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We have developed a physics-based transmission-line-circuit model of the Z pulsed-power accelerator.
The 33-m-diameter Z machine generates a peak electrical power as high as 85 TW, and delivers as much as
25 MA to a physics load. The circuit model is used to design and analyze experiments conducted on Z. The
model consists of 36 networks of transmission-line-circuit elements and resistors that represent each of Zs
36 modules. The model of each module includes a Marx generator, intermediate-energy-storage capacitor,
laser-triggered gas switch, pulse-forming line, self-break water switches, and tri-plate transmission lines.
The circuit model also includes elements that represent Zs water convolute, vacuum insulator stack, four
parallel outer magnetically insulated vacuum transmission lines (MITLs), double-post-hole vacuum
convolute, inner vacuum MITL, and physics load. Within the vacuum-transmission-line system the model
conducts analytic calculations of current loss. To calculate the loss, the model simulates the following
processes: (i) electron emission from MITL cathode surfaces wherever an electric-field threshold has been
exceeded; (ii) electron loss in the MITLs before magnetic insulation has been established; (iii) flow of
electrons emitted by the outer-MITL cathodes after insulation has been established; (iv) closure of MITL
anode-cathode (AK) gaps due to expansion of cathode plasma; (v) energy loss to MITL conductors
operated at high lineal current densities; (vi) heating of MITL-anode surfaces due to conduction current
and deposition of electron kinetic energy; (vii) negative-space-charge-enhanced ion emission fromMITL
anode surfaces wherever an anode-surface-temperature threshold has been exceeded; and (viii) closure of
MITL AK gaps due to expansion of anode plasma. The circuit model is expected to be most accurate
when the fractional current loss is small. We have performed circuit simulations of 52 Z experiments
conducted with a variety of accelerator configurations and load-impedance time histories. For these
experiments, the apparent fractional current loss varies from 0% to 20%. Results of the circuit
simulations agree with data acquired on 52 shots to within 2%.
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I. INTRODUCTION

The Z pulsed-power accelerator at Sandia National
Laboratories is a 33-m-diameter, 36-module pulsed-power
accelerator. At a Marx-capacitor-charge voltage of 85 kV,
Z stores 20 MJ of electrical energy, generates peak
electrical powers as high as 85 TW, and delivers as much
as 25 MA to a physics load [1,2].

The Z accelerator supports a variety of high-energy-
density (HED) physics experiments in the fields of inertial
confinement fusion (ICF) [3–5], radiation-effects science
(RES) [6,7], material physics [8,9], radiation physics [10],
laboratory astrophysics [11], accelerator physics, and other
research areas. The physics loads used in these experiments
have a variety of impedance time histories with load-
current pulse lengths that range from 100 ns to 2 μs.
We have developed a transmission-line-circuit model of

the Z accelerator using the Bertha circuit code [12] to
facilitate the design and analysis of experiments con-
ducted on Z. The Z circuit model is used in both a
predictive mode and to perform post-shot analysis. In a
predictive mode, the model has been used to estimate the
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energy delivered to a load and to determine the accelerator
configuration necessary to generate a desired pulse shape.
In post-shot analysis, the model has been used to provide a
measure of the delivered load current and to help diagnose
accelerator issues.
The model includes networks of transmission lines and

resistors that represent each of the 36 energy-storage and
pulse-forming modules, the water convolute, vacuum insu-
lator stack, four parallel outer magnetically insulated trans-
mission lines (MITLs), double-post-hole vacuum convolute
(DPHC or vacuum convolute), inner MITL, and physics
load. The model is an extension of previous circuit models of
Z which included only Z’s system of vacuum transmission
lines [13] or used a single equivalent representation of the
36 energy storage and pulse-forming modules [14].
This paper details the recent development of the circuit

model based on comparing simulation results to 52 Z shots.
Two substantial changes include: (i) refinement of model
parameters used for the laser-triggered gas switch (LTGS)
and self-breaking water switches within the pulse-forming
modules and (ii) new analytic calculations of current loss
that occurs within the high-energy-density regions of the
vacuum transmission line system. A particle swarm opti-
mization technique [15] was used to determine model
parameter values that best fit experiment data for both of
these changes.
The paper is organized as follows: in Sec. II we describe

the topology of the circuit model. In Sec. III we describe
the current-loss mechanisms implemented within the vac-
uum regions of the accelerator. In Sec. IV we describe the
optimization of current-loss model parameters and an error
analysis of the model. In Sec. V we compare post-shot
simulations with Z data measured on a variety of experi-
ments including short-circuit [16], MagLIF [5], liner-
dynamics [17–19], nested tungsten wire arrays [20], nested
stainless-steel wire arrays [21], and dynamic-holhraum

[11]. Section VI presents conclusions and future work.
Three appendices provide additional details on calculations
used in the circuit model.

II. CIRCUIT MODEL TOPOLOGY

The transmission-line-circuit model of Z represents the
entire accelerator, from the capacitive energy storage of
the Marx generators to the load. A cross-sectional view of
the Z accelerator is shown in Fig. 1. Descriptions of the Z’s
architecture are given in Refs. [2,22]. A corresponding
block diagram of the transmission-line-circuit model rep-
resentation of Z is shown in Fig. 2.

A. Pulseline modules

The 36 energy-storage and pulse-forming modules are
arranged in pairs, as shown in Fig. 1. Each module includes
a Marx generator, intermediate-energy-storage capacitor
(IS), laser-triggered gas switch (LTGS), coaxial pulse-
forming line (PFL), self-breaking water switches (main
and pre-pulse), and tri-plate transmission lines (OTL1 and
OTL2). The circuit models of each of these components are
described in Ref. [14].
A significant update to the pulseline circuit elements,

compared to Ref. [14], was the refinement of the resistance
and inductance used in the models of the LTGS and the
self-breaking water switches. The resistance and induct-
ance of these switches were optimized using data from 11 Z
shots that used a low-inductance, short-circuit load. This
configuration avoids the complications and uncertainty of
modeling time-varying loads and current loss in the
vacuum region of the Z accelerator that are present with
more complicated loads. These 11 shots were conducted
with a variety of Marx charge voltages and self-breaking
water-switch configurations. Table I summarizes the
machine configurations used with the short-circuit load.

FIG. 1. Cross-sectional view indicating the major components of the Z accelerator.
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Typical values for the switch resistance and inductance
for a shot with an 85 kV Marx charge voltage are shown
in Table II.
We assume a constant inductance and a time-varying

resistance that monotonically decreases with time for the
models of the LTGS and self-breaking water switches. The
functional form of the resistance is expressed as,

RðtÞ ¼ Ri þ
Rf − Ri

2

�
1 − tanh

�
t − tsw
τsw

��
; ð1Þ

where, Ri is the initial resistance, Rf is the final resistance,
tsw is the switching time, and τsw is the time constant of the
resistive fall. The exact functional form of the resistance is
not critical as the model only needs to capture the general
switching behavior of the 36 lines.

B. Vacuum section

The transmission-line representation of the vacuum
section can be divided into three regions; the outer
MITLs, the double-post-hole vacuum convolute, and the
inner MITL. The outer MITLs consist of four parallel
transmission lines which extend from the vacuum insulator
stack to a radius of approximately 10 cm. The vacuum
convolute, which extends from a radius of 10 cm to 6 cm,
combines the four parallel outer MITLs into a single inner
MITL. The inner MITL delivers energy from a radius of
6 cm to the load. Within these regions the model performs
analytic calculations of current loss. A description of the
current-loss model is given in Sec. III.
The load is modeled as a single circuit element with a

time-varying inductance. Depending on the experiment, the
load inductance is either prescribed as a function of time
or varies self-consistently assuming a snowplow implosion
model or a wire-ablation model [23].

III. VACUUM SECTION CURRENT-LOSS
DESCRIPTION

The circuit-model representation of the vacuum section of
the accelerator consists of transmission-line-circuit elements,
series resistors, and shunt resistors. Both the series and shunt
resistances are adjusted by subroutines to simulate energy
losses in the transmission-line elements. The subroutines
account for the following processes: (i) electron emission
from MITL-cathode surfaces wherever an electric-field
threshold has been exceeded; (ii) electron loss in the
MITLs before magnetic insulation has been established;
(iii) MITL-electron-flow current after insulation has been
achieved; (iv) closure of MITL anode-cathode (AK) gaps

TABLE I. Machine configurations of the short-circuit shots
used to refine the resistance and inductance of the laser-triggered
gas switch and self-breaking water switch models. A switch gap
of 0 cm represents an electrode gap that is electrically shorted.

Shots
Marx charge

voltage
Main

WS gap
Pre-pulse
WS gap

2225, 2546 70 kV 0 cm 0 cm
2266, 2499 70 kV 3.5 cm 0 cm
2280, 2313 70 kV 10 cm 0 cm
2458, 2569 70 kV 10 cm 3 cm
2649 50 kV 0 cm 0 cm
2598 50 kV 6 cm 0 cm
2663 50 kV 6 cm 2 cm

TABLE II. Typical switch parameter values for a shot config-
ured with an 85 kV Marx charge voltage. The inductance values
represent the arc inductance (i.e., the increase in inductance over
a shorted switch). The LTGS resistance and inductance have a
small dependence on switch voltage. The water switch inductance
and resistance vary with the electrode gap spacing.

Switch Rf τsw Inductance

LTGS 0.487 22.5 ns 120 nH
main WS 0.273 6.9 ns 60.7 nH
pre-pulse WS 0.230 2.6 ns 9 nH

FIG. 2. Block diagram of the tranmisison-line-circuit model representation of the Z accelerator.
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due to expansion of cathode plasma; (v) energy loss to
MITL conductors operated at high lineal current densities;
(vi) heating of MITL-anode surfaces due to conduction
current and deposition of electron kinetic energy;
(vii) negative-space-charge-enhanced ion emission from
MITL-anode surfaces wherever a surface-temperature
threshold has been exceeded; and (viii) closure of MITL
AK gaps due to expansion of anode plasma.
Loss mechanisms are enabled or disabled in each

element depending on the elements location. Loss mech-
anisms (i)-(iv) are evaluated in the outer MITLs. The
current densities within the outer MITLs are low enough
that we neglect loss mechanisms (v)-(viii). Within the
vacuum convolute and inner MITL all loss mechanisms
except for (iii) are evaluated. The strong magnetic insu-
lation in the convolute and inner MITL results in negligible
electron flow current.

A. Electron emission from cathode surfaces

Within the outer MITLs, vacuum convolute, and inner
MITL we assume electrons are emitted from the cathode of
any circuit element at which the electric field has previously
exceeded a threshold [24]

Ethresh ¼ 2.4e7 V=m: ð2Þ

B. Electron loss prior to magnetic insulation

Prior to magnetic insulation, electrons emitted from the
cathode are assumed to be lost locally to the anode. The
lost electron current is given by the space-charge-limited
current with a correction for the magnetic field [25]. The
correction monotonically decreases the loss current from
the space-charge-limited current to zero as the magnetic
field approaches and exceeds the cutoff magnetic field,
similar to the corrections described in Refs. [26,27]. In the
circuit model of the Z accelerator, the results are not
sensitive to the exact form of the correction because the
MITLs become magnetically insulated early in the pulse,
and the electron losses prior to magnetic insulation are
negligible.

C. Electron flow current after magnetic insulation

Once magnetic insulation has been established, the flow
current in each element is calculated as the average of the
collisionless and collisional flow limits as given by [28],

If ¼
13

16

V2

IaZ2
; ð3Þ

where V is the voltage at the element, Ia is the element’s
anode current, and Z is the vacuum impedance of the
element. As noted in Ref. [28], Eq. (3) is valid only when
the MITLs are strongly insulated. As with the electron loss

prior to magnetic insulation described in Sec. III B, the
model results are not sensitive to this assumption because
the outer MITLs become magnetically insulated early in the
current pulse and operate in the well-insulated limit for the
majority of the current pulse.
The electron flow current that originates in the outer

MITLs is assumed to propagate through the outer MITLs in
the direction of power flow and into the vacuum convolute
and inner MITL regions. Details on the calculation of the
flow current in the outer MITL transmission line elements
are included in Appendix A. Details regarding how the
model distributes the outer MITL flow current entering the
vacuum convolute and inner MITL regions are included in
Appendix B.

D. MITL gap closure due to cathode
plasma expansion

Cathode plasma expansion is enabled in circuit elements
where the electric field has previously exceeded Ethresh. We
assume the measured cathode plasma expansion velocity
given by Ref. [29]

vc ¼ 1.1e4 m=s: ð4Þ

E. Energy lost to conductors at high lineal
current densities

Within the high-current-density regions of the vacuum
convolute and inner MITL we model energy lost to the
conductors due to ohmic heating, magnetic diffusion, and
conductor motion as described in Ref. [30].

F. Ion emission from anode conductors

Within the high-current-density regions of the vacuum
convolute and inner MITL we model ion emission from
anode surfaces that are sufficiently heated. Ion emission
is enabled in circuit elements where the anode surface
temperature increases by a threshold [31,32],

ΔT thresh ¼ 400 K: ð5Þ

In the absence of negative space charge within the AK
gap of a vacuum transmission line, the space-charge-
limited (SCL) ion current is given by,

ISCL ¼ 4ε0
9

A

ffiffiffiffiffiffi
2q
m

r
V3=2

d2
; ð6Þ

where ε0 is the permittivity of free space, A is the area of the
element, q is the ion species charge, m is the ion species
mass, V is the electric potential of the accelerating gap,
and d is the distance from the anode to the cathode.
We assume the ion loss current is enhanced by the

presence of negative space charge from electron flow
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current that enters the vacuum convolute and inner MITL
regions from the upstream outer MITLs [33]. The enhanced
space charge limited current is given by

Iion ¼ ηISCL: ð7Þ

The enhancement factor, η, is estimated as follows:

η ¼ 3

4
kviQe

d
ε0AV

; ð8Þ

where kvi is a constant representing the average ion velocity
within the gap, and Qe is the accumulated electron charge.
If η is less than one, the enhancement is set equal to one.
The derivation of equation (8) and a discussion on the ion
loss current enhancement is included in Appendix C.
The effective ion species mass-to-charge ratio in Eq. (6)

is adjusted to account for magnetic insulation of the ions.
The mass-to-charge ratio is adjusted based on the Hull
cutoff criterion [34]. The minimum, noninsulated, effective
mass-to-charge ratio is assumed to be as follows:

m
q
¼ 1

2V

�
μ0Id
2πr

�
2

: ð9Þ

Initially, the ion species is assumed to be protons. If
protons are magnetically insulated, the next ion species is
assumed to be sourced from water contaminants on the
power-flow surfaces and assumed to be oxygen 2þ.
For larger mass-to-charge ratios, the ratio is continually
adjusted to the threshold value of mass-to-charge given
by Eq. (9).
The anode temperature rise was estimated from ohmic

heating and electron-energy deposition to the anode from
the lost electron flow current,

ΔT ¼ ϑB2

2μ0cv
þ
Z

t

0

VIfl
macv

dt: ð10Þ

The quantity V is the element voltage, Ifl is the flow current
from the outer MITLs that is lost within that element, ma is

the anode electrode mass to which the electrons deposit
energy, and cv is the specific heat per unit volume of the
conductor. The first term on the right side of Eq. (10)
accounts for ohmic heating of the conductor as given by
[30]. The second term accounts for energy deposited by the
electron flow current that originates in the outer MITLs
and is assummed to be lost to the anode within the vacuum
convolute and inner MITL. The anode electrode mass is a
function of time and is given by

ma ¼ A
eV
SP

sin θ: ð11Þ

where SP is the total stopping power of an electron given
by Ref. [35], and θ is the angle of incidence, relative to
the electrode surface, for the electrons. When determining
the stopping power, the kinetic energy of the electron
impacting the anode is assumed to be equal to the potential
energy given by the element voltage, eV.

G. Anode-plasma expansion

Anode-plasma expansion is enabled in the vacuum
convolute and inner MITL circuit elements where the
temperature threshold, ΔT thresh, has been exceeded. We
assume the effective anode-plasma expansion velocities in
the vacuum convolute, va;vc, and inner MITL, va;im, are as
follows:

va;vc ¼ 17e4 m=s ð12Þ

va;im ¼ 3.7e4 m=s: ð13Þ

Within the vacuum convolute and inner MITL, both the
anode- and cathode-plasma expansion velocities reduce the
effective element AK gap. The effective AK gap is given by

d ¼ d0 − vcðt − tcÞ − vaðt − taÞ ð14Þ

where d0 is the initial AK gap, t is the simulation time, tc is
the time at which the cathode-plasma expansion begins,

TABLE III. Current-loss-model parameter values obtained from the loss model swarm optimization.

Parameter Description Value Min Max

ef;vc Fraction of outer MITL flow current into the DPHC 0.888 0.750 0.942
een;vc Fraction of flow current into the DPHC that enhances ion current 0.045 0.024 0.051
een;im Fraction of flow current into the inner MITL that enhances ion current 0.179 0.064 0.197
θ Angle of incidence of flow electrons impacting anode surface (degrees) 8 6 10
va;vc Anode plasma expansion velocity in the vacuum convolute (m/s) 17.0e4 15.5e4 19.8e4
va;im Anode plasma expansion velocity in the inner MITL (m/s) 3.7e4 1.1e4 3.9e4
kvi Average ion velocity constant 1.3 1.0 1.3
dmin minimum AK gap permitted in the DPHC and inner MITL (mm) 2.0 1.7 2.5
krt outer MITL electron flow retrapping fraction 0.074 0.041 0.087
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and ta is the time at which the anode-plasma expansion
begins. The large total plasma closure velocity in the
convolute is in rough agreement with the vacuum convolute
plasma measurements reported in Ref. [36].

IV. MODEL OPTIMIZATION AND
ERROR ANALYSIS

The current-loss model described in Sec. III contains
several input parameters that were not constrained based on
published data and are likely geometry dependent. These
parameters are described in Table III. These parameter
values were empirically determined using a using a particle
swarm optimization [15] which varied each parameter
value (within a reasonable range) until the simulation
results best matched experiment data. The optimization
used data from six Z shots with different load-impedance
time histories and sought to minimize the difference
between the simulated and measured insulator-stack cur-
rents and load-implosion times.
To determine the parameter values, the particle-swam

optimization was run 20 times. Each optimization was
initialized with random parameter values. The parameter
values that were selected to use with the model were taken
from the optimization run with the best overall fit to the
measured data. Results from the other optimization runs
were used to determine parameter sensitivity and estimate
the random error in the optimization. The parameter values
that were selected to use with the model, along with the
maximum and minimum values from all 20 optimization
runs, are listed in Table III.
The random and systematic errors in the optimization

process were evaluated using multiple optimization runs.
The random error in the optimization was determined using
the results of the 20 independent optimization runs. The
simulated load currents from all 20 independent optimi-
zations varied less than 2% (2σ) at peak current. At the time
of stagnation, where the current varies rapidly for the large-
diameter wire arrays, the simulated load current varied up
to 8% (2σ). Figure 3 shows the average simulated load
current with 2σ error bars and the percent deviation for
three shots.
Systematic error in the circuit-model optimization may

be caused by errors in the measured data that the simu-
lations were optimized against. The systematic error was
estimated by completing additional optimizations with
systematic adjustments to the measured stack-current and
implosion times that the model was optimized towards. The
stack current amplitudes were adjusted by þ=− 2% and
the measured implosion times were adjusted by þ=− 2 ns.
The resulting systematic error in the simulated load currents
for each of these cases was less than 8% (2σ) through peak
current. At the time of stagnation, where the current varies
rapidly for the large-diameter wire arrays, the systematic
error in the load current was as high as 14% (2σ).

V. Z SHOT COMPARISONS

The circuit model was benchmarked against a total of 52
Z shots. Every simulation presented in this section was run
using the parameter values listed in Table III. The selected
shot types included short-circuit [16], MagLIF [5], liner-
dynamics [17–19], nested tungsten wire arrays [20], nested
stainless-steel wire arrays [21], and dynamic-holhraum
[11]. These shots cover a range of measured current loss
due to their variety of load-impedance time histories and
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inner MITL designs. A summary of all the shot types and
the simulation results are shown in Table IV.

A. Short-circuit

The short-circuit load consists of a 2.0 cm radius post
that terminates a radial inner MITL. This low-inductance
load results in negligible current losses in the vacuum
convolute and inner MITL. The short-circuit shots were
used to benchmark the transmission-line-circuit model of Z
in the absence of current loss.
Post-shot simulations were done on seventeen short-

circuit shots that spanned pulse lengths of 100 ns to 700 ns.
Comparisons of the insulator-stack-current time history for
six shots are shown in Fig. 4. The insulator-stack current
was compared using a normalized pointwise standard
deviation. The simulated- and measured-stack currents
agreed to within 1.5% for all of the simulated short-circuit
shots.

B. MagLIF

The MagLIF load consists of a cylindrical beryllium
liner. The standard MagLIF liner has an outer radius of
2.79 mm and an inner radius of 2.33 mm. The imploding
length of the liner is typically 7.5 mm or 10 mm.
Simulations of the MagLIF experiments used a snow-
plow-implosion model to simulate the imploding liner. The
snowplow-implosion model assumes a 1D, perfectly stable
implosion of the liner where all the current initially flows at
the outer radius of the liner. The imploding mass accumu-
lates until the simulated radius reaches the inner radius of
the liner. Once the simulated radius reaches the inner radius
of the liner, the entire liner mass continues to implode. The
simulated-liner implosion time was assumed to be the time
when the simulated radius reaches 0.4 mm (i.e., at a 7∶1
convergence ratio). The 7∶1 convergence ratio for the
snowplow-implosion model was chosen based on compar-
isons to a semianalytic model of the MagLIF implosions
[37]. The experimental implosion time was given by the
peak of the x-ray emission from the target measured with
photo conducting detectors (PCDs) [19].

Post-shot simulations were done on seven MagLIF shots
with a 10 mm tall target, six MagLIF shots with a 7.5 mm
tall target, and one additional MagLIF shot with a low-
inductance inner MITL. Comparisons of the insulator-stack
time history and the load implosion time are shown in
Fig. 5 for two shots with a 10 mm target, Fig. 6 for two
shots with a 7.5 mm target, and Fig. 7 for a MagLIF shot
with a low-inductance inner MITL. The insulator-stack
current was compared using a normalized pointwise
standard deviation. The overall shape of the simulated
and measured stack current agrees to within 2% for all of
the simulated MagLIF shots. The simulated and measured
liner implosion time agreed to within 2 ns for all of the
simulated MagLIF shots.

C. Liner dynamics

The liner-dynamics experiments used either a beryllium
or an aluminum cylindrical liner load with an outer radius
of 3.47 mm. The inner radius of the beryllium liner was
2.89 mm. The inner radius of the aluminum liner was
larger, 3.08 mm, to keep the total liner mass the same.
The liner-dynamics simulations used the same snowplow-
implosion model described for the MagLIF shots. The
liner-dynamics experiments utilized radiography to image
the imploding load at two points in time. The simulated
liner radius was compared to the measured liner radius from
the radiographs.
Three post-shot simulations of liner-dynamics experi-

ments were conducted. Comparisions between the mea-
sured and simulated stack current and liner radius for one
shot are shown in Fig. 8. The overall shape of the simulated
and measured stack current agrees to within 1.5% for all
three simulated liner-dynamics shots. The simulated liner
radius was in good agreement with observed liner radius
from the radiographs in all three shots.

D. Nested tungsten wire arrays

The tungsten wire-array load consists of two compo-
nents: a 3.25 cm initial radius, 1.66 mg outer wire array and
a 1.63 cm initial radius, 0.83 mg inner array. The axial

TABLE IV. Summary of Z shot configurations used to benchmark the circuit model. The physics-load implosion times range from
100 ns to 130 ns; hence the simulated implosion times agree with the measured values to within 2%.

Experiment type
No. of
shots

Marx
charge
voltage

Minimum inner
MITL A-K gap

Initial
inductance
(r < 5.5 cm)

Maximum pointwise
standard deviation
of stack current

Maximum
deviation of

stagnation time
Average peak
load current

MagLIF (10 mm liner) 7 80 kV 3 mm 6.9 nH 1.9% 1.9 ns 17.6 MA
MagLIF (7.5 mm liner) 6 80 kV 3 mm 6.1 nH 1.6% 1.5 ns 18.6 MA
MagLIF (low inductance) 1 80 kV 4 mm 4.0 nH 1.1% 0.5 ns 19.7 MA
Liner dynamics 3 80 kV 4 mm 4.7–5.3 nH 1.0% n/a 21.5 MA
Tungsten wire array 8 80 kV 7 mm 2.7 nH 1.9% 1.8 ns 19.8 MA
Stainless-steel wire array 6 80 kV 7 mm 2.7–nH 1.6% 1.4 ns 19.1 MA
Dynamic hohlraum 4 85 kV 6 mm 2.8–nH 1.3% 1.2 ns 24.7 MA
Short-circuit 17 50, 70 kV 6 mm 1.8–nH 1.5% n/a n/a
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length of the nested array is 2.0 cm. The wire-array load
was simulated using a wire-ablation model [23]. The
simulated liner implosion time was assumed to be when
the arrays reached a radius of 0.325 cm (i.e., at 10∶1
convergence ratio). This convergence ratio was chosen to
remain consistent with the simulations in Ref. [13], how-
ever the results are relatively insensitive to the choice of a
larger convergence ratio due to the high implosion veloc-
ities of these arrays. The experimental implosion time was

measured as the peak of the x-ray emission from the load
measured with PCDs.
Post-shot simulations were done on eight tungsten

wire-array shots. Representative comparisons of the
insulator-stack time history and the load implosion time
for two Z shots are shown in Fig. 9. The overall shape
of the simulated and measured stack current agreed to
within 2% for all of the simulated tungsten-wire-array
shots. The simulated and measured liner implosion time
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agreed to within 2 ns for all of the simulated tungsten-wire-
array shots.

E. Nested stainless-steel wire arrays

The stainless-steel wire-array load consists of two
components: a 3.5 cm initial radius, 0.5 mg outer wire
array and a 1.75 cm initial radius, 0.25 mg inner array. The
axial length of the nested array is 2.0 cm. The wire-array
load was simulated using a wire-ablation model [23]. The
simulated liner implosion time was assumed to be when
the arrays reached a radius of 0.35 cm (i.e., at a 10∶1
convergence ratio). This convergence ratio was chosen to
remain consistent with the simulations in Ref. [13], how-
ever the results are relatively insensitive to the choice of a
larger convergence ratio due to the high implosion veloc-
ities of these arrays. The experimental implosion time was
measured as the peak of the x-ray emission from the load
measured with PCDs.
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Post-shot simulations were done on three stainless-steel
wire-array shots. Representative comparisons of the insu-
lator-stack time history and the load implosion time for
two Z shots are shown in Fig. 10. The overall shape of the
simulated and measured stack current agreed to within
1.6% for all of the simulated stainless-steel wire-array
shots. The simulated and measured liner implosion time
agreed to within 2 ns for all of the simulated stainless-steel
wire-array shots.

F. Dynamic hohlraum

The dynamic-hohlraum load consists of three compo-
nents: a 2 cm initial-radius, 5.66 mg tungsten outer wire
array; a 1 cm initial radius, 2.83 mg tungsten inner array;
and a 0.3 cm radius foam cylinder located on axis. The
axial length of the dynamic hohlraum is 1.2 cm. The
dynamic-hohlraum load was simulated using a wire-
ablation model [23]. To avoid the complications of

simulating the foam cylinder, in addition to the nested
tungsten wire arrays, the simulated and experimental
implosion times were compared assuming that the mea-
sured x-ray emission from the target begins when the wire
array first strikes the foam target [38]. The simulated liner
implosion time was assumed to be when the imploding
mass reaches the 0.3 cm radius foam target. The exper-
imental implosion time was estimated as the extrapolated
beginning of the measured x-ray emission from the target as
measured with PCDs.
Post-shot simulations were done on four dynamic-

hohlraum shots. Comparisons of the insulator-stack time
history and the load implosion time are shown in Fig. 11.
The overall shape of the simulated and measured stack
current agreed to within 1.5% for all of the simulated
dynamic-hohlraum shots. The simulated and measured
liner-implosion time agreed to within 1.5 ns for all of
the simulated dynamic hohlraum shots.
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VI. CONCLUSIONS

A transmission-line-circuit model of the Z accelerator
has been developed to aid in the design and analysis of Z
experiments. The new model simulates the entire machine,
including all 36 individual pulse-forming modules, from
the energy storage at the Marx banks to the load.
Experiment data from several Z experiments were used

to perform two optimizations on model parameters. The
first optimization used data from eleven short-circuit shots
conducted with a variety of switch configurations and
Marx charge voltages to refine the gas and water switch
inductances and resistances used in the circuit models of
the pulse-forming modules. Typical values for these
parameters were provided in Table II. The second opti-
mization used data from six different z-pinch shots with a
variety of inner MITL geometries and load-inductance
time histories, resulting in varying amounts of current
loss, to constrain nine parameters related to the analytic

current-loss estimates. These parameter values were pro-
vided in Table III.
The model with the empirically determined switch and

current-loss parameters was then benchmarked against data
from 52 Z shots with a variety of load-impedance time
histories showing good agreement with experiment data.
The simulated and measured insulator stack currents agree
to within 2% for all 52 shots. The simulated load-implosion
times agree to within 2 ns for the 35 shots that were
conducted with an imploding load.
Future work related to the Z circuit model will involve

comparing the model results to additional Z experiments
and detailed particle-in-cell simulations. Comparisons to
future Z experiments will test the predictive capability of
the model. Circuit simulations using the Z circuit model
are being used in the design of upcoming MagLIF
experiments that will use new lower-inductance inner
MITL feeds and/or changes to the vacuum convolute
geometry compared to the shots presented in Figs. 5–7.
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The changes are being made with the goal of reducing
current loss within the vacuum convolute and inner MITL
regions to deliver more current to the MagLIF target.
Additionally, the model assumptions will be tested with
comparisons to future Z experiments with additional
power-flow diagnostics and 3D particle-in-cell simula-
tions. The new diagnostics are being designed to measure
conditions such as the electrode temperature, plasma
density, charge species, and loss current density, within
the outer MITLs, vacuum convolute, and inner MITL. The
model assumptions and parameters will be updated and
refined as comparisons to particle-in-cell simulations and
additional experiments are conducted.
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APPENDIX A: OUTER MITL ELECTRON
FLOW CURRENT

The magnitude of the outer MITL electron flow current
that enters the vacuum convolute and inner MITL regions is
dependent on the propagation of the flow current through
the outer MITLs. The outer MITLs are designed with either
a constant or increasing impedance in the direction of
power flow. Therefore, the magnitude of flow current [see
Eq. (3)] calculated in each element decreases as the element
radius decreases (in the direction of power flow), due to
decreased voltage and/or increased impedance.
Outside of a radius of 20 cm, the outer MITLs are

designed with a constant impedance. It is assumed that
the excess electron flow current, due to the higher voltage
upstream, is effectively re-trapped at the cathode and does
not propagate downstream [39]. Therefore, we do not
calculate the electron flow current for elements outside
of a radius of 20 cm.
Inside a radius of 20 cm, the outer MITLs are designed

with a constant AK gap (i.e., increasing impedance).
Additional comparisons to PIC simulations [40] suggest
that the electron flow current propagating from larger
radius in a constant gap, radial MITL is only effectively

re-trapped at the cathode when the MITL is strongly
insulated. The Bertha model was modified to include
this behavior by introducing an electron flow current re-
trapping constant, krt. The electron flow retrapping constant
is defined as a ratio of the electron flow current to the
anode current,

krt ≡ If
Ia

: ðA1Þ

The retrapping constant used in the simulations was
determined by the swarm optimization and is given in
Table III.
Within a given transmission line circuit element, when

the ratio of flow current to anode current is greater than krt,
it is assumed that the MITL is weakly insulated and all of
the flow current from the upstream element propagates into
the downstream element. This results in a flow current
in the downstream element that is larger than would be
given by evaluating equation (3) for that element. When the
ratio is less than krt, it is assumed that the element is strongly
insulated, and a portion of the upstream flow current is
retrapped. The end result is that early in time, when the flow
current is weakly insulated, the magnitude of flow current
that propagates into the convolute and inner MITL regions
is determined by the lower impedance (larger radius)
elements within the constant gap section of the outer
MITLs. Late in time, when the flow current is strongly
insulated, the magnitude of flow current that propagates into
the convolute and inner MITL regions is determined by the
higher impedance (smaller radius) elements within the
constant gap section of the outer MITLs.
Equation (A2) summarizes how the flow current in a

given element is calculated,

If;n ¼

8>><
>>:

If;n−1 if If;n
Ia;n

≥ krt

ðIf;n−1 − If;nÞ
If;n
Ia;n

krt
þ If;n if If;n

Ia;n
< krt

ðA2Þ

where Ia;n is the anode current in an element, If;n is the
flow current in an element, and If;n−1 is the flow current in
the upstream element.

APPENDIX B: DISTRIBUTION OF OUTER MITL
ELECTRON FLOW CURRENT

The electron flow current that propagates to the end of
the outer MITLs is distributed throughout the vacuum
convolute and inner MITL transmission line elements.
A representative circuit diagram of this region is shown
in Fig. 12.
The total outer MITL flow current from all four levels is

divided using four constants. The constants are defined by
three parameters determined by the particle swarm opti-
mization. The parameter values are shown in Table III.
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fen;vc ¼ ef;vceen;vc ¼ 0.040 ðB1aÞ

ffl;vc ¼ ef;vcð1 − een;vcÞ ¼ 0.848 ðB1bÞ

fen;im ¼ ð1 − ef;vcÞeen;im ¼ 0.020 ðB1cÞ

ffl;im ¼ ð1 − ef;vcÞð1 − een;imÞ ¼ 0.092 ðB1dÞ

The four equations in (B1) describe the fraction of outer
MITL electron flow current that is accumulated in the
vacuum convolute, fen;vc, lost in the vacuum convolute,
ffl;vc, accumulated in the inner MITL, fen;im, and lost in the
inner MITL, ffl;im. The constants in (B1) are consistent
with particle-in-cell simulations that show > 80% of the
outer MITL electron flow current being lost to anode
surfaces in the vacuum convolute [40].
Given the total incoming electron flow current from all

four outer MITL levels, If, the total electron flow loss
current or total electron flow charge accumulated in the
vacuum convolute or inner MITL is given by

Ifl;vc ¼ ffl;vcIf ðB2aÞ

Ifl;im ¼ ffl;imIf ðB2bÞ

Qen;vc ¼ fen;vc

Z
t

0

Ifdt ðB2cÞ

Qen;im ¼ fen;im

Z
t

0

Ifdt: ðB2dÞ

Within the convolute or inner MITL, the flow current
lost or electron flow charge accumulated per element is
weighted by surface area of each element. On a per element
basis, the electron flow loss or accumulated electron charge
is given by,

Ifl;vc;n ¼ Ifl;vc
An

Avc
ðB3aÞ

Ifl;im;n ¼ Ifl;im
An

Aim
ðB3bÞ

Qen;vc;n ¼ Qen;vc
An

Avc
ðB3cÞ

Qen;im;n ¼ Qen;im
An

Aim
; ðB3dÞ

where An is the surface area of the circuit element, Avc is
the total area of the vacuum convolute, and Aim is the total
area of the inner MITL.

APPENDIX C: ION LOSS ENHANCEMENT

1. Ion current enhancement calculation

The ion loss current is calculated assuming the trans-
mission line regions behave as an enhanced space-charge-
limited emission source, as in an applied-B ion diode [33].
In the absence of negative space charge, the SCL ion
emission current is given by

ISCL ¼ 4ε0
9

A

ffiffiffiffiffiffi
2q
m

r
V3=2

d2
: ðC1Þ

Negative space charge present in the AK gap from the
electron flow that originates in the outer MITLs and
propagates into the convolute and inner MITL can enhance
the ion emission current. The enhancement, η, is defined to
be the ratio of the enhanced ion loss current, Iion, and the
space-charge-limited current in the absence of negative
space charge, ISCL,

η ¼ Iion
ISCL

: ðC2Þ

We can define the enhanced ion loss current and SCL
current in terms of total charge in the gap, Q, average
charge velocity, v̄, and gap distance, d.

ISCL ¼ Qi0 v̄i0
d

ðC3Þ

FIG. 12. Circuit diagram of the outer MITL, vacuum convolute,
and inner MITL. Each transmission line element has an asso-
ciated resistor to ground that is adjusted to account for current
loss at each element. The electron flow current is calculated for
each of the four outer MITL levels. The electron flow current that
has propagated to the end of the outer MITLs is then distributed
throughout the vacuum convolute (DPHC) and inner MITL
regions.
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Iion ¼
Qiv̄i
d

ðC4Þ

In the SCL case [41], the total ion charge and average ion
velocity are given by,

Qi0 ¼
4

3
ε0A

V
d

ðC5Þ

v̄i0 ¼
1

3

ffiffiffiffiffiffiffiffiffi
2qV
M

r
: ðC6Þ

In the enhanced case we assume the total ion charge is
equal to the total accumulated electron charge from the
outer MITL flow current,

Qi ¼ Qe: ðC7Þ

We assume the average ion velocity falls between two
limits. In the limit of zero negative space charge, there is no
enhancement and the ion diode behaves as in the SCL case.
In another limit, where all the ion acceleration takes place
near the anode, the average ion velocity is equal to the
maximum velocity of an ion crossing a potential V,

vmax ¼
ffiffiffiffiffiffiffiffiffi
2qV
M

r
¼ 3v̄i0 : ðC8Þ

We assume that the ion velocity in our model is bounded by
these two cases,

v̄i0 ≤ v̄i ≤ vmax

v̄i0 ≤ v̄i ≤ 3v̄i0 ; ðC9Þ

and define a constant, kvi, which is between 1 and 3,

kvi ≡ v̄i
v̄i0

: ðC10Þ

Combining equations, (C2)–(C7) and (C10), we can
solve for the enhancement as a function of area, voltage,
gap distance, electron charge, and average ion velocity,

η ¼ 3

4
kviQe

d
ε0AV

: ðC11Þ

2. Ion current enhancement magnitude

A bipolar ion diode has an ion-current-enhancement
factor of 1.86 [42]. In such a diode, the electron-number
density decreases monotonically from the cathode to
the anode.
If instead, the electron-space-charge is uniformly dis-

tributed and the electron number density is constant from
the cathode to the anode, the ion-current-enhancement
factor is 5.55 [33]. This is a factor of 3 greater than the

enhancement that is achieved when the electron density
peaks at the cathode as in the nonrelativistic bipolar ion
diode. The increased enhancement is to be expected since a
uniform electron-density profile is more effective at can-
celing the ion space charge than an electron-density profile
that peaks at the cathode, since the ion charge density is
much higher at the anode than the cathode. When more of
the ion space charge is canceled, more ion current can flow
across the AK gap.
Finally, if we now consider an electron-density profile

that increasesmonotonically from the cathode to the anode.
Such an electron-density profile can be even more effective
at canceling the ion space charge than an electron-density
profile that is uniform across the gap. Hence, such a profile
can have an ion-current-enhancement factor that is greater
than 5.55.
The ion loss current enhancement in the simulations

presented, as given by Eqs. (8) or (C11), were as high as 30
in the inner MITL region and as high as 10 in the vacuum
convolute region. These enhancement factors are higher
than a non-relativistic bipolar ion diode. We make the
assumption that the Z vacuum convolute and inner MITL
regions can operate as ion diodes with an electron-density
profile that increases from the cathode to the anode
permitting enhancement factors greater than 5.55. We
make this assumption based on the following: (i) the
electron flow current from the outer MITLs provides a
large number density of electrons in the vacuum convolute
and inner MITL region; (ii) the electrons within the vacuum
convolute and inner MITL have a number density that is
highest at the anode.
The electrons in the vacuum convolute and inner MITL

regions originate from the cathodes of the Z accelerators
four upstream outer MITLs. In a conventional bipolar ion
diode, the electrons present in the diode originate from the
diodes cathode electrode. The upstream MITLs have a
substantially lower vacuum impedance, lower current, and
higher voltage than the convolute and inner MITL. Hence,
based on Eq. (3), the upstream MITLs supply substantially
more electrons to the vacuum convolute and inner MITL
than can be supplied by the cathodes of the vacuum
convolute and inner MITL themselves.
In addition to the large magnitude of electrons, we note

that the cathodes of the outer MITLs extend from a radius
of 10 cm to 130 cm and the electrons emitted by these
cathodes undergo collisions with electromagnetic fluctua-
tions and electrode-plasma particles as the electrons ExB
drift toward the load. As the electrons enter the vacuum
convolute and inner MITL we expect them to have a wide
range of canonical momenta and energies. Consequently,
we expect such electrons to be present throughout the
AK gaps of the vacuum convolute and inner MITL.
Furthermore, as the outer-MITL electrons ExB drift toward
the load, they also drift toward the anode providing a
electron number density that is highest at the anodes [43].
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