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We have conducted 0D, 1D, 2D, and 3D simulations of an idealized coaxial impedance-matched Marx
generator (IMG) [Phys. Rev. Accel. Beams 20, 040402 (2017)]. The 0D calculations were conducted with a
four-element circuit model; the 1D, 2D, and 3D calculations were conducted with highly resolved, fully
electromagnetic representations. The IMG consists of 30 stages distributed axially and connected electrically
in series. Each stage is powered by two bricks separated by 180° and connected electrically in parallel. Each
brick comprises two opposite-polarity capacitors in series with a single switch. The bricks drive an internal
impedance-matched coaxial transmission line terminated by a resistive load. The simulations neglect effects
due to the switch-triggering circuit, the capacitor-charging circuit, external conducting boundaries, and
reactive components of the load. We find dimensionality does not significantly affect the electrical power
delivered by the IMG to its load: peak load powers estimated by the 0D, 1D, 2D, and 3D simulations agree to
within 1%. The 3D calculations demonstrate that electromagnetic power radiated by the bricks, and axial gaps
between stages, reduces the peak load power by less than∼1%. Each simulation assumes the load impedance
is 34% above that at which the load power is maximized. Operating an IMG with such an overmatched load
offers several advantages while decreasing the peak load power by only 2%. The 0D, 1D, 2D, and 3Dmodels
outlined herein could be adapted to assess computationally competing IMG designs, and conduct a variety of
numerical IMG experiments, before an IMG is constructed.

DOI: 10.1103/PhysRevAccelBeams.27.120401

I. INTRODUCTION

A Marx generator is an electrical circuit that charges
capacitors in parallel and discharges them in series [1,2].

The conventional Marx was invented in 1924 by Erwin
Marx [1]. Such a Marx is usually modeled with 0D circuit
elements, and is designed to stack voltages.
The impedance-matched Marx generator (IMG) was

invented in 2017 [3–20]. Like a conventional Marx, an
IMG charges capacitors in parallel and discharges them in
series. However, an IMG is designed to account for
electromagnetic-wave propagation: an IMG is usually
modeled with 1D transmission-line-circuit elements, and
is designed to stack waves. As demonstrated by Ref. [3], all
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the reflected waves within an IMG cancel; all that is left are
the forward-going waves. An IMG achieves electromag-
netic-power amplification by triggered emission of radia-
tion, and is a pulsed-power analog of a laser [3].
The IMG is an attractive candidate prime-power source

for next-generation pulsed-power accelerators [21–26].
Like the linear transformer driver (LTD) [27–48], the
IMG offers single-stage electrical pulse compression and
impedance matching. In contrast to the LTD, the IMG is
less expensive, less massive, and able to achieve slightly
higher energy and power efficiencies due to the absence of
ferromagnetic cores [3].
An IMG consists of a single stage or several stages

distributed axially and connected electrically in series. Each
stage is powered by a single brick or several bricks
distributed azimuthally around the stage and connected
electrically in parallel. Each brick comprises two opposite-
polarity capacitors connected in series with a single switch
located between the capacitors [29]. The stages of an IMG
drive an impedance-matched transmission line. The sim-
plest form of an IMG is a single brick that drives an
impedance-matched load [3,21–24].
References [10,13] describe a prototype four-stage IMG

that delivers a peak electrical power of 60 GW to a resistive
load. Each stage is powered by two bricks located 180°
apart. The IMG’s eight bricks drive an internal impedance-
matched coaxial transmission line terminated by the load.
As indicated by Refs. [10,13], the measured load-power
time history is consistent (within experimental uncertain-
ties) with circuit simulations. Reference [19] describes the
design and performance of a 330-GW IMG, which also
performs as expected.
Figure 1 illustrates a conceptual design of a next-

generation 700-TW pulsed-power accelerator that would
deliver 90 MA to a physics load [10,13]. The design, which
is under development, is powered by 1440 IMGs. The
design assumes each IMG is a straightforward linear
30-stage extension of the four-stage prototype [10,13].

The 30-stage IMG concept is illustrated by Fig. 2. To
establish a theoretical basis for its design, we have con-
structed three virtual IMGs: 1D, 2D, and 3D time-domain
electromagnetic models of the 30-stage configuration. We
used the models to simulate the IMG’s electromagnetic
performance; such simulations reduce risks associated with
extrapolation of the four-stage prototype to the more power-
ful 30-stage module. The simulations assume an idealized
IMG with an internal impedance-matched coaxial trans-
mission line. The simulations neglect effects due to the
switch-triggering circuit, the capacitor-charging circuit,
external conducting boundaries, and reactive components
of the load.
The 1D simulations were conducted with two 1D time-

domain electromagnetic models of the 30-stage IMG. Each
of the 1D models is a detailed transmission-line-circuit
model that was constructed with CHICAGO-CIRCUITS, a
transmission-line-circuit code [49]. The two 1D models
and associated simulation results are presented by Sec. II.
The 2D simulations were conducted with two 2D finite-

difference time-domain electromagnetic models of the
30-stage IMG. Each of the 2D models is powered by 30
identical transmission-line circuits; each circuit represents
two bricks connected electrically in parallel. The two-
brick circuit models were constructed with CHICAGO-

CIRCUITS [49]. The 2D finite-difference regions of the 2D
IMG models were constructed with CHICAGO, a finite-
difference time-domain electromagnetic particle-in-cell code
[50]. The 2D models, associated simulation results, and
comparisons of 1D and 2D results are presented by Sec. III.
The 3D simulations were conducted with a 3D finite-

difference time-domain electromagnetic model of the
30-stage IMG. The 3D model is not powered by external
transmission-line circuits; instead, the model includes a 3D
finite-difference time-domain electromagnetic model of
each of the 60 bricks of the IMG. The 3D IMG model
was constructed with the CHICAGO code [50]. The 3D
model, associated simulation results, and a comparison of

10 m

FIG. 1. Conceptual design of a next-generation pulsed-power accelerator. The 76-m-diameter machine is powered by 1440 IMGs.
These are located in 120 towers distributed azimuthally around the accelerator; each tower consists of 12 IMGs arranged in a vertical
stack. Each IMG includes 30 stages distributed axially and connected electrically in series. A single 30-stage IMG is illustrated by Fig. 2.
The 1440 IMGs directly generate a 700-TWelectromagnetic power pulse from dc-charged capacitors in a single step; the power is then
delivered by transmission lines to the physics load. The load is located at the center of the accelerator, near the top of its centrally located
vacuum section. The accelerator concept illustrated here delivers 90 MA to the load.
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1D, 2D, and 3D results are presented by Sec. IV. The 3D
model is used to quantify electromagnetic power lost by the
IMG due to electromagnetic radiation; results are also
presented by Sec. IV.
The simulations described by this article assume the

IMG-load impedance is 34% above that at which the peak
electrical power delivered by the IMG to its load is
maximized. The higher impedance reduces the peak load
power by 2%; however, it is clear peak power is not the
only IMG parameter of interest. As demonstrated by Sec. V,
the higher load impedance offers several electrical-perfor-
mance advantages.
Section VI summarizes the principal results of the article,

and includes a discussion of proposed future work that
would further refine and extend the modeling effort out-
lined herein. For completeness, the Appendix describes a
0D circuit model of the IMG. Numbered equations are in SI
units throughout.

II. 1D ELECTROMAGNETIC MODELS

We have developed two 1D time-domain electromag-
netic models of the IMG illustrated by Fig. 2. One model
assumes the IMG’s internal coaxial transmission line has a
10-step cathode; the other, a 30-step cathode. Each model is
a detailed transmission-line-circuit model that was con-
structed with the CHICAGO-CIRCUITS code [49]. Each model
comprises 500 transmission-line-circuit elements. The
model of the 30-step-cathode IMG, which is the baseline
design, is illustrated by Fig. 3.
As suggested by Figs. 2 and 3, each IMG considered by

this article consists of 30 stages distributed axially and

connected electrically in series. Each stage is powered by
two bricks separated by 180º and connected electrically in
parallel. Hence each IMG is powered by 60 bricks altogether.
Each of the 60 bricks is identical to every other brick.

Each brick comprises two 100-kV 159.9-nF capacitors

FIG. 2. Conceptual design of the 30-stage IMG. The stages are distributed axially and connected electrically in series. Each stage is
powered by two bricks separated by 180° and connected electrically in parallel. Each brick comprises two opposite-polarity capacitors in
series with a single three-electrode field-distortion gas switch. The bricks drive an internal impedance-matched coaxial transmission
line.

FIG. 3. Transmission-line-circuit model of the 30-stage IMG.
The model assumes the inner (cathode) conductor of the IMG’s
internal impedance-matched coaxial transmission line has 30
steps. The model is constructed with 1D transmission-line-circuit
elements. Stages 1 through 3, and 28 through 30, are represented
here; stages 4 through 27 have been omitted. The impedance Zj
of the transmission-line segment associated with the jth stage is
given by jZ1, where Z1 ¼ 1.117 Ω. The model assumes
R ¼ 0.035 Ω, L ¼ 86 nH, C ¼ 159.9 nF, τ ¼ 1.51 ns, and
Z30 ¼ Zload ¼ 33.514 Ω.
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connected electrically in series with a single (normally
open) three-electrode field-distortion gas switch [10,13].
The switch is located between the two capacitors. The
capacitors are dc charged to opposite polarities: one
capacitor is charged to 100 kV; the other, −100 kV.
Before the switch is triggered, a dc potential difference
of 200 kVappears across the switch in a symmetric manner,
so that one of the switch’s two main electrodes is at 100 kV;
the other, −100 kV.
The transmission-line-circuit model of a brick assumes

the total series brick resistance is the sum of constant and
time-dependent components. The constant component has
a value of 2R, as suggested by Fig. 3. The time-dependent
component falls exponentially with time (with a 0.01-ns
time constant) from an initially high value (∼105 Ω). The
sum of the two components represents the sum of the
following: switch resistance, equivalent series resistances
of the brick’s two capacitors, contact resistances throughout
the brick, etc. A switch is triggered computationally by
turning on the time-dependent component.
The model assumes the values of R, L, and C for the

circuit elements illustrated by Fig. 3 are as follows:

R ¼ 0.035 Ω; (1)

L ¼ 86 nH; (2)

C ¼ 159.9 nF: (3)

As suggested by Fig. 3, the quantity L is one-half the total
brick inductance, and C is the capacitance of each of the
two brick capacitors.
When we constructed the 3D numerical model of the

IMG described by Sec. IV, we intended the capacitance of
each capacitor to be 160 nF. (An IMG powered by 160-nF
capacitors generates an electromagnetic power pulse with a
∼100 ns rise time, which is approximately that required to
drive many experiments of interest.) Subsequent 3D sim-
ulations determined that the actual value of the capacitance
in the 3D model is 159.9 nF. To maintain consistency, this
value is assumed by all the simulations throughout the
article. The values for R and L listed above are also
obtained from the 3D model and used throughout.
As suggested by Fig. 3, the 60 bricks drive an internal

impedance-matched coaxial transmission line. For the
baseline IMG, the 1D model assumes the transmission
line’s inner (cathode) conductor has 30 steps, one per stage,
as illustrated by Fig. 3. The impedance of the coaxial-
transmission-line segment associated with the jth stage is
given by the following expression:

Zj ¼ jZ1 for j ¼ 1; 2;…; 30; (4)

where

Z1 ¼ 1.117 Ω: (5)

For the reasons discussed by Sec. V, Z1 is 34% above the
load impedance at which the peak electromagnetic power
generated by each IMG brick (and hence the peak power
delivered by the IMG to its load) is maximized. The model
assumes the 30-step coaxial transmission line is terminated
by a load with a pure resistance Zload:

Z30 ¼ Zload ¼ 33.514 Ω: (6)

As indicated by Fig. 3, the 1D circuit model assumes the
one-way transit time of each of the 30 segments of the
coaxial transmission line τ ¼ 1.51 ns. The model triggers
the 30 stages sequentially at 1.51-ns intervals; the first stage
triggered is at the far left of Fig. 3.
The circuit model assumes the IMG’s internal coaxial

transmission line is filled with a synthetic-ester-based
dielectric fluid [51]. The model makes the simplifying
assumption that for frequencies of interest, the relative
permittivity of the fluid has a constant value of 3.2 [51].
We define EIMG to be the total electrical energy initially

stored by the IMG capacitors:

EIMG ¼ 1

2
nsCsV2

s ; (7)

Cs ¼ nbCb ¼ nb

�
C
2

�
; (8)

Vs ¼ Vb: (9)

The quantity ns is the total number of IMG stages, Cs is the
capacitance of each stage, Vs is the initial charge voltage
across each stage, nb is the total number of bricks per stage,
Cb is the capacitance of each brick, C is the capacitance of
each capacitor, and Vb is the initial charge voltage across
each brick. We assume the following:

ns ¼ 30; (10)

nb ¼ 2; (11)

Vb ¼ 200 kV: (12)

The initial electrical energy EIMG stored by the IMG
capacitors is 95.9 kJ. Of this, 97% is delivered to the
IMG’s resistive load (within 600 ns after the two switches
in the first stage are triggered), and 3% is dissipated by the
IMG-switch resistances.
The time history of the electromagnetic power delivered

by the IMG to its load is plotted by Fig. 4. The peak load
power is 458 GW, and occurs approximately 170 ns after the
two switches in the first stage are triggered. Since the IMG
load is purely resistive, the peak load power can be calculated
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as I2Zload or V2=Zload, where I and V are the peak load
current and voltage, respectively. (The load power is calcu-
lated in the same manner for all the 0D, 1D, 2D, and 3D
simulations described by the article, since all the simulations
assume the load impedance is purely resistive.) The 10%–
90% rise time of the load power is 126 ns.
We also considered a 30-stage IMG with a 10-step

cathode, since such a cathode may be less expensive to
fabricate than a 30-step design. The 10-step cathode has
one step for every three IMG stages; the impedance of each
of the 10 steps is assumed to be as follows:

Zj ¼ jZ1 for j ¼ 1; 2;…; 10; (13)

where

Z1 ¼ 3.3514 Ω: (14)

As for the IMG with a 30-step cathode, the model of the
IMG with a 10-step cathode assumes the load is a pure
resistance Zload:

Z10 ¼ Zload ¼ 33.514 Ω: (15)

The time history of the load power for the IMG with a
10-step cathode is plotted by Fig. 4. The peak load powers
achieved by the 10-step and 30-step cathodes are 447 and
458 GW, respectively. Hence reducing the number of
cathode steps from 30 to 10 reduces the peak load power
by 2.4%. We also observe that near the time of peak power,
the shape of the power time history for the 10-step
configuration differs slightly from that obtained with 30
steps, which is due to stage-to-stage impedance mismatches
of the 10-step design.

The numerical energy-conservation errors of the 10- and
30-step simulations conducted with the CHICAGO-CIRCUITS

code are both less than 0.01%. The results plotted by Fig. 4
are consistent with those obtained with the SCREAMER

circuit code [52–54].

III. 2D ELECTROMAGNETIC MODELS

We have developed two 2D (r; z) finite-difference time-
domain electromagnetic models of the IMG illustrated by
Fig. 2. One model assumes the IMG’s internal coaxial
transmission line has a 10-step cathode; the other, a 30-step
cathode.
The two models are represented by Fig. 5. The 2D

simulations are driven radially by 30 inlet boundaries. Each
boundary is connected to a transmission-line-circuit model
of two bricks connected electrically in parallel. The 30
identical circuit models are developed with the CHICAGO-

CIRCUITS code [49]; the circuit parameters are consistent
with those used for the simulations summarized by Sec. II.
Each of the 30 circuits is triggered using the method
described by Sec. II.
As indicated by Fig. 5, the 2D finite-difference region of

each of the two IMGs has an outer radius of 20 cm; the
regions are modeled with CHICAGO, a finite-difference
time-domain electromagnetic particle-in-cell code [50].
Figure 5 plots the energy density within the electromag-

netic-simulation volumes at 170 ns, near the time of peak
load power. The simulations use an explicit electromag-
netic-field solution with radial spatial resolution Δr ¼
2 mm and axial spatial resolution Δz ¼ 2.5 mm. The inner
radius of the outer (anode) conductor of the IMG’s internal
coaxial transmission line is 20 cm. The actual values of Zj

FIG. 4. Load-power time histories simulated with two 1D time-
domain electromagnetic models of the 30-stage IMG. One model
assumes the IMG’s internal coaxial transmission line has a
10-step inner (cathode) conductor; the other, a 30-step cathode.
The peak load powers calculated by the two models are 447 and
458 GW, respectively.

J/cm3 0 0.015 0.030 0.045 0.060 0.075

(a) 10-step cathode

(b) 30-step cathode

0 200 400 600 800
z (cm)

10

15

20

r 
(c

m
)
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FIG. 5. (a) Electromagnetic-field-energy density within the
30-stage IMG as calculated by a 2D finite-difference time-
domain electromagnetic simulation. The internal coaxial trans-
mission line of the IMG has a 10-step inner (cathode) conductor.
(b) Energy density for an IMG with a 30-step cathode. Both
energy densities are those near peak load power. The 2D
simulation regions extend from z ¼ 0 to z ¼ 770 cm, and from
r ¼ 7.4 cm to r ¼ 20 cm. The simulations are driven radially by
30 inlet boundaries. Each boundary is connected to a trans-
mission-line-circuit model of two IMG bricks connected electri-
cally in parallel.
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for each stage are constrained by the radial-grid spacing
and are therefore only approximately given by Eqs. (4)–(6)
and Eqs. (13)–(15).
The 2D simulations find that for the 10-step- and 30-step

cathodes, the peak powers delivered to the resistive load are
444 and 458 GW, respectively. The 1D and 2D simulations
agree towithin 1%. The 1D and 2D load-power time histories
are plotted by Fig. 6. The minor discrepancies between the
peak load powers of the 1D and 2D models are likely due to
nonideal boundary conditions between the brick circuits and
2D finite-difference grid used for the simulations conducted
within r ¼ 20 cm. Section II observes that for the 1D
simulations, the load-power time history near the time of
peak power obtained with the 10-step cathode differs slightly
from that obtained with the 30-step cathode; this result is
confirmed by the 2D simulations.
The numerical energy-conservation errors of the 10-step

and 30-step 2D simulations are both less than 0.3%.

IV. 3D ELECTROMAGNETIC MODEL

We have developed a 3D (r; θ; z) finite-difference time-
domain electromagnetic model of the 30-stage IMG. The

3D model was developed with the CHICAGO code [50]. The
model was constructed with radial spatial resolution
Δr ¼ 2 mm, azimuthal angular resolution Δθ ¼ 0.035
radians, and axial spatial resolution Δz ¼ 2.5 mm.
The 3D model is not powered by external transmission-

line circuits that represent the 60 bricks; instead, the model
includes a 3D finite-difference time-domain electromag-
netic model of each brick. (Reference [44] describes a 3D
(r; θ; z) electromagnetic model of a linear transformer
driver that is also powered by 3D brick models.)
As indicated by the previous sections, a single stage of the

30-stage IMG is powered by two bricks connected electri-
cally in parallel. As suggested by Fig. 7, the bricks are
attached 180° apart to two adjacent segments of the outer
(anode) conductor of the IMG’s coaxial transmission line.
The two anode segments consist of two hollow cylindrical
conductors separated by a gap filled with a dielectric spacer.
The IMG bricks generate a power pulse that flows through
the gap between the two anode segments, and into the IMG’s
centrally located coaxial transmission line.
Each brick model includes 3D representations of the two

capacitors, the switch (which includes a current-carrying
channel that has a time-dependent resistance), and con-
necting hardware that gives the desired brick inductance.
The model assumes the entire 30-stage IMG is immersed

in a synthetic-ester-based dielectric liquid with relative
permittivity εr ¼ 3.2 [51]. Conducting walls are located at
the upstream and downstream ends of the 3D simulation
volume; thewalls are located200 cmaway from theupstream
and downstream ends of the IMG, respectively. A radial
outgoing-wave boundary is located at r ¼ 120 cm to allow
electromagnetic power radiated by the bricks to escape the
simulation volume. A series of conducting vanes, which
extend radially from r ¼ 100 cm to r ¼ 120 cm and are
spaced 25.5 cm apart axially, assist in channeling radiated
energy away from the IMG in a numerically stable way.

FIG. 6. (a) Load-power time histories simulated with the 1D
and 2D time-domain electromagnetic models of the 30-stage
IMG with a 10-step cathode. (b) Load-power time histories for
the IMG with a 30-step cathode. The peak 1D and 2D powers
calculated with the 10-step cathode are 447 and 444 GW,
respectively; the peak 1D and 2D powers calculated with the
30-step cathode are both 458 GW.

switch

insulator

capacitor

(b)(a)

40

20
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3020

40
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FIG. 7. 3D model of a single stage of the 30-stage IMG. Each
stage is powered by two bricks located 180º apart. (a) Cross-
sectional view of the stage; (b) illustration of the bricks.

D. V. ROSE et al. PHYS. REV. ACCEL. BEAMS 27, 120401 (2024)

120401-6



At the start of a 3D electromagnetic simulation, a
Poisson solution is obtained to initialize the electric field
within the capacitors. The stored electrical energy within
the two capacitors of a brick is discharged when the brick’s
switch is triggered; i.e., when the resistance of the switch’s
current-carrying channel drops from an initially high value
to a much lower final one.
The IMG stages are triggered sequentially at 1.51-ns

intervals, as outlined by Sec. II. Electromagnetic power
flows from the bricks to the IMG’s centrally located coaxial
transmission line, which in turn delivers the power to the
resistive load. Figure 8 illustrates the distribution of energy
within the IMG at six different times, and the transfer of
electrical energy from the capacitors to the load. [Figure 8
does not include the upstream and downstream conducting
walls, and radial outgoing-wave boundary (with con-
ducting vanes), that are used by the numerical simulation.]

The 3D simulation finds that when the cathode has 30
steps, the peak power delivered by the 30-stage IMG to its
resistive load is 458 GW. The 1D and 2D simulations also
find the 30-step cathode delivers a peak load power of
458 GW. The three peak load powers agree to within less
than 1%. Load-power time histories for the 1D, 2D, and 3D
simulations are plotted by Fig. 9.
The 1D and 2D models of the IMG do not allow for

electromagnetic energy to be radiated away from the IMG.
The 3Dmodel allows for energy to be radiated by the bricks,
as well as the axial gaps between adjacent segments of the
IMG’s outer conductor. The 3D model simulates the emis-
sion of electromagnetic radiation due to currents flowing on
surfaces of the IMG conductors. (The model does not
simulate visible, x-ray, or bremsstrahlung emission from
charged particles within the IMG switches. The energy lost
within a switch is modeled simply as a component of the
series brick resistance.)
The 3D simulation suggests the total energy that escapes

the simulation volume (over a time interval of 600 ns after
the first stage is triggered) is ∼1 kJ, or ∼1% of the energy
initially stored by the IMG capacitors. The energy that
radiates from the gaps between adjacent anode segments is
∼0.2 kJ (∼0.2%); therefore, the energy radiated by the
bricks is ∼0.8 kJ (∼0.8%).
Figure 9 and the peak load powers given above suggest

radiated losses reduce the peak load power by less than
∼1%. The numerical energy-conservation error of the 3D
simulation is less than 0.3%.

V. OPTIMUM LOAD IMPEDANCE

The simulations described by this article assume the
IMG load is an ideal purely resistive circuit element with a
33.514-Ω impedance. This is 34% above that required to

(a)

(b)

(c)

(d)

(e)

(f)

FIG. 8. Cross-sectional view of the time-dependent electro-
magnetic-field-energy density within the 30-stage IMG. The
IMG’s internal coaxial transmission line has a 30-step inner
(cathode) conductor. The view illustrated here represents the
plane that bisects the bricks. The energy density is calculated by a
3D finite-difference time-domain electromagnetic simulation.
(a) At t ¼ 0, none of the IMG’s 60 switches has triggered; all
the electrical energy is still within the IMG’s energy-storage
capacitors. (b) At t ¼ 45 ns, all the switches have triggered, and
energy begins to flow from the capacitors to the IMG’s coaxial
transmission line. (c) At t ¼ 90 ns, electrical power at the load is
increasing. (d) At t ¼ 180 ns, electrical power at the load is near
its peak value. (e) At t ¼ 225 ns, the load power is decreasing,
and the energy within the capacitors has been substantially
depleted. (f) At t ¼ 326 ns, the load power is less than half its
peak value.

FIG. 9. Load-power time histories simulated with the 0D, 1D,
2D, and 3D models of the 30-stage IMG with a 30-step cathode.
For each of the four simulations, the peak load power is 458 GW
(to three significant figures). Such agreement must be considered
fortuitous; numerical-error and radiation-loss estimates suggest
the peak powers could differ by as much as ∼1%.
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maximize the peak load power. This section outlines
motivations for overmatching the load impedance.
The peak power delivered by an IMG to a purely resistive

load is maximized when the load impedance Zload is equal
to Zpower, which is defined by the following expression
[3,34,36]:

Zpower ¼ 1.1

ffiffiffiffiffiffiffiffiffiffiffi
LIMG

CIMG

s
þ 0.8 RIMG; (16)

where

LIMG ¼ nsLb

nb
¼ 2nsL

nb
; (17)

CIMG ¼ nbCb

ns
¼ nbC

2ns
; (18)

RIMG ¼ nsRb

nb
¼ 2nsR

nb
. (19)

The quantity LIMG is the series inductance of the IMG,
CIMG is the series capacitance of the IMG,RIMG is the series
resistance (not including Zload) of the IMG, ns is the
number of IMG stages, and nb is the number of bricks
per stage. The quantities Lb, Cb, and Rb [which are defined
by Eqs. (17)–(19)] are the series inductance, capacitance,
and resistance, respectively, of a single IMG brick.
We have assumed the 30-stage IMG considered by this

article has the circuit parameters listed by Eqs. (1)–(3),
(10), and (11); hence

LIMG ¼ 2.58 μH; (20)

CIMG ¼ 5.33 nF; (21)

RIMG ¼ 1.05 Ω: (22)

According to Eq. (16), the peak power delivered by such an
IMG to a resistive load is maximized when the load
impedance Zload ¼ Zpower ¼ 25.0 Ω.
Figure 10 plots the normalized peak load power as a

function of the normalized load impedance. As indicated by
the figure, there is a broad maximum in the peak power
around Zload=Zpower ¼ 1.
Of course, the peak load power is not the only electrical

performance parameter of interest. As indicated by Eqs. (6)
and (15), the simulations described by this article assume

Zload ¼ 33.514 Ω; (23)

which is 34% above that given by Eq. (16).
As indicated by Figs. 10 and 11, the higher load

impedance reduces the peak load power by 2%, but also
does the following: (i) decreases the 0%–100% rise time of

the load power by 7%; (ii) decreases the peak current
carried by each IMG capacitor by 15%, which decreases
peak magnetic pressures and ohmic-power dissipation
within the IMG capacitors and switches by 27%;

FIG. 10. Normalized peak-load power, normalized 0%–100%
load-power rise time, normalized peak-load current, and capaci-
tor-voltage reversal as functions of Zload=Zpower. The quantity
Zpower is the load impedance at which peak load power is
maximized. The normalized power is the ratio of the power to
that achieved when Zload ¼ Zpower; the other two normalized
quantities are similarly defined. The plots are applicable to IMGs
with the following brick parameters: R ¼ αð0.035 ΩÞ,
L ¼ αð86 nHÞ, and C ¼ ð159.9 nFÞ=α, where α is a constant.

FIG. 11. Normalized peak anode electric field throughout an
IMG’s centrally located coaxial transmission line, and normal-
ized peak cathode electric field at the output of the IMG’s coaxial
line, as functions of Zload=Zpower. The quantity Zpower is the load
impedance at which peak load power is maximized. Each of the
two normalized quantities is the ratio of the electric field to that
achieved when Zload ¼ Zpower. The plot of the normalized anode
field is applicable to IMGs with the following brick parameters:
R ¼ αð0.035 ΩÞ, L ¼ αð86 nHÞ, and C ¼ ð159.9 nFÞ=α, where
α is a constant. The plot of the normalized cathode field is most
applicable for such IMGs when α ¼ 1.
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(iii) reduces voltage reversal at the IMG capacitors from
10% to 2%; and (4) decreases the peak electric field at the
anode of the IMG’s internal coaxial transmission line by
15%. As indicated by Fig. 11, the peak cathode electric
field increases by 10%, but dielectric failure in a liquid
insulator usually initiates at the anode.
In addition, we observe that when an IMG is used to

drive a transmission-line impedance transformer, the output
impedance of the IMG is typically matched to the input
impedance of the transformer [26,34,35,47,55]. It is clear
that the interface impedance should be chosen to maximize
the efficiency of the coupled IMG-transformer system. The
optimum interface impedance will likely be higher than that
required to optimize the peak output power of just the IMG
itself.
We note that when RIMG ≪ ðLIMG=CIMGÞ1=2, an IMG

is critically damped when Zload ¼ 2ðLIMG=CIMGÞ1=2 ¼
1.8Zpower. Under such conditions, there is no voltage
reversal at the capacitors.

VI. SUMMARY AND DISCUSSION

Sections II, III, and IV describe 1D, 2D, and 3D time-
domain electromagnetic models of an idealized coaxial 30-
stage IMG, respectively. The Appendix describes a 0D
circuit model of the IMG. Simulations conducted with the
models demonstrate dimensionality does not significantly
affect the electrical power delivered by the IMG to its load:
as indicated by Fig. 9, peak load powers estimated by the
0D, 1D, 2D, and 3D simulations agree to within 1%. The
3D calculation suggests the total electromagnetic energy
radiated by the bricks, and axial gaps between adjacent
segments of the IMG’s outer conductor, reduces the peak
load power by less than ∼1%.
The 1D simulations described by Sec. II used a single

processor of an average desktop computer, and executed in
less than a few seconds with a computational time step of
5 × 10−3 ns. The 2D simulations described by Sec. III used
160 processor cores on high-performance computing
nodes, and executed in less than 4 min with a time step
of 4.7 × 10−3 ns. The 3D simulation described by Sec. IV
used 600 processor cores, and executed in 150 h with a time
step of 4 × 10−3 ns. (We observe that the 3D simulation
could be executed efficiently on a larger number of cores to
reduce computational time.)
The results of this study demonstrate that the electrical

performance of an idealized IMG is well described by a
detailed transmission-line-circuit simulation, which is far
less computationally intensive—and orders-of-magnitude
faster—than equivalent 2D and 3D finite-difference
time-domain electromagnetic simulations. However, 2D
simulations provide useful checks on the electrical per-
formance of inner-conductor designs; 3D simulations
provide estimates of the electromagnetic power radiated
by an IMG.

It is clear that the 0D, 1D, 2D, and 3D models outlined
by this article could be adapted to assess computationally
competing IMG designs, and conduct a variety of numeri-
cal IMG experiments, before an IMG is constructed. In
addition, the models could be extended to include the
switch-triggering circuit, the capacitor-charging circuit,
external conducting boundaries, and reactive components
of the load. Furthermore, it is important to note that
investigations into the packing of multiple IMGs in close
proximity within an oil-containment tank could be con-
ducted with 3D simulations. These would inform the design
of an IMG-based prime-power system of a pulsed-power
accelerator, such as that illustrated by Fig. 1.
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APPENDIX: 0D CIRCUIT MODEL

We have developed a 0D circuit model of the 30-stage
IMG with a 30-step cathode. The model was constructed
with the SCREAMER circuit code [52–54]. The model
assumes the IMG switches are triggered sequentially, as
described by Sec. II.
Such an IMG can be modeled as a single simple LCR

circuit that drives a resistive load [3]. The single-loop four-
element circuit is illustrated by Fig. 12. The circuit
elements LIMG, CIMG, and RIMG are given by Eqs. (20),
(21), and (22), respectively; the load impedance Zload is
given by Eq. (23).
The time history of the electrical power delivered to the

load as determined with the 0D model is obtained with a
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SCREAMER circuit simulation and plotted by Fig. 9. As
indicated by the figure, the time history agrees with those
obtained with the 1D, 2D, and 3D models. The peak load
power calculated with the 0D model is 458 GW, which is
the same (to three significant figures) as those calculated
with the 1D, 2D, and 3D models. (An analytic solution to
the LCR circuit equations gives 458 GW as well.)
The 0D SCREAMER simulation was conducted with a

single processor of an average desktop computer, and
executed in 0.012 s with a computational time step of
5 × 10−2 ns. The energy conservation error is less than
0.01%.
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