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ABSTRACT
This paper reports on the assembly of a compact, low-cost, pulsed-power facility used for plasma studies. The construction uses two modules
placed on opposite sides of the test chamber to minimize the system impedance and improve access to test samples. The stored energy is 1 kJ
with a peak current of 135 kA and a 1592 ns quarter-period time. Up until now, an imploding conical-wire array has been studied by using
time-integrated (visible) imaging, and time-resolved laser imaging, providing a measure of the plasma jet speed in the range of 170 km/s. Our
future plans will continue to investigate high-energy-density plasmas that are relevant to the space environment, fusion, and spectroscopy.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0079450

I. INTRODUCTION

A broad variety of experimental techniques are used to simulate
and measure the characteristics of plasmas for thermonuclear fusion,
space physics, spectroscopy, etc. Prominent techniques include the
use of pulsed-power electrical discharges produced by a variety of
sources, including Marx generators, linear transformer drivers, and
simple capacitor driven systems.

Conventionally used Marx generators are good experimen-
tal platforms to study the aforementioned scientific topics and
include the Cornell Beam Research Accelerator (COBRA) at Cornell
University;1,2 the Mega Ampere Generator for Plasma Implosion
Experiments (MAGPIE) at Imperial College London;3 the Zebra
generator at the Nevada Terawatt Facility, University of Nevada,
Reno;4 and the Z machine at Sandia National Laboratories.5,6 The
first three systems provide a peak current of ∼1 MA with a rise
time of 100–300 ns. The Z machine, on the other hand, provides a
peak current up to 26 MA. These systems are typically quite large,
requiring considerable effort and resources for their maintenance
and operations, hence are not well-suited for a small, university-scale
laboratory.

Recently developed linear transformer drivers (LTDs)7–10 have
become a popular alternative, e.g., the Michigan Accelerator for
Inductive Z-pinch Experiments (MAIZE) at the University of
Michigan,11 Compact Experimental System for Z-pinch and Abla-
tion Research (CESZAR) at the University of California San Diego,12

and the High Amperage Driver for Extreme States (HADES)
developed in the University of Rochester.13 Such systems do not
require the use of a pulse-forming line to produce a short-pulse
(100–300 ns), high current discharge (≳100s kA). The size of
a typical LTD is considerably smaller than conventional Marx,
pulse-line-based systems.

Although the LTD seems to address the needs for a short pulse
and high peak current, there remain challenges in building and oper-
ating the LTD. First, the system charging voltage is considerable
(∼ ±100 kV). Moreover, it uses many dozens of spark-gap switches
that must be precisely synchronized. In addition, as the system
inductance is very low (≳25 nH), the generator’s output current
may be heavily affected by the load inductance, especially loads that
implode rapidly, reaching sizable final values.

Reported here is a design that employs the use of a double-
sided, parallel-plate capacitive driver to attain a versatile, low-cost,
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and robust system that is simple to use and maintain in an academic-
learning environment. The design is similar to the ZOT generator
used previously at the University of California, Irvine.14 In the ZOT
generator, eight 6.25-μF capacitors in total were connected in par-
allel to increase the storing energy. The system was run at the
charged voltage of 37.5 kV, giving a stored energy of 35 kJ. In our
design, many submicrofarad range capacitors are connected in par-
allel. Although the structure is very similar to the ZOT generator,
the main reason to connect many capacitors in parallel is to reduce
the system inductance to the order of 100 nH, not just to increase
the storing energy. In this way, we can use capacitors with higher
internal inductance, which are cheaper and easier to obtain. Further-
more, only two discharge switches are used, which greatly reduces
the need for precise synchronization as for an LTD. Finally, the sys-
tem is charged to 20 kV with a stored energy of 1 kJ, unlike both the
LTD and Marx generator systems.

Therefore, the direct-drive, parallel-plate, capacitor-driven sys-
tem is much easier to build and operate, providing a pulse current
of over hundreds of kiloamperes with a rise time in the order of
1 μs. The system reported here is named the Pulsed-power Gener-
ator for Space science (PGS) and is suitable for small loads, such as
conical-wire arrays, exploding wires, and gas puffs. Up until now,
we have used it to drive a conical-wire array and an x pinch. In
the implosion of the conical-wire array, a plasma jet with a speed
and corresponding Mach number comparable to the solar wind was
produced.

The organization of this paper is as follows: In Sec. II, the
description of the PGS machine is given. In Sec. III, the discharge
test of the system is presented. In Sec. IV, we show the experimen-
tal results of driving conical-wire arrays and x pinches. Finally, a
summary is given in Sec. V.

II. THE PULSED-POWER GENERATOR FOR SPACE
SCIENCE (PGS)

Figure 1(a) is a computer-aided design (CAD) drawing of the
PGS system, and Fig. 1(b) is a photograph of the assembled sys-
tem. The dimensions for the assembled system are 4.3 m in length
× 1.745 m in width × 0.83 m in height. The design provides easy
access to the central-vacuum chamber, where the plasma loads are

mounted. The trigger-pulse generator, the transformer, and the volt-
age doubler of the high-voltage power supply system (HV-PSS) are
placed in the adjacent cabinet.

The two wings of the capacitor bank are connected in paral-
lel, through parallel-plate transmission lines (PPTLs). The top plates
of the PPTLs are connected to the outer cylinder of the cylindri-
cal transmission line (CTL) and to the vacuum chamber, which is
grounded to the earth ground. The bottom plates of the PPTLs are
connected to the inner cylinder of the CTL. A load depending on
different experiments is connected between the outer and the inner
cylinders to close the current path. The inner cylinder of the CTL is
connected to the earth ground through a 5 MΩ resistor, which is part
of the circuit used to charge the system. Details of each component
are described in the following.

The circuit schematic for the system is displayed in Fig. 2. The
capacitor bank is divided into two parts (north and south “wings”),
each switched by a rail-gap, with their pulses delivered by a parallel-
plate transmission line interfaced to a common coaxial-transmission
line that is located in a central vacuum chamber. The diagnostics
include a Rogowski coil for the current measurements; a time-
integrated, visible-imaging system; a time-resolved shadowgraph
imaging system; and a time-resolved schlieren imaging system.
Shadowgraphy and schlieren imaging use a Q-switched Nd:YAG
laser with a temporal resolution in the order of nanoseconds.

A. Capacitor bank
Twenty 1 μF capacitors comprise the energy-storage bank. The

system is charged to 20 kV storing 1 kJ of energy. Two 1-kΩ resis-
tors connected in series with two high-voltage diodes protect the
HV-PSS in case a prefire occurs during the charging phase. For the
same reason, the 10-MΩ resistor is connected to the trigger-pulse
generator. The HV-PSS is connected to all capacitors through nor-
mally open (N.O.) relays. To protect the HV-PSS, N.O. relays are
opened just before rail-gap switches are triggered so that the HV-
PSS is disconnected from the pulsed-power system. The 2- and 1-GΩ
resistors set the potentials of the rail-gap triggering electrodes equal
to one-third of the charging voltage. Two 40-pF capacitors maintain
the voltage difference between the trigger-pulse generator and the
triggering electrodes during the charging phase. The negative high-
voltage trigger pulse, with a fast rise time, propagates through the

FIG. 1. (a) CAD drawing for the PGS machine with a cut view of the chamber and the north wing. (b) Photograph of the PGS machine, without diagnostics.
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FIG. 2. Circuit schematic of the PGS system.

capacitors, activating the rail-gaps. In contrast, the capacitors block
the relatively slow main pulse so that the trigger-pulse generator is
not damaged.

Capacitors in each wing are mounted 425.5 mm above the floor
(for safety) and enclosed in an acrylic box so that dust particles do
not get into the capacitor bank. The acrylic box also serves as a
dielectric barrier. The average annual humidity in Taiwan is close
to 80%; no special precautions are used to prevent HV arcing.

The energy in each wing can be dumped in ∼20 ms when the
relay is closed. Two bleeder resistors are connected to the capacitors
in each wing: a 1-kΩ, 1.5-kW high-power wire-wound resistor that
is connected to capacitors through a normally closed (N.C.) pneu-
matic high-voltage relay, and a second 50 −MΩ resistor that safely
discharges the entire energy within ∼16 min whenever HV-PSS is
disconnected from the energy bank.

B. Rail-gap switches and the trigger-pulse generator
Custom-built rail-gap switches were developed for the

system.15–20 The inductance of the rail-gap switches is ∼80 nH.20 The
304 SS rail-gap electrodes have a diameter of 50 mm and a length of
300 mm. The distance between the electrodes is 11 mm and the trig-
gering electrode is mounted 4 mm away from the electrode that is
connected to the PPTL.

The self-breakdown voltage for the rail-gaps exceeds 29 kV. To
trigger the rail-gap switches and generate multichannel discharge in
the switches, a high-voltage triggering system provides a negative
high-voltage trigger pulse lower than −40 kV with a falling speed
of −6.6 ± 0.4 kV/ns. More details of the rail-gap switches and the
trigger-pulse generator were given in Ref. 20.

Dry air is used to purge all discharge switches, including those
used in the three-stage trigger Marx; the flow-rate is 8 l/min.

C. Parallel-plate transmission lines
Parallel-plate transmission lines (PPTLs) transfer the current

from each wing of the capacitor bank to the bottom of the cylindrical
vacuum chamber, where the high-voltage feedthrough is located as
shown in Figs. 1 and 3. For each PPTL, two aluminum plates with a
thickness of 10 mm and a width of 600 mm are used. Twenty Mylar
sheets (thickness 0.188 mm, total thickness of 3.76 mm) are used to
insulate the two metal plates of the PPTL. The width of the Mylar

sheets is 1000 mm, i.e., Mylar sheets are extended 200 mm over the
metal plates on each side to prevent flashover across the side of the
insulation layer.

During the main discharge, the current from each wing of the
capacitor bank flows along the top plate of the transmission lines
to the high-voltage feedthrough. The return current flows through
the bottom plate of the transmission lines back to each wing of the
capacitor bank.

D. High-voltage feedthrough
The high-voltage feedthrough at the bottom of the vacuum

chamber is shown in Fig. 3, and the enlarged drawing is shown in
Fig. 4. It is used to convert the current flow from horizontal to ver-
tical, combining the currents from each wing of the capacitor bank,
and delivering it to the target through the CTL. The feedthrough is
formed by three plates stacking on top of each other. An insulation
disk is sandwiched between two rectangular metal plates. The top
metal plate is also the bottom plate of the vacuum chamber. It is an
aluminum plate with a thickness of 25 mm, a width of 600 mm, and a
length of 1000 mm. The vacuum chamber introduced in Sec. II E sits
at the center of the top metal plate. The top metal plate is attached
to the top plates of both PPTLs. At the center of the top metal plate,

FIG. 3. Cut-away CAD drawing of the PGS system.
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FIG. 4. Detailed CAD drawing for the high-voltage feedthrough.

there is a circular hole with a diameter of 300 mm. The hole is for
adapting the CTL introduced in Sec. II F. On the other hand, the
bottom metal plate is an aluminum plate with a thickness of 15 mm,
a width of 600 mm, and a length of 1100 mm. It is attached to the
bottom plates of both PPTLs. It is also attached to the inner cylin-
der of the CTL. There is a circular hole at the center of the bottom
metal plate covered by an ISO100 window. It can be used for diag-
nostics from the bottom if necessary. Finally, a polyethylene (PE)
disk with a diameter of 1000 mm and a thickness of 24 mm is used
as the insulation disk. At the center of the PE disk, there is a circular
hole with a diameter of ∼360 mm. As shown in Fig. 4, the sidewall of
the hole is tilted 45○ and rounded with a radius of 5 mm to prevent
flashover through the sidewall. Furthermore, the bottom side of the
PE disk is trimmed down 4 mm. The inner radius of the trimmed
region is 600 mm. The insulating layer of the PPTL is inserted into
the trimmed region to prevent the flashover through the connection
between PPTL and the high-voltage feedthrough. When the system
is activated, currents from both wings of the capacitor bank will flow
through the top plate and to the outer cylinder of the CTL. After the
current flows through the load attached to the CTL, the return cur-
rent from the inner cylinder will flow through the bottom plate and
back to both wings of the capacitor bank through the bottom plates
of both PPTLs.

E. Vacuum chamber
Experiments are conducted in high-vacuum in the cylindrical-

central chamber, mounted on top of the high-voltage feedthrough.
The stainless steel chamber dimensions are 500 mm diameter
× 300 mm long, as shown in Fig. 3.

Twelve ISO100 flanges are circumferentially welded to the mid-
plane of the vacuum chamber 150 mm above the bottom and are
used for inserting diagnostics. A turbomolecular pump (220 l/s) is
connected to one of the ISO100 flanges on the side. A dielectric break
is inserted between the pump and the chamber to prevent damage
to the pump when the main discharge is fired. An uninterruptible
power supply (UPS) system is used as additional protection, which
is disconnected from the power mains just before each shot. The
chamber is pumped down to the order of 10−6 Torr for experiments.

An ISO200 flange is welded at the center of the top lid. An
additional eight KF40 flanges are used for electrical feedthrough for
diagnostics, pressure gauges, and the venting valve.

F. Coaxial-transmission line
As shown in Fig. 3, a set of a coaxial-transmission line (CTL)

made of stainless steel at the center of the vacuum chamber orien-
tates vertically is used. It is attached to the high-voltage feedthrough,
which is also the bottom plate of the vacuum chamber. The outer
diameter of the inner cylinder and the inner diameter of the outer
cylinder are 260 and 300 mm, respectively. An adapter for con-
necting different targets is connected to the top end of the CTL.
The inner disk of the adapter is the cathode, while the outer disk
of the adapter is the anode. The outer diameter of the inner disk
and the inner diameter of the outer disk are 200 and 170 mm,
respectively. The total length of the CTL is 120 mm, i.e., ∼30 mm
below the middle plane of the chamber. Therefore, when targets
with the finite height for experiments are installed at the center of
the vacuum chamber, all ISO100 flanges can be used to observe
experiments.

G. Diagnostics
There are several diagnostics used on the PGS machine: a

Rogowski coil for current measurement, a time-integrated imaging
system in the visible light region, and a time-resolved imaging sys-
tem using an Nd:YAG Q-switch laser backlighter. The time-resolved
imaging system includes shadowgraphy and schlieren imaging.

1. Rogowski coil
A Rogowski current monitor is used to measure the discharge

current and is located between the CTL, as indicated by the red dot
in Fig. 4. The coil is made by using an RG58 coaxial cable, as shown
in Fig. 5. The length of the cable is ∼872 mm. One end of the cable
is connected to a BNC connector. The outer insulation layer and the

FIG. 5. Rogowski coil constructed using aluminum tape to make the helical coil.
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outer conducting layer were ripped off. An aluminum tape with a
width of 3 mm was then wrapped around the coaxial cable as the
helical coil of the Rogowski coil, as shown in the inset of Fig. 5. The
number of turns of the helical coil is 130. The diameter of the helical
coil is 2.5 mm. One end of the helical coil is attached to the cen-
ter conductor of the coaxial cable and the other end is attached to
the ground of the BNC connector. For insulation, the Rogowski coil
is placed inside a polyurethane (PU) tube with the inner and outer
diameters of 4 and 6 mm, respectively. Finally, another RG58 coax-
ial cable is connected between the BNC connector of the Rogowski
coil and a BNC feedthrough on one of the KF40 flanges on the lid of
the vacuum chamber. Then, an R–C integrator is used to integrate
the signal. The resistance and the capacitance of the integrator are
5 kΩ and 48 nF, respectively. Therefore, the voltage output from the
integrator directly provides the total current of the PGS machine.
The convertion ratio between the discharge current and the voltage
output of the integrator is 188.0 ± 0.3 kA/V.

2. Time-integrated imaging system
The system captured images from one of the ISO100 windows

in the direction indicated in Fig. 6. The system is a Raspberry Pi
HQ camera that uses a Sony IMX477R CMOS image sensor. The
camera is powered by batteries, controlled wirelessly, and enclosed
in an aluminum box. Therefore, it is resistant to the electromag-
netic pulse (EMP) noise from the discharge of the PGS machine.
The focal length of the lens is 50 mm for the imager size of 1/1.2 in.
The f -number is f /16, and the ISO sensitivity is ISO1. However,
the self-emission is still too bright, so a neutral-density (ND) filter
with an optical density of 64 is used. Note that the discharge current

drains in the order of microseconds, which is much shorter than the
opening time of the fastest shutter. Thus, the exposure time depends
on the plasma’s self-emission time, not on the time that the shutter
remains open. Therefore, the shutter is kept open for 15 s. We only
need to ensure that no light is leaked into the chamber and the PGS
machine is triggered within 15 s. In this case, the time-integrated
self-emission of the plasma will be captured by the camera.

3. Time-resolved imaging system
To capture time-resolved images, an Nd:YAG Q-switch laser,

Q-smart 850-2w SLM made by Lumibird,21 is used. The laser gener-
ates a burst of laser light with a pulse width of ∼5 ns in 532 nm. The
timing jitter of the laser is 1 ns. Figure 6 shows the design of the opti-
cal beam path of the laser diagnostics. The half-wave plate (HWP)
and the polarizing beam-splitter cube (PBS) on “Optical table 1”
are used to control the laser energy that is delivered to the vacuum
chamber. Although the energy of the laser burst is up to 290 mJ
per pulse, only 15.2 ± 2.0 mJ per pulse is delivered to the target. On
the other hand, the portion of the laser beam passing through the
PBS is blocked by a beam dump (BD). The scattered light from the
beam dump is captured by a photodiode (PD), a biased Si detector
DET10A2 made by Thorlabs.22 Therefore, we measure the timing
of the laser light relative to the current output in situ. The laser
beam is expanded to size with a diameter of ∼30 mm, which is the
field of view, by the lenses “f-50” and “f200.” Cameras for taking
shadowgraph and schlieren images are the same as that used in the
time-integrated imaging system. They are also powered by batteries,
controlled wirelessly, and enclosed in aluminum boxes to resist the
EMP noise from the discharge of the PGS machine. The size of the

FIG. 6. The optical beam path of the laser diagnostics.
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image sensors of the cameras is 7.9 mm in diagonal. Therefore, the
expended beam is shrunk by five times using the lenses “f250” and
“f50” so that the whole field of view fits into the image sensors.

The laser beam is split into two beams by a 50–50 non-
polarizing beam-splitter cube (BS) on “Optical table 3” after pass-
ing through the region of interest. One is used for shadowgraph
images,23 and the other one is used for schlieren images.23,24 Since
the laser light passes through the beam-splitter cube (BS) after pass-
ing through the first lens of the beam shrinker, the two imaging
systems share the same line of sight and the first lens (“f250”) of
the beam shrinker. A blade is used for the schlieren imaging system.
The knife edge of the blade is in the vertical direction located at the
focal point of the first lens of the beam shrinker. The blade blocks
the entire focal spot so that only light deflected by lateral refrac-
tive index gradients reaches the camera. Thus, the schlieren image
does not provide information on the magnitude of the density gradi-
ent. Nevertheless, the schlieren image helps us identify the boundary
of the plasma generated by the PGS machine. Furthermore, tempo-
ral information can be obtained by taking images at different times.
Note that only one image is taken in each shot. Therefore, multiple
shots with laser triggered at different times are needed for studying
the evolution of the generated plasma.

III. CALIBRATION OF THE DISCHARGE CURRENT
The PGS machine was tested by using four AWG16 wires with

a length of 270 mm connected in parallel between two cylinders of
the CTL as an inductive load. The system worked robustly without
any prefires during the test. Figure 7 shows the traces from ten dis-
charge currents overlapping accurately on top of each other. Except
the high-frequency noise from the activation of the rail-gap switches
occurred at the beginning of the discharge, the system ran in an
underdamped RLC regime. Nevertheless, we are more interested in
the first quarter period since our load, such as the conical-wire array
introduced in Sec. IV A, is made of thin wires and burned out in the
first quarter period. Equation (1) was used to fit the data for finding
the characteristics of the discharge current,

I(t) = Unitstep(t − t0)I0 exp[−γ(t − t0)] sin[ω(t − t0)] + Ioff, (1)

where I represents the current, I0 is the amplitude of the current, γ
is the damping rate, ω is the oscillating frequency, Ioff is the offset of
the signal, and to is the time that the current begins to increase. The
fitted curve of one of the discharge currents is shown by the black
dashed line in Fig. 7. The averaged quantities from ten shots are
listed in Table I. A peak current of 135 ± 1 kA with a rise time, i.e.,

FIG. 7. Discharge current for the PGS machine: superposition of ten shots.

TABLE I. PGS machine parameters.

Capacitance 5 μF
Vcharge 20 kV
Energy 1 kJ
Ipeak 135 ± 1 kA
Rise time 1592 ± 3 ns
Inductance 204 ± 4 nH
Resistance 10.0 ± 0.2 mΩ

a quarter period, of 1592 ± 3 ns was generated. The corresponding
inductance and resistance were calculated from ω and γ in Eq. (1).
The calculated inductance was L = [C × (ω2

+ γ2
)]
−1
= 204 ± 4 nH,

and the calculated resistance was R = 2 × γ × L = 10.0 ± 0.2 mΩ. The
variance was one standard deviation. The variance between ten shots
was very small, which showed that the system was very robust and
stable.

IV. IMPLOSIONS OF SMALL LOADS
We used the PGS machine to drive conical-wire arrays and x

pinches for demonstrating the capability of studying high-energy-
density plasmas that are relevant to the space environment, fusion,
and spectroscopy.

A. Conical-wire arrays
The PGS machine was used to drive a conical-wire array as a

demonstration of its capability for producing dynamic-plasma flows.
This section will first briefly introduce the sequential events in an
implosion of a conical-wire array. The geometry of the conical-wire
array we used and how it was mounted on the system are also intro-
duced. Finally, we show the temporal-integrated images from the
self-emission of the plasma and ohmically heated wires in the vis-
ible light region and the time-resolved images using a Q-switch laser
as the backlighter of the conical-wire array implosion.

1. Implosion process of the conical-wire array
A conical-wire array is a cylindrical array of discrete wires,

where there exists a difference in the array diameters at the anode
and cathode electrodes, ΦAnode and ΦCathode, respectively, as illus-
trated in Fig. 8(a). The height and the inclination angle of the
conical-wire array are h and θ, respectively.

The current delivered to the array heats the wires ohmically
such that neutral cold wire cores are surrounded by lower-density,
hot coronal plasma.25,26 In time, the current amplitude (yellow
arrows) becomes sufficient to accelerate the ionized plasma toward
the axis, by a J⃗ × B⃗ force (red arrows), strongest at the cathode
and less so at the anode. A steady plasma ablation from the wire
cores occurs with an approximately constant ablation velocity V⃗ab
in the same direction as the J⃗ × B⃗ force.27,28 Thus, the density of the
plasma increases as mass from all wires accumulates on the axis. The
radiation loss rate increases as the density increases,29 and thus, a
dense-cold precursor on the axis is eventually formed.

The time of the stagnation depends upon the strength of the
J⃗ × B⃗ force. With a smaller diameter at the bottom of the conical-
wire array than that at the top, the stagnation occurs earlier near
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FIG. 8. (a) Conical-wire array. (b) Plasma jet and a slug produced in a Conical-wire
array. Reprint with permission from Birkhoff et al., J. Appl. Phys. 19, 563 (1948).
Copyright 1998 AIP Publishing.

the bottom than at the top. As a result, a zippered stagnation as the
stagnation column occurs, as shown in Fig. 8(a).28

An up-going plasma jet is also formed during the stagnation
process. Since the current has a radial component, the imploding
velocity is slightly upward. Therefore, when the imploded material
meets on the axis, it not only stagnates on the axis but also is redi-
rected vertically, as shown in Fig. 8(b).30,31 In the figure, solid lines
are the imploded material in the earlier time, while dashed lines are
at the later time. When the imploded materials collide, most of the
material indicated as the slug moves downward with a lower speed.
On the other hand, some of the materials are redirected upward with
a much higher speed and form the up-going plasma jet. The typical
wire materials are those with high atomic numbers, such as tung-
sten. Therefore, a significant radiative cooling occurs resulting in a
jet that becomes highly collimated. Thus, a collimated plasma jet can
be observed with appropriate diagnostics side-on.

2. Assembly of the conical-wire array
The conical-wire array we used consisted of four tungsten wires

with an inclination angle of 30○ with respect to the axis. The diame-
ters of the wires were 20 μm. As shown in the inset of Fig. 9(a), the
diameters at the bottom and the top of the conical-wire array were
ΦCathode = 5 mm and ΦAnode = 21 mm, respectively. The height of
the conical-wire array h was 13.9 mm. To connect the conical-wire
array to the outer cylinder of the CTL, four beams as the anode were

used. There was a slot at the tip of each beam to ensure that each
wire was connected to the center of the beam. On the other hand, a
round disk as the cathode at the bottom of the conical-wire array was
connected to the inner cylinder of the CTL. The cathode had a center
hole with four slots uniformly distributed around the circumference.
The slots also ensured that all wires connected to the cathode were
at the required locations. To make the conical-wire array, each wire
was first connected to the tip of each beam by a screw. Each wire
would pass through the slot of each beam so that it was touching the
center of the tip. An M2 screw as a weight was tightened to the free
end of each wire. Each screw would pass through the center hole of
the cathode and hang underneath the plate. Each wire would pass
through one slot of the cathode so that the conical-wire array was
formed. The weight of the screw would ensure that each wire was
straight and touched the cathode and the anode firmly. Figure 9(b)
shows a photograph of the actual conical-wire array before
the shot.

The advantage of using four beams for connecting wires of the
conical-wire array to the outer cylinder of the CTL is that a clear
view from the side is provided between each beam. Everything all
the way from the cathode to any locations within the field of view of
the imaging system can be observed. Therefore, both the stagnation
column and the plasma jet generated at the center of the conical-wire
array can be observed simultaneously. Furthermore, the transition of
plasma from the stagnation column to the plasma jet can be observed
without being blocked by the holder of the conical-wire array. More-
over, the inclination angle can be adjusted by changing the length
of beams. A twisted conical-wire array can also be built by rotating
the beams if necessary. Nevertheless, only non-twisted conical-wire
arrays were imploded in this work.

3. Implosion of the conical-wire array
In this section, experimental results of imploding conical-wire

arrays are given. Time-integrated and time-resolved images are
shown. Finally, the velocity of the plasma plume was calculated using
the time-resolved schlieren images.

a. Time-integrated images. Figure 10 shows the side view of the
implosion of the conical-wire array. First, four wires were heated
ohmically by the current provided by the PGS machine. Therefore,
self-emissions from wires are clearly observed in the image. Sec-
ond, a little laser light was scattered by the beams that hold the
wires and captured by the camera. Finally, the single plasma plume,
including the stagnation column and the plasma jet, is observed.
However, the fast radiative cooling may cause the length of the emit-
ting part shorter than the actual length of the jet.26,32 Therefore, the

FIG. 9. (a) CAD drawing of the conical-
wire array. (b) Photograph of the conical-
wire array before implosion.

Rev. Sci. Instrum. 93, 043505 (2022); doi: 10.1063/5.0079450 93, 043505-7

Published under an exclusive license by AIP Publishing

https://scitation.org/journal/rsi


Review of
Scientific Instruments ARTICLE scitation.org/journal/rsi

FIG. 10. Time-integrated, side-view image, enhanced by scaling the intensity range
linearly from 0–64 to 0–255.

time-integrated image does not provide quantitative information
about the plasma jet in detail. Nevertheless, it is used to confirm that
the plasma jet was generated by the conical-wire array driven by the
PGS machine in each shot.

b. Time-resolved images. Time-resolved shadowgraph images
at different times are shown in Figs. 11(a)–11(d). Due to the internal
delay of the triggering system for triggering the Q-switch laser, the
earliest images were taken at 930 ± 20 ns after the PGS machine was
activated. When currents flowed through the wires, they were ohmi-
cally heated and expanded over time. At the same time, plasma was
ablated from the heated wires. The ablated plasma from the wires
eventually merged at the center, thereby forming the plasma plume,
including the stagnation column and the plasma jet as described
in Sec. IV A 1. The zippering process is clearly observed from
Figs. 11(a)–11(c). Turbulence structure in the plasma plume, which
was smoothed out in time-integrated images, can also be observed.
Therefore, it was difficult to determine the widths of the plasma

plume at different heights. Nevertheless, the averaged width at dif-
ferent times can be obtained by analyzing the averaged intensity
along the plasma plume and between two dashed lines in Figs.
11(a)–11(c). Figure 12(a) shows the averaged intensity across the
plasma plume in Fig. 11(c) as an example. The profile was then fitted
by a super-Gaussian function,

I(x) = a ∗ exp[−∣
x − b

c
∣

d

] + e, (2)

where a is the amplitude of the intensity, b is the center of the plasma
plume, c is the width of the function, d is the power of the super-
Gaussian function, and e is the background of the image. Note that
the plasma plume in the shadowgraph was darker than the back-
ground. Therefore, a was a negative number. The power of the
super-Gaussian function d was a fitted parameter since the profile
varied between shot to shot and between different times. Then, we
defined the full width at half maximum (FWHM) as the distance
between the points where Eq. (2) equaled to 0.5a + e, i.e., the dis-
tance between two red dots in Fig. 12(a). Two dashed lines in Fig.
12(a) present one standard deviation away from the fitted function.
As a result, the width of the plasma plume was 0.09 ± 0.03 mm at
930 ns, 0.7 ± 0.3 mm at 975 ns, and 0.65 ± 0.07 mm at 985 ns. The
plasma plume became wider as the plasma stagnated at the center.

Plasma plumes in shadowgraph images became blurred at the
tip. It was not possible to determine the top edge of the plasma plume
using shadowgraph images. Therefore, the time-resolved schlieren
images, as shown in Figs. 11(e)–11(h), were used to determine the
length of the plasma plume. All schlieren images were enhanced by
linearly scaling the intensity range from 0–60 to 0–255. Nevertheless,
raw data were used in data analysis. Ablations of the wire material
and plasma plumes, including stagnation columns and plasma jets,
are clearly shown in schlieren images even when the beam quality
was not very good. However, since the vertical knife edge was used
for taking schlieren images, the edge enhancement was not symmet-
rical. For example, although the ablated plasma from each wire is

FIG. 11. (a)–(d) Shadowgraph images. (e)–(h) schlieren images. (a) and (e) were taken at T = 930 ± 20 ns. (b) and (f) were taken at T = 975 ± 2 ns. (c) and (g) were taken
at T = 985 ± 3 ns. (d) and (h) were taken at T = 2945 ± 2 ns.
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FIG. 12. (a) Intensity averaged across the plasma plume between two dashed lines from Fig. 11(c). (b) Averaged intensity along the plasma plume between two dashed
lines from Fig. 11(g).

supposed to be nearly symmetrical around each wire, only ablations
toward the right were shown in the schlieren images. Nevertheless,
several features can still be observed. For example, wire modulation
from the m = 0-type magnetohydrodynamics (MHD) instability of
the wire ablation33 is shown in the images. However, the seed of the
instability was not well controlled, so the modulations were different
between each wire and between each shot. Furthermore, the turbu-
lence structure at the center is also shown. Most importantly, the
length of the plasma plume in each image can be obtained. Figure
12(b) shows the averaged gray level between two vertical-dashed
lines in Fig. 11(g) at different heights as an example. To obtain a
smooth profile of the plasma plume, the profile was fitted by the
following function:

I(y) = (a + by + cy2
) ×

1
2
[erf(

y − w
d
) + 1], (3)

where the quadratic equation was used to capture the rising edge
at the top, while the error function was used to capture the fast
following edge at the bottom. Then, the tip of the plasma plume
was defined as the location of 5% of the maximum intensity indi-
cated as the red dot in Fig. 12(b). Finally, we obtained the position
of the tip of the plasma plume at different times, as shown in Fig.
13. The tip of the plasma plume moved very fast from 5 ± 1 mm

FIG. 13. Lengths of the plasma plumes at different times.

at 930 ± 20 ns to 19 ± 1 mm at 1012 ± 1 ns, yielding an averaged
velocity of 170 ± 70 km/s. In addition, if the plasma jet is defined
as the plasma plume above the conical-wire array, which is 13.9 mm
in height, the length of the plasma jet was ljet ∼ 5 mm. The width
of the plasma jet, on the other hand, was about djet ∼ 2 mm. It was
the upper bound of the radial expansion of the plasma jet during the
period that the jet propagated upward. Therefore, a rough estima-
tion of the internal Mach number of the plasma jet was M ∼ VZ/Vr
≳ ljet/(djet/2) ∼ 5, where VZ is the axial velocity of the plasma jet
and Vr is the speed of the radial expansion of the plasma jet. Both
the speed and the Mach number of the plasma jet are comparable to
those of the solar wind.

Furthermore, the speed of the ablated plasma V0 = 50
± 20 km/s was then calculated using the following equation30,31:

Vj = V0
1 + cos θ

sin θ
, (4)

where V j is the speed of the tip of the plasma plume and θ = 30○

is the inclination angle. The speed of the ablated plasma was much
lower than that given in Ref. 28. It is reasonable since the power of
our system was much less than those used in the reference.

After 985 ± 3 ns, the length of the plasma plume remained
almost unchanged and faded out eventually while the wires kept
expanding. Therefore, only one set of images at a later time [2945
± 2 ns for Figs. 11(d) and 11(h)] are shown as an example. The wires
kept expanding but did not move toward the axis of the conical-wire
array, suggesting that current still flew through wires. It indicated
that the remaining mass of wires was still significant so that only
ablated plasma, not the whole wires, moved inward. It is the conse-
quence of lower power provided by the PGS machine compared to
those used in the reference. Therefore, wires with a smaller diameter
are needed in the future.

B. X pinches
We used the PGS machine to drive an x pinch as the second

example for demonstrating the capability of studying high-energy-
density plasma. This section will first briefly introduce the sequential
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events in an implosion of the x pinch. The geometry of the x pinch
we used and how it was mounted on the system are also introduced.
Finally, we show the radiation from the cross point using temporal-
integrated images.

1. Implosion process of the x pinch
An x pinch is formed by crossing two wires or multiple wires

between the electrodes as shown in Fig. 14. When the pulsed-high
current flows through the wires, they are first heated and ionized via
Ohmic heating. The ionized gas (plasma) expends and forms a core-
corona structure at the beginning when the magnetic pressure is too
low to hinder the expansion.34,35 At the cross point, a mini-diode is
formed and starts being pinched by the magnetic field generated by
the current. A hotspot with a radius less than 10 μm is subsequently
formed due to the compression.36 The temperature of the hotspot
can reach a couple of keV at peak compression, generating an x-ray
burst shorter than 1 ns in the range of k-shell emissions.37 The mini-
diode at the center eventually breaks and an electron beam is created
between the gap. Broadband hard x ray up to 200 keV with larger
emitting size (∼100 μm)38 can be generated by the electron beam.
Depending on the applications, wires can be made of materials with
a higher atomic number, such as tungsten, or a lower atomic num-
ber, such as carbon, if harder or softer x-ray line emission is needed,
respectively.

Traditionally, an x pinch is driven by a pulse current with a
rise time (a quarter of period) in the order of 100 ns with a cur-
rent rising speed dI/dt > 1 kA/ns.39,40 Nevertheless, several studies
have shown that x pinches driven by a slow current pulse (dI/dt
≤ 0.3 kA/ns) with a rise time of microseconds can still generate soft
x rays (≤8 keV).41,42 In the PGS machine, the current rising speed
dI/dt∣max ∼ 0.13 kA/ns. It may be too slow to generate soft x rays
via driving an x pinch. However, it can be used to study the cross-
point dynamics and the coronal plasma. Therefore, we used the PGS
machine to drive the x pinch.

FIG. 14. The setup of x pinches. Two wires or multiple wires crossing each other
form a cross point between the anode and the cathode.

FIG. 15. (a) How the wires were bent in the x pinch. (b) The photograph of the x
pinch before being imploded.

2. Assembly of the x pinch
Figure 15(a) shows the schematic of how the x pinch was built.

We used the same beams and the same round disk that were used for
holding the conical-wire array. Four tungsten wires with diameters
of 20 μm were also used. The difference was how the wires were held
between the beams and the round disk. As shown in Fig. 15(a), four
wires were bent 45○ after crossing each other forming a cross point.
Diameters at the anode and cathode electrodes are 36 and 21 mm,
respectively. Finally, the wires were fixed to the round disk similar
to the way in conical-wire arrays. Figure 15(b) shows the x pinch
before the experiment. Four wires were touching each other firmly
at the cross point.

3. Implosion of the x pinch
Figure 16(a) shows the time-integrated side-view image of the

implosion of the x pinch in visible light. Similar to the implosion of
the conical-wire array, four wires were heated ohmically by the cur-
rent provided by the PGS machine. Therefore, self-emissions from
the wires are clearly observed in the image. Furthermore, two plasma
plumes, one went up and one went down, are observed. They are
expected since the upper half and the bottom half of the x pinch are
basically two conical-wire arrays in opposite directions. In addition,

FIG. 16. The time-integrated image of the x pinch from the side in the range of
visible light (a) and with a wavelength less than 150 nm (b).
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the cross point was the brightest point as expected. Moreover, we
used a pinhole camera to take the time-integrated side-view image
of the implosion. The magnification factor of the camera was 1.
The diameter of the pinhole was 50 μm. The camera was capable
of recording photons with a wavelength less than 150 nm, i.e., photo
energy of more than 8 eV. The image taken by the pinhole camera
is shown in Fig. 16(b). A bright spot with a diameter of ∼1.7 mm
corresponded to the radiation from the cross point. Although the
radiation from the cross point was much weaker in intensity and
much bigger in size compared to those from a traditional x pinch,
the PGS machine can be used to study the cross-point dynamics and
the coronal plasma under a slow current pulse in the future.

V. SUMMARY
A compact pulsed-power system has been developed, suitable

for the study of plasmas covering a wide range of parameter space.
The system design is based on the use of a low impedance, parallel-
plate transmission line that conducts discharge current from the
capacitor banks to a target placed in the vacuum chamber. The
stored energy is 1 kJ when the system is charged to 20 kV.

The system performance has been calibrated, and several diag-
nostics installed quantify the implosion and stagnation of an active-
plasma load produced by an imploded conical-wire array. The
length of the plasma plume reached 19 ± 1 mm at 1012 ± 1 ns after
the system was activated. Various features were observed, such as
m = 0-type MHD instability, wire ablations, and turbulence in the
plasma plume. The speed of ablated plasma from the tungsten wires
is estimated as V0 = 50 ± 20 km/s. The speed of the plasma jet
measured from the schlieren images was 170 ± 70 km/s with a Mach
number of ≳ 5. These speeds are comparable to that observed for
the solar wind. Future studies are expected to continue to use the
PGS machine to generate and study plasma flows typical of the space
environment.
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