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BLUE is a four-cavity linear transformer driver (LTD) system in the Plasma, Pulsed Power, and
Microwave Laboratory at the University of Michigan. Each BLUE cavity can store up to 2 kJ of
electrical energy and provide an open-circuit voltage of 200 kV when using the maximum bipolar
charge voltage of +100 kV. The impedance of each cavity is approximately 0.5 €2, and the rise time of
the current pulse into a reasonably matched load is ~100 ns. The system will be used to study high-
energy-density Z-pinch plasmas and high-power radiation sources. The facility has been equipped
to handle intense bursts of x-rays, nuclear fusion neutrons, and high-power microwaves (HPM).
This paper reports on the construction and performance of the first (prototype) BLUE cavity and
its auxiliary systems, as well as preliminary experiments using the cavity to drive resistive loads
and a magnetically insulated line oscillator (MILO) HPM device. In these initial single-cavity,
BLUE-driven MILO experiments, 1.19-GHz microwave oscillations were successfully generated.
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I. INTRODUCTION

Linear transformer drivers (LTDs) [IH4] are an in-
novative and compact pulsed power technology under
extensive investigation around the world [5H22]. At
the University of Michigan, a single-cavity LTD facil-
ity called MAIZE (Michigan Accelerator for Inductive
Z-pinch Experiments) has been operational for over a
decade [7,[18,[19]. MAIZE is a very low-impedance driver
(~0.1 ) and is capable of generating a current pulse that
rises from 0 to 1 MA in as little as 100 ns into a matched
load. To complement the single-cavity MAIZE facility,
a four-cavity LTD facility called BLUE (Bestowed LTD
from the Ursa-minor Experiment) is under construction.
The 1.25-m-diameter cavities used for BLUE were orig-
inally fabricated at the Institute of High Current Elec-
tronics (IHCE) in Tomsk, Russia, before becoming the
basis for the 21-cavity Ursa Minor facility [12][13] at San-
dia National Laboratories (SNL). Ursa Minor has since
been dismantled and repurposed. The original four [HCE
cavities are now part of the BLUE facility at the Univer-
sity of Michigan.

Figure [1| shows the BLUE experimental bay in the
Plasma, Pulsed Power, and Microwave Lab (PPML) at
the University of Michigan. A concrete brick wall was
arranged around the cavities to contain radiation pro-
duced by the facility, including neutrons from deuterium
pinches. The white steel rack suspends the cavities on
their sides and allows the cavities to be stacked in series.
The rack has rails that allow the cavities to glide into
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position. A motorized overhead crane can remove indi-
vidual cavities and place them on a purpose-built wooden
stand for servicing. Either 1, 2, 3, or 4 cavities can be
stacked in series so that the driver impedance and driver
voltage can be varied, and the effects of this variation on
load performance can be investigated. The coupling of
many stacked LTD cavities is important for future con-
ceptual accelerators like Z-300 and Z-800 [I5], which will
require thousands of LTD cavities combined in both se-
ries and parallel configurations.

The donation from SNL included the empty metal cav-
ities themselves as well as some of the fundamental inter-
nal elements, such as the spark-gap switches, the capac-
itors, the insulators, the anode transmission line frame-
work, and the Metglas cores. Auxiliary equipment had to
be built from scratch, including the high-voltage charging
circuitry, the control systems, the trigger pulse generator,
and the core reset/pre-magnetization pulse generator.

The remainder of this paper is organized as follows.
In Sec. the assembly of the first (prototype) BLUE
LTD cavity is described. In Section [[II} the auxiliary
systems are described. In Sec. results are presented
from experiments where the cavity was fired in two ar-
chitectures: (1) as a single-stage bipolar Marx generator
without ferromagnetic cores (Fig. [Ifa)) and (2) as a true
linear transformer driver with ferromagnetic cores and
a pre-magnetization pulse generator to reset/magnetize
those cores (Fig. [I{b)). Both architectures were tested
with a dummy resistive load. In Sec. [V] results are
presented from experiments where BLUE was used to
drive a high-power microwave (HPM) device known as
a magnetically-insulated line oscillator (MILO). In these
BLUE-driven MILO experiments, 1.19-GHz microwave
oscillations were successfully generated.



FIG. 1. The BLUE experimental bay in the Plasma, Pulsed
Power, and Microwave Lab (PPML) at the University of
Michigan, with the prototype BLUE cavity configured as: (a)
a bipolar Marx generator with a clear plastic lid; and (b) as
a linear transformer driver with a steel lid.

II. THE PROTOTYPE BLUE CAVITY

Images of the first completed BLUE cavity are pre-
sented in Figs.[[|and 2] In Figs.[I[a) and[2] a clear poly-
carbonate lid was in use, which enables the interior com-
ponents to be observed during operation. The plastic lid
also eliminates the parasitic current path around the LTD
case [19], and thus all of the current is driven through the
load at the center of the machine. Because the parasitic
current path is eliminated, ferromagnetic cores were not
required nor installed in Figs. [fa) and [2] (i.e., the cav-
ity was in a bipolar Marx generator configuration). As
our testing evolved, the clear plastic lid was eventually
replaced with a metal lid, and thus pre-magnetized ferro-
magnetic cores became a requirement (see Section
for a discussion on the LTD cores).

Referring to Fig. each BLUE cavity is comprised
of 10 “bricks,” where each brick consists of two 100-kV,
20-nF capacitors (General Atomics Part # 35467) and
a single 200-kV (£100-kV) spark-gap switch (L3Harris
Model # 40264-200kV). A photograph of an L3Harris
spark-gap switch is presented in Fig. |3l Each switch was
refurbished and tested with ten nominal discharges in
the PPML “brick-tester” before installation in the BLUE
cavity. Switch pre-fires were rarely observed in either the
brick tester or in BLUE—only one definite pre-fire event
was confirmed in the ~100 shots performed thus far on
the first cavity.

Each BLUE cavity also consists of a transmission line
framework for mounting the bricks in the cavities, large
plastic insulator disks for separating the anode and cath-
ode sides of the cavity, charging and triggering circuitry
(such as HV resistors, inductors, and cable feedthroughs),
switch gas lines, and diagnostics.

The trigger inductors (each ~2 uH) were installed be-
tween the main trigger bus line and the UV-pins/mid-
planes of the L3Harris switches. Due to the finite ca-
pacitance of a switch mid-plane (~7 pF), the trigger in-
ductors serve to amplify the trigger pulse and reduce the
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FIG. 2. The first assembled BLUE cavity, shown here with a
clear polycarbonate lid and no ferromagnetic cores (i.e., the
cavity is in a single-stage bipolar Marx generator configura-
tion). The cavity is filled with transformer oil. The small
vacuum chamber on top of the cavity houses the resistive
load. The brass structure on top of the chamber is the cur-
rent viewing resistor (CVR). Plug-in feedthroughs with 3D-
printed parts allow high-voltage cables to be easily discon-
nected from the cavity without removing the lid or draining
the transformer oil.

jitter of the switch [20]. They also provide some isolation
between switches during the breakdown process. The
bronze-colored trigger inductors can be seen attached to
the switches in Fig. [

Bipolar LTD cavities such as MAIZE & BLUE require
both a positive and negative high-voltage charging sup-
ply. The open-circuit output voltage of the cavity is
equal to the difference between the positive and negative
values. Since these values usually have the same mag-
nitude, the open-circuit output voltage is usually twice
the “charge voltage.” For example, a £100-kV charge
voltage results in a 200-kV open-circuit output voltage.
The spark-gap switches are bipolar as well, holding off
both charge polarities from each other, until a trigger
pulse on the grounded mid-plane electrode breaks down
the switch. Each L3Harris switch also includes a “UV-
pin.” Upon triggering, the pin creates a small spark at
the switch mid-plane. The spark floods the switch gas
with photo-ionizing UV light, thus reducing the break-
down jitter [23 24]. In a typical bipolar LTD cavity, the
switch electrodes (and charging side of the capacitors)
are chained together around the cavity through charging
resistors or charging inductors (see Fig. [2)).

A high “rep-rate” (rate of repetitively charging and
firing) is desired for various experimental platforms on
BLUE (e.g., HPM experiments and dense plasma fo-



FIG. 3. An L3Harris spark-gap switch with brass electrodes,
capable of operation at 200 kV (£100 kV) and up to 200 psi
gas fill. These switches are used in the MAIZE and BLUE
LTD systems at the University of Michigan. In this image,
the switch is shown with a shorting wire between the UV-pin
and mid-plane. In the BLUE cavity, the shorting wires are
replaced with 3-MXQ resistor chains for proper operation of the
UV-pin.

cus neutron source experiments). Thus, dual Spell-
man 12-kW power supplies were acquired. They allow
a theoretical rep-rate >1 Hz, as long as the charging
impedance is kept low. However, having a small charging
impedance between each brick may lead to degradation
of the L3Harris spark-gaps during pre-fire events, due to
excessive current draw from neighboring bricks. HVR
resistor chains were assembled to serve as the charging
impedance between each brick. Ultimately, a 37.5-k2 to-
tal resistance for each chain was chosen as a compromise
between brick isolation and fast charging time. These
HVR chains limit undesired pre-fire currents through ad-
jacent bricks to <2.7 A. Considering the 20-nF capacitors
used in BLUE, the RC time constant of this charging
impedance is 750 us.

Five high-voltage cables are fed into each BLUE cav-
ity: one for each charge polarity, one for a trigger pulse,
and one for each pre-magnetization pulse polarity. Since
the BLUE cavities must be moved back and forth be-
tween the servicing test stand and the side-mounting
stacking rack, it was desired for the HV cables to be
able to be unplugged from the cavity without the need
to open the cavity or drain the transformer oil. To this
end, a novel plug-in connection was developed utilizing
SLA 3D-printed parts. This HV feedthrough connection
is depicted in Fig. [2] The cavity dimensions limited
the length of the feedthroughs, making the DC charge
cables especially prone to arcing. Luckily, it was found
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FIG. 4. Arduino Uno (ATmega328P-based) control panel for
semi-autonomous control of the BLUE charging and firing
sequence, as well as other system functions.

that the arcing could be eliminated by partially filling
the feedthroughs with a dielectric grease.

ITII. AUXILIARY SYSTEMS
A. Control Panel

To streamline the firing sequence of the BLUE sys-
tem, a consolidated and intuitive control interface was
desired. The firing sequence includes monitoring safety
interlocks, operating the Spellman high-voltage power
supplies, operating high-voltage Ross relays for isola-
tion/grounding, and generating the fire command logic
pulse. Semi-autonomous control of the firing sequence
and other system functions minimizes manual input and
allows for faster rep-rating of the facility.

Figure [d] shows the control panel assembled for BLUE.
The panel is semi-autonomous, using the programmable
Arduino Uno board (which is based on the ATmega328P
8-bit microcontroller). The best electrical resilience was
obtained with the Ruggeduino-SE, a ruggedized version
of the Uno manufactured by Rugged Circuits.

The panel is capable of rep-rating BLUE by automat-
ically controlling the charging sequence as fast as possi-
ble. The only user input required is pressing the button
to fire the machine. The panel has many other features
as well, including monitoring for pre-fire events, auto-
matic purging of the switch gas, and control of the pre-
magnetization pulse generator.

B. HYV Ross Relay Barrel

Three high-voltage relays (produced by Ross Engineer-
ing Corporation) are used to connect/disconnect the cav-
ity capacitors from the charging supplies. They also
provide passive grounding in the event of an emergency
abort or unexpected power loss. Operation of the three
relays is handled by the Arduino-based control panel.



FIG. 5. A 20-gallon oil drum contains the three Ross HV
relays used in the charging circuit. The relays are operated
by the control panel (see Sec. and Fig. @ during the
charging sequence. The large copper-sulfate dump resistors in
this photograph were ultimately replaced with 50-k(2 ceramic
resistors.

The relays must be submerged in transformer oil to pre-
vent arcing, so a 20-gallon steel drum was used to house
the three relays, as shown in Fig. [f] The drum also con-
tains two 50-k{2 ceramic dump resistors, which absorb the
energy stored in the cavity(s) upon abort. High-voltage
feedthroughs similar to those developed for the prototype
BLUE cavity allow up to five positive and five negative
cables to plug into the barrel.

C. 200-kV Trigger Pulse Generator

The L3Harris spark-gap switches require a high-
voltage pulse as a trigger. The pulse is applied to the
mid-plane, distorting the field in the switch enough to
breakdown the pressurized gas (dry “zero” air) in the
switch. A very fast ‘Z—‘t/ on the rising edge of the pulse
is desired to minimize the jitter of a single switch and
the jitter between multiple switches receiving the same
trigger pulse. The pulse should also have a macroscopic
amount of energy (>>1 J) to ensure robust triggering of
many switches in parallel (up to 40 switches with all four
BLUE cavities in operation).

To achieve a large %, a single bipolar brick, charged
in parallel with the LTD cavities, is used to trigger the
cavities. This gives a trigger voltage equal to twice the
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FIG. 6. The 10-gallon oil drum containing the trigger pulse
generating brick, which is charged in parallel with the BLUE
LTD cavities and triggered by the PT55 pulse generator
mounted to the top of the drum.

charge voltage (also equal to a single cavity’s open-circuit
output voltage). The trigger brick is housed in a 10-
gallon steel drum with high-voltage plug-in feedthroughs
similar to those used on the prototype BLUE cavity and
Ross relay barrel. Positive or negative trigger output
may be chosen by grounding the opposite polarity. The
trigger pulse generator barrel is shown in Fig. [0}

The brick used in the trigger generator is identical to
those used in the BLUE cavities, consisting of two 20-nF
capacitors and a L3Harris spark-gap switch. The single
spark-gap switch in the trigger generator is itself trig-
gered by a PT55 pulse generator, which is mounted to
the top of the barrel, as shown in Fig. [} See Sec. [[ITD]
for further discussion of the PT55.

D. 300-V Pulse Generator (PT003 Replacement)

The Pacific Atlantic Electronics (PAE) PT55 module
(see Fig. E[), which is no longer in production, uses a rare
krytron switch to produce a +50 kV output pulse with
a risetime of less than 2 ns. The module requires a low-
power +7 kVDC charge voltage and a positive 250-300 V
trigger pulse. PT55s are compact, low-jitter, and very
useful in a pulsed-power laboratory, namely for trigger-
ing spark-gap switches. The single L3Harris spark-gap
switch used in the BLUE trigger pulse generator (and
also used in the MAIZE & BLUE LTD cavities) can be
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FIG. 7. The Pacific Atlantic Electronics PT55 module with
a +7 kVDC power supply and the newly developed +300 V
pulse generator (PT003 replacement). Together, these mod-
ules can produce a +50 kV output pulse with <10-ns jitter
from a logic-level (+5 V) input pulse.
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FIG. 8. Output pulses from an original PAE PT003 (blue)
and the new 4300 V pulse generator (orange) into 50 2, when
given a +5 V TTL trigger signal

reliably triggered by a PT55 pulse, even when the switch
is being operated at full voltage (200 kV). Several PT55s
of varying condition are stockpiled in the PPML.

The PT55 draws <1 mA from its +7 kVDC power sup-
ply, so the charge voltage can be provided by a small 12-
V DC-DC module (see Fig. E[) By contrast, the PT55’s
positive 250-300 V input trigger pulse is not so trivial to
produce. Thus, the defunct PAE company also offered
the PT003, a small solid-state device that, when given a
+100 VDC charge voltage and a logic-level (+5 V) trig-
ger pulse, produces a positive 250-300 V output pulse
suitable for triggering the PT55. For minimal jitter, the
PT003 had a <10-ns risetime, as shown in Fig.
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FIG. 9. Circuit diagram of the +300 V pulse generator de-
signed to trigger the PT55 mounted to the BLUE trigger pulse
generator. The 420 V and —300 V are provided with small
12 V DC-DC converters. This generator replaces the defunct
PTO003 module.

Unfortunately, the PPML supply of PT003s has dwin-
dled much faster than the supply of PT55s. Since PT55s
continue to be used around the lab, including for the
BLUE trigger pulse generator, a suitable replacement for
the PT003 had to be procured. With no inexpensive com-
mercial options, the new/replacement module described
in Figs. [7H9] was developed, with inspiration from the
200-V spark-gap trigger circuit in Ref. [25].

The circuit of the new 4300 V pulse generator is shown
in Fig. [0l Six small film capacitors in parallel, total-
ing 6 nF, are charged to —300 V with a small, commer-
cially available 12-V DC-DC module. Five enhancement-
type, P-channel MOSFETs (PMOS) in parallel (Nexpe-
ria BSP230,135) are used as a low-side switch to rapidly
connect the —300 V to ground when triggered. Multi-
ple capacitors and PMOS elements are used in parallel
to minimize the inductance and resistance of the circuit.
Triggering the PMOS elements produces a +300 V pulse
into 50 € on the opposite side of the capacitors. The
over-damped pulse has an approximately 200-ns e-folding
decay time, similar to the original PT003 (see Fig. .

To trigger the PMOS elements in this configuration, a
negative voltage pulse must be applied to the gates. It
was found in testing that a positive 10-20 V pulse, pro-
duced by a commercial BNC pulse generator, could be in-
verted with a low-leakage-inductance pulse transformer,
and thus trigger the PMOS elements. However, the gate
input capacitance of the PMOS elements, with several in
parallel, is significant. The inverted pulse from the BNC
pulse generator, even at the maximum +20 V amplitude,
was unable to draw enough instantaneous current from
the gates to achieve the desired risetime and amplitude.

To trigger the PMOS elements more strongly with only
a logic-level (+5 V) pulse, an NPN transistor (Diodes Inc.
ZXTN25020DGTA) was added to the circuit. A 10-nF
capacitor is charged to 420 V from an additional DC-
DC converter. This capacitor is discharged to ground



via the transistor upon receipt of a positive logic-level
pulse. Closure of the transistor switch produces a —20 V
pulse on the output of the capacitor, which is fed to the
PMOS gates. The addition of the NPN transistor to the
circuit produced the desired amplitude and risetime to
reliably trigger the PT55 with jitter <10 ns (see Fig. [8).

E. Pre-magnetization Pulse Generator for
Resetting BLUE’s Ferromagnetic Cores

In an LTD cavity, there is a parasitic path that the
discharge current can take along the inner surface of the
LTD’s metallic case [I9]. This parasitic path is in parallel
with the load. To limit the current that takes this para-
sitic path (and thus force the current through the load as
desired), LTD cavities usually include two ferromagnetic
cores (an upper core and a lower core) within the loop
formed by the parasitic current path.

The ferromagnetic cores typically consist of thin iron
or Metglas tape, which is laminated with a dielectric film,
wound into large rings, and potted in epoxy resin. Since
the parasitic current path encloses the cores, generation
of a parasitic current drives magnetization of the cores.
Since the cores are made of thin strips of semi-resistive
material with high magnetic permeability p > po, there
is a high inductance associated with the parasitic path,
which minimizes the fraction of current taking this path.
In addition, there is a resistive effect due to eddy cur-
rents generated during magnetization of the cores, which
appears at high-frequency [26]. Energy losses in the
cores during an LTD discharge are often modeled with
a static (and many times empirically determined) resis-
tance in parallel with the load. To model lower-frequency
pulses around the cores, such as the core resetting/pre-
magnetization discharge, an initial resistance that re-
duces rapidly after several microseconds is appropriate.

Due to magnetic hysteresis in the cores, the parasitic
current from repeated cavity discharges eventually sat-
urates the magnetic domains in the cores in a direc-
tion that reduces the effective permeability of the cores
and thus reduces the impedance of the parasitic current
path. To recover the maximum effective impedance for
the parasitic current path, the alignment of the magnetic
domains must be reset (reversed) back into their ideal
direction for an LTD discharge. This can be done by
applying a pre-magnetization pulse to the cavity. This
“pre-mag” pulse drives a current in the LTD’s metallic
case that runs in a direction opposite to that of the par-
asitic current generated during an LTD discharge. The
pre-mag pulse can be applied using a much lower volt-
age and generating a much lower peak current than that
of an LTD discharge, but the pre-mag pulse must then
be applied over a proportionally longer timescale. The
pre-mag pulse can be applied anytime between LTD dis-
charges, but it is typically done before installation of the
experimental load, since the pre-mag pulse can ruin sen-
sitive loads by driving modest currents through the load
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FIG. 10. Circuit diagram of the pre-magnetization pulse gen-
erator for resetting the ferromagnetic cores on BLUE. In this
diagram, only the output to the first cavity is enabled.

over long timescales.

The “volt-second product” of the cores is the param-
eter that defines the magnetic saturation properties of
the cores. It can be roughly calculated from the material
properties and geometry of the cores. From previous lit-
erature on the cavities (during the development of Ursa
Minor) [27], the volt-second product of the cores used in
the BLUE cavities is estimated to be around 20 mV-s.
This figure makes intuitive sense: one can think about
the volt-second product as if each core must “hold-off”
the 100-kV pulse from half of the cavity for at least 200
ns (the typical experimental time). It also gives an esti-
mate of the required pre-mag pulse duration for satura-
tion. For example, if the pre-mag pulse voltage is 600 V,
then saturation can be expected after a pulse duration of
33 us. Reference [27] also recommends a pre-magnetizing
current of at least 1.5 kA to reach saturation in the Ursa
Minor/BLUE cores.

After exploratory modeling in LTspice, a relatively
simple RC discharge was chosen to generate the required
pulse while minimizing cost and complexity of the pre-
mag system. Asshown in Fig. eight resistor-capacitor
combinations are needed to provide a positive and nega-
tive channel for each of the four cavities. The capacitors
(which can be individually disconnected from the circuit
via screw-in breakers) are charged by a double-rectified
450-VAC transformer to (theoretically) +636 V. In real-
ity, the capacitors charge to about 610 V due to leakage
through the passive dump resistors. After charging is
complete, a high-power, push-pull thyristor (Behlke HTS
40-1000-SCR) discharges the positive and negative chan-
nels to each other in a low-side bipolar fashion, similar
to the operation of a bipolar LTD brick. In each chan-
nel, the resulting output pulse of the 1-mF capacitor is
sent through a short length of nichrome wire acting as
a high-power 250-mf) resistor, over-damping the pulse,
before it is sent to the cavity. An internal photograph
of the pre-magnetization pulse generator constructed for
BLUE is shown in Fig. [[1}

Output current pulses from a single channel of the
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FIG. 11. Photograph of the internal components of the pre-
magnetization pulse generator constructed for resetting the
ferromagnetic cores on BLUE. This photograph shows the
generator’s four positive and four negative output channels.
The dark blue 3D-printed plastic structures on top of the
capacitors are the screw-in breakers for connecting individual
channels. In this photograph, only the cables to the first
cavity are attached.

pre-magnetization pulse generator were measured with
a Pearson coil (see Fig. . When the cores have al-
ready been saturated in the desired direction (i.e., the
pre-mag generator has already been successfully fired in
preparation for an LTD discharge), the pre-mag current
pulse into the cavity is nearly identical to the pulse into
a short-circuit load, indicating that the cavity has a very
low impedance for the direction of the pre-mag current
pulse (and thus a high impedance for the direction of the
parasitic current pulse during an LTD discharge). When
the cores are saturated in the undesired direction (i.e.,
the cores are in need of a resetting pre-mag pulse), a
notch in the waveform of the pre-mag current is observed
(see Fig. . This notch is the result of the initially high
impedance of the cavity (for the direction of the pre-
mag current) dropping rapidly in the first ~25 us of the
pulse. Note that 25 us is consistent with the rough esti-
mate of 33 us from the volt-second product of the cores.
This notch was predicted via LTspice modeling prior to
the first experimental tests of the system. The LTspice
pre-mag model was then fine-tuned to nearly replicate
the experimental results, as shown in Fig. [I2] The dy-
namic impedance seen by the pre-mag generator is both
inductive and resistive, with the resistive component be-
ing due to the eddy current effect mentioned previously.
However, only the resistive component was tuned (modu-
lated in time) to nearly replicate the experimental results
with LTspice. Note that a tuned inductance (modulated
in time) could also have been used to obtain results that
agree well with experiments, so this tuning method does
not necessarily provide the exact temporal behavior of
the cores’ effective inductance or resistance values.
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FIG. 12. Output current waveforms from a single channel
of the pre-magnetization pulse generator into three load sce-
narios: (1) into a short-circuit load (blue); (2) into the cav-
ity for the case where the cores have already been reset/pre-
magnetized (green); and (3) into the cavity for the case where
the cores need to be reset/pre-magnetized (red). Also shown
is a waveform produced by an LTspice model fine-tuned to
closely match the experimental results.

The effects of successful pre-magnetization on the main
LTD cavity discharge can be seen in load current mea-
surements taken when the cavity is fired into a resistive
load. This is discussed in Sec. [VB] In general, pre-
magnetization of the cavity increases the amplitude of
the LTD’s main discharge current by 10-20% and ex-
tends the duration of positive current into the load.

There is a large issue to be aware of in designing a pre-
magnetization pulse generator for LTDs. Since (ideally)
the pre-mag cables remain attached to the cavity dur-
ing an LTD discharge, the high-voltage, high-frequency
pulse from the main discharge can travel back to the pre-
mag generator, potentially damaging medium-voltage
electronics such as the charging diodes or, more impor-
tantly, the thyristor. Two thyristors on BLUE’s pre-
mag system were damaged during LTD discharges, de-
spite attempts to protect them with metal-oxide varistors
(MOVs) and an over-voltage spark-gap placed directly
across the thyristor terminals (see Fig. [10). Transient-
voltage-suppression (TVS) diodes and/or better spark-
gaps may provide more effective protection from the fast
transients, but this has yet to be demonstrated exper-
imentally. For now, triggered spark-gaps are recom-
mended as a more robust alternative to thyristors for
a pre-mag system switch.



FIG. 13. The prototype BLUE cavity mounted on its side
and firing into a resistive load in the bipolar Marx generator
configuration (i.e., using the clear plastic lid and thus not
using ferromagnetic cores). The bright flash is an undesirable
arc to the white, steel support frame.

IV. RESISTIVE LOAD TESTING OF THE
PROTOTYPE BLUE CAVITY

A. Bipolar Marx Generator Configuration

The prototype cavity was first tested with a polycar-
bonate lid, as shown in Figs. [I{a) and 2} This allows for
internal visual access during testing. It also eliminates
the parasitic current path and thus the need for ferromag-
netic cores. This effectively puts the cavity into a bipolar
Marx generator architecture, rather than a LTD architec-
ture. This coreless configuration is closely related to an
LTD spinoff concept known as the impedance-matched
Marx generator (IMG) [28].

A dummy resistive load for the cavity was fabricated
using an arrangement of spare ceramic resistors. The
resistance of the load was approximately 1 2, while the
inductance was estimated to be greater than 100 nH. An
image of the cavity mounted on its side (i.e., mounted in
the white, cavity-stacking support rack) and firing into
the resistive load is shown in Fig.

A current-viewing resistor (CVR) was installed in se-
ries with the resistive load to obtain calibrated load
current data. However, the anode (front/top) side of
BLUE’s load region must be grounded for an oscillo-
scope to properly monitor the CVR signal. This became
problematic with the polycarbonate lid installed on the
cavity’s front/top side, because in this case, the cathode
becomes the grounded end of BLUE’s load region. This
occurs because BLUE’s central cathode stalk is in direct

contact with the metal lid on the back (bottom) side of
the cavity, which is in contact with the bulk of the metal
cavity, the vacuum pumps, and the grounded steel frame
that supports the cavity. Operating the cavity in this
configuration also resulted in troublesome arcing from
the anode to the steel frame (see Fig. . As a result of
these issues, the data acquired from the CVR was gar-
bled and not representative of the true load current. For
this reason, current measurements are not presented for
the cavity in the bipolar Marx configuration.

The aforementioned issues could be remedied by plac-
ing the polycarbonate lid on the back side of the cavity
and isolating the cathode from the vacuum pump sys-
tems with a ceramic break. However, to avoid delays
in commissioning the BLUE facility, the decision was
made to move on to testing the cavity in its original
LTD configuration - i.e., replacing the polycarbonate lid
on the cavity’s front side with the original steel lid, in-
stalling the ferromagnetic cores, and implementing the
core reset/pre-mag system.

B. Linear Transformer Driver Configuration

Replacing the polycarbonate lid with the original steel
lid and inserting the ferromagnetic cores transforms the
cavity back into the traditional LTD configuration (see
Fig. [I{b)). The pre-mag pulse generator is now desired
to magnetize the cores in the proper direction prior to
an LTD shot, thus minimizing the current taking the
parasitic path (see Sec. .

A new, higher-quality resistive load (using new HVR
APC ceramic disk resistors) was fabricated for BLUE in
the LTD architecture. One of the motivations for doing
this was that the simple cylindrical geometry of these disk
resistors allows the load inductance to be more precisely
estimated. The new load was also designed to have a
variable resistance of 0.5—4 Q by stacking multiple disk
resistors in series. For the experiments reported herein,
the load resistance was 1.5 €2, and the load inductance
was estimated to be ~110 nH.

Figures and show experimental current traces
from the prototype BLUE cavity in the LTD configu-
ration. These traces were acquired by the CVR. Fig-
ure [14] shows the current traces at varying charge volt-
ages: £50 kV, £60 kV, and £70 kV. Figure also
shows the effects of pre-magnetization on the load cur-
rent. Without pre-magnetization, the load current is
smaller in amplitude and shorter in duration, as signifi-
cant current begins to leak into the parasitic current path
around the time of peak current.

Figure [I5] shows good agreement between an experi-
mentally measured current trace and the current trace
generated by an LTspice simulation of the discharge. In
this case, the charge voltage was £70 kV. The larger am-
plitude of the experimental trace before ¢ ~ 80 ns is likely
due to imperfect modeling of the core behavior and thus
current losses to the parasitic current path.
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FIG. 14. Nominal experimental current traces from the pro-
totype BLUE cavity configured as an LTD at different charge
voltages, acquired using a current-viewing resistor (CVR).
The data have been smoothed to reduce high-frequency noise.
The resistive load has resistance and inductance values of ap-
proximately 1.5 2 and 110 nH, respectively.
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FIG. 15. Experimental current trace from the prototype

BLUE cavity configured as an LTD at £70 kV charge voltage
into a resistive and inductive load. The experimental curve
has been smoothed to remove high-frequency noise. Also plot-
ted for comparison is the current trace from an LTspice simu-
lation of the discharge. In the simulation, the load resistance
was 1.5 © and the load inductance was 110 nH, which is in
good agreement with the estimated load resistance and induc-
tance based on geometry.

From these initial calibration and pre-magnetization
experiments, a simple circuit model was semi-empirically
developed for BLUE. The model is illustrated schemat-
ically in Fig. The values to be used in the circuit
model are provided in Table[l] In the central column of
Table[l} formulas are provided for calculating the circuit
element values as a function of the number of cavities,
Necay. In the rightmost column of Table [ approximate
values are given for a single cavity—i.e., with Ng,, = 1.

R,,.(1)

FIG. 16. A simple circuit model of the BLUE LTD facility.
Formulas for the circuit elements, along with approximate

values for a single cavity, are provided in Table m

Circuit Formula Approximate Value
Variable for Neaw =1
Cmac 5 Ccap/Ncav 100 nF
Vo 2 [Veharge| * Neav 200 kV max.
Rmac | Rorick Neav /10 4-60 m<)
Lmac Lbricchav /10 22 nH
Lcore LO,coreNcav 950 nH
Reore(t) | Ro,core(t) - Neav 0.50 2 (for t < 10us)
Lt line Litine ~16 nH for chamber loads
Zmac \/Lmac/Cmac 0.47 Q

TABLE I. Formulas for the simple circuit elements shown in
Fig. The approximate values provided in the rightmost
column are for a single cavity—i.e., with Ncay = 1. Lt-line is
the inductance of the transmission line to the load, which can
vary depending on the installed hardware. A transmission
line to the chamber procured for Z-pinch experiments has an
inductance of ~16 nH. Zyac is the machine impedance.

V. TESTING A MAGNETICALLY INSULATED
LINE OSCILLATOR (MILO) ON BLUE

The first physics load to be mounted on the prototype
BLUE cavity was a high-power microwave (HPM) device
known as a magnetically insulated line oscillator (MILO)
[29]. An LTD paired with such a device can represent
a very compact HPM source, desirable in many appli-
cations. To our knowledge, Ref. [30] presents the first
demonstration of a compact LTD being used to drive an
HPM source — in this case, the HPM source was a coaxial
vircator.

The MILO driven with BLUE is a crossed-field HPM
device [3I] that, in this case, operates in a coaxial, ax-
isymmetric geometry (see Fig. a)). In a MILO, the
drive current produces a magnetic field that insulates the
anode from electrons emitted at the cathode. Thus, ex-
ternal magnetic field coils are not required to operate
a MILO, as they are in the case of other crossed-field
devices (e.g., magnetrons). For the cylindrical MILO
shown in Fig. the insulating magnetic field is az-
imuthal, B = By é, and the driving electric field is ra-
dial E = FE,.7. Electrons emitted radially outward
from the velvet-covered central cathode are turned by
the magnetic field and begin to drift axially through
the periodic slow wave structure (SWS) at a velocity of
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FIG. 17. (a) Cross-section of the MILO HPM device. (b) CST
particle-in-cell simulation of the MILO in 7-mode operation,
with the simulated electrons (blue/green) bunching into well-
formed spoke-like structures in the SWS [32]. (¢) The MILO
mounted to the prototype BLUE cavity.

Vanife = B x B/B? (see Fig. [17(b))

The MILO mounted to BLUE is shown in Fig. [L7(c).
This MILO was previously tested by the Air Force Re-
search Laboratory (AFRL) in Albuquerque, NM [33H36].
In these tests, the MILO was driven by the Sandia Na-
tional Laboratories 500-kV, 5-Q2, 300-600-ns IMP pulser
[35 [36]. Note that the IMP pulser has remarkably simi-
lar drive characteristics to the full 4-cavity BLUE facility.
Operation of this MILO has been simulated recently by
D. A. Packard et al. [32] (see also Fig. [I7|b))

While the specific details of our BLUE MILO exper-
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FIG. 18.  Voltage signals from three B-dot probes in the
slow-wave structure of the MILO during a discharge of the
BLUE prototype cavity with a charge voltage of £70 kV (top
and middle). Also plotted is the load current into the MILO,
which was measured using a calibrated Rogowski coil. Mi-
crowave oscillations at a frequency of 1.187 GHz are observed
for approximately 80 ns (during the period of 65-145 ns). The
oscillations are well-sampled for Fourier analysis and compar-
ison with simulation (bottom). Plotted are smoothed, nor-
malized FFTs of the B-dot data, as well as normalized FFTs
from CST simulations in Ref. [32] at different drive voltages.

iments are left for a future publication, the preliminary
demonstration of microwave generation is provided here.
In Fig.[I8] voltage signals are presented from three B-dot
probes located in the SWS of the MILO. Also shown is a
Rogowski coil signal, integrated and calibrated to give the
total current entering the MILO. The charge voltage for
the shot was £70 kV (140 kV open-circuit). Microwave
oscillations at a frequency of 1.187-GHz are observed for
approximately 80 ns (during the period of 65-145 ns).
The oscillations are well-sampled for Fourier analysis



and are distinct from background noise. Plotted in the
bottom pane of Fig. [18] are smoothed, normalized FFTs
of the B-dot data, as well as normalized FFTs from CST
simulations at different drive voltages [32]. The experi-
mental frequency of 1.187 GHz is consistent with beam-
loaded m-mode operation in these particle-in-cell simula-
tions. The differences between the experimental and sim-
ulated FFTs are due primarily to imperfect experimen-
tal geometries (leading to slight differences in the center
frequencies of the FFT peaks) and disparate sampling
windows (leading to differences in the widths of the FFT
peaks). Regarding the disparate sampling windows, the
simulations produced oscillations for ~150 ns, whereas
the experiments produced oscillations for 80 ns. This re-
sults in the simulated FFTs having narrower peaks than
the experimental FFTs, due to the uncertainties associ-
ated with the time-bandwidth product [37].

The excitation of the oscillations in the experiment for
approximately 80 ns is remarkable given the relatively
low drive voltage applied (V) = 2|Veharge| = 140 kV) and
the very low driver impedance of just a single BLUE LTD
cavity (0.5 ). In simulation, similar oscillations were
predicted only at higher voltages (see Fig. . Future
experiments are planned to characterize the RF output
power as a function of the applied drive voltage. The
drive voltage will be varied (increased) by increasing the
number of BLUE cavities stacked together in series, since
Vo = 2|Veharge| - Neav (see Table .

VI. SUMMARY

The first prototype cavity of the BLUE LTD facility
at the University of Michigan is now operational. The
components to make three more identical cavities have
been procured, and construction of the second cavity has
begun. A modular system like BLUE will allow future
studies of LTD cavity coupling and pulse shaping [38] [39].
This informs the design of next generation LTD-based
super-accelerators like Z-300 and Z-800 [15], which could
likely demonstrate ignition of a nuclear fusion target us-
ing the MagLIF concept [40].

Beyond studies of pulsed-power technology, BLUE is
capable of driving a wide variety of physics loads. A
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MILO HPM source has been successfully driven to pro-
duce microwaves, and a large diameter vacuum cham-
ber with many diagnostic ports has been prepared to
house various Z-pinch and X-pinch loads. The authors
are excited to offer this new facility and capability to the
pulsed-power, HPM, and HEDP communities.
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