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A linear transformer driver (LTD) generator capable of delivering up to 0.9 MA current pulses with
160 ns rise time has been assembled and commissioned at University of California San Diego. The machine
is an upgrade of the LTD-III pulser from Sandia National Laboratories, consisting of 40 capacitors and 20
spark gap switches, arranged in a 20-brick configuration. The driver was modified with the addition of a
new trigger system, active premagnetization of the inductive cores, a vacuum chamber with multiple
diagnostic ports, and a vacuum power feed to couple the driver to plasma loads. The new machine is called
compact experimental system for Z-pinch and ablation research (CESZAR). The driver has a maximum
bipolar charge voltage of �100 kV, but for reliability and testing, and to reduce the risk of damage to
components, the machine was operated at �60 kV, producing 550 kA peak currents with a rise time of
170 ns on a 3.5 nH short circuit. While the peak current is scaled down due to the reduced charge voltage,
the pulse shape and circuit parameters are close to the results of the cavity and power feed models but
suggest a slightly higher inductance than predicted. The machine was then used to drive wire array Z-pinch
and gas puff Z-pinch experiments as initial dynamic plasma loads. The evolution of the wire array Z pinch
is consistent with the general knowledge of this kind of experiment, featuring wire ablation and stagnation
of the precursor plasma on axis. The gas puff Z pinches were configured as a single, hollow argon gas shell,
in preparation for more structured gas puff targets such as multispecies, multishell implosions. The
implosion dynamics agree generally with 1D magnetohydrodynamics simulation results, but large
zippering and magneto-Rayleigh-Taylor instabilities are observed. The CESZAR load region was designed
to accommodate many load types to be driven by the machine, which makes it a versatile platform for
studying Z-pinch plasmas. The completion of the CESZAR driver allows plasma experiments on energy
coupling from LTD machines to plasma loads, instability mitigation techniques and magnetic field
distributions in Z pinches, and interface dynamics in multispecies implosions.
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I. INTRODUCTION

Linear transformer drivers (LTDs) are a promising pulse
generator configuration, as they do not require pulse-
forming lines like conventional systems based on Marx
bank technology to produce short (100–300 ns) pulses

[1,2]. This provides potential advantages, including a
smaller footprint, higher energy efficiency, low intrinsic
impedance, and modular design [3–6].
The LTD concept was pioneered by Koval’chuk et al. [7]

and has received increasing attention in recent years [8–11],
including a recent review on the history of LTD develop-
ment [12]. Several LTD machines are operational or under
development in the USA [13–16], Europe [17,18], Russia
[19,20], and Asia [21,22].
LTDs are induction generators where a voltage is

produced across an insulator gap on the inside of an
induction cavity, which contains several high-energy-
density capacitors and high-voltage switches packaged
compactly as “bricks”. The bricks are arranged in parallel
inside the inductive metal housing.
In air-insulated LTD cavities, bricks are usually made of

one capacitor and one switch. A machine with this design,
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consisting of 12 capacitors in parallel, is the GenASIS
driver already present at University of California (UC)
San Diego [14]. While air insulation makes these cavities
easy to service, it also limits their compactness and
maximum power. Oil-insulated cavities can sustain a higher
charge voltage in a smaller space, so they are often
configured with two capacitors in series per brick (charged
at opposite polarities to effectively double the operating
voltage) and a large number of bricks (20–40) arranged in a
toroidal-shaped cavity. The LTD described here is of the
second type.
The use of many bricks in parallel results in a circuit with

low inductance, suitable for producing fast, high-current
electrical pulses. Multiple layers of bricks (“stages”) can be
connected in series inside the same cavity to increase the
output voltage, and multiple cavities can be connected in
parallel to increase the output current. Therefore, LTD
stages can potentially be used as building blocks for larger,
modular machines.
A transmission line or power feed occupies the inner part

of the cavity to couple the electrical pulse from the
capacitors to the load [9]. Ferromagnetic cores can be
placed inside the cavity to prevent current from taking a
parasitic current path around the cavity enclosure. This
parasitic current path is electrically in parallel with the path
that includes the power feed and load. The ferromagnetic
cores inductively isolate this parasitic current path from the
power feed and load.
The machine described in this work is based on the

LTD-III cavity received from Sandia National Laboratories,
where it was extensively tested with resistive loads, but it
was not configured with a power feed to drive plasma loads
[23]. The machine was modified with a new trigger system,
an active premagnetization circuit for the ferromagnetic
cores, a vacuum chamber for diagnostic access, and a
vacuum power feed to propagate the current pulse to the
load. The newly upgraded LTD is called compact exper-
imental system for Z-pinch and ablation research
(CESZAR) and is a flexible pulsed power driver for plasma
experiments.
The completion of the CESZAR generator allows experi-

ments to be conducted on a variety of topics relevant to
high-energy density (HED) science, such as the energy
coupling between a low-impedance LTD and plasma loads,
interface dynamics of multishell, multispecies implosions,
and dynamics of magnetized Z pinches. The driver will also
provide an excellent platform for developing advanced
diagnostic techniques such as spectroscopic measurements
of magnetic fields in HED plasmas.
This paper is organized as follows. In Sec. II, a

description of the CESZAR machine is presented. In
Sec. III, results from circuit modeling and machine testing
are reported. In Sec. IV, results from two plasma load
configurations are presented. In Sec. V, we summarize our
work and provide some concluding remarks.

II. THE CESZAR MACHINE

The CESZAR machine is comprised of two main
sections: the LTD cavity enclosure and the vacuum cham-
ber. The main subsystems that comprise each section will
be described below.
The LTD cavity is enclosed by a 2-m-diameter, 0.2-m-

tall circular metal housing and contains the LTD bricks, a
trigger line relayed to all the bricks, two ferromagnetic
cores, plastic insulators, and connections for compressed
air and machine diagnostics. The cavity is filled with
transformer oil (Shell Diala S2-ZX-A) for electrical insu-
lation, with particular care paid to ensure a minimal amount
of air bubbles remain in the cavity. Each brick in the cavity
is composed of two 58 nF, 100 kV capacitors (General
Atomics 35464) connected in series by one triggered spark
gap switch (L-3 Communications, Pulse Sciences Division,
part no. 40264-200SD [24]).
During the charging phase, the top row of capacitors is

charged to a negative voltage −Vc while the bottom row of
capacitors is charged to the opposite voltage þVc (Vc can
be adjusted between 40 and 100 kV). The charging resistors
are of the epoxy-coated ceramic composite type, with a
250 kΩ resistance at the output of the charging power

FIG. 1. (a) Cross-section CAD drawing of the LTD machine,
with highlighted relevant components. 1 ¼ LTD cavity, 2 ¼
LTD bricks, 3 ¼ trigger line, 4 ¼ ferromagnetic cores, 5 ¼
vacuum chamber, 6 ¼ vacuum power feed, 7 ¼ location of
B-dot probes, 8 ¼ load region, 9 ¼ vacuum pumps spool, and
10 ¼ support frame. (b) Photo of the LTD cavity without the
vacuum chamber, power feed anode, and cavity lid.
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supply and 108 kΩ between adjacent bricks for each
polarity. A total voltage difference of 2Vc is present across
each switch when the charge is complete, and the voltage
propagates to the output in the vacuum section after the
switches are closed.
The vacuum section is comprised of the target chamber, a

low-inductance vacuum power feed line, and the load
region that allows the machine pulse to be coupled to
various plasma loads.
A cross-section computer-aided design (CAD) drawing

of the machine is shown in Fig. 1(a), with numbers to
highlight the major components including the LTD cavity
enclosure, the LTD bricks, the trigger line, the ferromag-
netic cores, the vacuum chamber, the vacuum feed with the
location of B-dot probes, the load region, the vacuum
pumping connections, and the support frame. A photograph
of the LTD machine is shown in Fig. 1(b), where the
vacuum chamber was removed and the cavity was opened.
The remainder of this section will describe more in detail

some key components of the cavity enclosure (trigger
circuit and core premagnetization system) and the vacuum
assembly (vacuum chamber and power feed).

A. Trigger circuit

The trigger circuit is a fundamental component of LTD
generators, since accurate control (and monitoring) of the
closing time for each switch in an LTD is essential to
deliver the desired current pulse to the load [25]. For
example, triggering the switches in a predetermined
sequence allows tailoring of the current pulse [26], while,
in order to have the fastest rise time and maximum peak
current from a single LTD cavity, the switches should fire
simultaneously [27]. The switches used in the CESZAR
LTD have two 6.4 mm gaps symmetric around a trigger
midplane. The electrodes are charged at opposite polarities,
while the midplane is held weakly at ground potential
during the charging cycle. The switches operate with
ultrazero-type air (≤2 ppm water content) at a pressure
of up to 10 bar for a charging voltage up to �100 kV. It is
worth noting that, in order to achieve reliable operation and
reduce the prefire occurrence rate to ∼1%, the operating
voltage had to be set at 60% of the self-breakdown voltage
instead of the 70% reported in the literature for this type of
switch [24]. This translates to a 20%–30% higher opera-
tional pressure for any given voltage. The higher pressure
needed to prevent prefires was more evident when the full
cavity was tested with 20 bricks, while the required
pressure was closer to the reported curve when testing
individual switches. We are still investigating the source of
this discrepancy.
A schematic of the trigger circuit for the bricks inside

CESZAR is shown in Fig. 2. A solid-state pulse generator,
producing a 300 V pulse with 20 ns rise time, is used to
trigger a PT-55 high-voltage pulse generator (50 kV, 2 ns
rise time). This high-voltage pulse is used to trigger a single

spark gap switch (trigger switch) connected to an 80-nF
capacitor bank rated for 100 kV charge voltage (trigger
capacitor). The trigger capacitor produces a negative-
polarity pulse for the trigger plane in the cavity switches.
The charge voltage of the trigger capacitor bank is equal to
or higher than the single-polarity charge voltage of the LTD
capacitors in the cavity: for example, for a cavity charge
voltage Vc ¼ �50 kV, the recommended trigger voltage
is V t ≥ 50 kV.
The output pulse is monitored by a resistive voltage

divider, and it is split into two 59 Ω high-voltage cables
with a propagation time of 20 ns (Dielectric Sciences item
no. 2121). Each cable enters the cavity and connects to the
middle of a trigger wire aligned around the cavity in a
groove at the outer edge of the midplane insulator [see
Fig. 1(a)]. Each trigger line connects to ten bricks, five on
each side of the cable entering the cavity. The signal
propagation delay between two consecutive bricks is 1 ns,
and the four-branch trigger line allows for a maximum
propagation delay of 5 ns between any two bricks. Each
switch connects to the trigger line via a 990 Ω resistor (3x
HVR APC C2654A331L, 330 Ω epoxy-coated ceramic
composite resistors in series) to provide insulation between
bricks on a timescale of ≳10 ns, which is necessary for
reliable parallel operation [16].
Each of the 20 switches is monitored by a capacitive

voltage probe sensitive to the time derivative of the electric
field near the switch midplane (D dot). Even without being
calibrated for signal amplitude, the switch monitor probes
provide information about the closing time of the LTD
bricks.

FIG. 2. Schematic of the CESZAR trigger circuit. An 80-nF
capacitor bank is used to trigger the 20 switches inside the LTD
cavity, with resistive coupling between the bricks. The dashed
lines enclose the main units (trigger bank and LTD cavity). The
20 ns, 59 Ω cable length is present in both branches of the trigger
line outside the cavity.
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An example of time-integrated D-dot signals is shown in
Fig. 3. The initial negative pulse with a rise time of 30 ns
represents the charging of the switch midplane to the
negative trigger voltage. The gap between the trigger plane
and positively charged electrode closes first, resulting in a
rapid increase of the midplane voltage. This is indicated by
cross marks in the figure, corresponding to the local
maxima of the D-dot signal. After a short time, the gap
between the two main electrodes in the switch closes, and
the midplane voltage floats closer to the ground potential.
The closing time of the main gap (local D-dot minima
indicated by circles) relative to the average of the 20 bricks
is labeled in the legend and ranges from −11.5 to þ6.3 ns,
with a standard deviation of 3.9 ns. This indicates good
synchronization of the bricks, which is essential to obtain
the maximum peak current in the load.

B. Core premagnetization circuit

Two ferromagnetic cores, one for each polarity, are
located at the output of the LTD bricks in order to provide
inductive isolation of the vacuum power feed and reduce
parasitic current losses around the cavity body. When the
switches are triggered, the current path around the cavity
enclosure is suppressed by the high-inductance magnetic
cores until they saturate. Each core consists of two
Metglas® alloy 2605CO toroids, each made of 23-μm-
thick and 3.6-cm-tall metallic glass tape wound around a
supporting ring with an 86-cm diameter, with insulator
between adjacent layers of ferromagnetic material. Each

2605CO alloy toroid has a saturation magnetic induction
Bsat ¼ 1.7 T and a saturation magnetic field intensity
Hsat ¼ 3 A=m. Premagnetization of the cores with an
initial −B0 (opposite to the field produced by the LTD
current) extends the available magnetic field before the
cores saturate.
A pulsed premagnetizing circuit is used on the CESZAR

machine. A 200 μF capacitor bank is charged to 4 kV and
discharged by a triggered spark gap. The pulse is split in
two branches: Each branch is composed of a solenoid
(L ¼ 80 μH), a feedthrough to enter the cavity, and a single
loop around one core (two toroids). The loop is insulated
with four layers of 125-μm-thick Kapton foil.
The resulting premagnetizing pulse has a rise time of

140 μs and a peak total current of 6 kA, which is more than
enough to saturate the four toroids. The premagnetizing
current pulse is timed so that its peak occurs at the time of
the LTD cavity trigger (“active” premagnetization [2]). The
premagnetization has been observed to increase the output
peak current of the generator during short-circuit tests, as
discussed briefly in Sec. III.

C. Vacuum chamber and diagnostic access

The target vacuum chamber has an inner diameter of
82 cm and is 25 cm tall, which provides room to install
compact diagnostics directly inside the chamber. A total of
16 vacuum flanges located around the chamber circum-
ference are for diagnostic access with a radial (equatorial)
line of sight to the load, and two viewports are located

FIG. 3. Example of time-integrated switch monitor signals for the 20 bricks inside the CESZAR cavity. The cross marks identify the
local maxima of the nonintegrated signals, while the circles indicate local minima corresponding to the switch closure. The timescale is
relative to the average closing time of the 20 switches.
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vertically above and below the machine on an axial (polar)
line of sight. The flanges are DN75 or DN100 standard
Conflat type, with a 7.5 or 10 cm bore diameter, respec-
tively, which allows a maximum collection angle of 12°, or
3 × 10−2 sr solid angle. The equatorial viewports are
vertically centered around the load.
The vacuum pumping system is comprised of two turbo-

molecular pumps and a dry roughing pump, and it connects
to a secondary section of the vacuum chamber under the
cavity [see Fig. 1(a)]. The vacuum system can reach a
pressure of 5 × 10−5 mbar or lower in ∼1 h, depending
on the load configuration and installed diagnostics.
The core diagnostics presently installed on the machine

include time-integrated and time-gated imaging, x-ray
photodetectors, and laser probing. These instruments will
be described in Sec. IV.

D. Vacuum power feed

The purpose of the radial vacuum feed is to deliver the
energy stored inside the cavity to low-impedance loads as
efficiently as possible. To maximize the energy coupled to
the load, the inductance of the transmission line should be
as low as practically possible, since the peak current
produced by a driver is inversely proportional to the square
root of the circuit inductance. The design of a power feed is
usually a trade-off between the need to keep the inductance
low, the need to keep the electrical field below the electrical
breakdown threshold, and accessibility requirements for
diagnostics. This is especially true for low-inductance
drivers like single-cavity LTDs.
From the capacitors’ output connections on the inner

side of the oil-filled cavity, the electrical pulse must
propagate radially inward to the machine axis and vertically
upward to allow diagnostic access. A curved, dome-shaped
transmission line would provide the least possible induction
for this kind of path [28]. However, given that a conical
power feed is not far from the optimal inductance and is
much simpler in design and fabrication, it still represents a
good solution for small- and medium-scale laboratory
environments [29].
The CESZAR vacuum power feed, shown in Fig. 4, is

based on a design calculated for Sandia National
Laboratories [30]. Starting from the oil-vacuum interface
at the output of the capacitors, a transmission line consist-
ing of an outer coaxial section (of outer radius 39.5 cm), a
tapered conical section, and an inner coaxial section (of
outer radius 6 cm) was adopted. This geometry allows a
considerable fraction of the vertical translation to be located
at a large radius (reducing inductance) and limits the
amount of plasma-emitted radiation that can reach the
insulator at the beginning of the feed. The tapered cone
angle of approximately 11° was chosen to raise the load
enough to allow equatorial diagnostic access. The upper
conical electrode (the anode) has a flat top to allow
mounting of diagnostic components inside the vacuum

chamber, while the lower electrode (the cathode) has four
cut-out slots to allow vacuum pumping from the bottom
end of the chamber; one of these slots can be seen directly
under the load region in Fig. 4. The dimensions of the inner
coaxial section were chosen in order to be able to install a
gas injector with a diameter up to 8 cm.
The vacuum gap between the electrodes decreases from

an initial value of 0.8 cm to a final value of 0.64 cm along
the conical section of the power feed. Calculations of the
electric field distribution in the feed conducted with the
SCREAMER code [31,32] with a charge voltage Vc ¼
�100 kV and a load inductance of 8 nH (a realistic value
for most gas loads and some wire loads) show that the
electric field does not exceed 150 kV=cm anywhere in the
feed, which is well below the electron emission threshold of
200 kV=cm used for most electrode materials [33]. The
dashed lines in Fig. 4 delimit the cavity (on the left side),
the vacuum feed gap region (delimited by the electrodes in
red and blue), and the load region near the axis (green
components).
The material chosen for the transmission line electrodes

was 304 stainless steel, due to its high strength, low cost,
and relatively high resistivity compared to other metals. A
higher-resistivity material can introduce small resistive
losses, slightly increasing the damping of the circuit and
reducing oscillations of low-loss systems. Large oscilla-
tions are potentially dangerous for several components in
high-power systems, particularly the energy storage capac-
itors that are not typically designed for rapid voltage
reversals.
The vacuum feed inductance was calculated to be 5.2 nH

prior to fabrication of the vacuum feed, using the magnetic

FIG. 4. Cross-section drawing of the vacuum power feed. All
dimensions are in centimeters. The anode electrode is colored in
red, the cathode electrode is colored in blue, the cavity insulating
plate is colored in yellow, and a short-circuit example load is
colored in green. The dashed lines delimit the cavity on the left,
the vacuum feed in the middle, and the load regions near the axis.
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field distribution from calculations done with the COMSOL

Multiphysics® software. The domains for the calculation
are delimited by the dashed lines in Fig. 4 and marked as
“feed” and “load.”

III. CIRCUIT MODEL AND MACHINE
SHORT-CIRCUIT TESTS

The CESZAR driver circuit was modeled with the
COMSOL software and the SCREAMER circuit analysis code.
Developing an equivalent circuit model requires appropri-
ate calculations of the relevant impedances.
The series inductance of each brick can be calculated

as approximately 172 nH [23], so the inductance of the
20-brick parallel arrangement should be about 8.6 nH.
However, the cavity inductance measured in Ref. [23] using
smaller 40 nF capacitors was 0.8 nH higher than the
calculated value. The inductance of the cavity alone was
not measured with the current 58 nF capacitors, but it is
reasonable to expect a similar increase to ∼9 nH in the
cavity inductance. The expected series resistance of each
brick is about 300 mΩ, or 15 mΩ for the cavity.
As mentioned above, the vacuum feed inductance was

calculated to be 5.2 nH, and its series resistance was
calculated to be 3 mΩ. The design value for the total driver
inductance is therefore LD ¼ 14.2 nH. The magnetic cores
were modeled as a shunt resistance (defined simply as the
load voltage divided by the loss current around the cavity
body) with a value of 1.9 Ω [23].
After the initial assembly, the machine was tested with a

short-circuit load in order to measure the driver inductance.
The load was a 25-mm-radius, 20-mm-long aluminum
cylinder: with the return current radius Rr ¼ 6 cm, it
results in a load inductance Lshort ¼ 3.5 nH and an expected
total circuit inductance LD þ Lshort ¼ 17.7 nH.
To reduce the stress on the LTD components in such a

low-loss configuration, particularly to limit the voltage
reversal that is applied to the capacitors during LC
oscillations, and to test the system reliability, the machine
was charged to Vc ¼ �60 kV, which is below the maxi-
mum rating of �100 kV.
The current was measured with a set of three differential

B-dot probes arranged circularly at the base of the inner
coaxial section of the vacuum feed [see Fig. 1(a)]. Each
B-dot probe consists of two individual, single-loop coils
wound in opposite directions. The probes were calibrated
in situ against a 5 mΩ current-viewing resistor (T&M
Research Products model K-1000-2). The total circuit
inductance can be calculated by fitting an RLC waveform
to the measured current pulse, and then the driver induct-
ance can be obtained by simply subtracting the load
inductance from the circuit inductance.
An example of a test shot with the 3.5 nH short-circuit

load, conducted with a charge voltage Vc ¼ �60 kV, is
shown in Fig. 5. The measured peak current is 552 kA, and
the time to peak is 173 ns. We note here that, even at

reduced charge voltage, core premagnetization plays an
important effect in the output current: Without premagne-
tization, the measured peak current decreased from 550 to
350–400 kA, probably due to a higher shunt current around
the cavity body.
The least-squares fit to an RLC series circuit current

pulse for times t ≤ 220 ns results in a measured inductance
LM ¼ 22� 1 nH and RM ¼ 21� 6 mΩ. Subtracting the
load inductance, the corresponding driver inductance is
18.5 nH, which is 30% higher than the expected value of
14.2 nH. The set of connections used in the LTD bricks,
modified from LTD-III connections [23], could be respon-
sible for at least a portion of the increased cavity induct-
ance. Another possible explanation to the increased
apparent inductance could be a nonsynchronous closing
of the 20 switches in the cavity. The switch monitor signals
indicate that this should not be the case, but the scenario
was explored nevertheless with the SCREAMER code using
the circuit model in Fig. 6. We have not been able to
reproduce the rise time, peak current, and sinusoidal profile
of the measured current simply by changing the closing
time of the switches in the model. We are still investigating
possible sources of the extra measured inductance.

FIG. 5. Example of a current pulse with a 3.5 nH short-circuit
load, for a charge voltage Vc ¼ �60 kV. The dashed line is a
least-squares fit to an RLC pulse with L ¼ 22 nH and
R ¼ 21 mΩ.

FIG. 6. Circuit model of the CESZAR machine with the 20
bricks in parallel, the magnetic cores modeled as 1.9 Ω shunt
resistance, the power feed modeled as a 5.2 nH inductance, 3 mΩ
resistance, and a 3.5 nH short-circuit load.
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The discrepancy between measured and model current
waveforms at later times (t ≥ 220 ns), when the B-dot
current trace becomes nearly flat instead of following the
LC oscillation, is likely due to the formation of plasma in
the vacuum feed. Plasma in the feed region could shunt the
driver current upstream of the B-dot location (for example,
as a result of flashover at the surface of the vacuum
insulator), or it could surround the probe [29]. In both
cases, the magnetic flux change seen by the probe would be
greatly reduced. After the current peak, the energy flux and
E × B drift velocity reverse direction and point outward
(power reversal) [9,29], which can cause plasma to be
emitted by the feed electrodes via the inverse skin effect
and propagate upstream toward larger radii. This pheno-
menon is not expected to affect experiments on the
CESZAR driver, which will largely be limited to a time-
scale ≤220 ns, in order to achieve high-energy coupling
given the machine rise time.
Table I summarizes the nominal design specifications for

the CESZAR driver, compared to the results of the 3.5 nH
short-circuit tests at Vc ¼ �60 kV charge voltage. The
maximum current measured in the test is close to the
0.59 MA of the model with the same charge voltage. If we
assume a linear scaling of the test current pulse up to the
maximum charge voltage of 100 kV, we obtain a current of
0.92 MA, which is near the design value.
The driver impedance, calculated as

ffiffiffiffiffiffiffiffiffi
L=C

p
, is approx-

imately 0.18 Ω, which is approximately 10% of the 1.9 Ω
shunt resistance reported for the cores, indicating that the
current loss around the cavity body should be a small but
non-negligible fraction even in the short-circuit configu-
ration. Higher impedance loads, such as imploding Z
pinches, could result in a larger fraction of current loss.

IV. EXPERIMENTS WITH PLASMA LOADS

The load region of the CESZAR machine was designed
to accommodate various load configurations, which makes
it a versatile platform for studying HED plasmas. Some

load configurations that can be readily installed on the
machine are gas puff Z pinches, wire array Z pinches, and
X pinches. Two sets of initial plasma experiments, namely,
wire array Z pinches and gas puff Z pinches, are discussed
in the remainder of this section. These initial experiments
were conducted with a charge voltage Vc ¼ �50–60 kV,
with resulting peak currents around 400 kA, depending on
the load impedance. The operating charge voltage will be
increased for future experiments requiring higher current
levels.

A. Wire array Z pinch

The first plasma loads driven on CESZAR were wire
array Z pinches. Since first introduced over 40 years ago
[34], wire array Z pinches have been studied as a powerful
source of x rays [35–37]. Two advantages of wire arrays are
that the initial load mass distribution is well defined and
that it can be adjusted easily by changing the number and
material of the wires.
The overall behavior of a wire array Z pinch occurs in

phases [38]. First, the outer wire material is vaporized, and
plasma forms and expands from each wire. The majority of
the wire mass remains in the dense cold wire cores,
surrounded by a low-density hot coronal plasma that carries
the driver current. The J ×B force acts on the coronal
plasma that is continuously ejected with an ablation
velocity va ∼ 100 km=s [39,40]. There is a pronounced
difference between arrays with few wires and large inter-
wire gaps, where the precursor plasma flows inward in
streams, and arrays with many wires and small interwire
gaps, where the array behaves more like a single shell [41],
producing a much higher x-ray power [42].
Initially, a coronal plasma surrounded by a “local”

magnetic field with closed field lines forms around the
wire cores. The coronal plasma is subject to thermal
expansion and J × B acceleration, depending on the
magnetic Reynolds number, and expands preferentially
toward the array axis. The inward motion produces radial
mass and current distributions that eventually cause the
magnetic field topology to transition into a “global”
configuration with open field lines around the wire cores.
This results in near-steady-state, supersonic ablation
streams of plasma toward the axis [43,44].
When there is not enough mass left in the wire cores, a

bulk implosion phase starts that snowplows the precursor
plasma. Some fraction of the array mass is left behind and
does not contribute to the bulk implosion; about 40%–50%
of the total mass is in the precursor plasma, 10%–30% is in
the main implosion sheath, and 30%–40% is in the trailing
mass [36]. The main x-ray pulse occurs as the converging
snowplowed plasma compresses the precursor plasma and
stagnates on axis, at which point the ion kinetic energy is
thermalized and distributed to the electrons.
For the first CESZAR wire array experiments,

four tungsten wires with diameter 7.5 μm and

TABLE I. Comparison of nominal design parameters for the
CESZAR machine with capacitors charged to �100 and �60 kV
and results of the 3.5 nH short-circuit tests with capacitors
charged to �60 kV.

Model
(100 kV)

Model
(60 kV)

Test
(60 kV)

Number of bricks 20
Number of capacitors 40
Capacitor size 58 nF
Charge voltage �100 kV �60 kV �60 kV
Stored energy 11.6 kJ 4.2 kJ 4.2 kJ
Driver inductance 14.2 nH 14.2 nH 18.5 nH
Driver impedance 0.16 Ω 0.16 Ω 0.18 Ω
Peak current (3.5 nH
short circuit)

0.98 MA 0.59 MA 0.55 MA
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height h ¼ 13 mm were arranged on a circle with diameter
2Ra ¼ 10 mm. This load configuration has relatively high
impedance, since a low number of very thin wires is used.
An estimate of the inductance of the wire array can be
calculated as [45]

L ¼ μ0h
2π

�
ln

�
Rr

Ra

�
þ 1

N
ln

�
Ra

NRc

��
≈ 13 nH;

where Rr ¼ 6 cm is the radius of the return current cage,
N ¼ 4 is the number of wires, and Rc ≈ 100 μm is the
radius of the coronal plasma around the wires, estimated
from the literature [46].
An example of a dataset from this experiment is shown in

Fig. 7. The machine charging voltage was Vc ¼ �50 kV.
The current waveform in this configuration is quite differ-
ent than the short-circuit test, with a peak current of about
380 kA and a rise time of about 200 ns, as can be seen in
Fig. 7(a). The rise time allows us to calculate the load
inductance as ∼14 nH, which is close to the initial estimate.

Prior to the experiment, an appropriate load mass was
estimated using a slug model. The 4 × 7.5 μm array has a
linear mass of 34 μg=cm, and the model predicts implosion
and stagnation at 180 ns with 380 kA peak current. Also
plotted in the same figure is the signal from a 1 mm2 Si
photodiode filtered with a 10-μm-thick Al foil, used to
detect x rays (the filter has a 1=e transmission at photon
energies 1.5–1.55 and > 3.9 keV) on a radial line of sight
at a distance of 0.5 m from the target. The peak in the
emitted radiation can be observed around 212 ns, coinci-
dent with a small change in the shape of the load current
pulse, which indicates a change in circuit impedance. This
could be an indication of bulk motion of the wire plasma.
A four-frame extreme-ultraviolet (XUV) time-gated pin-

hole camera, consisting of a 40-mm-diameter round micro-
channel plate (MCP) intensifier with a gold photocathode
divided into four independently triggered quadrants, was
used to image the plasma. The exposure time for each
frame was 5 ns, and the dashed green vertical lines in
Fig. 7(a) indicate the gate start time. The diameter of the

FIG. 7. Example of a wire array Z-pinch experiment on CESZAR, using 4 × 7.5 μm diameter wires arranged in a 10 mm circle.
(a) Current pulse, x-ray photodiode signal, and XUV time-gated camera frame times. (b) Sequence of time-gated XUV pinhole images.
The color scheme and contrast of the images has been enhanced for clarity. The time stamp relative to the x-ray peak emission is reported
above each image. (c) Time-integrated pinhole image filtered with a 3.5 μm aluminized Mylar foil; this image comes from a different
shot than (a) and (b), in order to show a precursor kink structure characteristic of a current-carrying plasma column. In all images, the
anode is at the top.
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pinholes was 100 μm, the image magnification was 0.5,
and the spatial resolution was about 300 μm. The images
were recorded on a commercial digital camera (Canon EOS
Rebel T6) with a 35 mm focal length and f=2.8macro lens,
placed behind the MCP phosphor screen at its minimum
working distance of 13 cm. Such images are shown in
Fig. 7(b), with time stamps under each frame representing
the start of the 5-ns gate time relative to the x-ray emission
peak. The ablated plasma from the wires can be seen inside
the wire circle radius. The precursor plasma stagnating on
axis is also visible and, over time, accounts for a larger
fraction of the emission. At later times, the bulk of the
plasma implodes and develops instabilities such as the
magneto-Rayleigh-Taylor (MRT) instability [47], which
arises when a heavier fluid is compressed by a lighter fluid
(in this case, the lighter fluid is the vacuum magnetic field).
A portion of the plasma remains at larger radii as trailing
mass. One possible reason for the difference in implosion
and x-ray timing between the slug model and the experi-
ment is that the precursor plasma prefills the array interior
and must be compressed during the implosion, which is not
modeled accurately by a simple slug model.
A time-integrated x-ray pinhole camera, using a 100-μm-

diameter pinhole filtered with an aluminized Mylar foil
(3.2-μm-thick Mylar coated with a 0.3-μm-thick Al layer)
and a magnification of 1 was also fielded to collect images
of the plasma x-ray emission (1=e transmission at photon
energies >1.1 keV). One example of such an image is
shown in Fig. 7(c). Outlines of the wires are visible,
particularly closer to the cathode electrode. The precursor
plasma from wire ablation can also be seen at a radius of
1–2 mm. In the image shown, the precursor has a
pronounced helical or kink structure. This was observed
in a relevant fraction (but not all) of the shots and could be
an indication that the precursor column is carrying some of
the driver current, in agreement with similar observations
made on other facilities [48–50].
For example, in Ref. [49], a kink-unstable precursor was

observed when a wire-to-wire spacing of ≥1.6 mm was
used. In our case, the wire spacing was even larger
(∼7 mm), which could be a cause for current advection
to the precursor. In Ref. [48], precursor instability was
produced when a prepulse was applied to the load before
the main driver current. In our case, a prepulse can be
induced through the load by pulsing the LTD cores during
the active premagnetization. This prepulse can be bypassed
using “passive” core premagnetization (where the cores are
pulsed before installing the load) or no core premagnetiza-
tion at all. This resulted in lower peak currents (∼300 kA
for passive premagnetization and 200–250 kA for no
premagnetization), reduced or absent x-ray emission, and
delayed implosions. However, time-gated XUV images
showed that in these experiments the precursor can still
become unstable, suggesting that the interwire spacing
might be a more important factor for current advection to

the precursor. Since, in general, the kink instability of the
precursor column was not observed in all shots (with or
without active premagnetization), a larger and more
systematic dataset is required to study this phenomenon.

B. Gas puff Z pinch

The second set of experiments on the CESZAR machine
were gas puff Z-pinch implosions. Gas puff Z pinches have
been studied since the 1970s [51] as sources of x rays and
neutrons. There are advantages and disadvantages of gas
puffs relative to wire array Z pinches. The advantages of
gas puffs include a better cylindrical symmetry than the
discrete wires, the possibility to conduct several shots
without breaking vacuum on small-scale generators which
leads to a higher shot rate and larger datasets, and the
possibility to tailor the density profile in a more flexible
way than wires. However, this also means that the initial
density profile has to be measured before the experiment, as
opposed to the well-known arrangements of wires. Gas puff
Z pinches are also prone to the development of the MRT
instability, which is typically the dominant instability for
large initial radius gas puffs, and can grow to ultimately
disrupt the plasma column before maximum compression
can occur [36,52].
Other disadvantages of gas puffs include the limited

number of gas species (whereas there are many wire
materials) that can be used. Additionally, while most wires
are made of metal, the gas load is initially an electrical
insulator that must undergo a phase transformation into a
plasma in order to conduct the driver current.
The initial ionization can be obtained in several ways. If

the driving voltage pulse exceeds the Paschen curve value
[53,54], the electrons can obtain sufficient energy between
successive collisions to cause an ionizing impact with a
neutral atom (avalanche breakdown). If the driver has a
sizable prepulse, then the prepulse may be able to produce
enough ionization through the gas before the main pulse
arrives. Alternatively, an external system can be used to
preionize the gas before the driver pulse; several methods
have been reported in the literature, including the use of
microwaves [55], electron beams [56], or UV irradiation
[57,58]. A uniform initial ionization is thought to improve
the reproducibility and symmetry of the pinch [52].
A single, hollow argon gas shell configurationwas used in

the experiment on CESZAR presented here. The initial
radius of the shell was R0 ¼ 13 mm with a full width at
half maximum FWHM0 ¼ 6 mm [59] and pinch length
13 mm. The plenum pressure in the gas injector valve was
19.3 kPa (2.8 psia), and the valve was opened 350 μs before
the beginning of the driver current, producing an initial
density profile with a maximum atomic number density
N0 ¼ ð3.0� 0.7Þ × 1016 cm−3, equivalent to a linear mass
density M=L ¼ 9 μg=cm.
For this experiment, no additional preionizing technique

was used. However, during the core premagnetizing pulse,
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a voltage is induced on the load electrodes that could cause
gas ionization before the driver pulse. This hypothesis was
confirmed by measuring the visible light emitted by the gas
during the premagnetizing pulse alone, without energizing
the LTD cavity. Light emission from the gas begins shortly
after the start of the pulse and approximately follows the
shape of the premagnetizing current. This is an indication
of some degree of ionization in the gas. However, both this
ionization and the subsequent pinch had a more incon-
sistent behavior at plenum pressures below 19 kPa, possi-
bly indicating that a reliable breakdown was not occurring
in the gas. We plan to study the uniformity and reprodu-
cibility of the preionization (and the subsequent implosion)
due to active premagnetization and, if needed, with a
dedicated preionization system in the near future.
It can be estimated [60] that, in order for several ionizing

collisions to occur over a typical anode-cathode gap length
of 1.5 cm and for a sufficiently high voltage (≳10 kV), the
neutral density should be around 2 × 1016 cm−3. The
breakdown can already occur at a voltage much lower
than the maximum (open circuit) voltage supplied by the
LTD driver: the maximum cross section for electron impact
ionization occurs at electron energies around 100 eV [61],
which corresponds to an anode-cathode voltage of ∼1 kV
in the simple case of ten collisions in the A-K gap. This
voltage is also quite close to the minimum of the Paschen
curve. At this density, the time to develop significant

ionization is a few nanoseconds. This minimum density
estimate is very close to the initial conditions in our gas
puff, which is a plausible explanation for unpredictable
behavior at lower plenum pressure.
In addition to the XUV time-gated pinhole camera

described above, a laser probing system was used for this
experiment, based on a 30 ps, 20 mJ Nd:YAG laser. The
laser pulse was split to produce two frames of schlieren
imaging with a 20 ns interpulse delay and a single-frame
2-D Nomarski interferometer [62,63]. A knife edge was
used as a beam stop for the schlieren images, and the
Nomarski probe pulse was coincident in time with the first
schlieren pulse. Two x-ray Si photodiodes were installed at
a radial distance of 1 m from the target: a 1.0 mm2

photodiode with a 12-μm-thick Ti filter (1=e transmission
at photon energies >3.7 keV) and a 0.28 mm2 photodiode
with a 10-μm-thick Al filter. The two filters have a similar
transmission in the 2–4 keV spectral range, which includes
the argon K-shell emission (3–4 keV), while the Al filter
also has a transmission window in the 1–1.5 keV range.
Neither filter allows transmission below 1 keV.
Figure 8 shows an example dataset from the gas puff

Z-pinch experiment. The peak current was 458 kA for a
charge voltage Vc � 60 kV, with a rise time of 160 ns, as
seen in Fig. 8(a). The shorter rise time confirms that
the gas puff load has a lower baseline inductance than the
wire array.

FIG. 8. Example of a gas puff Z pinch on CESZAR with a single, hollow Ar gas shell. (a) Current pulse, x-ray photodiode signal,
timing of XUV gated camera, and laser pulses. (b) Sequence of time-gated XUV pinhole images. The color scheme and contrast of the
images have been enhanced for clarity. A time stamp relative to the x-ray peak emission and an interval of values for the radius, between
the leading edge of the bubbles and the trailing edge of the plasma, are reported above each image. (c) Laser schlieren images. (d) Laser
Nomarski interferogram. In all the images (b)–(d), the gas injection is from the anode electrode at the top of the image.
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The two photodiodes recorded emission peaks
around t ¼ 220 ns, marking the maximum compression.
The Al-filtered photodiode registers a longer emission in
the 215–250 ns time window due its transmission window
at lower energy, while the Ti-filtered photodiode shows a
sharp, 2-ns-wide peak centered around t ¼ 222 ns.
An estimate of the implosion trajectory can be obtained

by the XUV time-gated pinhole images and the laser
probing images [Figs. 8(b)–8(d)]. The images are oriented
with the anode electrode at the top and the cathode at the
bottom, and the gas is injected from the anode side. For
each image, an interval of values for the radius between the
leading edge of the bubbles (minimum radius) and the
trailing edge of the plasma (maximum radius) is reported.
The time stamps below each image are relative to the peak
of the Ti-filtered x-ray photodiode.
The average implosion velocity is 100 km=s, which is a

factor of 3 lower than measured in previous experiments
conducted on a 1 MA, 100 ns driver with a similar setup
[64]. However, a large zippering effect and MRT instability
were still observed in the plasma column, despite the
slower implosion. The zippering effect is likely due to an
axial density gradient in the initial gas profile, resulting in a
faster implosion near the cathode side relative to the anode
side. This is particularly evident from the laser interfero-
gram [Fig. 8(d)]. In this image, the bottom end has a radius
≤1 mm and several broken fringes, indicating a plasma
density ≥2 × 1018 cm−3; on the other hand, the top end of
the pinch has a radius of ≈5 mm, with uninterrupted fringes
and a phase shift corresponding to an electron density of
≈7 × 1017 cm−3. The zippering effect can be mitigated in a
few ways, for example, allowing for a longer gas flow time
before the start of the driver pulse, in order to reduce the
axial gradients associated with transient gas flow, or using a
nozzle with a higher Mach number, resulting in a more
collimated gas flow.
The MRT instability, characterized by radial fingerlike

structures, is related to the implosion acceleration and is
particularly evident in these single-shell implosions.
Because of zippering and MRT instability growth, the
plasma column disrupts first near the cathode electrode,
coincident in time with the K-shell x-ray emission peak
(Ti-filtered photodiode). Mitigation of MRT instability
growth has received significant attention in the literature,
and several techniques have been investigated to reduce the
impact of MRT instability on Z pinches, including sheared
flow [65], field-line tension via addition of an external axial
magnetic field Bz [66,67], and tailored or multishell density
profiles [58,68–70].
We plan to introduce and study mitigation techniques in

future experiments on this machine. Nevertheless, these gas
puff Z-pinch experiments are a relevant initial result from
the operation of the CESZAR machine.
The implosion trajectory was compared to 1D magneto-

hydrodynamic (MHD) simulations conducted with the

resistive-MHD code TRAC-II [71]. Figure 9 shows a
comparison of the measured and simulated current pulse
(where the simulation circuit parameters are the same as
discussed in Sec. III). The two waveforms agree until
∼20 ns prior to stagnation, where the 1D simulation has a
more pronounced inductive notch. The measured x-ray
emission time is within 3 ns of the stagnation time in the
simulation. However, the 1D simulation does not account
for zippering or MRT instability and overestimates the
plasma compression when compared to 2D or 3D prob-
lems. This is consistent with the comparison in implosion
trajectory: The simulated plasma radius (red solid line in
Fig. 9) shows larger deviations in the last phase of
compression, when compared to the average radius or to
the minimum radius [e.g., near the cathode in Fig. 8(b)]
from experimental images. The stagnation radius is 0.3 mm
in the simulation, which is ∼8× smaller than the average
radius and ∼3× smaller than the minimum radius from the
last of the XUV images. However, this does not necessarily
mean that a smaller plasma radius is not reached in the
experiment at times different than the acquired images or
on a timescale shorter than the XUV camera 5 ns gate time;
the leading edge of the leading bubble could, in principle,
have an equal or higher convergence than 1D simulations.
However, if the current was flowing in a plasma with a
radius of ≤2 mm, as shown by the XUV images, the load
inductance would spike to ≥9 nH in the final implosion
phase, which should result in a pronounced inductive
notch. The absence of a large dip in the measured wave-
form indicates that the current could instead be shunted at
larger radii.
In principle, it should also be expected that at least the

leading edge of the instability has a higher implosion
velocity than 1D simulations. The TRAC-II simulation
calculates an average velocity of 110 km=s over the entire
implosion, which is in good agreement with the measured
value. However, the peak implosion velocity in the simu-
lation is 300 km=s: The maximum velocity is reached close

FIG. 9. Comparison of gas puff implosion with results from a
1D simulation using the TRAC-II MHD code: driver current,
implosion radius, and x-ray emission. The dashed green lines
represent the trajectory of the plasma leading edge (bubbles),
average radius, and trailing edge (spikes).
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to stagnation, when in the experiment instabilities increase
the velocity spread and cause a less accurate measurement.
The green dashed lines in Fig. 9 represent the implosion
trajectories of the leading edge, average value, and trailing
edge of the plasma radius. The leading edge has an
implosion velocity slightly smaller than the simulation,
while the trailing edge is substantially slower. This could
also be an indication that current is flowing at a larger
radius. Future experiments will investigate these implosion
features in more detail.
For a final plasma radius of 1 mm, the vacuum magnetic

field energy is 1.1 kJ, or about 26% of the capacitor stored
energy. This provides a constraint on how much energy is
coupled to the load itself. If we assume that the entire mass
of the gas puff is swept up during the implosion and is
accelerated to the average implosion velocity 100 km=s, we
can estimate the mean kinetic energy imparted by the driver

to be EðmÞ
K ¼ 60 J. The 1D simulation results have a larger

deviation from the experiment near stagnation, but that is
also when the vacuum J × B force and plasma kinetic
energy are largest. An estimate of the implosion kinetic
energy to be compared to the experiment can be calculated
when the plasma radius reaches 1 mm in the simulation: in

this case, we find EðsÞ
K ¼ 380 J. While EðmÞ

K is an under-
estimation of the maximum kinetic energy since it relies on

an average velocity, EðsÞ
K is likely an overestimation due to

the higher convergence and higher plasma velocity. The 6×
discrepancy in kinetic energy between the simulation and
experiment can be explained by a 2.5× difference in
implosion velocity, i.e., 100 km=s in the experiment versus
250 km=s in the simulation. With these constraints, we can
say that the conversion efficiency to kinetic energy in the
load is between 2% and 9% in these preliminary gas puff
Z-pinch experiments.
We plan to perform more comprehensive measurements

of energy coupled to the plasma in future experiments, as
well as experiments to improve the energy coupling.
Higher-energy coupling can be achieved by using a lower
total mass in the gas puff, after installing a gas preionization
system, and adopting some of the above-mentioned mea-
sures to improve the pinch stability. Preliminary simula-
tions with improved load setups indicate that over 20% of
the stored energy can be transferred to a gas puff load.

V. CONCLUSIONS

The low-impedance linear transformer driver CESZAR
was commissioned and tested at UC San Diego. Its nominal
parameters are 0.9 MA peak current into a short-circuit load
at �100 kV charge voltage, 170 ns quarter period, and
0.18 Ω impedance.
At present, CESZAR can operate at a charge voltage

Vc � 60 kV, producing peak currents in the range of 400–
500 kAwith a 160–200 ns quarter period, depending on the
load impedance. Operation at higher voltages will be

achieved in the near future. Short-circuit tests done at
Vc � 60 kV show a slightly higher inductance than the
circuit model and a comparable peak current (scaled for
charge voltage).
Two sets of experiments have been performed on the

machine at this reduced current level, one with a W wire
array Z-pinch load and one with a hollow-shell Ar gas puff
Z-pinch load. The preliminary data are consistent with
literature findings and show that these kinds of experiments
can successfully be conducted on a low-impedance LTD,
but the current pulse amplitude and rise time depend on the
load impedance. The dynamics of the gas puff Z pinch were
consistent with results from 1D MHD simulations, with the
caveat that zippering and MRT instabilities, not captured by
the simulation, played a large role in the experiment near
stagnation.
The CESZAR machine will be used primarily for low-

inductance experiments investigating fundamental proper-
ties of Z pinches: the study of instability mitigation
techniques in the imploding plasma, the distribution of
magnetic fields in single-shell and multishell implosions
with or without an external axial magnetic field, and the
dynamics of different species in multispecies interfaces.
Additionally, high shot-count experiments on CESZAR
will help train young scientists in pulsed power plasma
experiments, develop diagnostic techniques, and under-
stand how efficiently the driver energy from a compact,
low-impedance LTD can be coupled to plasma loads.
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