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Experiments and modeling of x-ray radiography of millimeter diameter solid Al wires with laser-produced
broadband x rays are reported. Experiments were performed using the 50-TW Leopard short-pulse laser in
a laser and pulsed power chamber at the Nevada Terawatt Facility. To characterize broadband x rays and
demonstrate a radiographic capability, bremsstrahlung, escaping electrons and radiograph images of Al
wires were simultaneously measured. The angularly resolved x-ray spectra are modeled by comparing
measured bremsstrahlung signals in the range between 10 and ~500 keV with hybrid particle-in-cell (PIC)
simulations. Transmission of Al wires from the radiograph images is further simulated with a Monte Carlo
code. The measured transmission profiles of Al wires with three different diameters agree with calculations
when a simulated x-ray spectrum composed of line emissions and bremsstrahlung is used with a source size
of 600 + 200 um. Transmission calculations with only 22 keV Ag Ka or an exponential x-ray spectrum do
not reproduce the measurement, suggesting that the accurate determination of an x-ray source spectrum as
well as inclusion of the photon sensitivity of the detector are critical in transmission calculation to infer the
density of an object. The laser-based broadband x-ray radiography developed has been successfully

implemented in a pulsed power chamber for future laser-pulsed-power coupled experiments.

I. Introduction

The interaction of intense short-pulse lasers with solid
targets has been studied to develop bright x- and y-ray
sources for Inertial Confinement Fusion (ICF) and High
Energy Density (HED) experiments.!?*#* The lasers with a
peak intensity of > 10'® W/cm? can accelerate a large
number of energetic electrons above MeV energies
predominantly by the ponderomotive potential of the laser
field. As the fast electrons transport through and recirculate
around a solid target, characteristic x rays and
bremsstrahlung are produced. Such secondary sources of
radiations are wused for characterization of fast
electrons™6.7:8:%:10.11 " yogitron generation!?, photon-nuclear
reactions'>!*, and x-ray radiography!*!%!7:18, A combination
of laser-produced Ko and monochromatic crystal imaging
has been applied as flash Ko radiography for diagnosing
compressed cores of ICF targets!®-2021:22:23.24

To obtain radiographs of high-density or high areal
density objects, broadband x-ray sources are required since
the energy of Ka photons and Ka crystal imaging is limited
to 80 keV and ~25 keV%, respectively. In particular, high
energy broadband x rays are essential to diagnose high-
density ICF cores that produce strong self-emission during
the implosion. Typical thermal emission from low-Z
capsule implosions is continuum with x-ray energies up to
~ 20 keV. The use of a broadband x-ray backlighter
between 40 and 200 keV allows for strongly attenuating the

self-emission with a high pass filter.?6 To accurately infer
the density of an object from recorded images, knowledge
of the x-ray source spectrum is critical for broadband x-ray
radiography.

The Nevada Terawatt Facility (NTF) has developed a
simultaneous capability using the 50-TW Leopard laser and
a 2 Mega-Ampere (MA) pulsed power generator Zebra in
the same vacuum chamber.?’ This unique capability at a
university-scale facility offers various experimental
configurations such as generation of magnetic fields for
magnetized laser-plasma experiments 2, ionization state
measurements of pulsed-power produced plasmas®’, study
of laser-produced plasmas in strong magnetic field*’, and
laser-produced proton deflectometry for magnetic field
measurement ' . Taking advantage of this coupled
capability, we have proposed magnetically driven
cylindrical compression to create strongly coupled matter.>?
Magnetic fields produced by a slow-rise MA current pulse
can  isentropically = compress  matter. 3 A
Magnetohydrodynamic (MHD) simulation predicts that a 1
mm diameter Al wire can be compressed with a 80 ns rise-
time, 1 MA Zebra current to warm dense matter/a strongly
coupled plasma in the range of a few eV and several times
solid density. To probe such a large volume of dense
plasmas, a hard x-ray source above 10 keV is required.

Here, we report development of broadband x-ray
radiography of mm-diameter Al wires with laser-produced
x rays. In our laser experiment, the x-ray source spectrum is



characterized by comparing angularly-resolved
bremsstrahlung measurements with hybrid particle-in-cell
modeling. Subsequently, measured transmission profiles
through various Al wire diameters are modeled with a
Monte Carlo code. Comparisons of the measured and
simulated transmission profiles allow us to determine the x-
ray source size and spectrum. The experimental
transmission is reproduced when both bremsstrahlung and
characteristic line emissions are included in the simulation.
The radiographic technique developed was further applied
for probing a | mm Al wire load in a pulsed power vacuum
chamber, as will be discussed in Sec.5.

I1. Experiment

A broadband x-ray radiography experiment was carried
out using the 50-TW short-pulse Leopard laser at the
NTF?. Figure 1(a) shows a schematic of the experimental
layout from the top view. The Leopard laser delivered a
0.35 ps Gaussian pulse (FWHM) with an energy up to 15 J.
The beam was focused with a /1.5 dielectric-coated off-
axis parabolic (OAP) mirror down to a 8§ um diameter spot
size containing 30% of the laser energy®*, achieving a peak
laser intensity of ~ 1x10' W/cm?. The laser was incident
on the foil at 30° from the target normal. The thickness of
silver foils was varied from 10 to 100 pm, while the surface
area was maintained between 500x500 um? and 700x700
um?. Figure 1(b) shows a photograph of a silver foil
mounted on a glass stalk. Since the foils were manually cut
and mounted with glue, not only the surface area of the foil,
but also the angle of the foil with respect to the stalk varied
from target to target. We selected and used targets having
the titled angle less than 15°.

Fast electrons produced in the laser-foil interaction
recirculate around the foil due to sheath potentials, resulting
in continuous production of line emissions and
bremsstrahlung over tens of picoseconds. Bremsstrahlung
was measured with differential filter stack spectrometers®
at two angular positions (Brems! at 180° and Brems2 at
270°). Magnets were placed to divert electrons from going
into the bremsstrahlung spectrometers. Escaped fast
electrons were recorded with a magnetic spectrometer (e-
spec)®® along the laser axis. The slope of the fast electrons,
which is a direct indication of on-target laser intensity>’,
was used to monitor shot-to-shot variations due to target
misalignment or changes in the laser energy.

Using the broadband x rays produced from the Ag foil, x-
ray radiographs of cold solid Al wires (1100 Al wire from
McMaster) were recorded on image plates (IP) in point
projection geometry®®. Fig. 1(c) displays a photograph of
the Al wires with diameters of 0.5, 1.0 and 1.6 mm glued
onto a 10 mm thick polyethylene (C2H4) piece. The CH
piece acts as a high pass filter to cut photons below 10 keV.
Each IP was placed at the back end of a 20 cm long, 1 cm
thick aluminum collimator®® and closed by a 2 cm thick CH
cap. The entrance of the collimators was covered by a 25

um thick aluminized Mylar for protecting the IPs from
visible light.

(a) Leopard laser

Bremsstrahlung
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Bremsstrahlung
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(0.5, 1.0, 1.6 mm diam.)
Figure 1 (a) A schematic of the x-ray characterization and
radiography experiment. The incident angle of the laser is
30°. (b) A photograph of a silver foil target (target 17). (c)
A photograph of Al wires glued on a polyethylene (CH)
filter. (d) 3D CAD drawing of the experiment. The inset
shows a view from the behind of the CH filter in the
direction to the Ag foil.

Two sets of the radiograph package (3 Al wires on a CH
filter and IP) were fielded at 255° (IP 1) and 90° (IP 2). The
CH filters and IPs were positioned at 21.6 cm and 78.7 cm
for IP 1, and 15.2 cm and 76.2 cm for IP 2, respectively.
The magnifications of the wire radiography were ~3.6 and
~5 at IP I and IP 2. Fig. 1(d) shows a 3D CAD drawing
view from the radiograph package of IP 1 and the inset of
Fig.1 (d) shows the target foil orientation. From this view
angle, a 500 um? Ag foil appears to be 129 um [500
pmxcos(75°)] in Y, whereas the height of the foil is same
as the initial 500 pm in X.

Figure 2 shows measurements of escaped fast electrons,
bremsstrahlung and x-ray radiographs of the Al wires on a
single shot (shot13). The slope of the electron spectrum is
fit with an exponential function to be 0.59 + 0.05 MeV. As
shown later, this information on the slope temperature is
used to verify the slope of an electron spectrum inferred
from analysis of bremsstrahlung measurements. Fig. 2(b)
shows bremsstrahlung signals recorded on each IP layer in
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Figure 2 (a) Measured escaped electron spectrum with
an exponential fit of 0.59 + 0.05 MeV. (b) Experimental
bremsstrahlung spectrometer signals. X-ray images of Al
wires using the bremsstrahlung x-ray source at (c) IP 1
and (d) IP 2. The two images are displayed in the same
color scale, but the magnification is 3.6 and 5.0 for IP 1
and IP 2, respectively.

the spectrometers. This diagnostic consists of 15 layers of
IPs and metal filters.>> However, the signals recorded in this
experiment were only up to the 8 layer. The first 8 metal
filters and thicknesses are layers of 100 um Al, 100 um Ti,
100 um Fe, 100 um Cu, 100 pm Mo, 150 pum Ag, 500 pm
Sn and 500 pm thick Ta.*® The minimum energy of photons
that can penetrate through each filter is shown in Fig. 3(c).
The bremsstrahlung signals recorded at the two angular
positions show no angular dependence (i.e., isotropic), even
though our previous experiment reported by Daykin *!
showed an anisotropy of bremsstrahlung produced by the
same laser system. This inconsistency can be explained by
the lower fast electron temperature in the present work than
the past experiments''*!. The fast electron slope
temperature shown in Fig. 2(a) is ~0.6 MeV, whereas it was
~1.5 MeV in the past experiments. The lower slope
temperature indicating low peak intensity also explains the
weak bremsstrahlung signals only up to the 8" layer in this
work. The low peak intensity could be attributed to lower
laser energy delivering to the target due to damages in the
mirrors and OAP in the laser chain over the course of time
since the experiment reported here was carried out in 2018
and the others were in 2013.

Fig. 2(c) and (d) show x-ray radiographs of Al wires at
the position of IP 1 and IP 2. Recording radiographs of
three wires with different diameters on a single IP can
strongly constrain the spectrum of x rays, namely
transmissions of the wires must simultaneously match a
single x-ray spectrum in modeling. Fielding two radiograph
packages at different angular positions are a valuable

method to provide information on angular dependence of
the x-ray source sizes.

I11. Modeling of fast electron-induced broadband X rays
using a hybrid-PIC code LSP

Broadband x rays generated by fast electron transport in a
10 um thick silver foil are simulated with a hybrid-PIC
code Large Scale Plasma (LSP)*?. The simulations are
performed in a 2D Cartesian coordinate system by injecting
fast electrons at an incident angle of the laser beam and no
laser-plasma interaction is solved. Figure 3(a) shows the
simulation geometry of a 10 um thick Ag foil. A beam of
fast electrons is injected at Z=0 with at an incident angle of
30° within a 20 uym diameter beam spot that. This larger
beam spot than the laser spot at the foil surface is due to a
consideration of a divergence of fast electrons generated by
the 8 um laser spot in a preplasma. It is noted that
calculated angularly resolved x-ray spectra mainly depend
on the choice of electron spectrum and electron divergence
angle because of strong electron recirculation, and are
insensitive to the variation of the beam spot diameter.
Simulations include developments of self-generated fields
during the electron transport. Simulation parameters varied
are: slope temperature of the fast electron energy spectrum
(Thot) and electron injection half-angle (6). Changes in the
total injected energy only vary the total electron number so
that simulated x-ray spectra simply scale with the energy in
the simulation regime we considered for this experiment
(i.e., <15 J laser energy). Dependence of the injected
energy on the spectrum intensity, therefore, is cancelled out
when the simulated spectrometer signals are normalized for
comparing to measurements. The transverse spread of the
injected electrons is described using a Gaussian function.
The simulation box size is 0.8 mm x 0.8 mm with a cell
size of 2 um in each dimension, and all simulations are run
up to 20 ps. The time step is determined in the code by
using a Courant multiplier of 0.5.

Figure 3(b) shows x-ray spectra calculated with Thot = 0.5
MeV and 6 = 15° in the direction of Bremsl (180°),
Brems2 (270°) and IP1 (255°). The spectra show 22 keV
Ag Ka, 25 keV KP and bremsstrahlung. The x-ray spectra
above ~70 keV are similar for the three cases and are fit
well with an exponential function of 80 keV. The ratio of
the Ka photons to the total number of bremsstrahlung
between 10 and 100 keV excluding the Ka is 0.49, 0.53 and
0.50 for Bremsl, Brems2 and IP 1, respectively. To
compare the simulations to the bremsstrahlung
measurements, the simulated x-ray spectra are post-
processed using filter response function calculated with a
Monte Carlo code, Particle and Heavy lon Transport
System (PHITS)*. The filter responses are updated in this
work from the original spectrometer design’ calculated with
a 1D Monte Carlo code ITS 3.0% by incorporating the
benchmarked IP information in the PHITS calculation. We
confirmed that our PHITS modeling of the photon and
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Figure 3 (a) A target geometry and diagnostic positions with respect to the target in a 2D Cartesian LSP simulation. The
contour in the foil shows x-ray intensity distribution above 100 keV. (b) Simulated x-ray spectra in the directions of

Bremsl1 (180°), Brems2 (270°) and IP1(255°). (c) Filter

response function of IPs after each metal filter up to the 8"

layer. (d) a contour of x° map for the fit. Comparisons of simultaneous fit to the measured bremsstrahlung spectrometer

signals for (e) Bremsl and (f) Brems2.

electron sensitivities of the IP agree with published
results***®, Figure 3(c) shows the response function of IPs
after each metal filter up to the 8" layer. Each photon is
deposited in the IP corresponding to its energy.
Spectrometer signals are calculated by accumulating the
dose contributed from all photons at each layer. More detail
of the conversion from the spectrum to spectrometer dose

and fitting procedure is described in our previous
publication*!.

The two-bremsstrahlung signals are simultaneously fit
with a series of LSP simulations by varying Thet and 0 in
the range of 0.1 < Thot < 1.0 MeV and 5° < 0 < 50°. A best
fit is found to be Thot = 0.59 + 0.15 MeV from a y? analysis
shown in Fig. 3(d). The slope temperature inferred from
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Figure 4 (a) A setup of a PHITS simulation (side view). Close-up views of (b) the x-ray source plane at Z=-21.6 cm and
(c) a CH filter and Al wire at Z=0. (d) Dose image in the phosphor layer of the IP and transmission profile at Z=58 cm.



this analysis agrees with Thot from the direct electron
measurement, which is consistent with the past result*!. Fig.
3(e) and (f) show comparisons of the measurements and
simulations using Thot = 0.50 MeV with 6 =5°, 15° and 30°.
The measured and simulated spectrometer signals are
normalized to the signal at the 8" layer. The experimental
data agree with the simulations for all three cases, implying
that the present data sets cannot constrain the divergence
angle. It is noted that the simulations show variations in the
spectrum with the divergence angle only in the deeper layer
(>9™ layer) or above 100 keV photons in Fig. 3(¢) and (f).
As will be shown later, calculated transmission profiles
through millimeter diameter Al wires depend on an x-ray
spectrum with or without Ag Ka and K, which is below
100 keV. Thus, a slight variation of the high-energy x-ray
spectrum due to the divergence angle does not affect
transmission  calculations within our experimental
condition.

IV. PHITS Monte Carlo modeling for broadband x-ray
radiography

Calculated broadband x-ray spectra from LSP are used in
the PHITS Monte Carlo code to simulate transmission
profiles of the Al wires. Figure 4 shows a setup of the
PHITS simulation in the experimental scale. A beam of
photons spatially distributed over a Gaussian profile is
injected in a plane at -21.6 cm. A solid density Al wire is
placed at Z=0 and a 10 mm CH filter is in front of the Al
wire, closer to the x-ray source in Fig. 4(c). Photons from
the x-ray source transmit through both CH filter and Al
wire and are deposited in a phosphor layer of an Image
plate (BAS MS-type)*’. The intensity dose deposited in the
IP is divided by the intensity recorded outside the Al wire
to calculate 1D transmission profiles shown in Fig. 4(d).
The beam of photons diverges at 0.5° to form a magnified
transmitted image of the Al wire at the IP position.

It is instructive to illustrate the relationship between the
shape of transmission profiles and the source sizes. Figure 5

(a) 0.5 mm Al wire

(®) 1.0 mm Al wire

shows calculated transmission profiles of a Imm diameter
Al wire with various source sizes. The x-ray source is
defined as a diameter of a Gaussian profile in FWHM, D,
and varied from 0.2 to 2.0 mm. Variation of the x-ray
source size primarily changes the opening of the
transmission profile except the case for D=2.0 mm. The
value of the transmission, on the other hand, is mainly
determined by the x-ray source spectrum as shown later in
Fig. 6. Therefore, the source size and x-ray spectrum in the
simulations can be uniquely determined by comparing to
measurements if the source is not significantly larger than
the object size.
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Figure 5 (a) A schematic of the relationship between the x-
ray source size and object diameter. (b) Calculated
transmission profiles of a 1.0 mm Al wire with the source
sizes of 0.2, 1.0 and 2.0 mm diameter.

PHITS simulations with various source spectra and
source sizes are performed to match the measured
transmission profiles. Figure 6 compares the measured and
simulated transmission profiles for 0.5, 1.0 and 1.6 mm
diameter Al wires at IP 1. For each Al wire diameter,
simulations are run using x-ray sources of 22 keV Ag Ka,
LSP-calculated spectrum with Thot = 0.50 MeV and 6 =15°
and an exponential x-ray spectrum with 80 keV as shown in
Fig. 3(b). The measurements for the three cases agree with
the simulations using the LSP spectrum composed of both

(c) 1.6 mm Al wire
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Figure 6 Comparisons of measured transmission profiles with PHITS calculations for (a) 0.5 mm, (b) 1.0 mm, and (c) 1.6
mm diameter Al wires. Three PHITS simulations are performed for each case with x-ray spectrum from LSP,
monochromatic 22 keV Ag Ka, and an exponential spectrum with a slope temperature of 80 keV.



line emissions and bremsstrahlung. The intensity of the Ag
Ka is the strongest in the spectrum. However, the photon
sensitivity of IP is nearly constant between 10 and 100 keV
and monotonically decreases by a factor of ~250 at 1
MeV.% Thus, it is critical to include the contribution of
bremsstrahlung, particularly up to ~ 100 keV for
transmission calculation for broadband x-ray radiographs.

Figure 7 shows comparisons of the transmission
calculations with various source sizes for the | mm Al wire.
It is shown that the source sizes with 200 pm and 1000 pm
are narrower and wider than the measurement. In Fig.7 (b),
the calculations with the source size of 400 and 800 pm
reasonably bound the measurement so that the source size
is determined to be 600 £ 200 um. Similar source sizes are
deduced for 25 and 100 um thick Ag source foils. This
relatively large source size estimated is comparable to the
target foil size, specifically the height of the foil (in the X
direction) as shown in Fig.l1 (c). Since the target is a
standalone thin foil mounted on a thin glass stalk, x-ray
production is likely dominated by recirculation of fast
electrons around the foil. Our result confirms that the
broadband x-ray source that produced the radiographs of
the Al wires is extended to the entire foil height. For further
confirmation, the size of hard x-ray sources can be
experimentally determined using penumbral imaging,.*8:4%-5

To reduce the source size, we used a 25 um diameter Ag
wire target (X = 25 pm) placed parallel to the Al wire
direction during the same experimental campaign. Indeed,
the measured transmission profiles of the Al wires shows
sharper edges compared to ones with the foil targets. A
simulation for x-ray spectrum from a wire target, which
requires a LSP simulation in a 3D geometry, is currently
underway.
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Figure 7 Comparisons of the measured transmission profile
Jor Imm Al wire with LSP-PHITS simulations using the
source sizes of (a) 200, 600 and 1000 um and (b) 400, 600
and 800 um.

V. Application of broadband x-ray radiography in a
pulsed power system

The coupled capability at the NTF allows the Leopard
laser beam from the compressor to transport through a 3-m
transport tube into the Zebra pulsed power chamber. Figure
8(a) shows a CAD model of the Zebra vacuum chamber for

a coupled experiment. The beam sent down normal to the
chamber is focused with a 90° gold OAP mirror. A 1150
um diameter Al wire load coated with a 25 um thick CH
layer was positioned in the chamber center, while a 10 pm
thick Ag backlighter foil is positioned at ~5.6 cm away
from the center. A 10 mm thick CH filter and an IP were
positioned in the same line of sight, but in the opposite side
to the Ag foil at ~20 cm. The magnification of the point
projection imaging geometry was ~3.6. The same electron
spectrometer fielded in the laser experiment was used in the
pulsed power chamber to measure escaping fast electrons
above 1 MeV.

To demonstrate the generation of broadband x rays and
radiography of a cold, solid Al wire in the Zebra chamber,
the wire was not driven by a current in this experiment.
Figure 8(b) and (c) show a radiograph of the cold Al wire
recorded in the Zebra chamber and the transmission profile
obtained from the radiographic image. We have
successfully recorded radiographs of the Al wire on total 4
shots. On this particular shot (shot18), the electron signals
recorded with the spectrometer were below 1 MeV,
indicating that the on-target intensity was at the threshold
of or lower than the relativistic intensity. The transmission

-0.5 0 0.5
Distance [mm]

Figure 8 (a) A CAD drawing of the Zebra chamber
coupled with the Leopard laser beam for broadband x-
ray radiography experiment. (b) A radiograph of a 1
mm diameter Al wire in the Zebra chamber. (c) A
transmission profile from the image in Fig. 8(b) and
PHITS simulations using Ag Ka line emission and
source sizes of D=200 and 600 um.

of the Al wire becomes lower than that observed in the



laser chamber [see Fig. 6(b)]. A simulation using only Ag
Ka line reproduces the value of 0.45 in transmission. To
reproduce the full transmission profile, the source size of
200 and 600 um is required. On the other shots, the peak
transmission varies from 0.45 to 0.65. This implies that the
on-target laser intensity, which is sensitive to accuracy and
reproducibility of the target positioning, significantly varies
so that the source spectrum was not well reproduced. In
addition, the accurate control of the orientation of the foil is
critical to obtain consistent source sizes. The projected
length and orientation of the foil strongly affects the source
size in the present geometry. The lower intensity on target
could also be attributed to lower laser energy delivered to
the target in the Zebra chamber due to the use of the Au
parabolic mirror and the longer transport path with
additional mirrors. To improve the reproducibility of x-ray
source spectrum, a new target positioning system has been
designed for future radiography experiments in the Zebra
chamber.

VI. Conclusion

Broadband x rays produced by irradiating a silver foil
with a Leopard short-pulse laser were characterized and
applied for radiography of solid Al wires. Angularly
resolved broadband spectra were determined in
simultaneous fits to measured bremsstrahlung at two
angular positions with hybrid-PIC LSP simulations.
Comparisons of transmission of Al wires with PHITS
model show good agreement when using the simulated x-
ray spectrum and a source size of 600 = 200 pum. The
source size determined is comparable to the size of the
target foil, indicating that the broadband x-ray source used
for radiography is originated from the entire foil due to fast
electron recirculation. The broadband x-ray radiography
developed in this work could be applied for probing a
magnetically driven metal cylinder in laser-pulsed power
coupled experiments.
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