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Abstract 

Bremsstrahlung radiation hard x-ray source, produced by picosecond intense laser irradiated 

solid target, was used to diagnose implosion capsule at stagnation phase via Compton 

radiography in experiments. By performing Monte Carlo & Particle-in-Cell (PIC) simulation, 

we investigated the influence of target materials and laser intensity on the >70keV 

bremsstrahlung hard x-ray emission. We found that the brightness of the hard x-rays is 

proportional to the atomic number multiplied by area density (ZL), which indicates that the 

higher Z and higher density gold or Uranium material will produce the brightest hard x-rays 

source at the same thickness. In relativistic laser solid interactions, hot electron recirculation 

plays an important role in the hard x-rays emission. Without recirculation, hard x-rays 

conversion efficiency decays when increasing the laser intensity. While the hard x-rays 

emission comes to the maximal saturated conversion efficiency at relativistic laser intensity if 

considering the electron recirculation. Those results provide valuable insights into the 

experimental design of Compton Radiography. 

Keywords: inertial confined fusion, Compton radiography, numerical modeling  
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1. Introduction 

In inertial confinement fusion (ICF) experiments, the imploded capsule has size of about 100 μm and stays for about 150 

ps at stagnation phase during which fusion reaction occured1. It demands the diagnostic system with a spatial resolution of 10 

μm and temporal resolution of the order of 10 ps to detect the capsule structure. Conventional nuclear diagnostic technologies 

cannot obtain such a high resolution. Thus, Compton radiography using hard x-rays source is a critical approach to diagnose 

the implosion target at stagnation phase. 

Hot spot of implosion target will generate intense broadband bremsstrahlung x-rays self-emission, which can exceed the 

brightness of any other x-ray probe beams achieved at present. Fortunately, the warm hot spot plasma (<10keV) make the 

x-rays intensity decreases rapidly at hard x-ray range2, 3. Therefore, hard x-rays backlighting source above 70keV were used 

to resolve the capsule structure from intense x-rays background noise of self-emission in Compton radiography. 

Short intense laser irradiated solid targets attract a lot of interest4-6, which can generate bright picosecond hard x-rays 

source with tens of microns size for Compton Radiography. Laser driven Kα emission was used as mono-energetic x-ray 

backlighter in some experiments of high energy density physics7-15. However, the conversion efficiency (CE) of Kα x-rays 

source drops rapidly at hard x-rays range of >20keV (typically CE~10-5-10-4) 9. At >70keV hard x-rays range, bremsstrahlung 

continuum x-rays emission will be dominated5 (typically CE~10-4-10-3). Moreover, according to Klein-Nishina formula16, the 

cross-section of Compton scattering is insensitive to the x-rays photon energy from several tens of keV to one hundred keV. 

The spectral response of detector is also non-sensitive to x-rays photon energy at this range. So, it is feasible to use the 

broadband bremsstrahlung hard x-rays emission between 70 and 200 keV as backlighter for Compton radiography. 

Several experiments have been conducted at TITAN, OMEGA EP, and ARC laser facility to explore the hard x-rays 

source for Compton radiography4-6, 17, 18. It show that the 75-100 keV bremsstrahlung hard x-rays emission depends on the 

target atomic number, and the laser intensity.  

In the relativistic laser intensity, electron recirculation plays an important role in the hot electron motion produced by short 

pulse laser irradiated solid target. Part super-hot electrons escape away from the target, which lead to a sheath electrostatic 

field by charge separation at both sides of the target. Most of the remained hot electrons are trapped by the sheath field, 

recirculate many times between the front and rear side of the target, and are accelerated repeatedly by the laser field19. 

Electron recirculation increases the electron density and energy 20-23, the sheath field and thus the proton acceleration24, and 

Kα x-rays emission19, 25-28 etc. It also causes isotropic x-rays emission29 and enlarge the size of x-rays source 30. 

 In this paper, bremsstrahlung hard x-rays source of >70keV emitted by picosecond laser irradiated solid targets was 

studied as a function of the target material, and laser intensity using Monte Carlo and PIC simulations. It’s found that the CEs 

of >70keV hard x-ray was proportional to the target’s atomic number multiplied by density (ZρL), which provides a useful 

rule to quantitative analysis the x-rays brightness for experimental design. We found that the hard x-rays emission are 

sensitive to electron recirculation effect as that of the Kα x-rays emission 19, which produces increased CE of >70keV hard 

x-ray emission in relativistic laser intensity, opposite to that without electron recirculation. 

2. Simulation models 

Monte Carlo and PIC codes were used in the simulation. PIC code was used to obtain the electron emotion in laser-target 

interaction. Then the electron emotion was import into the Monte Carlo code to calculate the x-rays emission. In the first part 

that explored the target materials and electron temperature dependence, only Monte Carlo code was used at which the 
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electrons experience a single trip through the target with given electrons kinetic energy. In the second part that investigated 

the electron recirculation effect, Monte Carlo code were coupled with the PIC code.

2.1 Monte Carlo model to calculate the x-rays emission

 

Fig. 1. Scheme of the Monte Carlo simulation using Geant4 code. (a) Front view from the direction of Z-axis. The yellow 

area represents the targets, and the blue dot represents position of the incident electrons. (b) Side view from the direction of 

X-axis. The blue arrow represents the direction of incident electrons. (c) A 3-D illustration of the target and the generation of 

secondary particles. The red lines represent the secondary electrons and green lines represent the photons. 

 

The bremsstrahlung hard x-rays emission was calculated by Geant4 code31 based on Monte Carlo method. From the 

existing suite of physical packages, the “PhysListEmStandard” module was selected. It includes models for ionization, 

Bremsstrahlung, photoelectric effect, Compton scattering, and gamma conversion. The cross section of bremsstrahlung 

emission is based on the interpolation of the data from public tables32, 33. The capability of Geant4 to simulate the particle 

induced x-ray emission has been validated by comparing the simulations with measured spectrum34-36. 

Fig. 1 depicts the scheme of the Monte Carlo simulation for energetic electrons hit the target and produce x-rays. The 

target has 5 mm × 5 mm transvers size and 10 μm thickness. Incident electrons shoot at the center of the front surface, shown  

as the blue spot in Fig. 1(a), and enter the target along the normal direction (z-axis). Fig. 1(c) is the 3D illustration of a 

simulation. The red lines represent the outgoing secondary electrons and green lines represent the photons.  

Since the codes cannot deal with the laser absorption and hot electrons generation, some assumption was required to 

describe the kinetic energy distribution of the incident electrons. Usually, we set the incident electrons with normalized 

energy distribution functions (EDF)，such as Boltzmann distribution37-39, 𝑓(𝐸) ∝ exp⁡(−𝐸/𝑇ℎ), Maxwell distribution40, 

𝑓(𝐸) ∝ 𝐸1/2𝑒𝑥𝑝⁡(−𝐸/𝑇ℎ), and relativistic Maxwell distribution 41, 42, 𝑓(𝐸) ∝ 𝐸2exp⁡(−𝐸/𝑇ℎ), where E is the kinetic energy 

of electrons and Th is the electron temperature decided by the laser intensity in experiments. 108 electrons were shooting in 

each case of simulation. All the incident electrons either experience a single trip through the target before escaping, or lose all 
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the energy and merge in the target before reaching the backside. X-ray photons outgoing in 4π solid angles carrying energy 

within a specific energy band (k1~k2) were counted to calculate the energy conversion efficiency from electron into the 

x-rays (𝜂𝑒→𝑋
𝑘1~𝑘2).  

2.2 2D-PIC models to calculate the hot electrons generation 

Fig. 2. Scheme of the 2D-PIC simulation. The yellow region presents the gold target. The blue region presents the preplasmas 

in front of the target. The red arrows indicate the direction of the incident laser. The white area presents the vacuum. The red 

dash lines are boundary of probe box to count the direction of motion and energy distribution of hot electrons. (a) A 10μm 

thin foil considering electron recirculation effect. (b) A thick target to inhibit electron recirculation effect whose rear surface 

attaching to the boundary of the simulation area at x=90μm. 

 

Hot electrons generated in the interaction of laser-target is simulated using 2D PIC code - PICLS43 in the (X, Y) plane. In 

the simulations, we set laser energy Elaser=30J, laser wavelength λ=1μm. Both of the temporal and radial laser profiles are 

Gaussian distribution, with full width half maximum (FWHM) duration Δτ
laser 

FWHM=0.6 ps, and FWHM spot size Φ
laser 

FWHM=30 μm, 

which gives the peak laser intensity 4.4×1018 W/cm2. Laser beam is p-polarized and incident at 45° with respect to the target 

normal. The cell size is Δx=Δy=1/40μm with 5 macroparticles per cell. The ions are fixed. Boundary conditions for the fields 

are periodic at the transverse boundaries (y=-90μm, 90μm) and absorbing at the longitudinal boundaries (x=0, 90μm, while for 

the particles are thermal reflecting in order to keep the total charge equal to zero. The total simulation time is 2 ps. As showed 

in Fig. 2, the yellow region presents the gold target with the density equaling to 5nc, where nc = 1.1×1021 cm-3 is the critical 

density of the laser pulse. Here the reduced density is used to save the computational time. The blue region presents the 

preplasmas in front of the target. The density profile of preplasmas is set as 𝑁𝑒(𝑥) = 5𝑛𝑐𝑒𝑥𝑝(−(𝑥 − 60)/𝐿𝑝), where Lp = 
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6μm is the preplasmas scale length and x=60μm is the position of main target’s front surface. The white area presents the 

vacuum. Fig. 2(a) is the case of a 10μm thin foil target, at which electron recirculation is significant due to the sheath fields. 

Fig. 2(b) is the case of thick target that electron recirculation do not occurs. In this case, the target rear surface is attached to 

the boundary of the simulation area at x=90μm, at which hot electrons are thermally reflected (equivalent to absorbed) by the 

rear boundary. The red dash lines marked the probe box with 10μm width that diagnoses the motion of hot electrons. When 

an electron with energy more than 50 keV escapes from the probe box, it will be taken into account to calculate the energy 

and angular distribution of hot electrons. The energy and angular distributions of hot electrons from PIC simulations are then 

coupled to the Monte Carlo code to calculate the x-rays emission. We notice the atomic ionization processes are neglected in 

our PIC simulations to save the computational time and simply the physics. It is worthy to perform more realistic numerical 

simulations by including the ionization physics in the future work. 

3. Monte Carlo simulation results 

In this part, the hot electrons experience a single trip when transporting the target (without electron recirculation effect) 

using Monte Carlo simulation to explore the influence of target materials and electron temperature/ laser intensity on hard 

x-rays emission.  

3.1 Influence of target materials on hard x-rays emission (without electron recirculation) 
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Fig. 3. (a) Angularly integrated hard x-rays spectra (10~200 keV) emitted by Au, Ta, Pb, Ag, Sn, Al and PMMA (CH) 

materials with 10 μm thickness. The number of photons is normalized to a single incident electron. (b) The conversion 

efficiency from electron energy into x-rays emission of 75-100keV x-rays (𝜂𝑒→𝑋
75~100) versus ZρL. Z represents the atomic 

number of material and ρL represents the area density. The green dash line shows a proportionality relationship between 

them. 

 

In this section, we presumed that the incident electrons follow the Maxwell distribution with temperature of 500 keV 

corresponding to the laser intensity of 9×1018 W/cm2 according to Beg’ scaling law44, i.e.  𝑓(𝐸) ∝ 𝐸1/2𝑒𝑥𝑝⁡(−𝐸/𝑇ℎ), where 

E is the kinetic energy of electrons in unit of keV. Seven materials were used in simulation. Fig. 2(a) plots the angularly 

integrated x-rays energy spectra in the range of 10~200 keV. The number of photons was normalized to a single incident 

electron. It can be clearly seen that Kα and Kβ characteristic lines stand above the continuum emission substrate except for 

PMMA (CH) and Al. For Ta, Au and Pb, the L-band line emissions are also well defined besides the K-band lines. The 

characteristic lines emission of Au and Pb fall within the scope of 75 ~ 100keV we are interested in. For all of the curves, the 

number of photons gradually increases from high energy to low energy x-rays, reaching a peak, and further decreases due to 

the reabsorption of the material. 

Figure 3(b) plots the conversion efficiency from electron energy into x-rays emission of 75~100 keV (i.e. 𝜂𝑒→𝑋
75~100) versus 

ZρL, in which Z represents the atomic number of material and ρL represents the area density (ρ is the density, L is the 

thickness). It indicates that 𝜂𝑒→𝑋
75~100 is proportional to ZρL. The observation is similar to the experimental result from LLNL5 

which shows CEs increasing with the mass density. The proportionality can be inferred from the differential cross-section45 

of bremsstrahlung radiation which is proportional to the square of the atomic number Z2, leading the total probability of 

bremsstrahlung proportional to Z2×n, in which n presents the number of atoms in the path of the electron. That is, the 
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intensity of the bremsstrahlung is proportional to ZρL. The conclusion is true only if the reabsorption can be neglected, which 

is always satisfied under the condition of hard x-rays of tens of keV passing through the targets of several micrometers. 

According to this rule, material of high Z and high density such as Au or Uranium should be used as target material in 

laser-driven backlighter17, 18, 46-48. In contrast, low-Z and density material such as CH is the ideal substrate material, which 

gives no discernible background noise in 2D Compton Radiography experiments6.  

From the simulation results, all of the material have the 𝜂𝑒→𝑋
75~100 of 10-5 to 10-4 in 75~100 keV x-rays range. If we assume 

that the laser absorption is 0.4 at the corresponding laser intensity49, the conversion efficiency from laser energy into x-rays of 

75~100 keV (CE75~100) has a maximum about 5.4×10-5 for Au. The CE75~100 is far lower than the experimental result5 of about 

10-3. The discrepancy should be caused by electron recirculation effect that we did not consider here, which will be discussed 

in Sec. 4. 

3.2 Dependence of X-rays emission on laser intensities/ electron temperature (without electron recirculation) 
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Fig. 4. (a) Angularly integrated x-rays spectra from 10μm gold foil driven by mono-energetic incident electrons. The green 

dash lines enclose the scope of 75~100 keV in which x-ray photons are used to calculate CE. The number of photons is 

normalized to a single incident electron. (b) The CE versus the kinetic energy of mono-energetic incident electrons.  

 

To analyze the quantitative characteristics of hard X-rays emission under various type of electrons distribution function 

(EDF), mono-energetic electrons of different energy as incident particles were studied firstly. Fig. 4(a) showed the angularly 

integrated x-rays energy spectra from 10 μm gold foil in the range of 20~200 keV driven by mono-energetic incident 

electrons with 50 keV- 5 MeV kinetic energy. The number of photons is normalized to a single incident electron. It can be 

found that, mono-energetic electron beam can only produce x-ray with energy lower than that of the incident electrons. For 

all the energies of incident electrons, continuum x-ray emission decreases exponentially with photon energy increasing above 

30 keV. The green dash lines enclose the scope of 75~100keV which we are interested in. It is notable that the characteristic 

lines emissions of Au fall within this scope. The number of photons in this scope decrease with the increasing kinetic energy 

of the incident electrons. It’s because the x-rays emission is getting broader spectrum at higher electron energy, thus more 

energy is converted to higher energy photons beyond 100keV. Fig. 4(b) gives the 𝜂𝑒→𝑋
75~100 versus kinetic energy of the 

mono-energy incident electrons. The CE value is 1.5×10-3 at 100 keV, but falls sharply to 2×10-4 at 500 keV, and 

continuously decays slowly at higher incident electron energy. Therefore, the electrons around 100 keV produce more x-rays 

emission of 75~100 keV than other electron kinetic energy. 
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Fig. 5. The 75-100keV x-rays 𝜂𝑒→𝑋
75~100 emitted by 10μm gold foil versus the temperature of incident electrons (Th) which 

following different electron distribution function (EDF). 

 

Fig. 5 demonstrates the 𝜂𝑒→𝑋
75~100 of 75-100keV x-ray emission versus the temperature of electrons (Th), following different 

type of EDF: Boltzmann distribution, Maxwell distribution, relativistic Maxwell distribution, and Mono-energetic 

distribution. Since the electron energy is distributed over a large energy range at given EDF, even if the electron temperature 

is lower than 75 keV, x-rays of 75 to 100 keV can still be generated. The highest 𝜂𝑒→𝑋
75~100 obtained near the electron 

temperature of 100 keV. When the electron temperature is lower (Th<75keV), most of the hot electrons are below 75 keV and 

cannot produce x-rays of 75-100 keV. At higher electron temperatures (Th>100keV), a large amount of electron carry energy 

higher than 100 keV and also cannot effectively generate x-rays of 75~100 keV. The maximal 𝜂𝑒→𝑋
75~100 is around 10-3 at the 

temperature of 100 keV for Maxwell distribution, which is lower than the 𝜂𝑒→𝑋
75~100 of 1.5 × 10-3 at mono-energetic incident 

electrons case. When the temperature (or kinetic energy) of energetic electrons is above 200 keV, the CE relationship is that 

Mono-energetic > Boltzmann distribution > Maxwell distribution > Relativistic Maxwell distribution, although the difference 

between them is very slight. 
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Fig. 6. The x-rays CE emitted by 10μm gold foil from laser energy to 75-100keV x-rays emission (CE75~100) versus the laser 

intensity. MC simulation results without electron recirculation (color lines), and the experimental data (red squares) inferred 

from Ref.5 in which 25μm thick Au (at 2×1017 W/cm2) foil and 10μm thick Au (>5×1017 W/cm2) were presented. The laser 

absorption ratios were taken from Ref.49  

 

Fig. 6 shows the dependence of the CEs from laser energy into x-rays of 75~100 keV (i.e. CE75~100) on the laser intensity, 

which calculated by using the data in Fig. 5. The conversion efficiency is calculated by 𝐶𝐸75~100 = 𝜂𝑒→𝑋
75~100 × 𝜂𝑎𝑏𝑠, in which 

𝜂𝑎𝑏𝑠 is the laser absorption ratio determined by the experimental and simulation data from Ref.49 which depends on laser 

intensity. The electron temperature at corresponding laser intensity is calculated by using Beg’s scaling law44. Boltzmann 

distribution, Maxwell distribution and Relativistic Maxwell distribution are displayed, along with the data of experiments5 

conducted on TITAN for comparison. When laser intensity is in the nonrelativistic region (about 5×1017W/cm2), the 

simulation result is in good agreement with the experimental data. The CE75~100 is about 2×10-4 for both of them. When laser 

intensity exceeds 1×1018W/cm2 which reach the relativistic region, the simulation result decreases with the laser intensity, 

and finally reaches a value about 5×10-5 for Maxwell distribution. However, the experimental results present an opposite 

trend, which shows the CE increases with the laser intensity getting higher. When laser intensity is closer to 1019W/cm2, the 

experimentally obtained CE75~100 is about 10-3, which is two orders higher than the simulation results. The discrepancy 

indicates that at relativistic laser intensity, the Monte Carlo simulations without electron recirculation are incapable of 

calculating the x-ray emission. A precise understanding of the electron generation and transport in the target is requested, 

which will be shown in the following section of PIC+Monte Carlo simulation. 

 

1E15 1E16 1E17 1E18 1E19 1E20

10-4

10-3

C
E

7
5
~

1
0
0

 Maxwell

 Relativistic Maxwell

 Boltzmann

 Exp. Data from LLNL

Laser Intensity(W/cm2)

Page 10 of 22AUTHOR SUBMITTED MANUSCRIPT - PPCF-102894.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

 

4. PIC & Monte Carlo simulation results with electrons recirculation  

4.1 Electrons energy distribution given by PIC simulation 
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Fig. 7. Electron energy distribution (>70 keV) counted at both sides of the probe box in PIC simulation with (solid lines) or 

without (dash lines) electron recirculation effect. (a) Results counted at each side of the probe box, (b) results that sum both 

sides of the probe box. The insert shows the enlarged view of the low-energy range 

 

The electrons energy distribution from 70 keV to 20 MeV counted at both side of probe box in PIC simulation are 

presented in Fig. 7(a). In the case of thick target without electron recirculation, the number of electrons emitted from the front 

side is less than that from the rear side, especially in the higher energy range. It is because most of the electrons are 

accelerated forward by laser ponderomotive force. In contrast, for the thin foil case including electron recirculation, the 

number of electrons emitted from the front side is comparable to that from the rear side in the spectral range higher than 1 

MeV, which means isotropic electron motion. It indicates the formation of the sheath electrostatic field at the rear surface of 

the thin foil. The sheath field at rear side restricts electrons escape, while the preplasmas at the front side destroys the sheath 

field and permits electrons escape. Therefore the number of low-energy electrons (<200keV) counted at the rear side of thin 

foil is smaller than that at the front side. The scenario can be clearly seen from the spatial distribution of the electrostatic field, 

as shown in Fig. 8. In our specific case, the maximum sheath electrostatic field at rear surface is ~ 3.25 TV/m, while the 

sheath field at the front side is not so visible. The strong electrostatic sheath field at rear traps most energetic electrons and 

only a small fraction of them is able to escape to the vacuum, as also studied in our previous work50. 

The most significant change is that the electrons energy and number above 200 keV with electron recirculation are 

obviously higher than that without electron recirculation, as can be found in the sum energy distribution in Fig. 7(b). At 

3-12MeV, the electrons number is 8 times enhanced. Electrons recirculation mainly affects lower and middle energy 

electrons that can be reflected by sheath field. At highest electron energy close to 20MeV, electron recirculation has no 

observed effect on electrons number. The EDF exhibits double temperature components. The high energy tail has a 

temperature of 2.6 MeV for both cases, and the lower-energy part have a temperature of about 228 keV for thin foil and 110 

keV for thick foil.  
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Fig. 8. The spatial distribution of the electrostatic field in the case of thin target with electron recirculation at ~ 4 fs after 

the laser peak intensity hitting the target. 

4.2 X-rays emission spectra calculated by PIC+Monte Carlo 
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Fig. 9. Angularly integrated x-rays spectra emitted by 10μm Au foil with and without electron recirculation. 

 

Electrons energy and angular distributions obtained from PIC code are input into the Monte Carlo code to calculate the 

x-rays emission from a 10μm Au foil. The angularly integrated x-ray spectra in 4π solid angles with and without electron 

recirculation are shown in Fig. 9. As expected, x-rays spectra have two temperature components. The x-rays intensity with 

electron recirculation is much higher than that without electron recirculation, but the difference in the low-energy range 

becomes smaller. At 5MeV, the x-rays are 10 times amplified by electron recirculation. While at 75-100keV, 100-200keV, 

and 70-200keV, the x-rays are only enhanced by 1.3, 1.7 and 1.6 times respectively, which is close to the experimental value 

of 1.7 for measured dose of x-rays from 50 keV to 80 MeV22. 

 

4.3 Semi-analytic model of electron recirculation 
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Fig. 10. Conversion efficiency from laser energy to hard x-rays emission of 10μm Au foil in the range of 75-100keV (a, 

CE75~100), 100-200keV (b, CE100~200), and 70-200keV (c, CE70~200) with and without electron recirculation. In the curves of 

semi-analytic model (solid lines), the laser absorption ratio 𝜂𝑎𝑏𝑠 is set to 0.2, 0.4, and 0.6 respectively. PIC+Monte Carlo 

simulation results (blue dots, PIC+Monte Carlo), Monte Carlo simulation results using Boltzmann distributed incident 

electrons (green squares, MC), and experimental results (orange circles, Exp.) are also displayed.   
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We employ a semi-analytic model as discussed in Ref.19 to explore the influence of electron recirculation on the hard 

x-rays emission. A group of electrons following the Boltzmann distribution 𝑓(𝐸0) = 𝐴𝑒𝑥𝑝(−𝐸0/𝑇) are injected into 10μm 

Au foil from the front surface, where T is the temperature of the electrons determined by laser intensity50: 𝑇 = 511 ×

[√(1 + 𝐼18𝜆𝜇𝑚
2 )/1.37]keV, where 𝐼18 is the laser intensity in the unit of 1018 W/cm2. The total energy of the electrons is 

𝐸𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛 = 𝐸𝑙𝑎𝑠𝑒𝑟 × 𝜂𝑎𝑏𝑠 = ∫ 𝑓(𝐸0)𝑑𝐸0
∞

0
, where 𝐸𝑙𝑎𝑠𝑒𝑟  is the laser energy. Bremsstrahlung hard x-rays photons are emitted 

when the electrons propagate in the target. The total energy of bremsstrahlung photons from k1 to k2 generated in the target is 

calculated by  

( ) ( )
2

1

0 0 0

0 0

, , '

k

brem

X Au k

s

k

E n dE f E kdk E E s k dss


=                       (1) 

where nAu is the ion number density of Au equaling to 5.9×1024 cm-3. k is the energy of emitted bremsstrahlung photons. The 

differential cross section of bremsstrahlung 𝜎𝑘
𝑏𝑟𝑒𝑚 is a function of the kinetic energy of scattered electron E and the radiated 

photon energy k. The integration variable s’ is the path that an electron goes through in the target, and the up-limit s is the 

path length of an electron with primary energy of E0. The stopping power 𝑑𝐸/𝑑𝑠′ accounting for the energy loss of electrons 

in the target is obtained from the ESTAR stopping tables51.  

In the case considering electron recirculation, all the hot electrons are assumed to be reflected between the front and rear 

surfaces of gold foil. They interact with the material until the energy is exhausted in the target volume, as if they are 

propagating in an infinite medium. So, the path length s is the maximum distance an electron can take in the material. It is a 

function of the initial energy of the electron 𝑠 = 𝑠(𝐸0).  

In the case without electron recirculation, any electron will be discarded once it reaches the target’s rear surface for the 

first time, or it is absorbed in the target before it arriving the rear surface. So, the path length s can’t exceed the target 

thickness of 10μm. It should be replaced by min⁡[𝑑, 𝑠(𝐸0)] in Eq. (1). 

The calculated CE of hard x-rays emission in the range of 75-100keV, 100-200keV, and 70-200keV by the semi-analytic 

model are presented in Fig. 10. The laser absorptivity is set as 𝜂𝑎𝑏𝑠= 0.2, 0.4, and 0.6. For comparison, it also displayed the 

experimental results5, 18 , the CEs calculated by PIC+Monte Carlo method (from Fig. 9), and the Monte Carlo simulation 

results using Boltzmann distributed incident electrons (Fig. 6, 𝜂𝑎𝑏𝑠 is set to 0.2).  

Without electron recirculation, the CEs increase to the peak value at about 1×1018 W/cm2 and decline in the relativistic 

intensities. The curve profiles given by the semi-analytic model are consistent with the results given by MC simulation since 

the electrons in both methods experience just a single trip across the target.  

If considering electron recirculation, the semi-analytic model predicted CEs increase rapidly with the laser intensity from 

1017W/cm2 to 1018W/cm2 and almost saturate over the range from 1018W/cm2 to 1021W/cm2. Both of the results given by 

semi-analytic model with electron recirculation and the PIC+Monte Carlo simulation are in good agreement with the 

experimental results, which are one order higher than that without electron recirculation. 

At nonrelativistic laser intensity of <1×1018 W/cm2, there is no obvious difference between that with or without electron 

recirculation. Both of them reproduced the measured CE75~100 and CE70~200 at 2×1017 W/cm2 (see Fig. 10(a) and (c)), at which 

the electrons energy is so low that most of them have a stopping range shorter than the target thickness. Thus, the electron 

recirculation doesn’t work in nonrelativistic laser intensity. The model underestimates the CE70~200 in the lower-intensity 

region. It may be caused by the improper electron temperature estimation in the non-relativistic laser intensity using the 

pondermotive scaling law.  
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5. Conclusion 

Target materials and laser intensity dependence of >70keV bremsstrahlung hard x-rays emitted by picosecond laser 

irradiated solid target were investigated by using PIC and Monte Carlo simulation. It’s shown that the hard x-rays brightness 

is proportional to the product of target’s atomic number Z and area density (ZρL). Thus, high Z and high density material of 

gold or Uranium should be chosen as illuminant target, and low Z material of CH can be used as substrate in experiments of 

Compton radiography. We found that electron recirculation plays an important role in the generation of hard x-rays at 

relativistic laser intensity, while it can be ignored at nonrelativistic laser intensity. It enhances the hard x-rays emission 

markedly and produces the brightest saturated x-rays emission at laser intensity over the range from 1018W/cm2 to 1021W/cm2, 

which place greater demands on laser intensity for Compton radiography.  
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