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ABSTRACT

We describe the first use of synchrotron radiation to probe pulsed power driven high energy density physics experiments. Multi-
frame x-ray radiography with interframe spacing of 704 ns and temporal resolution of <100 ps was used to diagnose the electrical
explosion of different wire configurations in water including single copper and tungsten wires, parallel copper wire pairs, and
copper x-pinches. Such experiments are of great interest to a variety of areas including equation of state studies and high pres-
sure materials research, but the optical diagnostics that are usually employed in these experiments are unable to probe the areas
behind the shock wave generated in the water, as well as the internal structure of the exploding material. The x-ray radiography
presented here, performed at beamline ID19 at European Synchrotron Radiation Facility (ESRF), was able to image both sides of
the shock to a resolution of up to 8 um, and phase contrast imaging allowed fine details of the wire structure during the current
driven explosion and the shock waves to be clearly observed. These results demonstrate the feasibility of pulsed power oper-
ated in conjunction with synchrotron facilities, as well as an effective technique in the study of shock waves and wire explosion

dynamics.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5055949

. INTRODUCTION

Pulsed power is often used to drive high energy den-
sity physics (HEDP) experiments, exploring topics including
laboratory astrophysics,’-? high pressure materials,® and iner-
tial confinement fusion experiments.*> Perhaps the simplest
experiment of this kind involves the explosion of a single
thin metal wire either in a vacuum or in a medium such as
water.® Such experiments are often used to perform equation
of state studies, and more recently, the shock waves gener-
ated in water by exploding wires have become of interest for
efficiently producing high pressure conditions at the meeting
point of multiple shocks waves generated by arrays of wires
in a cylindrical or spherical geometry.”¢ Wire explosions in
water, rather than gas or vacuum, are often preferred as high
breakdown voltage prevents the formation of plasma on the

wire’s surface, and as the low compressibility of water slows
the expansion of the wire and ensures high energy density
deposition in the wire material.

Most previous experiments with wires in water have used
optical probing techniques in conjunction with electrical diag-
nostics to measure energy input to the wires. However, these
diagnostics have been unable to probe behind the shocks,®
probably due to unwanted and incalculable refraction of the
light by turbulence in this region. As a result, these diagnostics
can locate the position of the shock wave by the point where
the transmission drops significantly, but cannot probe behind
the shock wave to measure density, or observe the structure
of the wire material that remains to investigate the dynamics
of the explosion. The greater transmission of x-rays through
these materials could solve this problem, but the past attempts
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at x-ray radiography of underwater exploding wires employed
a relatively large-scale vacuum x-ray diode source, which
produced relatively noisy and low-resolution images that
could not resolve the shock waves or the exploding wire inter-
nal structure.’® Proton radiography has also been attempted
to image underwater wire explosions; however, these experi-
ments suffered from a significant shot-to-shot variation in the
beam and poor spatial resolution.’’

In contrast to these cases, synchrotron sources can pro-
vide multiple high intensity pulses of near-parallel x-ray flux
that are closely spaced in time, allowing imagery of mul-
tiple frames per experiment to be taken to fully track the
time evolution of a system. Additionally, when the source
has a sufficiently high degree of partial spatial coherence,
as can be the case on synchrotron systems with sufficient
propagation length between the x-ray source and the tar-
get to be imaged, propagation based Phase Contrast Imag-
ing (PCI) can be achieved.'?'* In this regime, interference
of diffracted x-rays causes an increase in contrast on the
boundaries with sharp changes in refractive index, resulting
in the enhancement in appearance of shock boundaries or the
boundaries between different materials. Recently, shock wave
propagation in water has been imaged using similar tech-
niques at European Synchrotron Radiation Facility (ESRF) in
experiments in which the shocks were laser induced.’*

In this paper, we present the details of the wire explo-
sion experiments we conducted using pulsed power coupled
to a synchrotron—in this case, ID19 at ESRF. This was used
to diagnose single wire, two wire, and x-pinch wire explo-
sions. Although only radiography measurements of shocks are
presented here, the experiments demonstrate the potential
for the use of pulsed power apparatus in conjunction with
synchrotron facilities, which could be used concurrently to
support any x-ray based diagnostic techniques, including
diffraction and absorption spectrum techniques,'> and is not
limited to shock experiments.

1. ID19 BEAMLINE AND X-RAY IMAGING

In order to image the wire material and shocks produced
in the water by the wire explosions, a uniform x-ray beam of
diameter ~10 mm was required, with the additional condition
of high partial spatial coherence for PCI. The experiments also
required a sufficiently intense beam with suitably high energy
photons to transmit through the ~20 mm of water in which the
wire explosions were conducted, and a pulse length that pro-
vided enough photons for each frame without being so long as
to compromise temporal resolution.

The experiments described were conducted at the ID19
beamline at ESRF. This beamline is typically used for 3D imag-
ing such as microtomography, but the small source size and
large undulator source-to-target distance (~150 m) allows for
a beam with a high degree of partial spatial coherence such
that phase contrast imagery is possible.’®

The synchrotron operates a number of ring filling modes.
The commonly used modes, along with the corresponding
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numbers of photons per pulse generated at ID19, have been
summarised by Olbinado et al.'" The modes that gener-
ate more frequent x-ray pulses utilise a fewer electrons per
bunch in the ring and thus produce lower intensity x-ray
pulses, resulting in a compromise between x-ray pulse fre-
quency and intensity. In these experiments, 4-bunch mode
was utilised, with x-ray pulses occurring with a time interval
between bunches of 704 ns. This was an adequate match to the
timescales of our experiments, which were similar to previous
wire explosion experiments using generators with rise times
of approximately a microsecond.'” The duration of each pulse,
and thus the effective exposure of each radiograph image, is
given by the bunch duration, which is 55 ps in 4-bunch mode.
We have since performed additional experiments in the 16-
bunch mode, with images captured every third pulse (due to
the limits in camera speed) resulting in an interframe time of
528 ns.

ID19’s two U32 undulators were operated at minimum gap
of 11.1 mm and 11.5 mm in order to maximise the spectral flux,
giving an x-ray energy spectrum of ~20 keV-~50 keV, with
mean energy of ~30 keV. Complete predictions of the spectral
flux with these undulator settings were performed by Escau-
riza et al.’® To minimise heating of the target, particularly the
water, and the scintillator, a 1.4 mm diamond filter and a 0.7
mm aluminium filter were positioned in the beam path. The
total duration of exposure of the system to the x-ray pulses
was limited using a fast shutter to 0.2 s.

ID19 had 2 separate “hutches” on the x-ray beam path
in which experiments can be conducted. The experiments
discussed here were conducted in the hutch closer to the
source, through which the x-rays travel before reaching
the rear hutch, in which our camera and scintillator were
located. This allowed a larger experiment-to-camera distance,
enhancing the appearance of boundaries using PCI, and this
hutch had a convenient space where the experiment could be
mounted.

We used an indirect imaging setup, optimised for MHz
frame rate imaging, as reported by Olbinado et al.'* The opti-
cal camera used was a Hyper Vision HPV-X2 (Shimadzu Corp.,
Japan), which has a 30 um x 21.3 um CMOS sensor, capable
of imaging 400 x 250 pixel images at up to 5 x 10° fps, stor-
ing 128 images in one recording sequence. As the rate of x-ray
pulses were at lower frequency than this, the frame rate of
the system was limited by the frequency of the x-ray pulses
from the synchrotron. The camera exposure time was 400 ns.
The bit depth of the camera is 10-bits, with dark noise of
approximately 7 counts. The radiographs were converted to
a detectable frequency using a commercially available 250 um
thick LYSO:Ce scintillator crystal, chosen for its short decay
time (=40 ns), negligible afterglow, and reasonable emission
overlap with the HPV-X2 camera spectral response.'* A 45°
mirror was used to prevent direct exposure of the cam-
era to x-rays. The use of this indirect x-ray detection sys-
tem allowed alterations of magnifications using only conven-
tional optics; in these experiments, measurements were taken
with two lens systems. A 1x low-magnification setup with a
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resolution of 32 um per pixel corresponding to a field-of-view
of 12.8 mm x 8 mm was used to observe shock waves over
long distances and large scale instabilities/interactions of
neighbouring wires. A 4x high-magnification setup with a res-
olution of 8 um per pixel corresponding to a field-of-view of
3.2 mm x 2 mm showed the details of the launch of shock
waves and the finer scale instabilities that were discovered
in the wires as they exploded. Both of these systems had a
numerical aperture of 0.2.

The interference fringes for PCI occur in the Fresnel
diffraction regime. The spacing of adjacent maxima gener-
ated in this regime by a step-like target like a discrete edge,
given by 1.7VaD where A is the photon wavelength and D is
the target-to-detector distance, gives a reasonable estimate
of the required distance to achieve PCL'? Thus, a sample-
to-detector distance of 10 m was used for the 1x low mag-
nification configuration, compared with a distance of 5 m
for the 4x configuration. Using the wavelength of the mean
x-ray frequency (4.1 x 10! m), this distance between max-
ima is 34 um for the low-magnification setup and 24 um for
the high-magnification setup, with the corresponding cam-
era resolutions for the two configurations able to resolve the
resultant fringes. The mean x-ray frequency is used here to
give an approximate spatial scale for the resulting diffrac-
tion pattern. However, in these experiments, the broadband
characteristic of the x-ray beam results in the superposi-
tion of many single-frequency PCI patterns. Despite this,
the peak of x-ray deviation occurs at the refractive index
boundary independent of wavelength, and thus, the initial
redistribution fringe provides contrast even with broadband
sources,'® although higher order fringes are likely to be
blurred.

The transmission of 30 keV x-rays through 200 pum cop-
per is approximately 15%, and transmission of 10 mm of
water is approximately 72%.'° Hence, x-rays of this energy
should lead to good contrast between the wires and water
in the resulting radiograph. Using hydrodynamic simulations
as described by Yanuka et al.,?° the water density behind
the shock is ~10% greater than in front, resulting in a dif-
ference in transmission across the shock of ~3%. This is
an upper bound on the radiograph contrast, which is sig-
nificantly reduced by the <10 mm shock diameter from the
majority of the experiment, and the decrease in x-ray path
through the denser water closer to the shock, as the explosion
is cylindrical. As this transmission difference is small, phase
contrast is required to image the density difference corre-
sponding to the shock. The ability to image these small trans-
mission differences was explored in background imaging tests
where small bubbles on the inside surface of a cylinder were
imaged. Despite only small differences in transmission as a
result of these bubbles, the outlines of the bubbles were read-
ily observable in the radiographs as a result of phase contrast
effects.

Ten two-dimensional compound refractive lenses are
used to collimate the x-ray beam. This leads to some beam
non-uniformity that is visible in results, with a notable
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FIG. 1. Example pre-explosion image of the high-magnification configuration, with
perpendicular lineouts demonstrating the non-uniform intensity profile. Horizontal
lineout is left to right, and vertical is top to bottom. The lineouts are averaged over
the width of the lines on the radiograph (5 pixels).

“hotspot” in the centre of the image, as shown in Fig. 1L
This shows a single high-magnification radiograph pre-wire
explosion in which the wire was placed off-centre. Two line-
outs are plotted to show the non-uniformity vertically and
horizontally. It should be noted that this image has not
been processed for noise or corrected for the different path
lengths through water that the x-rays for corresponding pix-
els take; however, as the container is cylindrical, the great-
est path length through water is in the centre of the image,
this correction would only increase the brightness difference
between the centre and edge of the image in the horizontal
lineout.

I1l. PULSED POWER SETUP

The pulsed power for the experiments was provided by
a compact pulser system that was designed and manufac-
tured at Technion. The pulser was controlled from outside of
the hutch by the control panel whilst the rest of the compo-
nents of the pulser were within the hutch, local to the load.
The control panel controlled the charging of the capacitors
in the pulser and safety interlock that could be connected
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to the hutch door. The pulser contained four 50 kV Maxwell
pulse capacitors, each with capacitance of 220 nF, which were
charged to 32 kV (corresponding to a total stored energy
of approximately 450 J) immediately before the experiment.
The pulser had a rise time of approximately 1000 ns. Discharge
current was measured using a 0.027 Q current viewing resis-
tor, and voltage was measured using a voltage divider on the
high-voltage electrode.

Experiments were conducted with 3 principal wire con-
figurations. These were as follows:

1. Single wire configuration, in which all of the current
passes through one vertical wire.

2. Two wire configuration, in which the current is divided
between 2 vertical wires, suspended parallel with a dis-
tance of approximately 2.5 mm between them.

3. X-pinch configuration, in which the 2 wires were each
suspended in the same plane at approximately 40° such
that they made contact with each other at the crossing
point.

The wires used were copper or tungsten, between 130 pum
and 200 pm thickness and approximately 45 mm in length.
These parameters were chosen to maximise the energy
deposition into the wires, therefore critically damping the
current oscillation, preventing current ringing. The x-ray
beam propagation was perpendicular to the wires in all
cases.

The experimental load was held in an aluminium experi-
mental chamber, with 10 mm circular windows on either side
to allow the x-ray beam to enter and exit, covered by thin
mylar sheets. Inside the chamber, the wires were held in a
water-filled cylindrical acrylic tube that was destroyed dur-
ing each shot. These cylinders had 8 mm inner diameter and
1.5 mm thickness for the single wire configuration, and 17 mm
inner diameter and 3 mm thickness for the two configura-
tions with two wires. A diagram of the chamber is shown in
Fig. 2.

-
Ground electrode I r// CVR resistors

Exploding wire
I
Water-filled

Mylar-covered acrylic tube
windows /
High-voltage
HV cable electrode

Generator

FIG. 2. Cross section diagram of experimental chamber.
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Several key factors were considered in the design of
the generator to make it suitable for experiments on a syn-
chrotron:

¢ Jitter: many pulsed power systems have unacceptably
high jitter (on the order of 100 ns) due to low trigger
voltages or high inductance switch design. This would
lead to unpredictable timings of the resultant images
from each experiment. The generator used here fea-
tured a low profile “pancake” spark gap that was used
to connect the capacitors to the load. This spark gap
was triggered by a PT-55 like spiral generator,?' capa-
ble of producing a 50 kV pulse with a rise time of
approximately 5 ns. The overall jitter of the system,
from the initial trigger pulse to start of output current,
was less than +10 ns.

¢ Electromagnetic noise: pulsed power systems often
generate a significant electromagnetic noise when fir-
ing. All of the components were fully enclosed, and
all enclosures grounded, with any connections made
using a well-shielded coaxial cable, to reduce any elec-
tromagnetic noise issues that could have otherwise
affected electronics in the hutch.

e Repeatability: The wires were soldered into a car-
tridge that was screwed into place in the chamber,
which remained fixed throughout the experiment. This
ensured that the wires were always positioned simi-
larly and that the system did not have to be realigned
between shots. This also made the system fast to
reload, which is especially important when beamtime
is limited.

o Debris mitigation: The generated shock waves could
potentially break apparatus. The chamber was there-
fore mounted separately from any other apparatus,
and the acrylic cylinder was designed to break safely
and was contained in the fully enclosed experimental
chamber.

Prior to the experiments, the system was rigorously tested
in the offline experiments including European Economic Area
CE certification of the control panel to Low Voltage Directive
(LVD) and Electromagnetic Compatibility (EMC) standards,
and tests of the high voltage and safety systems were repeated
after reassembly at ESRF.

IV. TIMING AND SYNCHRONISATION

It was important that the pulsed power fired with repeat-
able timing relative to the x-rays, but also that it could be
manually triggered by the user. The timing scheme used here
is a modification of the system used by Olbinado et al.??2 A
clock signal that was synchronised with the x-ray pulses was
generated by the ESRF in-house developed bunch clock delay
unit. This clock signal was input into a digital input/output
module that could be manually triggered using the beamline
computer. On triggering, this system produced a transistor-
transistor logic (TTL) signal that was at a fixed point in the
x-ray pulse cycle, ensuring synchronisation. This trigger signal
was input to a low jitter delay box (DG645; Stanford Research
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FIG. 3. Graph showing the response of the x-ray diode (i.e., timing of the x-ray
pulses) and the measured current in the pulser for a single experiment, after cor-
rection for cable delays and offset on the x-axis such that the foot of the current
pulseisatt=0.

Systems, USA), which controlled both the pulser and an oscil-
loscope that was recording pulse current and voltage diagnos-
tics. The timing of the trigger pulse to the pulser was then
varied to fully view the time evolution of the system or isolate
a specific stage of the wire explosion process. Timings were
then adjusted for start of current and cable propagation delay
in post-processing to obtain absolute timing of frames relative
to the start of the current pulse.

The HPV-X2 camera was triggered by a second delay box,
which itself was triggered simultaneously to the first. This
started the recording of a series of frames at fixed frame rate.
The frame rate used was 700 ns, as it was only possible to
adjust this frame rate in increments of 10 ns. As the experi-
ments were <5 us in duration, this was sufficiently close to the
x-ray pulse frequency with the camera integration time used
to image the experiments fully.
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It was not possible to view the relative timing of the
x-ray pulses during the experiment, as the beam was too nar-
row to include an x-ray detector at any point in the beam
without obscuring the radiograph images. Instead, the tim-
ing of the x-ray pulses was measured on separate tests with
identical triggering setup to the explosion experiments, but
without firing the pulser. For these tests, a fast Si x-ray pho-
todiode (G4176-03; Hamamatsu Photonics K.K., Japan) was
placed directly in front of the window of the experimental
chamber. The signal was recorded using a high-voltage bias
tee (Model 5531; Picosecond Pulse Labs, USA). From this, it
was possible to record the timing of the x-ray pulses rela-
tive to the trigger signal from the bunch clock delay unit.
This measurement was repeated 3 times over the ~36 h over
which these measurements were conducted to correct for any
drift. However, this was found to be very stable, with differ-
ences in timing on a sub-nanosecond scale between these
measurements.

Figure 3 shows a graph of the timing used for an exam-
ple experiment. The current measured using a current view-
ing resistor is plotted with x-ray diode response from a test
with equivalent timings, with both signals corrected for cable
length signal propagation delay. Each x-ray pulse corresponds
to a single frame output from the camera. The X-axis is shifted
such that x = 0 is at the foot of the current pulse so that
the timing of the x-ray pulses corresponds to the absolute
timing in the experiment of each frame, giving accurate tim-
ings for each frame in each radiograph series. This allowed
for accurate timing when combining results from repeats with
different delays.

V. RESULTS

Figure 4 shows a series of radiographs obtained from
a single experiment in the low magnification configuration,
using a single 200 um copper wire. The frames displayed
are consecutive, with 704 ns spacing. The dark circle around
the edge corresponds to the edge of the window of the

FIG. 4. Consecutive X-ray radiographs of a single 200 .«m copper wire explosion in the low magnification configuration. Time delay between frames is 704 ns.
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chamber (although it is not fully circular as the chamber is
slightly rotated off axis). Frame 1 shows the wire early in the
experiment, before current through the wire.

Frame 2 shows the start of expansion of the wire. The
expansion of the wire material has launched a cylindrical
shock wave into the surrounding water. The sections of the
boundary between the rapidly expanding copper and water
and the density change across the shock front that are parallel
to the x-rays are both enhanced by PCI, allowing distance from
the source and thus average speed between frames to be mea-
sured. Both of these boundaries remain visible in frame 3, and
on the right hand side of the image, the shock remains visible
in frame 4. Measurements of the positions of this shock show
that it is traveling at approximately 2000 m/s. This means
that the distance traveled by this shock over the length of
a single x-ray pulse is <2 um, which is less than our maxi-
mum spatial resolution and demonstrates that our temporal
resolution is sufficient to capture the position of the shocks
accurately.

In some experiments, air bubbles were purposefully left
attached to the inner edge of the acrylic cylinder, as a measure
of the arrival time of the shock wave at the cylinder. Air bub-
bles of approximately 0.1 mm-0.5 mm attached to the inner
edge of the acrylic cylinder are visible in the earlier frames.
The central bubbles appear to collapse between frames 3 and
4, with the bubbles on the far edge collapsing between frames

FIG. 5. X-ray radiographs of pre- and post-explosion of an x-pinch made using
160 pem copper wires in the high magnification configuration. The delay between
the two images is 1408 ns (2 frames), with explosion beginning within the first
704 ns.
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4 and 5. This indicates that the wire is not perfectly central
in the cylinder, as is visible in the image, as it is likely that
these are collapsed by the shock wave, which should expand
uniformly cylindrically from the wire.

In the final frame, small vertical fractures can be seen
across the image. These are cracks in the acrylic and appear
to be the early stage of the shattering of the acrylic tube as
a result of the shock. Later frames show this cylinder shat-
tering entirely. This may limit the potential to view late stage
processes in the experiment (e.g., instability evolution in the
metal-water boundary or shock reflection off the wall of the
container), and attempts to minimise this effect in future (e.g.,
larger diameter cylinder) could compromise total x-ray trans-
mission, resulting in noisier images. Alternatively, this effect
could be used the basis of an experiment testing the material
properties of similar cylinders.?®

Figure 5 shows example pre- and post-explosion high
magnification images for the x-pinch configuration. In this

FIG. 6. X-ray radiographs of pre- and post-explosion of two parallel 160 pm
copper wires in the low magnification configuration. The delay between the
two images is 2112 ns (3 frames), with explosion beginning within the first
704 ns.
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image, the shocks from each of the two wires are visible, as
well as an interaction region between the two wires. Likewise,
Fig. 6 shows example pre- and post-explosion low magnifica-
tion images for the two wire configuration. The copper-water
interface is clearly visible in the exploded image, along with
some instability.

We observed that the radiographs often displayed an
area of lower intensity at the position of the pre-exploded
wire in the immediately post-explosion frames. Despite the
ostensibly fast decay of the scintillator, it is likely that this
is an artefact due to the overexposure of the area around
the wire pre-explosion, as it is exposed to multiple x-ray
pulses before explosions occurs, resulting in a persistence of
the background image. Rutherford et al.?# indicate that, using
calculations based on decay parameters from literature, an
equivalent LYSO:Ce scintillator should observe a negligible
background on each frame at ID19 on 4-bunch mode. How-
ever, subtraction of varying levels of background and observa-
tion of lineouts across the image indicate backgrounds of up to
5% of frames immediately after explosions. This is highlighted
in Fig. 7, which shows a comparison between lineouts across
an uncorrected post-explosion frame, and a frame with 4.5%
background subtraction.

This indicates that this is not an effect resulting from con-
ventional decay and may arise as a result of other effects, such
as temperature dependence and small amounts of contami-
nants in the crystal, or as a result of insufficient data about
the higher order decay parameters of these crystals. However,
it is difficult to quantify this effect any further here as the

dynamics of the explosions dominate changes of intensity
between frames.

A full analysis of the results obtained, with the analy-
sis of the processes observed, will be published in the future
reports.

VI. SUMMARY

We have conducted the first pulsed power experiments
conducted on a synchrotron facility. Single, parallel and x-
pinch configuration wires were exploded in water and x-rays
from ESRF at ID19 were used to perform radiography and PCI
to image the system at 1.4 MHz, with spatial resolution of 8 um
and temporal resolution of <100 ps. More generally, the work
demonstrates the compatibility of pulsed power technology
with synchrotron facilities.
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