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Abstract 

High intensity, short-pulse laser interaction with a solid metal target produces broadband hard 
x rays potentially for various applications of x-ray radiography. Here experimental 
benchmarking of numerical modelling for short-pulse laser-driven broadband x-ray 
radiography is presented. Angular dependent x-ray spectra are first calculated with a hybrid 
particle-in-cell code, Large Scale Plasma (LSP), using fast electron parameters inferred from 
an analysis of measured bremsstrahlung signals. Subsequently, an x-ray spectrum in the 
direction of radiography is used in photon transport calculations using a Monte Carlo code, 
Particle and Heavy Ion Transport code System (PHITS), to simulate a radiographic image 
including a modelled 3D test object, an x-ray attenuation filter and an image plate detector. 
Simulated radiographic images are compared with measurements obtained in an experiment 
using a 50-TW Leopard short-pulse laser at the University of Nevada Reno. Results show that 
simulations reproduce the experimental images well for three different attenuation filters 
(plastic, aluminium, and brass), while one-dimensional transmission profiles for the plastic 
and aluminium filters are quantitatively in good agreement. The modelling approach 
established in this work could be used as a predictive tool to simulate radiographic images of 
complex 3D solid objects at any arbitrary angular position or to optimize experimental 
components such as the source spectrum, x-ray attenuation filters and a detector type 
depending on a radiographic object without carrying out experiments. 

Keywords: broadband x-ray radiography, short-pulse laser-produced x rays, hybrid particle-in-cell, Monte Carlo simulations

1. Introduction 

High energy x rays produced by intense short-pulse lasers 
interacting with a solid has been studied for a broad range of 
applications such as basic plasma science [ 1 ], medical 
imaging [2,3], industrial and national security applications 
[ 4 , 5 , 6 ]. A large number of energetic (fast) electrons 
accelerated by the laser at a peak intensity greater than the 
relativistic intensity (> ~1018 W/cm2) produces 
bremsstrahlung and characteristic x rays as the electrons 
propagate through the solid target. In inertial confinement 

fusion (ICF) experiments, such x-ray sources have been used 
to diagnose a high-density, compressed core through Kα 
radiography [ 7 , 8 , 9 , 10 ] or point-projection broadband 
radiography [11,12]. In particular, high-energy broadband x-
ray spectra are essential to probe high density or high areal 
density objects such as strongly emitting dense ICF cores or 
millimetre-scale objects [4,13]. The diverging x-ray sources 
from the laser-solid interaction are suitable for recording 
radiographic images of large solid objects and/or multiple 
objects at different angular detector positions on a single 
shot.  
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A challenge for characterizing angular dependent 
broadband x rays from solids stems from lack of 
understanding of fast electron characteristics. 
Conventionally, modelling of fast electron and resulting x-
ray generation with a short pulse laser has been performed 
using particle-in-cell (PIC), Monte Carlo (MC) or hybrid-
PIC codes. [14,15] PIC codes calculate generation of fast 
electrons by solving the interaction of a high intensity laser 
pulse with a target. The fast electron information is then used 
either in the same PIC code [ 16 ] or handed over to 
MC/Hybrid-PIC codes [ 17 ] for photon generation 
calculations. Because of fine mesh sizes required to resolve 
the laser wavelength in PIC calculations, the codes do not 
fully simulate electron recirculation [ 18 ] that lasts 
significantly longer than the laser pulse duration. On the 
other hand, MC and Hybrid-PIC codes compute x-ray 
production by injecting a beam of fast electrons as a free 
parameter. An input electron spectrum for such simulations 
is chosen based on scaling laws [19,20,21], results of PIC 
calculations [17] or a parameter study by fitting experimental 
measurements [13,22]. Up to date, numerous experimental 
and numerical studies on characterization of laser-produced 
broadband x rays [23,24,25,26 ,27 ,28 ,29 ,30,31,32] are 

reported. Modelling of broadband x-ray spectrum has shown 
a reasonable agreement with experiments along a single line 
of sight, but a poor agreement in angular x-ray spectra 
produced particularly in a standalone foil. Recently, Daykin 
et al. report successful fast electron characterization by 
simultaneously matching angularly resolved bremsstrahlung 
measurements with hybrid PIC simulations. [33, 34] The 
modelling is performed by taking into account development 
of electric sheath potentials causing electron recirculation 
and an incident electron injection angle in a 2D Cartesian 
coordinate. On laser-based x-ray radiography, experimental 
radiographic images obtained using the laser-produced 
broadband sources are reported in several publications. 
[5,6,11,12, 35 , 36 , 37 , 38 , 39 ] However, no quantitative 
comparison between experimental and simulated images has 
been demonstrated.  

In this paper, we present experimental benchmarking of 
numerical modelling for fast electron and x-ray source 
characterization as well as broadband x-ray radiography. 
Similar to the Daykin’s approach, angular dependent 
broadband x-ray spectra are determined by fitting measured 
bremsstrahlung signals with a 2D hybrid PIC code, Large 
Scale Plasma (LSP) [40]. A calculated x-ray spectrum from 

 

Figure 1 (a) A schematic of a Leopard laser experiment (top view). (b) A photograph of an x-ray radiographic package of 
a test object (spark plug), filter and IP. (c) A photograph and (d) x-ray radiographic image of the spark plug. (e) A 
measured electron spectrum. (f) Measured bremsstrahlung signals at Brems1 and Brems2. 
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LSP in the direction of a spark plug test object is used in a 
MC code, Particle and Heavy Ion Transport code System 
(PHITS) [41] to simulate a radiographic image. The widely 
used MC code together with an interactive three dimensional 
solid modelar, SimpleGeo [ 42 ], enables ones to 
straightforwardly incorporate a three dimensional complex 
object with real dimensions, exact compositions of filters and 
detectors that are necessary to calculate their photon 
sensitivities in transport calculations. It is noted that MC 
codes treat objects to be non-ionized matter (i.e., cold and 
solid density). Modelling of radiography for plasmas requires 
a radiative transfer code that calculates temperature- and 
density-dependent attenuation coefficients of the plasma. 
Simulated x-ray images and 1D transmission profiles are 
compared with measurements for three different filter 
materials (plastic, aluminium or brass).  

2. Experiment 

An experiment for x-ray source characterization and 
broadband x-ray radiography was carried out using a 50-TW 
Leopard short-pulse laser [43] at the University of Nevada 
Reno’s Nevada Terawatt Facility. Figure 1(a) shows a 
schematic of the experiment. A metal planar foil (nominally 
50~100 μm thick × 1000 μm2 surface area) was irradiated by 
the laser with ~15 J energy in a 0.35 ps (FWHM) Gaussian 
pulse duration. The beam was tightly focused with an f/1.5 
dielectric-coated off-axis parabolic mirror onto the target at 
an incident angle of 30° with an S-polarization. The peak 
intensity of the beam was estimated to be ~2×1019 W/cm2 
from a measured beam spot containing 30% of the energy 
within a 8 μm diameter. [44] The pedestal prior to the main 
pulse was measured with fast photodiodes to be of the order 
of 108 in intensity and ∼1 ns long. [44]  

Radiographic images of a spark plug (NGK CR7HSA 
[45]) were recorded in a point-projection geometry with a 
BAS-MS type image plate (IP) detector placed behind an x-
ray attenuation filter and the test object as shown in Fig. 1(b). 
Major parts of the spark plug identified in the x-ray image in 
Fig. 1(d) are a terminal pin made of Fe, a ceramic insulator 
(Al2O3) and a metal body (stainless steel). The IP, spark plug 
and filter were packaged and positioned in the direction at 
80° from the foil normal or near edge-on imaging geometry 

where the x-ray source size is restricted within the foil 
thickness. Since the entire foil emits x rays due to electron 
recirculation, the effective source size in the radiography 
direction is the projection of the 1000 μm2 foil surface, which 
is estimated to be 173 μm [1000 μm ×sin(10°)] in the 
horizontal direction and 1000 μm in the vertical direction.  

For fast electron characterization, bremsstrahlung x rays 
were measured with two differential filter stack 
spectrometers for a spectral range from 10 to 800 keV [46] at 
22° and 40° from the laser axis, while fast electrons escaping 
from the target rear were measured with an absolutely 
calibrated magnet-based electron spectrometer [47] along the 
laser axis. Figure 1(e) and (f) show measurements of 
bremsstrahlung and escaping fast electrons for a 50 μm thick 
Cu foil. The bremsstrahlung and electron spectrometers were 
positioned at a distance of 48 cm and 27 cm from the target, 
respectively. A mean energy of the electrons characterized 
with an exponential slope known as a slope temperature is 
0.85 ± 0.15 MeV. This is critical information indicating shot-
to-shot variations in the laser-target interaction including 
changes in on-target laser and prepulse intensities. [48] The 
electron measurement is also used to confirm fast electron 
parameters estimated from a bremsstrahlung analysis 
described below because the escaped fast electrons are 
responsible for producing the bremsstrahlung. [49] Modeling 
of the bremsstrahlung and comparisons are briefly described 
in the next section and more details can be found in 
elsewhere [33, 34].  

Main experimental variables were x-ray attenuation filters. 
Table 1 summarizes target types, experimental electron slope 
temperature and inferred fast electron parameters (simulated 
fast electron spectrum, Thot, and divergence angle, θ) for 
three filter types (CH, Al and Brass). The thickness and 
material of the filters were a 19.1 mm thick plastic 
(polyethylene, C2H4, ρ=0.95 g/cm3), 6.4 mm thick aluminium 
(ρ=2.70 g/cm3) and 12.7 mm thick Brass [360 Brass alloy, 
Cu 61.5% Fe 0.35% Pb 2.5% Zn 35.4% by weight percent, 
ρ=8.50 g/cm3]. Several different target types used in the 
experiment include various thicknesses of Al, Cu, Ag foils 
(50 ~ 300 μm thickness) and foils glued on a 6.35 mm thick 
(0.25 inches) plastic backing to prevent electron recirculation 
[50]. It is found that both electron slope temperatures and 

Table 1 Summary of target shots studied for three x-ray attenuation filter materials. The experimental slope temperature is 
estimated from the fast electron measurements. The inferred fast electron parameters are from LSP modelling matching 
the bremsstrahlung measurements. 
Shot Filter type Target type Laser 

Energy [J] 
Experimental slope 
temperature [MeV] 

Inferred Thot from 
LSP [MeV] 

Inferred θ from 
LSP [°] 

S34 CH  
(19.1 mm) 

100μm Ag on a 
plastic backing 

13.5 1.45 ±0.60  1.04 ±0.16 11.0 ±6.0  

S35 Al (6.4 mm) 50μm Cu 10.0 0.85 ±0.15  0.87 ±0.17  10.5 ±5.5  
S32 Brass  

(12.7 mm) 
100μm Cu on a 
plastic backing 

14.8 1.20 ± 0.35  0.98 ± 0.22  11.0 ± 6.0  
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divergence angles inferred from the bremsstrahlung analysis 
are similar regardless of the choices of the target types at the 
maximum laser energy. However, an appropriate selection of 
the target material is still necessary to calculate characteristic 
line emissions because Kα lines could strongly affect a 
transmission profile in a millimetre-scale object. [13] In the 
present case, contribution of line emissions to overall 
transmission is negligible in the cm-scale object. 

3. Hybrid Particle-in-cell simulations using LSP 

The measured bremsstrahlung spectra at the two angular 
positions were simultaneously fit by using a hybrid PIC code 
LSP to determine fast electron characteristics. In LSP, Kα 
and bremsstrahlung generation are calculated using the 
Integrated Tiger Series (ITS) code [51] as fast electrons 
propagate in the target. 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. Calculations of electron stopping and 
angular bremsstrahlung with LSP are benchmarked against a 
MC code. [33] Note that a 2D Cylindrical simulation is 
unable to reproduce the difference in the experimental 
bremsstrahlung signals shown in Fig. 1(f), suggesting that 
the beam injection angle as well as relative detector positions 

with respect to the beam axis must be considered in fast 
electron transport and x-ray generation calculations.  

Figure 2(a) shows a LSP simulation geometry for a 50 × 
1000 μm2 thick Cu foil. The colour contour in the figure 
represents the number of photons in the photon energies 
between 50 keV and 100 keV in a log scale. A beam of fast 
electrons is injected at an incident angle of 30° within a 20 
μm plane at the foil surface (X=Z=0). The initial beam size is 
estimated based on an assumption that an electron beam is 
generated within the laser spot (~8 μm) at the critical density 
surface, which is 18 μm away from the solid surface 
according to a 1D hydrodynamics code [44]. It is noted that a 
choice of the initial beam spot size is insensitive to calculated 
angular distributions of x-ray spectra because of strong 
electron recirculation as seen in Fig. 2(a). The simulation box 
size is 1.6 mm x 1.6 mm with a cell size of 2 μm in each 
dimension for bare foils. All simulations are run up to 30 ps 
because photons between 50 and 100 keV are no longer 
produced at this time. The time step is determined in the code 
by using a Courant multiplier of 0.5. 

Simulation parameters varied are: slope temperature of the 
fast electron energy spectrum (Thot) and electron injection 
half-angle (θ). Changes in total injected energy only vary the 
total electron number so that simulated x-ray spectra simply 
scale with the energy in the simulation regime considered for 

 

Figure 2 (a) A two dimensional photon generation distribution calculated with LSP for a 50 μm thick Cu foil. The colour 
contour represents the number of photons between 50 and 100 keV in a log scale. Comparisons of measured and 
calculated bremsstrahlung spectrometer signals for (b) Brems1 at 188° and (c) Brems2 at 250°. (d) Calculated x-ray 
spectra in the direction of Brems1, Brems2 and x-ray imaging. (e) A 2D LSP photon distribution for a 100um thick Ag foil 
with a plastic backing. The inset of the figure shows a close-up of the photon distribution near the Ag foil. (f) Calculated 
x-ray spectra for the Ag foil with and without the plastic backing.  
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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. More details of 
the fitting procedures, conversion from simulated x-ray 
spectra to spectrometer signals, and dependence of each 
parameter on simulated spectra are discussed in Refs 33 and 
34.  

The two bremsstrahlung signals are simultaneously fit 
with a series of LSP simulations by varying Thot and θ in the 
range of 0.50 ≤ Thot ≤ 1.50 MeV and 5.0° ≤ θ ≤ 30.0°. A best 
fit is found to be Thot = 0.75 MeV and θ = 5.0° in the range of 
0.70 ≤ Thot ≤ 1.03 MeV and 5.0° ≤ θ ≤ 10.5° from a reduced 
χ2 analysis within 2 times the minimum χ2 value. Fig. 2(b) 
and (c) show comparisons of the measured bremsstrahlung 
with calculations using Thot = 0.75 MeV and θ = 5°. The 
electron energy spectrum inferred from the fit agrees with the 
slope temperature observed in the direct electron 
measurement as shown in Table 1. Fig. 2(d) show calculated 
x-ray spectra using the electron parameters inferred in the 
direction of Brems1 (188°), Brems2 (255°) and the x-ray 
radiograph package (80°) for the 50 μm Cu target. The x-ray 
spectra in the direction of the bremsstrahlung spectrometers 
are similar above ~70 keV, but the spectrum at 80° is a factor 
of ~3 lower than the others. The continuous spectrum can be 
fit to a 80 keV exponential function. Strong angular 
dependence of the x-ray spectra from a solid implies that the 
characteristics of the x-ray source along the injection axis are 
high photon numbers and high photon energies, while the 
contribution of the bremsstrahlung in the total spectrum 
becomes smaller in the near edge-on direction.  

For simulations of a metal foil glued on a plastic backing, 
the simulation box size is extended from 1.6 x 1.6 mm2 to 8.0 
x 8.0 mm2. Fig. 2(e) displays a simulation setup for a 100 μm 
thick Ag foil attached on a 6350 μm2 plastic layer. The 
colour contour in Fig. 2(e) and the inset illustrates time-
integrated photon number distribution between 50 and 100 
keV. A beam of injected fast electrons propagates through 
the Ag foil and the plastic layer without recirculating at the 
foil-plastic interface. As shown in Fig. 2(e), the majority of 
50-100 keV photons is produced in the Ag foil since the 
production of bremsstrahlung is proportional to the square of 
the target atomic number (Z2) [52] No development of a 
sheath potential is found at the rear surface of the Ag foil, but 
potentials developed at the other edges of the Ag foil. 
Because of the front surface recirculation, generation of x-
ray photons is extended to almost the entire foil similar to the 
case of the bare foil. This creates a similar situation where 
the x-ray source size for the Ag-plastic target can be assumed 
to be similar to the bare foil case.  

Fig. 2(f) compares calculated x-ray spectra with and 
without a plastic layer. The addition of the plastic to the 
metal foil significantly reduces x rays between 1 and ~ 30 

keV including the 22 keV Ag Kα and 28 keV Kβ by ~30%. 
However, high-energy bremsstrahlung spectra (> ~50 keV) 
are nearly identical. This result is consistent with previous 
studies [6,50]. Effects of the electron recirculation on fast 
electron characteristics, particularly conversion efficiency, 
are an on-going research topic and beyond the scope of the 
present paper because simulated and experimental 
radiographic images are time-integrated and compared in a 
normalized unit (i.e., transmission). Currently, 3D LSP 
simulations are underway to determine conversion 
efficiencies from the laser to the fast electrons and resulting x 
rays. Results will be reported in a separate publication.  

Similar parameter studies are performed for shot 34 (100 
μm thick Ag on a plastic) and shot 32 (100 μm thick Cu on a 
plastic) to determine x-ray source spectrum. Fast electron 
parameters best fit to the measurements are Thot = 1.04  ± 
0.16 MeV and θ = 11.0° ± 6.0°, and Thot = 0.98  ± 0.22 MeV 
and θ = 11.0° ± 6.0° for shot 34 and 32, respectively. The 
inferred parameters summarized in Table 1 show that the fast 
electron spectra and divergence angles are relatively 
independent on the target materials, thicknesses and the 
absence of recirculation by adding the plastic backing at the 
similar peak laser intensity in this experiment.  

4. Monte Carlo simulations with PHITS 

X-ray radiographic images of the spark plug through the 
various filters are simulated with a Monte Carlo code, the 

 

Figure 3 (a) A three dimensional model of a spark plug 
with a simulated x-ray image. (b) A PHITS simulation 
geometry in the x-z plane.    
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Particle and Heavy Ion Transport code System (PHITS), 
version 3.02 [41] using the LSP-calculated broadband 
spectrum. Figure 3(a) shows a spark plug model constructed 
with an interactive three-dimensional solid modelar, 
SimpleGeo [42]. The nominal material composition of the 
specific spark plug used is found in publicly available 
information [ 53 , 54 ]. The spatial dimensions of the 
simulation match the experiment. Figure 3(b) shows the x-z 
plane of a 3D PHITS simulation. The spark plug is 
positioned at the origin of the simulation space. A beam of 
photons spatially distributed over a plane of 173 × 1000 μm2 
is injected at z=-45.7 cm with a divergence of 6°. The photon 
energy distribution is implemented from the LSP simulation 
results for shots with each filter. The back surface of the 
filter and the front surface of the IP is positioned at z=-1.5 
and 1.5 cm, respectively. The magnification of the imaging is 
approximately 1. The simulations are performed by injecting 
300 million photon particles.  

The transport of the injected photons is calculated using 
the Electron Gamma Shower 5 (EGS5) algorithms [55] in 
PHITS. With this option, the code calculates not only 
attenuations of broadband x rays by an x-ray attenuation 
filter, the object and the IP detector, but also generation and 
reabsorption of secondary photons and electrons that could  
be produced via photoelectric effects and Compton scattering 

in multiplicative cascade processes. In the present 
simulations, it is found that difference in simulated intensity 
with the EGS option on and off is minor. Calculated photon 
and electron sensitivities of the IP with PHITS agree with 
published results [56,57].  
 

5. Results and discussions 

Figure 4 (a) ~ (f) show simulated and experimental x-ray 
transmission images of the spark plug test object through the 
CH, Al and brass filters. The transmission images are 
obtained by dividing a two dimensional intensity image by 
an intensity value outside the object. Transmitted x rays 
through the CH and Al filters clearly form the images of the 
object, but not through the brass filter. Qualitatively, the 
simulations reproduce the experimental images well. The 
signal-to-noise ratio is slightly degraded with the Al and 
significantly worsen with the brass compared to the image 
observed with the CH. Most parts of the spark plug in the 
measured image with the brass filter were swamped in 
background because the transverse dimension of the filter 
was only slightly larger than the object size, and the IP was 
exposed to stray x-ray radiation coming around the filter. A 
high density piece inside the metal body around Y = ~3 cm is 

 

Figure 4 Simulated and experimental radiograph images of the spark plug through (a)(d) CH, (b)(e) Al, and (c)(f) brass 
filters. Calculated x-ray spectra before and after the filter for (g) CH, (h) Al, and (i) brass. The spectral response of the IP 
calculated with PHITS is also shown.  
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not included in the model. 
To investigate changes in the shape of the broadband x-

ray spectrum due to the attenuation filter and contribution of 
photon deposition in the IP, Fig. 4(g) ~ (i) compares 
calculated x-ray spectra entering and exiting the attenuation 
filters together with the photon sensitivity of the IP detector. 
The CH filter strongly attenuates photons below 10 keV 
down to ~1%. This photon cut-off energy (T < 1%) increases 
to ~ 20 keV and ~100 keV with the Al and brass, 
respectively. Changing the filter material from low to high 
atomic number decreases the photon fluxes deposited in the 
IP’s most sensitive range between 10 and 100 keV, resulting 
in degradation of the image quality. Here, the input x-ray 
source spectrum for each attenuation filter is the one inferred 
for the corresponding target type as shown in Table 1 and 
Fig. 4(g)~(i). The trend of the simulated images is held when 
using an identical source for all three cases.  

Figure 5 compares lineouts of the transmission images for 
the CH and Al filters. The line profiles are obtained by 
integrating a boxed area on the insulator of the spark plug 
from Y=3.8 to 4.9 cm. Three distinct transmission levels 
identified are an unattenuated intensity by the object (i.e., 
transmission of 1), the insulating cylinder, and the central rod 
coupled within the insulating cylinder. The comparisons 
showing good agreements for both cases further confirms 
that the input broadband x-ray spectrum characterized by the 
bremsstrahlung analysis is accurate to reproduce the 
measured radiographic image. The slight deviation between 
the experimental and calculated transmission profiles could 
be due to undisclosed material compositions of the spark 
plug parts. The experimental and simulated images through 
the brass filter are evidently too disrupted to obtain valid 
transmission profiles of the object.  
 

 
Figure 5 Comparisons of measured and simualted 
transmission profiles for (a) CH and (b) Al filters.  
 

6. Summary 

The experimental benchmarking of laser-driven broadband 
x-ray radiography using the LSP hybrid PIC and PHITS 
Monte Carlo codes is presented. The photon transport 
calculations with PHITS is performed by incorporating the 
LSP-calculated spectrum, the realistic 3D spark plug model, 

the x-ray attenuation filter, and the IP detector. This 
numerical modelling successfully reproduces the 
experimentally observed radiographic images of a spark plug 
test object for the three filter materials (CH, Al and brass). In 
addition, the simulated 1D transmission profiles of a section 
of the spark plug’s insulating cylinder match the experiment 
well for the CH and Al filters. This result also validates the 
angular dependent broadband x-ray spectrum inferred from 
the bremsstrahlung analysis.  

While characterization of an x-ray source is necessary for a 
given short-pulse laser condition, the modelling capability 
presented here can be used as a predictive tool to design 
laser-driven broadband x-ray radiography experiments and to 
optimize details of experimental components such as filter 
materials, filter thicknesses and detector types without 
carrying out experiments. The SimpleGeo solid modelar 
allows ones to design not only a simple symmetric object, 
but also objects with asymmetric complex structures for 
photon transport calculations to form radiographic images. 
This capability is also available with other Monte Carlo 
software packages such as Geant4 [58] and FLUKA [59]. 
Furthermore, a broadband spectrum of laser-driven x rays 
can be readily modified by changing laser and target 
conditions. With appropriate choices of laser parameters of a 
PetaWatt class laser and a high sensitivity detector in MeV 
regimes, the same modelling method could be applied for 
MeV gamma-ray radiography for industrial applications.  
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