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Abstract

The temporal and spatial X-ray emission from PPG-X, an X-pinch driven by pulsed power generator, was studied by using
diamond photo-conducting detectors and pinhole cameras. It was found that the X-ray pulse usually consists of two
sub-nanosecond peaks with a time interval of about 0.5 ns, these two X-ray peaks are consistent with two point
sources of X-ray recorded with pinhole camera. The total X-ray energy changes from shot to shot and is averaged to be
0.35 J for hn . 1.5 keV. The size of the X-ray point source is in the range from 100 mm to 5 mm, decreasing rapidly
with the increase of the photon energy. The X-pinch was used as X-ray source for backlighting the electrical explosion
of single wire and for phase-contrast imaging of a mosquito.
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1. INTRODUCTION

Pulsed power generators, Z-pinches and X-pinches are very
effective tools to generate large amounts of X-rays for
various applications (Liu et al., 2006; Liu et al., 2007a;
Liu et al., 2007b; Orlov et al., 2007; Spielman & De
Groot, 2001; Winterberg, 2006). An X-pinch is produced
with a high and pulse current flowing through two or more
fine wires that cross and touch at a single point, forming an
“X” shape. Due to the action of the magnetic field produced
by the current, the plasma is imploded and one or more bright
spots that emit intense X-ray bursts are formed at the position
very near the crossing point of the wires. X-pinch plasma
could be used as an intensive and sub-nanoseconds X-ray
point source and may find many potential applications in
biology, clinical science, high-energy density physics, and
sub-micron lithography (Cosslett et al., 1960; Kantsyrev
et al., 2004; Plidden et al., 1994). In this article, we
present the results of temporal and spatial measurements of
X-ray emission from PPG-X (Liu et al., 2008), an X-pinch
driven by a pulsed power generator PPG-1 (Zou et al.,
2006), and we show that PPG-X is a good X-ray source for
backlighting the electrical explosion of single wire, and for
phase-contrast imaging of weakly X-ray absorbing objects
such as a mosquito.

2. EXPERIMENTAL SETUP

The X-pinch we used was powered by PPG-1, a pulsed
power generator that consists of a 1.2 MV Marx generator,
a 1.25 V pulse forming line, a pressurized SF6V/N switch,
a 1.25 V pulse transmission line. PPG-1 was designed to
be capable of delivering to a matched load a pulse current
of 400 kA in amplitude and 100 ns in pulse width
(FWHM). For driving a two-wire X-pinch load, PPG-1 was
usually operated with an output current of 200 kA. In our
experiment, two 25-mm or 50-mm Mo wires were used as
X-pinch load that connects with the anode and the cathode.
The distance between the anode and the cathode is 16 mm.

The time-resolved X-ray emission was measured with
three X-ray photo-conducting detectors (PCDs) each using
a diamond (3 mm � 1 mm � 1 mm) as an X-ray sensor.
The PCDs from Alameda Applied Science Corporation
(AASC) were calibrated to have a sensitivity of 5 � 104

A/W at a biasing voltage of 100 V. Different filters were
used for different PCDs and thus the X-rays with different
minimum photon energies were measured. PCD1 was
covered by a 50-mm thick Be filter for measuring X-rays
with hv . 1.5 keV, PCD2 by a 12.5-mm thick Ti filter for
X-rays with hv . 2.5 keV, and PCD3 by a 20-mm Al filter
for X-rays with hv . 4 keV. Being housed in vacuum
tubes, all PCDs were installed at a distance of 820 mm
from the X-ray source, the crossing point of the wires. The
positions of all PCDs are at a plane perpendicular to the
axis of X-pinch electrodes and passes through the crossing
point of the wires. If we define a cylinder coordinate
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system (Z, r, w), whose origin is the crossing point of the
wires and whose Z axis is the axis of the electrodes, the coor-
dinates for PCDs are PCD1 (Z ¼ 0, r ¼ 820 mm, w ¼ 08),
PCD2 (Z ¼ 0, r ¼ 820 mm, w ¼ 908) and PCD3 (Z ¼ 0,
r ¼ 820 mm, w ¼ 2258), as shown in Figure 1. The pattern
of the X-ray source was recorded on X-ray sensitive film
(KODAK: BioMax-MS) by using an 8-mm aperture
pinhole camera. The distances from the source to the
pinhole and from the pinhole to the film are 80 mm and
440 mm, respectively, which correspond to a geometric mag-
nification of 5.5.

3. RESULTS AND DISCUSSIONS

3.1. Temporal Behavior of the X-ray Emission

Figure 2 is the typical signal of X-ray from an X-pinch using two
25-mm Mo wires as the load. As a time reference, the waveform
of the load current is also recorded. From Figure 2a, we could
see that the narrow X-ray pulse appears far ahead of the load
current maximum that is about 200 kA, indicating that the
load mass of two 25-mm Mo wires is too small for a 200 kA
current. If the waveform of the narrow X-ray pulse is expanded
with time, as shown in Figure 2b, we see a single pulse with a
pulse width of 1.2 ns (FWHM) that is much larger than what
we expected. The reason for this larger pulse width of X-ray
lies in the digital oscilloscope, Tektronix TDS5034B, with
which the waveforms in Figure 2 were recorded. The bandwidth
and the sampling rate for TDS5034B are 350 MHz and
2.5 GS/s, respectively, which mean 1 ns has only 2.5 sampling
points. Obviously, TDS5034B is not fast enough to record a
sub-nanosecond pulse.

When TDS5034B is replaced by a much faster oscilloscope,
Lecroy SDA6020, with a bandwidth of 6 GHz, and a sampling
rate of 20 GS/s, the recorded X-ray pulses are totally different,

as shown in Figure 3. The X-ray pulse usually consists of two
sub-nanosecond peaks, so close to each other in time that they
could only be separated by a very fast oscilloscope such as
SDA6020. It was found that the amplitude of the X-ray
signal decreases rapidly as the photon energy of the measured
X-rays increases, i.e., 8 V for hv . 1.5 keV, 1.2 V for hv .

2.5 keV, and 0.7 V for hv . 4 keV.
In order to study whether the X-ray emission from the

X-pinch is isotropic, we used the same filter, 50-mm thick
Be, in front of 3 PCDs. From Figure 4 we could see that
the X-ray pulses recorded by these 3 PCDs are more or
less the same for a same shot of X-pinch discharge. We con-
cluded that the X-ray emission is isotropic in the plane in
which PCDs are installed.

The X-ray energy deposited on one PCD could be calcu-
lated using the following equation:

WPCD ¼
1

R � S

ð1

0
VPCD(t) � dt; (1)

where S is the sensitivity of the PCD; VPCD(t) is the output
voltage of PCD; R is the PCD voltage sampling resistor
through which the PCD current flows.

Fig. 1. (Color online) Three PCDs are housed in three long vacuum tubes.

Fig. 2. (Color online) The typical result obtained from the experiments
using two 25-mm Mo wires as X-pinch load: (a) The waveforms of the
X-ray pulse and the load current, (b) the time expansion of the X-ray pulse.
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Based on an assumption that the X-ray emission is isotro-
pic, the total X-ray energy emitted from the X-pinch could be
calculated. It was found that the total X-ray energy changes

from shot to shot and is averaged to be 0.35 J for hv .

1.5 keV. Since the mass of two 25-mm Mo wires seems too
small for 200 kA load current, a heavier load consisting of
two 50-mm Mo wires was tested and Figure 5 shows the
results. In contrast to that shown in Figure 2a, the X-ray
pulse in Figure 5a appears near the time when load current
is maximal. There is only one single X-ray pulse with a
pulse width of 0.5 ns in Figure 5b. The total X-ray energy
calculated with the waveform of X-ray pulse of Figure 5b
is 0.42 J.

3.2. Patterns of the X-ray Sources

Figure 6 are the typical X-ray pinhole pictures taken at same
shot of X-pinch discharge using two 25-mm Mo wires as
load. It was found from the pictures that there are usually
two point sources of X-ray emission, which is consistent
with the X-ray pulse with two peaks. These two point
sources, with a distance of about 200 mm, are located near
the crossing point of the two wires and along the axis of
X-pinch load. It should be indicated that the effect of the
pinhole size, 8-mm in diameter, must be taken into account
when the source size is calculated basing on the pinhole pic-
tures. The source size changes from about 100 mm to 8 mm
dependent on the photon energy of the recorded X-rays.

Fig. 3. (Color online) X-ray emissions in different ranges of photon energy
(a) hv . 1.5 keV; (b) hv . 2.5 keV; (c) hv . 4 keV.

Fig. 4. (Color online) X-ray pulses recorded with three PCDs of the
same filters.
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In the case of using two 50-mm Mo wires as an X-pinch
load, the typical pinhole picture is shown in Figure 7 in
which two X-ray point sources, with sizes of 12 mm and
5 mm, are nearly overlapping.

3.3. X-ray Backlighting of the Electrical Explosion of
Single Wire

In recent years, remarkable progress has been achieved in the
X-ray generation of fast Z pinches (Deeney et al., 1998),
these X-ray generators are of great interest for inertial con-
finement fusion (ICF) and other high-energy density
physics applications (Matzen, 1997). The key factor in this
progress has been the use of cylindrical arrays with a large
number (�400) of fine metallic wires as a Z-pinch load.
Wire arrays provide a high degree of initial symmetry for
the load and current distribution, which was thought to be
able to lower the seed level for the development of
Rayleigh–Taylor instabilities. However, the transition from
metallic wires to plasma at the start of the current pulse

and the mechanism responsible for inhomogeneity in mass
distribution during the initial phase of the implosion need
to be investigated. The transition from metallic wires to
plasma and the mass distribution could be viewed by X-ray
backlighting. X-pinch has proved to be a good X-ray
source for backlighting (Lebedev et al., 2001).

It was well known that the discharge of a wire array
Z-pinch starts with an electrical explosion of each wire. As
the first step of the investigation, we used X-pinch as X-ray

Fig. 5. (Color online) The typical result obtained from the experiments
using two 50-mm Mo wires as X-pinch load: (a) The waveforms of the
X-ray pulse and the load current, (b) the time expansion of the X-ray pulse.

Fig. 6. (Color online) The pattern of the x-ray sources for two 25-mm Mo
wires as a load, (a) hv . 1.5 keV; (b) hv . 4 keV.

Fig. 7. (Color online) The pattern of the X-ray sources for hv . 4 keV in
case of two 50-mm Mo wires as a load.
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source to backlight the electrical explosion of a single wire.
For the backlighting experiment, a new load of discharge
was designed. The new load consists of one 200-mm Cu
wire in parallel as a shunt with a two 25-mm Mo wires of
X-pinch. As is shown in Figure 8, the electrical explosion
of the Cu wire could be back-lighted by the X-ray emitted
from the X-pinch.

With using this new load, the X-ray pulse of single sub-
nanosecond peak appears at the time of current maximum,
as was shown in Figure 9a. Two partly overlapping X-ray
sources with a size of 5 mm to 10 mm for hv . 4 keV were
usually observed, as shown in Figure 9b. Because the
results obtained from using the new load are more stable,
we use this load not only for the experiments in this
subsection but also for the experiments in the next subsection.

Figure 10 is the picture from X-ray backlighting of the
electrical explosion of 200-mm Cu wire. It could be seen
that the high density wire core as well as the surrounding
metallic plasma has expanded to a diameter much larger
than 200 mm, the wire diameter before explosion.

3.4. X-ray Phase-Contrast Imaging of Mosquito

Phase-contrast radiography is different from the convention-
al radiography. While the conventional radiography relies on
X-ray absorption as the sole source of contrast and ignores
another and potentially more useful source of contrast, i.e.,
phase information, phase-contrast radiography records
phase variations of X-rays passing through an object and
offers improved contrast sensitivity, especially when
imaging weakly absorbing samples (Fitzgerald, 2000).
Wilkins et al. (1996) demonstrated a simplified scheme
for phase-contrast imaging based on an X-ray source
having high spatial coherence expressed by d? ¼ ll/s,
where l is the source to observation distance, s is the
source size, l is the wavelength of X-ray. Thus, high
spatial coherence may be achieved by using a source
having a small size or by observing the beam at a large dis-
tance from the source.

X-pinch X-ray source has advantages of high brightness
and extremely small size, and it should be very suitable for
X-ray phase-contrast imaging. Figure 11 shows the X-ray
radiography of a mosquito using PPG-X as X-ray source.
The picture was taken with a source-object distance of
220 mm and an object-image distance of 600 mm. Not
only the small legs and fine feelers of the mosquito but
also the structure and details inside the mosquito body
could be clearly seen. This technique should find clinical
and biological applications.

4. CONCLUSIONS

The temporal and spatial X-ray emission from PPG-X, an
X-pinch, was studied by using three diamond photo-
conducting detectors and pinhole cameras. It was found

Fig. 8. Experimental arrangement using X-pinch as an X-ray source for
backlighting of the electrical explosion of a single wire.

Fig. 9. (Color online) The typical result from the experiments using the load
shown in Figure 8. (a) The waveforms of the X-ray pulse and the load
current, (b) the pattern of the X-ray sources.
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that the X-ray pulse usually consists of two sub-nanosecond
peaks with a time interval of about 0.5 ns, these two X-ray
peaks are consistent with two point sources of X-ray recorded
with pinhole camera. The total X-ray energy changes from
shot to shot and is averaged to be 0.35 J for hv . 1.5 keV.
The size of the X-ray point source is in the range from
100 mm to 5 mm, decreasing rapidly with the increase of
the photon energy. The X-pinch was used as X-ray source
for backlighting the electrical explosion of single wire and
for phase-contrast imaging of a mosquito.
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Fig. 10. Backlighting image of the electrical explosion of a 200-Cu wire.

Fig. 11. Phase-contrast image of a mosquito using an X-pinch as X-ray
source.
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