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Abstract— A magnetically insulated line oscillator (MILO)
was studied using the simulation software packages high-
frequency structure simulator (HFSS) and Computer Simulation
Technology-Particle Studio (CST-PS). HFSS was used to find
dispersion characteristics of the slow-wave structure and predict
resonant-mode frequencies. CST-PS was used to analyze the
operation of the device with space charge included. At an
applied voltage of 500 kV, CST-PS predicted 1.25-gigawatt (GW)
microwave generation at 1.2 GHz while drawing 57 kKA. These
simulations are consistent with previously published experimental
results for a similar MILO. The CST-PS model was used to
predict MILO operation as a function of injected voltage, and
a separate study was performed to evaluate the effects of
an independent, externally applied axial magnetic field. These
simulation efforts are in support of upcoming experiments
at the University of Michigan, where the MILO investigated
in this article will be tested on a new linear transformer
driver facility.

Index Terms— Computer Simulation Technology-Particle Stu-
dio (CST-PS), dispersion relation, high power microwaves
(HPMs), linear transformer driver (LTD), magnetically insulated
line oscillator (MILO), particle in cell (PIC), pulsed power.

I. INTRODUCTION

HE magnetically insulated line oscillator (MILO) [1]-[3]
is a high-power microwave (HPM) source capable of
generating up to gigawatt (GW) power levels [4]-[6]. Similar
to the magnetron [7], the MILO is a crossed-field device.
The MILO is a desirable HPM source because it generates a
self-insulating magnetic field for interaction between a central
cathode and surrounding anode slow-wave structure (SWS),
enabling operation without external magnets. This allows the
MILO to generate beam powers of up to tens of GWs without
experiencing electrical breakdown across the anode—cathode
(AK) gap. Because of its need for very large injected currents,
the MILO is an inherently low-impedance device (~3 Q).
HPM sources are often used in applications such as radar,
signal jamming, and electronic warfare, to name a few [8].
In many of the avenues in which HPM is needed, the compact-
ness, form factor, and total weight of the device are important
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considerations. The fact that the MILO requires no externally
applied magnetic field gives it an advantage over other devices
in these regards.

Another necessary consideration in HPM systems is the
choice of pulsed power for driving the source. Typically, Marx
generators have been used for MILO applications. A more
recent innovation in pulsed power is the linear transformer
driver (LTD) [9]-[12]. The LTD is a compact and efficient
pulsed power technology used to drive high current and power
at relatively low voltage and low impedance. The MILO is well
matched to such a driver, and the LTD is capable of delivering
the large input power necessary. The combination of the two
could lead to one of the most compact, moderate voltage, GW-
class HPM systems to exist.

As modern research continues to improve the
MILO [13]-[15], investigators at the University of
Michigan (UM) are assembling an LTD test bed to explore its
capability to drive HPM sources. The first is likely to be a GW-
class MILO, similar to the device studied by Haworth et al. [5]
and Lemke et al. [6]. In preparation for these experiments,
simulations were performed in high-frequency structure
simulator (HFSS) and Computer Simulation Technology-
Particle Studio (CST-PS) to compare with past experiments
and benchmark the device using these more modern simulation
packages. HFSS was used to find dispersion characteristics of
the SWS, while CST-PS was used to analyze output power as
a function of applied voltage, and to predict MILO operation
in the presence of a modest, externally applied axial magnetic
field.

II. HFSS CoLD TEST SIMULATIONS

Simulations of the MILO [5], [6], [16] were performed
in HFSS to analyze the modes that exist in the SWS. This
analysis was performed using both a full model of the SWS
and a unit cell approach [17], [18], each of which are
shown in Fig. 1. The MILO SWS is a corrugated cylindrical
waveguide with vanes of various inner radii and unit cell
length P. The longest vanes are labeled 1-3, while vanes 4-6
are of intermediate length, and vane 7 is the shortest.

In the full model, the SWS and cathode are assigned perfect
electrical conductor (PEC) boundary conditions, forcing a nor-
mal electric field at every surface. The HFSS eigenmode solver
was used to determine the resonant modes of this system. The
unit cell model also applies PEC boundary conditions to the
cathode and SWS, but an additional boundary condition is
necessary at the open vacuum interface. This is satisfied with
phase advance boundary conditions; at the opposing vacuum
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Fig. 1. HFSS models used for analyzing the SWS. (a) Full SWS. (b) Unit
cell approach with the solved electric-field overlaid.

interfaces, master-slave conditions are applied. This forces the
electric field to advance a specified phase difference between
the master and slave, and effectively turns the unit cell into
a SWS of infinite length. By varying this phase difference,
the dispersion relation for each section of the SWS and the
various supported modes can be obtained.

The corrugated cylindrical waveguide supports a series of
transverse magnetic (TM,,,,) modes, where the integers m and
n describe the variation in the field azimuthally and radially,
respectively. The TMy; and TM;; modes are the lowest order
field patterns supported by the MILO. The cavities between
vanes 3 and 7 are where the SWS was designed to interact with
the electron beam in the TMy; #-mode. Thus, the dispersion
relations for the TMy; and TM; modes within vanes 4—6 using
the unit cell technique are plotted in Fig. 2(a) to examine the
possibility of interaction with modes that were not intended.
In addition, the relevant resonant mode frequencies of the four-
cavity structure for both TM waves are overlaid with circles.

The model indicates that if a beam synchronous with the
TMy; #-mode velocity is detuned by less than 10%, it could
interact with the neighboring TM;; 7-mode. Motion of charge
in crossed field devices is dominated by Brillouin flow
[19], [20], and therefore faster electrons in the shear flow
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Fig. 2. Dispersion relations obtained with the unit cell method. (a) Funda-
mental circuit mode (TMy;) and the first higher order circuit mode (TM;;)
in vanes 4-6. (b) Fundamental mode of each cavity structure.

TABLE I

RELEVANT RESONANT FREQUENCIES OF THE TMy; AND TM|; MODES
FOR VANES 4-6, OBTAINED FROM THE UNIT CELL AND
FULL MODEL APPROACH

Unit Cell Model Full Model
Mode Frequency (GHz) Frequency (GHz)
TMy, ™y, TMy ™y,
/2 1.089 1.227 1.033 1.185
3m/4 1.206 1.316 1.166 1.277
T 1.231 1.335 1.220 1.320

extending further into the gap could excite this mode instead
of the desired TMy; 7-mode. The frequencies of the resonant
modes supported by these TM waves in a four-cavity structure,
calculated using the unit cell and full model method, are listed
in Table I. To increase the frequency separation between the
TM;; and TMy; modes, the vane inner radius can be reduced
while maintaining the overall vane length.

Fig. 2(b) shows the dispersion relation for the different
vane structures in the MILO. The TMy; 7 -mode, excited in
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vanes 4-6, is not allowed to propagate upstream due to the
presence of the choke cavities between vanes 1-3 [21]. The
TMy; 7-mode is evanescent in the choke cavities, demon-
strated by the dispersion relation of vanes 1-3. On the other
hand, the fringing fields from the TMy; z-mode excite a
traveling wave with positive group velocity at vane 7 in the
direction of the coaxial output. Thus, reducing the length of
vane 7 improves the impedance match between the SWS and
the output.

Each of these approaches has its advantages and disadvan-
tages. The full model will likely provide a more accurate pre-
diction of experimental cold-test resonant-mode frequencies.
However, this method requires a mesh for the entire device,
which may be unnecessary. Furthermore, this method cannot
be used to find the full dispersion relation for circuit modes on
a SWS; it can only find the discrete resonant modes supported
by the finite SWS. The unit cell approach is much faster,
allowing for rapid prototyping and design. Because the unit
cell model is an infinite SWS and the phase per cell can be
controlled, it can be used to predict the dispersion relation
of SWS modes relatively easily. Compared to the full model,
the mode frequency estimates from the unit cell approach are
accurate to first order. The remaining simulations in Section III
were performed in CST-Particle Studio.

III. CST PARTICLE SIMULATIONS

Fig. 3 shows the full CST-Particle Studio model of the
MILO. The driver voltage is injected through a discrete port at
the bottom of the device. The total injected current and voltage
are measured by monitors residing between the input port and
the cathode taper. Voltage monitors are placed in each cavity
of the SWS to identify the dominant mode in each cavity.
Explosive emission of electrons is allowed from the cylindrical
portion of the cathode that resides above the taper. The vast
majority of the current driven through the MILO is collected
by the beam dump. This axial current sets up an azimuthal
magnetic field that magnetically insulates the diode and allows
for crossed field interactions in the SWS. The beam dump is
dc-shorted to ground with three conducting rods located at
discrete azimuthal locations; these three rods form a quarter-
wave structure that is transparent to the microwaves. Finally,
the traveling wave launched into the output coax by the final
vane is absorbed by a perfectly matched boundary condition.
The radio frequency (RF) current and voltage at the output are
measured to determine the output power.

Fig. 4 shows the output characteristics of a CST-PS sim-
ulation of the MILO. A voltage of 500 kV is injected in
the shape of a half sine wave over 300 ns, drawing 57 kA
at peak current, and generating a peak power of 1.25 GW
with 4.5% efficiency in the TMy 7z-mode at 1.199 GHz.
In previous experimental tests of an MILO similar to the
one modeled in this article, a 500-kV drive voltage resulted
in 1.5-2 GW of output power at 1.2 GHz while drawing
approximately 60 kA [16].

Fig. 5 shows the peak output power of CST-PS MILO
simulations as a function of the injected voltage for dif-
ferent mesh refinements and compares the prediction to
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Fig. 3. Cross-sectional view of the MILO modeled in CST-Particle Studio.

past experiments of a similar MILO by Calico et al. [21].
While good agreement was observed for V< 400 kV,
the simulation overpredicted output power for higher applied
voltages. These were not, however, identical MILO geome-
tries; the primary difference between the CST-PS model and
the experimental data of Calico et al. [21] is the location of
the cathode taper. In the CST-PS models, the cathode tapers
under the choke vanes, whereas the tested prototype had its
taper before the choke vanes. Subsequent MILO experiments
demonstrated an increase in output power when the taper was
placed beneath the choke vanes [16]. This increase in power
was accredited to the elimination of unwanted emission on the
cathode directly beneath the choke vanes.

At voltages less than 200 kV, CST-PS did not demonstrate
operation in any mode in the SWS. This is in contrast with
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Fig. 4. Output power, efficiency, injected current, and cathode voltage for a
CST-PS simulation over time.
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Fig. 5. Comparison of experimental [21] and simulated (this article) peak

output power of the TMg; and TM;; 7 -mode as a function of injected voltage.
The predicted operating mode is found to be dependent on mesh size.

the experiment, where generation of roughly 100 MW was
observed at these voltages. It is assumed that at these low-
electric fields, the simulated axial beam velocity is not fast
enough to synchronize with a SWS mode. At 200 kV specifi-
cally, CST-PS predicted TM|; 7-mode operation regardless of
the mesh refinement, resulting in negligible power extraction.
This is also in disagreement with experiment, where at 200-kV
generation of approximately 200 MW in the TMy; z-mode
was observed. From 250 to 350 kV, CST-PS calculated a
near-linear relationship between voltage and output power,
regardless of the mesh size. In this range, the simulated output
power agrees with experiment.

From 400 to 600 kV, at a given voltage, the different
mesh sizes do not yield the same dominant mode. For exam-
ple, at 400 kV, the 4.8M-cell model (circles) predicts TMy,
w-mode operation, generating 610 MW, while the 9.5M-cell
model (crosses) predicts TM;; w-mode operation, resulting
in very little power extraction. The TMy; (red) and TMy;
(green) m-mode power connects all cases from both model
resolutions that demonstrated operation of each respective
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mode. At each voltage in this range, the mesh sizes alternate in
their prediction between these two modes, resulting in the data
points with reduced power extraction. While this oscillatory
behavior is not expected with increased mesh refinement, upon
consideration of Fig. 2(a), it is not surprising the TM; 7-mode
is dominant in some of these simulations.

Despite the inconsistency of mode prediction, it appears the
TMy; m-mode power generation predicted by both models
is in fact converged. That is, when considering only the
TMy; m-mode data points in Fig. 5, the 4.8M-cell data points
fall on the line of best fit retrieved from 9.5M-cell data.
It is expected that with further mesh refinement, CST-PS will
provide a more consistent prediction of the operating mode
across the swept voltage, but the output power will not change
significantly.

IV. APPLICATION OF EXTERNAL MAGNETIC FIELDS

Early and late in the voltage pulse, magnetic insulation in
the SWS is lost because the current driven through the beam
dump is not sufficiently high to generate the Hull cutoff mag-
netic field. This causes unnecessary damage and destruction
to the MILO SWS, and reduction of this thermal load could
allow operation at higher duty cycles. Thus, the application of
a modest, uniform axial magnetic field (B;) to the MILO was
studied using CST-PS. Such a magnetic field would provide
insulation while the MILO is not generating RF. The goal of
this article is to determine the feasibility of shielding the anode
from unnecessary damage while not affecting the output power
or efficiency. Application of an external magnetic field might
also allow MILOs to be driven by higher impedance pulsed
power generators.

Fig. 6 compares electron trajectories in the 7 -mode with and
without B,, each at an applied voltage of 500 kV. In Fig. 6(a),
B, is set to zero, and therefore the total magnetic field in the
SWS region is purely azimuthal (¢). The electrons thus drift
primarily in the z-direction due to the Epc x l§¢ drift velocity,
while also oscillating in the radial direction due to the RF drift
ERF X §¢.

In Fig. 6(b), B, is set to 0.05 T. Herein, the total magnetic
field in the SWS region is a helical combination of the
applied axial field and the self-generated azimuthal field.
Consequently, electrons in the hub drift helically about the
cathode as they stream off the cathode.

The microwave output power and efficiency for these simu-
lations are shown in Fig. 7(a) and (b), respectively. At 500 kV,
while z-mode operation is still achieved with B, set to 0.05 T,
the output power and efficiency decrease by approximately a
factor of two from the nominal case. This is explained by
reduced synchronism between the axial velocity of the helical
beam and the SWS phase velocity.

In an effort to retrieve the lost efficiency, B, was held at
0.05 T and the voltage was raised to 700 kV to increase the
axial velocity of the hub back to a more synchronous state
with the SWS. This resulted in increased power generation
due to the higher voltage, and the efficiency was found to be
within 10% of that for the nominal case [see Fig. 7(a) and (b),
respectively]. Furthermore, the output frequency was not sig-
nificantly affected by the external magnetic field. In the:
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Fig. 6. Electron trajectories in the MILO SWS for an applied axial magnetic
field of (a) O T and (b) 0.05 T. It is noted that z-mode operation is observed
in both cases, and that helical electron trajectories are observed in (b).

1) 500 kV, 0 T; 2) 500 kV, 0.05 T; and 3) 700 kV, 0.05 T
cases, the output frequencies were: 1) 1.199; 2) 1.1915; and
3) 1.193 GHz, respectively. Thus, it appears that applying an
axial magnetic field in an MILO, to reduce potential damage
to the SWS, might not adversely affect microwave generation
if accounted for correctly. Successful application of an axial
magnetic field requires accurate prediction of the axial hub
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Fig. 7. (a) Simulated power and (b) efficiency plotted as a function of time

for different voltages and applied magnetic fields.

velocity in the helical flow for correct interaction with the
SWS wave.

V. FUTURE EXPERIMENTAL PLANS

A new pulsed-power facility called Bestowed LTD from
the Ursa-Minor Experiment (BLUE) is presently under con-
struction at UM. BLUE will consist of up to four 1.25-m
diameter LTD cavities stacked together in series. These four
cavities were originally part of the 21-cavity Ursa Minor
facility at Sandia National Laboratories [22], [23]. A single
LTD cavity is a low-impedance driver. By stacking multiple
cavities together in series, both the driver voltage and the
driver impedance is increased in proportion to the number
of cavities used [9]. BLUE is being configured such that
one, two, three, or four cavities can be used in series, thus
allowing the driver impedance to be tuned to better match
a given load. A single fully populated BLUE cavity has a
driver impedance of about 0.5 Q. Thus, the four-cavity BLUE
system will have a driver impedance of approximately 2 €,
which should be well matched to MILO loads (~3 ). We note
that driving an HPM load with an LTD has received limited
attention in the literature [24]. Furthermore, to our knowledge,
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(b)

Fig. 8. Photographs and images of the hardware to be tested in upcoming
experiments at UM. (a) Photograph of the first fully populated BLUE LTD
cavity. (b) CAD model of BLUE’s four LTD cavities stacked in series, forming
a four-cavity LTD module, and connected to the GW-class MILO (labeled
“HPM load”).

no experimental tests of an LTD-driven MILO have been
reported in the literature. Thus, preparations are underway to
test a GW-class MILO on BLUE.

Fig. 8 depicts the hardware that will be tested in upcoming
experiments at UM. In Fig. 8(a), a photograph of the first fully
populated BLUE cavity is shown. Because of the clear plastic
lid, the interior components are visible (switches, capaci-
tors, charging resistors, trigger inductors, etc.). Capacitors
are connected in pairs via a spark gap switch, forming LTD
“bricks” [9]. The top and bottom capacitors in each brick are
charged to opposite polarities (up to =100 kV for BLUE).
Each BLUE cavity consists of ten bricks, which will discharge
into a central coaxial transmission line. The discharge is
expected to produce a current pulse that rises from 0 to 150 kA
in ~100 ns into a matched load.

Fig. 8(b) depicts a computer-aided design (CAD) model of
the four BLUE cavities stacked together in series and con-
nected to a GW-class MILO (labeled “HPM load”). By varying
the number of cavities used, the performance of the MILO
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(c)

Fig. 8. (Continued.) (c) Brazed GW-class MILO to be tested experimentally
on the BLUE LTD facility.

can be characterized as a function of the injected voltage up
to 800 kV, similar to what was studied numerically in Fig. 5.
Fig. 8(c) depicts the brazed, GW-class MILO to be tested at
UM. Experiments testing the effects of varied injected voltage
and the application of external magnetic fields on the MILO’s
performance await the completion of the BLUE facility.

VI. CONCLUSION

A GW-class MILO was simulated in HFSS and CST. HFSS
was used to find the dispersion characteristics of the SWS,
examine potential operating modes, and compare two different
methods for mode identification in cold test simulation. The
particle-in-cell (PIC) software CST-PS was used to reproduce
previous experimental data [16] and predict power output as
a function of the injected voltage. It was determined that
CST-PS had difficulty resolving a consistent operating mode at
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higher injected voltages, but the output power observed when
the TMy; m-mode dominated agreed with expectations. The
CST-PS model was used to consider the effects of an externally
applied axial magnetic field on a GW-class MILO. The MILO
was immersed in a uniform, purely axial field, and it was
concluded that the application of this field is not intrinsically
harmful to microwave generation so long as the axial flow
velocity is properly synchronized with the SWS phase velocity.
Finally, experimental preparations are now well underway for
testing a brazed GW-class MILO on the BLUE LTD facility
at UM.
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