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In order to couple the numerical simulation of a primary test stand driver with an optimal load design, a zero-

dimensional wire array load model is designed based on the Saturn load model using PSPICE, which is an upgraded

version of the Simulation Program with Integrated Circuit Emphasis (SPICE) designed by the ORCAD Corporation

to perform circuit simulations. This paper calculates different load parameters and discusses factors influencing the

driving current curve. With appropriate driving current curves chosen, further magneto-hydrodynamic calculations are

carried out and discussed to provide the best results for experiments. The suggested optimal load parameters play an

important role in experimental load design.
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1. Introduction

In recent years, researchers have shown that a
20-MA Z facility is capable of providing 200-TW X-
ray power from a 300-tungsten wire array Z pinch
load.[1−3] The wire array Z pinch appears to be the
most powerful laboratory X-ray source presently avail-
able. Most Z pinch research works are carried out
on real facilities by experiments, however, numerical
simulations also make great contribution to Z pinch
development[4−7] and calculating abilities have im-
proved a great deal.

In parallel with activities taking place in Z facil-
ities, since the construction of local Chinese acceler-
ators, many Z pinch experiments and numerical sim-
ulations have been taking place on lower current ma-
chines such as the Qiang guang I generator[8−11] and
the Yang accelerator.[12,13] However, a great deal of
preparation is still required for the new huge Z pinch
driver, the primary test stand (PTS) facility, which
is still under construction at the Institute of Fluid
Physics, China Academy of Engineering Physics. The
main goal of the PTS facility is to obtain X-ray ra-
diation power reaching 10 TW∼100 TW and energy
transforming efficiency reaching 5%∼15% for Z pinch
experiments.

In this context, the authors aim to optimize the
load design for the PTS facility. In order to real-

ize this project, first the zero-dimensional (0D) load
model is introduced in Section 2, which also mentions
the calculation software codes and simulation meth-
ods. In Section 3 the calculation results and analyses
are listed together with the optimal load parameters.
Since the Institute of Applied Physics and Computa-
tional Mathematics also has some computing results
about the PTS load design,[14] in Section 4 we give a
comparison with their results. Finally, a conclusion is
provided.

2. Load model and simulation

codes

Every driver facility has its corresponding simula-
tion codes available long before its construction, such
as the SCREAMER[15] and TL[16] codes, both of these
codes were used to design the Z pinch modification for
the Z facility; and the ZORK code, which is a modified
circuit code designed for the Saturn facility to make
implosion simulations of Z pinch. In conjunction with
the full circuit and equivalent circuit simulation meth-
ods, all of these codes are designed for the simulation
of a working facility and its examination, providing
numerical results for subsequent experiments from a
computational point of view.
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Following this method, the authors are attempt-
ing to create a corresponding simulation platform, in-
cluding numerical codes and the full circuit simulat-
ing method for the PTS before it is fully built. This
platform consists of three main parts: the 0D load
model using PSPICE; the full circuit simulation using
PSPICE; and the radiation magneto-hydrodynamic
code MHD1. These three parts together will become
a whole computing system for the PTS, which is capa-
ble of evaluating the facility working under different
conditions. In addition, the load implosion time, the
radius and time traces, and radiation X-ray power and
energy could also be obtained by this system.

2.1. Zero-dimensional load model

The ZORK[17] code is a 0D load model program
designed by the Sandia Laboratory for the Saturn fa-
cility. Its core idea is the dynamic load inductance
used for calculations, which is also the most popular
simulation method used by usual computing projects.
Its equivalent circuit is shown in Fig. 1.

Fig. 1. Equivalent circuit simulation of the ZORK code-

for Saturn.

In Fig. 1 the Vin represents the voltage coming
from the transmission line, usually taking the values
measured from experiments; R1 and L1 are the resis-
tance and inductance of the transmission line, respec-
tively; L2 and L3 are constant inductances relating to
the load initiation. All of the above are used with the
international system of units (SI units). The dynamic
model of the wire array load and the corresponding
load dynamic inductance are described by Eqs. (1)
and (2), respectively

m
dv

dt
= 2πRl

B2

2µ0
, (1)

L4(t) =
µ0l(N − 1)

2πN
ln

(
Ri

R(t)

)
. (2)

In these equations, µ0 = 4π × 10−7 H/m, B =
µ0I/2πR, R (t) = R (0) −

∫ t

ti
v (t′) dt′, v (t) =∫ t

ti
(l/m) · (µ0I

2)/(4πR (t′))dt′, Ri is the wire array
initial radius, N is the wire number and l is the length
of the wire load. All parameters in Eqs. (1) and (2)
are used with SI units.

2.2. Full circuit model and MHD1 code

The PSPICE is used to translate the ZORK load
model into computer code. Considering the interac-
tive influences between the implosion load and the
driver facility circuit, the full circuit model must be
adopted. This is also the most important difference
between our computing and others, as usually the
equivalent circuit is used to make simulations simple,
and this equivalent circuit cannot reveal the connec-
tions between load implosion and the driving facility
circuit. PSPICE is used to simulate the driving facil-
ity circuit and the 0D load model is mounted with it,
forming a whole implosion circuit from which the load
driving current can be obtained. Further radiation
calculation can be made using the acquired current
curve. However, the optimal choice should be decided
first to make sure that the obtained current curve is
appropriate for experimental load design.

As a 0D mode, ZORK cannot deal with the im-
plosion radiation calculation, so, with the appropri-
ate current curve acquired, further radiation simula-
tions will require the MHD1 code. The MHD1 is a
one-dimensional (1D) magneto-hydrodynamic numer-
ical simulation code designed for Z pinch implosion; it
belongs to department 105 in the Institute of Fluid
Physics and can provide key implosion parameters
such as the implosion time, implosion velocity, radia-
tion power, energy, etc. Given the current curve ac-
quired from the PTS PSPICE simulation, results can
be obtained from MHD1 with different initializations
and the further load optimal design can be made by
this.

3. Simulation results and discus-

sion

To search for the optimal load design, the rela-
tions between driving current and load initialization
must be understood first. To achieve this, the Saturn
classical load parameters[17] are used to calculate for a
first view of the PTS driving ability. The load radius
R is chosen to be 2 mm, load length to be 2 cm and
load mass to be 4.7 mg, the load material is chosen to
be tungsten. The acquired driving current is shown
in Fig. 2(a), whose maximum current level is about
9.6 MA and the current rising time (10%Imax ∼90%
Imax) is about 90 ns.
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Fig. 2. Load driving current and impedance change curve, in which panels (a) and (b) correspond to driving current of the

0-D load and constant value load, respectively; panels (c) and (d) correspond to their impedance change curve, respectively.

However, the current curve is strongly anomalous
and at some times has a strong jump. This is probably
caused by the strongly anomalous impedance change
during implosions. To check this out, a constant resis-
tance load is used to obtain the corresponding current
curve. The resistance of the load is calculated with
a load radius of 2 mm, a load length of 2 cm and a
load mass of 4.7 mg. The constant load resistance is
calculated to be 0.0873 Ω. Plots of the calculation
results with constant load and changeable impedance
load together are shown in Figs. 2(b), 2(c), and 2(d).
Figure 2(b) shows the driving current when the load is
a constant value resistance, figures 2(c) and 2(d) show
the impedance change for the two different loads, re-
spectively.

According to Fig. 2, the anomalous driv-
ing current curve coincides with the corresponding
impedance change and the strong jump of the cur-
rent corresponds to the maximum impedance during
the implosion time. Take the 0D load as an example.
When the time comes to about 1.20 µs, the impedance
reaches its maximum value and the corresponding cur-
rent curve also has a big jump. Considering the dy-
namic inductance function (2), we can reveal that this
time is also the time when the wire load stagnates on
the load axis.

To check this out, the load radius trace is plotted
in Fig. 3, in which the voltage of LIMIT:Out repre-
sents the wire array radius change during our calcu-

lation model. From Fig. 3, the implosion time is also
found to be about 1.20 µs. So the time when the load
radius comes to the load axis and the time when the
load maximum inductance arrives are identical, the
same is true for the corresponding current curve jump
time.

Fig. 3. Radius–time plot curve of the Saturn zero-

dimensional load model.

These calculation results explain the anomaly and
jump of the driving current curve, showing a first view
of the PTS driver and the same value of three impor-
tant times also proves the ZORK load model to be
correct. However, to create an optimal load design,
further studies about the relations between driving
current and load initialization, such as load radius R

and load mass m, are going to be performed.

3.1.Driving current versus load radius

By summarizing the classical experimental data
of huge drivers such as Saturn and the Z facility, it
could be found that the load length was usually fixed
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and unchangeable, and the changeable parameters are
usually load radius and load mass. The load length
is usually set to be 2 cm in experiments, so in the
following calculations, the load length is also set un-
changeably to be 2 cm. The relations between driving
current and load initialization such as load radius and
load mass are mainly discussed.

The load length was kept at 2 cm and the val-
ues of load mass were set to be 4.7 mg, 4.0 mg, and
2.5 mg, respectively, while the load radius is change-
able, calculations are preformed and the results are
obtained; the results we are concern with such as the
maximum current and time, the implosion time and
current, and the time difference between the two key
times are listed in Table 1.

From the calculated results listed in Table 1, it is
found that while the load length (denoted by l) and
load mass (denoted by m) are fixed, as the load ra-
dius increases, the implosion time is getting later, and

this coincides with experimental directions; it is also
found that for some given load mass, there exists a
threshold Rx for the load radius (Rx is about 7 mm
when the load mass is fixed at 4.7 mg). When the
radius is larger than this Rx, the implosion time is
later than the maximum current time (dt > 0), or else
the implosion time is earlier than the maximum cur-
rent time. To make the best use of driver energy, it is
required that the implosion time is close to the maxi-
mum current time, or slightly later than it. Following
this guide, the load parameters chosen for the MHD1
calculation should be decided by the value of time dif-
ference dt. For all parameters in Table 1, only the
parameters corresponding to dt = 16.3 ns and 17.4 ns
are suitable. However, to make final decision of the
initialization for MHD1 calculation, further research
about the relationship between driving current and
load mass is needed.

Table 1. Calculated results of different load radii for a fixed load mass.

Load initialization

(R/m, m/kg, l/m)

Maximum current and

time (t/µs, I/MA)

Implosion time and

current (t/µs, I/MA)

Time difference

(dtimp–dtI max)dt/ns

R = 2.0 × 10−3, m = 4.7 × 10−6, l = 2 × 10−2 t = 1.2844, I = 9.670 t = 1.2019, I = 3.8323 −82.5

R = 8.8 × 10−3, m = 4.7 × 10−6, l = 2 × 10−2 t = 1.2345, I = 9.785 t = 1.2519, I = 7.4451 17.4

R = 1.0 × 10−2, m = 4.7 × 10−6, l = 2 × 10−2 t = 1.2389, I = 10.117 t = 1.2587, I = 7.6647 19.8

R = 8.8 × 10−3, m = 4.0 × 10−6, l = 2 × 10−2 t = 1.2316, I = 9.570 t = 1.2479, I = 7.3054 16.3

R = 1.0 × 10−2, m = 4.0 × 10−6, l = 2 × 10−2 t = 1.2362, I = 9.910 t = 1.2546, I = 7.5930 18.4

R = 1.0 × 10−2, m = 2.5 × 10−6, l = 2 × 10−2 t = 1.2888, I = 9.638 t = 1.2431, I = 7.1048 −45.7

R = 3.0 × 10−2, m = 2.5 × 10−6, l = 2 × 10−2 t = 1.2613, I = 11.491 t = 1.3229, I = 7.1691 61.6

3.2.Driving current versus load mass

Still keeping the load length at 2 cm, this time
we fix the load radii at 8.8 mm, 10 mm, and 30 mm
respectively, while the load mass is changeable. Our
attention is still attracted by key parameters like the
maximum current and time, the implosion time and
current, and the time difference between the two key
times, etc. Calculations of these parameters are per-
formed and the results are listed in Table 2.

From the calculated results listed in Table 2, it is
found that while the load length and load radius are
fixed, as the load mass grows heavier, the implosion
time beomes later and later, and this can be seen more
clearly in Fig. 4(a). Just like the former calculations in
which the load mass is fixed, this time it is also found
that for a given load radius, there exists a threshold
mx for the load mass (mx is about 3.5 mg for a load
radius fixed at 8.8 mm). When the load mass is heav-

ier than this mx, the implosion time is later than the
maximum current time (dt > 0), or else the implosion
time is earlier than the maximum current time. This
can be seen more clearly in Fig. 4(b) and from that
figure it is also found that before this threshold mx

the gradient of the time difference curve is very large
while after this threshold, the curve becomes smooth.

Still following the guide of making best use of
driver energy, for the parameters listed in Table 2, the
parameters corresponding to dt = 16.3 ns and 18.4 ns
are suitable for MHD1 calculation; combine this with
the former chosen parameters for dt = 16.3 ns and
17.4 ns, it could be concluded that the parameters for
dt = 16.3 ns are the best ones suitable for the MHD1
radiation calculation. It also means that the load ini-
tialization chosen for MHD1 calculation are set to be
load radius R = 8.8 mm, load mass m = 4.0 mg, and
load length l = 2 cm.
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Table 2. Calculated results of different load masses for fixed load radius.

Load initialization

(R/m, m/kg, l/m)

Maximum current and

time (t/µs, I/MA)

Implosion time and

current (t/µs, I/MA)

Time difference

(dtimp–dtI max)dt/ns

R = 8.8 × 10−3, m = 4.7 × 10−6, l = 2 × 10−2 t = 1.2345, I = 9.785 t = 1.2519, I = 7.4451 17.4

R = 8.8 × 10−3, m = 4.5 × 10−6, l = 2 × 10−2 t = 1.2337, I = 9.727 t = 1.2508, I = 7.4052 17.1

R = 8.8 × 10−3, m = 4.0 × 10−6, l = 2 × 10−2 t = 1.2316, I = 9.570 t = 1.2479, I = 7.3054 16.3

R = 8.8 × 10−3, m = 2.1 × 10−6, l = 2 × 10−2 t = 1.2801, I = 9.795 t = 1.2340, I = 6.6667 –46.1

R = 1.0 × 10−2, m = 5.0 × 10−6, l = 2 × 10−2 t = 1.2399, I = 10.193 t = 1.2605, I = 7.7365 20.6

R = 1.0 × 10−2, m = 4.7 × 10−6, l = 2 × 10−2 t = 1.2389, I = 10.117 t = 1.2587, I = 7.6647 19.8

R = 1.0 × 10−2, m = 4.0 × 10−6, l = 2 × 10−2 t = 1.2362, I = 9.910 t = 1.2546, I = 7.5930 18.4

R = 1.0 × 10−2, m = 2.5 × 10−6, l = 2 × 10−2 t = 1.2888, I = 9.638 t = 1.2431, I = 7.1048 −45.7

R = 3.0 × 10−2, m = 5.5 × 10−6, l = 2 × 10−2 t = 1.2645, I = 11.749 t = 1.3858, I = 5.7239 121.3

R = 3.0 × 10−2, m = 2.5 × 10−6, l = 2 × 10−2 t = 1.2613, I = 11.491 t = 1.3229, I = 7.1691 61.6

R = 3.0 × 10−2, m = 1.5 × 10−6, l = 2 × 10−2 t = 1.2583, I = 11.159 t = 1.2963, I = 7.8094 38

R = 3.0 × 10−2, m = 0.5 × 10−6, l = 2 × 10−2 t = 1.2382, I = 10.062 t = 1.2573, I = 7.7332 19.1

Fig. 4. Calculated results of different load masses for a fixed load radius: (a) implosion time versus load mass and (b) time

difference versus load mass.

3.3.Optimal load parameters for exper-

iment

The MHD1 is a 1D magneto-hydrodynamic code
designed for Z pinch numerical simulations. It has
been applied to many models and the results have
been proven to be correct, so in this article the au-
thors use this code for further radiation calculations.
The parameters used for calculation are set to be load
radius R = 8.8 mm, load mass m = 4.0 mg, and load
length l = 2 cm, and the driving current simulation
with PSPICE is shown in Fig. 5.

Fig. 5. Driving current curve of parameter R = 8.8 mm,

m = 4.0 mg, l = 2 cm.

From Fig. 5 it is found that the implosion time is
about 108 ns, later than the maximum current time.
Taking the driving current curve as the current input
for MHD1, the calculation parameters are set to be
R = 8.8 mm, m = 4.0 mg, and l = 2 cm, and the load
material is chosen to be tungsten. The simulation can
then be performed and the numerical results obtained.
From the results it is found that the implosion time is
also 108 ns, which coincides with the PSPICE calcu-
lating results and for obtaining the radiation effect of
Z pinch, the radiation power is plotted and shown in
Fig. 6.

It is found in Fig. 6 that the calculated radia-
tion power is about 70 TW, almost the best result
of Saturn experimental data (∼75 TW); this result
also proves that the parameters chosen for calculation
are correct and reveals the basic driving ability of the
PTS facility, which provides more information about
the driver.
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Fig. 6. Radiation power of parameter R = 8.8 mm,

m = 4.0 mg, l = 2 cm.

However, the parameters chosen for calculation
just prove that the energy is theoretically put to its
best use, but the radiation power may not be at its
highest, more calculations should be made to find the
best output power. So the closest (from dt = 16.3 ns)
dt = 17.4 ns and 18.4 ns parameters are chosen to
make further calculations for comparison. Tungsten is
still chosen for use as the load material and the load
parameters are set, respectively, to be a) R = 8.8 mm,
m = 4.7 mg, l = 2 cm; b) R = 10 mm, m = 4.0 mg,
l = 2 cm. Calculations of the two parameters are
then carried out and the radiation powers are shown
in Fig. 7.

From Fig. 7(a) it is found that the radiation curve
is almost the same as shown in Fig. 6. The power is
still about 70 TW, the only difference between them
is a few nanoseconds delay of the implosion time.
However, in Fig. 7(b) the output radiation power
(100 TW) of parameters R = 10 mm, m = 4.0 mg,
l = 2 cm is obviously higher than that of parameters
R = 8.8 mm, m = 4.0 mg, l = 2 cm. Therefore, the
parameters suggested for experiments should be the
load radius R = 8.8 mm, load mass m = 4.0 mg, and
load length l = 2 cm.

In order to provide an accurate initialization for
experimental load, the load wire number should be
considered. According to Haines’ heuristic model,[18]

the critical wire number is given out by nc = πr0/vtp,
while the implosion velocity is given as 5 km/s, the im-
plosion time as 100 ns and load radius as 1 cm; then
the critical number could be obtained to be Nc = 62.8.
So if the single wire radius chosen to be 5 µm (the
most useful size taken in experiments), the load wire
number is obtained to be 132 > 62.8, which fulfills the
demand of critical number and is suitable for experi-
mental load initialization.

Fig. 7. Radiation power of dt = 17.4 ns and 18.4 ns pa-

rameters: (a) R = 8.8 mm, m = 4.7 mg, l = 2 cm; (b)

R = 10 mm, m = 4.0 mg, l = 2 cm.

4. Conclusion and comparison

The 0D load model is combined with the PTS
driver facility using PSPICE; calculations of differ-
ent initial parameters are made; the relationships be-
tween driving current and load radius and load mass
are found. Following the guide of making best use
of driver energy, optimal parameters are chosen for
MHD1 calculations. Using the driving current ob-
tained from PSPICE for the MHD1 current input, the
chosen optimal parameters are set to make numeri-
cal simulations and results obtained and compared,
finally the best initial load parameters suggested for
experiment are given.

After a series of calculations and discussions, the
optimal load design for the PTS facility could be con-
cluded as the following: the driving current of PTS
is about 10 MA and rising time of current is about
90 ns (10%Imax∼90%Imax); the optimal load param-
eter range should be load radius R evaluated be-
tween 8.75 mm∼10 mm, load mass evaluated between
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4 mg∼5 mg and load length set to be 2 cm constant;
the estimated implosion time is about 120 ns, the out-
put radiation power is about 70 TW∼100 TW, radi-
ation energy is about 700 kJ and the energy trans-
forming efficiency is around 10%. Generally speaking,
the driving ability of the PTS is at the same level as
Saturn, but it is slightly better than it, depending on
the load optimal design.

The Institute of Applied Physics and Computa-
tional Mathematics also has some computing results
about the PTS load design. Compared with them, our
optimal results are more accurate because of the full
circuit model. Their results focus on the analysis of
driving ability and the load parameter range is wide,
while our calculations focus more on the optimal load
design and the parameter range is shorter than theirs.
Finally the most important difference, the best op-
timal load parameters for experiment, are given out
accurately in our calculations: load wire number N is
132 while single wire radius is 5 µm, and load material
is chosen to be tungsten; the load radius and mass is
set to be 10 mm and 4.0 mg, respectively, while the
load length is kept constant 2 cm; the estimated im-
plosion time is about 120 ns, the radiation power is
around 100 TW, the radiation energy is about 1 MJ
and the energy transforming efficiency is around 15%,
this is almost the best driving ability of the PTS fa-
cility.

The results of our calculation provide good ad-
vance information about the PTS facility, and play an
important role in load optimal design. However, due
to a lack of time and personal ability, there are also
some shortcomings, such as we do not discuss the in-
fluences on driving current while the load length and
compression ratio are changeable, this is going to be
our further research.
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