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Abstract

A ~500 kV/400 kA /100 ns pulsed power generator (PPG-I) for x-pinch experiments was designed and constructed at
Tsinghua University. It is composed of a Marx generator, a combined pulse forming line (PFL), a gas-filled V/N field
distortion switch, a transfer line, and a copper-sulphate resistive load for testing. The PPG-I implements a novel design
in lines that four pieces of waterline with impedance 5Q in parallel constitute a combined PFL with 1.25Q, and
incorporate each other by a common self-break V/N switch on a matched 1.25Q transfer line. At the peak charging
voltage of the PFL, the V/N switch breaks down in multi-channel discharge mode, and electric energy is fed into the
testing load through the 1.25Q transfer line. This article presents the design and test of the PPG-I generator.
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1. INTRODUCTION

Between the output electrodes of a pulsed power generator,
two or more wires crossing and touching at a single point
constitute an “x” shape load. The cross position explodes
first and then pinches axially to form the so-called x-pinch
plasma, by the magnetic pressure as pulsed power generator
delivers a suitable current to the “x” wires (Kalantar &
Hammer, 1995; Shelkovenko er al., 1999). The x-pinch
radiating intense X-ray pulse is an effective point source for
X-ray backlighting in radiographing high-density z-pinch
plasma.

Pulsed power devices play an important role in the pro-
duction of high power particle beams and as intense sources
of radiation for a variety of applications (Yatsui et al., 2005;
Korobkin et al., 2005; Wang et al., 2005). In the last several
years, inspired by the success of X-ray generation experi-
ments on z-accelerator (Spielman et al., 1998; Deeney et al.,
1998), wire array z-pinch plasma is being intensively stud-
ied. X-ray backlighting experiments are commonly used
tools to diagnose dense plasma (Pikuz et al., 2004; Labate
et al., 2004; Hartemann et al., 2004), and pulsed power
machines have proved to be a reliable source of intense and
hard X-ray radiation. To better understand the physics of
z-pinches and to validate simulation models, experiments of
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X-ray backlighting to study exploding wires and wire
array implosions were and are also being performed on
BIN generator (~250 kA, 100 ns) at Lebedev Institute
(Shelkovenko et al., 1999), XP pulsar (~480 kA, 100 ns) at
Cornell University (Kalantar, 1993) and MAGPIE genera-
tor (~1.4 MA, 240 ns) at Imperial College (Mitchell et al.,
1996).

Aimed at X-ray backlighting for exploding wires and
wire array implosions, recently, a ~500 kV/400 kA /100 ns
pulsed power generator (PPG-I) was designed and con-
structed at Tsinghua University. The PPG-1is composed of a
Marx generator, a combined pulse forming line (PFL), a
gas-filled V/N field distortion switch, a transfer line, and a
copper-sulphate resistive load for testing. As a water-filled
coaxial line with an impedance of ~5Q has a highly insu-
lating efficiency, the PPG-I performed a novel design in
lines that four pieces of waterline with impedance 5Q in
parallel constitute a combined PFL with 1.25€), and incor-
porate each other by a common self-break V/N switch on a
matched 1.25€Q transfer line. The novel lines design is
unlike the MAGPIE generator lines design that four 5Q
PFLs each connects to its own triggered switch, and then
incorporate each other by a single 1.25Q transfer line, and
also unlike the lines design of other traditional generators
that a ~5Q PFL connects to a switch on a taper line with a
variable impedance. Being without triggered switches in
parallel or taper line, the PPG-I will work more reliably or
has a higher energy transmitting efficiency. The slower rise
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time of output pulse in the PPG-I resulting from the lower
driving impedance could be quickened by regulating the
working state of V/N multi-channel switch.

This article presents the design and test of the PPG-I, and
it is organized as follows: Section 2 generally describes the
PPG-I and discusses the components design. Section 3
presents the calibration of voltage and current probes in the
PPG-1. Waveforms derived with a copper-sulphate resistive
load instead of x-pinch load are presented in Section 4.
Section 5 concludes the design and test.

2. COMPONENTS DESIGN

2.1 General description of the PPG-1

As mentioned earlier, the PPG-I consists of a Marx genera-
tor, a combined pulse forming line (PFL), a gas-filled V/N
field distortion switch, a transfer line, and a copper-sulphate
resistive load for testing. Figure 1 represents a photograph
of the PPG-I.

Typically, driving a single x-pinch load needs 100-250
kA peak current with 100-200 ns full width at half maxi-
mum (FWHM) (Kalantar & Hammer, 1995). The output
parameters of PPG-I are designed to be ~500 kV, 400 kA,
and 100 ns. It is appropriate for driving a source x-pinch in
parallel with objective exploding wires for direct X-ray
backlighting, or for driving two parallel source x-pinches to
radiograph exploding wires or wire array implosions driven
by another separate pulsar in two-frame mode. In addition to
X-ray backlighting, The PPG-I is also intended to drive a
puff-gas load (Zou et al., 2005, 2002), such as neon cylin-
drical load with a linear density of ~10 ug/cm. An appli-
cable soft X-ray source will also be pursued on the PPG-1.

The normal output voltage Vy; of Marx generator in the
PPG-Iis 1.2 MV. When Triggering pulse arrives, the Marx
generator discharges in series, and charges the combined

Xiaobing Zou et al.

PFL synchronously. As the PFL reaches to its peak voltage
Ve of about 1.09 MV (the voltage transfer efficiency between
Marx and PFL is simulated to be about 91%), the auxiliary
gap of V/N switch breaks down. Being distorted greatly
with the electrical field between the main electrodes, the
V/N switch swiftly breaks down in multi-channel mode,
and then about Vi/2 pulses voltage is delivered to the
matched transfer line. Decayed by transfer line, the pulse
voltage ultimately fed to the load is about 500 kV. In the
PPG-I, the combined PFL and transfer line both have 1.25Q
characteristic impedance and 167cm length, which are fixed
on by the output parameters of 400 kA peak current, 500 kV
peak voltage and 100 ns duration time.

2.2. Marx generator

The PPG-I adopted Marx generator as its first-stage energy
storage unit. For a total energy transfer, the series storage
capacitance Cy; of Marx generator should match Cg of PFL.
Cr is given by

;
Cr=—. 1
"= (1)

where Zr and 7 are the characteristic impedance and pulse
width of the combined PFL, respectively. Substituting 1.25
Q for Zg and 100 ns for 7 to Eq. (1), it yields: Cr = 40nF;
therefore, sixteen pieces of 0.66 uF/100 kV capacitor with
the total series capacitance Cy; of 41 nF were chosen for
storage elements of the Marx generator. Marx circuit is
presented in Figure 2.

Bipolar charge configuration was adopted, which could
improve the charging efficiency and working reliability of
the Marx generator. Two capacitors connected with a gas-
filled spark gap constitute a charge and discharge module;
there are such eight modules in the Marx generator. A

Fig. 1. View of the PPG-IL.
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triggering pulse of —160 kV with the rise time of 20 ns fires
the first two spark gaps, and the rest spark gaps will be fired
by resistance-coupling mode. All the capacitors are charged
to +75 kV or —75 kV in parallel, thus the normal output
voltage of the Marx generator is negatively 1.2 MV after
being erected.

The Marx circuit was located on a PVC supporting shelf
and immerged in a metallic tank filled with transformer oil.
The results of three-dimensional electric field calculation (Liu
et al.,2004) shows that the highest electric field E.,,, always
appears at the sharp corner of the metallic shell of the last
stage capacitor when the Marx generator discharges. In order
to reduce partial field strength in the tank, metallic shields
are mounted on all the capacitors to round the sharp corner.

Table 1 shows the parameters of the Marx generator. The
erected inductance and series resistance are derived by the
routine short-circuit experiment and charging experiment at
40kV charging voltage.

2.3. Pulse forming line-PFL and transfer line
Because of its high dielectric constant, de-ionized water

(resistivity greater than 2 X 10* Q-m) was chosen as insu-

Table 1. The parameters of the Marx generator

Capacitance (not erected) 16 X 0.66 uF
Total series capacitance 41 nF
Numbers of spark gap 8

Working charge voltage 75 kV
Working storage energy 29 kJ
Normal output voltage 1.2 MV
Series inductance 2.7 uH
Series resistance ~1.20
Charging time for a 40 nF PFL ~740 ns
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Fig. 2. Circuit of Marx generator.

lating material in coaxial transmission line. The stored energy
scales with &,, while the wave speed scales with &, /2,
which means the transmission line filled with water can be
shorter for a given pulse length. So for 100 ns given pulse
duration in PPG-I, the length of all waterlines is dictated as
167 cm. The inner and outer radii of waterlines are deter-

mined by their insulating safety factors K_ and K,

_E7 2
K,—F, (2)

E.
K, =—. 3
TR 3)

Above, E_ and E . are the surface field strengths of inner
and outer cylinder, while F_ and F, are the negative and
positive breakdown field strengths in water. E_ and E . can
be derived from the following field strength formula for
coaxial cylinder model

E= , (4)

where V is the applied voltage, R; and R, are the inner and
outer radii of waterlines. F_ and F, in MV/cm are given by
(Richard, 1991)

0.56a
F. =—: (3)

T 40.070,1/3°
A tofe

0.23

+ = .
0.058,1/3
A tcff

(6)
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Above, A is the stressed area in cm?, and t. is the effect
stressed time in us, the time that the pulse is above 63% of
peak voltage. « is the field enhancement factor given by

a =1+ 0.12[(Epax/Emean) — 1172 (7)

E . and E,.,, could be derived from Eq. (4).

Based on Egs. (2)—(7), Table 2 shows the calculated K _
and K, for different impedance waterlines with different
inner and outer radii while the inner is negatively charged to
1.09 MV within 740 ns.

Generally, the safety factor is designed to be below 0.7.
As shown in Table 2, the K_ and K, for a 5 () waterline are
both nearly to be 0.5, while for a 1.25 () waterline K, might
be below 0.7 only the outer diameter closes to 100 cm.

Insulating diaphragms used to support the inner cylinder
at the both terminals of waterline are very expensive when
the diameter exceeds 100 cm. In order to heighten the
insulating efficiency and reduce the cost of PFL, a novel
lines configuration in the PPG-I is performed as follows:
Four 5Q waterlines in parallel each with 14.6 cm inner
diameter and 30.9 cm outer diameter constitute the com-
bined 1.250Q PFL, and incorporate each other by a common
self-break V/N switch on a matched 1.25Q transfer line. The
novel design of lines, shown in Figure 3, differs from the
MAGPIE generator lines design that four 5Q PFLs each
connects to its own triggered switch, and then incorporate
each other by a single 1.25Q transfer line, and also differs
from the lines design of other traditional generators that a
~5 Q PFL directly connects to a switch on a taper line with
a variable impedance. Being without triggered switches in
parallel or taper line, the PPG-I will work more reliably or
has a higher energy transmitting efficiency. The slower rise
time of output pulse in the PPG-I resulting from the lower
driving impedance should be quickened by regulating the
working state of V/N multi-channel switch

As shown in Figure 3, at both terminals of all the 5Q
PFLs, each inner cylinder traverses an insulating diaphragm
and connects to an incorporated plate. To reduce the electric
field adjacent to the insulating diaphragm, the diameter of
the inner PFLs at the diaphragm is reduced to 10.6 cm, while
the outer PFLs increased to 33.9 cm. The special shape
keeps the mean electric field across the insulating dia-
phragms below 110 kV/cm allowed in general design guide
for fields across the insulating supports.

Table 2. K_ and K for different impedance waterlines with
different inner and outer radii

Impedance R, R,

(Q) (cm) (cm) K K-

1.25 41.5 50 0.66 0.38
5 7.3 15.45 0.49 0.49
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Fig. 3. Connections of the combined PFL, the V/N switch, and the transfer
line.

The 1.25Q transfer line, with 25.6 cm inner and 30.9 cm
outer diameters, delivers electric power from the combined
PFL to the load and is also employed to reduce the prepulse
voltage reaching the load as the PFL is charged. Stressed
about Vi/2 voltage with the duration time of 100 ns, the
positive and negative insulating safety factors of the transfer
line are respectively 0.66 and 0.38, and the line length is
chosen to be 167 cm so that the pulse reflection from load
can be delayed until after the main pulse begins to turn off.

2.4. Main switch

A pressurized gas-filled self-break V/N switch shown in
Figure 3 is employed in the PPG-I. When the power elec-
trode is charged to Vg, the auxiliary gap self-breaks down
first, and then greatly distorted and enhanced fields at the
edges of the mid-plate swiftly initiate the discharge across
the main electrodes.

Ignoring the resistive phase time, the rise time #1g¢,_gg, Of
the V/N switch is determined by

2.2L
ogo0% =~ 2.27, = 7 (8)

where 7; are the inductive phase time constant; L and Z are
the switch inductance and driving impedance, respectively.
In the PPG-I, the V/N switch drives low impedance includ-
ing the 1.25Q0 PFL and 1.25Q transfer line. In order to
achieve a fast rise time, the total inductance L of V/N switch
roughly determined by the number of breakdown channels n
must be small enough. Table 3 shows the calculation results
of t10%-90% and L vs. n. From Table 3 we know that if n is not
less than 4, t,9¢_o0% Would be faster than 40 ns.
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Table 3. The calculation results of t;9g_opq and L vs. n

n (channels) 1 4 6 8
L (nH) 108.5 51.7 45.4 423
110%-90% (nS) 72.2 40.0 35.9 33.4

3. CALIBRATIONS OF VOLTAGE
AND CURRENT PROBES

To facilitate monitoring of machine operation and fault
diagnosis, voltage and current probes were installed in the
PPG-I. Capacitive voltage dividers were located at both
terminals of all the 5Q PFLs and the output terminal of the
transfer line for measuring the charging voltage and load
voltage, respectively. At the output terminal of the transfer
line nearly adjacent to the load, a current wall monitor made
of stainless steel was also placed to monitor the load current.

All the voltage and current probes in waterlines should be
calibrated in situ. A well-connected calibration design was
shown in Figure 4, which can be used for calibrating probes
in transfer line as well as in PFLs.

To calibrate the probes in transfer line, a special taper
waterline with constant impedance of 1.25Q (or 5Q for
calibrating probes in PFLs) was designed to transit the
source pulse. As shown in Figure 4, the output pulse Vp
(~ afew kilovolts) of a source pulsar is divided to two Vp/2
equal pulses by a power divider. One Vp/2 pulse is directly
fed to oscilloscope as reference signal, and another Vp/2
pulse through an impedance convertor (500-1.25Q) and
the 1.25Q) taper waterline is fed to the object transfer line.
Comparing the reference signal with the electric signals of
voltage divider and current viewing resistor, the voltage
division ratio and accurate resistive value can be derived.

Allenualor
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4. SYSTEM PERFORMANCE

An adjustable copper-sulphate resistive load is used to scale
the output of the PPG-I. By varying the gas pressures
respectively in main gap and auxiliary gap, the V/N switch
would breaks down near the peak voltage in multi-channel
or single-channel discharge mode. Extensive tests have
been made to study the relationship between the rise-time of
the output voltage pulse and the number of spark channels
inside the V/N switch. Figure 5 shows the typical multi-
channel and single-channel photographs observed by a dig-
ital camera. The output voltage and current waveforms
corresponding to Figure 5 are shown in Figure 6. In the
experiments, the operating voltage of Marx generator keeps
being 75 kV, and the testing load is adjusted to ~1.25Q.

From the charging voltage trace of the PFL in Figure 6, it
can be seen that The V/N switch breaks down at about
700 ns related to the start of the charging voltage, and the
load voltage and current of the PPG-I are, respectively, 46
0kV and 380 kA with about 110 ns FWHM.

Results based on a series of experiments show us that the
rise-time of the output voltage pulse is closely related to the
number of the spark channels, ~70 ns for one spark channel
and ~30 ns for 67 spark channels.

S. CONCLUSION

A ~500kV/400 kA /100 ns pulsed power generator (PPG-I)
for x-pinch experiments was designed and constructed at
Tsinghua University. It is based on an oil-insulated 16-stages
Marx generator which stores 29 kJ at 75 kV operating
voltages. After being erected, the Marx produces a 1.2 MV
pulse to charge a combined 1.25Q PFL composed of four
5Q coaxial waterlines in parallel in about 700 ns. A pressur-
ized self-break V/N switch working in multi-channel dis-
charge mode connects the combined PFL to a matched
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Fig. 4. Calibration circuit for the voltage and current
probes in transfer line.
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Fig. 6. The output voltage and current waveforms on a ~1.25Q load.
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Fig. 5. Spark channels inside the V/N switch. In Figs. 5a and 5b, the cathode (high voltage electrode) is at the right side and the anode
at the left. Mid-plate (self-break plate) slightly near the anode crosses all the spark channels
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1.25Q transfer line. Capacitive voltage dividers and current
wall monitor were located on different points of the lines to
measure the voltage and current pulses. Extensive tests have
been made to scale the output of the PPG-I when operating
with an adjustable copper-sulphate resistive load. From the
calibrated monitors the load voltage and current of the
PPG-I are respectively 460 kV and 380 kA with about 110 ns
FWHM.
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