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ABSTRACT

A rail-gap switch with a multistep triggering system was developed. The rail-gap switch consisted of two rail-like electrodes and a knife-edge
electrode parallel to each other. It was assembled from many pieces and filled with unpressurized-flowing dry air. Good alignments between
all electrodes were achieved by using a special jig and the knife-edge electrode as the spatial reference. Furthermore, to trigger the rail-gap
switch, a multistep triggering system was used. The triggering system consisted of three components: an optical trigger-pulse generator,
a slow high-voltage trigger-pulse generator using an ignition coil for a car, and finally, a fast high-voltage trigger-pulse generator using a
three-stage Marx generator. The triggering system generated a negative high-voltage trigger pulse of less than —40 kV with a falling speed of
—6.6 = 0.4 kV/ns. The falling speed was fast enough to initiate multichannel discharges in the rail-gap switch. Finally, the rail-gap switch was
tested using a test bench consisting of a 0.5-yF capacitor bank charged to 20 kV. The rail-gap switch was triggered by the multistep triggering
system robustly with a delay of 180 ns. The delay between the time, when the peak current of the test bench occurred, and the trigger pulse
was 890 ns with a jitter of 20 ns, i.e., ~2% uncertainty in time. The inductance of the rail-gap switch was ~80 nH obtained from the discharge
tests. The rail-gap switch with the multistep high-voltage triggering system is suitable for any pulsed-power systems with current rise times in
the order of 1 us.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0015104

I. INTRODUCTION 3.

Pulsed-power generators have many applications such as stud-
ies in plasma physics, nuclear fusion energy, * radiation physics,”
high-energy-density physics,” laboratory astrophysics,’ pinches,”" 4.
and so on. In a pulsed-power generator, energy is first stored capaci-
tively, inductively, or mechanically. The energy is suddenly released
so that pulsed-high power is provided. In most of the pulsed-power
systems, capacitive storage is used due to the simplicity compared to
other methods. The main components of a pulsed-power generator
using capacitive storage are [high-voltage (HV)] capacitors and one

Rising speed of the output current: it describes how long
it takes for the current to rise to the peak value. It is also
quantified as dI/dt.

Switch recovery time: it is the time it takes for a switch to
be able to hold the working voltage after each discharge. For
a system that needs to be discharged repetitively with a high
frequency, the recovery time needs to be short.

5. Delay time: the time difference between the time the trigger

pulse is delivered and the time the current starts to flow.

6. Jitter: the uncertainty in time that the current starts to flow

or many closing switches. There are several key parameters that need
to be considered for choosing a switch. They are as follows:''

1. Working voltage: the switch needs to hold the voltage before it
is activated.

2. Peak current: in order to have a high power output, a high cur-
rent output is needed. It is the maximum current that can pass
through the switch without damaging it.

after a trigger pulse is delivered.

7. Geometry: in order to fit the switch in the system, a particular
switch may be used even if it has the similar performance with
other kinds of switches.

The most common high-voltage switch is a spark-gap switch,
which is a pair of electrodes with a gap in between, as shown in
Fig. 1(a). The working voltage mainly depends on the gap distance
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FIG. 1. (a) A spark-gap switch. (b) A three-electrode spark-gap switch. (c) A trigatron. (d) A rail-gap switch. All electrodes labeled as “A” are anodes, while all electrodes

labeled as “K” are cathodes. All electrodes labeled as “T” are triggering electrodes.

d, the type, and the pressure of the filled gas of the switch. The
spark gap needs to hold the working voltage before it is activated.
A breakdown between the electrodes needs to be initiated for acti-
vating the switch. The simplest way to initiate the breakdown is
to disturb the electric field within the switch using a high-voltage
trigger pulse delivered through the third electrode, such as the three-
electrode spark-gap switch and the trigatron, as shown in Figs. 1(b)
and 1(c). For example, assume that all electrodes labeled as “A” are
connected to the positive high voltage as the anodes, while all elec-
trodes labeled as “K” are connected to ground as the cathodes. To
activate the switch, one just needs to deliver a negative high volt-
age to the electrodes labeled as “T” to initiate the breakdown in the
switch.

To provide high power, the inductance of the pulsed-power sys-
tem needs to be as low as possible. Moreover, all components need
to be able to carry large currents during discharges. Among differ-
ent closing switches, the multichannel discharge in a rail-gap switch
provides a low inductance. On the other hand, long rail-like elec-
trodes can handle large currents. Therefore, a rail-gap switch,'* ' as
shown in Fig. 1(d), is one of the options for carrying high currents
and high power. Furthermore, if the pulse current will be delivered
to a load through a parallel-plate transmission line (PPTL), the rail-
gap switch fits with the PPTL better since it can be directly connected
to one of the plates of the PPTL without shrinking the width of
the transmission line. Considering the geometric factor, a rail-gap
switch is also more beneficial compared to other kinds of spark-gap
switches for PPTL.

The rail-gap switch consists of two rail-like electrodes and a
knife-edge electrode. There are two challenges to make the rail-gap
switch. The first challenge is that all electrodes need to be parallel to
each other. Therefore, the electric field is distributed uniformly along
the electrodes in both cases: (1) when the switch is open and (2)
when itis closed due to overvoltage between the gaps. If all electrodes
are not perfectly parallel to each other, a single discharge channel
may occur at the location with the shortest gap distance. On the
other hand, a single plastic piece such as epoxy is used as the switch
body in most rail-gap switches to date for holding high voltages. It is
not easy to fabricate the whole body in one piece. Most importantly,
plastic is generally softer than metal so that it is less accurate in
machining. In this paper, the rail-gap switch was designed such that
it was assembled by many small pieces. It reduced the difficulty in
machining dramatically. To align all electrodes relative to each other,
one of the electrodes was used as the reference. The other two elec-
trodes were then mounted relative to the reference electrode using
a special jig. Therefore, good alignments between all electrodes are
achieved. The second challenge is that multichannel discharges can

only be initiated when a high-voltage (HV) trigger pulse with a ris-
ing or falling speed higher than 5kV/ns'” is provided. It is to ensure
that a multichannel is formed before the voltage across the main gap
drops significantly. One way to generate a fast HV trigger pulse is
using a transmission line transformer (TLT)." The advantage of the
TLT is that it can activate a rail-gap switch reliably with a low jitter.
However, long coaxial cables that occupy a lot of space are needed
for the TLT. Here, in this paper, a multistep high-voltage trigger-
ing system consisting of a three-stage Marx generator was used. The
Marx generator was much more compact than the TLT.

This paper is arranged as follows: in Sec. 1], the design and the
simulated electric fields of the rail-gap switch are given; in Sec. III,
the multistep triggering system is introduced. The design and the
performance of each step and the final trigger pulse are given; in
Sec. IV, the discharge test of the rail-gap switch triggered by the mul-
tistep triggering system is presented; finally, in Sec. V, a summary is
given.

Il. THE RAIL-GAP SWITCH

The rail-gap switch we built was assembled by many small
pieces. Therefore, it was fabricated easily. To achieve good align-
ments between electrodes, a special jig was used. Designs of the
rail-gap switch and the jig are first introduced. The simulated electric
potentials and electric fields are then given.

A. Design of the rail-gap switch
1. The rail-gap switch

The rail-gap switch consists of two rail-like electrodes and a
knife-edge electrode, as shown in Fig. 2. All electrodes are made of
stainless steel 304. In the future, we will use brass instead of stainless
steel due to its higher thermal and electrical conductivity. The rail-
like electrodes are cylinders with a diameter of 50 mm. The edges of
the cylinder are rounded with the same radius. The total length of
the cylinder, including the rounded part, is 300 mm. In between,
the third electrode with a knife edge on the top called the knife-
edge electrode is used as the triggering electrode. The corners of two
ends of the knife-edge electrode are rounded with a radius of 2 mm.
The knife-edge angle is 30° with a rounded radius of 0.5 mm. The
tip of the knife-edge electrode is 10 mm lower than the center of
the rail-like electrodes. The center plane of the knife-edge electrode
is located at about one-third of the gap between two rail-like elec-
trodes. Initially, the gap distance between two rail-like electrodes was
9 mm in total. In other words, the distances between the knife-edge

Rev. Sci. Instrum. 91, 114703 (2020); doi: 10.1063/5.0015104
Published under license by AIP Publishing

91, 114703-2


https://scitation.org/journal/rsi

Review of
Scientific Instruments

(c)

Ruasmuy

/IIIIIIII‘IIIIIJ
R
/////////////4

n

}

50
=4 N

\\\\\\\\\\\\\\\

Bridges

L

\\\

// // Nt \'///3)// ////////////////

Connectors

ARTICLE scitation.orgljournal/rsi

Trigger
Connector

Unit: mm

FIG. 2. (a) The computer-aided design (CAD) drawing of our rail-gap switches. (b) and (c) are the top view and the cross section of the rail-gap switch, respectively. The
black-dashed line in (c) is the spatial reference for all electrodes. (d) The enlarged view of the tip of the knife-edge electrode. Courtesy of Ref. 18. Reprinted with permission
from M.-C. Jheng, “Development of a 400 MW pulsed-power system,” M.Sc. thesis, National Cheng Kung University, 2019.

electrode and each rail-like electrode were 3 mm and 6 mm, respec-
tively. In this case, the self-breakdown voltage was 29.4 + 0.9 kV."
To have a robust operation, we added 1 mm to each gap between
the knife-edge electrode and each rail-like electrode, i.e., 4 mm and
7 mm, respectively, as shown in Fig. 2. In order to show that the rail-
gap switch is capable for a higher working voltage, we have tested the
self-breakdown voltage with the gap distance of 7 mm and 14 mm,
i.e, 21 mm in total. The breakdown voltage was 42 + 3 kV."” The
breakdown voltage is almost linearly proportional to the product of
gas pressure and the gap distance at a large gap distance and high
pressure. We expect that the working voltage can be even higher for
alarger gap distance and higher filled-gas pressure. Nevertheless, the
gap distance between two rail-like electrodes was 11 mm in total and
was used throughout this paper.

When the rail-gap switch is used, the rail-like electrode closer
to the knife-edge electrode labeled as “A” is at ground, while the one,
further, away from the knife-edge electrode labeled as “B” is at 20 kV.
Before the rail-gap switch is activated, a resistor divider, consisting
of one 2-GQ resistor and one 1-GQ) resistor connected in series, is
used to keep the potential of the knife-edge electrode at ~6.7 kV, i.e.,
about one-third of 20 kV. To activate the rail-gap switch, a negative

high-voltage trigger pulse with a peak voltage less than —40 kV is
sent to the knife-edge electrode.

We use polyoxymethylene (POM) for the body due to its excel-
lent mechanical strength, abrasion, fatigue resistance, and moldabil-
ity. Itis different from epoxy, which is used in most rail-gap switches.
However, POM is not particularly UV resistant. It may need to be
replaced after some time. The cover is made of acrylic so that we
can observe the activation of the switch. There are some grooves at
the bottom of the body, as shown in Fig. 2. They are made to pre-
vent flashover across the bottom surface. The filled gas of the rail-gap
switch is dry air provided by a compressed gas cylinder for medical
uses. The dew point temperature of the dry air is —40 °C, i.e., the rel-
ative humidity at 20 °C is less than 1%. Although the rail-gap switch
is capable of holding pressurized gas and, thus, higher voltage, it is
not pressurized so far. Instead, we keep the dry air flowing through
the box with a flow rate of 8 1/min so that the air is fresh and well
controlled between experiments.

At the side of the rail-gap switch body, there is a side window
made of acrylic. It can be used to observe the discharge between
electrodes. Most importantly, it is used to take out the jig we
used to control the spacing between all electrodes, which will be
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introduced in Sec. IT A 2. The spatial reference of distances between
all electrodes is the top surface of the foot of the knife-edge electrode
indicated by the black-dashed line in Fig. 2(c). Therefore, the jig is
between all electrodes when we set up the distance between them. In
other words, it is not possible to take out the jig from the top. Thus,
the window at the side of the box is important so that the jig can be
removed after all electrodes are mounted.

2. The jig

The spatial reference of distances between all electrodes is the
top surface of the foot of the knife-edge electrode indicated by the
black-dashed line in Fig. 2(c). It is to avoid the inaccuracy when
all components are manufactured separately. Particularly, the box
is made of plastic that is softer than electrodes made of metal so that
the tolerance is much lower. In other words, it is not possible to use
the box as the spatial reference. Shown in Figs. 3(a) and 3(c) are the
top view and the bottom view of the special jig we built to control the
spacing between electrodes. There is a groove at the bottom of the jig,
as shown in Fig. 3(c). The width of the groove is the same as the
width of the knife-edge electrode. Therefore, the jig is put on top of
the pre-installed knife-edge electrode as the spatial reference. The jig
was assembled from many rectangular metal plates made of stainless
steel 304 with precisely machined thickness with an accuracy of 10
pm. The accuracy was confirmed by using a micrometer caliper. For
those rectangular metal plates, they did not deform after they were
made. However, for those asymmetric parts, they bowed if they were
not machined carefully. Therefore, the machining went through few
steps. The first time when they were machined, only rough cuts were
made. Then, the machinist let it bow for few days. Afterward, more
cuts would be made. The processes were repeated many times until
they met the tolerance requirements. The length of the cylindrical
part of the rail-like electrode is 250 mm. In other words, all elec-
trodes are parallel to each other within an angle of +5 x 107 deg. To
generate multichannel discharges, the gap needs to be overvoltaged
uniformly and each channel needs to be formed before the voltage
across the gap drops significantly. The jitter of closing a channel
must be in the order of one-tenth of the falling time of the voltage
across the gap.'””"*' The jitter in percentage is about the variation of
the gap distance. In other words, the accuracy in machining we have
is way more than enough to obtain the multichannel. Nevertheless,
we still had all parts made with the accuracy.

To have the flexibility for the rail-gap switch being operated in
different voltages, the width of the jig can be adjusted by changing

(a) (b)
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the thickness of the central plate indicated by the red circle in
Fig. 3(c). To adjust the positions of all electrodes, the knife-edge
electrode is first mounted on the box. The jig is then put on top of
the knife-edge electrode such that the electrode is in the groove of
the jig, as shown in Fig. 3(b). Afterward, the rail-like electrodes are
mounted on the box with the position relative to the knife-edge elec-
trode with a fixed distance using the jig indicated as the red-dashed
line in Fig. 3(b). Finally, the jig can be taken out through the side
window of the body.

B. Simulations of electric fields

The breakdown electric field for dry air at the standard atmo-
spheric condition is ~3 MV/m.”” Although the breakdown voltage
may occur below 3 MV/m, we would like to use it as a guideline
for understanding how the electric field distributed in the rail-gap
switch in simulations. The actual gap distance will be adjusted and
determined in experiments. Before the rail-gap switch is activated,
the electric field needs to be lower than the breakdown electric field.
On the contrary, the electric field needs to be higher than the break-
down electric field when the rail-gap switch is triggered. Therefore,
we confirmed that the electric field strength met the requirements
in simulations with the actual geometry of the rail-gap switch. The
electric potential was first calculated by solving Poisson’s equation
numerically using COMSOL Multiphysics®*’ by setting the poten-
tial far away from the system at ground as the boundary condition.
The electric field was then calculated by taking the gradient of the
simulated electrical potential. Two cases were simulated: (1) before
the rail-gap switch was activated where the potential of the knife-
edge electrode was ~6.7 keV and (2) when the rail-gap switch was
activated where the potential of the knife-edge electrode was —40 kV
when the trigger pulse was sent to the electrode.

For any switches, they need to hold the voltage before being
activated. A breakdown needs to be initiated when the trigger pulse
is delivered so that the switches are activated. However, the switch-
ing time of the switch depends on four factors:'' (1) the statistic
delay time for generating free electrons t;, (2) the streamer forming
time ff, (3) the channel heating time thes, and (4) the rising speed
of the trigger pulse. Both factors #f and fy,, are inversely propor-
tional to the electric field. In other words, with higher overvoltage,
the switch can be activated faster. On the other hand, to trigger the
rail-gap switch with a low jitter, an HV trigger pulse with rising or

falling speed higher than 5 kV/ns'*"” is required. The falling speed

entral plate

ANAANN
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FIG. 3. (a) The top view of the CAD drawing of the jig. (b) The CAD drawing of the jig being used to determine the positions of electrodes relative to each other. (c) The bottom
view of the CAD drawing of the jig. The jig pointed out by the red-dashed line can be slid out through the side window. The width of the jig can be adjusted by replacing the
central plate with different thicknesses. Courtesy of Ref. 18. Reprinted with permission from M.-C. Jheng, “Development of a 400 MW pulsed-power system,” M.Sc. thesis,

National Cheng Kung University, 2019.
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FIG. 4. In all figures, the contours are amplitudes of electric fields in MV/m; the black lines with labels are electric potentials in kV; the white lines are electric field lines; the
gray areas are electrodes with the same labels in Figs. 2 and 3. (a) and (b) are the top view and the side view, respectively, for Case 1. (c) and (d) are the top view and the
side view, respectively, for Case 2. (a) and (c) are from the cut plane 1 mm below the tip of the knife-edge electrode, the purple-dashed line in (b) and (d). The location of the

maximum electric fields is pointed out by red arrows.

of our trigger pulse will be described in Sec. I11. The simulation here
is to ensure that the voltage is much below the breakdown voltage
before the rail-gap switch is activated and significant overvoltage is
applied to the knife-edge electrode for triggering the rail-gap switch.

Shown in Fig. 4 are the simulated results where black-solid lines
with labels represent the electric potentials, the color contours are
the strength of the electric fields, and the white lines are electric field
lines. Figures 4(a) and 4(b) are the simulated results of Case 1, while
(c) and (d) are for Case 2. Figures 4(a) and 4(c) are the top views
of the cut plane 1 mm below the tip of the knife-edge electrode, the
purple-dashed line in Figs. 4(b) and 4(d). Figures 4(b) and 4(d) are
the side views of the cut plane right at the middle of the knife-edge
electrode.

In Case 1, both the electric potential and the electric field
strength are uniformly distributed along the rail-like electrodes, as
shown in Fig. 4(a). Since the knife-edge electrode is longer than the
rail-like electrodes, the electric field is weaker at the side of the knife-
edge electrode. Therefore, the electrical breakdown at the side corner
of the knife-edge electrode is prevented. On the other hand, from the
side view given in Fig. 4(b), both the electric potential and the electric
field strength are also uniformly distributed between two rail-like
electrodes. They are slightly stronger between two rail-like electrodes
than between each rail-like electrode and the knife-edge electrode.
The maximum electric field is ~1.96 MV/m located at the center
of the rail-like electrode indicated by the red arrow in Fig. 4(b).
Most importantly, the electric field much less than 3 MV/m indicates
that the rail-gap switch is capable of holding 20 kV, which coin-
cides with the measured self-breakdown voltage. Nevertheless, the

electric field strength close to the required breakdown electric field
indicates that a breakdown can be easily triggered by perturbing the
electric field using an HV trigger pulse delivered to the knife-edge
electrode.

In Case 2, both the electric potential and the electric field
strength are also uniformly distributed along the rail-like electrode,
as shown in Fig. 4(c). A strong electric field occurs at the side cor-
ner of the knife-edge electrode due to its sharp edge. Nevertheless,
the electric field at the side corner is weaker than that at the tip
of the knife-edge electrode and they are pointed toward neither of
the rail-like electrodes. The electric field lines coming out from the
side corner of the knife-edge electrode are much longer than those
between the knife-edge electrode and each rail-like electrode. As a
result, the breakdown does not always happen at the side corner. On
the other hand, from the side view given in Fig. 4(d), a strong electric
field occurs at the tip of the knife-edge electrode since the potential
of the electrode is at —40 kV when the trigger pulse is delivered. The
maximum electric field is ~21 MV/m located at the tip of the knife-
edge electrode indicated by the red arrow in Fig. 4(d). The electric
field between the knife-edge electrode and each rail-like electrode is
much higher than 3 MV/m. In other words, a breakdown can occur,
and thus, the rail-gap switch is activated.

Ill. THE MULTISTEP HIGH-VOLTAGE TRIGGERING
SYSTEM

To trigger the rail-gap switch with a low jitter, an HV trig-
ger pulse with rising or falling speed higher than 5 kV/ns'>'" is
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required. A multistep triggering system is used to generate the HV
trigger pulse that meets the requirement. The multistep trigger-
ing system consists of (A) an optical trigger-pulse generator, (B) a
slow HV trigger-pulse generator, and (C) a fast HV trigger-pulse
generator. The fast HV trigger-pulse generator is triggered by the
slow HV trigger-pulse generator, which is triggered by the optical
trigger-pulse generator. Three components and their performances
are given in the following.

A. The optical trigger-pulse generator

The optical trigger-pulse generator is the initiator of all sequen-
tial events. A square pulse with a width of 1.25 ms needs to be gener-
ated for triggering the slow HV trigger-pulse generator described in
Sec. 11T B. An Arduino-nano board is used as the main component
of the trigger-pulse generator. The Arduino-nano board is suitable
to generate the 1.25-ms pulse, which is not a very fast pulse. The
board is preprogrammed to be controlled by switch buttons, to con-
trol LED indicators providing the information of different modes of
the generator, and, most importantly, to provide the pulse. Shown
in Fig. 5(a) is the circuit design of the generator. Two switches,
one toggle switch as the safety and one push-button switch as the
“Fire” button, are used. The generator has two modes: “Standby”
mode and “Ready to Fire” mode. Shown in Fig. 5(b) is the flow
chart of the status of the generator. The pulse can only be generated
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when the Fire button is pressed, while the generator is in the Ready
to Fire mode. Only when the toggle switch is switched from the
OFF state to ON state, the system is transited to the Ready to Fire
mode. In other words, the generator is in the Standby mode most
of the time so that no pulse is generated even if the Fire button is
pressed.

To prevent the electromagnetic pulse (EMP) from the down-
stream discharge from coming back through the electrical cable,
an optical signal is used for insulation. Therefore, the square pulse
generated by the Arduino-nano board is converted to an optical sig-
nal using a 10 Mb/s fiber optic transmitter (Avago HFBR-1528Z).
The optical pulse with a wavelength of 650-nm (red) is then sent to
the slow HV trigger-pulse generator through a plastic optical fiber
(POF) cable. The POF cable is used as an EMP insulator between
the optical trigger-pulse generator and the slow HV trigger-pulse
generator.

B. The slow high-voltage trigger-pulse generator

We use a trigatron in the three-stage Marx generator, which
will be introduced in Sec. III C. Therefore, we built a slow HV
trigger-pulse generator to trigger the trigatron. The optical trigger-
ing signal introduced in Sec. IIT A is first converted to a £5-V square
pulse. Then, the slow HV trigger-pulse generator is controlled by the
square pulse.

Power On

Standby

Toggle switch Q[
change from

FIG. 5. (a) The circuit of the opti-
cal trigger-pulse generator. (b) The flow
chart of the generator. The pulse can
only be generated when the push button
is pressed, while the generator is in the
Ready to Fire mode.

Fire button
==alp,
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FIG. 6. Circuit of the slow HV trigger-pulse generator. Reproduced and reprinted with permission from M.-F. Huang, “Rust remover using small pulsed-power system,” M.Sc.

thesis, National Cheng Kung University, 2017.7°

1. The circuit design

To provide the HV pulse, the principle of the inductive energy
storage is used. We use an ignition coil for a car (Hitachi C6R-500S
12V) as the main component of the slow HV trigger-pulse genera-
tor since the ignition coil for a car can store energy inductively and
is very robust. Shown in Fig. 6 is the circuit of the slow HV trigger-
pulse generator. Notice that to prevent any instruments get damaged
by the EMP from the downstream discharge through power cables,
we use a 24-V battery as the power source. A 24-V DC-DC converter
provides a steady DC voltage. To convert the optical signal to the
square pulse, an optical receiver (Avago HFBR-2528Z), which is not
shown in Fig. 6, is used.”* The primary coil of the ignition coil is the
inductor that stores the energy for the high-voltage pulse. The 1-kQ
resistor is used to protect the 24-V DC-DC converter. The 100-uF
capacitor is first charged by the converter so that it can provide the
output power. An Insulated Gate Bipolar Transistor (IGBT, Toshiba
GT60M324) acts as a switch and is controlled by the square pulse
with an amplitude of +15 V. The square pulse is converted from
the +£5-V square pulse using an IGBT driver (Fairchild Semiconduc-
tor, FOD3184-V507D). The 4.7-nF capacitor is to protect the IGBT.
When the IGBT is OFF, i.e., the circuit across the IGBT is open, the
100-uF capacitor is charged to 24 V storing 28.8 m]J of energy. When
the IGBT is ON, i.e., the circuit across the IGBT is closed, the current
starts flowing from the 100-uF capacitor through the primary coil of
the ignition coil. The energy oscillates between the 100-uF capacitor
and the primary coil of the ignition coil. When the current reaches
the maximum at 1.25 ms after the IGBT is ON, the IGBT is turned
OFF so that the current is suddenly cut off. A voltage is then induced
across the primary coil. As a result, a high voltage at the secondary
coil is generated.

2. Output

As shown in Fig. 7, the blue line is the voltage output of the slow
HYV trigger-pulse generator Vou. The green line is the voltage across
the 100-uF capacitor Veap. The red line is the +5-V square pulse,
which is the control signal Vonirol that controls the IGBT through
the IGBT driver. When the voltage of the square pulse was less than
zero, the IGBT was OFF. Otherwise, the IGBT was ON. When the
IGBT transits from OFF to ON at t = 0 s, the current started to flow
through the primary coil. A voltage was induced across the primary
coil during the status transition of the IGBT so that a high voltage

was induced at the secondary coil, i.e., a positive output voltage
present at the output. It was not the HV output we needed. It could
have been eliminated by slowing down the rising speed of the square
pulse, i.e., a smaller dI/dt, or adding a diode at the output. How-
ever, since the positive HV output was not high enough to trigger
the downstream trigatron, we did not bother to eliminate the small
positive HV output. During the time that the IGBT was ON, the volt-
age across the capacitor dropped. Finally, the IGBT was turned OFF
when the voltage across the capacitor dropped to near zero. A nega-
tive high voltage of less than —20 kV was then generated. After trial
and error, the most negative HV voltage was provided when 1.25 ms
was used as the width of the square pulse, even if Vp did not drop
to zero. The rise time of the HV pulse output defined as the time
difference between the corner of the output voltage and —20 kV was
55.5 us with a jitter of 0.4 s defined as one standard deviation.

C. The fast high-voltage trigger-pulse generator

A small pulsed-power system is used to provide the fast HV
trigger pulse. The falling speed of the output signal is restricted by
the activating speed of the spark-gap switch. Instead of increasing
the switching speed, the voltage of the trigger pulse is increased. In
other words, higher voltage is provided with the same switching time
so that a faster falling speed is provided. Therefore, to increase the
output voltage, a three-stage Marx generator is used.

10 v v T T T 30 10
5 QLo pii-125 {5
0 - : 20 0 <
— — >
2 -5 15 = {-5 5
3-10 10 5 1-10 s
> 15 5 -15 >
- 20 0 -20
-25 : : : -5 -25
05 00 05 1.0 15 20 25

Time (ms)

FIG. 7. Output of the slow HV trigger-pulse generator. The blue line is the output
signal. The green line is the voltage of the 100-uF capacitor. The red line is the
control signal. Reproduced and reprinted with permission from M.-F. Huang, “Rust
remover using small pulsed-power system,” M.Sc. thesis, National Cheng Kung

University, 2017.%
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FIG. 8. (a) The circuit of the fast HV trigger-pulse generator. (b) The CAD drawing of the pulse generator. The switch box is placed on top of three HV capacitors. (c) The CAD
drawing of the top view of the trigatron. Courtesy of Ref. 18. Reprinted with permission from M.-C. Jheng, “Development of a 400 MW pulsed-power system,” M.Sc. thesis,

National Cheng Kung University, 2019.

1. The three-stage Marx generator

Shown in Fig. 8 is the design of the Marx generator. Three
40-nF capacitors made by Shanghai Pluspark Electronics Co., Ltd.,
China’® are charged to 20 kV storing 24 J of energy. There are four
spark-gap switches in the switch box. The switch box can be pressur-
ized if a higher operating voltage is required. Nevertheless, the same
dry air with the same flow rate as that used for the rail-gap switch is
used. Therefore, the air in the switch box is fresh and well controlled
between experiments. Electrodes in all switches are disk electrodes
made of stainless steel 304 with 30 mm diameter, 10 mm thick-
ness, and a rounded edge of 5 mm radius. The gap distance between
two electrodes in each spark-gap switch is 10 mm. The first switch
(Swi) is a trigatron so that the discharge is controlled. The rest of
the switches (Sw;-4) in the Marx generator are just self-breakdown
spark-gap switches. The last switch (Sws) works as a peaking switch
so that an HV pulse with the required falling speed is provided. The
shape of the electrons of the trigatron is the same as those in the
self-breakdown switches. The only difference between the trigatron
and the self-breakdown switch is that a spark plug for a motorcy-
cle is inserted to the center of the grounded electron of the trigatron
as the triggering electrode. There are several advantages using the
spark plug for a motorcycle: (a) it is a mature product with a long
lifetime, (b) it provides good high-voltage insulation and gas seal
between the triggering electrode and the ground electrode, (c) there
are plenty of products off the shelf, and (d) it is easily triggered by
an HV pulse generated by the ignition coil for a car introduced in
Sec. I1I B. A 100-Q) resistor as the load is to ensure that the peaking
switch is overvoltaged after all the other switches are closed. Finally,
the high voltage across the resistor is generated for triggering the
rail-gap switch.

2. Output

Shown in Fig. 9(a) is the output of the fast HV trigger-pulse
generator. Although the peaking switch was used, two small volt-
age drops occurred before the main pulse was generated. Those two
drops corresponded to Sw; and Sw; being activated, which will be
discussed in detail in the following paragraph. The amplitudes of
those two drops were not high enough to trigger the rail-gap switch.
Moreover, the peaking switch was not activated yet so that the energy
stored in the three-stage Marx generator was not delivered to the
rail-gap switch for activating the rail-gap switch either. Therefore,
we focused on the falling speed of the main pulse that dropped below
—40 kV. We fitted the falling edge of the main pulse with a straight
line, as indicated by the red-dashed line in Fig. 9(a). The slope of
the fitted straight line, —6.6 + 0.4 kV/ns, was the falling speed of the
pulse. It met the requirement in falling speed for triggering a rail-gap
switch with multichannel discharges.

To show that those two drops in Fig. 9(a) corresponded to Sw;
and Sw, being activated, voltages at the first and the second stage
of the three-stage Marx generator marked as red dots and labeled
as “Stagel” and “Stage2” in Fig. 8(a) were measured and shown
in Fig. 9(b). The output of the three-stage Marx generator, Vous,
is also shown in Fig. 9(b). The data of “Stage2” and “V,u” were
from the same shot, while the data of “Stagel” were from a dif-
ferent shot. Thus, the timing was slightly off between the lines of
“Stagel” and “Stage2”. To show the phenomenon more clearly, M8
cap nuts were used as electrodes in all spark-gap switches except
the first switch, i.e., the trigatron. Therefore, the delay time between
those two drops was longer than that in Fig. 9(a), but the physics was
the same. As expected, the voltage of each stage dropped in steps as
the switch in each stage was closed. It is very clear that those two
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FIG. 9. (a) The output of the fast HV trigger-pulse generator. The falling speed, which is the slope of the red-dashed line, is —6.6 + 0.4 kV/ns. Reproduced and reprinted with
permission from M.-C. Jheng, “Development of a 400 MW pulsed-power system,” M.Sc. thesis, National Cheng Kung University, 2019.'° (b) The voltage at the first stage in

red, the second stage in green, and the output of the three-stage Marx generator in blue.

drops of Vou occurred at the same time as the voltage of Stagel
and Stage2 dropped. The reason for the small drops occurred at
Vout is the following. Any switches are like capacitors before they
are closed. When no switches were activated, no voltage was across
Swy. When Sw; was activated, the voltage at Stagel dropped to
—20 kV. Only small currents flew through each 10-MQ resistor. In
other words, voltages at Stagel to Stage3 all dropped to ~—20 kV,
as shown in Fig. 9(b). At this moment, Swy was not activated and
acted as a capacitor without being charged. In other words, the volt-
age across Swy remained zero so that the voltage at Voy also tended
to drop as Swi was being activated. However, Swy as a capacitor was
being charged through the 100-Q resistor when the voltage at Stage3
started dropping. The voltage across Swy eventually charged to
~20kV. In other words, the voltage Vou went back to zero after some
time. Similarly, the same process happened when Sw, was being acti-
vated. Therefore, there were two small voltage drops before the main
pulse was generated. How fast the small drops went back to zero
depended on how fast the effective capacitor across Sws was charged
through the 100-Q resistor. Therefore, it would depend on the resis-
tance of the load that was 100 Q in Fig. 8(a) and the capacitance
depended on the geometry of the peaking switch Swy.

We have tested the performance of using 1 kQ, 100 Q, and 50
Q as the load resistor. For a larger load resistor, it took longer time
to charge the effective capacitance across Swy. Therefore, it took
longer time for two small drops to go back to zero for using the
1-kQ resistor as the load. The time differences between each switch
being activated were also longer. On the other hand, we did not see
a significant difference between using the 100-Q and 50-() resistors.
Therefore, the 100-Q) resistor was chosen.

IV. DISCHARGE TEST OF THE RAIL-GAP SWITCH

A test bench, which is shown in Fig. 10, was built to test the
discharge of the rail-gap switch and the triggering system. In the sys-
tem, two double-ended capacitors made by Yuhchang Electric Co.,
Ltd., Taiwan”’ with a capacitance of 1 uF were connected in series
using an aluminum plate with a width of 100 mm and a thickness
of 1.5 mm. In other words, the total capacitance of the system was
0.5 uF. The rail-gap switch was placed on top of the capacitors. A

current monitor (Pearson model 301x) was placed in between the
capacitors and the switch. Two AWG16 high-voltage silicone wires
with 50 tinned-copper cores and 100 mm length were used to con-
nect between each end of the capacitors and each electrode of the
rail-gap switch. Those two wires connected between the grounded
end of the capacitor and the rail-gap switch (electrode A in Fig. 2)
went through the center of the current monitor so that the discharge
currents were measured. The voltage of the capacitors, i.e., the volt-
age across the rail-gap switch, was also measured using an oscillo-
scope (Tektronix TDS 2024) via a 1000 to 1 high-voltage probe (Tek-
tronix P6015A). The system was charged to 20 kV. The knife-edge
electrode was connected to the output of the multistep triggering
system through a 40 pF capacitor. A resistive voltage divider using a
2-GQ resistor and a 1-GQ resistor connected in series was used to
keep the potential of the knife-edge electrode at ~6.7 kV when the
capacitor was fully charged. The 40-pF capacitor was used to iso-
late the DC high-voltage difference between the knife-edge electrode
at ~6.7 kV and the output terminal of the multistep triggering sys-
tem at ground before the trigger pulse was generated. The rail-gap
switch was then triggered by the multistep triggering system. Before
the trigger pulse was generated, the relay controlled by a pneumatic
cylinder was open so that the HV power supply was disconnected
from the test bench and was not at risk of being damaged by the dis-
charge current. Finally, the discharged currents and voltages were
measured.

First, we compared the discharge characteristics of using the
rail-gap switch and a three-electrode spark-gap switch. The cross
section of the computer-aided design (CAD) drawing of the three-
electrode spark-gap switch is shown in Fig. 11(a). All electrodes of
the spark-gap switch were made of stainless steel 304. The elec-
trodes used in the spark-gap switch are the same as those in the
three-stage Marx generator. The triggering electrode is a disk with
10 mm thickness and 110 mm diameter. There is a hole at the cen-
ter of the disk with a diameter of 10 mm. The gaps between the
triggering electrode and each electrode were 4 mm. The case of the
spark-gap switch was made of polyethylene. Similar to the rail-gap
switch and the three-stage Marx generator, the spark-gap switch
was filled with unpressurized-flowing dry air. The case is air-tight
by using an o-ring so that the case can be pressurized for higher
working voltage. The three-electrode spark-gap switch was triggered
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FIG. 10. (a) The CAD drawing of the test bench. (b) The circuit of the test bench. Reproduced and reprinted with permission from M.-C. Jheng, “Development of a 400 MW

pulsed-power system,” M.Sc. thesis, National Cheng Kung University, 2019.'®

by the same multistep triggering system through the same 40-pF
capacitor.

We measured the voltage across the capacitors for compar-
ing the discharge characteristics of using the rail-gap switch and
the three-electrode spark-gap switch, as shown in Fig. 11(b). The
blue-solid line is from the measurement of using the three-electrode
spark-gap switch. The gray-solid line is from the measurement of
using the rail-gap switch. The red-dashed line is the fitted curve to
the gray-solid line using the equation

V(£) = Vswoe VU™ cos[wv (- to)], 1)

where Vswo is the amplitude of the oscillating voltage across the
switch, yv is the damping rate of the voltage, and wy is the oscil-
lation frequency. The frequency of the oscillation using the rail-gap

(a)

Z (0 — =

|

% Gas Out

switch iswy = (2.270 + 0.010) x 10° rad/s, which is higher than that
of using the three-electrode spark-gap switch,wy = (2.217 £ 0.001)
x10° rad/s. In other words, the inductance is lower using the rail-gap
switch. Most importantly, rail-gap switches will fit into the system
we are building, which will be introduced by a follow-up paper, but
the spark-gap switch will not.

One interesting phenomenon was that Vswo was less than the
charged voltage of the capacitor V. It can be used to estimate the
inductance of the rail-gap switch. During the discharge, some energy
was used to ionize the gas in the switch. The energy was little com-
pared to the energy stored in the capacitor. Therefore, we can neglect
the lost energy for ionizing the gas in the switch. At ¢ = 0, the dis-
charge current I(t) was zero. In other words, the voltage of the
capacitor should be distributed across all components with finite

Voltage (kV)

0 2 4 6 8 10
Time (us)

FIG. 11. (a) The CAD drawing of the three-electrode spark-gap switch we used. Reproduced and reprinted with permission from S.-H. Yang, “Developments of high voltage
switches,” M.Sc. thesis, National Cheng Kung University, 2018.” (b) The voltage across the capacitors during the discharge. The blue-solid line is from the discharge test
using the three-electrode spark-gap switch. The gray-solid line is from the discharge test using the rail-gap switch. The red dashed line is the fitted curve of the gray-solid line

using Eq. (1).
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FIG. 12. The output of the discharge test. Two figures are from the same data. (a) shows the time period of —50 ns to 1100 ns. (b) shows the time period of —50 ns to
50 ps. The black-solid line and the magenta-dashed line are the raw data and the fitted curve of the discharge current, respectively. The blue-solid line is the HV trigger pulse
provided by the multistep triggering signal. Reproduced and reprinted with permission from M.-C. Jheng, “Development of a 400 MW pulsed-power system,” M.Sc. thesis,
National Cheng Kung University, 2019."° The gray area in (b) shows the range of data that were used for the curve fitting using Eq. (5).

inductance, i.e.,

dl dl dl
Vo ~ Ve + Vsw-wire = LCE + LSWZ + Lwirea; (2)
where
dl dl
VC = LC% and VSW-Wire = (LSW + Lwire) a (3)
In other words, from the curve fitted results,
L Lyi Ve
SSW T Twire YW _ () 444 0,01, (4)
Ltot 0

calculated from nine shots.

Shown in Fig. 12 is the output of one of the shots where the
output current of the capacitors is given as the black-solid line, and
the HV trigger pulse provided by the multistep triggering system is
given as the blue-solid line. The rail-gap switch and all cables were
the load of the discharge, i.e., not a resistive load. Therefore, the dis-
charge behaved as an underdamped RLC oscillation. The following
equation is used to fit the data:

I(t) = UnitStep(t-to)Ioefy('ft‘]) sinfw(t—1t)], (5)

where Iy is the amplitude of the discharge current, y = —R/2L is the

damping rate of the current, w = \/ 7= — (2 )Zis the oscillation fre-
quency, and o indicated by the red-dotted line in Fig. 12(a) is the
time that the oscillation started. The function UnitStep is a unit step
function, which changes from 0 to 1 at ¢ = fo. The fitted curve within
the range of —200 ns to 10 ys, which is the gray area in Fig. 12(b),
is also shown in Fig. 12(a) as the magenta-dashed line. The time ¢,
when the peak current occurred is indicated by the green-dotted line
in Fig. 12(a). With ¢ = 0.5 yF, the system inductance and resistance
were obtained from the fitted y and w. The fitted results from 20
shots are as follows: the starting time o = 204 + 20 ns, [y = 21.0
+03kA,y=(52+0.1)x10*s7",and w = (2.21 + 0.02) x 10° rad/s.
The uncertainties were the standard deviation of the fitted numbers
from all shots, i.e., shot-to-shot variation was considered. The corre-
sponding inductance and the resistance of the system were L = 410
+ 6 nH and R = 43 + 1 mQ, respectively. From Eq. (4), Lsw+wire
=180 + 5 nH. For one AWG16 high-voltage silicone wire with 50
tinned-copper cores and 100 mm length, the inductance is ~100 nH.
Therefore, the contribution of inductance from wires was ~100 nH.

Therefore, the inductance of the rail-gap switch was ~80 nH. The
peak current was Ipeak = 20.3 + 0.3 kA at £, = 910 + 20 ns. In addition,
tm = 20 + 2 ns indicated as the gray-dotted line in Fig. 12(a) was the
time when the trigger pulse was generated. It was defined at the time
when the maximum falling speed occurred. The delay between the
time when the current started and the time when the triggering sig-
nal was generated was faelay = fo — tp = 180 + 20 ns. The jitter of the
delay was ~10% of the delay time. The delay between the time when
the peak current occurred and the time when the triggering signal
was generated was t1p—delay = tp — tm = 890 + 20 ns. The rise time of
the current, i.e., the first quarter period of the discharge current, is
tise = tp — to = 701 + 5 ns. The jitter is mainly from the activation of
the rail-gap switch. Nevertheless, it is more important to have accu-
rate peak current outputs. Therefore, the jitter of the peak current
tip—delay ~ 2% is sufficient for our future needs, which is a current
pulse with a rise time of ~1 ys.

We also took time-integrated images of the discharge in the
rail-gap switch. Images were taken by using a commercial single-lens
reflex (SLR) camera, Nikon-D750 with f/# equaled 22 and effective
sensitivity of ISO50. The exposure time of the camera was 5 s, which
was much longer than the discharge time that was less than 50 ps

FIG. 13. (a) A time-integrated image of the rail-gap switch during the discharge.
Three discharge channels pointed by red arrows were generated in this shot.
The weaker flashes observed between the main channels are due to reflections
from the switch bottom surface. (b) Electrodes after 30 shots. Significant damages
from discharges appeared. Courtesy of Ref. 19. Reprinted with permission from
C.-J. Hsieh, “Generation of plasma jets using a conical-wire array driven by a
pulsed-power system,” M.Sc. thesis, National Cheng Kung University, 2020.
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so that the image was time integrated. Most importantly, it is much
easier to achieve the synchronization between the camera and the
discharge. Shown in Fig. 13(a) is one of the time-integrated images
of the discharge in the rail-gap switch. A discharge channel num-
ber greater than three was obtained. In other words, the multistep
triggering system performed as we expected.

Shown in Fig. 13(b) are the electrodes after 30 shots. Sig-
nificant damages from the discharge occurred. Many burn marks
with ~10 mm apart from each other indicated that the multichan-
nel current occurred. Stainless steel 304 was used to reduce the
solid debris during the discharge. However, the thermal conductiv-
ity of stainless steel (16.2 W/m K*) is one order less than copper
(385.0 W/m K*”) or brass (109.0 W/m K*’). The heat cannot be con-
ducted away quickly enough leading to rough burn marks after 30
shots. Therefore, the electrodes need to be polished using sandpapers
after every 30 shots. We will replace the electrodes using brass in the
future because it is relatively cheap and provides better conductivity
and sufficient mechanical strength.

V. SUMMARY

A rail-gap switch with a multistep triggering system was devel-
oped. The rail-gap switch was assembled from many pieces and filled
with unpressurized-flowing dry air. To provide good alignments
between all electrodes, the knife-edge electrode was used as the spa-
tial reference. The rail-like electrodes were then positioned by a jig.
Therefore, all electrodes parallel to each other within an angle of
+5 x 107° deg were achieved. Furthermore, to trigger the rail-gap
switch robustly, a multistep triggering system was used. The trigger-
ing system consisted of three steps: (1) A 1.25-ms squared-optical
pulse was generated by the optical trigger-pulse generator using
an Arduino-nano board. The optical fiber isolated the downstream
pulsed-power system and the upstream instruments. Therefore, the
upstream instruments would not be damaged by the EMP generated
by the downstream pulsed-power system. (2) The slow HV trigger
pulse was generated using an ignition coil for a car. The primary coil
of the ignition coil performed as inductive storage. A slow HV trig-
ger pulse of less than —20 kV with a falling time and jitter of 55.5 us
and 0.4 ys, respectively, was generated when the energy stored in the
primary coil of the ignition coil was released and raised by the sec-
ondary coil of the ignition coil. (3) The fast HV trigger pulse was
generated using a three-stage Marx generator. The first switch of the
Marx generator was a controlled switch using a trigatron. The tri-
gatron was made of a spark plug for motorcycles and triggered by
the output of the slow HV trigger-pulse generator. The advantage of
using the spark plug for motorcycles was that it was very robust and
easily obtained. Capacitors in the Marx generator were charged to
20 kV. When all switches in the Marx generator were activated, an
HYV pulse less than —40 kV with a falling speed of —6.6 + 0.4 kV/ns
was generated. The falling speed was fast enough for initiating multi-
channel discharges in the rail-gap switch. Finally, the rail-gap switch
was tested using a test bench consisting of a capacitor bank with a
capacitance of 0.5 yF. The capacitor bank was also charged to 20 kV.
The inductance of the rail-gap switch was ~80 nH obtained from
discharge tests. The rail-gap switch was triggered by the multistep
triggering system robustly with a delay of 180 ns. The delay between
the peak current of the test bench and the trigger pulse was 890 ns
with a jitter of 20 ns, i.e., ~2% in uncertainty. The rail-gap switch
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with the multistep high-voltage triggering system is suitable for any
pulsed-power systems with the current rise time in the order of 1 ys.
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