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ABSTRACT
Hard x-rays produced by intense laser-produced fast electrons interacting with solids are a vital source for producing radiographs 
of high-density objects and implosion cores for inertial confinement fusion. Accurate calculation of hard x-ray sources requires 
a 3-D simulation geometry that fully models the electron transport dynamics, including electron recirculation and the generation 
of absolute photon yields. To date, 3-D simulations of laser-produced bremsstrahlung photons over tens of picoseconds and 
code benchmarking have not been performed definitively. In this study, we characterize sub-picosecond laser-produced fast 
electrons by modeling angularly resolved bremsstrahlung measurements for refluxing and non-refluxing targets using the 3-D 
hybrid particle-in-cell (PIC), Large Scale Plasma (LSP) code. Bremsstrahlung radiation and escaped electron data were obtained 
by focusing a 50-TW Leopard laser (15J, 0.35 ps, 2x1019 W/cm2) on a 100-pm-thick Cu foil and a Cu with a large plastic 
backing (Cu-CH target). Data for both the Cu and Cu-CH targets were reproduced for simulations with a given set of electron 
parameters. Comparison of the simulations revealed that the hard x-ray emission from the Cu target was significantly longer in 
duration than that from the Cu-CH target. The benchmarked hybrid PIC code could prove to be a powerful tool in the design 
and optimization of time- and angular-dependent bremsstrahlung sources for flash x-ray and gamma-ray radiography.

1. Introduction

Interaction of a relativistic intense, short-pulse laser with 
a solid target generates energetic (fast) mega-electron volt 
(MeV) electrons, producing a broad spectrum of hard x- 
rays.1,2 Understanding the characteristics of fast electrons is 
critical not only in the fields of hard x-ray radiography of 
mm-scale solid high-Z objects3,4 and inertial confinement 
fusion (ICF) implosion cores,5,6,7 but also for applications 
using fast electrons such as the fast ignition ICF,8,9 creation 
of warm dense matter (WDM)10 and the generation of 
secondary sources including MeV bremsstrahlung11,12,13. In 
particular, information on the electron energy distribution 
(Th), the laser-to-electron energy conversion efficiency (q), 
and the electron beam divergence angle (0)14,15 is important, 
forming the key initial conditions in calculations of space- 
and time-dependent x-ray photon generation.

Spectrally resolved bremsstrahlung measurements are 
commonly used to retrieve the fast electron characteristics in 
high-intensity short-pulse laser experiments among other x- 
ray and particle measurements.16,17,18 A broad spectrum of x- 
ray photons up to ~MeV is recorded by spectrometers 
consisting of stacks of alternating differential metal filters 
and detector layers.19,20,21,22 X-ray signals recorded in each 
detector layer are modeled with a Monte Carlo or a hybrid 
particle-in-cell (PIC) code by varying the input electron 
parameters until the simulation results match the 
experiment.23,24,25,26,27,28,29 To further constrain the fitting of 
parameters, the angularly and spectrally resolved 
bremsstrahlung spectra have been measured by configuring 
multiple identical spectrometers around the

target.30,31,32,33,34,35,36 Despite a variety of such measurement 
strategies, comparisons of multiple bremsstrahlung signals 
with simulations using several different numerical 
approaches have provided limited consensus. This is partly 
attributed to the lack of a simulation dimension and/or time 
in modeling the electron recirculation (refluxing).37,38,39 This 
phenomenon occurs when a strong sheath field generated at 
the target-vacuum boundaries traps and reflects escaping fast 
electrons back into the target. As a consequence, the electron 
trajectories are altered significantly, resulting in changes in 
the angular distribution of the bremsstrahlung radiation. 
Modeling of electron transport including electron 
recirculation requires a three-dimensional simulation with 
sufficiently large vacuum spaces and a long simulation time 
to calculate the self-generated electromagnetic fields and 
collisional energy losses during the electron recirculation.

Here, fast electron characterization is revealed by 
modeling the angularly resolved bremsstrahlung 
measurements for both refluxing and non-refluxing targets 
with a 3-D hybrid PIC Large Scale Plasma (LSP) code.40 The 
bremsstrahlung and the escaped electron data were obtained 
from a 100-gm-thick Cu foil and also for a Cu foil attached 
to a large plastic backing41,42,43 (Cu-CH target) to minimize 
electron recirculation. It was found that simultaneous fitting 
to the two measured bremsstrahlung signals for both the Cu 
and Cu-CH targets were necessary to determine all three 
electron parameters. Using the benchmarked code, the time 
evolution of the bremsstrahlung spectra for the Cu and Cu- 
CH targets were compared. The simulations which ran for up 
to 40 ps, revealed for the first time that the electron 
recirculation makes the duration of the hard x-ray emission
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significantly longer in the Cu foil than in the Cu-CH target. 
The volume of the plastic backing necessary to eliminate the 
bremsstrahlung produced by the electron recirculation was 
also investigated numerically.

This paper is organized as follows: Section II describes 
the Leopard laser experiment used to obtain data for the code 
benchmarking. Section III describes the 3-D hybrid PIC 
simulations including the simulation setup, the field 
generation, the electron trajectory, and the synthetic angular- 
dependent bremsstrahlung. Section IV presents the results for 
the direct comparisons of measured and simulated signals 
and the chi-squared values of the fittings to the Cu-CH and 
Cu data. Numerical simulations of the time evolution of the 
bremsstrahlung and a discussion on the effect of the volume 
of plastic backing on bremsstrahlung generated by electron 
recirculation are presented in the final section.

II. Experiment

The experiment was conducted using the 50 TW 
Leopard laser44 at the University of Nevada, Reno. A 
schematic of the experiment is given in Figure 1(a). The 
Leopard laser produced a pulse of energy of ~15 J with a 
pulse dmation of 0.35 ps (full width at half maximum, 
FWHM) at a central wavelength of 1057 mn. The beam was 
focused tightly with an f/1.5 dielectric coated off-axis 
parabolic mirror onto the target at an incident angle of 30° 
with an S-polarization. Measurement of the beam energy in 
the target plane showed 30% of the laser energy was 
contained within an ~8 pm diameter spot.45 The on-target 
peak laser intensity was estimated to be ~2xl019 W/cm2. 
Bremsstrahlung photons generated during the electron 
transport were recorded using two calibrated differential 
filter stack spectrometers2" at the positions of 22° and 40° 
from the laser axis. The spectral range covered by the 
spectrometers was from 10 to 800 keV. A magnet-based 
electron spectrometer46 was used to measure the number of 
escaped electrons along the laser axis.

Two types of targets were used in the experiment: a 100- 
pm-thick Cu foil and a Cu foil attached to a polystyrene (CH) 
hemisphere post with a quarter-inch radius (6350 pm). The

surface area of the Cu foil was 1 mm2. The large CH piece 
allowed fast electrons to travel continuously from the Cu to 
the CH, and the electrons were prevented from recirculating 
back to the Cu foil for further x-ray generation. A low-Z 
backing material was chosen to minimize x-ray generation 
from the backing, thus making the Cu foil the dominant 
source of bremsstrahlung radiation.

Figure 1(b) shows the measured electron spectra for the 
Cu and Cu-CH targets. Both spectra fit well with a single 
exponential slope of 1.25 ± 0.15 MeV for the Cu and 1.15 ± 
0.35 MeV for the Cu-CH target. Some of the high energy 
electrons (> ~3 MeV) deviated from the single slope 
spectrum, but their contribution to bremsstrahlung generation 
was minor as discussed later. At least two target shots for 
each laser and target condition were performed. The shot-to- 
shot variation in the slope temperature was less than 10%. 
The inferred slope temperatures were comparable for the two 
cases as expected given that any difference between them 
would arise whether the CH backing was used or not. The 
slope of the escaped electrons along the laser axis relates 
directly to that of the electrons generated near the laser 
interaction region.47 48 The number of escaped electrons from 
the Cu foil was consistently higher than the number from the 
Cu-CH target. As reported,49’5'451 the magnitude of the rear 
sheath field is proportional to the square root of the electron 
number. As the target becomes thicker, the number of 
electrons escaping from the rear of the target decreases due 
to the angular spread of the electron beam.

The measured bremsstrahlung signals at 22° (Bremsl) 
and 40° (Brems2) for both targets are presented in Figures 
1(c) and 1(d), respectively. The intensity of the 
bremsstrahlung decreased with the angular position of the 
spectrometer away from the laser axis (i.e., the signal was 
higher at 22° than at 40°). The CH post, which prevented 
electron recirculation, reduced the bremsstrahlung signals by 
a factor of 2 in the seventh layer (~50 keV) in both detectors. 
Later, the measured signals at the two spectrometer positions 
were compared directly and fitted simultaneously with 
simulations by varying the input divergence angles and the 
electron beam energies for the Cu-CH and Cu targets as 
discussed in Sections IV.A and IV B, respectively.

(b) Measured electrons 
(Espec)

Cu (shot 27)
1.25 MeV slope

Brems 1 2 3 4 5
Electron Energy [MeV]

(c) Brems 1 at 22°

Min Photon Energy (keV) 
13 19 32 59 189 270

6 8 10
IP layers

12 4 6 8 10 12
IP layers

FIG. 1. (a) Schematic diagram of the experimental and diagnostic layout, (b) Measured escaped electron spectra for the bare 
Cu foil and the Cu-CH target. The measured bremsstrahlung spectrometer signals (doses) at (c) 22° and (d) 40° from the 
laser direction for the two types of targets.
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FIG. 2.3-D hybrid PIC LSP simulation setup for the Cu-CH target, (a) Top view and (b) 50° view from the equatorial plane. 
The injection axis of an electron beam and the diagnostics are both in the equatorial plane. Blue dots are fast electrons, (c) 
Map of the total electric fields in the Y-Z plane at X=0 pm. The trajectories for fast electrons (d) 0.4 MeV, (e) 1.0 MeV, and 
(f) 5 MeV electrons. Different colors represent particles injected at different times (1.0 ps in blue, 1.2 ps in orange and 1.4 
ps in green).

III. 3-D LSP modeling of angularly resolved 
bremsstrahlung

Simulations of fast electron transport and hard x-ray 
generation were performed using a 3-D hybrid PIC LSP code. 
The simulations were initiated by injecting a beam of fast 
electrons, instead of solving a laser-target interaction. The 
use of 3-D cartesian coordinates was essential in this work to 
compute the development of self-consistent fields at all 
target-vacuum boundaries and to model the off-axis incident 
angle of an injected electron beam that mimics the laser 
incident angle with respect to the detector positions in the 
experiment. Magnetic fields generated by resistive gradients 
or filamentation are not included. The code takes into account 
the stopping power, scattering, and radiative loss for the 
electron transport processes. 52 ■ 53 The generation of 
bremsstrahlung and Ka photons in the LSP is modeled using 
a cross-section calculated with the Integrated Tiger Series

(ITS).54 We benclunarked the LSP calculations of the 
electron stopping and scattering as well as the angular 
distribution of bremsstrahlung generated in solid Cu against 
the Monte Carlo code Electron Gaimna Shower 5 (EGS5)55 
in the Particle and Heavy Ion Transport code System 
(PHITS) ,56

The simulation box size was large enough to calculate 
the development of electric and magnetic fields surrounding 
the Cu target. A 100-pm-thick Cu foil with a surface area of 
1 mm2 was positioned at the center of a 2x1.5x2 mm3 
simulation box with a cell size of 10 pm, resulting in ~ 500 
pm vacumn spaces all around the Cu foil. For the Cu-CH 
target, a 650-gm-thick plastic layer with a 2x2 mm2 surface 
area was attached to the rear side of the Cu. Given that 
absorbing boundaries were used, the plastic reaching the 
boundaries was essentially an infinitely large layer. The 
simulation setup and the electron beam injection axis for the 
Cu-CH target at an incident angle of 30° in the equatorial 
plane are illustrated in Figures 2(a) and 2(b). The duration of
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the electron beam was assumed to be the same as that of the 
laser pulse (0.35 ps FWHM), and most simulations were run 
for 20 ps. The main electron source parameters varied for 
fitting were the divergence angle and electron beam energy 
as discussed later.

The major difference between the hybrid PIC code and 
the Monte Carlo code is self-consistent field generation 
associated with electron transport in the hybrid PIC 
simulations. The time evolution of the electric and magnetic 
fields as well as the trajectories of fast electrons with various 
energies were simulated using the parameters of Th =1.0 
Me V, 0 = 50°, and beam energy, Eb= 1.1 J. A snapshot of the 
total electric field in the Y-Z plane (X=0) at 4 ps is shown in 
Figure 2(c). The magnitude of the peak electric fields 
generated around the Cu foil exceeded 10 TV/m. The 
trajectories for 0.4,1.0, and 5.0 MeV electrons for simulation 
times up to 5 ps are shown in Figures 2(d)-2(f). The 0.4-MeV 
electrons were stopped collisionally in the Cu foil. Most of 
the 1-MeV electrons were affected by the front and rear 
sheath fields, forcing the electrons to propagate to the edge 
of the foil. These electrons propagate on the target surface 
toward the foil edges rather than penetrate back into the 
target. As a result, strong sheath fields were also established 
near the Cu edges at Z=±0.05 cm as in Fig. 2(c). The majority 
of the 5-MeV electrons escaped from the rear of the target, 
and some of the electrons injected at the peak of the pulse 
(orange lines) were largely deflected and pulled back by the 
fields to the comer of the foil, as shown in Fig. 2(f). These 
simulations demonstrate that: (1) The non-normal electron 
injection produces an asymmetric electron beam distribution 
with respect to the target normal [Fig. 2(a)], affecting the 
resulting bremsstrahlung angular distribution to be also 
asymmetric, [e.g., compare the electron number density (blue 
dots) at the Brems2 position at 70° from the target normal in 
clockwise vs counterclockwise]. (2) Bremsstrahlung
radiation generated from electron recirculation is dominated 
by electrons with energies less than ~5 MeV. (3) Electrons 
trapped by the rear sheath field are deflected sideways rather 
than forced to execute simple back-and-forth motion within 
the foil.

Photons generated in the Cu and CH layers were post- 
processed to compute the time- and angular-dependent 
photon spectra and the synthetic bremsstrahlung 
spectrometer doses using a spectrometer response function.2" 
The time-integrated bremsstrahlung spectra and the 
spectrometer doses at the 22° (Bremsl) and 40° (Brems2) 
detector positions for the Cu-CH target are presented in 
Figures 3(a) and 3(b). The electron parameters used for the 
simulation were Th= 1 MeV, 0 = 50°, and Eb = 1.5 J. The 
broadband x-ray spectrum consisted of bremsstrahlung 
radiation above ~10 keV and the characteristic Cu K-photons 
near 8 keV. The calculated x-ray spectrum in Fig. 3(a) was 
converted to simulated doses for each image plate (IP) layer 
of the spectrometer to directly compare them with the 
measurements in absolute units (next section). Both the raw 
x-ray spectra and the spectrometer doses showed higher 
signals at 22° (close to the electron injection axis) than at 40° 

for a Th of ~1 MeV. The angular distribution of

bremsstrahlung depends on the target material, the thickness 
of the target and the fast electron spectrum (or laser 
intensity). Here, the measured anisotropy of the 
bremsstrahlung signals was attributed to the 100-pm-thick 
Cu foil because such measurements are nearly isotropic with 
a Th of-0.6 MeV as in a previous experiment.57 It is reported 
that the isotropic hard x-ray emission originates from thin foil 
or wire targets (< 10 pm) due to the strong electron 
recirculation even at a peak laser intensity of 102" W/cm2.36

(a) Simulated x-ray photons (b) Simulated spectrometer doses

Cu-CH target Cu-CH targetCu Ka

Photon energy (keV) IP layer

FIG. 3. (a) Calculated bremsstrahlung spectra at the 22° and 
40° positions for the Cu-CH target, (b) Synthetic 
spectrometer doses as a function of the image plate (IP) 
layers after the spectra in (a) are processed using a detector 
response function.

IV. Results and discussions

A. Fitting to the bremsstrahlung measurements for the 
Cu-CH target

The measured bremsstrahlung doses were fitted 
with a series of ESP simulations by changing the electron 
beam energy, Eb, and the divergence angles, 0. The ranges of 
Eb and 0 were varied between 0.5 and 2.0 J and 10° and 90°, 
respectively. For each spectrometer, the fitted residuals 
between the measured and simulated doses were calculated 
using the chi-squared method, in which the chi-squared value
was examined by calculating x2 = E”= 1^yexp where

yexp and ysim were the measured and simulated 
bremsstrahlung doses at the /-th layer of IP, respectively, aL 
was the standard error of each measurement, and n was the 
total number of the IP layers. The chi-squared values from 
the two spectrometers were combined to find the best-fit 
parameters in both directions. A contour plot of the chi- 
squared values for the fitted result for the Cu-CH target is 
presented in Figure 4(a). The color bar represents the 
normalized chi-squared value of the corresponding color. 
The contour map shows a well-defined region in the range of 
52° ± 8° and 1.6 ± 0.2 J for a Th of 1.15 MeV, estimated from 
an area of two times the minimum chi-squared value in Fig. 
4(a). In Figs. 4(b) and 4(c), the simulated doses using the 
best-fit parameter are compared with the experimental doses. 
The result shows a good agreement for Bremsl, but a slight 
deviation for Brems2. On investigating the dependence of the 
slope temperature on the fitting, better agreement between 
the experiment and the simulation with a lower Th than that
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(a) Chi-squared values for the 
Cu-CH target (Th = 1.15 MeV)
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(b) Bremsl (Th = 1.15 MeV)

Exp
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(c) Brems2 (Th = 1.15 MeV)

Exp
(Brems2 at 40°)
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(d) Chi-squared values for the 
Cu-CH target (Th = 0.80 MeV)
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(e) Bremsl (Th = 0.80 MeV)
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(f) Brems2 (Th = 0.80 MeV)

Exp
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FIG. 4. (a) Contour map of chi-squared values of the fitting result for the Cu-CH target. The contour is a combined result for 
the fits to the data for both spectrometers. The white dotted lines indicate twice the minimum value in the range of 0=52° ± 
8° andEb=1.6 ± 0.2 J. The color bar shows the chi-squared values. The measurements are compared with a simulation using 
the best-fit parameter (0=50°. Eb=1.5 J, Tb=l. 15 MeV) for (b) Bremsl and (c) Brems2. (d) Contour map of chi-squared values 
forTb=0.80 MeV. The dotted line indicates the range of 0=75° ± 15° andEb=1.3 ± 0.2 J. (e, f) Comparisons of the experiment 
with a simulation using 0=70° and Eb=1.3 J at the 22° and 40° positions.

from the measured electron spectrum was found. In Figures 
4(d) and 4(f), a contour map of the chi-squared values for a 
Tb of 0.8 MeV is shown including comparisons of the 
measured and simulated doses using 0 = 70°, and Eb = 1.3 J. 
The range of 0 and Eb inferred from the contour map is 
estimated to be 75° ± 15° and 1.3 ±0.2 J. This result indicates 
that the slope of the electron energy distribution in the laser- 
interaction region may be lower than that of the escaped 
electron spectrum. Therefore, the slope temperature of the 
measured electron spectrum can be a good starting guide for 
the fitting, but an additional parameter study based on 
varying the energy spectrum is necessary to find a unique set 
of the fast electron parameters. In this work, all three electron 
characteristics have been determined by comparing the fitted 
results for both the Cu-CH and Cu targets as shown in the 
next section.

The divergence angle inferred in this study is 
significantly larger than that found in previous work using 2- 
D ESP simulations (0=15° ± 8°).35 The ESP code in a 2-D 
Cartesian geometry can appropriately incorporate the

electron injection axis and the electron recirculation in 
simulations, but the transport of fast electrons is solved only 
in a two-dimensional plane and the absolute photon yields 
cannot be calculated due to an open system being used. Thus, 
simulated doses from the 2-D simulations were compared 
with those from the experiment using arbitrary units. 
Different divergence angles inferred from the present 3-D 
and previous 2-D ESP simulations suggested that modeling 
of the electron recirculation must be performed in a 3-D 
space. The results that produce a larger divergence angle 
using a 3-D rather than a 2-D simulation are consistent with 
the results of implicit 2-D and 3-D PIC simulations.58

The conversion efficiency from the laser to fast electrons 
in a single-slope temperature spectrum was estimated to be 
8~10% for this particular shot, with a laser energy of 14.8 J. 
This value is a lower bound because the electron energy 
distribution is assumed to be the single slope of the electron 
spectrum. It is well known that the energy distribution of fast 
electrons generated in the laser interaction region is 
described by a continuous spectrum of electrons that can be 
represented as a sum of multiple exponential slopes. Low-
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(a) Chi-squared values for the 
Cu target (Th = 1.25 MeV)
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FIG. 5. (a) Chi-squared map of the fitting result using a Th of 1.25 MeV for the Cu target. Comparisons of the experimental 
results with the simulated doses for different divergence angles and beam energies for (b) Bremsl and (c) Brems2. 
Simulations using the same input parameters (0=70°. Eb=1.3J, Th=0.80 MeV) for the Cu and Cu-CH targets are compared 
with the measurements for (d) Bremsl and (e) Brems2.

energy electrons (< tens of keV) contribute less to producing 
the bremsstrahlung radiation so that the bremsstrahlung 
measurements would be ineffective in realizing a low energy 
component. Given that these electrons are trapped by strong 
magnetic fields in a preplasma or collisionally stopped near 
the target surface, diagnosing the low-energy component of 
the spectrum requires alternative measurement techniques. 
Inclusion of the other electron energy components in the 
single-slope spectrum would increase the total electron beam 
energy and conversion efficiency.

B. Fitting to the bremsstrahlung measurements for the 
Cu target

Fitting of the parameters to the measured 
bremsstrahlung, similar to that for the Cu-CH target in the 
previous section, was performed for the strongly refluxing 
Cu target. An experimental slope temperature of 1.25 MeV, 
as shown in Fig. 1(b), was chosen for the fitting. A contour 
plot for the chi-squared values for the fitting results for the 
Cu target is presented in Figure 5(a). A narrow region of low 
chi-squared values was found in the electron beam energy 
across a range of divergence angles, from 10° to 90°. A 
comparison of the experimental results for three simulated 
spectrometer doses of 0=10°, 50°, and 90°, respectively, is

presented in Figures 5(b) and 5(c). The variation in the input 
divergence angle did not change the simulated doses, 
particularly for Brems2, as is clear in Fig. 5(c). The 
simulation result indicated that the initial divergence angle of 
an injected electron beam cannot be retrieved from the 
modeling of the angularly resolved sub-MeV bremsstrahlung 
radiation from a strongly refluxing target.

However, fast electron characteristics can be deduced by 
combining the fitting results for both the Cu-CH and Cu 
targets. It is reasonable to presume that fast electrons with 
similar characteristics are generated on the surface of the Cu 
foil in both targets. This assumption allows us to find the 
overlapping parameter space in Figures 4(a), 4(d), and Figure 
5(a). The divergence angle and the beam energy estimated 
for the Cu-CH target with a Th of 0.80 MeV (75° ± 15° and 
1.3 ± 0.21) are consistent with the results for the Cu, whereas 
no coimnon parameter area was found in the case of Th= 1.15 
or 1.25 MeV. Comparisons of the measurements with 
simulations for a Th of 0.80 MeV are presented in Figures 
5(d) and 5(e). The simulations reproduce well the differences 
in the bremsstrahlung doses between the Cu and the Cu-CH 
at both detector positions. The results reveal that
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(a) Time-dependent spectra (b) Time-dependent spectra 
x105 in the 22° direction x105 in the 40° direction

Cu (20 ps) Cu (20 ps)Cu (5 ps)
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FIG. 6. (a) Temporal evolution of calculated bremsstrahlung spectra between 10 and 2000 keV at the 22° position and (b) at 
40° position, (c) A time history of spectrally integrated x-ray energy between 70 and 200 keV along the 22° direction for the 
Cu and Cu-CH targets. Dotted lines represent running integrals of the x-ray energies as a percentage. The inset in (c) shows 
the normalized time history for up to 5ps with the 0.35 ps electron pulse peaked at 1.2 ps. The FWHM of the x-ray pulses are 
0.39 ps and 0.48 ps for the Cu and Cu-CH targets, respectively.

measurements of the angularly resolved bremsstrahlung 
signals and escaped electrons from a metallic x-ray source 
target with and without a large low-Z layer constitute a 
benclunark data set that can be used to test electron 
recirculation physics in numerical modeling.

V. Numerical studies of a bremsstrahlung source for hard 
x-ray radiography

A. Calculations of time-dependent bremsstrahlung 
radiation between refluxing and non-refluxing targets

The benclunarked LSP code can provide insight into the 
time-dependent generation of bremsstrahlung radiation of 
which such measurements are currently unavailable. Two 
simulations for refluxing and non-refluxing targets were 
performed with and without a plastic layer using a slope 
temperature of 0.8 MeV, a divergence angle of 50°, and a 
beam energy of 1.3 J, respectively. The simulation for the Cu 
target was run for up to 40 ps. The temporal evolutions of the 
bremsstrahlung spectra between 10 and 2000 keV at the 22° 
and 40° detector positions are presented in Figures 6(a) and 
6(b). The spectral intensities were comparable up to ~2 ps. 
After 2 ps, the x-ray spectra from the Cu becomes more 
intense by a factor of ~2.2 (-3.3) at 22° (40°) around 100 keV 
at 20 ps compared to those for the Cu-CH target [differences 
between the red (2 ps) and blue (20 ps) curves in Fig.6(a) and 
6(b)]. The phenomenon of an enhancement in the x-ray yields 
due to electron recirculation is well known. Here, the 
simulation shows, for the first time, that the bremsstrahlung 
spectrum peaking at ~ 70 keV continues to increase with 
time.

To examine the duration of the x-ray emission, the 
bremsstrahlung spectrum was integrated with respect to the 
photon energy between 70 keV and 200 keV, and whose 
spectral range is an effective backlighter spectrum for 
broadband x-ray radiography (Compton radiography) of an 
ICF implosion core.59’6" The time histories of the integrated 
x-ray energy for the Cu and Cu-CH targets in the 22° detector

direction are given in Figure 6(c). The inset in the figure 
shows the time between 0 and 5 ps along with the electron 
pulse history. The rising edge of the x-ray generation and the 
time of the x-ray peak are almost identical for both targets. 
These traces start to diverge from one another after the x-ray 
production reaches a peak around 1.5 ps, which is slightly 
later than the peak of the electron pulse at 1.2 ps. [see black 
dotted line in the inset of Fig.6(c)]. The x-ray intensity of the 
Cu-CH target rapidly decays as the electron beam exits from 
the Cu foil at around 2.5 ps, and becomes zero at ~5 ps. In 
contrast, electron recirculation in the Cu foil produces weak 
x-ray emission for ~ 25 ps. In Fig.6(c), running integrals of 
the x-ray energy history are calculated and plotted as dotted 
lines. These plots reveal that 95% of the x-ray energy 
between 70 and 200 keV is produced within 3 ps for the Cu- 
CH target, while reaching 95% for the Cu target takes -25 
ps, although 50% of the x-ray energy is produced in - 3 ps. 
It is important to note that the duration of the x-ray emission 
presented here is an upper limit because (1) the simulations 
exclude a proton layer on the rear side of the target that 
weakens the magnitude of the sheath potentials when they 
are accelerated via Target Normal Sheath Acceleration, 
reducing the number of recirculated electrons, and (2) the 
thermal expansion of the target due to heating is neglected. 
Nonetheless, this result indicates that care must be taken 
when a rapidly evolving object such as a laser-driven 
implosion core is radiographed with a laser-driven x-ray 
source using an isolated solid target. Such a long-lasting x- 
ray emission due to electron recirculation has been measured 
in a radiography experiment at the National Ignition Facility 
(NIF). An x-ray streak measurement has shown that a 
spectrally integrated x-ray emission persists over -300 ps 
when a 30 ps NIF ARC beam irradiates an Au wire target.6" 
3-D hybrid PIC modeling of time-dependent sub-ps laser- 
produced bremsstrahlung could be extended to simulate the 
electron transport and bremsstrahlung generated by multi-ps 
short-pulse lasers.
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B. Mitigation of electron recirculation using various 
volumes of plastic backing

Suppression of electron recirculation and hard x-ray 
generation was studied numerically by varying the volume of 
the plastic backing. Finding the minimum volume of plastic 
necessary to eliminate the effects of electron recirculation is 
conducive to obtaining simulation box sizes and designing 
refluxing-controlled targets for experiments. Within our 
simulation box size (2x1.5x2 mm3), the thickness and 
surface area of the CH backing were varied from 100 pm to 
650 pm, and from 1 nun2 to 2 mm2, respectively. The largest 
volume of the CH that fits the simulation box was 650 pm in 
thickness and 2 nun2 in surface area. A CH backing reaching 
the absorbing boundaries was treated as infinitely long. 
These simulations were performed using Th= 0.8 MeV, 6 = 
50°. and Eb= 1.3J. The spectra of the space-integrated hard 
x-ray photons generated in a 100-gm-thick Cu foil with 
different volmnes of CH backing are presented in Figure 7. 
Self-x-ray attenuation by the targets was not taken into 
account and calculated for the spectra. The addition of a CH 
backing to the Cu reduces the photon spectrum uniformly 
over a broad photon energy range up to ~ 1 MeV. Attaching 
a 500-pm-thick CH with a 1 nun2 surface area to the Cu 
decreases the spectral intensity by a factor of ~2, but this 
reduction is not large enough to eliminate electrons 
recirculating back to the Cu. A photon spectrum for an 
infinitely large CH slab is reproduced for a 500-pm-thick CH 
slab with an infinite surface area (2 nun2) and a lmm2 
surface area with an infinitely long thickness (not shown in 
Fig.7). This indicates that the effects of electron recirculation 
can be suppressed with at least a 500 pm thick plastic layer 
and a large surface area (> 2 mm2) for a Th of 0.8 MeV. It is 
noted that the minimum volume of plastic required for 
diminishing the effects of electron recirculation would 
change with a peak laser intensity generating an electron 
energy distribution.

Bare Cu

Cu + 500 pm CH
with a 1 mm2 surface area

Cu + 500 pm CH
with an infinite surface area

Cu + infinite CH

10 10"'

Photon Energy [MeV]
FIG.7 Simulated hard x-ray spectra from a 100 pm thick Cu 
foil with various different CH backing volumes (no backing, 
500 pm thick x l mm2, 500 pm x 2 nun2, and 650 pm x 2 
nun2 backings).

VI. CONCLUSIONS

We have characterized sub-ps laser-produced fast electrons 
by modeling angularly resolved bremsstrahlung 
measurements for the refluxing and non-refluxing targets 
with the 3-D hybrid PIC LSP code. The bremsstrahlung and 
escaped electron measurements were made for the strongly 
refluxing 100-pm-thick Cu foil and a non-refluxing Cu foil 
with a large CH layer. The divergence angle and conversion 
efficiency were determined from simultaneous fitting of the 
two bremsstrahlung signals with simulations, while a slope 
temperature of the electron energy spectrum was estimated 
from the electron measurement. It was found that all tluee 
electron parameters could not be determined uniquely from 
either fitting to the Cu-CH or the Cu data. Assuming the same 
electron source was generated in both targets, agreements 
between the simulation and experiment were found for both 
datasets using the divergence angle and beam energy 
(conversion efficiency) of 70° and 1.3 J (8.9 %), respectively, 
for a slope temperature of 0.8 MeV. The results demonstrate 
that angularly resolved bremsstrahlung measurements from a 
metal foil with and without a large low-Z layer to control 
electron recirculation can provide benclunarking data fora 3- 
D hybrid PIC code. Future work will include studies of 
electron recirculation with different laser conditions (laser 
energy, pulse duration, and peak intensity).

The 3-D LSP simulations provided new insights into the 
time evolution of angular-dependent bremsstrahlung 
radiation. The enhancement of x-ray photons generated in the 
Cu was uniform over a broad-spectrum range between 10 
keV and 1 MeV. The time history of the integrated x-ray 
photon energy between 70 and 200 keV, and the range 
relevant for radiographs of an ICF implosion core, showed 
that the x-rays from an isolated Cu foil were emitted for a 
period 8~10 times longer than that from a Cu foil with a CH 
backing. This could cause blurring in a radiographic image 
of a rapidly evolving object (e.g., implosion core). The 
benclunarked 3-D hybrid PIC code could be used to predict 
fast-electron-induced, hard-x-ray sources for applications in 
radiography.
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