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We describe herein for the first time a full circuit model for electromagnetic pulse transmission in the
Primary Test Stand (PTS)—the first TW class pulsed power driver in China. The PTS is designed to
generate 8–10 MA current into a z-pinch load in nearly 90 ns rise time for inertial confinement fusion and
other high energy density physics research. The PTS facility has four conical magnetic insulation
transmission lines, in which electron current loss exists during the establishment of magnetic insulation.
At the same time, equivalent resistance of switches and equivalent inductance of pinch changes with time.
However, none of these models are included in a commercially developed circuit code so far. Therefore, in
order to characterize the electromagnetic transmission process in the PTS, a full circuit model, in which
switch resistance, magnetic insulation transmission line current loss and a time-dependent load can be
taken into account, was developed. Circuit topology and an equivalent circuit model of the facility were
introduced. Pulse transmission calculation of shot 0057 was demonstrated with the corresponding code
FAST (full-circuit analysis and simulation tool) by setting controllable parameters the same as in the
experiment. Preliminary full circuit simulation results for electromagnetic pulse transmission to the load are
presented. Although divergences exist between calculated and experimentally obtained waveforms before
the vacuum section, consistency with load current is satisfactory, especially at the rising edge.
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I. INTRODUCTION

Since the breakthrough in x-ray power generation
achieved in the 1990s when a series of wire array experi-
ments were conducted on the Saturn generator and the
Z-machine of the Sandia National Laboratories [1–3] that
demonstrated extremely intense x-ray emission, use of
z-pinches has been regarded as one promising route for
achieving inertial confinement fusion [4–10]. In these fast
z-pinch implosions, where several to more than 20 MA
current rises in about 100 ns or less, stored electrical energy
can be efficiently converted into x rays in a pulsed-power
accelerator. In such pulsed power accelerators, energy is
compressed temporally with switches and pulse forming
lines, and spatially by utilizing conical magnetic insulation
transmission lines (MITLs) to transfer to a load [11–13]. To
describe how the pulsed power components behave and
what the working voltage or current are in these processes,
circuit simulation and analysis are very essential. Actually,
the first step in designing any large pulsed power system
is to define the performance requirements and to
begin an iterative design with circuit tools [14,15]. Then

electromagnetic field simulations or particle-in-cell (PIC)
simulation with the derived voltage and current level are
usually followed. The two design phases are critical.
Engineering designs could not start until reasonable results
have been achieved in these phases.
Circuit codes are also very important during the oper-

ation phase of pulsed power systems. They can be used
to understand how the components behave, and to predict
the output pulses before experiments. This gives basic input
for physicists to evaluate the physical results. In the past
decades, with the improvements in computer capabilities,
significant progress had been made in computational
techniques for pulsed power design. Nowadays, multi-
physical software which includes circuit, field and PIC
packages is becoming commercial available [16,17]
Nonetheless, full circuit simulation is still a cheap and
fast way to determine the baseline for a totally new or
modified pulsed power accelerator [18,19]. Circuit codes
such as Bertha [20], TLCODE [21], and commercial codes
such as Pspice are widely used in pulsed power design.
However, sometimes time-dependent characteristics are
important for some circuit element, such as switch resis-
tance, shunt resistance in transmission lines and load
inductance. Therefore, open codes which allow adding
self-defined models are much favored [22,23].
The Z [24], the Primary Test Stand (PTS) [25–28] and

the Angara-5-1 [29] research groups all have used exclusive
codes to investigate accelerator power flow by introducing
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theoretical concepts for magnetic insulation or magneto-
hydrodynamic (MHD) models for the load [30]. In those
codes, an incident wave or equivalent voltage source at the
boundaries of the MITL is often used to drive an equivalent
circuit thereafter. The limitation of this treatment is that,
when the charging voltage in Marx generators or timing in
pulse forming section changes, a new incident wave or
equivalent voltage source should be used. On the other
hand, in pulse shaping experiments, some switches may be
closed 100–300 ns earlier with respect to the others [31].
The triggering interval of two laser switches might be larger
than the electrical length between them. Then electromag-
netic pulses from an early-closed module will be reflected
seriously from upstream when arriving at the switches of
later-closed modules. Therefore a reflection will be added
to the original incident wave, and the driving waveform is
totally different from the ideal synchronized-switch case.
There are some important concerns in pulse shaping

experiments for pulsed power accelerators. The first one is
if the operating parameters for all circuit elements are in a
reasonable range. Second, to what extent does asynchrony
influence power flow and azimuthal uniformity in the conical
MITLs? These lead to the third concern, what is the reliable
and reasonable timing span to ensure the normal function of
the accelerator in this kind of experiments. Therefore, a full
circuit model which includes all functional parts and takes
the magnetic insulation process into consideration is neces-
sary and useful. The merit of such a circuit model is that the
driving voltage for load will be more accurate, and with a
specific magnetic insulation scenario, one may know the
exact time history of current loss for each MITL segment.
In this paper, a full circuit model for the PTS facility is

introduced. This model allows adding time-dependent
parameters for switches, MITL and load. The primary
simulation results for shot 0057 and its comparison with
experimental results are included as well. This paper is
organized as follows. Section II gives an overview intro-
duction on the PTS facility and its circuit model. In Sec. III,
the method of pulse transmission calculation in the MITL is
presented in detail. In Sec. IV, direct comparisons between
the measured signals from PTS shot 0057 and numerical
model results are given. Conclusions and possible refine-
ments to the model are given in Sec. V.

II. THE PTS FACILITY AND ITS FULL
CIRCUIT MODEL

The PTS facility is a multiterawatt (TW) pulsed power
accelerator with current of 8–10 MA and rise time of about
90 ns (10%–90%). The facility consists of 24 identical
modules [26] electrically in parallel, which are piled up in
two layers. The layout of the facility is shown in Fig. 1.
A cutaway view of two modules is illustrated in Fig. 2. The
two modules share an oil tank. Each module includes a
Marx generator, an intermediate store (IS), a laser triggered
gas switch (LTGS), a pulse forming line (PFL), a water

switch and a triplate transmission line (TL). The PTS uses
a water tank smaller than that of the Z machine. Only the
24 triplate transmission lines are placed inside. This reduces
the quantity of deionized water and makes maintaining
easier. After converging in the vertical triplate line, the
power from the module pair is added with power from the
other 22 modules and transferred downstream via a four-
level insulation stack and a four-level conical MITL system.
At the radius of about 15 cm, current from four MITLs is
summed with a traditionally used double post-hole con-
volute (DPHC) and then transferred to load by a shortMITL.
The 24 laser triggered multigap multichannel gas

switches in the PTS work at a 4 MV level and are triggered
with twelve identical Nd∶YAG lasers at its fourth harmonic
(λ ¼ 266 nm). The maximum output energy of the laser is
higher than 100mJ. Each laser is divided into two beams and
used to trigger two adjacent switches in the same layer
[27,28]. The jitter of the LTGS is less than 1.5 ns. This
enables stringent synchronization and precise timing for the
12 laser triggered switches. This capability of the PTS is very
beneficial for pulse shaping and equation of state (EOS)
experiments where specific current waveforms are needed.
In order to facilitate x-ray and visible light diagnoses, the

target position in the PTS is located in a position higher
than the working platform. This means the lower module
has to use a longer transmission line than the upper one.
The difference is about 30 ns in the vertical triplate water
transmission line. Besides, in the conical MITL, the lowest
level has the longest transit time and the largest angle with
respect to the horizon. This leads to a difference in total
inductance and voltage for the four MITLs. The difference
in voltage between levels has been taken into account in
designing the insulator stack.
At the beginning of the PTS design process, a full circuit

simulation was conducted with Pspice, in which many

FIG. 1. Layout of the PTS facility. Twelve oil tanks (the outer
most in light green) contain twenty-four Marx generators. The
coaxial sections (middle in light blue) include twenty-four sets of
intermediate storage, laser triggered gas switches and pulse
forming lines. They are in two layers, twelve modules in each
layer. In the center is the water tank and vacuum chamber. The red
strip between the tanks is an aisle.

ZOU et al. Phys. Rev. ST Accel. Beams 17, 110401 (2014)

110401-2



empirical models and parameters were used. Then the basic
performance requirements for each component were
derived. When all key technologies for a single module
were successfully demonstrated separately, a prototype
module of the PTS was constructed and tested. By
comparing simulation results with test data, those empirical
models and parameters which were inaccurate or unrea-
sonable in initial circuit were revised, and a new full-circuit
model for the PTS was built. However, the prototype
module does not have an insulation stack and MITL, so
the new circuit model still had many uncertainties.
Moreover, the current loss in the MITL changes with time
and is parametrically dependent, which is almost impos-
sible to model with commercial software. A new circuit
model in free code is suitable for the work. With this
motivation, we built a new circuit model for the PTS.
Figure 3 shows the full circuit topology for the PTS. For

simplicity, each functional section in Fig. 3 is represented
by a few transmission line elements. Actually, each TL
element in Fig. 3 represents a subcircuit which might

consist of capacitance, inductance or time-dependent re-
sistance, or all of them. In this model, all capacitors and
inductors in the Marx generators are transformed to lossless
transmission lines, each with one time step (0.1 ns) in
length. The PFLs and TLs are divided into transmission line
elements with different electrical length. How many ele-
ments each part is divided into mainly depends on the
uniformity in its impedance profile and the requirement in
calculation accuracy. If the impedance changes fast, more
elements are needed. This ensures the model is closer to
reality, and better calculation accuracy may be derived. But
more time and memory are needed for the calculation.
The IS and PFL both have eight transmission line

elements in a module with total length of about 67 ns
and 39 ns, respectively. The water convolute, in which the
line structure gradually changes from vertical triplate to
horizontal triplate, represents a much more complex sub-
circuit with 25 elements. On the other hand, the MITLs
have about 200 elements in all, but the total electrical length
is only about 20 ns. The purpose of using small electrical

FIG. 2. Cutaway view of two modules in the PTS. The two Marx generators overlap with each other in this viewpoint. They are
connected to the upper and lower module separately. The target position is higher than the insulator stack and transmission lines in the
PTS to facilitate diagnostic arrangement. Thus, there is a difference of 30 ns between the vertical triplate water lines of the two modules.

FIG. 3. Schematic model of the PTS with all twenty-four modules. All capacitors and inductors are transformed to TL elements. Each
TL here actually represents a subcircuit consisting of capacitance, inductance or time-dependent resistance, or all of them.
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length in the MITL is to obtain higher accuracy for current
loss in space during the formation of magnetic insulation.
The difference is, in the IS, PFL and TL, only a constant
shunting resistance is used for all elements. But in the outer
MITLs, each element has a shunting current to ground,
which varies with time to account for loss. (Loss in the
inner MITL can be taken into account by introducing a
shunt resistance called Zflow as in the Z machine [32]. But
we have not used this model in the PTS simulation at
present.)
Parasitic capacitance and inductance are also trans-

formed to lossless transmission line elements too. But it
is very difficult to determine their exact values. The major
technique to derive these values is with static field
calculation. Then a trial and error method is used by
comparing simulations and experimentally measured wave-
forms from the PTS prototype module. As an example, the
complete subcircuit for the LTGS in the PTS is shown in
Fig. 4. In this subcircuit, RsðtÞ is a time-dependent spark
resistance, which starts to change at a specific time
corresponding to the arrival of the laser pulse. Ls is the
equivalent inductance of the switch. Rh represents the
resistance resulting from its field grading structure. Rp is a
shunting resistor account for loss. All these parameters
were benchmarked with experimental results.
A time-dependent load model can be introduced that

depends on the physical problem concerned. For example,
as will be introduced in Sec. III, a 0-dimentional (0D)
model for load inductance can be used to estimate the load
current in z-pinch experiments. For better reliability, an
MHD model for pinch resistance is favored [30].

III. CALCULATION OF PULSE TRANSMISSION
IN THE MITL

All capacitances and inductances are transformed to
TL elements, and suitable loss mechanisms are adopted
for each functional part. The solution to the whole
circuit network is transformed to a telegrapher-equation

calculations. Then the complete pulse transmission calcu-
lation in the PTS pulsed power accelerator is possible with
sophisticated TL methods [21,22]. As described above,
resistors that denote MITL loss current before establish-
ment of magnetic insulation are not constant. Therefore, the
major mission for the PTS full-circuit analysis and simu-
lation tool (FAST) code is to define the shunting current for
each MITL element in every time step.
Figure 5 shows the TL model for the PTS MITL and

z-pinch load. The outer MITLs were divided into 195
elements, each with a time-dependent resistance to indicate
current loss to the anode. The four layers of the outer
MITLs are linked together by the DPHC, which is indicated
by three coupling inductors in the equivalent circuit model.
These inductors are illustrated by TL elements 196 to 198
in Fig. 5. The inner MITL is shown as TL element 199.
The z-pinch load is represented with a variable induct-

ance (TL 200) and a constant pinch resistance Rpinch. The
load inductance is described with a 0D model. We have

Lload ¼ 2l · ln
ri
rðtÞ ; ð1Þ

where Lload is the load inductance, l is the length of wire
array, ri and rðtÞ are initial array radius and time-dependent
radius respectively. When derived, Lload is changed to
TL element 200. We use the same pinch resistance per
unit pinch length as Ref. [11], which is estimated by the
plasma-resistivity model developed in Ref. [33].
The basis for calculation of the electromagnetic pulse

transmission in the MITL is the telegraph equation:

FIG. 4. Subcircuit for the PTS LTGS before transforming to a
TL model. Ls is the equivalent inductance of the switch. Rh
represents the resistance resulting from its field grading structure.
Rp is a shunt resistor account for loss.

FIG. 5. TL model for the PTS MITL and z-pinch load. The TL
elements 1 to 195 represent the outer MITLs. There is a variable
shunting resistor Rloss for each element accounting for loss
current. Elements 196 to 198 are coupling inductances between
different MITL levels. Element 199 is the inner MITL. All the TL
elements have an electrical length of one time step (0.1 ns).The
z-pinch load is denoted by a variable inductance and a constant
resistor.
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L
∂I
∂t þ

∂V
∂x ¼ 0;

C
∂V
∂t þ

∂I
∂x ¼ −JeðV; IÞ; ð2Þ

where L and C are inductance and capacitance per unit
length, V and I are line voltage and current, x is the
coordinate in the transmission direction, t is time and
JeðV; IÞ is the density of loss current to anode. A practical
model for JeðV; IÞ is expressed as [34]

JeðV; IÞ ¼ jCLðVÞFeðYÞKðt; jEjÞ; ð3Þ

where jCLðVÞ is the current density given by the Child-
Langmuir law [35],

jCLðVÞ ¼
4

9
ε0

�
2e
me

�
1=2 V3=2

d2
; ð4Þ

where ε0 is the permittivity in vacuum, e and m0 are charge
and rest mass of an electron and d is the gap between anode
and cathode electrode. FeðYÞ is an artificial coefficient
which reflects the threshold dependence on the current.
It should be considered as a qualitative function:

FeðYÞ ¼
� ffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − Y2
p

; Y < 1

0; Y ≥ 1;
ð5Þ

and

Y ¼ I
ImðVÞ

; ð6Þ

where ImðVÞ is the critical current for self-magnetic
insulation. Kðt; jEjÞ in Eq. (3) is a function that denotes
the emission ability and depends on the electric field EðtÞ:

Kðt; jEjÞ ¼

8>><
>>:

0; Emax ≤ E1���sin�π
2
Emax−E1

E2−E1

����; E1 ≤ Emax ≤ E2

1; E2 ≤ Emax

; ð7Þ

where Emax is the maximum cathode electrical field
strength within the time interval ½0; t�, E1 and E2 are the
lower and upper limit of cathode electrical field strength in
which the emission ability increases from 0 to 1.
Figure 6 shows the discretization of the MITL in the

transmission direction and the equivalent TL model. For
each TL element, the electrical length is 0.1 ns (i.e., one
time step, corresponding to 3 cm in the x direction), and a
set of four voltage vectors are defined, each end with two.
The vectors with subscript 1 and 2 denote the incoming and
outgoing voltage wave respectively. For element k, the two
ends are specified as superscript 2k − 1 and 2k. We define
the kth TL element voltage and current at time step n as

Vðk; nÞ ¼ V1
2kðnÞ þ V2

2kðnÞ
¼ V1

2ðkþ1Þ−1ðnÞ þ V2
2ðkþ1Þ−1ðnÞ; ð8Þ

and

FIG. 6. Schematic of MITL discretization along the transmission direction and the corresponding TL model in the calculation. The
grid size is 3 cm and the equivalent electrical length is 0.1 ns (one time step). Each TL element has four voltage vectors, each end with
two. A shunt resistor is defined to account for loss current for each TL element and can be updated at every time step.
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Iðk; nÞ ¼ V2
2kðnÞ − V1

2kðnÞ
ZkðnÞ

: ð9Þ

Knowing the voltage vectors at time n, voltage vectors at
time nþ 1 are updated with the aid of delay relations, and
reflection and incident coefficients at each junction. Then
the electric field on the cathode surface of each MITL
element is calculated. If the electric field exceeds the
explosive electron emission threshold, the MITL begins
to emit electron. Otherwise, no electrons are emitted. When
electrons are emitted, the MITL current is calculated and
compared with the magnetic insulation threshold. If the
MITL current is higher than the magnetic insulation
threshold, Je vanishes. The voltage vector derived in this
step is the real value. If the MITL current is lower than the
critical value, current loss exists. Then loss current density
at that MITL element is calculated with Eqs. (3) to (7), and

Ilossðk; nÞ ¼ JeS; ð10Þ
where S is the equivalent cathode area of the MITL
element.
At the same time, loss current is also the difference

between two adjacent MITL elements. We have

Ilossðk; nÞ ¼ Iðk; nÞ − Iðkþ 1; nÞ: ð11Þ
Then, with Eqs. (9) to (11), the current and the voltage

vector at MITL element kþ 1 are updated in this step
once more.
Strictly, the TL impedance ZkðnÞ changes with time, and

should be updated at every time step in the magnetic
insulation phase. The most commonly used model is the
flow impedance model given by Mendel et al. [36].
Meanwhile, there is no suitable model to describe the
physics of the phase between electron emission turn-on and
the formation of magnetic insulation. On the other hand,
updating impedance at every step may result in numerical
instability or serious oscillation. Therefore, we use the
vacuum impedance for this calculation. This kind of
treatment is reasonable for the PTS, Z and ZR machine
since in such high current facilities the duration between
onset of electron emission and establishment of magnetic
insulation is very short. Furthermore, the magnetic insu-
lation in such systems is the so-called super insulation
because of extremely high current. With these machines the
electron sheath is very thin and close to the cathode surface
in most areas. So the flow impedance of the MITL is very
close to its vacuum value.

IV. SIMULATION RESULTS AND COMPARISON
WITH EXPERIMENT

As a numerical experiment, the code FAST is used to
calculate the pulse transmission in the PTS for shot 0057, in

which a tungsten array was fielded. The Marx charging
voltage and load parameters for the shot 0057 are given in
Table I. In order to run FAST, the timing sequence for all 12
triggering lasers should be specified. Water switches and
prepulse switches were set to close when their voltage
reaches the break down value derived in earlier experi-
ments. Another set of parameters used to fit earlier
experimental results are the coupling inductances between
different MITL levels. The typical current fractions for
level A to D MITLs in debugging experiments were 0.30,
0.26, 0.24 and 0.20. To fit these fractions, a parametric
sweep was done for determining coupling inductances
between levels. (i.e., impedance for TL elements 196 to
198 as shown in Fig. 5 when transformed into the TL
model). The values presently used are 0.2, 0.8, and 1.0 nH
between A and B, B and C, and C and D levels. In other
words, the impedance for TL elements 196 to 198 are 10, 8,
and 2 Ω. These values generally agree with the 3D static
field calculation of DHPC inductance [37].
Typically, the calculation to 1500 ns from the beginning

of the Marx discharge (t ¼ 0) takes about 120 seconds
for the code FAST with personal computers. This calcu-
lation time span covers the whole discharge and trans-
mission process for an electromagnetic pulse in z-pinch
experiments.
Figure 7 shows the load currents from the FAST

calculation and the experiment measurements for shot
0057. The solid black line represents current recorded in
the experiment and the red dashed line represents current
from FAST with current loss. It can be seen that the
consistency for the two curves is good, especially in
the rising edge. The maximums are 8.8 and 8.75 MA in
the experiment and calculation, respectively. Figure 7 also
shows with the green dot-dashed line the load current from
FAST when no current-loss mechanism was introduced.
This is what we could earlier get with a commercial circuit
code. It can be inferred that if no mechanism is introduced
to account for current loss during the formation of magnetic
insulation, the calculated current curve will obviously
diverge from the experimental curve in the rising edge.
Because no loss exists after magnetic insulation establishes,
which actually means that the loss and lossless models
thereafter become the same, and the maximum currents for
both calculations are almost identical.

TABLE I. Marx charge voltage and load parameters for PTS
shot 0057. The pinch resistance is assumed according to
Refs. [11] and [33]. These parameters, together with the laser
timing sequence, were used as input for the code FAST.

Marx
charging
(kV)

Array
radius
(mm)

Array
mass

(mg/cm)

Array
height
(mm)

Pinch
resistance
(mΩ/cm)

65 26.4 2.3 15 5

ZOU et al. Phys. Rev. ST Accel. Beams 17, 110401 (2014)

110401-6



Current losses in each MITL level during the formation
of magnetic insulation are shown in Fig. 8. Each curve
represents the sum of current loss for all TL elements in that
level. It indicates in Fig. 8 that current losses in the B and D
levels are higher than in the A and C levels, and last much
longer in time. This is mainly because for the B and D
levels, higher critical currents are needed for magnetic
insulation. As we know, the magnetic insulation critical
current is higher with higher voltage and is inversely

proportional to vacuum impedance. As shown in Fig. 9,
the voltage of level A is always lower than the others before
2000 ns. This makes level A go into magnetic insulation
easier with lower current. The impedance of level A is
lower too (Fig. 10), but here voltage becomes dominative
with critical current. So less current loss exists in level A.
This is the same case for levels C and D.
As indicated in Fig. 10, levels C and D have nearly

identical impedance profiles along the transmission direc-
tion, although D has larger angles with respect to the
horizon, and has a longer electrical length. But because of
higher voltage, MITL elements in level D go into magnetic
insulation later than those in level C. Therefore, more
current is lost.

FIG. 7. Load current comparison of PTS shot 0057 and FAST
calculations. The black solid line represents current recorded in
the experiment, the red dashed line and the green dash dotted line
represent calculated results with and without the loss mechanism.
The consistency between the recorded result and the calculated
result with loss mechanism suggests that the magnetic insulation
criterion in the calculation is reasonable. The difference between
the two calculated curves indicates that the current loss before
magnetic insulation establishment occurs.

FIG. 8. Current loss in four MITL levels as a function of time.
Current loss in the B (red dash) and D (dash dotted dark cyan)
levels are higher than in the A (black solid) and C (blue dotted)
levels, and last much longer in time. The difference in level
voltage is the main reason for this, although impedance is another
factor that takes current to a critical value.

FIG. 9. Voltages of levels A to D between 1970 to 2000 ns.
Voltage in level A (the black solid) is evidently lower than that in
the others, and this leads to less loss. Voltage in level D (the dash
dotted dark cyan) is slightly higher than that in level C (blue
dotted) for most of the time since MITL elements in level D go
into magnetic insulation later than those in level C. More current
is lost in level D.

FIG. 10. Impedance profiles for level A to D in the transmission
direction. The x axis is the sequence number of MITL elements.
All four levels have a section with uniform impedance. Levels A
(the black solid) and C (the red dash) have lower impedance in
general. Level C (blue dotted) and level D (dash dotted dark cyan)
have longer electric lengths.
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V. CONCLUSIONS AND DISCUSSIONS

To conclude, a full circuit model for electromagnetic
pulse transmission for the pulsed power driver PTS was
introduced, in which all inductances and capacitances were
transformed into TL elements, and the pulse transmission
from the Marx generator to the load can be calculated with
a TL algorithm. Time dependent characteristics were
introduced into the corresponding code FAST. In particular,
current loss and magnetic insulation in vacuum were taken
into account. The code was tested with inputs from PTS
shot 0057. Load currents from experiment and calculation
show satisfactory agreement although presently crude
models or parameters are used for some components.
With the code run before the experiment, accelerator
performance, working parameters for every component,
power flow in MITL, energy loss in the pulse forming and
transmission lines can be predicted with higher accuracy
than before.
Although functional operation has been demonstrated,

the circuit model and code need to be refined in the future.
First, the resistancemodels for the laser switch, water switch
and prepulse switches are identical and rough at present. The
resistance changes from the opened value to the closed value
within a specific transition time while, according to 3D
electromagnetic computations by Rose et al. [17], those
switches have more complex time-varying resistance his-
tories. Second, the pinch resistancewe used here is the same
as in Ref. [11], although different array parameters were
used in shot 0057. Frankly speaking, this is not reasonable.
Calculating with a different pinch resistance, a different
maximum load current would be obtained. Therefore, for
quantitative prediction, a more dedicated pinch resistance
model is preferred. Third, current loss in the inner MITL is
ignored so far, so the load current equals the inner MITL
current. In the future, a shunting mechanism should be
incorporated to account for loss in the inner MITL. In
experiments, the load current was measured with B-dots at

the inner side of the anode post. This actually gives the total
current flowing into the inner MITL. This is why only a
slight difference exists between experimental and calculated
current for shot 0057 at present.
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APPENDIX: DISCRETIZATION OF THE PTS
TRANSMISSION NETWORK INTO
TRANSMISSION LINE ELEMENTS

To solve the telegrapher equation in a transmission line
code, the whole transmission network is discretized into a
series of short components which are then represented by
short transmission line elements. The impedance Z of the
transmission line is related to the lumped inductance L or
the lumped capacitance C of the component, by

Z ¼ L
τ

ðA1Þ

or

Z ¼ τ

C
; ðA2Þ

where τ is the one-way transit time of the component. The
determination of τ for each element mainly depends on the
uniformity of the structure. For all lumped capacitance and
inductance, τ is 0.1 ns. For the components which change
fast in structure, for example the water convolute, a smaller
τ and more transmission line elements are desired.

FIG. 11. Detail of the circuit before the water convolute. Module 2i − 1 and 2i are in the same angular position, sharing the same oil
tank and water convolute. Before the water convolute, they have identical circuit parameters, which are shown in the figure. For all
lumped capacitance and inductance, the transit length is 0.1 ns, and the impedance is determined by Eqs. (A1) and (A2). The resistance
for each component is fitted from experiments.
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The representation of components by short line elements in
effect denotes that the differential equations are approxi-
mated with finite difference equations and the operations of
integration and differentiation are replaced by simple
arithmetic operations.
In Fig. 3, for each module among the 24 ones, the Marx

generator, the IS and the PFL each represents two, eight,
and eight transmission line elements, respectively, and the
TL1 represents one and TL2 represents two transmission
line elements. All the above elements are in series. The
detail of this part is shown by Fig. 11. Except for the IS and

PFL, all other line parameters are illustrated in the bracket
nearby. The resistance in each component is also indicated.
The parameters for IS and PFL are shown by Tables II and
III, respectively. The right side of Fig. 11 is connected to
the left side of line 1 in Fig. 12, which represents the water
convolute shared by two modules in the same angular
position (2i − 1 and 2i). The water convolute, which is
divided into 25 line elements, gradually changes from
one vertical triplate to two horizontal triplate lines. One
of the horizontal triplate lines (20 to 22) connects to level

FIG. 12. Subcircuit of the water convolute in Fig. 3. The power from two adjacent modules merges after TL2 and is then transmitted
downstream by a vertical triplate line (line 1 to 3). In the middle, the four levels represent the gradual transition from vertical to
horizontal. When the transition is completed, two paralleled horizontal triplate lines connect to the insulation stack. Line 22 connects to
levels A and B, and line 25 connects to levels C and D, of the insulation stack.

TABLE II. Transit time in nanosecond and impedance in ohm
for the transmission line elements in IS.

Element Transit time (ns) Impedance (Ω)

1 0.8 62.0
2 0.5 100.0
3 11 6.5
4 21 5.1
5 21 5.1
6 10 6.5
7 0.5 63.0
8 2.4 33.0

TABLE III. Transit time in nanosecond and impedance in ohm
for the transmission line elements in PFL.

Element Transit time(ns) Impedance (Ω)

1 1.3 31.9
2 0.5 47.0
3 6.4 5.0
4 10 4.0
5 9 4.0
6 6 4.4
7 0.5 37.0
8 5.7 63.0

TABLE IV. Transit time in nanosecond and impedance in ohm
for the transmission line elements in the water convolute.

Element Transit time (ns) Impedance (Ω)

1 11 1.9
2 1.8 2.1
3 1.8 2.4
4 1.8 11.1
5 1.8 13.8
6 1.8 15.5
7 1.8 15.3
8 1.8 10.0
9 1.8 13.9
10 1.8 15.6
11 1.8 15.4
12 1.8 10.0
13 1.8 13.8
14 1.8 15.5
15 1.8 15.3
16 1.8 11.1
17 1.8 13.9
18 1.8 15.6
19 1.8 15.4
20 1.8 7.5
21 1.8 7.6
22 1.8 6.7
23 1.8 7.5
24 1.8 7.6
25 1.8 6.7
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A and B, and the other (line 23 to 25) connects to level C
and D of the insulation stack. The parameters correspond-
ing to Fig. 12 are shown by Table IV. Parameters for TL
elements in the insulation stack are specified in Table V
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