in air at atmospheric pressure.
Time after spark: A-467 u sec B-2.18 millisec

D

Fig. 10. Hydrogen 450 kPa (50 psig), gap turned on its side.

B - 8 u sec after first spark
D - 8 u sec after second
spark

A - before breakdown
C - 1.1 millisec after first spark
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Fig. 8. Helium at 617 kPa (75 psig) Fig. 11. Air at atmospheric pressure, energy varied.
Capacitance and time after breakdown:

A - Background pattern B - 8 u sec after breakdown
C - 1.2 millisec after breakdown B - 30 nF, 16 u sec
D - 1.1 millisec after first spark,

C - 20.8 nF, 8 u sec D - 20.8 nF, 16 u sec

8 u sec after second spark.
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A - 30 nF, 8 u sec



