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We have developed a conceptual design of a next-generation pulsed-power accelerator that is optimized for
megajoule-class dynamic-material-physics experiments. Sufficient electrical energy is delivered by the
accelerator to a physics load to achieve—within centimeter-scale samples—material pressures as high as
1 TPa. The accelerator design is based on an architecture that is founded on three concepts: single-stage
electrical-pulse compression, impedance matching, and transit-time-isolated drive circuits. The prime power
source of the accelerator consists of 600 independent impedance-matched Marx generators. Each Marx
comprises eight 5.8-GWbricks connected electrically in series, and generates a 100-ns 46-GWelectrical-power
pulse. A 450-ns-long water-insulated coaxial-transmission-line impedance transformer transports the power
generated by each Marx to a system of twelve 2.5-m-radius water-insulated conical transmission lines. The
conical lines are connected electrically in parallel at a 66-cm radius by awater-insulated 45-post sextuple-post-
hole convolute. The convolute sums the electrical currents at the outputs of the conical lines, and delivers the
combined current to a single solid-dielectric-insulated radial transmission line. The radial line in turn transmits
the combined current to the load. Since much of the accelerator is water insulated, we refer to it as Neptune.
Neptune is 40 m in diameter, stores 4.8 MJ of electrical energy in its Marx capacitors, and generates 28 TWof
peak electrical power. Since the Marxes are transit-time isolated from each other for 900 ns, they can be
triggered at different times to construct–over an interval as long as 1 μs–the specific load-current time history
required for a given experiment. Neptune delivers 1MJ and 20MA in a 380-ns current pulse to an 18-mΩ load;
hence Neptune is a megajoule-class 20-MA arbitrarywaveform generator. Neptunewill allow the international
scientific community to conduct dynamic equation-of-state, phase-transition, mechanical-property, and other
material-physics experiments with a wide variety of drive-pressure time histories.
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I. INTRODUCTION

In the late 1990s, Reisman and colleagues [1] and Hall
and coworkers [2,3] developed a novel experimental
platform for dynamic-material-physics experiments: an
inductive short-circuit load that was driven by the Z
pulsed-power accelerator [4–16].
The Z machine was located at Sandia National

Laboratories in Albuquerque, New Mexico, USA. Z

was powered by 36 modules, each of which was driven
by a Marx generator. Each module included a 5-MV
laser-triggered gas switch. Each switch compressed the
electrical-power pulse generated by its associated Marx,
and served as the last command-triggered switch of a
module. For most of the experiments that were initially
conducted on Z, the 36 gas switches were triggered
simultaneously to achieve a 100-ns current pulse at the
load. Reisman, Hall, and colleagues instead triggered the
switches at different times, to generate a several-hundred-
nanosecond load-current time history with the shape
required to conduct a material-physics experiment. The
current pulse created a magnetic pressure between the
current-carrying conductors of the load; the pressure was
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transmitted to material samples that were mechanically
coupled to the load [1–3]. The new experimental platform
revolutionized the field of dynamic material physics.
Afterward, a large number of material experiments were

conducted on Z. Such experiments are presently being
continued on Z’s successor, the refurbished Z machine,
which is also referred to as ZR [17–29].
Like Z, ZR is powered by 36 pulsed-power modules,

each of which is driven by a Marx generator. A cross-
sectional view of two ZR modules is presented by Fig. 1.
As indicated by the figure, each module includes a 6-MV
laser-triggered gas switch [21,28], a set of three self-break
5-MV main water switches, and a set of four self-break
pulse-sharpening water switches. ZR stores 20 MJ of
electrical energy in its Marx capacitors at a charge voltage
of 85 kV, and achieves a peak electrical power as high as
85 TWat the accelerator’s insulator stack. The stack serves
as the machine’s water-vacuum interface. ZR uses its 36
laser-triggered gas switches and 72 sets of water switches to
shape the load-current pulse as required for a material-
physics experiment. The length of the pulse is typically
several hundred nanoseconds; the peak current is as high as
17 MA. Such experiments have achieved material pressures
as high as 1 TPa.
The success of these experiments has motivated the deve-

lopment of a number of megampere-class pulsed-power

accelerators that are optimized for material-science research
[30–36]. These machines deliver as much as 5 MA to a load
and achieve pressures as high as 100 GPa. To maximize the
peak load current, the drive circuits of the machines are
connected as closely as possible to the load,whichminimizes
the inductance of the connections. Because the drive circuits
of such a configuration are strongly coupled, it is challenging
for such machines to achieve the precisely shaped load-
current time history required for a typical experiment.
To facilitate the creation of a wide variety of precise load-

current time histories, a next-generation material-physics
accelerator has been conceived and is being developed
[37–41]. This machine, which we refer to as Thor, will be
driven by as many as 288 independent transit-time-isolated
bricks. (A brick is an RLC circuit that comprises a switch
and two capacitors connected electrically in series.) Thor
will store as much as 230 kJ in its capacitors, generate a
peak electrical power as high as 1.4 TW, and deliver as
much as 7 MA to a physics load.
Since the bricks are transit-time isolated from each other,

they can be triggered at different times to construct, with a
high-degree of precision, the specific load-current time
history required for a given experiment. (When the load
has a constant impedance, and nonlinear effects within the
rest of the Thor circuit can be neglected, the time history of
the load current is simply a linear combination of the
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FIG. 1. Cross-sectional view of two modules of the ZR pulsed-power accelerator.
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time-shifted current pulses generated by the bricks.) Hence
Thor is a megampere-class arbitrary waveform generator,
one that will achieve material pressures on the order of
170 GPa.
The scientific community is interested in increasing the

pressures at which such experiments can be conducted by
an order of magnitude, to 1 TPa. Such pressures require
peak currents of approximately 20 MA, which can be
achieved by ZR. However, ZR is used to drive a wide
variety of high-energy-density-physics experiments in sup-
port of the U.S. National Nuclear Security Administration’s
Stockpile Stewardship Program. Hence only a limited
number of material-physics experiments can be conducted
on ZR each year.
It might appear that the most direct approach to

increasing substantially the rate at which terapascal-class
experiments can be conducted would simply be to build
another ZR accelerator. For the following reasons, we
propose in this article an alternate approach.
ZR represents the state of the art of conventional

pulsed-power-accelerator technology. The LC time con-
stant [ðLCÞ1=2] of each ZR Marx is 750 ns. (The quantities
L and C are the series inductance and capacitance of each
Marx, respectively.) Hence each ZR Marx generates an
electrical power pulse with a temporal width on the order
of 1 μs. Since material-physics experiments require each of
ZR’s 36 modules to generate a power pulse with a width on
the order of 100 ns, each module uses its laser-triggered gas
switch, self-break water switches, and associated hardware
to compress the pulse. The compression hardware, illus-
trated by Fig. 1, reduces by an order of magnitude the width
of the pulse generated by each Marx.
Although the hardware successfully compresses the

pulse, it introduces impedance mismatches, which cause
multiple reflections of the pulse within the accelerator.
The mismatches and reflections complicate the machine
design (as suggested by Fig. 1), reduce the energy and
power efficiencies of the accelerator, reduce accelerator-
component lifetimes, and increase the effort required to
maintain and operate the machine.
The increased complexity inherent in the pulse-

compression hardware also increases the difficulty of con-
ducting predictive circuit and electromagnetic simulations
of an accelerator shot, and thereby achieving the precise
load-current time history required for a given experiment.
The difficulty is increased by the fact that the gas and

water switches of each ZR module are not transit-time
isolated from the switches in the other modules. Hence a
fraction of the electrical power generated by the modules
that are triggered first for an accelerator shot reflects from
the ZR center section (i.e., the centrally located inductive
vacuum section of ZR), propagates upstream in the
modules triggered later in the pulse, interacts with the
switches in these modules, and affects the performance
of the switches. The difficulty of conducting predictive

simulations is increased as well by current loss within
ZR’s system of magnetically insulated transmission lines
(MITLs). The loss is a significant fraction of the total
current, and suffers from substantial stochastic shot-to-shot
fluctuations.
In addition, ZR was optimized to drive inertial-

confinement-fusion experiments. Since such experiments
generate voltages as high as 5 MV near the physics load,
the ZR center section comprises a 3.5-m-diameter MITL
system and a 2-m-height vacuum insulator stack. The initial
inductance of the center section is 20 nH. Such a large and
inductive center section is not required for material-physics
experiments, which generate substantially lower voltages.
Hence the ZR center section unnecessarily reduces the
energy efficiency of such experiments, since current deliv-
ered to the load must also fill the 20-nH center-section
inductance with magnetic field.
Furthermore, when a ZR material-physics experiment

is conducted with a hazardous material within the load,
the ZR MITLs require use of an active explosively closed
containment system. The MITL system includes a short
single MITL that delivers the ZR-accelerator current to the
load. To deliver this current, the anode-cathode (AK) gap
of the MITL must be open during the current pulse. The
containment system uses explosives to close this gap after
the experiment has been completed. Hence in the unlikely
event of a containment-system failure, the hazardous
substance would escape the containment system through
the MITL gap and contaminate the ZR center section.
Thus instead of building another ZRmachine, we propose

to design and build an accelerator that isoptimized for driving
megajoule-class 1-TPa material-physics experiments.
We propose to base the design of the new machine

upon the architecture used to develop the Thor accelerator.
The architecture is founded on three fundamental concepts:
single-stage electrical-pulse compression, impedance
matching, and transit-time-isolated drive circuits [37–43].
We propose that the LC time constant of each drive

circuit that powers the new accelerator be ∼100 ns, so that
the electrical-power pulse generated by each circuit does
not require additional compression. We also propose that,
to the extent possible, the transmission lines that transport
the power pulse from the drive circuits to the load be
impedance matched throughout. This approach minimizes
reflections within the accelerator, and maximizes the
efficiency at which electrical energy and power are deliv-
ered to the load. In addition, we propose that the machine
be powered by ∼600 drive circuits that are transit-time
isolated over time intervals of interest. This would make it
possible to construct, with unprecedented precision and
reproducibility, the specific load-current time history
required for a given experiment.
In this article, we describe a conceptual design of such an

accelerator. Since much of the accelerator is water insu-
lated, we refer to it as Neptune [38]. The Neptune machine
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has an energy efficiency that, for dynamic-material-physics
experiments, is 2.4 times greater than that of ZR. The
principal goal of Neptune is to achieve material pressures
on the order of 1 TPa. Accelerators founded on the Neptune
concept will allow the international scientific community
to conduct dynamic equation-of-state, phase-transition,
mechanical-property, and other material-physics experi-
ments with a wide variety of drive-pressure time histories.
Because Neptune can deliver on the order of 1 MJ of
electrical energy to the load, such experiments can be
conducted on centimeter-scale samples with drive-pressure
time histories that extend as long as 1 μs.
The conceptual design of Neptune is outlined by Sec. II.

This is a point design; no attempt has yet been made to vary
the electrical parameters and geometry of the accelerator
configuration to develop an optimized design; i.e., one that
maximizes the performance of the accelerator for a given
cost. A circuit model of Neptune is presented by Sec. III;
predictions of the model are summarized by Sec. IV.
Given the cost of an accelerator such as Neptune,

it is critical that the accelerator deliver—as efficiently as
possible—electrical energy initially stored by its capacitors
to the physics load. Section V proposes a definition of the
energy efficiency of a coupled Neptune-load system, and
discusses how the efficiencymight be increased. Suggestions
for future work are presented by Sec. VI.
The Appendix develops an estimate of the Neptune-

output impedance that maximizes the peak current deliv-
ered to the load. Numbered equations of this article are in
SI units throughout.

II. CONCEPTUAL DESIGN OF NEPTUNE

The conceptual design of Neptune is illustrated by Fig. 2.
Cross-sectional views of a three-dimensional model of

Neptune are presented by Figs. 3 and 4. As suggested by
these figures, the conceptual design comprises the follow-
ing components: 600 impedance-matched Marx generators,
600 water-insulated coaxial-transmission-line impedance
transformers, a system of 12 water-insulated conical trans-
mission lines, a water-insulated sextuple-post-hole convo-
lute, a solid-dielectric-insulated radial transmission line,
and the physics load. The outer diameter of the accelerator
is 40 m.
The 600 Marx generators, which are azimuthally and

axially distributed, serve as Neptune’s prime power source.
Each Marx comprises eight bricks that are connected
electrically in series, and drives an impedance-matched
transmission line. (The impedance-matched-Marx concept
is described in Sec. III.) Each brick consists of two 100-kV
100-nF capacitors connected in series with a single
(normally open) 200-kV field-distortion gas switch [44].
Each Marx is located within a ground-potential enclosure
that has a volume of 0.6 m × 0.8 m× 2.4 m.
Since each of the 600 Marxes comprises eight bricks, the

accelerator is driven by 4800 bricks altogether. Each of the
accelerator’s 4800 switches could be triggered by a 100-kV
pulse delivered by a 200-Ω transmission line. Hence the
peak electrical power required to trigger all the switches is
0.24 TW, which is a small fraction of the total accelerator
power.
Each Marx drives the upstream end of a water-

insulated coaxial-transmission-line impedance transformer
[42,43,45,46]. The interface between each Marx and its
associated coax is located at a radius of 17.6 m.
As suggested by Figs. 2–4, the downstream ends of the

600 coaxes are connected to a system of 12 water-insulated
conical transmission lines, which are electrically in parallel.
The conical lines are arranged as a stack of six conical

FIG. 2. Conceptual design of Neptune. Since the design includes no MITLs, it has negligible current loss and enables use (on shots
conducted with a hazardous material) of a passive containment system, one that is always closed.
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FIG. 4. Cross-sectional view of Neptune’s six-level conical-transmission-line system and post-hole convolute.
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pairs. The two outer conductors of each pair are anodes; the
single inner conductor is a cathode. One hundred coaxes
connect to each of the six conical pairs at the outer radius of
the conical-line system. The outer radius of the conical
system is 2.5 m; the conical lines extend radially inward to
r ¼ 70.1 cm. Over this radial extent, the AK gap of each
conical line is proportional to the radius: at r ¼ 2.5 m, the
AK gap is 13.2 cm; at r ¼ 70.1 cm, the AK gap is 3.69 cm.
Hence over this distance the impedance of each conical line
is a constant 0.353 Ω.
At r ¼ 70.1 cm, the conical lines connect to a water-

insulated 45-post sextuple-post-hole convolute. The con-
volute extends radially from r ¼ 70.1 cm to r ¼ 61.9 cm.
The convolute posts are located on a 66-cm radius. As
suggested by Figs. 2 and 4, the convolute connects the
twelve conical lines in parallel, combines the currents at
the outputs of the conical lines, and delivers the combined
current to a single solid-dielectric-insulated radial trans-
mission line.
The convolute connects to the radial line at a 61.9-cm

radius; the radial line extends from r ¼ 61.9 cm to
r ¼ 2 cm. The line could be insulated with a combination
of dielectrics, such as Rexolite and biaxially oriented
polypropylene. The line transmits the accelerator’s com-
bined current to the physics load at r ¼ 2 cm. The radial-
line and load concepts are founded on the seminal designs
developed by Ao and colleagues [30].
The load consists of a set of conductors that form an

inductive short circuit [1–3,30–41]. The current delivered
to such a load creates a magnetic pressure between the
load’s conductors, which is used to drive the experiment.
A discussion of the wide variety of load designs that could
be driven by Neptune is outside the scope of the present
article. To develop the conceptual design of Neptune,
we made the simplifying assumption that the impedance

of a typical material-physics load can be represented by an
effective constant value. For such a design effort, one
could use the energy-weighted impedance as defined by
Waisman, Reisman, and colleagues [41].

III. CIRCUIT MODEL OF NEPTUNE

We have developed a circuit model of Neptune using the
SCREAMER circuit code [47–49]. The model is illustrated by
Fig. 5. Neptune is driven by 600 impedance-matched Marx
generators; the circuit model of a single such Marx is
illustrated by Fig. 6. The circuit elements of these models
are discussed in this section.
The quantity CM (of Figs. 5 and 6) is the capacitance

of a single Neptune Marx generator, and is given by the
following expression:

CM ¼ Cb

nb
; ð1Þ

where

Cb ¼ 50 nF; ð2Þ
nb ¼ 8. ð3Þ

The quantity Cb is the capacitance of a single brick (which
includes two 100-nF capacitors connected in series) and nb
is the number of bricks per Marx.
We define VM to be the initial charge voltage across a

Marx:

VM ¼ nbVb; ð4Þ
Vb ¼ 200 kV; ð5Þ

where Vb is the initial voltage across a single brick. The
initial voltage is applied to each brick in a balanced
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FIG. 5. Circuit model of the Neptune accelerator. The quantities LM, CM , and RM are the series inductance, capacitance, and
resistance, respectively, of a single Marx generator; Zin and Zout are the input and output impedances, respectively, of a single water-
insulated coaxial-transmission-line impedance transformer; Zconical is the impedance of the system of twelve parallel water-insulated
conical transmission lines; Lcon is the inductance of the water-insulated post-hole convolute; Lradial is the initial inductance of the solid-
dielectric-insulated radial transmission line; Zload is the load impedance (which in this article is assumed to be constant); and Rradial is a
resistive circuit element that models the time-dependent energy loss to the two radial-transmission-line electrodes.
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manner, so that þ100 kV appears across one of the brick’s
capacitors, −100 kV across the other, and 200 kV across
the brick’s switch [50]. (Hence each brick can be consid-
ered as a single two-stage Marx [50].) The total energy
stored by the Neptune capacitors Etotal is one measure of
the size of the accelerator:

Etotal ¼
1

2
nMCMV2

M ¼ 1

2
ntCbV2

b; ð6Þ

nM ¼ 600; ð7Þ

nt ¼ nbnM ¼ 4800; ð8Þ

where nM is the total number of Marx generators, and nt is
the total number of bricks in the machine.
We assume the series inductance and resistance of a

single Marx, LM and RM respectively, can be approximated
as constants:

LM ¼ nbLb; ð9Þ

Lb ¼ 160 nH; ð10Þ

RM ¼ nbRb; ð11Þ

Rb ¼ 0.3 Ω; ð12Þ

where Lb and Rb are the series inductance and resistance
of a single brick.
The brick inductance and resistance are functions of

the spatially dependent electron, ion, and neutral-particle
temperatures and densities of the current-carrying plasma

channels within the brick’s switch. Hence the inductance
and resistance must be time dependent. However, over the
100-ns time interval of interest, the performance of a brick
can be approximated with reasonable accuracy by using
effective constant values for the inductance and resistance.
Equations (10) and (12) give the assumed effective values.
Each Marx drives a water-insulated coaxial-

transmission-line impedance transformer [42,43,45,46].
The optimum input impedance of a single coax can be
calculated as follows [42,43]:

Zin ¼ 1.10

ffiffiffiffiffiffiffi
LM

CM

s
þ 0.80RM: ð13Þ

We define the optimum impedance to be that which
maximizes the peak forward-going power at the input to
the coax. According to Eqs. (1)–(3) and (9)–(13),

Zin ¼ 17.7 Ω: ð14Þ
The total length of each coaxial impedance transformer

is 15.1 m. At frequencies of interest the dielectric constant
of water is 80; therefore, the one-way transit time of the
transformers is 450 ns:

τt ¼ 450 ns: ð15Þ
For the conceptual design discussed in this article, we
assume the water resistivity is so large that resistive losses
due to the water insulation of the accelerator’s coaxial lines,
conical lines, and convolute can be neglected.
We use Eq. (A5) to obtain an initial estimate of the value

of Zout that maximizes the peak electrical power delivered
by the accelerator to the load. Using this estimate as

(a) 
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FIG. 6. (a) Circuit model of an impedance-matched Marx generator. (b) Equivalent circuit of such a Marx, when each brick of the
circuit is triggered at time τb after the brick immediately upstream is triggered. The quantity τb is the one-way transit time of the
transmission-line segment that connects two adjacent bricks.
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an initial value, we determined through iterative circuit
simulations that for the circuit described above, the
performance of Neptune is nearly optimized when

Zout ¼ Zin: ð16Þ
In general, the value of Zout that optimizes the electrical

performance of the coupled accelerator-load system is not
equal to Zin, which is the impedance of a Marx. It is often
the case that the most-convenient impedance for a prime
power source is not the optimum impedance to drive a load.
However, for the Neptune concept outlined herein, we were
able to design the prime power source to have an imped-
ance that delivers near-optimum system performance
when Zout ¼ Zin. Such a design simplifies fabrication of
the coaxial transmission lines and reduces the cost of the
accelerator. We observe that even when Zout ¼ Zin, the
coaxial lines continue to serve as impedance transformers,
with a voltage-transformer ratio of 1∶1.
To optimize the peak power delivered by the system of

coaxial impedance transformers to the system of conical
transmission lines, it is clear the impedance of the conical
system must equal Zout=nM:

Zconical ¼
Zout

nM
: ð17Þ

The quantity Lcon of Fig. 5 is the inductance of the
convolute, which we estimate using the following relation:

1

2
LconI2con ¼

1

2μ0

Z
V

B2
condV: ð18Þ

In this expression Icon is the total current flowing within the
convolute, μ0 is the permeability of free space, Bcon is the
spatially dependent magnetic field within the convolute,
and V is the convolute volume. Using Eq. (18) we estimate
the convolute inductance to be approximately 1.4 nH:

Lcon ¼ 1.4 nH: ð19Þ

The quantity Lradial is the initial inductance of the solid-
dielectric-insulated radial transmission line. To estimate
this inductance, we assume the line extends radially from
rout to rin, and the line’s AK-gap g is a linear function of r.
We also make the simplifying assumption that the current
within the line is azimuthally symmetric. Under these
conditions

g ¼ arþ b; ð20Þ

Lradial ¼
μ0
2π

�
aðrout − rinÞ þ b ln

�
rout
rin

��
; ð21Þ

where a and b are constants. Assuming rout ¼ 61.9 cm
and rin ¼ 2 cm, and that the line’s AK gaps are 0.5 and

0.1 cm at rout and rin, respectively, we estimate the initial
inductance of the radial line to be 1.4 nH:

Lradial ¼ 1.4 nH: ð22Þ

The convolute volume V scales approximately as the
radius r at which the convolute is located; the magnitude of
the magnetic field within the convolute scales inversely
with r. Hence Eq. (18) suggests Lcon scales approximately
as 1=rout, and that we could reduce Lcon by increasing the
radius at which the convolute is located. However, as
suggested by Eq. (21), Lradial is an increasing function
of rout; consequently, moving the convolute to a larger
radius increases Lradial. In an optimized electrical design
Lcon ∼ Lradial, which minimizes the sum Lcon þ Lradial.
The resistive circuit element Rradial of Fig. 5 accounts for

energy loss to the two radial-transmission-line electrodes,
which are operated at peak lineal current densities that
exceed 1 MA=cm. This resistance, which is time depen-
dent, is calculated in a self-consistent manner by
SCREAMER using Eq. (35) of Ref. [51]. This equation
accounts for energy loss due to Ohmic heating of the radial
electrodes, diffusion of magnetic field into the electrodes,
j ×B work on the electrodes, and the increase in the
inductance of the radial line due to electrode motion [51].
The element Zload of Fig. 5 is the effective load

impedance. To develop the conceptual design outlined in
this article, we assumed this element can be modeled as
having a constant 18-mΩ impedance:

Zload ¼ 18 mΩ: ð23Þ

This would be the effective impedance associated with
an experiment for which the characteristic load inductance
is several nanohenries, and the characteristic time over
which the load inductance and current increase substan-
tially is several hundred nanoseconds. The 18-mΩ value
is comparable to the energy-weighted impedance calcu-
lated for loads of interest by Waisman, Reisman, and
coworkers [41].
It is clear that the total electrical energy Neptune is

required to store, and the total energy delivered to the load,
each scale approximately as the product of the peak load
current squared I2peak, the effective load impedance Zload,
and the temporal width of the current pulse. When the
current delivered to a constant-impedance load is a linear
ramp, the energy delivered to the load can be estimated as
follows:

Eload ¼
1

3
I2peakZloadτload; ð24Þ

where τload is the time required for the current to increase
from zero to its peak value.

W. A. STYGAR et al. PHYS. REV. ACCEL. BEAMS 19, 070401 (2016)

070401-8



IV. RESULTS OF NEPTUNE-CIRCUIT
SIMULATIONS

To obtain the current delivered to the load by a single
Neptune Marx generator, we used SCREAMER to simulate a
Neptune shot conducted with a single Marx. The single-
Marx load-current time history is plotted by Fig. 7. This
current assumes the load has a constant 18-mΩ impedance.
Assuming such a load, and that nonlinear effects of Rradial
and other elements of the Neptune circuit can be neglected,
the load-current time history is a linear combination of 600
time-shifted current pulses, each of which is nominally
identical to that plotted by Fig. 7.
Results of a SCREAMER simulation of a Neptune shot

conducted with 600 Marx generators and a constant-
impedance 18-mΩ load are summarized by Table I. For
this calculation, the 600 Marxes are triggered at different
times as required to achieve a peak load current of 20 MA
in a pulse that rises linearly in 380 ns. The current time
history is plotted by Fig. 8.
To minimize the probability of dielectric failure in

Neptune’s water-insulated coaxial lines, conical lines,
and post-hole convolute, it is necessary for these elements
to satisfy everywhere the following relation [52,53]:

Ewτ
0.330
w ≤ 1.13 × 105: ð25Þ

At a given location within these elements the quantity Ew
is the peak value in time of the average electric field,
and τw is the full temporal width of the voltage pulse at
63% of its peak value [52,53]. {Like the other numbered
equations in this article, Eq. (25) is in SI units. Different
units are used in Refs. [52,53].} The SCREAMER results
suggest Eq. (25) is satisfied throughout the accelerator
over the time interval of interest.
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FIG. 7. Simulated load-current time history for a Neptune shot
conducted with a single Marx generator. The peak current is
55 kA.

TABLE I. Summary of Neptune accelerator and load param-
eters for a shot that delivers 20 MA to an 18-mΩ load in a 380-ns
linear-ramp current pulse.

Parameter Value

Outer accelerator diameter 40 m
Initial energy storage Etotal 4.8 MJ
Peak voltage at the input to each of the
600 17.7-Ω coaxial-transmission-line
impedance transformers

910 kV

Peak current at the input to each coax 51 kA
Peak power at the input to each coax 46 GW
Total accelerator current 31 MA
Total accelerator power 28 TW
Outer diameter of the conical-line system 5 m
Impedance of the conical system 29.4 mΩ
Peak voltage at the input to the conical system 570 kV
Peak current at the input to the conical system 18 MA
Peak power at the input to the conical system 10 TW
Post-hole-convolute inductance 1.4 nH
Radial-transmission-line inductance 1.4 nH
Effective load impedance 18 mΩ
Peak voltage at the input to the load 360 kV
Peak load current 20 MA
Load-current rise time 380 ns
Peak power at the input to the load 7.2 TW
Total energy delivered to the load at
peak load current

1.0 MJ

Energy efficiency at peak load current 21%
Total energy delivered to the load at the time the
current has returned to zero

1.8 MJ

Energy efficiency at the time the load current
has returned to zero

38%
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FIG. 8. Simulated load-current time history for a Neptune shot
conducted with 600 Marx generators. The Marxes are triggered as
required to achieve a 380-ns linear current ramp. The peak current
is 20 MA.
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We have not yet determined whether the water insulation
within the accelerator will suffer one or more dielectric
failures after the time interval of interest, or assessed
the effects such breakdowns would have on accelerator-
component lifetimes. We note that the ZR accelerator
includes water-section energy diverters that are designed
to dissipate safely electrical energy remaining in the
accelerator after the time of interest; we may be required
to develop such diverters for Neptune as well.
To illustrate Neptune’s pulse-shaping capability, we also

designed a Neptune shot that achieves a load current that
rises linearly for 300 ns, and is thereafter flat to �0.5% for
150 ns. The peak current is 15.7 MA. The load-current time
history is plotted by Fig. 9.
Load-current time histories required for Neptune experi-

ments will be achieved as described by [41].

V. ENERGY EFFICIENCY OF THE
NEPTUNE-LOAD SYSTEM

The energy efficiency of the coupled Neptune-load
system ηa is a function of time; we define the efficiency
at time t as follows:

ηaðtÞ≡
R
t
0 Ploaddt
Etotal

: ð26Þ

The quantity Pload is the time-dependent electrical power
delivered to the load.
Estimates of the accelerator efficiency ηa for one of the

Neptune-load configurations considered in the previous
section are included in Table I. An energy accounting for
this configuration is presented by Table II. Given the cost of
an accelerator such as Neptune, maximizing the energy

efficiency of the coupled accelerator-load system will
be one of the principal goals of the accelerator-design
effort.
It is clear that the efficiency of the conceptual design

outlined herein could be increased by reducing the energy
dissipated in resistances throughout the accelerator. More
specifically, the efficiency could be increased by reducing
RM and Rradial. The efficiency could also be increased by
reducing the parasitic inductances Lcon and Lradial.

VI. SUGGESTIONS FOR FUTURE WORK

The conceptual design presented in this article suggests it
is possible to build a 28-TW accelerator that can deliver
efficiently 1 MJ and 20MA to material-physics experiments.
Such experiments are expected to achieve–in centimeter-
scale samples–material pressures as high as 1 TPa.
The design is a point design; i.e., one that is self-consistent

but not optimized. The design is intended to serve as a
starting point for the development of an optimized final
design. The optimized design should address not only
electrical performance but also safety, diagnostic, mechani-
cal, operational, and cost considerations.
We recommend that such an accelerator-design effort

determine the optimum number of Marx generators, num-
ber of bricks per Marx, capacitance per brick, and number
of conical-transmission-line levels.
In addition, we recommend that the design effort include

the following activities: (1) development of a detailed
transmission-line-circuit model of the entire accelerator,
from the Marx generators to the load; (2) development of a
3D electromagnetic model of the entire accelerator;
(3) development of a 3D mechanical model of the accel-
erator; (4) development of a 3D magnetohydrodynamic
(MHD) model of the accelerator’s solid-dielectric-insulated
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FIG. 9. Simulated load-current time history for a Neptune shot
conducted with 600 Marx generators. The Marxes are triggered as
required to achieve a 300-ns linear current ramp followed by a top
that is flat to �0.5% for 150 ns. The peak current is 15.7 MA.

TABLE II. Energy accounting at peak load current for a
Neptune shot that delivers a 380-ns linear-ramp current pulse
to an 18-mΩ load. The peak current is 20 MA. The energy
efficiency of the coupled accelerator-load system at peak current
is 21%. The efficiency could be increased by reducing RM, Lcon,
Lradial, and Rradial. The energy efficiency increases after peak
current; however, this component of the load-current time history
may not be useful for an experiment.

Circuit element Energy

Energy dissipated by the Marx resistances RM 0.61 MJ
Energy stored in the Marx inductances LM 0.00 MJ
Energy stored in the Marx capacitances CM 0.00 MJ
Energy stored in the coaxial transmission lines 2.10 MJ
Energy stored in the conical transmission lines 0.36 MJ
Energy stored in Lcon 0.28 MJ
Energy stored in Lradial 0.28 MJ
Energy dissipated by Rradial 0.16 MJ
Energy delivered to Zload 1.01 MJ

Total 4.80 MJ
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radial transmission line; (5) development of 3D MHD
models of the advanced physics loads that will be fielded on
the accelerator; (6) demonstration that the circuit, electro-
magnetic, mechanical, and MHD models listed above are
predictive, which would indicate that the coupled accel-
erator-load system will perform as intended; (7) continued
development of advanced capacitors, switches, capacitor-
charge resistors, switch-trigger resistors, switch-trigger
pulse generators, coaxial-transmission-line impedance
transformers, conical transmission lines, post-hole convo-
lutes, radial transmission lines, physics loads, and post-
pulse energy diverters for the accelerator; (8) design,
fabrication, assembly, and commissioning of a single
full-scale accelerator module (the module would include
a full-scale Marx generator and full-length coaxial imped-
ance transformer); (9) demonstration that the module meets
all safety, electrical, mechanical, diagnostic, reliability,
operational, and cost requirements; (10) development of
a passive containment system for experiments conducted
with hazardous materials (the system would not require
explosives, and be closed for the entire duration of the
accelerator shot).

ACKNOWLEDGMENTS

The authors gratefully acknowledge the following for
invaluable contributions: Farhat Beg, Mike Campbell,
Christine Coverdale, David Fehl, Dawn Flicker, Doug
Fulton, Ron Gilgenbach, Mark Gilmore, Clint Hall,
David Hammer, Mark Herrmann, Robert Hohlfelder, Dan
Jobe, Michael Jones, Kirk Kielholtz, Joel Lash, Jane Lehr,
Ray Leeper, Finis Long, John Maenchen, Keith Matzen,
Mike Mazarakis, Bob McCrory, John Porter, David
Sandoval, Ray Scarpetti, Edl Schamiloglu, Ralph
Schneider, Jens Schwarz, Dan Sinars, Pete Wakeland, and
JoeWoodworth.We are also extremely indebted to ourmany
other colleagues at the following organizations for their
gracious and sustained scientific support: Sandia National
Laboratories, ASR Corporation, Barth Electronics, C-Lec
Plastics, Cornell University, CSI Technologies, EG&G,
General Atomics, Idaho State University, Kinetech
Corporation, L-3 Communications, Laboratory for Laser
Energetics at the University of Rochester, Lawrence
Livermore National Laboratory, Los Alamos National
Laboratory, National Nuclear Security Administration,
National Security Technologies, Naval Research
Laboratory, NWL Capacitor Division, Raytheon-Ktech
Corporation, Tech Source Consulting, Texas Tech
University, University of California at San Diego,
University of Michigan at Ann Arbor, University of
Missouri at Columbia, University of Nevada at Reno,
University of New Mexico, University of Texas at Austin,
Voss Scientific, Votaw Precision Technologies, and
Weizmann Institute. This work was supported by the
National Nuclear Security Administration, and the
Laboratory Directed Research and Development Program

at Sandia National Laboratories. Sandia is a multiprogram
laboratory operated by Sandia Corporation, a Lockheed
Martin Company, for the United States Department of
Energy’s National Nuclear Security Administration under
Contract No. DE-AC04-94AL85000.

APPENDIX: OPTIMUM NEPTUNE-OUTPUT
IMPEDANCE

In this Appendix we develop an estimate for the
optimum value of Zout for an accelerator such as
Neptune. We use an idealized circuit model, one simpler
than that given by Fig. 5. To develop the model, we make
the following simplifying assumptions:

RM ≪

ffiffiffiffiffiffiffi
LM

CM

s
; ðA1Þ

Rradial ≪ Zload: ðA2Þ
When Eq. (A1) is applicable, the impedance Zin that
maximizes the peak forward-going power delivered by
each Marx to the input of its associated coaxial-
transmission-line impedance transformer is given by

Zin ¼ 1.10

ffiffiffiffiffiffiffi
LM

CM

s
¼ 1.10nb

ffiffiffiffiffiffi
Lb

Cb

s
: ðA3Þ

In general, Neptune’s 600 Marx generators are triggered
at different times. Without loss of generality, we assume
here that the 600 Marxes are triggered simultaneously. We
also assume each coaxial impedance transformer is 100%
efficient. In addition, we assume that for time scales of
interest, the Marxes are transit time isolated from the
centrally located system of conical transmission lines.
Under these assumptions, Fig. 5 can be approximated by

the idealized circuit given by Fig. 10, where

Lcenter ≡ Lcon þ Lradial: ðA4Þ

Dimensional analysis makes clear that the value of Zout
that maximizes the peak current delivered to the Zload
circuit element of Fig. 10 can be a function only of nM,
Zload, Lcenter, and ðLMCMÞ1=2 [or equivalently, ðLbCbÞ1=2].
This observation, and Eq. (C18) of Ref. [43], lead to
the following approximate expression for the optimum
value of Zout:

Zout ≈ nM

�
Zload þ

0.55Lcenterffiffiffiffiffiffiffiffiffiffiffi
LbCb

p
�
: ðA5Þ

SCREAMER circuit simulations find that Eq. (A5) estimates
to within 6% the optimum value of Zout for the accelerator
circuit given by Fig. 10. The value of Zout given by Eq. (A5)
achieves within 1% of the maximum possible value of the
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peak load current. We observe that when Lcenter ¼ 0,
Eq. (A5) gives the result expected from elementary trans-
mission-line theory; when Zload ¼ 0, Eq. (A5) is consistent
with Eq. (C18) of [43].
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