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ABSTRACT 

The interaction of an intense short-pulse laser with a solid target efficiently generates 

energetic (fast) electrons above the energy of 1 Mega-electronvolt (MeV). Characterization 

of such high-energy electrons is critical for numerous applications, such as the generation 

of secondary particle sources, the creation of warm dense matter (WDM), advanced fusion 

concepts, and intense x-ray radiation for probing complex high areal density objects and 

inertial confinement fusion (ICF) fusion cores. However, determining laser-driven fast 

electron characteristics, specifically, electron energy distribution, divergence angle, and 

laser-to-electron conversion efficiency, has been challenging partly due to complex 

electron trajectories caused by electric sheath potential, known as electron recirculation. 

This thesis reports on developing a novel fast electron characterization technique by 

modeling angularly resolved bremsstrahlung radiations with a three-dimensional (3D) 

hybrid Particle-in-cell (PIC) code. An experiment using a 50-TW Leopard laser (15 J, 0.35 

ps, 2×1019 W/cm2) was carried out to measure bremsstrahlung radiations at two angular 

positions and escaped fast electrons along the laser axis for two types of targets: a 100-μm-

thick Cu foil and a same Cu target with a CH backing (Cu-CH target). A 3D hybrid-PIC 

code, Large Scale Plasma (LSP), is extensively used in this work to simulate the electron 

transport within the solid target, including electron recirculation around the target, and the 

x-ray generation of absolute photon yields. The measurements were fitted with a series of 

simulations by varying all three electron parameters. Fitting results based on chi-squared 

analyses show good agreements for both target types when the electron slope temperature 

of 0.8 MeV, the divergence angle of 70, and the electron beam energy of 1.3 J are used. 
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Furthermore, the effects of electron recirculation on bremsstrahlung generation and the 

enhancement of a short-pulse laser-produced x-ray intensity in various foil thicknesses are 

numerically studied. These results provide insight into designing and optimizing an x-ray 

source target for broadband x-ray radiography of a magnetically compressed aluminum rod 

at the Zebra pulsed power laboratory.  
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1. Introduction 

1.1 Progress of High-intensity Short-pulse Lasers 

 Laser, an acronym for light amplification by stimulated emission of radiation, has 

been widely used in scientific, military, medical, and industrial fields since it was invented 

in 19601. Nowadays, advanced high-intensity short-pulse lasers play an essential role in 

physics research and multi-disciplinary applications worldwide. Since Maiman 

demonstrated the first pulsed laser, significant advances in laser peak power came with the 

invention of Q-switching2 and then mode-locking3. In the late 1980s, the experimental 

implementation of the Chirped Pulse Amplification (CPA)4 technique (Nobel Prize in 

Physics, 2018) offered a revolutionary approach for lasers to reach the intensity threshold 

of 1014-1015 W/cm2, which corresponds to electric field amplitudes of the same order as 

the Coulomb field in atoms.  

  

Figure 1.1 Schematic for Chirped Pulse Amplification of a short-pulse laser5. 
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The CPA technique, as shown in Figure 1.1, stretches out the initial pulse by a 

grating-pair pulse stretcher to a long and low-power pulse, which can be safely amplified 

to a high-power pulse, and then recompress the pulse by a grating-pair pulse compressor 

to a short length with extremely high intensity. Figure 1.2 shows the historical journey to 

multi-petawatt ultra-short-pulse laser facilities with significant inventions in laser 

technique and names of laser facilities. With the CPA technique, short-pulse laser systems 

can produce laser pulses with a peak intensity above the relativistic intensity of ~1018 

W/cm2, while a new important regime in laser-matter interaction is entered: the relativistic 

regime. Electrons oscillated by such intense electromagnetic fields can reach relativistic 

velocities within one laser period and experience nonlinear motion under the influence of 

the Lorentz force. Shortly after the invention of CPA, a hybrid CPA architecture, optical 

parametric CPA (OPCPA), was first demonstrated by Dubietis et al. in 1992, then 

practically designed by Ross et al.6 for large-aperture systems to generate powers in excess 

of 10 petawatts (PW, 1015 W) and focused intensities > 1023 W/cm2. The OPCAP technique 

is or will be used in constructing several facilities in Europe, the USA, and China.7 
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Figure 1.2 The historical journey to multi-petawatt ultra-short-pulse laser facilities7. 

 

 Nowadays, state-of-the-art lasers worldwide routinely deliver unprecedented ultra-

high-intensity and high-power laser pulses. For the laser pulse duration, a pulse shorter 

than 20 fs was first achieved in 2017 at the China Academy of Engineering Physics (CAEP) 

at a multiple-petawatt laser facility named CAEP-PW8. A record peak intensity of (1.1 ±

 0.2) × 1023 W/cm2 was reported with the Centre for Relativistic Laser Science (CoReLS) 

PW laser in South Korea by focusing the laser spot to 1.1 μm full width at half maximum 

(FWHM) with an f/1.1 off-axis parabolic mirror, making strong field QED phenomena 

possibly to be explored by using this ultrahigh intensity laser.9 In 2022, laser pulses with a 

record peak power of up to 10.2 PW at a repetition rate of 1 shot per minute are 

demonstrated at the Extreme Light Infrastructures Nuclear Physics (ELI-NP).10 In the near 

future, the commissioning of even more powerful lasers is underway: A 100 PW-level 

facility Station of Extreme Light (SEL) in Shanghai is under construction, which will 



 

 

 

 

4 

combine four 30 PW pulses to deliver 1.5 kJ in 15 fs to the target.11 Meanwhile, in the 

United States, a 3 PW laser facility at the University of Michigan Zettawatt-Equivalent 

Ultrashort pulse laser System (ZEUS)12 plans to commission in late 2023. One of the 

flagship research activities at the ZEUS facility is to study the interaction of a petawatt 

laser pulse colliding with a GeV energy electron beam generated by one of its two 

beamlines to provide the equivalent of a zettawatt (1021 W) power laser interaction in the 

rest frame of the electron beam. Furthermore, a few ultra-intense lasers up to 200 PW are 

currently planned globally, so a dramatic development of powerful lasers is worth 

expecting in the next decade.  

 The work presented in this thesis is based on a series of experiments performed 

using a high-power short-pulse laser, Leopard, at the Zebra Pulsed Power Lab (ZPPL) of 

the University of Nevada, Reno (UNR). The Leopard laser13 is a 50-TW (1012 W) hybrid 

Ti: Sapphire/Nd: glass laser system using both rod and disk amplifiers together with a 

femtosecond front-end. The laser can deliver 10-20 J of laser energy with a peak intensity 

of ~1019 W/cm2, above the relativistic intensity (1018 W/cm2), generating energetic 

electrons (> MeV) near the critical density region in the laser-target interaction.  Figure 1.3 

shows an overview of the Leopard laser with two vacuum target chambers. The Leopard 

laser can be used either in a laser-only vacuum chamber called Phoenix or coupled in a 

Zebra pulsed power chamber. Further discussion on pulsed power-laser coupled 

experiments in the Zebra chamber at ZPPL will be presented in Chapter 6. 



 

 

 

 

5 

 

Figure 1.3 Overview of the Leopard laser system and vacuum chambers. 

 

1.2 Applications of High-intensity Short-pulse Lasers  

 The interaction of an intense short-pulse laser with solid targets generates energetic 

(fast) electrons and a broadband spectrum of x-ray photons. Laser-produced fast electrons 

and intense x-rays have been studied for various applications. This subchapter briefly 

introduces some applications, such as charged particle acceleration, warm dense matter 

generation by isochoric heating, x-ray and gamma-ray radiation generation, and generation 

of energetic particles for fast ignition concepts of initial confinement fusion.  

 

1.2.1 Charged Particle Acceleration 

 The rapid development of intense short-pulse lasers significantly pushes the studies 

of table-top electron and ion accelerators. For example, the Laser Wakefield Acceleration 

(LWFA) uses a huge acceleration field created by a high-power laser pulse at a relativistic 



 

 

 

 

6 

intensity propagating in a gaseous medium. This acceleration mechanism can accelerate 

electrons to multi-GeV with a centimeter-long medium14. In contrast, conventional Radio-

frequency acceleration technology requires a few hundred meters to generate such a high-

energy beam. On the other hand, laser-solid interaction produces a large number of 

relativistic electrons, which play a crucial role in accelerating protons and ions. Energetic 

protons and ions can be accelerated by a mechanism called Target Normal Sheath 

Acceleration (TNSA)15. In this case, fast electrons traverse through the solid target and 

escape to the vacuum while creating a strong static electric field on the back of the target. 

The strength of the field is as high as TV/m so that protons in a contaminant layer on the 

target rear surface are ionized and accelerated. Several other laser-driven ion-acceleration 

mechanisms are working in various regimes with different target thicknesses and densities, 

such as Radiation Pressure Acceleration (RPA)16,17, Break-out afterburner (BOA)18, and 

Collisionless Electrostatic Shock Acceleration (CESA)19. These accelerated high-energy 

ions (>tens of MeV) are studied for medical treatment20 , ion fast ignition 21 , and the 

generation of high-energy neutron sources 22 . Figure 1.4 shows RPA and TNSA 

acceleration mechanisms with a thick (much thicker than the skin layer) target. 
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Figure 1.4 A cartoon showing acceleration mechanisms of TNSA and Hole Boring (RPA) 

in the interaction with a thick solid target.23 

 

1.2.2 Generation of the Warm Dense Matter 

 Warm Dense Matter (WDM) is a state of matter which lies between condensed 

matter (solids and liquids), gases, and ideal plasma. Matters in this regime have a density 

from near solid density to 10 times its values and a temperature from a few eV to 100 eV 

(1 eV = 1.16×104 K). WDM is commonly found in astrophysical objects and the core of 

an inertial confinement fusion implosion24. WDM is a rapidly developed field of physics 

since it is a meeting point of several distinct physical regimes and not a simple extension 

of well-developed models of adjunct regions in the density-temperature space. The creation 

and diagnosis of WDM in laboratories are crucial to validate theoretical models for WDM. 

Figure. 1.5 shows an experimental setup for WDM generation by irradiating a short-pulse 

laser to a wire target. When irradiating an intense short-pulse laser on planar25 or wire26 

targets, the high density of the target is maintained during the delivery of energy since the 

laser pulse duration is much shorter than the time scale of hydrodynamic expansion. Laser-

produced fast electrons can effectively deposit their energy to the material by isochoric 

heating as they propagate into the target. The isochoric heating may increase the 

temperature of material up to 100-1000 eV, which is in the WDM or hot dense matter.  



 

 

 

 

8 

 

Figure 1.5 An experimental setup for Ti-wire target generated WDM.26 

 

1.2.3 Inertial Confinement Fusion  

 Inertial Confinement Fusion (ICF) is one of the two main branches of controlled 

thermonuclear fusion research, and the other is Magnetic Confinement Fusion (MCF). 

Direct-drive and indirect-drive ICF uses high-power laser beams to compress a spherical 

pellet filled with fusion fuels to ignition conditions. The compressed target forms a hot spot 

surrounded by a cold high-density fuel at the stagnation, initiating thermonuclear reactions 

and the propagation of thermonuclear burn waves to continue burning the dense fuel24. The 

most favored (largest cross-section) fusion reaction is the deuterium(D)-tritium (T) fusion 

[D + T → n (14.1 MeV) + 4He (3.5 MeV)]27. Figure. 1.6 illustrates typical concepts of ICF: 

indirect drive, direct drive, and fast ignition (FI). In the direct drive concept, which is also 

called central hot spot ignition (CHS), symmetrically arranged laser beams irradiate a fuel 
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capsule. Ablation of the capsule surface drives shockwaves, which compresses the capsule 

to form a low-density, high-temperature hot spot surrounded by a high-density fuel at the 

stagnation. Once the hot spot reaches the Lawson criteria (areal density > 0.3 g/cm2) with 

an ion temperature of > ~ 5 keV, thermonuclear fusion takes place in the hotspot. Alpha 

particles produced in the hot spot heat the fuel layer, which triggers a propagation of a 

thermonuclear burn wave for the self-sustaining fusion reaction. The coupling efficiency 

is relatively higher than other concepts in the CHS scheme. However, the hot spot 

formation is challenging because of hydrodynamic instabilities that cause the mixing of the 

cold fuel layer into the hot spot, cooling the hot spot temperature.  

 The indirect drive scheme differs from the direct drive scheme by using the laser-

produced x-rays in a high-Z hohlraum to drive a fusion fuel target, and it relaxes the 

requirement of laser beam uniformity and reduces hydrodynamic instability during the 

compression. As shown in Fig.1.6 (a), a spherical capsule containing DT fuel (DT gas 

inside a DT ice shell) is placed inside a gold cylindrical hohlraum, and high power lasers 

are injected in multiple directions and generate x-ray radiation on the interior wall of the 

hohlraum. The laser-generated x-rays then ablate the capsule's outer surface (a high density 

carbon ablator layer) and implode the DT fuel via rocket motions. The indirect drive 

concept is used in the world’s largest ICF facility, the National Ignition Facility (NIF) at 

Lawrence Livermore National Laboratory (LLNL). In August 2022, NIF used 192 laser 

beams with an energy of 1.92 MJ in an indirect drive implosion to achieve 1.37 MJ fusion 

energy (Target gain=Efusion/Elaser=0.72) in a gold-lined depleted uranium hohlraum.28 Later, 

on Dec.5, 2022, an implosion at NIF generated 3.15 megajoules (MJ, 106 J) fusion energy 
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output from a 2.05 MJ laser energy input, reaching the scientific energy breakeven for the 

first controlled thermonuclear fusion experiment to exceed the gain of unity.29  

 In contrast to the CHS scheme, the FI scheme proposed by Tabak30 in 1994 uses an 

additional intense short-pulse laser for achieving ignition. As shown in Fig.1.6 (c), the fuel 

assembly of the FI scheme is the same as the CHS. However, instead of forming a hot spot, 

a high-intensity ignition laser is used to ignite the pre-compressed fuel by a beam of 

energetic charged particles. One of the advantages of FI is that the beam illumination 

uniformity and compression symmetry requirements are relaxed. In addition, the FI target 

could produce a high fusion gain (G>100) because the energy of the compression laser can 

be reduced.  It is predicted that fast electrons with energies between 1-3 MeV are desirable 

for efficient energy deposition to a dense fusion fuel31. 

 

 

 Figure 1.6 Illustration of ICF concepts (a) indirect drive, (b) direct drive, and (c) fast 

ignition.32 
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 However, the FI scheme has its own challenges. One of the critical issues is the 

generation of preplasma. A low-intensity pedestal before the main ignition laser produces 

low-density plasma. A long-scale length of the preplasma prevents the laser from 

propagating close to the core so that a beam of charged particles generated near the critical 

density is far away from the core, and most diverging fast electrons cannot reach the core. 

To shorten the standoff distance between the fast electron’s generation position and the 

high-density core, it is proposed to use a laser beam to drill a hole through the coronal 

plasma around the core region, called the hole boring concept. Another electron FI concept 

proposed by Kodama et al.33,34 uses a high Z (usually gold) cone to maintain a plasma-free 

area for the propagation of an ignition laser (cone-guided FI). Since the ignition laser 

directly interacts with the cone tip, this scheme could significantly minimize the stand-off 

distance and enhance the coupling efficiency of the electrons to the core. Another issue of 

FI is the large divergence angle of the electron beam, which lowers the laser-to-target 

coupling efficiency. To mitigate diverging electrons, laser-driven magnetic fields of 

hundreds of Tesla are proposed to guide the relativistic electron beam.35,36 Other charged 

particle beams considered for FI include protons and heavy ions. As described in 1.2.1, 

energetic protons accelerated by mechanisms such as TNSA could deposit their energy into 

the fusion fuel for ignition.37  

 

1.2.4 Short-pulse Laser-based X-ray Radiography 

 Broadband and characteristic X-ray radiation generated in the interaction of an 

intense short-pulse laser with a solid target have been used for diagnosing an ICF implosion 
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core and High Energy Density (HED) plasmas. In ICF experiments, high-energy x-ray 

radiography of an imploded core is crucial for inferring the density of the core and 

investigating hydrodynamic instabilities. Laser-produced characteristic K, in 

combination with a monochromatic crystal, has been applied to infer the density of fusion 

fuels.38 To diagnose an implosion core compressed by Megajoule-class lasers, a high-

energy broadband x-ray source (> 10 keV) is required to overcome strong self-emission 

from the core. Figure. 1.7 shows a typical broadband x-ray radiography experiment setup 

using the multi-pulse Advanced Radiography capability (ARC) backlighter at NIF. Near 

the peak compression, short-pulse lasers are irradiated on separate x-ray source targets to 

produce a broadband spectrum of x-rays. By delaying the beam arrival times, the progress 

of the implosion with a temporal resolution better than 100 ps can be obtained. More details 

of x-ray generation mechanisms will be discussed in Chapter 2.2. 

 

Figure 1.7 The scheme of diagnosis of ICF implosion cores and simulated images by laser-

produced broadband x-ray.39 
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1.3 Thesis Overview 

 This thesis describes the characterization of short-pulse laser-produced fast 

electrons by modeling angularly resolved bremsstrahlung via 3D hybrid particle-in-cell 

code. Chapter 2 focuses on the physics of fast electron generation and transport in the laser-

solid target interaction and the characteristics of fast electrons. Chapter 3 introduces 

essential numerical tools used in this work for modeling short-pulse laser and matter 

interaction, including Particle-in-cell (PIC) and a hybrid-PIC code Large-Scale-Plasma 

(LSP). Chapter 4 shows the characterization of short-pulse laser-produced fast electrons by 

modeling angularly resolved bremsstrahlung measurement via 3D hybrid-PIC code, 

together with discussions of the results. Chapter 5 performs two numerical studies using 

the benchmarked LSP code on a bremsstrahlung radiation source for hard x-ray 

radiography. Chapter 6 presents the work on designing a laser-produced x-ray source for 

the ZPPL experiment using the 3D hybrid modeling method. Finally, chapter 7 summarizes 

the results and future work. 

 

1.4 Role of the Author 

 The author developed the 3D hybrid PIC modeling of angularly resolved 

bremsstrahlung signals shown in this thesis based on Dr. T. Daykin’s 2D modeling work. 

The Leopard laser-solid target interaction experiments were conducted by Dr. Sawada’s 

group. The LSP simulation input files were initially written by Dr. Sawada and later 

developed by the author with the help of Dr. Sawada. The author ran LSP simulations and 

analyzed the LSP-generated 3D x-ray photon information using MATLAB scripts, in 
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which the 3D photon coordinate sort and attenuation length calculation parts are 

independently developed by the author, and other parts are developed by the author from 

their 2D versions written initially by Dr. Daykin. The ZPPL experiments were carried out 

by Dr. Sawada’s group, and the author performed and analyzed the related LSP 

simulations.
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2. Intense Short-pulse Laser-solid Target Interaction 

2.1 Generation and Transport of Fast Electrons 

 Fast electron generation and dynamics, including electron refluxing, are at the core 

of understanding high-intensity laser-plasma interaction. This field is highly relevant to 

fast ignition fusion and the development of x-ray, γ-ray, and other particle sources. The 

underlying physics of fast electron generation and transport has been studied for decades, 

and numerous research work has been done in physics theory, various scales of 

experiments, and Monte Carlo or PIC simulations. In this chapter, the generation and 

transport of fast electrons, which includes the absorption of laser light, the generation of 

fast electrons and the propagation and stopping of the fast electrons in the solid target, will 

be introduced. 

 

2.1.1 Generation of Fast Electrons in Laser-solid Target Interaction 

 During a laser pulse interacting with a solid target, energy is transferred from the 

laser pulse into the plasma to produce relativistic electrons and self-generated 

electromagnetic fields by several absorption mechanisms: inverse bremsstrahlung, 

resonant absorption, Vacuum (Brunel) heating, J×B heating. These mechanisms dominate 

in different ranges of laser intensities under other specific conditions.  

 In the low laser intensity regime of 1012-1015 W/cm2, a collisional absorption 

mechanism called inverse bremsstrahlung dominates the absorption. In this process, the 

electrons in the laser electric field increase their kinetic energy during a collision with an 

ion. The laser propagates into the preplasma until the critical density, defined as 𝑛𝑐 =



 

 

 

 

16 

1.1 ×
1021

λ2  [𝑐𝑚−3], where λ is the laser wavelength in μm. Electrons in this region oscillate 

in the laser-generated electric field and absorb energy from the laser. When these electrons 

collide with the nucleus (ions), the oscillatory energy of the electron is converted to thermal 

energy to heat the plasma.40 The efficiency of the inverse bremsstrahlung is high under 

high-density and low-temperature conditions. 

 For mid-intensity laser (I~1014-1017 W/cm2), a collisionless absorption mechanism 

called resonant absorption becomes essential due to the reduction of collision frequency. 

When the electron density scale length is comparable to the wavelength of obliquely 

incident p-polarized laser light, the normal component of the electric field can resonantly 

drive an electron plasma wave in the direction perpendicular to the surface and accelerate 

electrons to the temperature of 5-50 keV.41 

 The resonance will be broken when the laser intensity ranges from 1016-1019 

W/cm2. The ponderomotive force of the laser steepens the preplasma density gradient, pulls 

out the electrons into the vacuum, and then sends them back into the target plasma with the 

oscillation of the electric field; this process is called vacuum (Brunel) heating.42 

  When the laser intensity is as high as 1018 W/cm2, a laser’s strong electric and 

magnetic field accelerates background electrons near the critical density to above 

relativistic energies, which are much higher than the background thermal electrons. In this 

regime, fast electrons are generated predominantly by the ponderomotive potential. The 

fundamental physics of an electron oscillating in a non-homogeneous laser-generated 

electromagnetic (EM) field is explained by the derivation of the ponderomotive force in 

this section. The oscillating component of the ponderomotive force drives an electrostatic 
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field, which leads to electron heating and makes the magnetic (V×B) component in the 

Lorentz equation dominant. This mechanism is also called J×B force because the laser B 

field at relativistic intensities redirects the electron currents and accelerates electrons along 

the electric k-vector direction with twice the laser frequency. The laser absorption for the 

electrons accelerated by J×B force strongly depends on the intensity and ranges from 1-2% 

at I𝜆𝜇=1017 W/cm2 to 10-15% at I𝜆𝜇=1018 W/cm2.43  

 

Figure 2.1 A simplified illustration of J×B and Brunel absorption mechanisms. 

 

 The ponderomotive force of an electromagnetic wave can be derived by considering 

an electron oscillating in a linear polarized laser with an electric field of E and a magnetic 

field of B. The oscillating electric and magnetic fields can be written as:  

 

                                           𝐄(𝐫, t) =  𝐄𝟎(𝐫) cos(𝜔𝑡) ,                                         (2.1) 
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and  

                                                𝐁(𝐫, t) =  𝐁𝟎(𝐫) 𝐜os(𝜔𝑡) ,                                        (2.2) 

where 𝐄𝟎 and 𝐁𝟎 are amplitudes of electric and magnetic fields, respectively, and 𝜔 is the 

angular frequency. Combining Eq. (2.1) and Eq. (2.2) into the Lorentz force equation Eq. 

(2.3),  

𝐅 = 𝑚
𝒅𝐯

𝒅𝒕
= q(𝐄 + 𝐯 × 𝐁),                                          (2.3) 

one can find the equation of motion of the single electron:  

𝑚
𝒅𝐯

𝒅𝒕
= −q[ 𝐄𝟎(𝐫) cos(𝜔𝑡) + 𝐯 × 𝐁𝟎(𝐫) cos(𝜔𝑡) ],                           (2.4) 

where m is the rest mass of an electron, and q is the electron charge. In the case of the 

negligible magnetic field, the second term of Eq. (2.4) can be neglected to lead to  

𝑚
𝒅𝐯(1)

𝒅𝑡
= −q𝐄𝟎(𝐫) cos(𝜔𝑡).                                     (2.5) 

By solving (2.5) for the first-order solution of v (it is called the electron quiver velocity) 

and r, one can find: 

𝐯(𝟏) =
𝒒

𝑚𝝎
𝐄𝟎 sin(𝜔𝑡),                                              (2.6) 

and  

𝐫(𝟏) =
𝒒

𝑚𝝎𝟐 𝐄𝟎 cos(𝜔𝑡).                                            (2.7) 

Now, to include the effect of a small variation of the electric field and the magnetic field, 

i.e., the second order of Eq. (2.4), which can be written as: 

𝑚
𝒅𝐯

𝒅𝑡
= −q[(𝐫(𝟏) ∙)𝐄𝟎 + 𝐯(𝟏) × 𝐁𝟎] cos(𝜔𝑡),                             (2.8) 
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by substituting 𝐫(𝟏), 𝐯(𝟏), and the Maxwell-Faraday’s equation, ∇ × E = −
𝜕B

𝜕𝑡
, into Eq. 

(2.8), then taking the time average over a single laser period, one can obtain 

𝑚
𝐝𝐯

𝒅𝑡
=

q2

𝟐𝑚𝝎𝟐 [(𝐄𝟎 ∙ )𝐄𝟎 + 𝐄𝟎 × ( × 𝐄𝟎)].                            (2.9) 

Using the vector identity 

𝐄𝟎 × ( × 𝐄𝟎) =
1

2
𝐄𝟎

𝟐 − (𝐄𝟎 ∙)𝐄𝟎,                              (2.10)                        

one can find the ponderomotive force,  

𝐅𝐩 = 𝑚
𝒅𝐯

𝒅𝒕
= −

q2

4𝑚𝜔2 �⃑⃑� (𝐄𝟎
2(𝐫)) .                                   (2.11) 

and it was sometimes written as: 

𝐅𝐩 = −�⃑⃑� 𝐔𝒑,                                                  (2.12) 

with 𝐔𝒑 =
q2𝐄𝟎

2

4𝑚𝜔2. The pondermotive potential is proportional to the square of the electric 

field. When the laser interacts with the solid target, there will be a gradient of the electric 

field at the critical density region, and electrons are accelerated more by the stronger 

electric field region and less in the weaker field region, resulting in a net force that 

accelerates electron to the weaker field direction (along the laser direction).   

 The ponderomotive potential provides a vital scaling law for the energy of 

accelerating electrons called the ponderomotive scaling law (or Wilks scaling law)44, which 

can be derived from 

𝐔𝒑 = 𝑚𝑐2(𝛾 − 1),                                                 (2.13) 

𝛾 = √1 + (
𝑝

𝑚𝑐
)2 = √1 +

𝑎0
2

2
 ≈ √1 +

𝐼𝜆2

1.37×1018 ,                        (2.14) 
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Where γ is the Lorentz factor, 𝑎0 is called the normalized vector potential of the laser's 

electric field, and I and λ are the laser intensity in the unit of W/cm2 and wavelength in the 

unit of μm. It is worth noting that 𝑎0 =
𝑞𝐄𝟎

𝑚𝝎𝒄
 , which comes from the maximum electron 

velocity (
𝑞𝐄𝟎

𝝎
) divided by the electron rest mass (m) and the speed of light (c), is frequently 

used to define the intensity at which the quiver velocity of an electron becomes relativistic, 

i.e., the laser is in the ultra-intense regime as 𝑎0 ≥1. By using the laser intensity 𝐼 and the 

wavelength λ, the heated electrons' temperature (energy) is often referred to as: 

𝐔𝒑 ≈ Thot ≈ 𝑚𝑐2 [√1 +
𝐼λ𝟐

𝟏.𝟑𝟕×𝟏𝟎𝟏𝟖 − 1] ≈ 1 MeV × √
𝐼λ𝟐

𝟏𝟎𝟏𝟗.                  (2.15) 

This scaling is essential to provide guidance on the electron energy spectrum of fast 

electrons for a given laser intensity and wavelength. 

 

2.1.2 Transport of Fast Electrons in a Solid Target 

 Fast electron transport describes the propagation and stopping of the fast electrons 

in the target while they lose energy to the target by collisional, resistive, diffusive, and 

radiative mechanisms. A high-intensity laser pulse consists of a main peak pulse at an 

intensity of > 1018 W/cm2 and a low-intensity pedestal. In a laser-solid interaction, the 

pedestal from the amplified spontaneous emission and/or low intensity (~1012 W/cm2) 

prepulse first interacts with the target, creating a pre-formed plasma in front of the target 

before the main pulse arrives. Then, the interaction of the main pulse with the preplasma 

accelerates electrons in the preplasma to MeV energies. As shown in Figure 2.2, these 

energetic (fast) electrons travel mainly in the forward direction, and the collision with the 
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dense solid background material leads to broadening electron distribution. The forward-

propagating fast electron beam leads to electron beam filamentation and generates a 

current-driven magnetic field, drawing a cold return current from the background 

electrons45 to cancel the net magnetic field. The cancellation of the net current maintains 

the local charge neutrality, i.e., the net current 𝑗  𝑛𝑒𝑡 =  𝑗  𝑓𝑎𝑠𝑡 + 𝑗  𝑟𝑒𝑡𝑢𝑟𝑛 ≈ 0.  

 The transport of a fast electron beam traversing through the target can heat the 

background plasma in three different mechanisms.46 The collision of the return current with 

the background plasma heats the latter one with power current density 𝑗 𝑟𝑒𝑡𝑢𝑟𝑛 ∙ 𝐸 ≈

𝜂 𝑗𝑓𝑎𝑠𝑡
2 , here η is the resistivity, and it is called resistive (Ohm or Joule) heating. The heating 

due to direct collisions between hot and cold electrons is known as drag heating. On the 

other hand, diffusive heating is driven by a temperature gradient between a hot preplasma 

and a cold solid target.  

 An important phenomenon in the transport of fast electrons relevant to this thesis 

is sheath field generation at the target rear side (Ez in fig 2.2) and electron recirculation. A 

rear sheath field is generated when a fraction of the high-energy fast electrons escape from 

the rear surface. Strong electric sheath potential on the order of TV/m prevents the lower-

energy electrons from escaping the target and forces them to recirculate within the 

target47,48. Most fast electrons traverse back and forth in the target several times if the target 

is thin, called refluxing or recirculation. The interplay between the sheath field and electron 

recirculation makes the characterization of fast electrons generated at the laser-target 

interaction region challenging.  
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Figure 2.2 A schematic of laser-generated fast electron transport.49  

 

2.2 Secondary Radiations 

 Two types of radiations are produced in a high-intensity laser-target interaction as 

laser-driven fast electrons transport through and recirculate around the target: K-shell line 

emission with inner shell electrons (characteristic x-rays) and continuous radiation 

(Bremsstrahlung) from the scattering of the electrons by target ions. 

 

2.2.1 Characteristic Radiation 

 Characteristic line emissions are produced when an excited electron fills a K-shell 

vacancy created by an energetic electron or photon colliding with target atoms. Each 

element has a specific number of orbits, and each orbit can hold up to a maximum number 

of electrons. In the present context, as shown in Figure 2.3, a fast electron with a higher 



 

 

 

 

23 

kinetic energy than the K-shell binding energy can knock out electrons in the K-shell orbit 

and leaves a vacancy. The vacancy is quickly filled by an excited electron from a higher 

orbit, and a photon with an energy equal to the difference in the transition energy of the 

two levels is produced. For example, if a K-shell electron is lost due to collision, and one 

of the L-shell electrons fills the vacancy, producing the radiation called the Kα emission. 

The photon energy of the characteristic x-rays (e.g., Kα and Kβ) depends on the target 

element, so it is broadly used for industrial applications, such as material analysis, non-

destructive testing, and radiation therapy, as well as for HED science applications, 

including flash Kα radiography of an ICF implosion core.  

 

 

Figure 2.3 A schematic of the generation of characteristic radiation. 
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2.2.2 Bremsstrahlung Radiation  

 Bremsstrahlung is a German word for braking radiation, which is generated from 

the process of energetic electrons losing energy during the interaction with the positive 

nucleus within an atom. Bremsstrahlung radiation is a critical source of energy loss for 

relativistic electrons via collisions and deflections. Since an electron may lose any portion 

of its energy during the interaction with the atom, bremsstrahlung radiation becomes a 

continuous broadband spectrum ranging from zero to the maximum kinetic energy of the 

energetic electron. Such a broadband hard x-ray bremsstrahlung radiation is preferred in 

diagnosing a fusion core and radiographing a high-areal density object to overcome strong 

self-emission or its high areal density.  

 

Figure 2.4 A schematic of the generation of bremsstrahlung radiation. 
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2.3 Characteristics of Laser-driven Fast Electrons 

 Laser-produced fast electrons can be characterized by three key parameters: 

electron energy distribution, laser-to-electron energy conversion efficiency, and electron 

beam divergence angle. To infer all three electron characteristics, multiple experimental 

measurements are required, such as a magnet-based electron spectral measurement50,51, Kα 

fluorescence measurement52, bremsstrahlung photon measurement53, optical probing54, 

thermal imaging33, 55 , coherent transition radiation (CTR)Error! Bookmark not defined.,Error! 

Bookmark not defined., incoherent transition radiation (ITR)47 and nuclear activation56,57. 

This subchapter introduces these three parameters as well as experimentally and 

numerically inferred parameter values from previous studies.  

 

2.3.1 Electron Energy Distribution 

 The kinetic energy of a laser-driven fast electron is often estimated using the 

ponderomotive potential, as described in Chapter 2.1. Because of the temporal and spatial 

variations in laser intensity, the electrons generated have a broad energy spectrum. PIC 

simulations indicate that laser-driven fast electrons are a monotonically decreasing 

spectrum, but it does not follow a simple theoretical function. Thus, the energy estimated 

using the ponderomotive potential is often referred to as the mean energy of the fast 

electron energy spectrum. In particle-transport simulations, the continuous electron 

distribution function (dN/dE) is often simplified using a Maxwellian, Boltzmann 

distribution function or a sum of multiple exponential energy distributions, such as 

𝑒−(𝑘𝑒/𝑇1)+𝑒−(𝑘𝑒/𝑇2) + 𝑒−(𝑘𝑒/𝑇3)+⋯, where 𝑘𝑒 is the kinetic energy of the electron and 𝑇1, 



 

 

 

 

26 

𝑇2 , 𝑇3 … are a slope temperature of each spectrum. In the high-intensity laser-target 

interaction, the laser-driven fast electrons are a non-thermal component of the electron 

energy distribution, often described as a hot component with a single slope temperature, 

𝑇ℎ. 

 The accurate characterization of the electron distribution in measuring escaped 

electrons is difficult since only the high energy tail of the electron spectrum can escape 

from the target rear due to the sheath potential. To infer the electron distribution at the 

generation point, indirect measurements that have been used include the interpretation of 

measured bremsstrahlung radiation and ion acceleration. By combing experimental 

measurements and analytical modeling, a few scaling laws were developed to estimate the 

electron temperature, such as two often used scaling laws: the ponderomotive scaling law 

by Wilks et al.44 and the Beg scaling law58. Even though scaling laws are indeed beneficial 

as references to infer electron temperature, detailed PIC simulations show that the energy 

distribution is often more complex than simple scaling laws. 

 

2.3.2 Electron Divergence Angle 

 Characterization of the electron beam divergence angle is essential for applications 

such as Fast ignition since a less divergent angle of fast electrons is preferred to deposit 

their energy in the core. However, the characterization of the divergence angle of fast 

electrons is complicated. The angular distribution of fast electrons depends on various 

parameters, such as the laser energy, pulse duration, spot size, laser intensity, and target 

parameters. During the transport of fast electrons in a solid target, electrons experience 
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strong scattering and self-generated resistive fields inside the solid target. The spread angle 

of the electrons is thus greatly altered from the initial injection position. In particular, the 

high resistivity in the metal target could generate a resistive collimation effect, which 

reduces the divergence of the electron beam. For example, an initial electron divergence 

half angle of 50° is assumed in a hybrid simulation59 to reproduce a full propagation angle 

of 35° in experiment60. The direct measurement of the divergence angle of the injected 

electron beam is almost impossible, so alternative diagnostic techniques have been 

developed.  

 In the past few decades, numerous experimental works on fast electron divergence 

measurements have been conducted using CTR61,62, ITR47, and K⍺ emission33,34. The 

divergence half angle estimated from the K⍺ measurements ranges from 20 to 50, and 

CTR and ITR measurements indicate less than 20 divergence half angles. For instance, 

Green et al.60 and Armstrong et al.63 measured 0-35 divergence angles using Kα emission 

measurements of 25-100 μm Ti or Cu targets for laser conditions of 1μm wavelength, 2-5 

ps duration, and intensity 1017 to 1021 W/cm2. These measured divergence angles were 

obtained under the assumption that the electron divergence is given by the effective 

propagation angle measured from experiments, so if the resistivity in the solid target is 

taken into account, the initial fast electron divergence should be higher than these measured 

angles. On the other hand, simulations59,64 indicate the divergence half-angle could be large 

as 50-55, or sometimes even larger. The significant variation may be due to the limitation 

of the measurement method, such as K⍺ fluorescence measurement, in which the magnetic 

field generated at the interface with the buried layer may limit the electron transport at high 
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laser intensity and distort the measurement result65. Meanwhile, as shown in Figure 2.2, 

different laser conditions, target material, and beyond-controlled pre-plasma profiles 

before the front surface of the target are all possible factors that need to be considered. In 

conclusion, a complete understanding of the fast electron divergence angle is challenging 

and has to include multiple factors such as the laser condition, target size, measurement 

method, etc.  

 

2.3.3 Electron Beam Energy and Laser-to-electron conversion efficiency 

 The energy conversion efficiency from the laser to fast electrons (and furthermore 

to the target and the x-ray radiation generated from the target) is of significant importance 

to many relevant applications. The conversion efficiency can be inferred by modeling the 

bremsstrahlung x-ray and/or K⍺ emission measurements. Numerous experiments and 

calculations exist on the conversion efficiency 𝜂L−𝑒. For example, Scott et al.66 found laser 

energy absorbed into forward-going fast electrons to be 16 ± 4% for frequency doubled 

light at a peak laser intensity of 9×1018 W/cm2;  Nilson et al.67 found 10-30% 𝜂L−𝑒 for 

various volume target irradiated by 1 ps/10 ps, 1-1000 J laser with intensity larger than 1018 

W/cm2, and Chen et al.31 found 𝜂L−𝑒 to be ~20-40% for laser averaged intensity from 3 × 

1018 W/cm2 to 8×1018 W/cm2, while Westover et al.68 used Monte Carlo modeling and 

hybrid-transport modeling to obtain 30% and 34% laser to fast electron conversion 

efficiency, respectively, for laser with a peak intensity of 2×1020 W/cm2. It is worth noting 

that although these parameters have been widely investigated, a simultaneous 

determination of fast electron characteristics is challenging because of limitations in 
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different diagnostic techniques and numerical methods. This thesis work was to develop a 

new approach to overcome these issues, and details are presented in Chapter 4.  

 

2.4 Diagnostics of Fast Electron Characteristics 

In this thesis work, a magnet-based electron spectrometer and filter stack 

bremsstrahlung spectrometers were used. This subchapter presents the concept of each 

diagnostic, example measurements, and data analyses.   

 

2.4.1 Magnet-based Electron Spectrometer  

 A magnet-based electron spectrometer51 directly measures the high energy (above 

1 MeV) electrons that escaped from the target rear along the laser axis. Figure 2.5 (a) is a 

schematic of an electron spectrometer and an example of scanned data from the Fuji 

Biological Analysis System (BAS) MS-type Image Plate (IP), which was used for both the 

electron and bremsstrahlung spectrometers. Electrons entering a 1mm2 opening of the 

spectrometer are bent by the magnetic field and dispersed along the image plate. The 

electrons’ deposition positions are determined by the magnet's strength, the lower energy 

electrons are deposited near the entrance, and the high energy ones can travel further to the 

right of the IP in the image. In a Leopard laser experiment, the spectrometer was placed at 

27.4 cm from the target chamber center (tcc) along the laser forward direction. 

 Information on the recorded electron energy spectrum is retrieved by scanning the 

IP with an FLA-5000 scanner and converted to digital signals with the unit of Photo 

Stimulated Luminescence (PSL)69. Figure 2.5(b) shows a lineout of the digitized IP signals 
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with a single slope temperature fitting. The calibration of the signal intensity to the number 

of electrons and the electron dispersion was established in a separate experiment on the 

TITAN laser at Jupiter Laser Facility 70 . The slope of a measured escaping electron 

spectrum primarily depends on a peak laser intensity since the measurement is a fraction 

of high-energy electrons of the spectrum generated. Other factors, such as the preplasma 

scale length and target position, can affect the electron spectrum. However, the slope of the 

electron spectrum can be used to monitor the shot-to-shot variation in experiments. The 

measurements of laser-driven fast electrons in Leopard laser experiments are discussed in 

Chapter 4. 

 

Figure 2.5 (a) A schematic of the magnetic-based electron spectrometer and an example of 

a scanned IP image. (b) An example lineout of a measured electron spectrum with a single 

slope temperature fit in the unit of PSL. 
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2.4.2 Filter Stack Bremsstrahlung Spectrometer  

 A filter-stack spectrometer has been used to measure a broadband hard x-ray 

spectrum.53 The bremsstrahlung spectrometer used in this work consists of differential 

metal filters and IPs. Bremsstrahlung signals are recorded on each IP behind 15 layers of 

filter made by different materials from low Z to high Z materials. The details of the filter 

material, thickness, and minimal photon energy required to transmit through the filter are 

listed in Table 1. The minimum photon energy required to penetrate through each filter 

increases with the layer number from ~13 to 550 keV. This particular spectrometer has a 

photon range between 10 and 800 keV and has been absolutely calibrated.  

 

Table 1. Filter stack bremsstrahlung spectrometer’s filter material, thickness, and minimal 

energy required to deposit energy into the corresponding IP. 

Layer Material Thickness Min energy 

0 Teflon 5 mm 12.91 keV 

1 Al 100 μm 13.21 keV 

2 Ti 100 μm 14.83 keV 

3 Fe 100 μm 19.33 keV 

4 Cu 100 μm 25.2 keV 

5 Mo 150 μm 32.47 keV 

6 Ag 500 μm 42.82 keV 

7 Sn 500 μm 59.12 keV 

8 Ta 1.58 mm 104 keV 
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9 Au 1.143 mm 189.35 keV 

10 Pb 2.272 mm 217.43 keV 

11 Pb 3.372 mm 270.66 keV 

12 Pb 4.473 mm 310.8 keV 

13 Pb 4.473 mm 378 keV 

14 Pb 4.473 mm 439.2 keV 

15 Pb 4.473 mm 550 keV 

 

 

 Figure 2.6(a) shows a schematic of the bremsstrahlung spectrometer, an example 

of scanned IP raw signals, and the analyzed signals. The filters and IPs are placed in a 6 

mm thick Lexan cartridge housed by a 1.8 mm thick lead enclosure. Each IP is sandwiched 

by 250 µm Mylar sheets. A magnet is placed before the spectrometer to deflect energetic 

charged particles to avoid unwanted noise. A lead collimator, also placed in front of the 

spectrometer, has a 0.5-inch diameter round opening to limit the field of view to the 

housing. In  Fig 2.6(b), an example of the signals on IPs is for x-rays from shallower layers 

to deeper layers in the spectrometer from left to right. The raw measured signals are 

subsequently analyzed by using Image J. Three oval regions are chosen in each circle of 

the signal, and the measured values in each region are averaged and recorded as the signal, 

while the standard deviation of the measurement and the gradient of the cannon signal (the 

difference between the three regions) are recorded for each layer. 

 Figure 2.6(c) shows raw bremsstrahlung spectral signals recorded for a 100 µm 

thick Copper target backed by a plastic. The unit of the signals (Y axis) is PSL/pixel2, and 
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the x-axis is the IP layer number from 1st to 15th. The error bar of a signal is calculated 

from the quadrature addition of three factors: the standard deviation of the measurement, 

the gradient of the cannon signal, and a 3% scanner response variation from the IP. The 

signal strength depends on the position of the spectrometer and the input electron 

parameters. 

 

Figure 2.6 (a) Schematic of a differential filter stack bremsstrahlung spectrometer and an 

example of recorded signals on IP. (b) An example of the measured raw bremsstrahlung 

signals on IPs. (c) Analyzed bremsstrahlung signals from a 100 μm Cu target with CH 

backing irradiated by the Leopard laser. 

 

The bremsstrahlung spectrometer has been used to characterize short-pulse laser-

produced fast electrons in combination with numerical modeling. Since its development in 

2009, Chen et al.31 and Westover et al.71 used one bremsstrahlung spectrometer to deduce 
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conversion efficiency ranges and slope temperatures with an assumed divergence angle by 

modeling the data with Monte Carlo simulations. Later, Chen et al. 72  used three 

bremsstrahlung spectrometers to compare the measurements with 2D multi-stage 

simulations to further constrain fast electron characteristics on TITAN. To infer the 

conversion efficiency, the modeling for the above work was performed in a 2D cylindrical 

geometry. More recently, Sawada73,74and Daykin75 used two bremsstrahlung spectrometers 

together with a 2D Cartesian geometry to incorporate the injection axis of an electron beam 

mimicking the laser incident angle. A better agreement between the measurement and the 

2D Cartesian modeling was obtained. However, the conversion efficiency cannot be 

characterized by using these 2D simulations. To overcome this issue, a hybrid PIC code is 

used in a 3D Cartesian geometry to model bremsstrahlung measurements at two angular 

positions. A unique set of all three fast electron parameters have been inferred by 

combining results of refluxing and non-refluxing targets, as shown in Chapter 4.
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3. Numerical Modeling of Short-pulse Laser and Solid 

Interaction 

3.1 Particle-in-cell (PIC) and Hybrid-PIC Simulation 

 Plasma simulations can be categorized into three approaches: a single-particle, 

kinetic or fluid calculation. To compute the interaction of laser light with plasma and the 

generation of fast electrons, a particle-in-cell (PIC) code76 is a suitable tool, which solves 

Maxwell’s equations with a “macroparticle” to represent many real particles with the same 

property. In a PIC calculation, these macroparticles are set to have the same charge-to-

mass ratio to mimic the behavior of a real particle in the electromagnetic field of the laser. 

Another important feature of the PIC method is that it can follow the trajectories of charged 

particles in self-consistent electromagnetic fields. Figure 3.1 shows a typical calculation 

step in a PIC code. A PIC calculation proceeds in the following steps. By giving initial 

positions and velocities, the code calculates the charge densities of plasma at each grid 

point using weighted position and velocity. Then, the electric and magnetic fields on the 

grid are updated by solving Maxwell's equations. In the third step, the force exerted on the 

particles is calculated using the weighted fields at each grid point. Finally, by integrating 

the equation of motion, a new particle position and velocity are calculated for the next 

circle.   
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Figure 3.1 A schematic of the PIC simulation method. 

 

 PIC codes can run in an explicit or implicit method. The PIC simulation cycle 

shown in Fig. 3.1 is an explicit scheme where the equations of motion for the particles and 

the electromagnetic fields are solved explicitly in time. In this approach, the grid cell size 

and a time step of a calculation are required to be set much smaller than the Debye length 

due to numerical instabilities, particularly at high particle densities or in highly dynamic 

plasma environments. In contrast, the implicit method does not depend on the spatial and 

temporal constraints for a stable operation. It makes a suitable guess for the future time 

step with a predictive algorithm, and a current time step is calculated from that prediction, 

so the implicit equation must be solved iteratively due to the unknown quantities for the 

current and future steps. 
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 Since the explicit PIC scheme requires fine spatiotemporal grids to resolve the laser 

wavelength, PIC simulations are typically limited to a much smaller simulation space and 

time than a target and laser duration used in an experiment. Numerical studies of laser-

driven fast electron production and transport have been performed in two steps: first, a 

relatively small-sized (a few µm) PIC simulation is performed to calculate the generation 

of fast electrons, and then, the propagation of the fast electrons is modeled using a hybrid 

or implicit PIC code in a much larger space (a few hundred µm or larger) and longer time.  

 A hybrid PIC code, a code extensively used in the thesis work, uses a similar kinetic 

description to model the transport of charged particles, but different from PIC codes, it can 

simulate the fast electron transport physics on an experimental scale by injecting fast 

electrons instead of resolving grids for the laser-plasma interaction. Both PIC and hybrid 

PIC methods use “macroparticle” for thousands of the same species of particles to save 

computation time by calculating particle interaction between each macroparticle instead of 

an individual particle. The time step in this part is calculated by the courant limit, Δ𝑡 =

Δ𝑥/𝑐, where Δ𝑥 is the cell size, and c is the speed of light. If the courant limit exceeds 1, 

the time step is too large to see the particle in one cell, so it needs to be less than 1 so the 

light cannot travel more than one cell in one step. The fluid approach in the hybrid PIC 

code treats background plasma as a quasi-neutral fluid, in which the moments of 

background fluid are collected and interpolated onto the grid, and simplified Maxwell 

equations are used to solve the field. This fluid treatment does lose some physics, such as 

the inertia of charged particles and complex kinetic effects, but it saves much 

computational time by using macroscopic quantities for the background plasma. As 
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mentioned, the hybrid PIC method is usually applied to the second step of the fast electron 

simulation. For example, in this work, a fast electron beam, instead of a laser, is injected 

into the solid target, and a Monte Carlo code is used to simulate the scattering and transport 

of electrons inside the target, along with the calculation of self-generated fields. 

 

3.2 A Hybrid PIC Code: Large Scale Plasma (LSP)  

 A hybrid PIC code, Large Scale Plasma (LSP)77,78, is used to simulate the transport 

of fast electrons in plasmas, including the development of fields self-consistently in this 

work. LSP is capable of running 1D, 2D, and 3D simulations in cartesian, cylindrical, and 

spherical geometry for large-scale plasmas. It has a hybrid mode, as well as several types 

of electromagnetic field solutions: the standard (explicit) leapfrog algorithm and direct-

implicit algorithms using iterative alternate-direction implicit (ADI), a two-step ADI, and 

matrix inversion. In addition, several options for advancing particles are included in LSP: 

the standard momentum-conserving and energy-conserving PIC algorithms, cloud-in-cell 

(CIC) algorithm, and direct-implicit algorithm, which can be used in either the PIC or CIC 

model. The LSP code takes into account the stopping power with the continuous-slowing-

down approximation (CSDA) range as well as scattering and radiative loss for the electron 

transport processes. The generation of bremsstrahlung and Kα photons in LSP is modeled 

using a cross-section calculated with the Integrated Tiger Series (ITS) code. Magnetic 

fields generated by resistive gradients or filamentation are not included in LSP. 

 Numerous studies of the production and transport of fast electrons or proton beams 

have been performed using the LSP codes79,80 in the past two decades. For instance, Welch 
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et al. 80 compared 2D fully kinetic simulations with the results using LSP in 3D cylindrical 

coordinates by simulating the propagation of the circularly polarized laser light in a thin 

metal foil and the transport of electrons and protons, and it is found that 3D simulation is 

necessary to quantify the beam transport. Daykin et al.75 used 2D LSP simulations to show 

the benchmarking of the electron stopping and scattering as well as the angular distribution 

of bremsstrahlung generated in solid Cu against a Monte Carlo code Electron Gamma 

Shower 5 (EGS5) 81  incorporated in Particle and Heavy Ion Transport code System 

(PHITS)82.  

 

3.3 3D Hybrid-PIC LSP Simulations for Angularly Resolved 

Bremsstrahlung Radiation 

 This subchapter presents the procedures of angularly resolved bremsstrahlung 

calculations using the LSP code in a 3D Cartesian coordinate. The calculations were 

performed in an implicit method by injecting a beam of fast electrons. Key information 

required in an input file is on the initial simulation geometry, target dimensions, and 

electron pulse duration, in addition to the injected fast electron beam parameters. A fast 

electron energy spectrum is represented by an exponential function with a single slope 

temperature (Th). In addition, an electron beam divergence half angle (θ) using a Gaussian 

distribution and the total injected electron beam energy (Eb), which changes the total 

electron number, are defined. These three parameters are the main variables to compute 

bremsstrahlung and synthetic bremsstrahlung spectrometer signals.  
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 In this work, using a 3D simulation coordinate is essential for accurately simulating 

the development of self-consistent fields at all target-vacuum boundaries and the 

recirculation of fast electrons. Figure 3.2(a) shows a schematic of a 3D LSP simulation 

setup for a solid Cu foil attached to a plastic foil. The simulation space has a 2.0×1.5×2.0 

mm3 volume with a 10 µm cell in each direction. A 100 µm thick Cu foil with a surface 

area of 1.0 mm2 is placed at the center of the space. In the Leopard experiment shown later, 

bremsstrahlung radiation was measured from a bare Cu foil and a Cu foil with a CH 

backing. The dimension of the CH backing was a 6.35 mm radius hemisphere with a height 

of several centimeters. In the LSP simulation, it is limited to the one with 650 µm in 

thickness and 2.0×2.0 mm2 in surface area that fills the rear side of the simulation space. 

The addition of the CH backing to the rear side of the Cu layer prevents the sheath field 

development, reducing the recirculation of fast electrons and, subsequently, the generation 

of bremsstrahlung radiation. The size of the CH backing is varied to study its effectiveness 

for mitigating electron recirculation and is presented in Chapter 5. The simulation uses the 

complex frequency shifted perfectly matched layer (CFSPML) as a boundary condition. 

This layer allows modeling freespace boundary conditions imposed on fields and particles, 

so the plastic backing acts as an infinite layer.  

 A beam of fast electrons with a 20 µm radius spot is injected at the first cell of the 

Cu foil in the +Y direction with a given set of electron parameters (Th, θ, and Eb). The 

incident angle of the beam is 30° from the target normal in the equatorial plane. The pulse 

duration of the electron beam is assumed to be a Gaussian profile with 0.35 ps FWHM and 

its peak at 1.2 ps. The pulse profile is shown in Fig. 3.2 (b). Most simulations run up to 
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~20 ps. For the x-ray generation in Cu and CH, LSP uses a pre-computed cross-section file 

by the ITS Monte Carlo code. It also uses an equation of state and an opacity table for Cu 

calculated by Prism Opacity and Equation of State code (PROPACEOS). Simulations were 

performed using the group’s Argo cluster. 

 

  

Figure 3.2 (a) A schematic of the 3D simulation of a Cu-CH target, and (b) The pulse 

profile of the injected fast electron beam. 

 

 Simulation results include the evolution of fast electron propagation, electric and 

magnetic field development, and x-ray photon generation. Information on photons, 

including characteristic x-rays and continuous bremsstrahlung radiation, in a position and 

momentum space is exported in text files at a time interval of 0.25 ps. Then, MATLAB 

scripts are used to post-process the data of photon charges, energies, positions, and 
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velocities for calculating the transport of the photons through the target. The photons that 

escaped from the target are sorted into a spherical space divided by a polar angle theta 

(angle with respect to the polar axis) and an azimuthal angle phi (angle of rotation from the 

initial meridian plane). In each spherical segment, the photons are sorted into 150 energy 

spectral bins logarithmically spaced between 1 keV and 100 MeV. Finally, together with a 

time interval, the number of photons is stored in a four-dimensional function [f (Energy, 

theta, phi, time)] for the photon energy, the polar and azimuthal angles. To investigate 

angular-dependent bremsstrahlung radiation recorded by bremsstrahlung spectrometers in 

the equatorial plane, the function is integrated over the polar angle near the plane, and 

azimuthally resolved x-ray spectra are calculated to compare with experiments. Figure 3.3 

shows calculated broadband spectra with and without x-ray attenuation by the target in the 

target's normal direction. Since the birth location and velocities are known, the attenuation 

length and transmission are calculated for each photon through the target using the x-ray 

mass attenuation coefficients83 of each target element. As shown in Fig. 3.3, the majority 

of x-ray attenuation by a 100 µm copper target is below 100 keV, and there is almost no 

attenuation for higher energy photons. 
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Figure 3.3 Unattenuated and attenuated photon spectra of a 100 µm Cu target with Th=1.0 

MeV, θ=70°, and Eb=1.5 J. 

  

A calculated bremsstrahlung spectrum is obtained by averaging over ±20° in the 

direction of interest and is converted to a spectrometer signal using a bremsstrahlung 

spectrometer response matrix (SRM)53. SRM results from Monte Carlo simulations for the 

minimum energy required to be deposited in each IP layer. Figure 3.4(a) shows the 

spectrometer response matrix for the detector used. The matrix contains 15×150 elements 

corresponding to the 15 layers of IPs of the bremsstrahlung spectrometer and the 150 

energy bins in the photon spectrum. Applying SRM to a calculated x-ray spectrum yields 

a dose signal as a function of the IP layer in the unit of MeV/cm2. Figures 3.4(b) and 3.4(c) 

show an example of simulated x-ray spectra at 22° and 40° from the laser injection direction 

and corresponding doses calculated using SRM, respectively. The conversion from the x-
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ray spectra to the spectrometer signals allows for directly comparing the simulation results 

to measurements.  

 

  

 

Figure 3.4 (a) The spectrometer response matrix for the bremsstrahlung spectrometer used 

in the Leopard experiment. (b) LSP simulated x-ray spectra of a Cu-CH target with Th=1.0 
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MeV, θ=50°, and Eb=1.5 J. (c) Converted spectrometer signals by multiplying the SRM by 

the LSP simulated x-ray spectra. 

 

 One of the major differences between a hybrid PIC and a Monte Carlo code is the 

self-consistent field generation associated with electron transport. The strength of electric 

and magnetic fields depends on the number of escaping electrons from the target. Since the 

fast electrons traverse within the foil near the speed of light, the interplay between the 

spatial structure of the fields and electron trajectories changes quickly. Here, using an 

electron tracking feature in LSP, the time evolution of the electric and magnetic fields, as 

well as the trajectories of fast electrons, is presented. A simulation shown here uses the 

electron parameters of Th = 1.0 MeV, θ = 50°, and beam energy, Eb = 1.1 J. Figure 3.5(a) 

shows a snapshot of the total electric field in the Y-Z plane (X=0) at 4 ps. The magnitude 

of the peak electric fields generated around the Cu foil exceeds 10 TV/m. Figures 3.5(b)~ 

3.5 (d) show the trajectories of 0.4, 1.0, and 5.0 MeV electrons for simulation times up to 

5 ps. The 0.4-MeV electrons are collisionally stopped within the Cu foil. Most of the 1-

MeV electrons are 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 are 

also established near the Cu edges at Z=±0.05 cm, as in Fig. 3.5(a). The majority of the 5-

MeV electrons escape from the target rear. The color of the trajectories indicates the timing 

of the electron injection. Some of the 5 MeV electrons injected at the peak of the pulse 

(orange lines) are largely deflected and pulled back by the fields to the corner of the foil.  
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Figure 3.5 (a) A map of the total electric field in the Y-Z plane (X=0) at 4 ps. The 

trajectories of electrons with the kinetic energy of (b) 0.4 MeV, (c) 1.0 MeV, and (f) 5 

MeV.  

 

These simulations demonstrate that: (1) The non-normal electron injection 

produces an asymmetric electron beam distribution with respect to the target normal, 

affecting the resulting bremsstrahlung angular distribution to be also asymmetric. (2) 
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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.  

 Figures 3.6(a) and 3.6(b) show simulation results with various slope temperatures 

and electron beam energies, respectively. In the simulations, only one electron parameter 

is varied to study the changes in spectrometer doses. In particular, Fig. 3.6(a) shows that 

the increase in slope temperature makes a spectrum of the dose signal flatter when the beam 

energy and divergence angle are fixed. Meanwhile, as shown in Fig. 3.6 (b), the dose signal 

monotonically increases as the input electron energy increases when the slope temperature 

and divergence angle are fixed. The dependence of a dose spectrum on the divergence angle 

varies with the target type and in different diagnostic directions, and details will be 

discussed in Chapter 4. 

 

 

Figure 3.6 Calculated bremsstrahlung signals (a) with different Th and (b) with different 

beam energies Eb. The divergence angle is fixed at 70°.  
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4. Characterization of Short-pulse Laser-produced Fast 

Electrons by 3D Hybrid Particle-in-cell Modeling of 

Bremsstrahlung 

 Modeling of bremsstrahlung measurements with a PIC, Monte Carlo, or hybrid PIC 

code has been used to provide insights into the fast electron characteristics of the electron 

slope temperature, divergence angle, and laser-to-electron conversion efficiency. However, 

previous works using 2D cartesian or cylindrical simulations can only infer one or two fast 

electron parameters partially due to an unclosed geometry for energy conservation in the 

2D cartesian or the inaccurate electron recirculation calculation in the 2D axisymmetric 

geometry. This chapter presents a hybrid PIC modeling in a 3D cartesian coordinate to 

characterize short-pulse laser-produced fast electrons by modeling angularly resolved 

bremsstrahlung measurements. Subchapter 4.1 first introduces experimental measurements 

with two filter stack bremsstrahlung spectrometers and an electron spectrometer in a 

Leopard laser experiment. Then, Subchapters 4.2 and 4.3 present 3D LSP simulations and 

fitting results to determine the fast electron parameters, respectively. Subchapter 4.4 

summarizes this chapter of the work. The work presented in Chapters 4 and 5 has been 

published in a peer-reviewed journal, Physics of Plasmas [L. Chen and H. Sawada, Phys. 

Plasmas 29, 93104 (2022)]. 
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4.1 A Leopard Laser Experiment for Bremsstrahlung Measurements 

 An experiment using the Leopard short-pulse laser was carried out to measure 

angularly resolved bremsstrahlung radiation. Figure 4.1 shows a schematic of the Leopard 

laser experiment. In this experiment, the laser produced a pulse with 15 J energy in 350 fs-

long pulses (FWHM) at a wavelength of 1057 nm. 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 that 

30% of the laser energy was contained within an ~8 µm diameter spot84. The on-target peak 

laser intensity was estimated to be ~2×1019 W/cm2. Bremsstrahlung photons generated 

during the electron transport were recorded using two calibrated differential filter stack 

spectrometers at +22° and -40° from the laser axis, counterclockwise and clockwise, 

respectively. In addition, a magnetic-based electron spectrometer is fielded along the laser 

direction to measure the number of escaped electrons from the target rear. 

 The experiment used two types of targets: a 100-µm-thick Cu foil and a Cu foil 

attached to a polystyrene (CH) hemisphere post with a quarter-inch radius (6350 µm). The 

surface area of the Cu foil was 1mm2. The large CH piece allowed fast electrons to travel 

continuously from the Cu to the CH, preventing the electrons from recirculating to the Cu 

foil for further x-ray generation. Here, a low-Z backing material was chosen to minimize 

x-ray generation from the backing, thus making the Cu foil the dominant bremsstrahlung 

source. The shot-to-shot laser energy variation for the Cu target is 7.5% and 8.7% for the 

Cu-CH target.  
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Figure 4.1 Schematic diagram of the experimental and diagnostic layout. 

 

 The magnet-based electron spectrometer introduced in Section 2.4.1 measured the 

escaped electrons from the target rear along the laser axis. At least two target shots were 

performed for each laser and target condition. Figure 4.2 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. A variation in 

measured slope temperature is attributed to shot-to-shot variations in the preplasma scale 

length, on-target intensity, and target alignment. In this experiment, the variation in the 

slope temperature is 4.0% and 4.3% for the Cu and Cu-CH targets, respectively. Some of 

the high energy electrons (> ~3 MeV) deviated from the single slope spectrum in our 

measurements, but their contribution to bremsstrahlung generation was minor, as shown in 

Subchapter 3.2 on electron recirculation trajectories with electrons of 5 MeV kinetic 

energy. The inferred slope temperatures were comparable for the two cases as expected, 
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given that any difference between them would arise whether the CH backing was used. The 

slope of the escaped electrons along the laser axis relates directly to that of the electrons 

generated near the laser interaction region.85,86 The number of escaped electrons from the 

Cu foil was consistently higher than that from the Cu-CH target. As reported in Ref. 49,87,88, 

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 target’s 

rear decreases due to the angular spread of the electron beam, which is consistent with the 

measurement.  

  

 

Figure 4.2 Measured electron spectra from the Leopard experiment. 

 

 Figure 4.3 shows the measured bremsstrahlung signals at +22 (Brems1) and -40 

(Brems2) for both targets. The intensity of the bremsstrahlung decreased with the angular 
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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. 

These measured signals were directly compared and simultaneously fitted with LSP 

simulations by varying the input divergence angles and the electron beam energies, as 

shown in Subchapter 4.3. 

 

Figure 4.3 Measured Bremsstrahlung signals of the Cu and Cu-CH targets at +22° 

(Brems1) and -40° (Brems2) 

 

4.2 3D LSP Modeling of Angularly Resolved Bremsstrahlung Radiation 

 Simulations of fast electron transport and hard x-ray generation were performed 

using a 3D 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 3D 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 
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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.89,90 The generation of bremsstrahlung and Kα photons in 

the LSP is modeled using a cross-section calculated with ITS.91  

 

 

Figure 4.4 3D hybrid PIC LSP simulation setup for the Cu-CH target. (a) Top view, and 

(b) a 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. 

 

 The simulation box size was large enough to calculate the development of electric 

and magnetic fields surrounding the Cu target. A 100-µm-thick Cu foil with a surface area 

of 1.0 mm2 was positioned at the center of a 2.0×1.5×2.0 mm3 simulation box with a cell 



 

 

 

 

54 

size of 10 µm, resulting in ~ 500 µm vacuum spaces all around the Cu foil. For the Cu-CH 

target, a 650-µm-thick plastic layer with a 2.0×2.0 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 30º in the equatorial plane 

are illustrated in Figures 4.4(a) and (b) in different view positions. In Fig. 4.4 (a), one can 

compare the electron number density (blue dots) at the Brems2 position at 70° from the 

target normal clockwise vs. counterclockwise to find the asymmetrical feature of the 

photon generation when the electron beam is injected non-normally to the target front. The 

duration of 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. As discussed later, the main electron 

source parameters varied for fitting were the divergence angle and electron beam energy.   

 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 function53. The time-integrated bremsstrahlung 

spectra and the spectrometer doses at the +22 (Brems1) and -40 (Brems2) detector 

positions for the Cu-CH target are presented in Figures 4.5(a) and (b). The electron 

parameters used for the simulation were Th = 1.0 MeV, θ = 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. 4.5(a) was 

converted to simulated doses for each IP layer of the spectrometer to directly compare them 

with the measurements in absolute units (in the following subchapter). Both the raw x-ray 
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spectra and the spectrometer doses showed higher signals at +22 (close to the electron 

injection axis) than at -40 for a Th of ~1.0 MeV, which is the same trend as the experiment. 

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-µm-thick Cu foil because such 

measurements are nearly isotropic with a Th of ~ 0.6 MeV as in a previous experiment73. 

It is reported that the isotropic hard x-ray emission originates from thin foil or wire targets 

(< 10 µm) due to the strong electron recirculation up to a peak laser intensity of 1020 

W/cm2.92  

 

 

Figure 4.5 (a) Calculated bremsstrahlung spectra at the +22 and -40 positions for the Cu-

CH target. (b) Synthetic spectrometer doses as a function of the IP layers after the spectra 

in (a) are processed using a detector response function. 
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 To directly compare the simulation and measurement at the same unit, both 

measurements and simulation results are converted to values in an absolute unit of 

MeV/cm2. Figure 4.6 shows the detailed procedure of the unit conversion from 

experimental measurement and simulation. From LSP simulations, results of time-

integrated bremsstrahlung signals have a unit of the photon number per polar angle (theta, 

θ) and azimuthal angle (phi, ϕ). This unit can be converted to a unit of MeV/cm2 using the 

spectrometer response matrix described in Chapter 3. On the other hand, the experimentally 

measured bremsstrahlung signals have a unit of PSL/Pixel2. Considering a conversion of 

the PSL value to dose in energy and IP resolution, the experimental values recorded with 

the spectrometer can be converted to MeV/cm2. After these unit conversions for 

experimental and numerical results, a direct comparison between the measurements and 

calculations is performed, as shown in the following subchapter. The conversion efficiency 

from laser to fast electrons cannot be obtained by comparing bremsstrahlung calculations 

from 2D simulations. 

 

Figure 4.6 The procedures to convert calculated and measured signals to an absolute unit. 
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4.3 Results and Discussions 

4.3.1 Fitting to the Bremsstrahlung Measurements for the Cu-CH Target  

 Comparisons of the simulations to the measurements were first performed for the 

Cu-CH target in which the CH backing essentially eliminates electron recirculation. The 

measured bremsstrahlung doses were fitted with a series of LSP simulations by changing 

the electron beam energy, Eb, and the divergence angles, θ, while the fast electron slope 

temperature was fixed in the range of the electron spectrometer measured value (1.15 ± 

0.35 MeV). The ranges of Eb and θ were varied from 0.5 to 2.0 J and 10 to 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 𝜒2 = ∑
(𝑦𝑒𝑥𝑝−𝑦𝑠𝑖𝑚)

𝑖

2

𝜎𝑖
2

𝑛
𝑖=1 , where 𝑦𝑒𝑥𝑝  and 𝑦𝑠𝑖𝑚 were the 

measured and simulated bremsstrahlung doses at the i-th layer of IP, respectively, 𝜎𝑖 was 

the standard error of each measurement, and 𝑛 was the total number of the IP layers. For 

each electron beam energy and divergence angle, the chi-squared values were separately 

calculated for two bremsstrahlung spectrometers at +22 and -40. Figures 4.7(a) ~ 4.7(c) 

show the chi-squared map in each spectrometer direction and a combined chi-squared map 

with Th=0.8 MeV. The results show that a minimum chi-squared value for Brems1 appears 

near Eb = 1.0 J and θ = 70°, but separated islands are found for Brems2. By combining the 

two chi-square maps, a range of the divergence angle and beam energy with which the 

simulations are closest to the measurements can be found. The contour map with additional 

fitting results was smoothed to infer a range of the electron parameters with errors.  
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Figure 4.7 (a) Raw chi-squared value map of (a) at +22 (Brems1), (b) at -40 (Brems2), 

and (c) Brems1+Brems2. 

 

 Figure 4.8 shows contour plots of the smoothed chi-squared values for the Cu-CH 

target with the slope temperature of 1.15 MeV and 0.80 MeV. The color bar represents the 

normalized chi-squared value of the corresponding color. In Fig. 4.8(a), the contour map 

for a Th of 1.15 MeV shows a well-defined region in the range of 52 ± 8 and 1.6 ± 0.2 J, 

estimated from an area of two times the minimum chi-squared value. In Figs. 4.8(b) and 

4.8(c), the simulated doses using the best-fit parameter are compared with the experimental 

doses. The result shows a good agreement for Brems1 but a slight deviation for Brems2. 

On investigating the dependence of the slope temperature on the fitting, a better agreement 

between the experiment and the simulation was found with a lower Th than that from the 

measured electron spectrum. Figures 4.8(d) ~ 4.8(f) show a contour map of the chi-squared 

values for a Th of 0.8 MeV and comparisons of the measured and simulated doses using θ 

= 70° and Eb = 1.3 J. The range of θ and Eb inferred from the contour map for a Th of 0.8 

MeV is estimated to be 75 ± 15 and 1.3 ± 0.2 J. As shown in Fig. 4.8(f), the agreement 
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is better with a Th of 0.8 MeV, indicating that the slope of the electron energy distribution 

in the laser-interaction region may be lower than that of the escaped electron spectrum. 

Using the slope temperature of a measured electron spectrum can be a good starting point 

for fitting. However, an additional parameter study, the electron energy spectrum in this 

case, is necessary to find a unique set of laser-driven fast electron parameters. In this work, 

all three electron characteristics have been determined by comparing the fitting results for 

both the Cu-CH and Cu targets, as shown in the following subchapter. 

 

 

Figure 4.8 (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 

dashed lines indicate twice the minimum value in the range of θ=52° ± 8° and Eb=1.6 ± 0.2 
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J. The color bar shows the chi-squared values. The measurements are compared with a 

simulation using the best-fit parameter (θ=50°, Eb=1.5 J, Th=1.15 MeV) for (b) Brems1 

and (c) Brems2. (d) Contour map of chi-squared values for Th=0.80 MeV. The dashed line 

indicates the range of θ=75° ± 15° and Eb=1.3 ± 0.2 J. (e, f) Comparisons of the experiment 

with a simulation using θ=70° and Eb=1.3 J at the +22° and -40° positions. 

 

  

4.3.2 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. 4.2, was chosen for the 

fitting. Figure 4.9(a) shows a contour plot for the chi-squared values for the fitting results 

for the Cu target. 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°. Figures 4.9(b) and 4.9(c) 

show a comparison of the experimental results for three simulated spectrometer doses of 

θ=10°, 50°, and 90°, respectively. The variation in the input divergence angle did not 

change the simulated doses, particularly for Brems2, as shown in Fig. 4.9(c). The 

simulation result indicates that the initial divergence angle of an injected electron beam 

could not be retrieved from modeling 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. 
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Figure 4.9 (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) Brems1 and (c) Brems2.  

 

4.3.3 Determination of Fast Electron Characteristics 

 The two types of targets used (bare Cu and Cu-CH) were irradiated by the same 

laser condition. 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 4.8(a), 4.8(d), and 4.9(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 ± 0.2 J) are consistent with the results for the Cu, whereas no common 

parameter area was found in the case of Th of 1.15 MeV or 1.25 MeV. Comparisons of the 

measurements with simulations for a Th of 0.80 MeV are presented in Figures 4.10(a) and 

(b). The simulations reproduce well the differences in the bremsstrahlung doses between 

the Cu and the Cu-CH at both detector positions. The results demonstrate that 

measurements of the angularly resolved bremsstrahlung signals and escaped electrons from 
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a metallic x-ray source target with and without a large low-Z layer constitute a benchmark 

data set that can be used to test electron recirculation physics in numerical modeling.  

 

 

Figure 4.10 Comparisons of the experimental results with the simulated doses with θ=70 

Eb=1.3 J, and Th=0.80 MeV for (a) Brems1 and (b) Brems2. 

 

The divergence angle inferred in this study (θ=75 ± 15) is significantly larger than 

that found in previous work using 2-D LSP simulations (θ=15 ± 8)75. The LSP code in a 

2-D Cartesian geometry can appropriately incorporate the electron injection axis and the 

electron recirculation in simulations. However, 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 3D and previous 2-D LSP simulations suggested that modeling of the 

electron recirculation must be performed in a 3D space. The results that produce a larger 
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divergence angle using a 3D rather than a 2-D simulation are consistent with the results of 

implicit 2-D and 3D PIC simulations.93  

 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-energy electrons (< tens of keV) contribute less to producing the 

bremsstrahlung radiation used for this analysis, so 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. Including the other electron energy components in the single-

slope spectrum would increase the total electron beam energy and conversion efficiency. 

 

4.4 Summary  

 This chapter presents the characterization of sub-ps laser-produced fast electrons 

by modeling angularly resolved bremsstrahlung measurements for the refluxing and non-

refluxing targets with the 3D hybrid PIC LSP code. The bremsstrahlung and escaped 

electron measurements were made for the strongly refluxing 100-µm-thick Cu foil and a 

non-refluxing Cu foil with a large CH layer. The divergence angle and conversion 
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efficiency were determined from the simultaneous fitting of the two bremsstrahlung signals 

with simulations. At the same time, a slope temperature of the electron energy spectrum 

was estimated from the electron measurement. It was found that all three electron 

parameters could not be determined uniquely from either fitting to the Cu-CH or the Cu 

data. However, 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 benchmarking data for a 3D hybrid PIC 

code.  
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5. Numerical Studies of a Bremsstrahlung Source for Hard X-

Ray Radiography 

 The benchmarked 3D hybrid PIC LSP code, as shown in Chapter 4, allows 

numerical studies of temporal- and spectral-resolved x-ray generation during the transport 

of fast electrons in the target. This is particularly useful in a situation where spatial, 

temporal, and spectral resolutions of diagnostics are limited. In this chapter, two numerical 

works were conducted using the benchmarked LSP code. Subchapter 5.1 presents time-

resolved bremsstrahlung x-ray generation between the refluxing and non-refluxing targets. 

Subchapter 5.2 describes the effect of CH backing size on mitigating electron recirculation 

in the Cu target. 

 

5.1 Calculations of Time-dependent Bremsstrahlung Radiation Between 

Refluxing and Non-refluxing Targets 

 Currently, no ultrafast time-resolved broadband hard x-ray diagnostic is available. 

Numerical studies on the time-dependent bremsstrahlung generation are particularly 

insightful for understanding the physics of electron recirculation. Two simulations were 

performed for refluxing and non-refluxing targets 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. Figures 5.1(a) and 5.1(b) show the temporal evolutions of the bremsstrahlung 

spectra between 10 and 2000 keV at the +22° and -40° detector positions. The spectral 

intensities are comparable up to ~2 ps. After 2 ps, the x-ray spectral intensity profile for 



 

 

 

 

66 

the Cu become much higher than that for the Cu-CH target by a factor of ~2.2 (~3.3) at 

+22° (-40°) around 100 keV at 20 ps [differences between the red (2 ps) and blue (20 ps) 

curves in Fig. 5.1(a) and (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. 

 

 

Figure 5.1 (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. Dashed 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 is 0.39 ps and 0.48 ps 

for the Cu and Cu-CH targets, respectively. 

 

 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, whose spectral 

range is an effective backlighter spectrum for broadband x-ray radiography (Compton 
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radiography) of an ICF implosion core.94,95 Figure 5.1(c) shows the time histories of the 

integrated x-ray energy for the Cu and Cu-CH targets in the +22° detector direction. 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 dashed line in the inset of Fig. 5.1(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. 5.1(c), running integrals of the x-ray energy history are 

calculated and plotted as dashed 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 TNSA, 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 NIF. An x-ray 

streak measurement has shown that a spectrally integrated x-ray emission persists over 
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~300 ps when a 30 ps NIF ARC beam irradiates an Au wire target.95 3D 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. 

 

5.2. Mitigation of Electron Recirculation Using Various Volumes of 

Plastic Backing 

 The second numerical study is on the suppression of electron recirculation and hard 

x-ray generation with various volumes of plastic backing. In high-intensity laser 

experiments, a large volume of low-Z material attached to a primary target is often used to 

reduce electron recirculation. However, the minimum dimensions of such a backing are 

not understood well. Finding the minimum volume of plastic necessary to eliminate the 

effects of electron recirculation by using LSP in a 3D configuration is conducive to 

obtaining simulation box sizes and designing refluxing-controlled targets for experiments. 

Here, a series of 3D LSP simulations are performed by varying the thickness and surface 

area of a CH backing from 100 µm to 650 µm and from 1.0 mm2 to 2.0 mm2, respectively. 

The electron parameters used in the simulations are Th = 0.8 MeV, θ = 50, and Eb = 1.3 J. 

Figure 5.2 shows calculated spectra of the space-integrated hard x-ray photons generated 

in a 100-µm-thick Cu foil with different volumes of CH backing. X-ray attenuation by the 

target itself was not taken into account and calculated for the spectra. Adding a CH backing 

to the Cu reduces the photon spectrum uniformly over a broad photon energy range up to 

~ 1.0 MeV. Attaching a 500-µm-thick CH with a 1.0 mm2 surface area to the Cu decreases 
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the spectral intensity by a factor of ~2. However, this reduction is insufficient to eliminate 

electrons recirculating back to the Cu completely. A photon spectrum for an infinitely large 

CH slab is reproduced when a 500-µm-thick CH slab is used with an infinite surface area 

(2.0 mm2), or an infinitely long thick slab is used with a 1.0 mm2 surface area (not shown 

in Fig.5.2). This indicates that the effects of electron recirculation can be suppressed with 

at least a 500 µm thick plastic layer and a large surface area (> 2.0 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.  

 

 

Figure 5.2 Simulated hard x-ray spectra from a 100 µm thick Cu foil with various CH 

backing volumes (no backing, 500 µm thick×1.0 mm2, 500 µm×2.0 mm2, and 650 µm×2.0 

mm2 backings). 
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6. Numerical Study of Various Thicknesses Ag Foil Produced 

Broadband X-ray Source for Radiography of a Magnetically 

Compressed Al Wire 

 A Mega-Ampere (MA) current from a pulsed power generator has been used to 

create high-energy-density plasmas by compressing a gaseous or solid sample with a J×B 

force. At UNR’s Zebra pulsed power laboratory (ZPPL), we have investigated the creation 

of warm dense matter by cylindrically compressing a millimeter diameter Al rod and the 

development of a short-pulse laser-produced hard x-ray for x-ray radiography of the 

compressed Al. The author participated in the first laser-pulsed power x-ray radiography 

experiment in 2021 and performed 3D hybrid PIC simulations to optimize x-ray source 

targets. This chapter presents a summary of the experiment with major issues that hindered 

obtaining x-ray radiographic images of a compressed rod and numerical modeling to 

improve broadband x-ray intensities for various silver foil targets for coupled experiments 

in the future.  

 

 

6.1 The Laser-pulsed Power-coupled X-ray radiography Experiment at 

ZPPL 

 ZPPL houses a 1 MA pulsed power generator, Zebra, and a 50 TW short-pulse 

laser, Leopard. As described in Chapter 1.1, the Leopard laser pulse can be delivered to 

either a Phoenix vacuum chamber for laser-only shots or the Zebra vacuum chamber for 
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coupled shots. On Zebra, surface plasma formation on a magnetically driven thick Al rod 

has been studied using an optical shadowgraphy96. However, plasma conditions of high-

density regions of the rod above the critical density have yet to be experimentally 

determined. The project aims to diagnose a magnetically compressed high-density Al rod 

in x-ray radiography using a Leopard laser-produced hard x-ray source. Probing a 1.0 mm 

diameter solid Al requires x-ray photons greater than 10 keV. The first objective is to 

successfully record a radiographic image of a compressed Al wire with a broadband x-ray 

source in a coupled shot. For accurate density estimation, this experimental platform could 

be extended to performing monochromatic x-ray imaging with a laser-produced Kα x-ray 

source.  

 The first coupled x-ray radiography experiment was carried out in April 2022. 

Figure 6.1 shows a simplified schematic of the. A 1.0 mm diameter aluminum rod (1100 

Al alloy) held by an Al anode-cathode current return cage was installed vertically in the 

center of the Zebra chamber as the load. A 100 ns rise-time, 0.9 MA Zebra current run 

through and cylindrically compresses the rod. The Leopard laser irradiated a metal x-ray 

source target 2.5 cm away from the Al rod. The laser was incident at ~11° from the target 

normal, with a spot size of 25 μm and a 0.35 ps pulse duration. Broadband x-rays generated 

at the target propagated through the Al rod to form an x-ray radiographic image of the rod 

on an IP detector. The edge-on direction of the foil target was chosen as the radiation axis 

for the sake of a better resolution on the image . Low energy x-rays below 10 keV were 

attenuated by a 5~10 mm thick nylon piece in front of the IP.  
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Figure 6.1 A schematic of the ZPPL experiment.  

 

 Radiographic images of a cold Al rod were obtained in several laser-only shots. 

Figure 6.2 shows x-ray radiography signals and images of a 1.0 mm diameter Al rod in 

Leopard laser-only shots. The image of an 1150 μm diameter cold Al wire with a 25 µm 

CH coating on the top of Fig. 6.2 was obtained in 2018 with x-rays generated by irradiating 

a 10 μm thick Ag foil73, and the other radiographic image of a 1.0 mm Al rod was obtained 

in 2022. The x-ray signal intensity outside the Al rod was ~0.9 PSL for the 2018 campaign 

after a 10 mm CH filter to cut off photons below 10 keV, and the signal is ~0.07 PSL for 

the 2022 campaign after a 5mm Nylon filter to cut off photons below 7 keV. Several 

different types of targets were tested, including various thicknesses of Au and Ag foils and 
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an Ag/Au wire attached to a mylar. However, unattenuated x-ray signals recorded on the 

IP with those x-ray source targets were on the order of ~0.1 PSL or lower. The weak x-ray 

intensity observed in 2022 could be attributed to (1) mispositioning of the x-ray source 

target due to a change in the laser irradiation configuration from the 2018 campaign, (2) 

degradation of the laser system causing a lower laser energy delivered to the target than the 

past experiment, and/or (3) the target fabrication (e.g., curled foil surface). Once Zebra was 

fired, the IP for x-ray radiography was saturated (> 15 PSL with a 25 µm scanning 

resolution) by strong radiation produced inside the chamber. With additional lead 

shielding, IP signals were reduced below the saturation. However, it was still larger than 

0.5, several times higher than the signal from the laser-generated x-ray, masking the image 

of the Al rod on IP. 

 This experiment revealed two major issues preventing us from obtaining x-ray 

radiographic images of a driven Al rod: (1) strong background radiation in Zebra shots and 

(2) weak laser-produced x-rays compared to the past experiment. In a MA pulsed power 

chamber, x-ray radiations inside and outside the chamber can be generated from electrical 

discharges between insulator gaps, the interaction of accelerated electrons with a return 

current cage, and the load itself. Moreover, these background radiations are likely produced 

after the current peak. Since the IP detector is static and the temporal resolution is set by 

the duration of x-ray emission produced by the laser pulse (0.35 ps), it is required to 

develop a radiation-shielded enclosure with a collimator. Our group member, Steven 

Buitron, used a Monte Carlo code to design and simulate a detector (IP) housing made with 

a tungsten-copper alloy for his senior thesis97 to solve the first issue. To overcome the 
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second issue, we performed 3D LSP simulations to investigate angular-dependent x-ray 

intensities for various thicknesses of silver foil targets, as shown in the next subchapter. 

 

Figure 6.2 Measured laser-produced x-ray radiographic signals and images of Al rods 

obtained from experiments in 2018 and 2022.  
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6.2 Investigation of Angular-dependent X-ray Intensities for Various 

Thicknesses of Silver Foil Targets Using 3D LSP Simulations 

 Broadband x-rays produced in the short-pulse laser-target interaction have angular 

dependence. In the laser irradiating a thin foil with a surface area smaller than 1.0 mm2, 

fast electrons strongly recirculate, inducing x-rays from the entire target. For improving 

spatial resolution by minimizing the source broadening for x-ray radiography, it is 

proposed to use x-rays emitting along the foil surface98. The experiment presented in 

Chapter 6.1 used this edge-on geometry for recording x-ray images, along which the x-ray 

intensity is the lowest in an angular distribution due to attenuation by the target. This 

chapter, therefore, presents a numerical investigation of broadband x-ray intensities as a 

function of angular distributions and target thicknesses. Simulation results evaluate 

increases in an x-ray source intensity at the expense of spatial resolution up to the target 

size. 

A series of 3D LSP simulations were performed for various thicknesses of silver 

foil targets. The input electron parameters were fixed to the injected fast electron beam 

energy of 1.0 J,  the divergence angle of 70, and the energy slope temperature of 0.3 MeV. 

The first two parameters are chosen based on the result of the Leopard experiments 

(Chapter 4), and the slope temperature is a value measured in the coupled experiment in 

2022. The simulation box sizes are chosen to have large vacuum spaces for accurately 

modeling electron recirculation. The foil thickness varies from 10 µm to 300 µm, and the 

surface area is fixed to 500×500 µm2. The electron injection angle is 11° from the target 
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normal, the same as in the experiment. Simulated x-ray signals are averaged over ±20 

below and above the equatorial plane to calculate angularly resolved x-ray spectra.  

Figure 6.3 shows a polar plot of the calculated photon number distribution for 

various thicknesses from 10 to 300 µm. The angular photon distribution is calculated by 

integrating the energy spectrum from 10 to 100 keV and averaging the signals over 10. 

The electron beam is injected in the direction of 270 in the polar plot. The figure shows 

relatively weak x-ray intensities in the edge-on direction at 0 and 180. The x-ray 

intensities in the edge-on direction for the 10-300 µm thick target are less than 30% of the 

intensity in the target's normal direction. By changing a detector position from the side to 

the front, the integrated x-ray intensity could be tripled. Fig. 6.3 also shows that a thicker 

Ag target attenuates the x-ray significantly in the forward directions due to the longer 

attenuation length than those from thinner targets. In particular, the photon number (10-

100 keV) in the target normal forward direction generated by a 10 μm thick target is more 

than 6 times that of a 300 μm thick target, indicating that x-ray source generated by a 10 

μm thick Ag target in the forward direction is preferable for x-ray radiography. Besides the 

thickness, attention also needs to be paid to the target surface area. Simulations with 

various thicknesses of Ag foil show that the whole target emits x-rays, so a smaller surface 

area could help to increase the image's resolution when the target forward normal is used 

as the radiographic direction. 
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Figure 6.3 A polar plot of simulated photon number of different thicknesses on the 

equatorial plane (averaged over ±20).  

 

 Figure 6.4 (a) shows calculated broadband x-ray energy spectra for various target 

thicknesses in the target normal direction and the PHITS calculated IP sensitivity curve. 

The x-ray spectrum above 100 keV is unchanged as the foil thickness increases. The major 

difference in the x-ray spectrum is observed in the range of 10 and 100 keV. The photon 

number increases as the target thickness decreases until it reaches a maximum when the 

thickness is 10 µm and 25 µm. Between 10 and 25 µm thick foils, the intensity change can 

be explained by decreasing the slope of the bremsstrahlung radiation as the target thickness 

decreases. This can be seen below and above the characteristic x-ray lines (~22 keV Kα 
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and 28 keV Kβ). As shown in Fig. 6.4 (a), the x-ray spectrum for the 10 µm thickness 

above the line emission is slightly lower than that for 25 µm, indicating that the generation 

of bremsstrahlung radiation from the 10 µm target decreases (i.e., less electron propagation 

distance). In contrast, the spectral intensity below the line emission for 10 µm is 

consistently higher than 25 µm since the lower energy photons are attenuated less in the 

case of 10 µm thickness. The blue curve in Fig 6.4 (b) shows the calculated unattenuated 

K⍺ photon numbers of different target thicknesses, and the magenta curve shows the 

calculated relative IP signals (including attenuation) using the PHITS calculated IP 

sensitivity curve in Fig 6.4 (a). The thickness dependence of the photon generation can be 

explained by, in general, that two factors compete during the generation of the 

bremsstrahlung radiation. One is the propagation distance of the fast electrons in the target. 

If electrons travel only one pass in the target (high energy electrons), a thicker target should 

generate more bremsstrahlung photons. However, the electron recirculation due to the 

sheath field around the target makes low energy electrons move inside the thinner targets 

several times and generates a similar number of photons as the thicker ones in the range of 

10-300 µm. As shown by the blue curve in Fig 6.4 (b), in which one can find that the 

unattenuated K⍺ photon numbers are similar [less than 10% difference from the highest 

one (25 μm) to other cases]. The second factor is the attenuation length of the target itself. 

A large portion of photons generated by a thick target is attenuated during the transport in 

the target. For example, 300 µm Ag attenuates almost all photons below 30 keV, and the 

highest transmission is 6.4% for the silver K-edge energy (25.5 keV). Consequently, as the 

magenta curve in Fig. 6.4(b) shows, the 10 µm target does not generate the most photon 
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number among all thicknesses, but significantly less attenuation by the target itself ensures 

the resultant IP detected signal is highest in the photon energy range of 10-100 keV. Here 

the range 10-100 keV is chosen because this is not only the IP’s most sensitive photon 

energy range but also the most effective photon energy range to infer the density profile of 

a 1 mm diameter Al rod. Due to the limitation of the hybrid PIC code (hard to simulate the 

electron transport and photon generation with a thinner than 10 µm target inside a larger 

than mm size simulation box), thinner targets are not simulated. 

 

Figure 6.4 (a) The photon spectrum comparison of various thicknesses in the target normal 

direction and the PHTIS calculated Fuji BAS-MS IP sensitivity curve. (b) The unattenuated 

K⍺ photon numbers (blues curve) and the calculated IP signals (magenta curve) of each 

target thickness.  

 

 In conclusion, x-ray radiographic images were obtained in the Leopard laser-only 

shots performed in UNR’s ZPPL, and a series of 3D hybrid PIC simulations were used to 

investigate the x-ray generation's laser target thickness dependence. The thickness of 10 



 

 

 

 

80 

μm proved to be the best option among various thicknesses between 10 and 300 μm by 

comparing the simulated x-ray photon number in the energy range of 10-1000 keV and the 

calculated relative IP signal. Regarding taking advantage of a higher photon intensity, the 

forward target normal should be chosen as the direction to place the radiographic IP.  
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7. Summary and Future Work 

 This thesis is devoted to experimental and numerical investigations on 

characterizing high-intensity short-pulse laser-driven fast electrons by modeling angularly 

resolved bremsstrahlung radiation using the 3D hybrid PIC code LSP. Understanding the 

fast electron parameters of the electron energy spectrum, divergence angle, and laser-to-

electron conversion efficiency is crucial for advancing the knowledge of high-energy-

density science and applications, including fast ignition inertial confinement fusion and 

secondary source generation with relativistic intensity terawatt- and petawatt-class lasers.  

 For fast electron characterization, a Leopard laser experiment was conducted to 

measure particle and radiation data for a 100 µm Cu foil or the foil attached to a CH backing 

irradiated at an intensity of ~2×1019 W/cm2. Laser-driven MeV fast electrons traverse and 

recirculate within the target, generating bremsstrahlung radiation. Spectrally resolved 

bremsstrahlung radiations and escaped electrons were measured at two angular positions 

and along the downstream of the laser beam, respectively. Collecting the data from the two 

target types allowed us to study the effect of electron recirculation (refluxing) on the 

bremsstrahlung generation, primarily in the Cu foil. For simulating angular-dependent 

bremsstrahlung radiations, the LSP code in a 3D cartesian coordinate was used to fully 

model fast electron recirculation behavior and incorporate the incident electron beam 

angle. The slope of an electron energy distribution was initially chosen from the measured 

spectrum. Then, the divergence angle and injected electron beam energy were determined 

from an extensive parameter study by comparing the measured and simulated 

bremsstrahlung doses. By combining the fitting results for the Cu and Cu-CH targets, a set 



 

 

 

 

82 

of all three electron parameters (Th=0.8 MeV, θ=70, and Eb =1.3 J) was found to reproduce 

the experimental measurement. This work demonstrated the fast electron characterization 

that uniquely determines all three parameters for the first time.  

 With the benchmarked code, the effects of fast electron recirculation on the 

generation of bremsstrahlung radiation were numerically investigated. First, the mitigation 

of the x-ray generation by electron recirculation was studied by varying the volume of a 

low-Z backing. The simulation results show that the minimum dimension of a CH backing 

for a 100 µm thick Cu foil with a 1.0 MeV slope electron beam is either a 500 µm thick 

CH with a large surface area or a 1.0 mm surface area with a longer than 650 µm thickness. 

Second, the temporal evolution of the x-ray generation for targets with and without electron 

recirculation was studied. The time history of the integrated x-ray photons over 70 and 200 

keV, relevant to broadband x-ray radiography, showed that the x-ray intensity from an 

isolated Cu foil is 8~10 times longer than that without electron recirculation, which could 

cause blurring in a radiographic image of a rapidly evolving object (e.g., fusion implosion 

core). 

 The benchmarked LSP code was further used to design and optimize a hard x-ray 

source for x-ray radiography of magnetically compressed Al rod at ZPPL. In this study, the 

intensity of angularly resolved broadband x-ray radiation was calculated for various 

thicknesses of an Ag foil. It is found that changing the backlighting direction from the 

edge-on to the forward direction could increase the x-ray intensity on IP by a factor of 3 
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with a 10 µm thick foil. These results could be used for a baseline design of an x-ray source 

target for a future x-ray radiography experiment on Zebra.  

 The fast electron characterization demonstrated in this thesis was performed only 

for a peak laser intensity of 2×1019 W/cm2. Future work includes applications of the 

characterization technique for fast electrons generated by high-intensity and high-energy 

lasers at recently constructed petawatt-class short-pulse laser facilities worldwide. A fast 

electron spectrum will have multiple temperature slopes as the peak intensity increases. 

The 3D LSP hybrid modeling can incorporate an electron energy distribution of multiple 

slope temperatures. The code can also readily simulate fast electrons generated by a high-

power femtosecond laser. Once a laser pulse is longer than a few picoseconds, this 

modeling approach may be inapplicable because the duration of fast electron generation in 

the laser-plasma interaction becomes long enough such that fast electrons recirculated back 

from the target rear can be accelerated by the laser's ponderomotive force multiple times, 

generating so-called super-ponderomotive electrons. An explicit particle-in-cell code 

running on state-of-the-art clusters and/or graphic processing units (GPU) could self-

consistently simulate multiple-picosecond laser-plasma interaction, fast electron 

production, and subsequent bremsstrahlung generation.   
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