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Abstract 
 Energy distribution of high-power, short-pulse laser produced fast electrons was 
experimentally and numerically studied by measuring high-energy bremsstrahlung x-rays. 
The hard x-ray photons and escaping electrons from various metal foils, irradiated by the 
50 TW Leopard laser at Nevada Terawatt Facility (NTF), were recorded with a differential 
filter stack spectrometer and an electron spectrometer. An effective peak laser intensity 
was determined by comparing the measured electron slope with the ponderomotive scaling 
and the bremsstrahlung measurement with an analytic calculation. The calculated 
bremsstrahlung spectrum with the inferred laser intensity shows the similar trend observed 
in the experiment. The experiment and analytic calculation were compared with a 2-D 
Particle-in-cell code, PICLS, including a newly developed radiation transport module. The 
hot electron temperature and the bremsstrahlung spectrum obtained by PIC simulations 
qualitatively agree with the experiments for Al and Cu targets. The simulation shows a 
two-temperature electron distribution at the laser interaction region, but only the fast 
electrons in the high-energy distribution flow into the target during the interaction because 
the low electron component is trapped by self-generated magnetic field in the preformed 
plasma. A significant amount of the low energy photons less than 100 keV could be 
produced by the low energy electrons picoseconds later after the gating field disappears. 
 
 
1. Introduction 
 
 High-power laser interaction with a solid target can generate a beam of relativistic 
(fast) electrons by the strong laser electric field. Understanding the generation and transport 
of the fast electrons in solids is of fundamental interest and detailed characterization of the 
electrons benefits to numerous applications such as charged particle acceleration 
(electrons, protons and ions) 1 , 2 , 3 , intense source of x and gamma rays 4 , 5 , positron 
generation6 , 7 , creation of matter in High Energy Density (HED) states via isochoric 
heating8,9,10,11 and an ignition electron beam for Fast Ignition (FI) laser fusion12,13.  
 Relativistic fast electrons are characterized by the electron energy distribution, the 
energy conversion from the laser to the electrons and divergence of the electron beam. An 
estimate of both conversion efficiency and energy-dependent divergence angle requires 
knowledge of the energy spectrum. However, characterization of the fast electron spectrum 
is challenging because it changes as the electrons propagate from the laser interaction 
region through solid density medium to vacuum in the target rear. A relativistic laser 
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irradiation on a solid generates thermal and non-thermal components of electrons near the 
critical density. Both the number and the spectrum of the electrons are substantially 
modified by collisions, resistive electric fields and self-generated magnetic fields during 
the transport through the dense medium. Furthermore, the spectrum of the electrons that 
escape from the target rear is altered by strong electric sheath potential. Thus, the escaped 
electron spectrum contains the information of a small fraction of the very fast electrons that 
are accelerated by the peak laser intensity and no information on electrons that are at lower 
energy than the potential (< ~ a few MeV) and are generated at later in time. 
Experimentally, electron energy distribution has been inferred from measurements of 
vacuum electron spectra14,15,16, nuclear activation17, Ka fluorescence from buried layers18 
or cone-wire targets 19 , 20 , 21 , fast proton emission 22  and bremsstrahlung x-
rays23,24,25,26,27,28,29,30,31. The escaping electrons (vacuum electrons) and nuclear activation 
techniques are only sensitive to very energetic electrons, which can leave the target before 
the sheath field is set up. K-shell x-rays can be produced by all electrons above the binding 
energy of inner shells (> a few 10’s keV). Because of the low-electron-energy sensitivity 
of the diagnostic, electron refluxing due to the sheath fields could significantly contribute 
to the measurements, making data analyses complicated. Refluxing of the electrons can be 
suppressed by adding a large conducting foil32  or plasma33 to the back of the target. 
Nevertheless, extrapolation of fast electron properties from the x-ray measurements 
requires extensive numerical modeling.  
 Hard x-rays via bremsstrahlung, generated by the collisions of the fast electrons 
with background target ions, carry the information of fast electrons transporting the target 
and they escape from the target without much attenuation, in particular, free from an effect 
of electric sheath potential. Bremsstrahlung signals are typically measured with absolutely 
calibrated dosimeters (Thermoluminescent Dosimeter, TLD), imaging plates (IP) or a high 
purity germanium detector. Typically, electron energy spectrum and conversion efficiency 
are extracted from comparisons of absolute measurements with Monte Carlo modeling of 
the electron transport and generation of the bremsstrahlung signals in a large parameter 
study of the input electrons. Chen et al34 reported a laser-to-electron conversion efficiency 
of 20-40% and temperatures from 70 to 90% of a ponderomotive scaling law35 at laser 
intensities of 1020 W/cm2 using IP-based bremsstrahlung spectrometers and the Monte 
Carlo code ITS3.036. Westover et al37 used a Monte Carlo based hybrid transport code that 
includes field effects on the electron transport and target resistivity and found that the 
estimated divergence angle may be wider than the pure Monte Carlo simulations by up to 
6° due to a collimation of the electron beam by the self-generated magnetic field. Recently, 
Chen et al38 reported 2-D multi-stage simulations where a Particle-In-Cell (PIC) code with 
realistic laser conditions was used first to simulate laser-plasma interaction and electron 
generation, and a fully resolved electron distribution was handed off to a hybrid transport 
code to calculate the electron transport and bremsstrahlung production in solid targets. 
Their 2-D Cartesian PIC simulation showed asymmetric electron beam, particularly a high-
energy off-axis component away from the laser axis, but symmetrization of the simulated 
electron source for 2-D cylindrical transport simulation modifies the original electron 
property, which could likely contribute to a factor of discrepancy between the 
measurements and simulations. In the data handoff process, the spectrally and angularly 
parameterized PIC electron source was included in the transport simulation, but the 
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temporal dependence of the fast electron source and bremsstrahlung generation was not 
considered in their simulations. 
 A slope temperature of laser-generated fast electrons is theoretically derived from 
the quiver velocity of an electron in a laser field calculated with the laser intensity and 
wavelength (ponderomotive scaling).35 Slope temperatures are typically calculated using a 
peak laser intensity based on nominal laser parameters, but it is oversimplified to describe 
a temporally and spatially varying intensity of a laser beam as single value. 
Characterization of a laser beam can be carried out by measuring an encircled beam energy 
(not on full energy shots), a pulse duration and a spatial beam profile, independently. Once 
amplifiers are fired for full energy target shots, the pedestal of the laser light (Amplified 
Spontaneous Emission, ASE) creates preformed plasma, altering the laser-target 
interaction condition from the characterized one at a clean planar surface of a CCD camera. 
Depending on the duration of the pedestal, the expansion of the preformed plasma changes 
the focal position of the beam, which lowers the peak laser intensity. Multi-picosecond 
laser pulses could self-produce plasma during the rise of the pulse. With above reasons, an 
estimation of an experimental laser intensity is challenging, but essential for an estimate of 
fast electron slope temperature and more importantly, as an input parameter for accurate 
numerical simulations. 
 In this paper, we present experimental and numerical studies of fast electron energy 
spectrum in solid target using the measurements of Terawatt-laser produced 
bremsstrahlung and escaping electrons and 2-D PIC code. We have evaluated an effective 
peak laser intensity using two independent measurements that are sensitive to different 
electron energies. The measurements agree with analytic calculations using the inferred 
laser intensity, lower than one calculated with the nominal Leopard laser parameters. In 
order to assess the effect of fields and collisions in the transport process, two-dimensional 
PIC simulations were performed with a newly developed radiation transport module. The 
PIC result with the experimentally inferred laser intensity is consistent with the 
measurement and the analytic model. The simulation results identify that the electron 
spectrum at the interaction is a two-temperature distribution and only the high energy 
component reach the target surface. Furthermore, the slope temperature of fast electrons, 
which enters the target, tends to be higher than the temperature produced during the laser 
plasma interaction due to scattering of the hot electrons (< MeV) by strong fields in the 
large preformed plasma.  
 This paper is organized as follows: Section 2 describes the experiment conducted 
on the 50 TW Leopard short-pulse laser system at Nevada Terawatt Facility. Section 3 
describes the particle-in-cell simulations performed for the experiment. Section 4 compares 
the measurements and simulation and describes discussion of the results for electron energy 
spectrum. In section 5, conclusions of this study are presented. 
 
2. Experiment 
 The experiment was performed using the 50 TW Leopard laser system 39  at 
University of Nevada Reno’s Nevada Terawatt Facility (NTF). The 15 J of the Leopard 
laser beam (S-polarization) was focused with a f/1.5 dielectric-coated, off-axis parabola to 
8 µm diameter spot in a 350 fs pulse duration, delivering the peak intensity of ~1019 W/cm2. 
The intensity contrast of the laser has been improved to be ~108 with an installation of a 
fast pockels cell.  Figure 1 shows a schematic of the diagnostic layout and the experimental 
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setup. The laser beam irradiating on a 100 µm thick metal foil (Cu, Al or Ag) at 30° incident 
angle generated energetic electrons. The metal foil was mounted on a hemisphere-shaped 
CH backing to prevent re-circulation of the electrons. The transport of the electrons 
subsequently generates high-energy bremsstrahlung radiation predominantly in the metal 
foil. The bremsstrahlung emission was recorded with absolutely calibrated filter stack 
spectrometers25 at 22° from the laser axis with the spectral range from 10 keV to 800 keV 
photons in 15 channels. The electron energy sensitive to the photon energy range on the 
spectrometer is up to ~ 1 MeV. The spectrometer had a magnet placed in front to eliminate 
electron contamination. A magnet-based electron spectrometer40 was fielded along the 
laser axis to measure the escaping electrons.  

 
Figure 1 A schematic of the experimental setup and diagnostic layout. The Leopard laser 
was incident on a metal foil at 30°, s-polarization. The foil was mounted on a plastic post 
to prevent escaping electrons from returning to the target.  
 
 Figure 2 shows the measured escaping electron spectra on the electron spectrometer 
and raw signals recorded with the bremsstrahlung spectrometer for Cu, Al and Ag foils. 
Each electron spectrum was able to fit with single exponential function to infer the slope 
temperature. The slope temperature increases for the higher target Z (1.3 MeV for Al, 1.5 
MeV for Cu, and 1.9 MeV for Ag). The total number of the electrons varied, but similar 
slope temperatures were consistently observed from shot to shot for each target type (±0.2 
MeV). A similar laser-target interaction on a 2 µm Cu foil produced approximately the 
same slope temperature.41 As reported by Link et al 42, the slope of the spectrum contains 
the information of the high-energy component of the birth electron spectrum near the laser 
interaction region. Here, we inferred an effective on-target laser intensity from the 
measured slope temperature and the ponderomotive scaling, giving 2×1019 W/cm2 for 1.5 
MeV slope for the Cu foil target in this experiment. This effective laser intensity is used 
for an analytic model and PIC simulations described in the later section. 
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Figure 2 (a) Measured escaping electron spectra and (b) x-ray signals recorded with the 
filter stack spectrometer for 100 µm thick Al, Cu and Ag foils. 
 
 Figure 2(b) shows the measured signals with the bremsstrahlung spectrometer for 
Al, Cu and Ag foils. The detector layer positions in the spectrometer are converted to the 
photon energy by calculating the minimum photon energy that can penetrate through each 
metal filter layer. Each datum point represents a temporal and spectral integration of all 
photons whose energies are above the filter threshold. The intensity level of the measured 
signals from the Ag foil was the highest, followed by the Cu and Al foils. The ratio of the 
signal intensities below ~100 keV is 4-5 between the Al and Cu and ~ 1.5 between Cu and 
Ag foil. These intensity ratios are approximately consistent with the difference in target Z2 
[(ZCu/ZAl)2 ~ 4.97, (ZAg/ZCu)2 ~ 2.63]43. The experimental errors below ~100 keV are small 
enough to differentiate the target shots, but the errors at the higher photon energy are large 
due to low photon statistics. As described before, the bremsstrahlung signals can be 
modeled with a Monte Carlo code by assuming an injection electron parameter and 
preforming a large electron parameter study to find the best match to the measurement. 
Here, a new approach is taken, namely that the experimental bremsstrahlung spectrum was 
extracted by taking the difference in signal between the layers, similar to analysis of Ross-
pair filters44, and calculating the average photon intensities as a function of mean photon 
energy in between the metal filters. The photon energy response of the IP detectors was 
corrected with published IP response curve (Meadowcroft 45, Maddox46, Bonnet47). The 
obtained signals are equivalent to spectrally resolved hard x-ray bremsstrahlung entering 
the spectrometer. This data processing, however, causes a substantial increase of the errors 
at high photon energy due to subtraction of small values. The errors are estimated based on 
the standard deviation of the recorded signals, variations of the IP response in the energy 
bin and variations of the photon signals in each photon energy bin. As will be shown later, 
the experimental bremsstrahlung spectrum is directly compared with analytic 
bremsstrahlung calculations and 2-D PIC simulation. 
 
 
3. Simulation 
 The intense laser-target interaction including the radiation processes is simulated 
with a two-dimensional collisional participle-in-cell code, PICLS, which incorporates 
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relativistic binary collisions among charged particles48 and dynamic ionization processes 
in gas and solid density plasmas49. The x-ray radiation transport had been integrated in 
PICLS by solving the following radiation transport equation50,  

,      (1) 

where I(r, W, n, t), h(r, n, W, t), c(r, n, t), W(q, f), c and n are the spectral radiation intensity 
(J/cm2/Hz/sr), emissivity (J/cm3/s/Hz/sr), opacity (1/cm), solid angle (sr), speed of light, 
and x-ray frequency, respectively. The unit vector n is along the ray direction and is 
expressed as (cosq, sinq cosf, sinq sinf) in polar coordinates. The x-ray photons are 
grouped by photon energy (hn) of logarithmic scale from 10 keV– 1 MeV. The spectral 
intensity I for each photon group is discretized in a solid angle by the discrete ordinate 
method51 and is solved in each direction explicitly using the constrained interpolation 
profile (CIP) scheme52. The differential cross-section of the relativistic bremsstrahlung43 is 
integrated using hot electrons’ energy and momentum to determine the emissivity h for 
each photon energy and emission angle W. For the hard x-ray calculation the opacity c is 
set to zero since the absorption of x-rays in the current experimental setup is negligible.  

The simulation parameters were chosen in accordance with the Leopard laser 
experiment described in Section 2. The preplasma size was estimated in 1-D radiation 
hydrodynamics calculation with a Helios code53 to be ~ 7 µm exponential scale length and 
~ 18-µm-thick preplasma is placed in front of the target. Two 2-D simulations were 
performed with mid-Z copper and low-Z aluminum targets of thickness 100 µm as the 
experiment. For both materials, the electron densities in the preplasma at full ionization are 
same for the laser absorption to be identical for each simulation.  
 The laser with a wavelength of 1µm, incident obliquely at 30° from the left 
boundary with S-polarization, has intensity and duration of 1019 W/cm2 (normalized vector 
potential a0 = 3) and 350 fs, respectively. The laser intensity used in the simulation is chosen 
to match the experimental slope temperature of the escaping electrons. It is focused in a 
Gaussian spot with a diameter 10 µm on the target. We used 50 photon energy groups 
selected logarithmically in a range of 10 keV to 1 MeV. The 2p solid angle for the upper 
hemisphere is discretized into 146 directions, while the lower hemisphere is assumed 
symmetric. The PIC simulation uses 4000 × 6000 cells for a 135 × 200 µm2 system box. 
The radiation transport cell size is 10 × 10 times larger than the PIC cell size, and the 
radiation transport calculation is performed once every ten PIC time steps. Both field and 
collisional ionizations are included along with binary collision among charges in partially 
ionized plasmas.  
   
 
4. Results and discussion 
  
 The experimental bremsstrahlung spectra were compared with an analytic model43 
incorporating collisional stopping 54 . This model assumes that electrons having a 
Boltzmann distribution with the ponderomotive slope temperature propagate in a finite 
solid medium. The bremsstrahlung spectrum was calculated by integrating the x-rays 
produced by each fast electron transporting through a 100 µm metal foil, which is given by 
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where f0(Te, E) is the (kinetic) energy spectrum of electrons that enter the solid target (of 
total number Ne0) with temperature Te (given by the ponderomotive scaling), ni is the ion 
density, sg is the relativistic radiation cross-section of bremsstrahlung43 and L is the target 
thickness.  
 

 
Figure 3 Comparisons of measured and simulated bremsstrahlung spectra for (a) Al and 
(b) Cu foils. The 2-D PIC simulations were performed for Al and Cu individually using the 
normalized vector potential of a0=3 (~2×1019 W/cm2). Three 1-D analytic models were 
also plotted for Cu with a0=6.0, a0=1.5 and a0=1.0. 
	
 Figure 3 shows comparisons of the calculated and experimental bremsstrahlung 
spectra for Al and Cu foils. Let us discuss the comparisons with the analytic models first. 
In Figure 3 (b), the experiment is compared with the analytic calculations for a0=1.0, 1.5, 
3.0 and 6.0 corresponding to the peak laser intensities of 1.4×1018, 3.1×1018, 1.3×1019 and 
5.0×1019 W/cm2, respectively. The calculated bremsstrahlung intensities are relative to 
each other. The model calculations with a0 ≤ 3 tend to stand in the middle of the 
experimental boundaries. With a higher a0, the spectrum of the bremsstrahlung becomes 
flatter and deviate from a trend of the experimental spectrum that is slowly decreasing in 
the photon range between 100 and 450 keV. On the other hand, the relationship between 
the escaping electron spectrum and the laser intensity show the electron slopes with the 
lower a0 (a0 < 1.5) are too low to match the experiment (i.e., Te = 0.4 MeV for a0 = 1.5). 
These results bound that the effective laser intensity that produced the fast electrons, and 
subsequently escaping electrons and bremsstrahlung observed in this experiment is a0 ~ 3 
(1.3×1019 W/cm2). This is lower than the nominal laser intensity of 5×1019 W/cm2 (a0 = 6, 
the corresponding slope temperature is 2.6 MeV) for the Leopard laser system (15 J, 0.35 
ps and 8 µm spot size).  
 The calculated x-rays at the photon energy below 50 keV are significantly lower 
than the experiments as shown in Fig. 3(b). The analytic models show that the 
bremsstrahlung spectra are slightly decreasing with relativistic laser intensities for a0 > 1. 
In order to reproduce the low energy x-rays, another electron spectral component, which 
must be considerably lower than the ponderomotive slope, is necessary in calculations. 
Those electrons must be non-relativistic and transport through the target after the 
relativistic fast electrons reach the target rear. In other words, the measured bremsstrahlung 

(a)# (b)#
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spectrum could be an accumulation of photons produced by the first-pass of the fast 
electrons and low energy ones transporting later in time. Since the analytic calculation was 
in 1-D and time-integrated manner, 2-D PIC simulations were performed to study the fast 
electron generation, spatial- and temporal-changes of the energy spectrum in the transport, 
and bremsstrahlung generation. 
 Figure 4 shows the results of the 2-D PIC simulations using the inferred laser 
intensity for the Cu foil. The simulations were run up to 1ps and thus the calculated 
bremsstrahlung radiation is produced primarily by the first-pass of fast electrons 
transporting the target. In Fig. 4(a), a contour of the electron energy density is shown at 
600 fs, near the end of the interaction of a 350 ps Gaussian laser pulse of which a0 = 3.0. A 
large number of electrons are generated at the laser interaction area in the preplasma (x=17-
35 µm) and hemispherical expansion of fast electrons move into the target. When the fast 
electrons flow into the target, hard x-rays are produced via Bremsstrahlung and they 
propagate also hemispherically through the target. In this simulation, 30% of the laser 
energy is absorbed and 0.002% of the laser energy is converted to the hard x-rays. Figure 
4 (c) compares electron energy distribution in the preplasma (instantaneous at 600 fs, red-
solid line), time-integrated distributions of the hot electrons entering the target up to 600 
fs (blue-dotted line) and up to 1 ps (purple-broken line). Note here that hot electron slope 
temperature between 1 and 4 MeV in the preplasma is consistent with the experimental 
slope temperature of 1.5 MeV estimated from the ponderomotive scaling. The time-
integrated electron spectrum up to 600 fs shows single slope temperature and its low energy 
component is disappeared when the electrons move from the interaction region to the target 
surface. This is due to the strong fields excited in the interaction region, mainly the intense 
magnetic fields, which scatter electrons with relatively lower energy < 1 MeV and gate 
them from moving forward. Thus, the electron distribution inside the target has less 
population ≤ 1 MeV and the slope temperature between 1 and 4 MeV becomes higher than 
the one produced near the laser interaction point, while the high energy tails (> 4 MeV) are 
identical. At a later time, the number of the low energy electrons (< 1 MeV) flowing into 
the target significantly increases because the fields dissipate after the laser-driven current 
is gone. 
 The PIC recorded bremsstrahlung spectra, of which photons emitted toward 22 
degrees from the laser axis in the experiment, for the Al and Cu foils were compared in 
Fig. 3. The simulated spectra that are weakly decreasing in photon energy are consistent 
with a trend of the experiments in both comparisons for Al and Cu. The relative intensity 
difference between the Al and Cu foils are reproduced by the simulations. The production 
of hard x-rays via bremsstrahlung in a solid depends on target material proportional to Z2, 
electron spectrum and stopping power. The result shows that the intensity difference is due 
to the difference in target atomic number and the effect of the electron stopping in the 100 
µm thick metals on the x-ray production is negligible. An agreement of the PIC simulation 
with the analytic model for a0 = 3 shown in Fig. 3(b) confirms that the calculated spectrum 
is produced by single-slope fast electrons entering the target before the laser interaction 
ends. The PIC simulations suggest that the experimental bremsstrahlung x-rays are 
produced by two electron components at different times: 1) fast electrons with a 
ponderomotive slope in the first pass and 2) low energy electrons (< a few hundreds keV) 
transporting after a few ps. The low energy photons observed in the experiment could be 
reproduced by simulating the low-energy electron transport in a longer simulation run time. 
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It is noted that the production of the bremsstrahlung x-rays predicted by the PIC code is 
time-dependent, suggesting that care must be taken for analyses of fast electron produced 
bremsstrahlung x-rays with time-independent Monte Carlo simulations.   
 

 
Figure 4: (a) The electron energy density [J/cm3] for a copper target observed at 600 fs. 
An arrow (shaded area) indicates the laser path (solid target). (b) X-ray energy density 
[J/cm3] at 600 fs. (c) Electron energy spectrum observed near the interaction (red-solid) 
and the time-integrated distribution of hot electrons up to 600 fs (blue-dotted) and up to 1 
ps (purple-broken), actually flows into target, measured at X=25 µm (blue-dotted).  
 
 
 
5. Conclusion 
 Experimental and numerical investigations of a high-power-laser produced fast 
electron energy spectrum are presented. The measurements of the bremsstrahlung radiation 
produced by the fast electron transport and escaping electrons were used to determine an 
effective peak laser intensity using the ponderomotive scaling law. An analytic 
bremsstrahlung calculation with the inferred laser intensity reproduced the trend of the 
measurement. Note here that the escaping electron spectrum only has the information of 
electrons of which energy greater than 2 MeV, while the photons via bremsstrahlung with 
energy less than 500 keV are mostly produced by 1 to 2 MeV electrons. So that combining 
data both from the electron spectrometer and the bremsstrahlung spectrometer we could 
have the consistent information of MeV electrons. 
The results of the experimental and analytic bremsstrahlung calculation were compared 
with 2-D PIC simulations with PICLS including a new radiation transport module. The PIC 
calculated bremsstrahlung with the inferred laser intensity qualitatively agrees with the 
analytic calculation and the experiment, suggesting that a peak laser intensity inferred from 
the slope temperature of the escaping electrons with the ponderomotive scaling is a more 
accurate representation for a simulation parameter than calculated nominal laser intensity. 
The relative bremsstrahlung x-ray intensities produced in Al and Cu targets are reproduced 
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by the simulations. The hot component of the electron spectrum predicted by the PIC code 
is consistent with the ponderomotive slope temperature at the laser interaction. The 
simulation shows a two-temperature electron distribution at the laser interaction region 
while a distribution in single slope temperature enters the target because the low electron 
component is trapped by self-generated magnetic field in the preformed plasma. However, 
the low energy electrons reach the target surface after the laser interaction ends, which 
likely produces low energy bremsstrahlung x-rays. 
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