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ABSTRACT
Fast and repetitive switching in high-power circuits is a challenging task where the
ultimate solutions still have to be found. We proposed a new approach. Supercritical
fluids (SCFs) combine favorable properties of liquids - insulation strength, thermal
behavior, and gases - self healing, high fluidity, and absence of vapor bubbles. That's why
we start investigating the subject of plasma switches in SC media. First results indicate
excellent switch recovery and very high insulation strength. We present the design of a
SCF insulated switch (SC switch). Breakdown strength of the SCF is investigated and
found to be high in comparison with most of the solid insulating media. The dielectric
recovery inside the SC N2 switch is tested under a repetitive 30 kV, 200 ns pulse voltage at
repetition rate up to 5 kHz. The recovery breakdown voltage across the SC switch
achieves 80 % within 200 µs. The current interruption capability of SC N2 is investigated
experimentally in a synthetic circuit generating a high-frequency arc of several hundreds
of amperes and a transient recovery voltage of hundreds of volts. The results show that a
SC N2 switch with fixed electrodes and an inter-electrode distance of mm range can
successfully interrupt this current at approximately 2 ms after arc initiation.
Index Terms - Pulsed power, high-voltage switch, supercritical fluids, plasma, highpressure plasma, breakdown voltage, dielectric recovery, arc

SUPERCRITICAL fluids (SCFs), widely researched in
chemistry, have recently drawn attention for their potential in
the area of electrical switching, due to their combined

advantages of liquids and gases. Plasma in SCFs is a quite
new research area that covers fundamental researches and
applications for a wide area: SC plasma chemistry, SC plasma
power switches, and dense planet atmosphere, etc.. Figure 1
gives an overview of the application fields of plasma in SCFs.
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Plasma chemistry studies on SCFs mainly focus on the
near-critical region, where the properties of the fluid change
significantly with a minor variation in pressure or temperature.

1 INTRODUCTION
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Reported applications of plasma chemistry in SCFs are
oxidative destruction of toxic waste [1], conversion of organic
compounds [2], small scale experiments involving
chromatography [3], metal processing such as implantation
and deposition [4], etc.. The researches on plasma discharges
in SCFs also involve lightning phenomena on extra-terrestrial
planets such as Venus where the surface atmosphere is in SC
condition due to the temperature and pressure [5].
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Figure 1. Application area of plasmas in supercritical fluids. The research
area of interest in our work is high-lighted.

Circuit breakers in utility power systems protect
components and control power flow. High dielectric strength
and fast dielectric recovery are vital characteristics. The same
criteria are to be met by switches in repetitive pulsed power
sources. The historical choice in utility power networks is to
apply SF6. Apart from major technical advantages, this has
major disadvantages: it is a strong greenhouse gas, and the
degradation products are very toxic. The potential of SCFs in
high power switching applications is less explored. The
combined advantages of liquids and gases provide the very
attractive capability of high breakdown strength and fast
dielectric recovery in SCFs. Hence SCFs might be an
alternative to SF6 in circuit breakers in power utility networks.
In this work we concentrate on the application of SCFs as
insulating media in a repetitive power switch. The arc
interruption capability of a SC N2 switch, as the starting point
of the application of SCFs as switching media in circuit
breakers, is investigated experimentally in a very initial stage
with high-frequency current at low amplitude.

2 SUPERCRITICAL FLUID PROPERTIES
A substance is in the SC state if its pressure and
temperature are both above a certain limit, specific for each
substance. In the supercritical state the difference between
gas and liquid disappears, and no phase separation into
bubbles or droplets or a gas phase above a liquid phase can
occur. Figure 2 summarizes the relevant properties and
behavior related to SCFs.
A comparison of the order of magnitude of the physical
properties for common insulating media in the three phases

is given as table 1. Density  of a SCF is liquid like and the
viscosity  is gas like. Heating a liquid above boiling
conditions causes vapor bubbles, while heating a SCF does
not cause vapor bubbles. This is the important property for
application in high-voltage. Other important advantages for
high-voltage application include high heat capacity cp, high
diffusivity D, and high heat conductivity . Switching in
pulsed power applications requires devices that have quite
extreme capabilities: high insulation strength during off
mode, low resistance during on mode, large current rating,
high voltage rating, fast switching time, allowing high
repetition rate switching, fast recovery after switching, low
inductance, self-healing medium, long life time, and
accepting large overloads. Based on the properties of SCFs,
we foresee very good performance of such media for this
pulsed power component.
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Figure 2. Summary of the relevant properties and behavior related to
SCFs. In the middle is the state diagram of a substance, indicating the SC
state (red circle).
Table 1. Comparison of the order of magnitude of the properties for
common insulating media in gas and liquid, phases and SC N2. The value
of D is the order of magnitude figure for N2 in range of T = 70 - 500 K, p =
0.1 - 80 MPa.
cp


[106J/m3/deg]
[µPa·s]
[kg/m3]
Gas at STP
1
1
10
SC N2
100
100
50
Liquid
500
500
100
D

[m2/s]
[10-3J/m/s/deg]
Gas at STP
20
10 - 300
SC N2
100
2 - 60
Liquid
200
1-2

Recent data about breakdown voltage in SCFs, e.g. SC
carbon dioxide, SC argon and SC helium, have proven
satisfying dielectric strength of SCFs [6]–[9], while the
performance of SCFs in dielectric recovery has rarely been
studied. There is no report yet about the arc interruption
capability of SCFs.
In our study of switching performance of SCFs, SC N2 is
chosen to be studied for the SC switch, because of its
relatively low critical pressure of 3.4 MPa and low critical
temperature of 126 K. Experiments with SC N2 can be
performed at room temperature. N2 is the major component
of the Earth’s atmosphere, so it has no environmental impact.
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3 SC SWITCH AND EXPERIMENTAL
SETUP
3.1 SC SWITCH DESIGN
We have designed several SC plasma switches for the
experimental investigation of the breakdown strength,
dielectric recovery, and arc interruption capability of the
SC N2. An example of the SC switch design is given in
figure 3. An aluminum switch house provides sufficient
mechanical strength for SCF pressure up to 20 MPa (200
bar); the integration of the capacitor minimizes the stray
inductance in the circuit; the adjustable electrode body
facilities a variable gap width of 0 - 1.2 mm , with accuracy
of  0.01 mm ; replaceable heavy duty electrode heads
provide change of electrode for erosion investigation;
optical windows enable optical observation inside the SC
switch; integrated Rogowski coil and capacitive voltage
sensor enable high band width current and voltage
measurements; the flange on the right attached to the 4stage transmission line transformer (TLT) [10] is the output
connection. To the load it supplies a 4-fold voltage
amplification, i.e. 120 kV peak value, facilitating further
study of higher voltage SC switch breakdown in the future.
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of the SC N2 switch. A typical voltage waveform measured
on the anode of the SC switch under this charging circuit is
given in Figure 5. The voltage applied to the switch has a
rate of rise of 1 kV/µs and a peak value of 25 - 30 kV.

Figure 4. Fast (2 kV/ns), moderate (2.5 kV/µs), and slow (1.66 kV/ms)
charging voltage pulses applied to the SC switches.

Figure 3. Versatile supercritical medium switch and the schematic of its
setup a. integrated capacitor; b. optical sight plug; c. adjustable gap width;
d. 4-stage TLT voltage amplifier; 1. Adjusting knob for trigger electrode;
2. Adjusting knob for main electrode; 3. Flexible aluminum disk for gap
width adjustment; 4. Rogowski coil; 5. Copper plate for voltage sensor; 6.
Stainless steel plate for voltage sensor.

3.2 EXPERIMENTAL SETUP
We have applied various charging circuits, to test the
breakdown strength of the SC N2 switch. The charging circuits
generate different voltage impulses, which we classify into three
types: fast pulses with charging rate of 2 kV/ns, moderate pulses
with charging rate of 2.5 kV/µs, and slow pulses with charging
rate of 1.66 kV/ms. The typical waveforms of these voltage
impulses are illustrated in Figure 4.
We also implement a repetitive voltage source with
repetition rate of up to 5 kHz, to test the dielectric recovery

Figure 5. Typical voltage waveform measured on the anode in the SC
switch connected to the 5 kHz charging circuit. Gap pressure and gap
width: p = 7.5 MPa (75 bar), d = 0.25 mm.

Besides high breakdown strength and fast dielectric
recovery capability, arc interruption is the most important
property of insulating media in circuit breakers (CB). CBs
in power system networks can only interrupt the arc at
current zero crossing, and the electrodes must be separated
widely enough, in order to quench the arc. In order to study
the arc interruption behavior of the SCFs insulated
switches, we have designed and manufactured a SC switch
with maximum pressure of 20 MPa (200 bar) and an
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adjustable gap width in the range of 0.5  5 mm . Since this
work is the starting point of the arc interruption study, we
made the structure of the switch as simple as possible.
Hence, the construction of the SC switch differs
considerably from the layout of mechanical CBs in the
power system networks: 1) the electrodes in the switch are
stationary, while in CBs moving electrodes are applied; 2)
the flushing direction in the SC switch is perpendicular to
the arc generated in the gap, while in CBs the flushing of
insulating media is in an axial direction, parallel to the arc.

of L 2  C 2 . The energy stored in C1 and C2 is deposited
into the SC switch and into the resistor as long as the arc
channel in the switch exists.
By choosing the value of C1 and C2, we can determine
the maximum energy that will be deposited into the SC
switch. L1 determines the rising slope of the voltage applied
to the SC switch. The current oscillation frequency, peak
amplitude, and damping time constant are controlled by the
value of L2 and R2. The values of the parameters are
C1  16 nF , L1  115 mH , C 2  1 nF , R 2  10  , and
L1  800 μH - 9.8 mH . Examples of the current waveforms

with different settings of L2 are given in figure 7. From the
figure it is clear that with a fixed C2, larger L2 results in
lower oscillation frequency of the arc current and longer
duration of the current.

4 EXPERIMENTAL RESULTS
Figure 6. Schematic of the synthetic arc interruption testing circuit for the
SC switch.

Figure 7. Examples of the measured current through the SC switch with
different settings of inductance L2 in the arc interruption testing, under N2
pressure of 50 bar and gap width of 0.986 mm.

The arc interruption capability of this SC switch is tested
under a synthetic source circuit, illustrated in figure 6. In
the circuit the capacitor C1 is charged by transformer T1 via
a large resistor R 1  120 M , to a peak voltage up to
50 kV . Diode group D1 with snubber circuits provides unidirectional energy flow in the circuit. A grounding switch
SG connected with resistor R G  1 M discharges the
remaining energy in the circuit after the test. Once the air
spark gap X1 (with threshold voltage in the range of
20  40 kV ) fires, a capacitor C2 with value of C 2  C1
is charged by C1 via an inductance L1. When the voltage on
C2 reaches the breakdown voltage of the SC switch, the SC
switch breaks down and the current flows through the SC
switch, oscillating with a frequency depending on the value

4.1 BREAKDOWN VOLTAGE ANALYSIS
Regarding breakdown voltage increase with the product
of pressure and gap width pd, the same trend as in a normal
gas is observed in SC N2. We measured an increasing
breakdown electric field as a function of pd under various
voltage sources. We have tested two SC switches under
three pulsed voltage sources with relatively slow, moderate,
and fast voltage rising edges, as seen the example voltage
waveforms in figure 4.
In high pressure gases including SCFs, the measured
breakdown voltage is found to be lower than the value
calculated by the Paschen’s law. The possible reasons are:
1) the electron-field emission from the cathode under high
density situation [12, 13]; 2) the ionization is enhanced at
protrusions on the electrode surface [14]; 3) particles or
dusts are responsible for the micro-discharge generated
near by the electrodes [14, 15]. Simply calculating the
breakdown voltage by Paschen’s law using the discharge
constant cannot precisely predict the breakdown voltage in
high pressure gases. In order to more precisely calculate the
breakdown voltage in SCFs, in our work we take the factor
of enhanced ionization into consideration. The
experimental breakdown voltages in SC N2 switches are
compared with the values calculated from two approaches:
I) Paschen’s curve calculated from the Townsend
breakdown mechanism and II) streamer inception criterion
considering enhanced ionization coefficient.
The Paschen’s curve in N2 can be calculated by equation
(1). In the equation the constants A and B are dependent on
the gas composition: A  112.50 ionization/(kPa  cm) ,
B  2737.50 V/(kPa  cm) . The discharge constant K is

expressed by equation (2) [16]. The breakdown strength
following streamer inception criterion is calculated by
assuming a streamer initiating from a small protrusion on
the electrode surface. Under a background electric field E0,
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the axial distribution of the electric field has the form of
E(x)  E 0 f(x) , in which f(x) is the geometric function,
depending on the shape of the protrusion. The applied
geometry of the protrusion and the value of f(x) can be
found in [17]. Under an electric field E 0  E bd , if the
streamer criterion [18] given as equation (3) is satisfied at
x cr  d , we say that the streamer can bridge the electrodes
hence cause the breakdown of the SC gap. The value of
ln(N cr ) as a function of the pd value is given in equation
(4) [19].
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At pd value below 15 bar·mm the measured Ebd matches
the prediction by Paschen’s law. Above this value deviation
from Paschens’s curve is observed, and the value of Ebd
tends to saturate from around pd  40 bar  mm onward. No
obvious distinction regarding to the steepness of the voltage
sources is observed. Except for d  0.6 mm , the measured
Ebd does not show much difference at different gap widths.
For pd  20 bar  mm the streamer inception criterion with
enhance ionization mechanism gives good prediction of the
breakdown strength in SC N2.
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A  pd
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Figure 8. Comparison of the experimental data on the breakdown field
Ebd in SC N2 switches with theoretical calculations. Solid line represents
Paschen’s curve in N2; dashed line represents the calculated breakdown
field following the streamer inception criterion with enhanced ionization
on the small protrusion at electrode surface.

1 bar = 0.1 MPa. The reduced breakdown field Ebd
calculated from the simple Paschen’s law as well as from
the streamer inception criterion with enhanced ionization
are plotted in figure 8. The discontinuity of the dashed line
in figure 8 is caused by the dependence of ln(N cr ) on the
value of pd, as shown in equation (4). The measured
breakdown strength of SC N2 switches are plotted in the
figure as well. The calculated Ebd values are compared with
the measurements.
The measured Ebd in SC N2 is as high as 180 kV/mm at
pd  50 bar  mm . This is comparable to solid insulating
materials which have breakdown strengths reported to be
10  150 kV/mm for our gap width range. In the case of
very thin films, some materials have higher breakdown
strength (around 400 kV/mm for 40 μm film of Kapton)
[20]. From the measurements we can find that in general
Ebd increases with higher value of pd, but the gain slows
down for higher pd values. This observation confirms the
description by Cohen [21] in his work on electric strength
of highly compressed gases. The scattering of the
breakdown strength is larger in SC phase than that in gas
phase.

4.2 DIELECTRIC RECOVERY ESTIMATION
Due to the gas like high diffusivity, viscosity and liquid
like high thermal conductivity, the heat transfer in SCFs
is considered to be faster than that in gases. The
experimentally observed dielectric recovery time in an air
insulated plasma switch is in range of a few to tens of
millisecond, depending on the air flushing rate, while
from rough prediction by a simple analytic model, the
recovery time in SC N2 is about 1.5 ms at pressure of 150
bar [11].
In the experimental test we measured the recovery of SC
N2 as a function of pd under the 5 kHz in burst mode. We
only use pre-fire mode here. Breakdown occurs below the
charging voltage of 30 kV. The repetition rate was
increased from 5 to 5000 Hz (corresponding to time lag
between two succeeding pulses varying between 200 µs
and 0.2 s). Figure 9 gives the measured recovery
breakdown voltage of the SC N2 switch at pressures of 30
- 75 bar and gap width of 0.25 mm. Drawing a line from 1
Hz to 5 kHz in figure 9, we estimate that at pressure of
e.g. 75 bar, the recovery breakdown voltage at 5 kHz has
decreased to ca. 80 % of the cold breakdown value (value
at 1 Hz).
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gap. Without forced flushing, the arc voltage in SC N2
switch has a value of  100 V from 100 µs onward after the
breakdown. Under situation of forced flushing the value of
arc voltage is higher than that without flushing, and
increases after each temporary interruption in the scenario
of forced flushing. This increase might reflect the negative
current-voltage characteristic of arcs in gaseous media.
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Figure 9. Results from the 1-5000 Hz pulse source: the recovery
breakdown voltage of the SC N2 switch in pre-firing mode as a function of
time lag between pulses. The relation with the cold breakdown voltage (= 1
Hz) is estimated by drawing a line from 1 Hz till 5 kHz of the measured
data. No SCF flushing is supplied during the experiment.

4.3 ARC INTERRUPTION ANALYSIS
Current and voltage traces in case of successful
interruption will be different from the ones in case of
continued conduction in the switch. If the SC switch is able
to interrupt the current and can recover to a non-conducting
state before all the energy in the capacitors is dissipated, the
capacitor C2 will be charged again by C1. A transient
recovery voltage will be observed on the anode of the SC
switch. On the other hand, if the SC switch cannot interrupt
the current, all the energy in C1 and C2 will be deposited
into the discharging loop of the switch and C2 will not be
recharged by C1. The current through the SC switch will
decay to zero.
In case of the arc current shown in figure 7(a), a
successful interruption was observed at 2 ms after the arc
imitation in a gap of d > 1.7 mm, with forced flushing
estimated to be 50 Liter/h (corresponding to 2.73 m3/h at
STP). Examples of the arc voltage and arc current under the
situation of successful arc interruption are shown in figure
10 and figure 11, in the scenario of forced N2 flushing with
volume of 50 Liter/h and no flushing, respectively. In the
arc voltage measurements the voltage induced in the
measurement loop by the oscillating current is
approximately 10 % of the signal.
From the enlarged view of the selected two time regions
for the temporary current interruptions in figure 10: t =
901.8 µs and t = 906.4 µs, we can see that the current was
temporarily interrupted, which can be identified by a shortduration rise of transient recovery voltage. After a
temporary interruption of 0.2-0.3 µs, the SC switch
undergoes a re-ignition, which is represented by the voltage
collapse and continuation of (arc) current. After about 2 ms
the current is successfully interrupted, and the voltage on
the anode of the switch rises to 500 V and remains almost
constant. By comparing figure 10 and figure 11 we
observed that the current was interrupted 0.15 ms later
without flushing than with forced N2 flushing through the

Figure 10. Voltage and current waveforms measured in SC switch in the
arc interruption circuit. Pressure 50 bar, gap width 1.814 mm, L2 = 9.8 mH,
and C2 = 1 nF. Forced N2 flushing of about 50 Liter/h (2.73 m3/h at STP)
was supplied during the experiment.

Figure 11. Voltage and current waveforms measured in the SC switch in
the arc interruption circuit. Pressure 5 MPa (50 bar), gap width 1.814 mm,
L2 = 9.8 mH, and C2 = 1 nF. No forced N2 flushing was supplied during the
experiment.

The dependence of the interruption capability on the
pressure of the medium and on the flushing was
investigated. The current and voltage slopes at the
moment of successful arc interruption (di/dt and du/dt
respectively) at the pressure of 1-4 MPa (10-40 bar) are
illustrated in Figure 12. The value of the current rise slope
di/dt first slightly increases with pressure, then for p > 2
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MPa (>20 bar), decreases slightly with pressure, while in
conventional gas media the behavior is a monotone
increase with pressure. This abnormality needs more
investigation. The rate-of-rise of transient recovery
voltage du/dt increases with pressure, which is consistent
with the observations in conventional gas media. The arc
duration as a function of the pressure, under forced
flushing and no flushing situation, is given in Figure 13.
From the figure we can see that the current is interrupted
earlier with higher pressure and under forced flushing
situation. Both figure 12 and figure 13 suggest that forced
flushing results in faster recovery of the former arc
channel.
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Figure 13. The arc duration under situation of forced flushing and no
flushing, at various pressures.
300 K
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20000 K

Temperature on axis

Streamer stage

0

Conservation of
mass,
momentum,
total energy

Streamer-spark transition stage

ns

Spark-decay stage

μs
Time defined in the model

Figure 14. Simulation stages in our physical model and the estimated
temperature on the axis of the spark channel in SC N2.

Figure 12. The rate-of-rise of current di/dt and rate-of-rise of recovery
voltage du/dt at the moment of successful arc interruption in the SC switch,
under situation of forced flushing and no flushing situation, at various
pressures.

5 PHYSICAL MODELING
To gain insight in the mechanisms of arc development,
we developed a 1D physical model of the breakdown,
heating, expansion and cooling process in SCFs. The
model and its details are published in [22]. In the model
we simulated the streamer-to-spark transition and the
discharge & post-discharge phase inside the SC N2
breakdown. The rough time scale for physics during
these processes and the temperature of neutral N2
temperature is given in figure 14.

The input energy for the discharge is taken from the
electric field in the gap. Electrons are accelerated and
collide with various gas species, thus transferring energy
from the electric field to the medium. The electric field
wave shape is taken from the experimental data
(measured current and circuit equations). The physical
equations of the model comprise the gas dynamic
conservation laws plus source terms for energy input,
energy storage and energy losses. The Euler equations
[23–25] which cover the equations of conservation of
mass, momentum, and energy are applied in the model,
seen in equation (5), where  [kg/m3] is the mass density,
u [m/s] the velocity, p [Pa] the pressure,  [J/m3] the total
energy density, v [ J/m 3 ] the vibrational energy density,
E [J/m3] the electronically excited energy density, Qin
[J/m3/s] the local power input density, Qout [J/m3/s] the
local power output density, QR [J/m3/s] the external
discharge energy input rate, QVT [J/m3/s] the power
density relaxed from vibrational to translation energy
level of N2, and QET [J/m3/s] the power density relaxed
from electronically excited levels as well as dissociation
and ionization of N2 molecules, V the fraction of the
energy which goes into vibrational excited level, E the
fraction of energy used for ionization together with the
part of electronic excited energy which will not be
relaxed immediately, respectively.
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We assume that when the N2 temperature in the discharge
channel reaches above 5000 K, the spark channel is in local
thermal equilibrium state. The model takes the results of the
streamer simulation in N2 (we scale the parameters at 0.1-8
MPa (1 bar up to 80 bar) by similarity law), and considers
the energy deposition from external source, energy transfer
in different energy levels, and energy loss due to different
mechanisms: fluid expansion, energy relaxation from
excited levels, and heat transfer. We simulate the
parameters of N2 in the spark channel till 200 μs after the
streamer stage, where the temperature in the channel decays
below 700 K.
ρ
1  (  ur)

0
r r
t
 ( u)
1  ( u 2 r )  p
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r
t
r
r
ε
1  (u( ε  p)r)

 Q in  Q out
r
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 εV
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r
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nitrogen:
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The simulated results for the temperature of the neutral N2
molecule in the discharge channel as a function of time and
space is depicted in figure 15. Further results of the
physical model show, for SC N2 with parameters of p = 80
bar and T = 300 K, that within nanosecond duration the
spark fully develops. For a pulsed power waveform of 200
ns width it takes about 10 µs, after spark formation, for the
temperature on the axis of the spark channel to decay to a
value under 1500 K, seen in figure 16. We remark that
these calculations only resolve the radial structure of the
channel. Full 2 dimensional simulations are under way.
The dielectric recovery breakdown voltage of the SC
switch gap Ubd is calculated with the streamer inception
criterion with enhanced ionization, as been introduced in
section 4.1. Three working pressures: 80 bar, 10 bar, and 5
bar are simulated. The simulated recovery breakdown
voltages in N2 at these three working pressures are given in
figure 17. The simulated cold breakdown voltage has a
value of 29 kV at p = 8 MPa (80 bar), d = 0.3 mm, 22 kV at
p = 1 MPa (10 bar), d = 2 mm, and 11:8 kV at p = 0.5 MPa
(5 bar), d = 2 mm, respectively. After the extinction of the
applied energy (current lasting about 200 ns), the
breakdown voltages at the three working pressures start to
recover. At a time moment of 200 µs after the breakdown,
the breakdown value at 8 MPa (80 bar) recovers to
approximately 50 % of the cold breakdown value. The
recovery breakdown voltage at p = 1 MPa (10 bar) and at p
= 0.5 MPa (5 bar), however, recovers to less than 25 % of
the cold breakdown voltage at the moment of 200 µs after
the breakdown.
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Figure 15. Space-time plot of the N2 temperature calculated by the model.
Radius of spark channel with the region defined as temperature above
1/e·Tg,r=0 (Tg,r=0: temperature on the axis of the spark channel), 500 K, 1000
K, 2000 K, 5000 K, 10000 K, and 20000 K and respectively.

Figure 17. Comparison of the experimental and modeling results of the
recovery breakdown voltage in SC N2 switch at various N2 pressures.
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Figure 16. N2 temperature on the axis of the spark channel with initial
parameters of pd  24 bar  mm , TN2 = 300 K, and d = 0.3 mm.

The measured recovery breakdown voltages of a SC
N2 switch at time lags between two pulses in the range of
200 µs - 1 s are also plotted in figure 17. From the figure
we can find that at a similar gap width, the simulated
breakdown voltages have good consistency with the
experiments, though are slightly lower than the
experimental measurements. The percentage of the
simulated recovery breakdown voltage (at p = 80 bar, d =
0:3 mm) to the cold breakdown value at 200 µs is 50 %.
The experimental results of 7.5 MPa (75 bar), 0:3 mm at
5 kHz repetition rate (time lag between pulses 200 µs)
are 80 % of the value at 5 Hz. The comparison of the
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simulation and experimental results of the dielectric
recovery voltage in a SC N2 switch is summarized in
table 2.
Table 2. Summary of the breakdown strength and dielectric recovery in
SC N2 switches so far.

Parameter

Experimental
75 bar, 0.25 mm gap,
transported charge
100 µC

Conditions
Recovery time after
current excitation of
200 ns (no N2 flow)
ratio Ubd over cold
BD value
Breakdown field at
low repetition rate

Calculations
80 bar, 0.3 mm gap,
transported charge
180 µC

200 µs or less
80 % after 200 µs

60 – 180 kV/mm
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