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Abstract

The gas discharge in a gas peaking switch was experimentally studied and numerically simulated. For simulation, the
discharge was divided into two phases, gas breakdown and voltage collapse. The criterion for an electron avalanche to
transit to streamer was considered as the criterion of gas breakdown. The spark channel theory developed by
Rompe-Weizel was used to calculate the spark resistance. It was found that the prepulse considerably lowers the voltage
pulse applied to the gap. Even for a given input pulse, the voltage pulse applied to a peaking gap is different for different
gap distance due to existence of a different prepulse. In this case, the breakdown voltage of a gas peaking gap depends
on gas pressure and gap distance, individually. For nitrogen pressure varying from 3 MPa to 10 MPa and gap distance
from 0.6 mm to 1.2 mm, the peak electric field higher than 2 MV/cm was achieved when breakdown. The output 10%
to 90% rise time, 7., varies from 145 ps to 192 ps. As gas pressure increases, ¢, decreases, which can be explained by the
fact that the breakdown field increases with the increase of gas pressure. It was found in experiment that the jitter in 7,
could be attributed to the jitter in breakdown field. Instead of getting longer, the averaged experimental ¢, gets shorter as
gap distance increases from 0.6 mm to 1.2 mm, which differs from the results of calculation and indicates there may exist
something, other than electric field, that is also related to ¢,. The reason for this difference may lies in the inverse
coefficient of spark resistance varying with gap distance. On the whole, the results from the calculations agree with the

experimental ones.
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1. INTRODUCTION

Pulsed power provides the technological basis for the pro-
duction and application of intense particle and laser beams
(Mesyats, 2003; Korovin et al., 2003; Mesyats et al., 2003).
Ultrafast switch (Frost et al., 1993) is a key component for
constructing an ultra-wideband source (Agee ef al., 1998;
Prather et al., 2000; Andreev et al., 2003) that is of interest
for a variety of potential applications ranging from transient
radar system to underground objects detection. In order to
deliver a fast-rising pulse to a load, an ultrafast closing
switch, called peaking switch, is usually used. For a gas
peaking switch it is critical to make as high as possible the
electric field between two closely spaced electrodes. If
subnanosecond rise time is desired, it is usually to operate
the peaking gap at gas pressure of about 100 atm and to
pulsed charge the gap as quickly as possible.

The closing process of a spark gap could be divided into
two phases, gas breakdown and voltage collapse. The first
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phase begins from an electron avalanche and ends at a
streamer bridging electrodes. It determines switch delay and
breakdown voltage. In the second phase a well conducting
current channel was produced due to Joule heating, leading
to a rapid falling of the gap voltage. Thus, it determines the
rise time of output pulse.

Although much research work was done on spark gap
switches (Schaefer e al., 1990), few reports were found on
gas discharge in the gas peaking switch operating under
high stress, short pulse conditions. In this paper, two models
were established for the discharge in a gas peaking switch,
one for gas breakdown phase and another for voltage col-
lapse phase. Based on these models the gas discharge of a
gas peaking switch was numerically simulated. The calcu-
lation results were compared with the experimental ones.

2. MODELS
2.1. Model for gas breakdown phase

For a gas peaking gap being pulsedly charged and self-
breaking down, switch delay 7, is an important parameter
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since the breakdown voltage U, can be determined by U, =
U(t)|,~,,» where U(z) the pulsed voltage is applied to the
gap. As we know (Kuffel & Zaengl, 1984), ¢, can be expressed
as formula (1):

ty=ty+ts+1; (1)

U([)|t:t0 = Uy, )

where U is the static breakdown voltage of the gap. 7, and #,
are statistical delay and formative delay, respectively.
Among the three components of #,, £, is the easiest one to
be determined. For the commonly used gases, such as hydro-
gen and nitrogen, in gas peaking switches, U, can be found
in the paper by Avilov & Belkin (1975). With the known U,
fo can be easily determined from formula (2). In general, 7 is
the most difficult one to be determined. However, it is
reasonable to consider that any initial electron will become
breakdown initiating electron and, for simplicity, to assume
t,= 01in the case of a gas peaking switch using non-attaching
gas such as nitrogen at high pressure and under extremely
high electric field. As for f;, it is the transit time of gas
breakdown phase and consists of two portions. The first one
is the time it takes an electron avalanche to transit to
streamer, the second one is the time it takes the streamer to
connect electrodes. The advent of streamer serves to greatly
enhance the propagation speed of the discharge in gas
breakdown phase. Thus, the major portion of #, is the time of
electron avalanche development. Based on this point, a
model of the discharge in gas breakdown phase was estab-
lished, in which the criterion, proposed by Raether (1964),
for an electron avalanche to transit to streamer is considered
as the criterion of gap breakdown. With this assumption, the
calculation of discharge in gas breakdown phase was sim-
plified to the calculation of an electron avalanche.
Electron ionization coefficient «, electron drift velocity
V4., and electron diffusion coefficient D are the important
parameters for calculating space charge resulting from an
electron avalanche. While it is easy to find the experimental
data of these parameters, it is difficult to find the data
obtained from experiments with gas pressure and electric
field as high as that in a gas peaking gap. Fortunately, the
theory of motions of electrons in gases, confirmed by innu-
merable measurements, shows that the fundamental exper-
imental parameter is not gas pressure p or electric field £
individually, but their ratio E/p (Bates, 1962).

2.2. Model for voltage collapse phase

Figure 1 shows the experiment on a gas peaking gap as well
as the equivalent circuit. In the circuit z, is the impedance of
the transmission cable that is used to charge the switch. R is
the match resistor. C is the capacitance of peaking gap that
could be calculated from the gap geometry. K is an ideal
switch that is closed when the gas gap breaks down, that is,
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Fig. 1. The experiment on a gas peaking gap and the equivalent circuit
used to model the experiment.

K is closed when the voltage collapse phase begins. L juumer
and R ... are the inductance and resistance of the spark
channel of the switch, respectively. Just the same as gap
inductance C, L 4,0 could also be calculated from the gap
geometry. R ... 18 a time-dependent resistance that will be
discussed below (Figs. 1a and 1b).

The time-dependent spark channel resistance was the
subject of research by many investigators since the early
1900s (Engel et al., 1989) and many models were estab-
lished to describe the resistive phase, the decrease of spark
channel resistance. In general, the energy balance in the
spark channel was considered. The energy losses by thermal
conduction and radiation were usually necessary to be taken
into account.

Since the resistive phase of a peaking switch takes a very
short time, less than 1 ns, there is no marked expansion of
the discharge channel in the gap, and the loss of energy by
thermal conduction and radiation is negligibly small. The
stored energy is expanded principally in transferring kinetic
energy to the electrons and in ionizing and exciting atoms
and molecules of the gas. By taking these effects into
consideration, we believe that the theory of spark channel
resistance by Rompe & Weizel (1944) is most suitable to a
gas peaking switch. The spark channel resistance could be
determined by the following formula:

1/2
Rty =d- [ — L2\ 3)

2afi(t)2 dt
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where d is the gap length, p is gas pressure, i (¢) is the current
flowing through the channel, a is a coefficient characteriz-
ing the nature of the gas.

3. RESULTS AND DISCUSSION

In order for calculation results to be compared with experi-
mental ones, the calculation was performed with the same
conditions as that in experiment. The experimental appara-
tus is shown schematically in Figure 1. The pulse generator
is similar as that described by Frost. Figure 2 is the wave-
form measured with the input monitor installed at a position
about 1 meter from the peaking gap. The first peak, about
135 kV in amplitude and 1 ns in rise time, is the input
voltage pulse to the peaking gap, the second one, about 10 ns
from the first one, is voltage pulse reflected from the peak-
ing gap. The reflected pulse is lower than the input pulse due
to the gap breaking down. The data of the input voltage
pulse sampled with a digital oscilloscope were fed into
discharge simulating code. The peaking gap is in between
two plate electrodes of 14 mm in diameter and the gap
spacing varies from 0.6 mm to 1.2 mm. Nitrogen at a
pressure varying from 3 MPa to 10 MPa was chosen as
working gas.

3.1. Gas breakdown

As was well known, the small interelectrode distance does
yield high capacitance, even for relatively small diameter
electrodes. Moreover, this high spark gap capacitance, 1.7
pF to 3.4 pF in our case, and the fast charging time leads to
a strong displacement current which manifest itself as an
undesirable prepulse, as shown in Figure 3.

It was found that the prepulse has an influence on the
discharge in gas breakdown phase. In the past it was usually
considered that the voltage pulse applied to a peaking gap
equals to the input voltage pulse doubling due to reflection,
that is, Uy,(t) = 2Ujyp(t). Actually, the prepulse consid-
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Fig. 2. Input voltage pulse to the gap and the reflected pulse from the gap.
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Fig. 3. The output voltage pulse measured with monitor 2 and the calcu-
lation one.

erably lowers Ugap(t) by Ugap(t) = 2[l]input(t) - Uprepulse(t)] .
Since the gap capacitance is inversely proportional to the
gap distance d, as d decreases, the prepulse increases for a
given input voltage pulse, which leads to decrease of the
voltage applied to the gap.

It was usually believed that the breakdown voltage of a
gas gap depends on the product of gas pressure and gap
distance, that is, U, = f(pd). However, our calculation,
confirmed by our experiment, shows that U, = f(p,d), as is
shown in Figure 4. The reason for this difference lies in the
existence of a considerable prepulse. Even for a given input
voltage pulse, the voltage pulse applied to a peaking gap is
different for different gap distance. In this case, people
should not expect U, = f(pd).

The averaged breakdown field was obtained by E;, =
U, /d. 1t was found that the highest breakdown field for each
gap exceeds 2 MV/cm. As we expected, the shorter the gap,
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Fig. 4. The breakdown voltage of the peaking gap depends on gas pressure
and gap distance individually.
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the higher is the breakdown field. This tendency is similar to
a gas gap when it breaks down by a static voltage.

The breakdown voltage from calculation was compared
with that from experiment, as shown in Figure 5. Every data
point on the experimental curve is a value averaged over
five shots. On the whole, the calculation results agree with
the experimental results. As the pressure goes up, the rise
rate of the experimental breakdown voltage slows down,
which leads to bigger discrepancy between the calculation
results and the experimental ones at higher pressures. The
reason for this bigger discrepancy may be that the electron
emission from cathode due to strong electric field at higher
pressures was not taken into account in the calculation.
From Figure 5, it could be seen that the whole experimental
curve should lie above the calculation curve if the increase
of the experimental breakdown voltage was not slowed
down at higher pressure. This may be explained by the fact
that the statistical delay was assumed to be zero in calcula-
tion, it made the switch delay shorter and breakdown volt-
age from calculation lower.
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3.2. Voltage collapse

The rise time of a pulse, 7., is usually defined as the time it
takes the pulse to rise from 10% amplitude to 90% ampli-
tude. When a gas peaking gap breaks down, the output
voltage pulse rises not from zero due to the existence of a
considerable prepulse before breakdown, as shown in Fig-
ure 2. Thus, it is difficult to locate the 10% point on the
curve of the output pulse after breakdown. In this paper, the
rise time was defined as the time it takes the leading edge of
the output pulse after prepulse to rise from 10% leading
edge to 90% leading edge.

The ¢, from calculation decreases as pressure increases.
This is easy to understand since the breakdown field increases
with the increase of pressure. The fact that ¢, is sensitive
to the breakdown field was further confirmed by experi-
mental results. It was found in an experiment that 7. changes
from shot to shot even with same gas pressure and gap
distance. This jitter in 7, could be attributed to the jitter in
breakdown field, which was shown in Figure 6. In Fig-
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Fig. 5. The comparison of the calculated breakdown voltages with the experimental ones.
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Fig. 6. The dependence of rise time on the breakdown field.

ure 6, four curves were plotted using four arbitrarily cho-
sen sets of the experimental data, each set comes from five
shots with the same gas pressure and gap distance. It is
clear that under same experimental conditions, i.e., gas
pressure and gap distance, the higher is the breakdown
field, the shorter is the rise time.

When the calculated ¢, was compared with the experimen-
tal one, a noticeable disagreement was found. While the
calculated ¢,, as expected, decreases with the decrease of
gap distance, the experimental 7, increases with the decrease
of gap distance. This extraordinary change tendency of the
experimental ¢, with gap distance is difficult to explain. If
the experimental results are correct, the reason for the
disagreement between the calculated 7, and the experimen-
tal ¢, may lies in that the coefficient @ in formula (3) used to
calculate spark resistance was incorrectly assumed to be a
constant in our calculations. From a book by Shao (1982)
translated from a Russian book by Mesyats & Korshunov
(1968), the coefficient a for air and nitrogen was said to be
in arange from 0.8 to 1.0. For simplicity, it was assumed to
be a constant equal to 1 in our calculations. However, we
just find a paper by the same author in which it was shown
that a for air at pressure lower than 0.9 MPa varies with the
gap distance (Mesyats & Korshunov, 1968), as shown in
Figure 7. Although the results of Figure 7 were obtained
from an experiment on air gap of pressure lower than 0.9
MPa, much lower than the gas pressures we considered, the
change of a with gap distance may be similar. Considering
our gap distance varying from 0.6 mm to 1.2 mm and a
going up with the increase of d, spark resistance as well as f,
should be possible to reduce with the increase of d.

Figure 8 shows the comparison of the calculated 7, with
the experimental 7, that was averaged over five shots. On the
whole, they agree with each other. If the change of a with
gap distance is taken into account in calculation, we believe,
the calculated ¢, will agree better with the experimental ¢,.
This will be done in our next research.
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Fig. 7. Dependence of a on gap distance for air at pressure lower than 0.9
Mpa.

4. CONCLUSION

The discharge of a gas peaking switch was divided into two
phases, gas breakdown and voltage collapse. The criterion
for an electron avalanche to transit to streamer was consid-
ered as the criterion of gas breakdown. The spark channel
theory developed by Rompe-Weizel was used to calculate
the spark resistance. The discharge in a peaking switch with
pressurized nitrogen under very fast charging voltage was
numerically simulated. The breakdown voltage and the rise
time of output voltage pulse from the switch were deter-
mined. It was found that the prepulse has an influence on the
discharge in gas breakdown phase. The prepulse considera-
bly lowers the voltage pulse applied to the gap by U,,, (1) =
2[Upu(t) = Uy pepuase(1)]. Since the gap capacitance is inversely
proportional to the gap distance d, as d decreases, the
prepulse increases. Even for a given input pulse, the voltage
pulse applied to a peaking gap is different for different gap
distance. In this case, the breakdown voltage of a gas peak-
ing gap depends on gas pressure and gap distance, individ-
ually, and people should not expect U, = f(pd) as usually
considered. For nitrogen pressure varying from 3 MPato 10
MPa and gap distance from 0.6 mm to 1.2 mm, the peak
electric field higher than 2 MV/cm was achieved when
breakdown. The output 10% to 90% rise time varies from
145 ps to 192 ps. As pressure increases, ¢, decreases which
can be easily explained by the fact that the breakdown field
increases with the increase of pressure. The jitter in ¢, could
be attributed to the jitter in breakdown field. Instead of
getting longer, the averaged experimental ¢, gets shorter as
gap distance increases from 0.6 mm to 1.2 mm, which
differs from the results of calculation and indicates there
exists something, other than electric field, that is also related
to 7.. The reason for this difference may lies in the inverse
coefficient of spark resistance varying with gap distance. On
the whole, the results from the calculations agree with the
experimental ones.
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Fig. 8. The comparison of the calculated 7, with the experimental ¢,.
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