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TABLE I
SWITCH REQUIREMENTS

Abstract—A high-power liquid dielectric switch is being developed to satisfy the requirements for future directed energy applications. A flowing, high-pressure liquid dielectric was chosen for the
design of a megavolt class switch operating at 100 pps. This paper
reports on the design philosophy, modeling, and experimental results of a full size, single-shot prototype 250–300 kV concept validation test (CVT) switch which can transfer kilojoules per pulse.
Analysis of design criteria and scaling for a compact, 100-pps, kilojoule, high-voltage switch are presented. Optimization studies indicate that a pressure range of 6.9–13.8 MPa (1000–2000 psi) appears
to be ideally suited to a flowing dielectric rep-rate switch.
Index Terms—Directed energy, high pressure, high-voltage
switch, liquid dielectric, megawatt switch, oil switch, rep-rate
switch, spark gap.

I. INTRODUCTION
IRECTED energy research has fueled the need for more
compact switches for use in high repetition rate systems.
A switch is required near term that will switch 250 kV–1 MV
and currents on the-order of 50 kA–250 kA. Concurrently the
switch must have a 50 ns or less risetime and be able to operate
at up to 150 pps into a 4–5- load. As shown in Table I, the
switch must be able to transfer up to 0.5 coulombs/pulse and
have an operational lifetime of 10 –10 pulses.
The switch proposed by the University of Missouri-Columbia
team is based on a flowing dielectric that is pressurized hydraulically. In 1992, subnanosecond risetime, kilohertz rep-rate oil
switches were built and demonstrated that could operate up to
290 kV with a rep rate of 200 pps and at 170 kV at 1000 pps [1].
The demonstrated risetime into a 97- resistive load was 280
ps. The modulator system, which utilized medium pressure oil
switches, transferred 50 J/pulse [1]. Since that time repetitive oil
switches that could operate at 100–1000 pps and transfer multikilojoule energies have remained elusive, and have not been
demonstrated. Recent research in high-power liquid dielectric
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switching has focused on switches that transfer energies of less
than 1 J/pulse [2], [3].
An initial engineering analysis indicated that two issues,
bubble size and bubble lifetime, or oscillation period, needed
to be resolved if scaling of flowing dielectric oil switches for
transfer of kilojoule pulses were to be realized near term. When
a high-voltage pulse is applied to a flowing dielectric switch,
and the switch breakdown voltage is reached, a streamer is
launched and subsequent avalanche ionization and breakdown
of the dielectric results [4]. The arc then ionizes the dielectric
medium and a gas bubble is formed between the electrodes. At
atmospheric pressure, the diameter of the bubble expands well
beyond the electrode separation distance. Early calculations
indicated that the growth and oscillation period of the gas
bubble would limit operation of the flowing dielectric switch
to well below the goal of 100–150 pps at transfer energies in
excess of a kilojoule. Subsequent growth of the gas bubble
and formation of microbubbles as the gas bubble collapsed
would then prevent recovery of the oil switch if voltages were
reapplied before the entire volume of oil in the switch could
be exchanged. As an outgrowth of the early modeling, it was
found that pressurization of the fluid was required to reduce
the volume and concurrently the radius of the gas bubble. By
minimizing the size and lifetime of the bubbles produced, the
volume of oil that must be exchanged between shots is greatly
reduced.
Modeling and design of the prototype switch includes the
analysis of the formation of bubbles and carbon, the breakdown
properties of the liquid, the ability to clear the electrode gap with
flowing liquid, electric field stress, and mechanical stress. A
single-shot test stand has been modified to facilitate the testing
of a concept validation test (CVT) switch. The test stand produces 250-kV pulses into a 1.6- load under single-shot operation. The modeling efforts, the design, and the test results ob-
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Fig. 1. Plots of the maximum bubble radius versus pressure for arc losses of
15–60 J.

tained using the CVT switch will be described, along with the
experimental observations from the switch tests.
II. BUBBLE SIZE AND OSCILLATION
When an arc is formed in a liquid, chemical bonds are broken
and byproducts are formed. In the case of oil, these byproducts
include carbon particles and gases. Rayleigh developed equations to describe the characteristics of a bubble over time as it
collapses [5]. The same equations derived to explain the collapse of a bubble have been applied to the unconstrained expansion of gas bubbles. From these equations the maximum size of
the bubble and the time elapsed during one period, from formation to collapse, can be calculated. As (1) and Fig. 1 show, the
maximum radius of the bubble formed increases with increasing
energy lost in the arc and decreases with increasing hydraulic
pressure. Equation (1) calculates the maximum bubble radius
(meters) from the energy used to form the bubble (joules) and
the hydraulic pressure of the liquid (pascals). As a first-order,
worst-case approximation, it can be assumed that all of the energy dissipated in the arc is used to produce the bubble. In reality, not all of the energy dissipated in the arc is consumed by
bubble formation [6]. Other sources of energy loss include the
formation of shock waves, thermal and convective losses to the
electrodes, and heating of the liquid [7], but models of these loss
mechanisms for high-energy discharges in high-pressure liquids
do not exist.
Bubbles formed due to charge injection into liquids using a
point plane electrode geometry have been shown to behave as
explained by Rayleigh [8], [9]. Electrical discharges in water
under vacuum have also shown agreement with Rayleigh’s
equations, though it was found that only about 15% of the
energy dissipated in the arc was used to produce bubbles [6].
Experiments with laser–produced bubbles showed that as little
as 1% of the laser energy was converted into kinetic energy
in the expanding bubble wall [10]. Experiments in electrical
triggering of liquid spark gaps also showed that not all of the
energy lost in the arc is transferred to the bubble wall as kinetic

1791

Fig. 2. Plots of the oscillation period versus pressure for arc losses of 15–60 J.

energy [7]. Experiments with underwater explosives have also
shown a correlation with Rayleigh’s equations [11].
Experiments with underwater explosions and arc-induced
bubbles in unconstrained geometries have shown that after
a bubble collapses it can rebound and go through a number
of expansion and contraction cycles before going back into
solution or breaking up into smaller bubbles (microbubbles)
[6], [11]. The period of the damped oscillation of the bubble
in an unconstrained environment, given in (2) and Fig. 2, also
increases with increasing energy loss in the arc and decreases
with increasing background pressure [9], [12]. The oscillation
time (seconds) is calculated from the density (kg/m ), energy
(joules), and the pressure (pascals). Based on the experimental
setup of the single-shot testing of the CVT switch, the arc
drop losses and thus the energy growth of the gas bubble were
bounded using the arc loss calculated by the J. C. Martin
formulae. The bounded parameter space ranged from 15–60 J
with 30 J being the average. When bubbles are formed in a constrained geometry, such as a small electrode gap as described
below in the CVT switch, the bubbles are not allowed to expand
isotropically and are more prone to jetting and breaking up
due to instabilities rather than exhibiting a damped oscillation.
The bubbles will expand as predicted by the oscillation theory
and, thus, a calculation of the oscillation period provides an
approximation of the time required for the bubble to form and
then oscillate or breakup into smaller bubbles. The gases will
remain in the switch for several oscillation periods regardless
of whether they oscillate or breakup into smaller bubbles
(1)
(2)
III. DIELECTRIC LIQUIDS
The high-pressure dielectric switch has been tested using
polyalphaolefin (PAO), a dielectric coolant fluid. The synthetic
oil PAO poses somewhat reduced environmental concerns in
case of leaks or spills, when compared with hydrocarbon oils.
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TABLE II
OIL PROPERTY COMPARISON

The electrical properties of the PAO are comparable to those
of Shell Diala AX, a common transformer oil, see Table II. A
comparison to Diala AX is presented since transformer oils
are typically used in pulsed high-voltage experiments. The
PAO used in the experiments was deaerated prior to the tests,
but was not dewatered. The breakdown values are reported in
accordance with the ASTM D877 voltage breakdown standard
[13]. This standard utilized a small test cell with 2.54-cm
diameter flat electrodes, separated by 0.245 cm. The voltage is
a sinusoidal voltage that is ramped up at a rate of 3 kV/s until
breakdown occurs. The test is then repeated at 1-min intervals
and the mean value is reported as the breakdown strength of
the liquid.
IV. BREAKDOWN VOLTAGE
The breakdown voltage of a dielectric depends on a number of
factors. Some of the factors which effect breakdown strength are
the charge time, the electrically stressed area of the electrodes,
and the density of the dielectric. Work done by J. C. Martin relates the breakdown field strength (MV/cm) to the charge time
( s) and the stressed area (cm ), defined as the area of the electrode stressed to 90% of the peak field [14]. Calculations using
the J. C. Martin formulae show that breakdown field strength
increases for shorter pulse times and smaller stressed areas. The
relationship developed by Martin has been modified to estimate
the negative polarity breakdown strength of oil (3), [15]. The
and
are the maximum electric field at the
values
electrode surface and the average field between the gap. Using
(3), the breakdown field strength can be calculated for the CVT
switch as tested on the single-shot test stand. The switch had
3.8-cm diameter hemispherical electrodes and a 0.2-cm electrode spacing which results in an electrode stressed area of
m . Using this stressed area and a
of 0.5 s, the breakdown strength can be estimated at 1 MV/cm

(3)
Previous work on the breakdown of liquid dielectrics under
pressure shows that as pressure increases, the breakdown
strength increases for small electrode areas [16]. The pressure
dependence of breakdown strength has been used as evidence
to support the theory that liquid breakdown is initiated by
the formation and subsequent electrical breakdown of a gas
bubble in the liquid [17]. Kao also reported that transformer
oil pressurized up to about 2.4 MPa (350 psi) showed a gain
in the breakdown strength of up to 35%–40%, over those
at atmospheric pressure [9]. Based on this information and

Fig. 3. Comparison of the J. C. Martin energy loss approximation to the
Braginskii loss method for a range of currents.

extrapolating out to high pressures, approximately a 35%–40%
increase in the dielectric strength of oil at 10.3 MPa (1500 psi)
is expected. Other experiments indicated that the pressure
dependence of breakdown strength decreases for very fast
rising pulses [18]. Since the pressures of interest are so much
greater than those considered by Kao, this extrapolation should
be considered as a very rough approximation. Experimental
data collected using the CVT switch showed a gain of only
20%–25%, as shown in Fig. 9.
V. SWITCH ENERGY LOSS
The energy dissipated in the arc must be calculated to determine the properties of the gas bubble formation. The switch
loss can be obtained using J. C. Martin’s equation for switch
loss, (4). In this equation, the energy loss (joules) is calculated
and the
from the peak voltage (kV), the driving impedance
resistive risetime ( s). The equation for resistive risetime (5)
can be used to calculate the exponential resistive phase transition time (ns), given the driving impedance and the breakdown
field strength (MV/cm). The exponential resistive phase transition time describes the time period when the resistance of the
arc channel decreases exponentially. Calculations of the CVT
switch loss based on (4) and a charge voltage of 250 kV predict an energy loss of about 37 J. As shown in Figs. 1 and 2,
the bubble radius is bounded as a function of the arc loss from
15–60 J. The energy loss calculation is approximate and has not
yet been verified in the high-pressure regime of interest
(4)
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Fig. 4.
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Cross section of the CVT switch with hemispherical electrodes, view ports, and oil ports.

(5)
The change in voltage across a switch can be described using
the equations for resistive risetime, inductive risetime, and total
risetime. During the resistive risetime, the arc is formed and the
resistance of the arc decreases rapidly from an open circuit to an
impedance much less than the driving impedance. The inductive
risetime describes the time while the arc is expanding, and the
inductance is decreasing. The total risetime, shown in (7), gives
the time for the voltage across the switch to decrease from 90%
to only 10% of the peak value. Based on these equations, the
CVT switch with a charge voltage of 250 kV is expected to have
a total (10%–90%) risetime of 10–11 ns when driven with an
impedance of 1.6
(6)
(7)
The switch loss can also be calculated from the current through
the switch and the time varying arc resistance obtained using
Braginskii’s formula, (8). The resistance is obtained using (8),
which describes the time varying arc radius, and assumes a constant conductivity, as described by T. Martin [19], [20]. The
equation for the time varying arc radius determines the radius of
the arc (cm) from the density of the dielectric (g/cm ), the current (kA), and the time ( s). Utilizing this method to calculate
the energy loss in the switch requires only the current through
the switch, the length of the electrode gap, and the conductivity
of the arc. With Tom Martins assumption of a conductivity of
cm) , and the anticipated current though the CVT
600 (
switch, the energy loss is about 30 J or 33% less than that estimated by Martin’s formulae
(8)

Fig. 5.

Single-shot experimental test circuit for CVT switch.

Both methods of calculating the energy are intended as an
approximation. A comparison of the two methods of energy
calculation has been made with respect to current through the
switch (see Fig. 3). The equation derived by Braginskii for an
arc formed in air (8) was used for the comparison. A comparison to experimental data is necessary to determine which
method is most accurate for a particular experimental setup.
The experimental comparison of the two methods is beyond the
scope of this program. However, it is interesting to note that the
curves overlay within a few percent if the Braginskii equation
is multiplied by 1.33.
VI. EXPERIMENTAL PROGRAM AND CVT SWITCH DESIGN
The switch shown in Fig. 4 was integrated into the single-shot
test stand as shown in Fig. 5. The circuit consisted of two capacitors, each 1.85 F, charged to opposite voltages and then
switched into the primary of a 1:5 stepup transformer. The
system pulse charges the 1.6- water transmission line to
of 0.5 s, producing a
250–300 kV in 1–1.2 s with a
100-ns pulse when discharged. A short oil transmission line
was used to connect the larger water transmission line to the
smaller diameter output switch. The load resistor consists of six
liquid resistors whose parallel combination yields a resistance
of 1.6 and is embedded in the short oil section between the
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Fig. 6. This figure shows a cross section of the single-shot system. The system was divided into 11 section, which are numbered, and each was modeled as a
discrete transmission line.

Fig. 7.

Transmission line model used to simulate the risetime of the circuit.

water line and the output switch. The oil section and load resistor
are shown in Fig. 5 as a resistor.
Three electrical diagnostics were used to monitor the voltage
and current. A Rogowski coil was used to measure the current,
and two integrated d-dot probes were used to measure voltage.
One d-dot probe is located in the water transmission line, and the
other was placed in the short oil section between the load resistor
and the output switch. Both were calibrated with an external
Tektronix 6015 probe and a Pearson current monitor.
Optical diagnostics were used to observe the formation of
bubbles and other byproducts. Videos of the breakdown byproducts were captured using a Kodak Ektapro HG Model 2000 Imager using the maximum frame rate of 2000 frames per second
with an exposure time of 983 s. These images were used to
view the formation and oscillation of bubbles and the formation and expansion of carbon clouds. A second camera, the DRS
Hadland, Ltd. Imacon 200 camera was used to acquire highspeed images of the bubbles and the carbon clouds to determine
the expansion velocity. The Imacon 200 is capable of capturing
12 images with a wide range of exposure times and spacing between exposures. The exposure time can range between 5 ns
and 5 ms for each frame. Each camera was positioned to view

the space between the electrodes through one of the 1.31-cm
switch optical ports. Two different lighting schemes were used.
Two high-intensity CW light sources were used to light the electrode gap for the Kodak video sequences. The light sources were
aligned to the view ports at angles of 45 and 135 with respect
to the camera. A Photogenics flashlamp was utilized to backlight the electrode gap for the high-speed Imacon 200 photos
through an optical port at an angle of 135 with respect to the
camera.
VII. CIRCUIT SIMULATION
The CVT test circuit, as described above, was modeled using
PSpice. The circuit was simulated using a discrete transmission
line approximation of the 1.6- water line, load resistor, transition section, and CVT switch. A cross section of the single-shot
system is shown in Fig. 6. Due to the rapid transition changes
in impedance in the oil section, the system was divided into 11
sections and each was modeled as a discrete transmission line.
The transmission line model is shown in Fig. 7. Another circuit model was tested which represented the oil transition section as a discrete LC network. Both models gave excellent re-
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Fig. 8. Comparison of voltage data to circuit simulations. The voltage was
measured using the d-dot probe mounted in the water pulse forming line.
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Fig. 9. This plot shows the average breakdown voltage of PAO for a 0.2-cm
gap at various pressure with one standard deviation error bars.

sults. Both the discrete LC network model and the transmission
line model are compared to experimental data in Fig. 8. The
calculated risetime of the circuit was 100 ns with the switch
transition section and the inductance of the load included. The
predicted 10–11 ns risetime of the switch was used for the simulations. The observed output voltage of the circuit Fig. 8, as
measured in the water transmission line, decays to zero in 100 ns
when the switch closes since the pulse forming line is terminated
with a matched load. The simulated voltage characteristics accurately match the d-dot probe signals. The voltage across the
switch could not be accurately measured due to the relatively
low-voltage drop across the switch.
VIII. BREAKDOWN VERSUS PRESSURE
Experiments with the CVT switch have shown that pressurizing a dielectric increases its breakdown strength. Experiments
were run using 3.81-cm diameter hemispherical electrodes and
a gap spacing of 0.2 cm. The results of these experiments are
plotted in Fig. 9. Each data point represents an average of ten
pulses for a given pressure. The error bars represent one standard deviation for the set of data at that pressure and the curve
fit is a second-order polynomial least-squares approximation.
The data shows that the breakdown strength increases by about
25%–30% as the pressure increases from atmospheric pressure
to 10.3 MPa (1500 psi). This is much less than the 40% gain
expected from extrapolating Kao’s data out to higher pressures
[16]. The experiments reported by Kao, are for a very limited
data set, nine pulses, up to pressure of only 2.4 MPa (350 psi).
The discrepancy in gain predicted by extrapolating previous experiments and the results of the CVT test are due to the extremely different parameter spaces and error in extrapolating out
to more than four times the highest pressure previously studied
[16]. The apparent discrepancy can also be attributed in part
to the time dependence of the pressure effects on breakdown
strength [18]. The unconditioned electrodes had a statistical deviation of 10%, which decreased to 6.5% after 45 conditioning shots.

Fig. 10. This plot shows the radius of a carbon cloud formed at 13.8 MPa
(2000 PSI) as a function of time.

IX. BREAKDOWN BYPRODUCTS
The formation of bubbles and carbon was observed using the
two camera systems previously described. The Kodak video
camera was helpful in determining the expansion rate of the
carbon clouds, Fig. 10, and the volume of gas and carbon
that would need to be removed in rep-rate operation. The
photographs of the bubbles and carbon relied on the reflection
of light from the high-intensity light sources. This type of photography does not capture events such as shock waves, but it
is very useful in that carbon clouds can easily be distinguished
from gaseous bubbles. The carbon cloud is seen as a dark
cloud expanding from the arc site. The interface of the gas and
liquid at the bubble wall reflects light. This results in bubbles
appearing as white spots, or as small white rings. Figs. 11 and
12 show bubbles and carbon formed at atmospheric pressure
and at 13.8 MPa (2000 psi).
The maximum radius of the bubbles formed at atmospheric
pressure could not be determined because of the limited field of
view. The 1.31-cm optical port in the switch housing provided
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Fig. 11. Picture of bubbles formed by an arc at atmospheric pressure. The
switch housing is lit from the front and from behind, with light seen reflecting
off of the bubbles. The frames were taken 3, 8, and 13 ms after the arc formation.

Fig. 12. Pictures of bubbles and carbon formed by an arc at 13.8 Mpa (2000
PSI). The carbon is seen as a dark cloud, while the bubbles reflect light and are
seen as small white spots in the carbon cloud. Frame timing is the same as Fig.
11.

a field of view of about 2 cm in diameter. Theoretical calculations predict, that at atmospheric pressure, the maximum bubble
radius would be about 4 cm and, thus, much too large to be
seen in the photographs. Due to the geometric restriction of the
electrodes, the bubbles are not allowed to expand isotropically,
as a result, the bubbles break up into smaller bubbles instead
of oscillating and form microbubbles. At atmospheric pressure,
the window is too small to view the complete expansion of the
bubble, or to view the bubble as it collapses. High-speed photos
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taken with the Imacon 200 found that the initial expansion velocity of the bubble was about 25 m/s.
For high pressures, above 3.4 MPa (500 psi), the bubbles were
small enough that they did not extend out of the field of view;
however, the carbon clouds were large enough to occlude the
bubble and prevent accurate measurements of its size. Based on
the size of the carbon clouds and the visible bubbles, it was determined that at these high pressures, the equations overestimate
the size of the bubbles formed. At 6.9 MPa (1000 psi), a switch
dissipating 15–60 J of energy would be expected to form bubbles with a diameter around 1.5–2.5 cm and an oscillation period of 0.2–0.3 ms. Photographs have shown that the bubbles
are much smaller and also quickly break up into microbubbles,
less than 1 mm in diameter, and some appear to be reabsorbed
into solution after about 20 ms. The initial bubble formation was
occluded by the carbon cloud expansion and was not resolved.
At the higher pressures, the formation of a single bubble was
not found. The equations used to predict bubble dynamics indicate that for an energy deposition of 15–60 J in oil at 10.3 MPa
(1500 psi), bubbles of about 0.7–1.1-cm diameter should be produced. Photographs indicate that bubbles formed at and above
this pressure are much smaller, and quickly break up into microbubbles (see Fig. 12). The fact that the bubbles formed in the
oil are smaller than predicted by (1) agrees with the finding that
only a fraction of the energy dissipated in an arc is used to produce gas bubbles [6].
As the hydraulic pressure increases, the formation of the
carbon is more localized. At atmospheric pressure, some carbon
is produced, but the amount is either small enough that it is not
visible in photographs or the expanding bubble wall disperses
the carbon out of the electrode gap. At 3.4 MPa (500 psi),
enough carbon is produced to be visible as a cloud. At higher
pressures, the carbon is seen in photographs as a dark cloud.
The expansion of the carbon cloud is much slower than that of
the bubbles formed in the low-pressure regime. Measurements
of the bubbles formed at atmospheric pressure showed initial
expansion velocities of about 25 m/s. Expansion of the carbon
cloud is very slow in comparison. Fig. 10 shows that while the
initial radial expansion can be 3–5 m/s, the expansion slows to
less than 0.125 m/s after about 2 ms. For a flowing oil switch,
where the oil will sweep the byproducts out of the electrode gap,
the slowly expanding carbon cloud lowers the flow required for
recovery of the voltage holdoff.
Flowing oil experiments on the CVT switch with various
electrode geometries have shown that the carbon and small bubbles can easily be cleared from the gap. The results from these
experiments indicate that flow rates of about 0.5–1 l/s at pressures of 7–13 MPa will be required for 100–200-pps operation
of a switch transferring kilojoules per pulse.
X. SUMMARY
A single-shot CVT high-pressure dielectric switch has been
designed, constructed, and tested. It was found that at high pressures the equations describing bubble formation overestimate
the size of the bubbles formed. This, we believe, is due to the
loss mechanisms not included in the first-order model. These
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mechanisms include radiative, convective and collisional losses
to the electrode surface and to the vapor/liquid interface. The
losses also include acoustic and shock waves generated by the
expansion of the gas bubble. It was also found that at high pressures, carbon formation was more localized and that bubble formation is eliminated or reduced by high-pressure operation. The
breakdown strength of the PAO oil was found to increase with
increasing pressure up to about 10.3 MPa (1500 psi). CVT experiments indicate that a switch operating in the 6.9–10.3 MPa
(1000–1500 psi) range would minimize the flow requirements
for rep-rate operation and that fabrication of high pressure, highenergy switches is well within today’s state of the art.
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