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Abstract. In this paper the parameters of two types of high-current switches based on ferroelectric BaTiO3
ignition are presented. Both types of switches showed a reliable and controllable operation with a repetition
rate of several Hz. The first type is a vacuum two-electrode switch ignited by the plasma which is generated
by a BaTiO3 cathode. This type of switch was tested in the voltage range of 3—25 kV and switched current
amplitude of 2—15 kA with either negative or positive polarity of the high-voltage electrode. The second
type is a BaTiOs surface flashover strip-like switch ignited by a driving pulse which has an amplitude of
several kV. It was shown that the application of the driving pulse (>10 kV) leads to the appearance of
many non-complete surface discharges which transform further to a multi-channel discharge. This type
of switch was tested in the voltage range of 1—25 kV and current amplitude of 0.5—15 kA. The design
of the switches, their lifetime, the time jitter and the parameters of the switched current for different
discharge conditions are presented.

PACS. 52.75.Kq Plasma switches (e.g., spark gaps) — 52.50.Dg Plasma sources — 77.80.Fm Switching

phenomena

1 Introduction

One of the key elements in pulsed power technique is re-
liable and controllable operation of switches which allows
fast (nanosecond time scale) switching of high current
pulses (103—10°% A). There are many common types of
switches, the operation of which is based on a liquid (wa-
ter, transformer oil), on a solid-state dielectric, or on a
vacuum or pressurized gas electrical breakdown [1,2].

Liquid and solid-state switches are usually used in the
cases when it is necessary to minimize the self-inductance
of the switch and to switch a pulse with a large current
amplitude [1,2]. The main disadvantages of this type of
switches are large erosion of electrodes and strong shock
wave formation (liquid switches) and a single-mode switch
operation (solid-state switches). Vacuum switches are usu-
ally used in the case of large current switching when there
are no restrictions for the rise time of the switched current
and the time jitter in the beginning of the discharge.

For switching current with a moderate amplitude
(103—-10° A), various types of gaseous switches are the
most often used. These switches can also be divided into
several groups, namely with self-breakdown of the inter-
electrode gap, distortion of the electric field in the inter-
electrode gap and trigatron initiation (triggering) of the
switching process. Self-breakdown switches only operate
when the voltage drop between the switch electrodes
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reaches its breakdown value. Therefore, in order to operate
with a different discharge voltage one has to change either
the gas pressure or the inter-electrode gap length inside
the switch. Thus, the most commonly used switches with
a broad controllable range of discharge voltage are gaseous
switches with electric field distortion and trigatron initia-
tion. However, reliable triggering of switches with electric
field distortion requires a (>10%* V) pulse and switches
with trigatron initiation have a relatively short lifetime
(~10% shots) and a strong polarity effect [1].

There is also another type of switches whose operation
is based on a flashover along the surface of a dielectric
placed between two electrodes [3-6]. Such switches have
a low inductance and can be used for switching current
with an amplitude in the range of 10°—10% A. However,
the lifetime of these switches is short and they require
(~10° V) triggering pulses for controllable operation.

In this paper we describe experimental results of
the operation of a low-pressure triggerable two-electrode
switch and a pressurized gaseous strip-like switch based
on a gas discharge. This discharge is initiated by a fer-
roelectric plasma cathode [7] which serves as a source
of charged particles. Successful applications of ferroelec-
tric cathodes for triggering low-pressure hollow-cathode
switches were reported in references [8-10]. These experi-
ments showed that triggering by a ferroelectric cathode re-
sults in a small time jitter (<10 ns) of the hollow-cathode
switch operation with a switched current amplitude up to
130 kA [8,10].
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Fig. 1. Experimental setup. (a) Two-electrode gaseous switch;
(b) surface flashover strip-like switch.

The intense electron emission (1-100 A /cm?) from fer-
roelectric cathodes has been studied widely during the last
decade since this phenomenon was reported [11]. It was
shown that the electron emission follows the application
of a driving pulse with an amplitude of 102—~10* V and
duration of 1077—107% s to a ferroelectric sample covered
by a front electrode which is made of strips and a solid
rear electrode. Recent investigations [12-22] showed that
in the case of the existence of micro-gaps between the front
electrode and the front surface of the ferroelectric, the
copious electron emission occurs from a surface plasma.
This plasma is formed on the front surface of the ferro-
electric sample as a result of surface flashover initiated in
triple points [1]. The plasma electron temperature T', and
density n;, were found by different electrical and spectro-
scopic methods to be T. < 3 eV and np < 1013 em—3.
Results concerning the lifetime of ferroelectric cathodes
were reported in references [20,21]. It was shown that a
ferroelectric cathode based on BaTiO3 composition has a
longer lifetime (>105 shots) compared with other ferro-
electric ceramics, namely PZT and PLZT. The simplicity
of this triggering source design and its long lifetime stim-
ulated the present research.

2 Experimental setup and diagnostics

The setup for the two-electrode gaseous switch is shown in
Figure la. A Tektronix power supply was used to charge a
Maxwell low-inductance capacitor of 0.15 uF in the range
of charging voltages of + (2—25) kV. This high-voltage ca-

pacitor was discharged by the tested switch on a resistive
load of 2—4 © or on the inductive load of ~100 nH.

The switch consists of a high-voltage stainless steel
electrode placed at a distance of 8 mm from a stainless
steel grounded grid. The optical transparency of the grid
was 75%. A metal ring having an electrical contact with
the front electrode of the ferroelectric sample held this
grid. The distance between this front electrode and the
grid was 2 mm.

The ferroelectric sample was a BaTiOs disk (dielec-
tric permittivity € ~1500) of 44 mm diameter and 3 mm
thickness. A copper electrode made of strips with 1 mm
width each and 1.5 mm distance between adjacent strips
was glued to the front surface of the disk. A solid copper
electrode was glued to the opposite side of the disk. Both
electrodes had a diameter of 20 mm. The BaTiO3 sample
was held by a Teflon insulator and was placed together
with the grid and the high-voltage electrode inside a per-
spex box (see Fig. la) where a vacuum in the range of
10~1—1073 torr was kept by turbo-molecular and rotary
pumps.

To produce the plasma on the front surface of the fer-
roelectric a pulsed generator was used. The generator pro-
duced driving pulses with an amplitude 4—12 kV, pulse
duration 400 ns and repetition rate up to 50 Hz. When
this driving pulse is applied to the rear electrode of the
ferroelectric sample plasma formation occurs at the front
surface due to incomplete surface discharge.

The experimental setup for the flashover pressurized
strip-like switch is shown in Figure 1b. This switch was
tested using the same electrical scheme as for the two-
electrode gaseous switch. The switch was made of a ferro-
electric BaTiOgs disk. The discharge occurs between two
copper electrodes with 2 cm width which were both glued
to the front surface of the ferroelectric sample and sep-
arated by 10 mm distance. To ignite a discharge be-
tween these electrodes, a driving pulse, produced by the
same pulsed generator, was applied to a solid copper
electrode glued to the opposite side of the sample disk.
The sample was placed inside the perspex chamber where
the air pressure or SFg pressure was kept in the range
of 7.6 x 102—3.8 x 10% torr.

The driving voltage and discharge current were mea-
sured by a Tektronix voltage divider and a current viewing
resistor (0.01 ), respectively. The light emission from the
discharge gap was observed by a 4 ps fast framing camera
(frame duration > 1 ns) with and without narrow band
(80 A) H, and Hj filters. By varying the camera trigger-
ing time we obtained a set of framing photographs of the
emitted light at different times of the switch operation.

3 Experimental results

3.1 Two-electrode gaseous switch with ignition
by plasma charged particles generated
by the ferroelectric cathode

At first we checked the operation of the switch at normal
pressure. When the distance between the grid electrode
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and the front surface of the ferroelectric was of 5 mm
we were not able to control the triggering of the switch
in all the range of the tested voltages, i.e. ¢ < @pr.
Here ¢, = 26 kV is the self-breakdown voltage in our
experimental conditions. Decreasing the distance between
the grid electrode and the front surface of the ferroelec-
tric to 2 mm slightly improved the situation with con-
trollable switching. It was found that in this case suc-
cessful triggering of the switch could be achieved when
the amplitude of the driving voltage pq, was >10 kV
and the voltage drop between the switch electrodes was
>0.9¢p,. Such a narrow range of switch triggering can
be explained by the fast decrease of the electron density
of the surface discharge plasma while increasing the dis-
tance from the front electrode of the ferroelectric sample.
In addition, this narrow range can be related to the small
mean free path of the plasma ions. Indeed, the collision
frequency ve, of plasma electrons with neutral atom and
molecules can be estimated as ven = nn(Vepoe) = 109 s~ 1.
Here Vop ~ 108 cm/s is the velocity of plasma elec-
trons for an electron plasma temperature of 3 eV [22],
nn A~ 2 x 10 ¢cm™3 is the neutral atom density at nor-
mal pressure, and o, ~ 1078 cm? is the cross-section for
electron collision with neutral atoms and molecules [23]. A
large electron collision frequency leads to a fast decrease of
the electron plasma density due to attachment with elec-
tronegative atoms and molecules. For instance, at normal
pressure the electron lifetime with respect to attachment
is ~10 ns [23]. Also, one can estimate the mean free path
of the plasma ions as A ~ (n,0;)~! < 0.01 mm, where
o; = 10716 cm? is the cross-section for ion collision with
neutral atoms and molecules [24]. Even for energetic di-
lute plasma flows [17] (n. ~ n; < 10" em™3, energy of
plasma particles < epq,) which are generated during the
application of the driving pulse, the mean free path does
not exceed 1 mm. Taking into account that the density of
the surface discharge plasma and the energy of the plasma
particles increases with the increase of the driving pulse
amplitude [17,22], one can conclude that only when start-
ing with ¢4, > 10 kV, a part of the plasma charged par-
ticles reaches the inter-electrode gap of the switch causing
the initiation of the discharge.

It is possible that a further decrease of the distance
between the grid electrode and the front surface of the
ferroelectric could improve the situation with the control-
lable switching. However, in this case the front surface of
the ferroelectric could be damaged by the part of the dis-
charge current that penetrates through the grid electrode.

In order to achieve controllable switch operation it was
necessary to increase the mean free path of plasma charged
particles. Indeed, a controllable triggering in the range
of 3—26 kV was achieved by decreasing the pressure in-
side the switch to P = 1071—1073 torr. In this pressure
range we did not obtain any change in the switch oper-
ation. However, we did obtain a significant difference in
the beginning of the discharge between a negative and a
positive high-voltage electrode.

In the case of a positive high-voltage electrode the
switching process began with a time delay of ~ 50 ns with
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Fig. 2. Typical waveforms of the discharge current and driving
voltage for different charging voltages of the storage capacitor.
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Fig. 3. Dependence of the discharge current on the charging
voltage with a typical waveform of the discharge current (aver-
aged over 20 shots, f = 2 Hz) and the dependence of the time
jitter on the amplitude of the driving voltage.

respect to the start of the driving pulse. Also, the time
jitter of the start of the switching was ~=+ 10 ns which is
similar to the time jitter obtained in reference [8]. It was
found that this time delay and time jitter did not depend
on the amplitude of the driving voltage which was changed
in the range of 5—10 kV. Typical waveforms of the dis-
charge current and driving voltage for different charging
voltages of the storage capacitor are shown in Figure 2.
One can see that the amplitude of the discharge current
reaches 15 kA at a charging voltage of pq, = 25 kV. We
also tested the operation of the switch with a repetition
rate up to 2 Hz for a few minutes. This test showed no
changes in the switching characteristics.

Also, the same controllable switch operation was
achieved in the case of a negative high-voltage electrode.
In Figure 3 we present the dependence of the discharge
current on the charging voltage. In the same figure we
also show a typical waveform of the discharge current and
the dependence of the time jitter on the amplitude of
the driving voltage. As one can expect for the gas spark
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Fig. 4. Dependence of the discharge current on the charging
voltage of the storage capacitor. Background medium: pressur-
ized air.

switch operation, the switched current depends linearly on
the charging voltage of the storage capacitor. We also ob-
tained good reproducibility of the switched current while
the switch was operated with a repetition rate of 2 Hz.

However, in the case of the negative high-voltage elec-
trode we obtained a significant time delay in the beginning
of the switching process with respect to the start of the
driving pulse and a large time jitter which depended on
the amplitude of the driving voltage. The difference in the
switch operation can be explained by the properties of the
plasma formed on the front surface of the ferroelectric. In
reference [17] it was shown that the formation of this sur-
face plasma is accompanied by a fast electron flow. Thus,
in the case of a positive high-voltage electrode, this fast
electron flow initiates a discharge between the spark gap
electrodes by ionization of residual gas. In the case of a
negative high-voltage electrode, this ionization process is
caused by plasma ions which require a certain propagation
time between the front surface of the ferroelectric and the
grid electrode of the switch.

3.2 Flashover pressurized two-electrode strip-like
switch with ignition by plasma charged particles
generated by the ferroelectric cathode

Experiments with flashover pressurized two-electrode
switch were carried out with air pressure in the range of
7.6 x 10°—3 x 103 torr. The application of pressurized gas
was necessary in order to increase the range of charging
voltages of the storage capacitor. In some experiments we
used also SF¢ gas which allowed us to keep the discharge
voltage at a lower pressure. The time delay in the begin-
ning of the switching process with the respect to the start
of the driving pulse was found to be 50 + 20 ns. The in-
crease of the amplitude of the driving voltage from 5 kV
to 10 kV led to a decrease of this time delay to 30 £ 5 ns.

In Figure 4 we present the dependence of the discharge
current on the charging voltage of the storage capacitor.
One can see that the discharge current amplitude depends
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Fig. 5. Typical waveforms of the discharge current obtained
for different background pressures and gases but for the same
charging voltage of v, = 8 kV of the 0.1 uF storage capacitor.

linearly on the charging voltage of the storage capacitor
for background pressure <2 x 103 torr.

Similar decrease of the amplitude of the discharge cur-
rent for the same charging voltage was obtained when the
switch was operated with SFg gas. In Figure 5 we present
waveforms of the discharge current obtained for different
background pressures and gases but for the same charg-
ing voltage of 8 kV. One can see significant decrease of
the amplitude of the discharge current when the switch is
operated with SFg gas. Moreover, the larger was the pres-
sure of the SFg gas the smaller was the amplitude of the
discharge current. This phenomenon can be explained by
the increase of the resistivity of the discharge channels as
well as by the decrease of their number.

Similar decrease of the discharge current amplitude for
the same charging voltage was obtained when the switch
was operated in the self-breakdown mode (see Fig. 6). One
can see that the amplitude of the discharge current de-
creases as much as by 20% for the self-breakdown mode
compared with the current amplitude for the triggerable
mode of the switch operation.

In order to understand the significant decrease of the
amplitude of the discharge current we took fast framing
photographs of the switch operation with and without
narrow band (8 nm) H, and Hp filters. In Figure 7 we
present a set of framing photographs obtained without
the discharge of the storage capacitor when only a driving
pulse was applied to the rear electrode of the sample. The
obtained photographs show light emission from many sur-
face discharge channels. This light emission begins almost
simultaneously with the start of the driving pulse and con-
tinues until the driving pulse reaches its maximum ampli-
tude. Similar framing photographs were obtained in our
recent research of ferroelectric cathodes which was carried
out in vacuum [16]. The difference between the present
photographs and those obtained in reference [16] is in the
faster decay of the light emission. This difference is re-
lated to faster plasma electron disappearance due to the
attachment process in the case of a high-pressure switch
operation.
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Fig. 6. Typical waveforms of the discharge current for the
same charging voltage of the storage capacitor 0.1 uF ob-
tained in self-breakdown and triggerable modes of the switch
when operating with (a) pen = 7.8 kV, resistive load of 2 Q;
(b) pen = 6.7 kV, inductive load of ~100 nH.

The obtained incomplete surface discharges trigger the
main discharge when a dc high voltage is applied be-
tween two electrodes. We obtained a set of framing pho-
tographs which showed that the discharge occurs via many
plasma channels which were initiated by a driving pulse
(see Fig. 8). The number of the bright discharge chan-
nels varies from shot to shot in the range of 6—10 chan-
nels. Taking into account that the width of the electrodes
is 2 cm one can conclude that there are 3—5 bright dis-
charge channels per cm. On the contrary, in the case of
self-breakdown, only 1-2 bright channels were observed.
Thus we believe that the obtained decrease of the dis-
charge current amplitude in the case of the self-breakdown
discharge is related to a significant increase of the number
of bright discharge channels. Indeed, a simple electrical
analysis of the obtained ringing current waveforms in the
cases of the triggerable and self-breakdown modes of the
switch operation showed that the difference in the resis-
tance of the corresponding discharge channels could be as
high as ~0.15 Q. It was found that the obtained light emis-
sion of the discharge channels disappeared within 15 us
after the beginning of the discharge. This allows one to
estimate the maximum repetition rate of this switch op-
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Fig. 7. Set of framing photographs obtained without storage
capacitor discharge when only a driving pulse was applied to
the rear electrode. Without filters: frame of 10 ns, gain voltage
of 850 V. With H, and Hp filters: frame of 50 ns, gain voltage
of 950 ns. Positive driving pulse is applied to the rear electrode.

eration as <100 kHz. In addition, it was shown that the
operation of this type of switch does not depend on the
polarity of the high-voltage electrode.

We checked the operation of this type of switch at a
repetition rate in the range of 2—10 Hz during 30—60 min-
utes with inductive and resistive loads (see Fig. 9). This
test showed that there was no change in the switch opera-
tion and that there was no damage of the switch surface.
The latter is very important for a long switch lifetime
but it is in some sense in contradiction with the results
obtained in reference [21] which showed significant ero-
sion of the ferroelectric surface with an increasing number
of driving pulses. We believe that this contradiction can
be explained because of the different types of discharges
which occur in vacuum and in a gas medium. In the case
of surface discharge in vacuum, the plasma is formed by
ionized atoms and molecules of the ferroelectric material
and this is the reason for the surface erosion. In the case
of surface discharge in the presence of gas, the plasma is
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Fig. 8. Set of framing
photographs obtained with
the discharge of the storage
capacitor. Framing photo-
graphs with 5 ns exposure
were obtained with 750 V
gain voltage and with H, fil-
ter. A framing photograph
with 1 ns exposure was ob-
tained without filter and
with 550 V gain voltage.

1 160 - 1165 ns

formed by the ionized atoms and molecules of the gas.
Therefore, one can obtain reproducible and long lifetime
switch operation without surface erosion in the presence
of a gas medium.

4 Summary

We presented results of experimental investigation of two
types of high-current, high-voltage switches, namely a
two-electrode gaseous switch and a surface flashover strip-
like switch. Controllable operation of the switches was
achieved by a ferroelectric BaTiOg plasma cathode which
plays the role of a trigger. The application of a driving
pulse with an amplitude in the range of 5—10 kV leads
to plasma formation on the front surface of the ferro-
electric due to incomplete surface discharge initiated in
triple points. This plasma was used as a source of charged
particles which causes effective breakdown of the inter-
electrode gap of the tested switches.

The main advantages of ferroelectric triggering is the
relatively low amplitude of the driving pulse and the broad
range of operational switch voltages (3—25 kV). It was
shown that the application of the ferroelectric triggering
allows to achieve a nanosecond time scale jitter in the
beginning of the discharge in both types of switches. In
the case of the surface flashover switch, the high dielectric
permittivity of the ferroelectric allows to obtain a multi-
channel discharge. This discharge is characterized by a sig-
nificantly smaller resistance compared with the resistance
of a one-channel discharge. In addition, it was shown that
these switches have reliable, controllable and long lifetime
operation with a repetition rate of several Hz and cur-
rent amplitude of 2—15 kA with both polarities of the
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high-voltage electrode. Thus, we believe that these simple
switches can be successfully used in pulsed power research
as an alternative to gaseous switches with commonly used
trigatron initiation or with electric field distortion.
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