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Subgroup Leader, Deutsches Elektronen-SYnchrotron DESY
(MPA4) Examinateur

Cédric Thaury
Directeur de Recherche, Laboratoire d’Optique Appliquée
(UMR 7639) Directeur de thèse
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and Rodolphe Marchesin, Thales-MIS group leader, for their support and the
opportunity to work with their teams.

Cédric Thaury, my supervisor at LOA, has always stimulated my interest with
new challenges. I am deeply grateful for his mentorship. I am equally thankful
to Xuan Quyen Dinh, my co-supervisor at Thales-MIS, for his enthusiasm and
dedication, which significantly contributed to the success of this thesis. Henri Kraft
from Thales-MIS also supervised my work and consistently showed genuine care
and support, for which I am sincerely grateful.

During my Ph.D., I worked closely with the UPX team. Special thanks to
Olena Kononenko, Julien Gautier, Jean-Philippe Goddet, Amar Tafzi, and Pascal
Rousseau for their crucial help with the experimental activities. I also want to thank
Igor Andriyash, Alessandro Flacco and Jonathan Wheeler from the APPLI team
for their readiness to help. Thanks to Thomas Lavergne, Grégoire Fabreges, and
Sébastien Brun, who were extremely helpful in designing and developing essential
mechanical parts.

Many thanks to all my fellow Ph.D. students and colleagues. Kosta Oubrerie,
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Résumé en Français

L’interaction entre une impulsion laser intense (i.e., I > 1018 W/cm2) et un
plasma est un sujet qui intéresse la communauté scientifique depuis les années
80, quand T. Tajima et J. M. Dawson on proposé de générer des oscillations dans
des plasmas de densités ne > 1018 cm−3 en exploitant la force pondéromotrice
d’une impulsion laser. La formation d’une onde plasma dans le sillage du laser
permet la formation des gradients accélérateurs qui dépassent 100GV/m, soit
trois à quatre ordres de grandeur plus élevés que ceux des systèmes convention-
nels. Cela ouvre la voie à la réalisation d’accélérateurs compacts, représentant
une alternative économique aux accélérateurs linéaires actuels et aux cavités à
radiofréquence. Aujourd’hui, par exemple, il est possible d’accélérer un faisceau
d’électrons de quelques picocoulombs à environ 1 GeV sur une distance d’un
centimètre de plasma. En outre, plusieurs efforts ont été déployés pour produire
des faisceaux d’électrons monochromatiques et stables, à faible émittance et haute-
ment énergétiques. Ces avancées prometteuses dans les accélérateurs laser-plasma
offrent des perspectives révolutionnaires pour la recherche en physique des hautes
énergies et pourraient potentiellement transformer le domaine des accélérateurs de
particules en réduisant les coûts. Bien que ces résultats démontrent le potentiel de
ces dispositifs, les propriétés des faisceaux accélérés par laser-plasma restent encore
loin de celles des systèmes conventionnels. Par exemple, les accélérateurs linéaires
médicaux actuels peuvent produire entre 10 à 100 microampères, tandis que les
accélérateurs laser-plasma ne délivrent que quelques dizaines de nanoampères.
Une manière directe d’augmenter le courant moyen des accélérateurs laser-plasma
consiste à augmenter la charge du faisceau. L’utilisation de gaz à numéro atomique
élevé tels que l’azote et l’argon s’est avérée efficace pour augmenter la charge
au-délà du nano-coulomb. L’emploi d’un dopant comme l’azote ou d’un gaz pur
à numéro atomique élevé facilite en effet le piégeage des électrons sur une ou
plusieurs périodes de plasma à travers l’injection par ionisation. Une fois piégés,
les électrons sont ensuite accélérés par le champ électrique du plasma, produisant
généralement de larges spectres d’énergie atteignant quelques dizaines de MeV.

L’objectif principal de cette thèse de doctorat est d’augmenter le courant moyen
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des accélérateurs laser-plasma à faible énergie, en particulier dans la gamme de
quelques MeV. Cela pourrait être particulièrement intéressant pour des applications
à faible énergie qui ne requièrent pas de faisceaux d’électrons monoénergétiques,
telles que celles proposées par le projet européen Multiscan 3D - Horizon 2020,
dédié au contrôle du fret aux douanes. Notamment, l’objectif du projet Multiscan
3D est de développer une technique révolutionnaire de génération de rayons X
utilisant une source d’électrons laser-plasma. Cela permettrait d’améliorer les
performances, l’interopérabilité et la sécurité, tout en réduisant le temps de contrôle
et en minimisant l’impact sur les utilisateurs.

L’étude de cette thèse a été menée à travers des expériences utilisant le système
laser de 60 térawatts de la Salle Jaune du Laboratoire d’Optique Appliquée,
capable de fournir des impulsions de 30 fs. En explorant différentes densités
plasma, énergies laser, cibles gazeuses et degré de focalisation nous identifions
les conditions pour produire des faisceaux d’électrons hautement divergents (i.e.,
> 100mrad), de quelques MeV avec des charges de 5 à 30 nC et une efficacité
maximale de conversion d’énergie du laser vers les électrons d’environ 14%, l’une
des plus élevées jamais mesurées. En considérant les futurs systèmes laser qui
promettent d’atteindre des puissances moyennes d’environ 100W, ces configura-
tions pourraient ouvrir la voie à la production de faisceaux d’électrons accélérés
par laser-plasma avec des courants moyens supérieurs à 1 microampère, dépassant
l’état de l’art actuel. Afin de mener les expériences, nous avons conçu une buse
supersonique en verre en collaboration avec le laboratoire FTMC en Lituanie. De
plus, nous avons développé des dispositifs essentiels pour l’activité expérimentale,
notamment des dipôles magnétiques permanents permettant de dévier les électrons
vers des écrans scintillants pour effectuer la spectrométrie des faisceaux produits.

Les travaux de cette thèse ont également été consacrés aux simulations Particle-
In-Cell (PIC), permettant d’étudier en profondeur la physique des configurations
explorées expérimentalement. L’étude numérique a permis d’identifier les prin-
cipaux mécanismes d’accélération. Grâce à un outil numérique que nous avons
spécifiquement développé pour le traitement des résultats des simulations PIC, nous
démontrons que la plupart des électrons sont accélérés par la force pondéromotrice
du laser. Notamment, nous observons que la majorité des particules ne sont pas
injectées dans les ondes du plasma, mais glissent plutôt sur l’impulsion laser en gag-
nant une faible énergie de l’ordre de quelques MeV grâce à la force pondéromotrice
même du laser.
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Introduction 1

1 Physics of Laser-Plasma Accelerators 5
1.1 Laser-Plasma Physics Fundamentals . . . . . . . . . . . . . . . . 6

1.1.1 Electromagnetic Waves in Plasmas . . . . . . . . . . . . . 6

1.1.2 Ionization Mechanisms . . . . . . . . . . . . . . . . . . . 11

1.1.3 Ponderomotive Force and Non-Linear Effects . . . . . . . 16

1.2 Particle Acceleration in a Plasma Wave . . . . . . . . . . . . . . 21

1.2.1 Linear Regime . . . . . . . . . . . . . . . . . . . . . . . 21

1.2.2 Non-Linear Regime and Wave-Breaking . . . . . . . . . . 24

1.2.3 Electron Injection and Acceleration . . . . . . . . . . . . 25

1.2.4 Limitations of Laser-Plasma Accelerators . . . . . . . . . 40

1.3 State of the Art . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

1.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

2 Methods 43
2.1 Numerical Simulations of Laser-Plasma Accelerators . . . . . . . 44

2.1.1 Particle-In-Cell Method . . . . . . . . . . . . . . . . . . 44

2.1.2 FBPIC: Fourier-Bessel Particle-In-Cell . . . . . . . . . . 48

vii



viii CONTENTS

2.2 Salle Jaune Laser System . . . . . . . . . . . . . . . . . . . . . . 49

2.3 Diagnostics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

2.3.1 Electron Spectrometer . . . . . . . . . . . . . . . . . . . 51

2.3.2 Beam Profile Monitor . . . . . . . . . . . . . . . . . . . 52

2.3.3 Phasics SID4 Camera . . . . . . . . . . . . . . . . . . . . 53

2.3.4 Focal Spot Camera . . . . . . . . . . . . . . . . . . . . . 54

2.3.5 Dosimetry Stack . . . . . . . . . . . . . . . . . . . . . . 55

2.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

3 Development of Gas Targets and Magnetic Dipoles 59
3.1 Development of Gas Targets . . . . . . . . . . . . . . . . . . . . 60

3.1.1 Fundamentals of Supersonic Nozzles . . . . . . . . . . . 60

3.1.2 Computational Fluid Dynamics of Supersonic Nozzles . . 62

3.2 Development of Magnetic Dipoles . . . . . . . . . . . . . . . . . 65

3.2.1 Magnetic dipole for few-MeV electrons . . . . . . . . . . 65

3.2.2 Spectrometer for few-MeV Highly-Divergent Electrons . . 66

3.3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

4 Production of few-MeV Highly-Charged Beams 71
4.1 Experimental Setup . . . . . . . . . . . . . . . . . . . . . . . . . 72

4.2 Experimental Results . . . . . . . . . . . . . . . . . . . . . . . . 75

4.2.1 Laser and Gas Targets Characterization . . . . . . . . . . 75

4.2.2 Electron Beam Charge-per-Joule . . . . . . . . . . . . . . 78

4.2.3 Electron Beam Energy Spectrum and Divergence . . . . . 81

4.2.4 Electron Beam Dose . . . . . . . . . . . . . . . . . . . . 85

4.3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

5 Simulations on few-MeV Highly-Charged Beams 89
5.1 FBPIC-Electric Work Profiler . . . . . . . . . . . . . . . . . . . . 90

5.2 Numerical Simulations: Idealized Case . . . . . . . . . . . . . . . 91

5.2.1 Simulation Setup . . . . . . . . . . . . . . . . . . . . . . 91

5.2.2 Laser Diffraction in High Plasma Densities . . . . . . . . 93



CONTENTS ix

5.2.3 Acceleration of few-MeV Electron Beams . . . . . . . . . 96

5.2.4 Charge-per-Joule Saturation Effect . . . . . . . . . . . . . 105

5.3 Numerical Simulations: Experimental Conditions . . . . . . . . . 107

5.3.1 Simulation Setup . . . . . . . . . . . . . . . . . . . . . . 108

5.3.2 Laser Diffraction and Plasma Structures . . . . . . . . . . 109

5.3.3 Beam Properties . . . . . . . . . . . . . . . . . . . . . . 112

5.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

Conclusion and Outlook 115

Appendix A FBPIC Simulation Setup 119

Appendix B List of Figures 121

Appendix C List of Publications and Contributions 131

Bibliography 145



x CONTENTS



Introduction

Context and Motivation

The interaction between a superintense laser pulse (i.e., I > 1018 W/cm2) and
a plasma has been of interest to the scientific community for almost fifty years.
Tajima and Dawson (1979) were the first to propose generating plasma oscillations
in densities ne > 1018 cm−3 by exploiting the ponderomotive force of a laser pulse.
The formation of a plasma wave in the wake of the laser allows for the creation
of accelerating gradients that exceed 100GV/m, 103 − 104 times those of conven-
tional systems. This paves the way for the realization of compact accelerators,
offering an economical alternative to current linear accelerators and radiofrequency
cavities. Today, for example, it is possible to accelerate an electron beam of a
few-picocoulombs to about 1GeV over a few-centimeter plasma (Leemans et al.,
2006, Oubrerie et al., 2022). Considerable efforts have also been made to produce
monochromatic and stable electron beams with low emittance and high energy,
through recent optimization studies (Maier et al., 2020, Jalas et al., 2021). These
promising advances in laser-plasma accelerators offer revolutionary prospects for
high-energy physics research and could potentially transform the field of particle
acceleration. Moreover, over the last three decades, laser-plasma accelerators have
been studied for the generation of X-rays. This can be achieved through differ-
ent mechanisms (Corde et al., 2013a), such as betatron oscillations (Rousse et al.,
2004), Thomson backscattering (Sprangle et al., 1992, Phuoc et al., 2012, Brümmer
et al., 2022), bremsstrahlung radiation (Edwards et al., 2002, Glinec et al., 2005, Al-
bert and Thomas, 2016) or even using an undulator made of nanowires (Andriyash
et al., 2014). This development has heightened interest in laser-plasma accelerators
as potential candidates for compact X-ray sources, capable of resolving features
down to a few micrometers. For instance, in Fig. 1(a) and (b), we present laser-
plasma-based betatron computed tomographies of a Chrysopa (Svendsen et al.,
2018) and of a mouse embryo (Cole et al., 2018), respectively.

Although these results demonstrate the potential of these devices, the properties
of laser-plasma accelerated beams are still far from those of conventional systems.

1



2 INTRODUCTION

Figure 1: Examples of laser-plasma-based betatron computed tomographies. (a) A
Chrysopa. Each inset refers to a tomographic slice along the dashed arrows. Figure
adapted from Svendsen et al. (2018). (b) Tomographic slice of a mouse embryo.
Figure adapted from Cole et al. (2018).

For example, current medical linear accelerators can produce between 10 to 100µA,
while laser-plasma accelerators only deliver tens nanoamperes (Couperus Cabadağ
et al., 2017, Rovige et al., 2020). Despite efforts to improve beam quality and
stability, as discussed above, little progress has been made in increasing the electron
beam’s average current. Within this context, the main objective of this doctoral
thesis was to increase the average current of laser-plasma accelerators aiming at
accelerating electrons to just a few MeV. This could be particularly beneficial for
low-energy applications that do not require high-quality, monoenergetic electron
beams, but rather high-average currents. For instance, the project cited in Multiscan
3D project (2020), funded by the European Union’s Horizon 2020 research and
innovation programme, focuses on the development of a novel laser-plasma 3D
X-ray tomography machine for border control freight inspection. This device
could present advantages over current systems, such as enhanced performance,
interoperability, and increased compactness, while reducing inspection time and
impact on users. It offers large divergence, good spatial resolution, and requires a
very small area for radiation protection. The possibility of transporting the laser
and using it for generating X-rays with a peaked spectrum via Compton scattering,
as well as for producing neutrons, further enhances its versatility. For clarity, in
Fig. 2 we present the conceptual design of the device. The freight passes through a
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rectangular frame containing multiple laser-plasma-based bremsstrahlung X-ray
sources and detectors, which collects the X-rays and enables 3D tomography of
the freight itself. As highlighted by the inset on Fig. 2, each source consists of a
small vacuum chamber housing a supersonic nozzle that generates a gas jet (e.g.,
nitrogen). Upon interaction with the laser pulse, the gas jet becomes a plasma. The
laser pulse drives the production of an electron beam, which subsequently interacts
with a high-Z target (e.g., tungsten), emitting X-rays via bremsstrahlung. While

Figure 2: Multiscan 3D project conceptual design. A rectangular frame hosts
multiple laser-plasma-based bremsstrahlung sources and the X-ray detector. Each
source is reached by a laser pulse, allowing to generate an electron beam. (Inset)
Schematic representation of a laser-plasma X-ray source.

current laser-plasma accelerators typically achieve average beam currents around
10 nA, a significant increase by two orders of magnitude is necessary to satisfy
the requirements of the Multiscan 3D project. This enhancement will be enabled
by further advancements in laser technology (Pellegrina et al., 2022, Kiani et al.,
2023), allowing the development of laser systems with average powers exceeding
100W. However, the primary focus of this thesis is to increase the average beam
current in laser-plasma accelerators by improving beam charge. Specifically, our
objective is to surpass the charge-per-Joule ratio of 10 nC/J recently achieved by
Feng et al. (2023), ultimately allowing us to reach currents of 1µA with a laser
average power of 100W.

The activities of this work include an extensive experimental campaign con-
ducted using the 60TW Salle Jaune laser system at the Laboratoire d’Optique
Appliquée (LOA), which provides 30 fs pulses. This campaign aimed to investi-



4 INTRODUCTION

gate and optimize the production of laser-plasma electron beams under various
conditions, including different plasma densities, gas targets, laser energies and
laser focusing degrees. By systematically varying these parameters, we sought to
identify the optimal conditions for maximizing beam charge. Additionally, our
research involved detailed Particle-In-Cell simulations to deepen our understanding
of the physics underlying the experimental configurations, providing insights into
the acceleration mechanisms.

Thesis Outline

The manuscript is organized as follows:

• In Chapter 1, we detail the fundamental concepts of laser-plasma interactions.
We cover the prerequisites for plasma wave generation, review electron
injection mechanisms, and explore the main acceleration processes. Finally,
we discuss key scientific works on generating highly charged electron beams.

• Chapter 2 focuses on the numerical and experimental tools utilized in our
research. This chapter introduces the Particle-in-Cell code employed for nu-
merical studies and provides an in-depth overview of the primary diagnostic
techniques used during the experimental campaigns discussed in this thesis.

• Chapter 3 details the development of essential components for the experi-
mental campaigns. Specifically, it covers the creation of a supersonic nozzle,
which serves as a gas target, and the design and implementation of magnetic
dipoles that are crucial for accurately measuring the electron beam energy.

• In Chapter 4, we present the experimental findings of this work. Here, we
present the production of few-MeV electron beams, achieving charge-per-
Joule values up to 45 nC/J, with laser-to-electron conversion efficiencies
reaching approximately 14%, which are among the highest efficiencies ever
recorded.

• In Chapter 5, we present an extensive numerical study designed to uncover
the main phenomena occurring under the configurations of interest. Addition-
ally, this chapter provides an analysis of the main acceleration mechanisms,
demonstrating that the vast majority of the electron beam is accelerated by
the laser ponderomotive force.



Chapter 1

Physics of Laser-Plasma Accelerators

In this chapter, we discuss the principles of laser-plasma acceleration. First, we
explore the propagation of electromagnetic waves in plasmas, introducing the no-
tion of Gaussian beams. We conclude the first section of this chapter by discussing
the different ionization mechanisms of gases and the laser ponderomotive force. In
the second section, we provide the rudiments of laser-plasma acceleration physics,
examining the main acceleration regimes, injection mechanisms and limitations of
laser-plasma accelerators. We conclude this chapter by briefly discussing the state
of the art of highly-charged laser-plasma accelerators.
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6 CHAPTER 1. PHYSICS OF LASER-PLASMA ACCELERATORS

1.1 Laser-Plasma Physics Fundamentals

1.1.1 Electromagnetic Waves in Plasmas

Lasers represent a class of devices able to produce electromagnetic waves with
unique properties (e.g., spatial and temporal coherency) via stimulated emission
of atoms or ions, making them a powerful tool for different fields of science. In
this section, we will introduce the basic notions of laser physics, following the
approach presented by Svelto (2010).

In order to describe the diffraction of a laser pulse through matter, we can first
consider Maxwell’s equations:

∇ · E =
ρ

ϵ0
(1.1)

∇ · B = 0 (1.2)

∇× E = −∂B

∂t
(1.3)

∇× B = µ0

(
J + ϵ0

∂E
∂t

)
(1.4)

where E and B are the electric and magnetic field respectively, while ρ, ϵ0, µ0 and
J are the charge density, the electric permittivity, the magnetic permeability and the
electric current density of the medium. Considering the curl of Eq. (1.3), vacuum
as the propagation medium (i.e., ρ, J = 0) and from Eq. (1.4), we can yield the
wave equation

∇2E− 1

c2
∂2E

∂t2
= 0, (1.5)

where c = 1/
√
µ0ϵ0 is the speed of light in vacuum. Considering a uniformly

polarized monochromatic wave under the so-called scalar approximation (Shimoda,
1986), it is possible to describe the electric field propagating in the z-direction with
the following scalar quantity

E(x, y, z, t) = Ẽ(x, y, z)eiωt, (1.6)

where the term eiωt represents a function called wave carrier, oscillating at the
angular frequency ω. The complex amplitude Ẽ(x, y, z, t) must satisfy the wave
equation (i.e., Eq. (1.5)) in scalar form. This yields Helmholtz equation

(∇2 + k2)Ẽ(x, y, z) = 0, (1.7)
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with k = ω/c = |k| that represents the wavenumber and k the wavevector. A
solution to Eq. (1.7) can be provided using the Huygens-Fresnel principle. Indeed,
considering a given point in space P0 = (x0, y0, z0) where we assume to know
Ẽ(x0, y0, z0), we can write the following integral solution of Eq. (1.7)

Ẽ(x, y, z) =
i

λ

∫∫
S

Ẽ(x0, y0, z0)
e−ikr

r
cos θdx0dy0 (1.8)

where λ is the wavelength, r is the distance between the points P0(x0, y0, z0) and
P (x, y, z) and θ is the angle between the z-axis and the segment PP0. The double
integral is evaluated along the surface S of a given aperture as shown in Fig. 1.1.

Figure 1.1: Field calculation at the position P, assuming Ẽ(x0, y0, z0) to be known.
The image has been adapted from Svelto (2010).

Considering small θ angles under the paraxial approximation (i.e., cos θ ∼ 1)
it is possible to write

Ẽ(x, y, z) = u(x, y, z)e−ikz, (1.9)

where u(x, y, z) is a slowly varying function on the z-direction on a wavelength
scale. Thus, Eq. (1.8) becomes

u(x, y, z) =
i

λ(z − z0)

∫∫
S

u(x0, y0, z0)×

× exp

(
−ik

(x− x0)
2 + (y − y0)

2

2(z − z0)

)
dx0dy0,

(1.10)
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assuming the wavelet term originating from the elemental area dx0dy0 to be

u(x0, y0, z0)
e−ikr

r
dx0dy0 ≈

u(x0, y0, z0)

(z − z0)
×

× exp

(
−ik

(x− x0)
2 + (y − y0)

2

2(z − z0)

)
dx0dy0.

(1.11)

Eq. (1.10) represents an integral solution to Eq. (1.7) under the paraxial approxi-
mation, allowing to reconstruct the electric field at any given point in space (i.e.,
u(x, y, z)).

Gaussian Beams

Now we can consider a particular set of eigensolutions to Eq. (1.10), called
Gaussian beams (Kogelnik and Li, 1966). If we perform the surface integral of
Eq. (1.10) (i.e., we assume no limiting aperture on the z = z0 plane) we can yield

u(x, y, z) ∝ exp

(
−ik

x2 + y2

2q

)
, (1.12)

where q = q(z) is called the complex beam parameter. At P0(x0, y0, z0) we can
write

u(x0, y0, z0) ∝ exp

(
−ik

x2
0 + y20
2q0

)
, (1.13)

Since we are considering eigensolutions of Eq. (1.10), the shape of the field (i.e.,
u(x, y, z)) must preserve its functional form as it propagates. Thus, inserting
Eq. (1.13) into Eq. (1.10) yields

u(x, y, z) ∝ 1

1 + z/q0
exp

(
−ik

x2 + y2

2q

)
, (1.14)

with q = q0 + z. Hence, Eq. (1.14) represents one possible eigensolution of the
diffraction integral (i.e., Eq. (1.10)), often referred as to as the fundamental mode,
if compared to higher order solutions of Eq. (1.10). For convenience, we write the
complex beam parameter as

1

q
=

1

R
− i

λ

πw2
. (1.15)

It is possible to show (Kogelnik and Li, 1966) that R and w represent the
wavefront’s radius of curvature and beam radius, usually called spot-size. Assuming
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R(z = z0) → ∞, where for simplicity we consider z0 = 0, we obtain

1

q0
= − iλ

πw2
0

, (1.16)

where w0 is called beam waist and it corresponds to beam radius at 1/e of the field
amplitude (i.e., the smallest transverse dimension of the Gaussian beam). Knowing

Figure 1.2: Illustration of the characteristic Gaussian beam parameters. The image
has been adapted from Svelto (2010).

that q = q0 + z and from Eqs. (1.15) and (1.16) we can write

w(z)2 = w2
0

[
1 +

(
z

ZR

)2
]
, (1.17)

R(z) = z

[
1 +

(
ZR

z

)2
]
, (1.18)

with

ZR =
πw2

0

λ
. (1.19)

The characteristic length ZR is called Rayleigh range and it corresponds to the
distance at which the spot size is w(±) =

√
2w0 and the laser intensity is reduced

by a factor two1. Furthermore, considering z ≫ ZR in Eq. (1.17) it is possible
to observe that the spot-size increases linearly. Thus, it is possible to define the

1Indeed, the laser intensity is inversely proportional to the surface πw2(z).
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so-called beam divergence as follows

Θ =
2λ

πw0

. (1.20)

In Fig. 1.2 it is possible to observe all the characteristic Gaussian beam parameters
defined in Eqs. (1.17), (1.18) and (1.19). Combining Eqs. (1.17) and (1.18) with
Eqs. (1.14), (1.15) and (1.16) allows us to write the field amplitude of a Gaussian
beam:

u(x, y, z) =
w0

w(z)
exp

(
−x2 + y2

w(z)2

)
exp−ik

(
x2 + y2

2R(z)

)
exp(iϕ), (1.21)

where ϕ = arctan(z/ZR) is called the Gouy phase.

Introducing a longitudinal envelope

Eenv = E0 exp

(
− t

τe

)2

(1.22)

allows us to define a finite time duration of our laser pulse τe at 1/e of the envelope
electric field. Thus, from Eqs. (1.6), (1.9) and (1.21) we can write

E(x, y, z) = E0 exp

(
− t

τe

)2
w0

w(z)
exp

(
−x2 + y2

w(z)2

)
exp

(
−ikz − ωt+ k

x2 + y2

2R(z)
− ϕ

)
ex,

(1.23)

with ex being the versor indicating the laser polarization direction (i.e., along the
x-direction). In this case, the laser is said to be linearly polarized. It is also worth
mentioning that the proper combination of the two versors ex and ey allows for the
circular and elliptical polarization. Further information about the subject can be
found in Svelto (2010) and in Siegman (1986). In Fig. 1.3 it is possible to observe
an example of the field obtained with Eq. (1.23). Finally, for Gaussian beams the
peak intensity is (Siegman, 1986):

I0 =
2U0√
πτeπw2

0

≈ 2U0

τ0πw2
0

, (1.24)

with U0 the total energy contained in the Gaussian beam and τ0 =
√
2 ln (2)τe.

The Ti:Sapphire Salle Jaune laser system at LOA allows to reach intensities
I0 = 6− 24× 1019 W/cm2, assuming τe ∼ 30 fs and w0 = 3− 6µm, for U0 = 1 J.
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Figure 1.3: Depiction of the electric field E and its envelope Eenv. Here, we have
assumed a time duration τe ∼ 30 fs and λ = 0.8µm.

1.1.2 Ionization Mechanisms

As will be further discussed, all plasmas generated in the experiments presented
in this work have been produced via direct ionization with a highly intense laser
pulse. Therefore, before discussing the fundamentals of laser pulse propagation in
plasma, it is important to briefly review how a superintense laser pulse can ionize
a gas to produce plasma. Moreover, in some cases, the ionization in itself might
play an important role concerning the electron beam formation mechanism (see
Section 1.2.3).

A highly intense laser pulse can fully or partially ionize a gas, creating a plasma.
This is possible thanks to the high-power laser electric potential, which is close to
the electron binding potential (i.e., Fig. 1.4(a)). In general, it is possible to distin-
guish two main different ionization regimes: the multi-photon ionization (Mainfray
and Manus, 1991) and the tunnel ionization (Landau and Lifshitz, 1969, Bisgaard
and Madsen, 2004). In order to distinguish the two different mechanisms, it is pos-
sible to make use of the so-called Keldysh parameter (Keldysh, 1964, Boroumand
et al., 2022):

γK =
ω
√
2Pion

Elas

. (1.25)
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Here Pion is the ionization potential of the considered electron and Elas is the laser
electric field strength. When γK ≫ 1 the ionization is mainly dominated by the
multi-photon regime. Instead, for γK < 1 the main ionization process is due to
quantum tunneling (Griffiths et al., 2005). As shown in Fig. 1.4(b) when γK ≫ 1
the laser field strength is not sufficient to effectively perturb the electron binding
potential. Considering, for instance, the first ionization energy of nitrogen (i.e.,
∼ 14.6 eV) and the energy of one laser photon with a wavelength around 0.8µm
(i.e, 1.5 eV), we conclude that one single laser photon cannot ionize a nitrogen
atom to N+1. However, as shown in Fig. 1.4(b), multiple photons of 1.5 eV each
can ionize the nitrogen atom. Instead, for γK < 1, namely for higher Elas, the
laser can strongly perturb the binding potential, allowing for quantum tunneling to
happen, as depicted in Fig. 1.4(c). Finally, Fig. 1.4(d) highlights a third regime,
where the laser field strength is intense enough (i.e., γK ≪ 1) to suppress the
electron binding potential, allowing to directly free the electron. This mechanism
is called barrier suppression ionization or over-the-barrier-ionization.

Figure 1.4: Depiction of the atomic Coulomb potential in the presence of a strong-
field. Φp denotes the actual bonding potential (a) Unperturbed atom potential. (b)
Multi-photon ionization. (c) Tunnel ionization. (d) Barrier suppression Ionization.
The image has been adapted from Hansen (2012).

If we now assume the disturbed potential to be equal to the ionization potential,
it is possible to yield (Gibbon, 2005)

Iion(W/cm2) = 4× 109
(Pion(eV))4

Z2
, (1.26)

where Z is the atomic number. Eq. (1.26) represents the threshold laser intensity
necessary to trigger the over-the-barrier-ionization. Here, using Eq. (1.26) we also
list the intensity threshold necessary to reach different nitrogen ionization states
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along with the corresponding ionization potential (Lide, 1995). As we have already
mentioned, this is the gas used for all the experiments discussed in the following.

Ionization state Pion (eV) Iion (W/cm2)
N+1 14.53 3.64× 1012

N+2 29.59 6.27× 1013

N+3 47.49 4.14× 1014

N+4 77.47 2.94× 1015

N+5 97.89 7.49× 1015

N+6 552.1 7.58× 1018

N+7 667.1 1.62× 1019

Nitrogen has two electronic shells: the outer L- and the inner K-shell. The first
contains five electrons, while the second contains two electrons. As we can deduce
from the previous table, nitrogen is easily ionized up to N+5 by a laser that exceeds
∼ 1016 W/cm2. All the lasers used in this work have leading-edge intensities
greater than this threshold. Therefore, this allows us to free all L-shell electrons
obtaining ten electrons per nitrogen molecule2. Instead, the ionization states N+6

and N+7 are more difficult to reach since the laser intensity we would need to
exceed ∼ 1019 W/cm2. This is usually possible only for a tightly focused pulse and
close to the laser peak intensity. For these reasons, we will always consider the
nitrogen plasma to be partially ionized.

Propagation in Plasmas

Plasmas represent one of the fundamental states of matter and, despite not
being as common in our everyday life as gases, solids and liquids, they are the
most abundant form of matter in the universe. More than 99% of the visible
universe is made of some form of ionized gas, namely a plasma (Gurnett and
Bhattacharjee, 2005). Thanks to their unique properties, they have been the subject
of study in different fields of physics and engineering, embodying the core of some
cutting-edge research like thermonuclear fusion reactors and particle acceleration.

In view of understanding the interaction between a laser pulse and a plasma, we
now introduce a simple model (Pucella and Segre, 2009), in order to introduce some
of the most fundamental plasma parameters. Let us consider a 1-D system, where
we assume to displace a layer of electrons at x → +∞ from the corresponding
positive ions. In the region [0, x0], where we assume to have a positive charge

2Since nitrogen is bi-atomic, if we consider one nitrogen atom to be ionized up to N+5 a nitrogen
molecule would free ten electrons.
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density3 ne, it is possible to yield the electric field using Gauss’s law (i.e., Eq. (1.1)):

Ex =
ne e x

ϵ0
, (1.27)

with e being the elementary charge. Considering the force exerted by the electric
field Ex in the region [0, x0] on one electron, it is possible to write

Fx = −eEx = me ẍ. (1.28)

Combining Eqs. (1.27) and (1.28) yields

ẍ+ ω2
p x = 0, (1.29)

where we have defined

ωp =

√
e2 ne

me ϵ0
, (1.30)

with me being the electron rest mass. Eq. (1.29) is the equation of a harmonic
oscillator, with a characteristic pulsation ωp, called plasma frequency. Hence, it is
also possible to define the plasma wavelength as λp = 2π c/ωp, that can also be
re-written as

λp(µm) ≈ 3.34× 1010√
ne(cm−3)

. (1.31)

Now we want to study the linear response of a cold, collisionless and uniform
plasma while traversed by an electromagnetic wave. Moreover, we neglect any
possible external field and we assume that the quantities of interest (e.g., the electric
field E) are created by small perturbations with respect to an initial unperturbed
plasma state. There are different possible ways to describe plasmas, for instance
via the kinetic model, which allows for the most complete description of plasmas.
However, in light of the aforementioned hypotheses, we can model our system
assuming the cold fluid approximation (Pucella and Segre, 2009). Thus, considering
the Navier-Stokes equation for this particular case, we can write the following
equation for one plasma population (i.e., plasma electrons):

me
∂u

∂t
= −eE, (1.32)

where u is the electron average velocity and J = −e neu. Calculating the Fourier

3Considering an overall neutral system, the positive charge density corresponds to the electron
density. From now on we will refer to ne as the electron density
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transform of Eq. (1.32) with respect to t reads

J̃ =
i

ω

e2 ne

me

Ẽ, (1.33)

where J̃ and Ẽ are the Fourier transform of J and E respectively. We also know
that

J = σ · E (1.34)

and
ϵ = I +

i

ϵ0 ω
σ, (1.35)

where I , σ and ϵ are the identity tensor, the electrical conductivity tensor and the
electrical permittivity tensor respectively. Furthermore, considering the plasma as
an isotropic medium (i.e., neglecting the space dispersion) from Eqs. (1.33), (1.34)
and (1.35) we can write:

ϵ = 1−
(ωp

ω

)2

. (1.36)

Furthermore, we can write the following dispersion relation4 using Eqs. (1.34),
(1.36) and Ampère’s law (i.e., Eq. (1.4)):

Λ : E = 0. (1.37)

The tensor Λ is defined as

Λ =

 k2c2

ω2 − ϵ 0 0

0 k2c2

ω2 − ϵ 0
0 0 ϵ

 . (1.38)

Eq. (1.37) represents a linear system. This means that it has a non-trivial solution
only if det(Λ) = 0, which allows us to write

ϵ(n2 − ϵ)2 = 0, (1.39)

where n is the plasma refractive index. Eq. (1.39) has the following solutions: ϵ = 0
and n2 = ϵ, which has multiplicity 2. The former gives ω = ωp, which describes
the dispersion relation of a longitudinal standing wave. The latter, instead, yields
ω2 = ω2

p + k2c2, which is the characteristic dispersion relation of two transverse
modes in a cold, collisionless and uniform plasma.

Moreover, we introduce the phase velocity vph = c/n and the group velocity in

4Here we consider k = (0, 0, k)
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plasma vg = dω/dk = cn, while the refractive index reads

n =

√
1−

ω2
p

ω2
=

√
1− ne

nc

, (1.40)

where nc(cm−3) = ω2meϵ0/e
2 ≈ 1.1× 1027/λ2(µm) is called the critical plasma

density. Eq. (1.40) proves that a laser pulse can propagate in a plasma as long
as it is underdense (i.e., if ne < nc or equivalently ω > ωp). Instead, a laser
pulse cannot propagate in an overdense plasma. In this case, indeed, the plasma
displays a mirror-like behavior and only a small portion of the laser penetrates in
the plasma. However, since the resulting wavevector would be imaginary, the laser
pulse amplitude, proportional to exp(ikz), would be exponentially dumped.

1.1.3 Ponderomotive Force and Non-Linear Effects

Ponderomotive Force

In order to further understand the nature of laser-plasma physics, we now con-
sider the non-relativistic interaction between one electron and a linearly polarized
laser pulse, following the approach of Macchi (2013). Thus, the laser electric field
will be described by:

E(r, t) = Eenv(r, t) cos(k · r− ωt), (1.41)

where Eenv(r, t) represents a slowly varying envelope compared to the period
T = 2π/ω. Furthermore, the spatial variation of the envelope across an oscillation
is assumed to be small with respect to the laser wavelength. Hence, from Eq. (1.41)
we can write

E(r, t) ≈ E(rc, t) + ((r− rc)︸ ︷︷ ︸
δr

·∇)E(rc, t), (1.42)

where rc represents the electron initial position. We also assume to describe the
electron dynamics as the superposition of a slow motion (rs) and a fast oscillating
term (ro):

r(t) = rs(t) + ro(t). (1.43)

From Eqs. (1.41), (1.42) and (1.43), assuming the electron speed ve ≪ c, it is
possible to write the following Newton’s equation for the zero-order motion

d2rs
dt2

= − e

me

Eenv(rc, t) cos(k · rc − ωt) (1.44)
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Eq. (1.44) shows that the slow motion represents an oscillation around the electron
initial position rc at a velocity

ṙs = −ve,max sin (k · rc − ωt) = −eEenv

me ω2
sin (k · rc − ωt). (1.45)

The speed ve,max represents the maximum speed that an electron can achieve thanks
to the effect of the laser electric field. Once ve,max reaches values comparable to the
speed of light, the relativistic effects must be taken into account and our description
is no longer valid. Considering now the v × B term in Newton’s equation (i.e.,
following a perturbative approach) we can write

d2(ro + rs)

dt2
= − e

me

[
E(rc) + (δr · ∇)E(rc) +

ṙ

c
×B

]
. (1.46)

From Eqs. (1.44), (1.46) and averaging over a period T we can obtain

me
d2⟨ro⟩
dt2

= −∇Up, (1.47)

where the brackets stand for the time average over T and Up is called ponderomotive
potential and it is defined as

Up(r, t) =
e2

4meω2
E2

env. (1.48)

Consequently, the right term of Eq. (1.47) is called ponderomotive force:

Fp(r, t) = −∇Up = − e2

4meω2
∇E2

env (1.49)

From the definition of ponderomotive force (i.e, Eq. (1.49)) we understand that the
electron is pushed towards regions of space of lower laser intensity. Furthermore,
since the ponderomotive force is inversely proportional to the electron mass, we
notice that for a heavier particle (e.g., a proton) this force would be significantly less
effective. A more detailed analysis (Mora and Antonsen, 1997), which accounts
for relativistic effects, allows us to write the ponderomotive force as

Fp(r, t) = −mee
2

2⟨γ⟩
∇⟨A2

env⟩, (1.50)

where γ is the Lorentz factor, defined as γ = 1/
√
1− β2 with β = ve/c and Aenv

is the envelope of the vector potential, frequently used to describe the electro-
magnetic field. A common way to distinguish between the classic and relativistic
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motion of an electron in an electromagnetic field comes through the maximum
normalized vector potential:

a0 =
e |Eenv|
me c ω

=
e |Aenv|
me c

≈ 0.85
√
I0(×1018W · cm−2)λ(µm). (1.51)

When a0 < 1 (a0 > 1) the electron has a classical (relativistic) behavior. As
previously mentioned, the Salle Jaune laser system at LOA can deliver pulses
with intensities exceeding 1019 W/cm2, hence allowing the electrons to reach the
relativistic regime.

For completeness, we wish to conclude this section by mentioning that in a laser
field described by the vector potential A(r, t) the electron transverse momentum
is p⊥ ≈ A(e/c) (Macchi, 2013). This relation holds true for non-plane wave
configurations where the intensity does not vary significantly over the wavelength
λ. Assuming p ≈ p⊥, it is now possible to estimate the maximum kinetic energy
gained by an electron via the ponderomotive force:

me (γ − 1) c2 ≈ me c
2

(√
1 + a20 − 1

)
, (1.52)

Self-Focusing

While considering the propagation of a laser pulse in plasma, it is now necessary
to treat some fundamental non-linear effects that high-intensity lasers experience,
such as the so-called self-focusing. This phenomenon allows the laser to remain
focused (or guided) for distances that can exceed the Rayleigh length. In order
to properly understand this effect, we first consider the plasma refractive index.
Assuming, for simplicity, the weakly relativistic regime (i.e., a20 ≪ 1) it is possible
to write (Esarey et al., 1996, Mori, 1997)

n(r, z) =

√
1−

ω2
p

ω2

ñe(r, z)

γne

≈ 1− 1

2

(ωp

ω

)2
(
1− a20(r, z)

2
+

δne(r, z)

ne

)
,

(1.53)

where ñe(r, z) and δne(r, z) = ñe(r, z)− ne are the local plasma density and the
density variation due to the ponderomotive force. In Eq. (1.53) it is possible to
distinguish two different contributions to self-focusing. The term 1−a20/2 is related
to what is called relativistic self-focusing, while δne(r, z)/ne is purely linked to
the ponderometive self-focusing. Both contributions allow for the refractive index



1.1. LASER-PLASMA PHYSICS FUNDAMENTALS 19

to be higher on-axis (i.e., δn/δr < 0), yielding a focusing effect on the laser.
Consequently, the self-focusing produces an increase in the laser intensity, which
in turn causes an increment of both the ponderomotive and relativistic terms,
enhancing the self-focusing itself. Furthermore, the relativistic term has been
proven to become predominant to the ponderomotive one (Hafizi et al., 2000).
However, in order for the laser to reach the relativistic self-focusing, it needs to
exceed a certain power threshold (Esarey et al., 2009) called critical power and
defined as

Pc(GW ) ≈ 17

(
ω

ωp

)2

. (1.54)

For a laser power P ≲ Pc the laser diffracts and for P ≳ Pc the pulse is self-
focused. The presence of higher-order non-linearities usually prevents the laser to
be indefinitely focused (Sprangle et al., 1987, Hafizi et al., 2000). Furthermore, it
is possible to write the following equation describing the evolution of the spot-size
and taking into account the self-focusing (Esarey et al., 2009) assuming once again
a20 ≪ 1

w2(z)

w2
0

= 1 +

(
1− P

Pc

)(
z

ZR

)2

. (1.55)

From Eq. (1.55) it is possible to deduce that self-focusing can counteract the laser
natural diffraction, allowing the pulse to be relativistically guided (or self-guided)
for distances larger than ZR. In Fig. 1.5 we show an example of a relativisti-
cally guided pulse (blue curve) compared to the vacuum laser diffraction (green
curve). The former has been obtained thanks to a Particle-In-Cell simulation
(see Section 2.1.2) using the code FBPIC, while the latter has been plotted using
Eq. (1.17). Here, we notice that the laser spot-size experiences an oscillation
around w0 = 3µm along a distance Lsf ≈ 10 × ZR = 300µm. This represents
an important result for laser-plasma accelerators, since guiding allows for a laser
pulse to propagate for long distances preserving a high intensity. Lastly, it is worth
mentioning that in the experiments presented in this thesis, we consider densities
≳ 1019 cm−3. This yields a critical power Pc ≲ 2TW, which is easily reached with
the laser systems discussed in this thesis, thus making self-focusing of relevance
for this work.

Self-Modulation

Another crucial phenomenon a laser pulse can experience while propagating in
a plasma is self-modulation. This non-linear effect is often associated with a partic-
ular acceleration regime called self-modulated laser wakefield acceleration (Krall
et al., 1993). Here, we just intend to outline the main features related to the
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Figure 1.5: Numerical example of relativistic self-focusing obtained using the
code FBPIC (Lehe et al., 2016). The blue and green curves represent the laser
spot-size propagating in plasma and in vacuum respectively. The gray-shaded area
is the normalized plasma density profile. For visual purposes, we plot w/w0 − 1,
and the horizontal dotted line represents the condition w = w0. The laser is
initially defined in vacuum at z ≈ −1200µm and it is focused at z = 0, where
ne = 3.6 × 1019 cm−3. The laser parameters are τ0 = 30 fs, λ = 0.8µm and
a0 = 3.8.

self-modulation of a laser pulse, without addressing the acceleration mechanism.

With reference to the previous section about self-focusing, a laser pulse with
P > Pc can be relativistically guided for distances longer than ZR. However,
considering now a long laser pulse (i.e., L = cτ0 > λp), different instabilities (e.g.,
stimulated Raman scattering) can affect its propagation. One major phenomenon
that can play such a role is the envelope self-modulation. As we will describe in
Section 1.2.1, a laser pulse can excite a plasma wave thanks to its ponderomotive
force. This in turn, can produce periodic focusing and defocusing regions in the
plasma (Esarey et al., 1990), severely modulating the envelope of a long laser pulse
at the plasma wavelength λp (Esarey et al., 1996). It is possible to assume the
laser-induced plasma modulation as

δne(r, ζ) = δne,0(r) cos (kpζ) (1.56)

in the limit L ≫ λp. Here, δne,0 is the ponderomotive-induced radial plasma
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density profile and ζ = z − vgt. Hence, the refractive index defined by Eq. (1.53)
is modified, resulting in an axially periodic density channel, where ∂ne/∂r > 0
(∂ne/∂r < 0) the laser envelope focuses (defocuses). This results in a laser
envelope to be modulated at λp and it could lead to the formation of a train of
beamlets of length ≈ λp/2, which can remain self-guided for several ZR. Similarly
to what we have concluded about self-focusing, also self-modulation is of relevance
to this work. Indeed, if we consider a 30 fs-laser pulse, it is easy to show that
L = cτ0 ≈ 10µm and λp < 10µm for ne > 1019 cm−3. Hence, in this thesis, we
easily satisfy both conditions for self-modulation, namely L > λp and P > Pc.

1.2 Particle Acceleration in a Plasma Wave

1.2.1 Linear Regime

As we have briefly mentioned, a high-intensity laser pulse propagating in an
underdense plasma can excite waves in its wake. Here, we show this result using
the cold-fluid description of plasmas (Pucella and Segre, 2009). The continuity and
Navier-Stokes equations for a collisionless non-relativistic (i.e., a0 ≪ 1) plasma
are

∂ne

∂t
+∇ · (neve) = 0 (1.57)

∂ve

∂t
+ (ve · ∇)ve = − e

me

(E+ ve ×B). (1.58)

Here ve is the electron average velocity (u in Eq. (1.32)). We will introduce the
following ansatz:

E = Elas −∇Φ (1.59)

Elas = −∂A

∂t
, (1.60)

where Elas is the electric field of a linearly-polarized laser and ∇Φ is assumed to
be the plasma wave electric field. Averaging Eq. (1.58) over a laser period and
linearizing yields

∂⟨ve⟩
∂t

=
e

me

∇Φ− c2

2
∇⟨a2⟩, (1.61)

where it is possible to recognize the ponderomotive force contribution (i.e., −∇⟨a20⟩).
Considering now Poisson’s equation under the Coulomb gauge we can write

∇2Φ =
e(ne − n0)

ϵ0
=

en0

ϵ0

(
δn

n0

)
(1.62)
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Here, n0 is the unperturbed electron density and we also assume ne = n0 + δn.
Thus, Eq. (1.57) becomes

∂δn

∂t
+ n0∇ · ⟨ve⟩ = 0 (1.63)

after linearizing and considering a small density perturbation (i.e, δn ≪ n0). From
Eq. (1.61), (1.62) and (1.63) we can obtain(

∂2

∂t2
+ ω2

p

)
δn

n0

=
c2

2
∇2⟨a2⟩. (1.64)

This is the expression of a forced harmonic oscillator with an angular frequency
ωp. As expected, on the right-hand side of Eq. (1.64) we see that the oscillation
is possible thanks to the ponderomotive force. We also notice that when the laser
envelope and the oscillator described in Eq. (1.64) are resonant the excitation will
be the most intense.

Considering now Eq. (1.62) and introducing the change of variables (z, t) →
(ζ = z − vgt, τ), Eq. (1.64) becomes(

∂2

∂τ 2
+ v2g

∂2

∂ζ2
− 2vg

∂2

∂τ∂ζ
+ ω2

p

)
ϕ =

ω2
p

2
⟨a2⟩, (1.65)

where we have defined the normalized scalar potential ϕ = eΦ/(mec
2). Under

the quasi-static approximation (Gorbunov and Kirsanov, 1987), where we assume
that the laser envelope does not significantly evolve on the time scale necessary to
transit a plasma electron (i.e., ∂/∂t ≪ vg∂/∂ζ), we can write(

∂2

∂ζ2
+ k2

p

)
ϕ =

k2
p

2
⟨a2⟩, (1.66)

and the normalized scalar potential becomes

ϕ(r, ζ) = −kp
4

∫ +∞

ζ

a2(r, ζ
′
) sin (kp(ζ − ζ

′
)) dζ

′
. (1.67)

Assuming a laser beam with both a transverse and longitudinal exponential profile,
as defined in Eq. (1.23), we can write

ϕ(r, ζ) = −
√
πa20

kpl0
4

e−k2pl
2
0/4e−2r2/w2

0 sin (kpζ), (1.68)

where r =
√

x2 + y2 is the radial coordinate. Hence, the radial (Er) and longitudi-
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Figure 1.6: Linear regime quantities: (a) Normalized longitudinal wakefield Eζ/E0,
(b) normalized radial wakefield Er/E0 and (c) normalized plasma density oscilla-
tion δn/n0.

nal (Eζ) components of the electric field are

Er(r, ζ) = −∂ϕ

∂r
= −E0

√
πa20

rl0
w2

0

e−k2pl
2
0/4e−2r2/w2

0 sin (kpζ) (1.69)

Eζ(r, ζ) = −∂ϕ

∂ζ
= E0

√
πa20

kpl0
4

e−k2pl
2
0/4e−2r2/w2

0 cos (kpζ), (1.70)

with E0 = me c ωp/e, which in practical units is (Dawson, 1959)

E0(GV.m−1) ≈ 96
√

ne(×1018cm−3). (1.71)

On the other hand, the plasma density perturbation reads

δn

n0

= − 1

k2
p

∂2ϕ

∂ζ2

=
E0

kp

√
πa20

l0
4
e−k2pl

2
0/4e−2r2/w2

0 sin (kpζ)

[
1 +

8

k2
pw

2
0

(
1− 2r2

w2
0

)]
.

(1.72)

In Fig. 1.6 we can see three plots showing the normalized electric field (i.e., Eζ/E0,
Er/E0) and the plasma oscillation δn/n0 obtained using Eqs. (1.69), (1.70) and
(1.72). Here, we have considered a 30-fs Gaussian pulse with λ = 0.8µm, a beam
waist w0 ≈ 15.7µm and a0 = 0.2, propagating in a plasma with n0 = 1018 cm−3.
The blue regions (red regions) in Fig. 1.6(a) are accelerating (decelerating) for an
electron beam. Similarly, the blue regions (red regions) in Fig. 1.6(b) represent
focusing (defocusing) areas for an electron beam.
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1.2.2 Non-Linear Regime and Wave-Breaking

When a0 > 1 the linear description of a plasma wave is no longer valid, and
we enter what is called a non-linear regime. In this case, it is possible to show that
Eqs. (1.57) and (1.57) read (Kruer, 2019, Gibbon, 2005)

∂δn

∂t
+ n0

c

γ
∇ · ue = 0 (1.73)

1

c

∂ue

∂t
=

1

c

∂a

∂t
+

1

c
∇ϕ− 1

γ
ue ×∇× a, (1.74)

where ue = γve/c is the normalized electron velocity and a = eA/(mec) is
the normalized vector potential. Here, we also define the relativistic gamma as
γ =

√
1 + a2 + u2

e,z. Under the quasi-static approximation, from Eqs. (1.62),
(1.73) and (1.74) it is possible to yield (Osterhoff, 2009)

∂2ϕ

∂ζ2
=

k2
p

2

(
1 + a2

(1 + ϕ)2
− 1

)
. (1.75)

Here, we notice that for small values of ϕ and for a0 ≪ 1 we find Eq. (1.66).
To better understand the difference between the linear and non-linear regime, in
Fig. 1.7 we plot the wakefield quantities for a0 ≈ 2 obtained through an FBPIC
simulation. Here, we notice that the plasma wave is no longer sinusoidal and
that the normalized longitudinal wakefield Ez/E0 displays a sawtooth-like profile.
Furthermore, between each plasma density oscillation, the wakefield is almost
linear. If we consider to inject5 an electron at the rear of one plasma wave (e.g., at
ζ ≈ −35µm in Fig. 1.7), it can experience the accelerating field over significant
distances and reach relativistic energies. However, once injected and accelerated
to a velocity exceeding the wakefield phase velocity vp, this particle can reach a
region where the electric field is decelerating (e.g., at ζ ≈ −28µm in Fig. 1.7),
experiencing a dephasing (Esarey et al., 2009, Katsouleas, 1986) with respect to
the wakefield.

Under these conditions (i.e., when a0 > 1), the laser can excite plasma waves
with large amplitudes, causing the the steepening of the density profile (i.e.,
δn/n0 − 1) we see in Fig. 1.7. Moreover, the plasma electrons can reach ve-
locities that exceed vp, experiencing a process called longitudinal wavebreaking.
Making use of Akhiezer-Polovin equations (Akhiezer and Polovin, 1956), it is
possible to estimate the maximum electric field amplitude before wavebreaking for
a cold-relativistic plasma: Ewb =

√
2E0(γp − 1)1/2, where γ2

p = 1/(1− (vp/c)
2).

5The so-called injection conditions that allow for an electron to be trapped in a plasma period
will be discussed in the following.
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Figure 1.7: FBPIC non-linear wakefield quantities obtained with a 30-fs laser for
a0 ≈ 2 and with a plasma density n0 = 1.2× 1019 cm−3. Here, a is the normalized
laser amplitude, ϕ and Ez/E0 are the normalized wakefield potential and electric
field. We plot the normalized plasma density as δn/n0 − 1 for visual purposes.

A more detailed analysis that considers a warm plasma description can be found in
Schroeder et al. (2005), while a warm-relativistic study is presented in Katsouleas
and Mori (1988).

1.2.3 Electron Injection and Acceleration

We now discuss the conditions that allow plasma electrons to be injected in a
plasma period and subsequently be accelerated. With reference to the quantities of
the previous section (i.e., the example of Fig. 1.7), we introduce a 1D description of
the so-called self-injection, under the quasi-static approximation. A more detailed
3D description can be found in Kostyukov et al. (2004). Hence, we can write the
following Hamiltonian for an electron in a wakefield (Faure, 2016, Esirkepov et al.,
2006)

H =
√

1 + u2
⊥ + u2

z − ϕ(ζ)− βpuz, (1.76)
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where βp = vp/c, vp represents the plasma wave velocity and u⊥,z = p⊥,z/(mec) is
the normalized electron momenta. Here, z is the electron longitudinal coordinate in
the wakefield frame. Introducing the normalized canonical momentum U = u− a,
we can write

H =
√

1 + (U⊥ + a)2 + U2
z − ϕ(ζ)− βpuz, (1.77)

with U⊥ = u⊥ − a and Uz = uz. From Hamilton’s equations it is possible to
show that the transverse canonical momentum is conserved (i.e., it is a constant of
motion):

∂U⊥

∂t
= −∂H

∂r
= 0 ⇒ u⊥(ζ)− a(ζ) = const. (1.78)

From Eq. (1.77) it is also possible to find a second constant of motion. Since this
Hamiltonian does not explicitly depend on time, but only on ζ, the energy of the
system is conserved. Hence, considering an electron with initial energy H0 it is
possible to yield

uz = βpγ
2
p(H0 + ϕ)± γp

√
γ2
p(H0 + ϕ)2 − γ2

⊥, (1.79)

with γ2
⊥ = 1 + u2

⊥. Using Eq. (1.79) we are able to plot different trajectories in
phase space for different initial conditions, as shown in Fig. 1.8. For instance,
considering electrons at rest in front of the laser pulse (i.e., ζi = +∞) with
uz(ζi) = u⊥(ζi) = 0, we yield H0 = 1. Furthermore, from Eq. (1.78) we find
u⊥(ζ) = a(ζ). Hence, Eq. (1.79) becomes

ufluid = βpγ
2
p(1 + ϕ)± γp

√
γ2
p(1 + ϕ)2 − (1 + a2(ζ)), (1.80)

which represents the trajectories of plasma background electrons (black lines in
Fig. 1.8). These electrons are not injected and oscillate in the plasma wakefield.
The red line of Fig. 1.8, instead, represents the separatrix, namely the trajectory
that allows to distinguish between trapped and untrapped electrons. In order to
yield this trajectory, we first consider an electron moving with a velocity vz = vp
(i.e., uz(ζmin) = βpγp) and located at a minimum of the potential (ϕmin). The
conservation of canonical momentum allows us to write u⊥(ζmin) = a(ζmin),
hence the Hamiltonian’s separatrix reads

Hsep =

√
1 + a2(ζmin)

γp
− ϕmin. (1.81)

The blue trajectories in Fig. 1.8 refer to the injected electrons. In this case, it is
possible to show that for these particles the necessary and sufficient condition
for trapping is Hi ≤ Hsep, where Hi is the injected electron’s Hamiltonian. Con-
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Figure 1.8: Trajectories in phase space obtained using Eq. (1.79) and the numerical
example of Fig. 1.7. The black line represents the orbit of non-injected electrons,
the red one the separatrix and the blue dashed lines the trapped orbits.

sidering a trapped electron behind the laser pulse at position ζi and moving at
vz(ζi) = vp the electric field potential is ϕ(ζi) = ϕi ≥ ϕmin. Moreover, from
Eq. (1.76) we can obtain

Hi = (1 + β2
pγ

2
p)

1/2 − ϕi − β2
pγp =

1

γp
− ϕi. (1.82)

This allows us to conclude that for an injected electron Hi ≤ Hsep since ϕi ≥ ϕmin.

Once we have introduced the fundamental trajectories, it is possible to define
the trapping threshold in a plasma wave. Hence, we consider an electron in front
of the laser pulse. This particle will be injected if uz(+∞) > usep

z (+∞), which
means that the electron’s initial momentum needs to exceed the initial separatrix
momentum usep

z (+∞). According to Eq. (1.79) the initial separatrix momentum
reads

usep
z (+∞) = βpγ

2
pHsep − γp

√
γ2
pH

2
sep − 1, (1.83)

and consequently an electron with an energy E > Etrap will be injected and
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accelerated in the wakefield, where

Etrap = mec
2

(√
1 + (usep

z (+∞))2 − 1

)
. (1.84)

From Eq. (1.84) it is clear that the trapping is easier for high-amplitude plasma
waves and/or for small values of γp (i.e., small plasma phase velocities). Further-
more, as ϕmin → −1, Etrap tends to zero: this is the start of wave-breaking. Indeed,
in this case the plasma wave becomes so steep that all electrons initially at rest are
injected. As ϕmin = −1 the longitudinal wakefield reaches the cold wave-breaking
limit (i.e., Ewb =

√
2E0(γp − 1)1/2), where we recall that E0 = mecωp/e.

Bubble Regime and Transverse Self-Injection As we have previously dis-
cussed, when a highly-intense laser (i.e, a0 > 1) propagates through an underdense
plasma it generates steep plasma waves and the resulting wakefield can easily
exceed intensities up to ∼ 100GV/m. If an electron finds itself trapped in one ac-
celerating region of the laser pulse, it can quickly gain energy, reaching relativistic
velocities. Under appropriate conditions (i.e., kpw0 ≈ 2

√
a0 and cτ0 ≈ 0.26λp (Lu

et al., 2007) a superintense laser is resonant with the plasma period. In this case,
the ponderomotive force is able to almost completely expel the electrons from
the region just behind the laser pulse, generating a self-guiding ion cavity or a
bubble (Pukhov and Meyer-ter Vehn, 2002, Lu et al., 2006, 2007, Xie et al., 2007).
This structure is generated thanks to the particular trajectories followed by the
electrons: once they have been expelled by the laser ponderomotive force, they
cross their paths behind the laser due to the positive ions restoring force, creating
an enclosed cavity. In Fig.1.9(a) it is possible to observe an FBPIC simulation of
the bubble (or blowout) regime, while in Fig.1.9(b) we show a schematic view of
the ion cavity of Fig.1.9(a). Here, we can see that this cavity is surrounded by an
electron sheath of radius rb ≈ 2

√
a0/kp (Lu et al., 2007) and also the corresponding

longitudinal electric field Ez. Similarly to our previous discussion, if we consider
an electron bunch trapped inside this structure as shown in Fig.1.9(b) (i.e., in the
accelerating phase of Ez) it can be efficiently accelerated. As soon as the electrons
overcome the center of the bubble, they find themselves in the decelerating phase
of the wakefield. Therefore, considering a perfectly spherical bubble in cylindrical
coordinates (r,θ,ζ) under the quasi-static approximation we can write the following
expressions for the electric field and the relative forces (Lu et al., 2006, Xie et al.,
2007)

ϕ = −
k2
p

8
(ζ2 + r2) (1.85)

Er = E0
kp
4
r and Fr = −

meω
2
p

2
r er (1.86)
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Figure 1.9: (a) FBPIC simulation of the bubble regime. The laser pulse is propagat-
ing from left to right. Here, the color map represents the normalized plasma density
variation δn/ne and ξ = z − vgt. Figure from Oubrerie (2022). (b) Schematic
representation of the electron sheath and trapped electrons (green dots) on the top
of the image and the longitudinal electric field Ez on the bottom.

Ez = E0
kp
2
ζ and Fz = −

meω
2
p

2
ζ ez. (1.87)

From Eq. (1.86) we can notice that the transverse force is independent of ζ , linearly
dependent on r and always focusing. This means that the trapped electron bunch
is always confined during the whole acceleration process. Lastly, considering
Eqs. (1.87), (1.71) and ζ = 4

√
a0/kp (i.e., the bubble diameter), we can obtain an

expression to estimate the peak longitudinal electric field for this regime

Ez(GV.m−1) ≈ 96
√

a0 ne(1018cm−3). (1.88)

By exploiting the notions we have introduced concerning the injection conditions
and under the bubble regime, we can now examine one specific kind of self-
injection called transverse self-injection. In Section 1.2.3 we have shown that in
order to trap an electron in a plasma period it must have a sufficiently high energy.
Analogously, we can say that one electron can be injected if its velocity exceeds
the plasma phase velocity. If we now consider an electron at the rear of a bubble
(i.e., on a plasma density peak) with a velocity higher than the bubble velocity, we
can say that it satisfies the basic condition for self-injection. Hence, in order for
this electron to be trapped, the plasma wave must experience what we have called
wavebreaking. With reference to Fig. 1.8, this phenomenon happens when the
separatrix and the fluid orbit overlap (Katsouleas and Mori, 1988, Bulanov et al.,
1997). To better understand this injection mechanism, we recall that the electrons
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in front of the laser pulse are radially expelled thanks to the ponderomotive force.
Subsequently, these particles cross their trajectories as shown in Fig. 1.9(a) behind
the laser pulse, due to the action of the ion restoring force. This in turn allows for
the generation of the bubble-like structure. Therefore, if an electron finds itself
behind the ion cavity and the plasma wave experiences wavebreaking, the electron
can be trapped inside the bubble. This trapping mechanism is called transverse
self-injection (Modena et al., 1995, Gordon et al., 1998). Fig.1.10 provides more
insights concerning the kind of trajectories an electron needs to follow for it to
be injected: the trapping condition depends on the electron’s initial transverse
position (Kostyukov et al., 2010). Namely, we notice that if an electron finds itself
in front of the laser pulse at |x| ≳ rb, it is not able to acquire enough energy to be
injected and it simply slides to the side of the bubble. On the other hand, if |x| ≲ rb
the electron usually does not gain enough energy to be injected and it coasts the
cavity sheath. Finally, for |x| ≈ rb the electron is able to slide along the electron
sheath and reach the rear of the bubble, feeling the wakefield pulling it toward the
center of the cavity. Here, the particle can be injected due to wavebreaking and
be accelerated. However, following this kind of trajectory is often not enough for

Figure 1.10: Schematics of the transverse injection for different electron transverse
positions. For |x| ≳ rb and |x| ≲ rb it is not possible for the electrons to be injected.
For |x| ≈ rb the electrons can be injected because of wavebreaking. The rapid
expansion of the cavity (orange circle) facilitates the whole injection process.

electrons to be injected. Indeed, they typically do not exceed the plasma phase
velocity: they momentarily enter the bubble without being actually injected. One
way to facilitate the wavebreaking, and thus the transverse self-injection, is via a
sudden expansion of the ion cavity (Kalmykov et al., 2009, Kostyukov et al., 2010),
as shown in Fig. 1.10. Indeed, such an increase in the bubble size translates into a
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deceleration of the plasma wave: an electron finding itself at the rear of the cavity
can now be more easily trapped. On the other hand, the electrons that are already
inside the cavity remain a longer time in the accelerating phase of the wakefield and
reach velocities that allow them to be effectively injected and accelerated. This sort
of expansion is possible thanks to the strong self-focusing of the laser (Malka et al.,
2002). Since the bubble diameter is around 4

√
a0/kp (Lu et al., 2007), a rise of a0

translates into an increase of the cavity dimension. This injection technique suffers
from a lack of stability and usually allows to produce electron beams with large
energy spreads, owing to the injection that can occur during the entire propagation
of the laser. However, examples of quasi-monoenergetic beams can be found in
Mangles et al. (2004), Faure et al. (2004), Geddes et al. (2004).

Longitudinal Self-Injection While examining the possible electron trajectories
in the previous section, we concluded that for |x| < rb the ponderomotive force
pushes the electrons too far from the electron sheath. This, in turn, prevents the
electrons from being injected. However, if the laser is not tightly focused, namely
presenting a Full-Width at Half Maximum diameter d ≈ 20µm (with a0 ≈ 1.4)
even the electrons at |x| < rb can be injected, as shown in Fig. 1.11(a). Here, the
electron traverses the laser pulse and, after gaining some energy in the cavity, it
is injected. This trapping technique is called longitudinal self-injection (Corde
et al., 2013b) and it allows to produce few-pC stable electron beams with low
divergence and high energy dispersion. This kind of injection is usually more
complicated to realize compared to the transverse counterpart. This is due to the
fact that a longitudinally injected electron experiences a decelerating force before
being trapped at the rear of the bubble. Furthermore, the longitudinal injection
typically occurs at the beginning of the propagation (first injection) when the laser
focuses, a0 increases and the bubble expands. Lastly, longitudinal self-injection
can be followed by transverse self-injection, as shown in Fig. 1.11(b).

Ionization Injection Another injection technique of relevance for this work is the
so-called ionization injection (Chen et al., 2012, Pak et al., 2010, McGuffey et al.,
2010). As we have treated in Section 1.1.2, a high-Z gas like nitrogen is not always
completely ionized after being traversed by a laser pulse. Indeed, while the L-shell
electrons are easily freed by the laser leading edge, the K-shell electrons are freed
at much higher intensities (i.e., close to the laser intensity peak). The two possible
mechanisms that can describe the inner shell ionization are tunnel and barrier
suppression ionization. In order to properly describe these two mechanisms6, we

6The barrier suppression ionization mechanism, indeed, can be considered as a special case of
tunnel ionization.
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Figure 1.11: PIC simulation displaying the (a) longitudinal and (b) transverse
self-injection mechanism. The red and blue colormaps relate to the laser intensity
and plasma density. The green lines represent the electron trajectories. Figure from
Corde et al. (2013b).

can make use of the Ammosov-Delone-Krainov (ADK) model (Ammosov et al.,
1986). According to (Bauer and Mulser, 1999) this model is in agreement with the
numerical solutions of Scrödinger equation if the laser electric field is smaller than
the critical electric field

Ec(GV.m−1) = 514 (
√
2− 1)

∣∣∣∣Pion

27.2

∣∣∣∣3/2 , (1.89)

where Pion is the unperturbed ionization potential energy of the electron in consid-
eration, as in Eq. (1.25). For laser electric fields exceeding this critical value, the
main ionization mechanism is the barrier suppression one. It is possible to estimate
the maximum laser electric field as Emax = mecωa0/e ≈ 2.0 × 104 GV.m−1,
considering a0 ≈ 5 that can be reached with the Salle Jaune laser system. From
Eq. (1.89) we get Ec = 2.6 × 104 GV.m−1 considering the 7th nitrogen electron
(i.e., Pion = 667.1 eV). Since Emax ≲ Ec, in the presence of self-focusing the
normalized vector potential could exceed the maximum value a0 ≈ 5 and cause
the laser electric field to surpass the critical value Ec. This, in turn, would favor
barrier suppression over tunnel ionization.

The ADK model allows to write the ionization probability rate as (Chen et al.,
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2013):

W =ωa

(
3n∗3E

πZ3Ea

)1/2
Z2

2n∗2

(
2e

n∗

)
exp

[
−2Ea

3E

(
Z

n∗3

)]
×

× (2l + 1)(l + |m|)!
2πn∗2|m||m|!(l − |m|)!

(
2EaZ

3

En∗3

)2n∗−|m|−1

,

(1.90)

where ωa ≈ 4.13× 1016 s−1 is the atomic unit frequency, Z the atomic number, l
and m the the electron’s orbital and magnetic quantum number, n∗ = Z

√
Pion/PH

is the effective principal quantum number, with PH = 13.6 eV being the hydrogen
ionization potential. Finally, we define Ea = α4mec

2/(ree), where α and re are
the fine-structure constant and the classical electron radius respectively.

Thanks to this model, it is possible to study the ionization of one nitrogen
atom, considering a Gaussian laser pulse with λ = 0.8µm, τ0 = 30 fs and I0 =
1019 W.cm−2 (i.e., a0 ≈ 2.2). In Fig. 1.12 we show the ionization rates of one
nitrogen atom obtained in these conditions. Here, we notice that the first five levels
of ionization occur at low laser intensity (i.e., ∼ 1016 − 1017 W.cm−2), while the
last two require higher intensities (i.e., > 1018 W.cm−2). The outer shell electrons

Figure 1.12: Nitrogen ionization rate (colored curves) for a laser (red area) with
a0 ≈ 2.2 that propagates toward the right.

are strongly pushed by means of the ponderomotive force (Eq. (1.49)), creating the
surrounding plasma (Fig. 1.13). On the other hand, some inner shell electrons can
be ionized close to the optical axis and they are not subjected to strong electric field
gradients. Thus, these particles can be longitudinally injected (Pak et al., 2010,
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McGuffey et al., 2010, Pollock et al., 2011), following the trajectories shown in
Fig. 1.13. Ionization injection is a stable and reliable technique that also allows

Figure 1.13: Schematic representation of the ionization injection mechanism for
electrons born in front of the laser pulse (purple curves) and in the middle (green
curve).

to reach charges of the order of the nanocoulomb (Guillaume et al., 2015, Doepp
et al., 2016) and recently exceeding ten nanocoulombs (Feng et al., 2023). Similar
to what we mentioned regarding transverse injection, this technique generally leads
to the production of large energy spreads due to continuous trapping that can occur
throughout the entire laser propagation in plasma.

Density Transition Injection As we have previously discussed, the lower the
plasma wave phase velocity, the easier the electrons can be injected. One possible
way to control the plasma wave phase velocity is via engineering the plasma density.
Indeed, by introducing a downward density ramp it is possible to decrease the
phase velocity and trigger the injection (Bulanov et al., 1998, Suk et al., 2001,
Brantov et al., 2008). In order to describe this process, we consider a gentle density
gradient (i.e., 1

n0

∂ne

∂z
≪ kp) and a0 ≪ 1. Hence, under these hypotheses and the

quasistatic approximation the plasma wave equation reads(
∂2

∂ζ2
+ k2

p

)
ϕ =

k2
p

2
⟨a2⟩, (1.91)

which is the equation we previously introduced to describe the linear regime, i.e.,
Eq. (1.66). Assuming a laser pulse with the transverse and longitudinal profile
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defined in Eq. (1.23), we were able to solve Eq. (1.66) and find Eq. (1.68):

ϕ(r, ζ) = −
√
πa20

kpl0
4

e−k2pl
2
0/4e−2r2/w2

0 sin (kpζ). (1.92)

Dropping the dependency on r for simplicity (i.e., r = 0), Eq. (1.92) becomes

ϕ(ζ) = −
√
πa20

kpl0
4

e−k2pl
2
0/4 sinφ(ζ), (1.93)

where we have defined the wakefield phase as φ = kpζ = kp(z − vgt). Hence, we
can yield the oscillation frequency and wavevector as follows:

ω(z) = −∂φ/∂t = kpvg = ωp(z), (1.94)

k(z, t) = ∂φ/∂z = kp + ∂kp/∂z(z − vgt) (1.95)

and the phase velocity vp(z, t) = ωp(z)/k(z, t) reads

vp(z, t) =
vg

1 + (z − vgt)
1
kp

∂kp
∂z

. (1.96)

Thus, from Eq. (1.95) we conclude that behind the laser pulse (i.e., z − vgt < 0)
and in a downward density gradient (i.e., ∂kp/∂z < 0) the wavevector increases.
This, in turn, causes the plasma wave phase velocity to decrease, allowing for the
electrons to be injected. The density transition injection has been proven to be
an efficient method for trapping electrons, allowing to produce stable beams with
∼ 10% energy spreads (Geddes et al., 2008, Schmid et al., 2010a). Some research
groups managed to generate beams at a few-hundreds keV (Geddes et al., 2008,
He et al., 2013), while other experiments successfully controlled the injection via a
shock in the gas flow (Schmid et al., 2010a, Buck et al., 2013) or through a laser-
induced perturbation (Faure et al., 2010), resulting in a tunable beam energy (Buck
et al., 2013, Brijesh et al., 2012).

Direct Laser Acceleration Thus far, we have highlighted the central role of the
wakefield in the energy gain of the electrons. Under proper conditions, however,
it is possible to observe that the laser can participate in the acceleration process,
via a mechanism called Direct Laser Acceleration (DLA). To present a simple yet
comprehensive overview of this process, we rely on the description provided by
Arefiev et al. (2016). Other notable works on DLA include those by Pukhov et al.
(1999) and Shaw et al. (2014, 2016).

When considering a laser pulse with a characteristic length L = cτ0 ≫ λp
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Figure 1.14: 2D EPOCH (Arber et al., 2015) simulation. Here the laser pulse with
a0 = 8.5 interacts with a plasma density plateau at ne = 1019 cm−3 and it fills the
whole window. (top) Normalized plasma density profile ⟨ne⟩/nc. The modula-
tions in the plasma density are related to the laser period. (bottom) Normalized
longitudinal and transverse electric fields ⟨Ex⟩ and ⟨Ey⟩. The quantities have been
averaged over ten laser periods. Figure from Arefiev et al. (2016).

interacting with a plasma, we observe the formation of a steady-state channel,
as depicted in Fig. 1.14. The figure shows a 2D Particle-In-Cell simulation of
a relatively long laser pulse (i.e., τ0 ≳ 100 fs) with a0 = 8.5 propagating in a
constant plasma density plateau at ne = 1019 cm−3. Specifically, the laser is
polarized along the y-direction and propagates toward positive x. The top panel
of Fig. 1.14 illustrates the normalized plasma density profile averaged over ten
plasma periods (i.e., ⟨ne⟩/nc). Hence, we notice that as the pulse enters the
plasma, its ponderomotive force expels some of the electrons in the transverse
direction producing a channel. The ion charge present in the structure generates a
counterbalancing force that prevents the channel from being completely emptied
of electrons. Moreover, electrons are continuously injected through the opening
of the channel (i.e., at x ≈ 0) thanks to the presence of a quasi-static longitudinal
field. In the bottom panel of Fig. 1.14 we can see the averaged longitudinal and
transverse fields, ⟨Ex⟩ and ⟨Ey⟩ respectively. Before discussing the dynamics of
the electrons inside the channel, we briefly present the dynamics of one electron in
vacuum interacting with a plane wave whose amplitude gradually increases from
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zero to a0. Specifically, we assume the particle to be initially at rest. Hence, the
electron’s dynamics is governed by the following equations

dp

dt
= −eE− e

γ me c
(p×B) , (1.97)

dr

dt
=

c

γ

p

me c
, (1.98)

where r and p are the particle position and momentum respectively, while γ =√
1 + p2/m2

ec
2 is its relativistic factor. Here, E and B are the electric and magnetic

fields of that wave and we can write

E = −me c

e

∂a

∂t
, (1.99)

B =
me c

2

e
∇× a, (1.100)

where we recall that a is the normalized vector potential. Furthermore, we assume
the laser electric field to be linearly polarized along the y-axis, hence we can write
a = a0 F (ξ) sin (ξ), where

ξ =
2π

λ
(x− ct) (1.101)

is a normalized phase and F (ξ) is a slowly varying function from zero to unity.
Finally, we can write the following analytical solutions of Eqs. (1.97) and (1.98)

px/me c = a2/2, (1.102)

py/me c = a. (1.103)

As mentioned in Section 1.1.3, when a0 ≥ 1 the electron exhibits a relativistic
behavior. Specifically, the momentum oscillations induced by the laser become
relativistic and Lorentz force convective term (i.e., ep×B) becomes important,
leading to a longitudinal motion. Indeed, from Eqs. (1.102) and (1.103) we notice
that for a0 ≫ 1 we have px ≫ py. Under these assumptions, the electron can
achieve a maximum γ-factor

γvac = 1 + a20/2, (1.104)

Fig. 1.15 displays an electron trajectory interacting with a plane wave, with
the colormap indicating the laser amplitude. In this representation, the electron,
denoted by a red dot, is observed to slip behind the laser, moving towards the left
side of the image. Specifically, at ξ = −12, the electron’s transverse velocity and
the laser electric field exhibit opposite phases, leading to electron acceleration. As
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Figure 1.15: (top) Electron trajectory and (bottom) γ as functions of ξ. Here,
a0 = 8.5. The colormap refers to the laser amplitude, while the arrows indicate the
electron transverse velocity direction. Figure from Arefiev et al. (2016).

the electron continues to slip, it enters a region where the electric field is positive
(i.e., ξ = −12.25). Here, due to the electron’s positive transverse momentum, it
begins to decelerate until reaching ξ = −12.5, where it starts to gain energy again.
Consequently, it is inferred that the electron gains and loses energy twice during
each laser cycle, resulting in no net energy gain. This behavior is shown in the
bottom panel of Fig. 1.15, which presents the variation of the Lorentz factor (γ)
with respect to ξ. Therefore, it is straightforward to deduce that one possible way to
ensure energy gain comes from decreasing the dephasing between the electron and
the wave, allowing the particle velocity to remain anti-parallel to the laser electric
field. Alternatively, it is also possible to show that a change in the oscillations of
the transverse velocity can also induce a net energy gain after a laser cycle.

Before discussing the case of an electron inside the channel in the presence of
a longitudinal quasi-static electric field, we first define the dephasing between the
electron and the laser as

R = − 1

ω

dξ

dτ
, (1.105)

where dτ = dt/γ is the proper time. Considering Eq. (1.101) we can write

R = γ − px/me c. (1.106)
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From Eqs. (1.97) and (1.98) it is possible to prove that γ − px/me c is a constant

Figure 1.16: Trajectory of one accelerated particle. (top) Trajectory colored after
the electron γ-factor. (bottom) Trajectory colored after the value of the longitudinal
electric field ⟨Ex⟩ on the electron. The density and field colormaps are averaged
over ten laser periods. Figure from Arefiev et al. (2016).

of motion. In the presence of a longitudinal quasi-static field E∗ < 0 it is possible
to show that the dephasing is reduced at a rate (Robinson et al., 2013)

dR

dξ
=

eE∗

me c
, (1.107)

independently of the laser amplitude. Now, the electron can be accelerated beyond
the vacuum limit and its maximum γ-factor becomes (Robinson et al., 2013)

γmax ≈ R−1 γvac, with R < 1. (1.108)



40 CHAPTER 1. PHYSICS OF LASER-PLASMA ACCELERATORS

However, to maximize the effectiveness of dephasing reduction, it is essential for it
to occur when the longitudinal momentum is at its minimum. If we assume, for
example, that the longitudinal momentum is instantaneously increased by ∆px,
assuming ∆px ≪ px,y, from Eq. (1.106) we yield

R ≈ 1−∆px/px. (1.109)

This aspect can also be observed in Fig. 1.16, where we present the results of a
PIC simulation considering ne = 5 × 1019 cm−3 and a0 = 8.5. Specifically, on
both panels, we see the trajectory of one electron. In the top panel, the trajectory is
colored following the particle γ-factor, while in the bottom panel the coloring refers
to the dephasing R = γ − px/me c. We notice that the longitudinal field ⟨Ex⟩/E0

yields a decrease of the dephasing when γ reaches its minimum at t = 877 fs (i.e.,
at x ≈ 0).

1.2.4 Limitations of Laser-Plasma Accelerators

For completeness, in this section we briefly discuss the main mechanisms
that can limit electron acceleration, representing an actual obstacle for common
laser-plasma accelerators, where one aims at reaching the highest possible energy.
However, in the context of this work, where we intend to produce the highest
possible average current at low bunch energy (i.e., < 10MeV), the phenomena we
present might be useful to reach our goals.

Laser Diffraction A laser pulse focused at the entrance of the plasma target will
defocus along its propagation, causing its intensity to become too low to drive an
accelerating wakefield. The laser diffraction length is defined as Ldiff = 2ZR,
where we recall the definition of the Rayleigh length ZR = πw2

0/λ. If we assume
the laser to be transversely matched (i.e., w0 ∼ λp), we can write

Ldiff ∼ 2π
ω

ωp

λp. (1.110)

For distances L > Ldiff the laser intensity drastically decreases, making the
laser less efficient in driving the wakefield. Furthermore, we notice that the laser
diffraction is more intense with the plasma density, since Ldiff ∝ n−1

e . Self-
focusing can potentially limit this effect, otherwise one could employ a preformed
plasma channel or waveguide to keep the laser focused (Oubrerie et al., 2022).
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Laser Energy Depletion As we have previously stated, a decrease in the laser
intensity entails a less efficient generation of the wakefield. Hence, a significant
loss in laser energy could also limit the maximum energy gain (Bulanov et al.,
1992, Shadwick et al., 2009). For a linearly polarized pulse, the pump depletion
length Ldepl can be estimated as (Esarey et al., 2009)

Ldepl =

(
ω

ωp

)2

λp ×

{
2/a20 for a0 ≤ 1

1 for a0 ≫ 1.
(1.111)

Lu et al. (2007), instead, estimates the depletion length of a linearly polarized laser
as

Ldepl =

(
ω

ωp

)2
ωp τ0
kp

for a0 > 2. (1.112)

Electron Dephasing As briefly mentioned in Section 1.2.2, when an electron is
injected in a plasma period, it is quickly accelerated to the point of exceeding the
plasma wave velocity. This means that the electrons can cross regions inside the
cavity where the wakefield is zero, moving towards the decelerating phase of the
wave and start losing energy. The characteristic length over which we can observe
this phenomenon is called dephasing length (Ldeph). Esarey et al. (2009) estimates
the dephasing length for the linear and non-linear acceleration regimes:

Ldeph =

(
ω

ωp

)2

λp ×

{
1 for a0 ≤ 1

4
√
a0/3 for a0 ≫ 1.

(1.113)

1.3 State of the Art

In view of increasing the average current of laser-plasma accelerators, here,
we briefly mention some known results about nanocoulomb-class electron beams.
For instance, Götzfried et al. (2020) was able to produce ∼ 340 pC electron beams
with energies up to 216Mev. This was achieved using a 2 J, 27 fs class laser and
by employing the shock-front injection (Suk et al., 2004, Schmid et al., 2010b).
This technique relies on the generation of a controlled shock in a supersonic gas
flow, producing a sharp density downramp. The rapid drop in plasma density
causes the ion cavity to suddenly expand and reduce its velocity at the rear. This
allows for a localized injection of electrons in a trapping region of the accelerating
structure. Other studies employing techniques as the self-truncated ionization
injection (Couperus Cabadağ et al., 2017) have also demonstrated their potential in
producing hundreds-pC quasi-monoenergetic electron beams. Nonetheless, in this
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work, we aim at producing the highest possible average current with energies below
∼ 10MeV. Despite the improved charge that one can obtain via shock injection or
similar techniques, the trapping of electrons in the ion cavities yields beam energies
exceeding this threshold, owing to the intense electric field inside the accelerating
structure. This, in turn, virtually makes any trapping mechanism incompatible with
the objectives of this thesis. Other works (Guillaume et al., 2015, Feng et al., 2023)
were able to experimentally prove the production of highly charged, low energy
electron beams using pure argon and nitrogen. Specifically, Feng et al. (2023) was
able to obtain up to around 15 nC using a 1.2 J, 45 fs laser pulse and with nitrogen
plasma densities exceeding 1019 cm−3. The vast majority of the charge is below
10MeV and energy conversion efficiency, defined as the ratio of total electron
energy to the laser energy is η = 12.5%. In both studies, the electron beam
acceleration process is attributed to the injection in several ion cavities, resulting in
quasi-Maxwellian energy spectra. Lastly, Yang et al. (2017) numerically produced
electron beams with charges between 4 nC and 10 nC, accelerated to just a few-
MeVs. This was achieved using pure helium ionized to 1 − 2 × 1019 cm−3 and
a laser normalized vector potential a0 ∈ [1, 3], findings which were corroborated
by experimental results. In this case, the numerical study proves that most of the
charge produced is not injected, as also discussed by Behm et al. (2019).

1.4 Conclusion

In this first chapter, we have provided a comprehensive overview of the physics
of laser-plasma accelerators, with the support of the results present in the literature
to date. Specifically, we have outlined the main injection and acceleration regimes
and also presented the challenges that still hinder the development of an actual laser-
plasma accelerator. Finally, with careful attention to the objectives of this thesis,
we have concluded this chapter discussing some works in the literature devoted to
the increase of the electron beam charge. Notably, Feng et al. (2023) demonstrated
how to produce a ∼ 15 nC, few-MeV beam with a ∼ 12.5% conversion efficiency,
redefining the state of the art of high-current laser-plasma accelerators. The
experimental conditions allowing for the achievement of such a high charge are
of great interest for this thesis, as it will be further investigated in Chapter 4
and 5. Here, we will present the main findings of this thesis, making use of the
rudiments and notions introduced in this chapter. Nonetheless, before delving into
our contributions, we wish to discuss the methods employed for our study in the
upcoming chapter.



Chapter 2

Methods

In this chapter, we explore the numerical and experimental tools utilized in this
work. We begin by providing a concise overview of the Fourier-Bessel Particle-
in-Cell (FBPIC) code, which plays a crucial role in our investigation of the laser-
plasma interaction. Subsequently, we present the Salle Jaune laser system at LOA,
detailing its configuration and capabilities. Finally, we conclude by discussing the
diagnostics employed for the experimental studies.
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2.1 Numerical Simulations of Laser-Plasma Acceler-
ators

2.1.1 Particle-In-Cell Method

As we have briefly mentioned in Section 1.1.1, the kinetic model offers the
most general description of plasmas. At the basis of this theory lies the Vlasov
equation (Vlasov, 1968)

∂fa
∂t

+ v · ∇rfa + qa(E+ v ×B/c) · ∇pfa = 0, (2.1)

where fa = fa(r,p, t) is the distribution function of the particle species a. This
function provides the particle density at the point (r,p) in phase space at the
time t. Here, we consider a classical and collisionless plasma. Hence, thanks to
Vlasov equation we can retrieve the first and second-order moment of the density
distribution

na(r, t) =

∫
fa(r,v, t)dv, (2.2)

ua(r, t) =
1

na(r, t)

∫
vfa(r,v, t)dv, (2.3)

which represent the total particle density (na) and the mean velocity (ua) respec-
tively. From Eq. (2.2) and Eq. (2.3) we can obtain the charge density ϱ and
the current density J, necessary to yield the electromagnetic field via Maxwell’s
equations

ϱ(r, t) =
∑
a

qana(r, t), (2.4)

J(r, t) =
∑
a

qana(r, t)ua(r, t) (2.5)

The resulting system of equations1 has very few analytical solutions. The most
common way to find solutions lies in efficient numerical methods offered by the
Particle-In-Cell (PIC) approach (Dawson, 1983, Birdsall and Langdon, 2004).
Nevertheless, solving this system of equations can still be extremely demanding,
mainly due to the phase space dimension. In some instances, it is possible to
reduce the computational effort, for example, by assuming the plasma ions to be
fixed, since their mass is much larger than that of the electrons. Alternatively, it
is possible to keep a complete kinetic description for one species and consider
a simplified model for the others. However, when dealing with laser-plasma

1Usually referred to as Vlasov-Maxwell system.



2.1. NUMERICAL SIMULATIONS OF LASER-PLASMA ACCELERATORS 45

acceleration simulations, it is still necessary to solve the full kinetic equations in
order to obtain detailed information such as the energy spectra.

The PIC method to solve the Vlasov equation consists in assuming the following
discretization of the distribution function (Macchi, 2013)

f(r,p, t) = A

Np−1∑
l=0

g [r− rl(t)] δ
3 [p− pl(t)] , (2.6)

where Np is the number of macroparticles, rl(t) and pl(t) are the position and mo-
mentum of the l macroparticle and A is a normalization constant. The problem is
thus reduced to 2Np equations of motion, describing the dynamics of Np macropar-
ticles. Furthermore, one macroparticle regroups multiple particles having similar
coordinates in the phase space. In Eq. (2.6) we define δ3(p) = δ(px)δ(py)δ(pz),
where δ(p) is the Dirac function and g(r) is an even function with properties simi-
lar to δ3, describing the charge profile distribution associated to a particle. From
Eqs. (2.4), (2.5) and (2.6) we can write

ϱ(r, t) = A
∑
a,l

qag [r− ra,l(t)] , (2.7)

J(r, t) = A
∑
a,l

qavlg [r− ra,l(t)] . (2.8)

The PIC method requires both ϱ, J and the electromagnetic field to be discretized on
a spatial grid. Thus, the position of the particle on the grid and its charge distribution
determine the contribution to the total current in the grid cells overlapping with the
particle and the average force on the particle. Fig. 2.1 shows the simple case of a
triangular-shape g(r) function, extending over twice the grid spacing. Here, the
particle overlaps 3D cells, where D is the dimensionality of the problem. Hereby,
we will present a simple description of the PIC method in the 1D case, following the
approach of Macchi (2013). Further details can be found in Birdsall and Langdon
(2004) and Gibbon (2005, 2012), where the PIC method is extensively described.
Here, we will assume time in units of ω−1, space in units of c/ω, momenta in
units of mec, fields in units of meωc/e and densities normalized to the critical
density nc = meω

2/4πe2. Assuming x as the only spatial coordinate, normalized
Maxwell’s equations for the transverse fields read

∂Ey

∂t
= −Jy −

∂Bz

∂x
,

∂Bz

∂t
= −∂Ey

∂x
, (2.9)

∂Ez

∂t
= −Jz +

∂By

∂x
,

∂By

∂t
=

∂Ez

∂x
. (2.10)
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Figure 2.1: Depiction of a particle moving across the grid in the PIC approach.
Here, the particle is described by a normalized triangular density profile g, whose
width spans over twice the grid spacing.

To integrate these equations we introduce F± = Ey ± Bz and G± = Ez ± By,
which satisfy (

∂

∂t
± ∂

∂x

)
F± = −Jy,

(
∂

∂t
± ∂

∂x

)
G∓ = −Jz. (2.11)

F± and G∓ define waves propagating from left to right and right to left respectively.
Hence, we can integrate Eq. (2.11) using the following second-order-accurate
scheme

F±(x±∆x, t+∆t) = F±(x, t)− Jy(x+±∆x/2, t+∆t/2)∆t, (2.12)

G±(x∓∆x, t+∆t) = G±(x, t)− Jz(x+∓∆x/2, t+∆t/2)∆t, (2.13)

where the spatial resolution is taken equal to the timestep, i.e. ∆x = ∆t. From
Eqs. (2.12) and (2.13) we notice that the transverse current is entangled in space
and time with the transverse fields. Indeed, if F± and G± are defined at the cell
boundaries (i.e., at xi = i∆x, with i = 0, 1, ..., N − 1) and at timesteps tn = n∆t,
with n = 0, 1, ..., then Jy and Jz are defined at the cell centers xi = (i+ 1/2)∆x
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for tn = (n+ 1/2)∆t.

Concerning the longitudinal field Ex, we can solve the 1D Poisson’s equation
∂xEx = ϱ:

Ex(x, t) = E(x−∆x, t) +

∫ x

x−∆x

ϱ(x
′
, t)dx

′

= E(x−∆x, t) + ϱ(x−∆x/2, t)∆x+O(∆x2).

(2.14)

Therefore, the charge density must be defined at cell centers.

Considering the triangular shape presented in Fig. 2.1 for the 1D case, each
particle overlaps three cells. Moreover, its weights are given by the area of the
shaded regions in the bottom frame of Fig. 2.1 divided by the cell length ∆x. The
weighting factors are a function of xl − xi, where xl is the position of the particle
and xi is the position of the parent cell (i.e., such that |xl − xi| < ∆x/2). For this
specific case, we can introduce

S−1 =
1

2

(
u− 1

2

)2

, S0 =

(
3

4
− u2

)
, S+1 =

1

2

(
u+

1

2

)2

, (2.15)

where u = (xl − xi)/∆x. Using Eq. (2.15) we can write the electric field on the
lth particle as

Ēl =

j=+1∑
j=−1

Sj(u)Ei+j, (2.16)

where Ej is the field on the (i+ j)th cell, with i+ j = i− 1, i, i+ 1.

Once we have discussed a scheme to advance the fields in time, we now
introduce an algorithm called Boris pusher, which will allow us to advance the
particle momenta. We assume to know the particle momentum p at the timestep
n− 1/2 and the electromagnetic fields at the timestep n (we drop the particle index
for simplicity). We first perform a “half-boost” by the electric field

p(−) = p(n−1/2) +
q

m
Ē(n)∆t

2
, (2.17)

then, we rotate the momentum through the magnetic field in two steps

p(0) = p(−) + p(−) × t, p(+) = p(−) + p(0) × s, (2.18)

where we have defined

γ(n) =
√

1 + (p(−)/mc)2, t =
qB̄(n)

mγ(n)c
, s =

2t

1 + t2
. (2.19)
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The momentum is completely updated performing another half-boost of the electric
field:

p(n+1/2) = p(+) +
q

m
Ē(n)∆t

2
(2.20)

Finally, the particle position is advanced using the leapfrog scheme, which requires
the coordinates to be defined at integer timesteps:

x̂(n+1) = x̂(n) + v(n+1)∆t, v(n+1/2) =
p(n+1/2)

mγ(n)
(2.21)

Both the Boris pusher and the leapfrog scheme are second-order accurate.

2.1.2 FBPIC: Fourier-Bessel Particle-In-Cell

FBPIC (Fourier-Bessel Particle-In-Cell) is a fully parallelizable PIC code for
relativistic plasma physics, particularly suitable for laser and plasma wakefield
acceleration. FBPIC uses a spectral cylindrical representation of the fields (Lehe
et al., 2016), making it fast and accurate for quasi-cylindrical systems. Hence,

Figure 2.2: FBPIC cycle. First, the electromagnetic field is gathered from the
grid, then the particles are pushed. Secondly, the resulting charge and current
are deposited on the grid. Finally, the electromagnetic field is updated. Figure
from fbpic.github.io.

instead of using a 3D Cartesian grid, which is computationally expensive, the

fbpic.github.io
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code employs a set of 2D radial grids. Each radial grid represents an azimuthal
mode (Lifschitz et al., 2009), labeled by the integer m. The grid with m = 0
represents the fields that are independent of θ. In the case of laser wakefield
acceleration, the grid for m = 0 ideally corresponds to the wakefield. On the other
hand, for m = 1 the grid represents the fields that vary proportionally to cos θ
and sin θ. Considering, once again, the case of laser wakefield acceleration, the
grid for m = 1 would be linked to the linearly polarized laser field, expressed in
cylindrical coordinates (i.e., Er and Eθ). When considering m > 1, the grid is
related to the part of the fields that vary proportionally to cosmθ and sinmθ. The
user can choose the number of modes in the code, however, a sufficient number
of modes is required to properly resolve non-linear effects, such as self-injection.
Usually, it is recommended to choose m = 3.

Regarding the discretization of the spatial and time derivatives in Maxwell’s
equations, PIC codes usually employ the finite-difference method. However, this
could lead to the appearance of many numerical artifacts, such as the numerical
growth of emittance for relativistic beams (Lehe et al., 2013). FBPIC, instead,
solves the fields in spectral space, where Maxwell’s equation can be analytically
solved in time and the derivatives are better evaluated (Lehe et al., 2016). Hence,
at each timestep, the code transforms the fields to the spectral space, updates them
and transforms them back to the real space. Furthermore, FBPIC’s field solver has
no Courant limit (Birdsall and Langdon, 2004) and thus the timestep can be chosen
freely.

One last FBPIC’s features worth mentioning concerns the presence of an
ionization module. Indeed, the code employs the ADK model to properly account
for gas ionization, which, as discussed in Section 1.2.3, can play a relevant role
while dealing with laser wakefield acceleration.

2.2 Salle Jaune Laser System

As shown in Fig. 2.3, the Salle Jaune at LOA is divided into two separate rooms:
the first floor hosts the actual laser system, while the ground floor is dedicated to the
experimental activities. The environment is controlled in humidity and temperature
to ensure the laser stability. In Fig. 2.3 we present the laser system architecture that
is based on the Chirped Pulse Amplification (CPA) (Strickland and Mourou, 1985).
This technique consists of the laser pulse amplification after a temporal stretch,
followed by a temporal compression. This allows to reach high laser intensities
avoiding any damage to the amplifying medium or optics in the laser path. The
laser system starts with a Ti:Sapphire mode-locked oscillator delivering pulses of
4 nJ and 9 fs at 88Hz. Their spectrum is centered around 808 nm with a Full Width
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at Half Maximum (FWHM) of ∼ 100 nm. These pulses are then stretched to 20 ps
and amplified to 2mJ and their frequency drops to 10Hz. Before passing through a
Cross-Polarized Wave (XPW) filter, allowing for a high temporal contrast between
the laser peak intensity and the noise level, they are compressed to 20 fs. Using an
Öffner system, the pulses are stretched up to 600 ps and a Dazzler acousto-optic
modulator (Verluise et al., 2000) allows to control their spectral phase. This is
done to pre-compensate the spectral compression experienced by the pulses while
passing through the five amplification stages. All amplifiers are composed by a
Ti:Sapphire crystal pumped with a 532 nm Nd:Yag laser, allowing for the pulses to
reach 7 J. The size of each amplifier crystal progressively increases to keep the laser
fluence below the damage threshold (i.e., ∼ 100mJ/cm2). At this stage, the laser
frequency is 1Hz and afocal systems are employed to change the beam size. The
resulting laser exiting the fifth amplification stage is then split into two separate
beams using a beam splitter. These pulses are subsequently sent to attenuation
and delay lines composed of optical densities and half-waveplates. Hence, we can
control their energy and synchronization. The resulting beams are 100mm and
30mm in diameter with a duration of ∼ 30 fs. They deliver 1.6 J and 0.1 J on target
(i.e., in the experimental chamber) respectively. In the following, we will refer to
the first pulse as the driver beam, while the second is the probe beam. The former
is responsible for the plasma generation and the whole laser-plasma interaction,
while the latter is used to probe the plasma density.

Figure 2.3: Salle Jaune laser system architecture. Figure adapted from Kabacinski
(2022).
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2.3 Diagnostics

2.3.1 Electron Spectrometer

The spectrometer is a diagnostic allowing to measure the electron beam’s
energy. As will be discussed in further detail in Chapter 4, the electrons we
obtained are highly divergent and they present wide energy spreads, making the
spectrometry a challenging task. The spectrometry technique we employed is based
on the simple scheme presented in Fig. 2.4(a). Here, this diagnostic is composed

Figure 2.4: (a) Electron spectrometer composed by a magnetic dipole that deviates
the electrons on a Lanex Regular Carestreem screen. Each electron interacts with
the screen on a different position, depending on its energy. The light produced is
then collected by a CCD camera. (b) Spectrometer calibration employed for the
experiments discussed in Chapter 4. Here, we show the position of each electron s
on the Lanex screen and the corresponding resolution as functions of the electrons’
energy E.

of a permanent magnetic dipole, a scintillating Lanex Regular Carestreem screen
and a CCD camera, allowing to record shot-to-shot images of the energy spectra.
The development of magnetic dipoles is part of this work and it will be discussed
in further detail in Chapter 3. The dipole allows to deviate the electrons on the
scintillating screen and the emitted light is then collected on a CCD camera, with
an exposure time of 100 ms. The relative electron position on the Lanex screen
(i.e., the s coordinate in Fig. 2.4(a)) depends on its energy (E), thus allowing to
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reconstruct the original beam energy. In Fig. 2.4(b) we show the spectrometer
calibration used for the experiments discussed in Chapter 4, where the dipole has
been positioned at 6 cm from the gas nozzle. Here, we have employed a Lanex
screen of 120 mm in length, allowing to detect electrons with energies between
1.2 MeV and 14.7 MeV. In Fig. 2.4(b) the green curve represents the resolution of
the spectrometer, defined as R(%) = ∆E/E, where ∆E is the energy uncertainty
of each spectral component, which has been calculated considering the beam
divergence imposed by the 2mm-diameter pinhole at the front of the dipole (i.e.,
∼ 1.2msr).

2.3.2 Beam Profile Monitor

The Beam Profile Monitor (BPM), along with the energy spectrometer, repre-
sents one of the main diagnostics of this thesis. Specifically, the BPM has been
employed to estimate the beam charge and divergence. Both the BPM and the
spectrometer have been motorized, allowing to easily position the former or the
latter when necessary. In Fig. 2.5(a) we show a schematic representation of the
BPM, which simply consists of 75mm diameter Lanex screen that can be moved
close to the electron source via a 10 cm motorized stage. The light produced by

Figure 2.5: (a) Schematic view of the motorized Beam Profile Monitor. (b)
Colorized image acquired with a 16-bit CCD Andor Solis camera of the BPM
Lanex screen. From this image, we are able to determine the beam charge inside a
given solid angle (dashed circle) and divergence.
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the scintillator is subsequently collected with a 16-bit CCD Andor Solis camera.
In Fig. 2.5(b) it is possible to observe an example of the images acquired by the
CCD camera with an exposure time of 100ms. Assuming an energy spectrum, we
retrieve the beam charge in a given solid angle (i.e., dashed circle in Fig. 2.5(b))
using a calibrated tritium capsule (Kurz et al., 2018). Furthermore, knowing the
distance between the scintillating screen and the gas nozzle, it is also possible
to deduce the beam dimension. In the experiment of Chapter 4, the BPM Lanex
screen was positioned at 130mm or 80mm from the electron source, corresponding
to a solid angle of around 0.25 sr and 0.5 sr respectively.

2.3.3 Phasics SID4 Camera

A transverse laser pulse propagating through a plasma (or neutral gas) under-
goes a phase shift depending on the density, owing to the local refractive index.
Specifically, the integral of the refractive index along the laser path is encoded into
the beam phase. The Phasics SID4 Camera (Primot and Sogno, 1995) is a wave-
front sensor allowing to measure the phase and retrieve the integral of the refractive
index. Assuming cylindrical symmetry and thanks to an Abel inversion (Bracewell,
2000) it is then possible to deduce the medium density. In this thesis, this operation
has been carried out using the code Neutrino (Flacco, 2013).

In order to understand the Abel inversion performed with Neutrino, let us
consider the example presented in Fig. 2.6. Here, we consider a plasma traversed
by a probe laser that undergoes a phase shift. We assume that the plasma has been
generated by a superintense laser beam propagating along the R axis. We define
ϕ(r) as the dephasing function, where (r =

√
x2 + y2), and we assume ϕ(r) to be

symmetrical with respect to the R axis. Moreover, it can be shown that (Oubrerie,
2022)

ϕ(r) =
n(r)− 1

λ

√
2r =

√
1− ne(r)/nc − 1

λ

√
2r, (2.22)

Here, λ is the laser wavelength and n(r) is the plasma refractive index as presented
in Eq. (1.40). Thus, the camera in Fig. 2.6 will collect the following integral of the
dephasing function

N(y) =

∫ +∞

−∞
ϕ(
√
x2 + y2) dx. (2.23)

Knowing that n(r) is an even function and considering that dx = rdr/
√

r2 − y2,
from Eq. (2.23) we can write the Abel transform of ϕ(r)

N(y) = 2

∫ +∞

|y|
ϕ(r)

rdr√
r2 − y2

. (2.24)
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Figure 2.6: Schematic depiction of the Phasics SID4 Camera: a laser pulse un-
dergoes a phase shift traversing a plasma. The camera detects the dephasing that
allows to reconstruct the density profile.

Here, we understand the importance of a proper choice in the symmetry axis, since
it defines the extremes of integration. Furthermore, it is possible to compute the
inverse Abel transform of Eq. (2.24), which reads

ϕ(r) = − 1

π

∫ +∞

r

dN(y)

dy

dy√
y2 − r2

. (2.25)

Hence, measuring N(y) with the camera and performing the operation in Eq. (2.25)
allows us to finally retrieve the plasma density profile.

In Fig. 2.7 we show an example of density reconstruction employing the
technique we have discussed above. This figure has been obtained through the
ionization of a nitrogen supersonic gas jet. The plasma is produced at ∼ 500µm
from the nozzle exit, whose diameter measures 0.4mm. Fig. 2.7(a) represents the
dephasing Θ and Fig. 2.7(b) illustrates the corresponding density map ne. Here,
we also show the inversion axis R that allows to perform the Abel inversion with
Neutrino.

2.3.4 Focal Spot Camera

In order to properly align the laser pulse and control for eventual aberrations on
the focal spot, we have employed a 1-inch diameter pick-up mirror to deflect the
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Figure 2.7: Example of density reconstruction. Here, we retrieve the plasma density
profile produced with a supersonic nozzle. (a) Dephasing map obtained with the
Phasics SID4 Camera. (b) Density map derived with Neutrino. In both images we
show the inversion axis R.

laser on a 8-bit Allied Vision CCD camera, as shown in Fig. 2.8(a). In this case,
the laser pulse energy is reduced to avoid damaging both the pick-up mirror and
the camera. Here, it is also possible to observe the achromatic 20x/0.4 microscope
objective installed on the camera to properly observe the laser focal spot. In
Fig. 2.8(b) and (c) we show two images obtained with the scheme in Fig. 2.8(a) and
using a f/4 and f/8 off-axis parabola respectively. These images allow to estimate
the laser FWHM diameter d and the normalized vector potential a0 and the energy
within the laser central peak.

2.3.5 Dosimetry Stack

In order to gauge the doses of the electron beams we produced in this work, we
have employed a dosimeter stack, as represented in Fig. 2.9. Here, we illustrate an
exploded view of the stack, composed of bricks in aluminum and Teflon of different
thicknesses. In Fig. 2.9 the values represent the width of each brick in millimeters.
Between each brick, we interpose a GAFchromic EBT3 film (Ashland, 2024), for a
total of eleven sheets. The stack is placed inside the vacuum chamber at 6 cm from
the electron source, as highlighted by the inset of Fig. 2.9. Therefore, as the electron
beam passes through the stack, it imparts a specific dose onto each film, causing
them to darken. The intensity of this darkening correlates with the dose received,
with higher doses resulting in a more pronounced blackening effect, as depicted
in Fig. 2.10(a). In this figure, we showcase the first four radiochromic films from
the stack, irradiated during one experimental campaign. Naturally, the sheets
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Figure 2.8: (a) Focal spot camera scheme. Here, it is possible to observe the
pick-up mirror, that deflects the laser pulse on a 8-bit CCD camera. This allows
to control and correct for eventual aberrations and to estimate the laser FWHM
diameter d, a0 and energy within the laser central peak. (b-c) Images recorded with
the CCD camera with a f/4 and f/8 off-axis parabola.

Figure 2.9: Exploded view of the dosimetry stack, composed by eleven
GAFchromic EBT3 films. We separate each film with bricks in aluminum or
Teflon of different thicknesses. The values on the image refer to the width of each
brick in millimeters. (Inset) The stack was placed at 6 cm from the electron source
in the experimental chamber.
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closer to the electron source (i.e., at shallower depths within the stack) received
higher doses. Further insights about these results can be found in Chapter 4. To
determine the dose on each film, it is necessary to perform a proper calibration
of these dosimeters. In the context of this thesis, the calibration is carried out by
homogeneously irradiating eight EBT3 sheets with a conventional accelerator. By
allowing a beam of light traverse each sheet, the exiting beam will be damped by
a factor 10−OD, where OD is the optical density of each film. Consequently, we
can associate an optical density to a specific dose and deduce a calibration curve of
these dosimeters, as displayed in Fig. 2.10(b). Using this curve, it is subsequently
possible to estimate the dose distribution on each film composing the dosimetry
stack.

Figure 2.10: (a) First four GAFchromic EBT3 films from the dosimetry stack, as
indicated by the Roman numerals. (b) Calibration curve of the radiochromic films
used in this thesis.

2.4 Conclusion

In this chapter, we explored the primary tools used for conducting the research
activities outlined in this thesis. We began by discussing the main features of
FBPIC, the code utilized for the Particle-In-Cell simulations presented in Chapter 5.
Subsequently, we provided an overview of the laser systems employed for the
experimental campaigns. We then delved into the diagnostics, focusing particularly
on the electron spectrometer. Throughout this chapter, we highlighted the impor-
tance of this diagnostic and the challenges associated with measuring electron
beams with divergences exceeding hundreds-mrad. Furthermore, while discussing
the technique employed for energy measurement, we emphasized the necessity of
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a magnetic dipole specifically developed for the energy range of interest. In the
following chapter, we will address the development of these devices, along with
the development of gas targets, which are essential components of the experiments
conducted in this work.



Chapter 3

Development of Gas Targets and
Magnetic Dipoles

In this chapter, we explore the development of crucial components for the
experimental campaign. First, we briefly introduce the notion of supersonic nozzles,
which are widely used for the generation of laser-plasma accelerated electron beams.
Subsequently, we illustrate an example of Computational Fluid Dynamics (CFD)
simulations performed for the development of these devices. The second part
of this chapter, instead, is devoted to the development of permanent magnetic
dipoles. As we discussed in Chapter 2, where we detailed the diagnostics employed
in this thesis, the main component of the electron spectrometer is the magnetic
dipole, deflecting the electrons on a scintillator. Lastly, we conclude this chapter
proposing a novel device that represents an advancement over current spectrometry
techniques.
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3.1 Development of Gas Targets

In this section, we wish to present the supersonic nozzles developed for the
experimental activities conducted in this thesis. These devices are commonly used
for the production of laser-plasma accelerated electrons through the generation
of high plasma density gradients (Semushin and Malka, 2001, Schmid and Veisz,
2012). As outlined earlier, our research aims at producing highly charged and low
energetic electron beams. Hence, to meet these requirements, we attempted to
develop supersonic gas jets able to reach densities exceeding 1019 − 1020 cm−3.
Such high densities have been proven promising for the production of beam charges
above 10 nC (Feng et al., 2023). Moreover, we also put our efforts into developing
sub-millimetric nozzles, to limit the amount of gas injected in the experimental
chamber while reaching high plasma densities. Effective control over gas injection
is crucial for applications demanding high repetition rates. Nonetheless, producing
sub-millimetric nozzles represents a real technological challenge. Thanks to a
technique called Femtosecond Laser-assisted Selective Etching (FLSE) (Tomkus
et al., 2018) it has been possible to produce such gas jets in collaboration with the
Center for Physical Sciences and Technology (FTMC) in Lithuania.

3.1.1 Fundamentals of Supersonic Nozzles

Figure 3.1: Schematic representation of a supersonic nozzle. Here, the fluid moves
from left to right, following the arrows’ direction.

A supersonic nozzle consists of a convergent-divergent tube, as shown in
Fig. 3.1. To provide a simple description, we suppose that a homogeneous, isotropic
and perfect gas propagates in the arrows’ direction. Hence, it is possible to fully
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describe its state using the temperature T (K), the pressure P (Pa), the density
ρ (kg cm−3) and the Mach number M = v/a as variables. Here, v is the fluid
velocity and

a =
√
κRT =

√
cp(κ− 1)T (3.1)

represents the sound velocity of a perfect gas. In Eq. (3.1), R (J/kg K) is the
specific gas constant, while κ = cP/cV represents the heat capacity ratio (or
adiabatic index). This ratio ranges between 1.3 and 1.6, depending on the type of
gas. For pure nitrogen, for instance, κ ∼ 1.4. Lastly, we assume the flow to be
adiabatic and isentropic, allowing us to write the following differential equations
describing the 1D gas flow in a supersonic nozzle (Zucker and Biblarz, 2019)

dρ

ρ
= −dv

v
− dS

S
, Mass continuity (3.2)

SdP = −(Sρv)dv, Momentum continuity (3.3)
dP

dρ
= a2. Isentropic transformation (3.4)

Here, S represents the nozzle cross-section in a generic position along the fluid
propagation. Combining now Eqs. (3.3) and (3.4) reads

dρ

ρ
= −M2dv

v
. (3.5)

Hence, from Eq. (3.5) we conclude that for M ≪ 1 the flow is almost incom-
pressible: a relative variation of the velocity is much bigger than the variation
of the density. Instead, for significant Mach numbers (i.e., M ≳ 0.3) the flow is
considered compressible and when M = 1 the flow is said to be sonic (or critical).
This condition is reached at the throat of the nozzle, as shown in Fig. 3.1. Now,
from Eqs. (3.2) and (3.5) we can write

dS

S
= (M2 − 1)

dM

M
(3.6)

and notice that for a subsonic flow (i.e., M < 1) the flow velocity increases
with a decreasing cross-section. For a supersonic flow (i.e., M > 1), instead,
an increase in the cross-section yields an increase in the gas velocity. Therefore,
Eq. (3.6) describes the fundamental effect that causes a continuous gas acceleration
throughout the supersonic nozzle of Fig. 3.1. Coherently with Fig. 3.1, we now
identify the flow state at the entrance, throat and exit of the nozzle as (ρi, Pi, Ti,
Mi), (ρ∗, P ∗, T ∗, M∗) and (ρe, Pe, Pe, Me) respectively. Moreover, the cross-
sections at these positions are accordingly defined as Si, S∗ and Se. Therefore, it is
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possible to write the following equations that describe the flow evolution, under
the assumptions previously discussed (Schmid et al., 2010b)

Se

S∗ =
1

Me

(
1 +

κ− 1

κ+ 1
(M2

e − 1)

) κ+1
2(κ−1)

. (3.7)

Eq. (3.7) underlines the importance of the ratio Se/S
∗: changing its value allows

to regulate the exit Mach number Me, as shown in Fig. 3.2. Here, we show the exit
Mach number as a function of the ratio Se/S

∗ for pure nitrogen (κ = 1.4) and for
monoatomic gases (κ = 5/3) for comparison.

Figure 3.2: Exit Mach number (Me) as a function of the ratio Se/S
∗ for nitrogen

and monoatomic gases.

3.1.2 Computational Fluid Dynamics of Supersonic Nozzles

In order to develop gas targets, we performed 2D simulations with ANSYS
Fluent. This software allows to solve Navier-Stokes equations and thus to predict
the gas flow parameter. In this section, we focus on the development of the nozzle
in Fig. 3.3 that we employed for the experiment presented in Chapter 4.

Coherent with the experiment presented in this work, we have employed pure
nitrogen for the numerical simulations. In Fig. 3.4 we present an example of the
results we obtained with ANSYS Fluent. Here, we have simulated a cylindrically
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Figure 3.3: (a) Side and (b) top view of the glass nozzle we developed. (c) Example
of glass nozzle tomography. Here, we can observe the inner structure at the middle
plane.

symmetric nozzle in conditions similar to the experimental configuration. Nitrogen
flows across the solenoid valve with an inlet pressure P = 70 bar and it is injected
in a 3 mm diameter reservoir at the nozzle entrance. Subsequently, it reaches
the nozzle throat that measures 0.1mm in diameter and the flow reaches a Mach
number M ≈ 1. The gas crosses the exit diameter of 0.4mm and it expands in
vacuum (i.e., P = 0 bar), where we estimate M ≈ 4, which is in agreement with
Eq. (3.7).

In Fig. 3.5 we present the numerical estimation of plasma density profiles
along the radius r defined in Fig. 3.5. Each profile is at a different height from the
nozzle exit and they have been deduced from nitrogen density profiles, assuming a
complete L-shell ionization. Specifically, for a given nitrogen density ρN2 we write

ne(cm−3) =
Dion NA ρN2(kg/m3)

MN2(kg/kmol)
10−3, (3.8)

where NA is Avogadro’s number, MN2 = 28 kg/kmol is nitrogen’s molecular mass
and Dion is nitrogen ionization degree. Since we are assuming a full L-shell
ionization Dion = 10. From Eq. (3.8) we yield

ne(cm−3) = 2.15× 1020 ρN2(kg/m3) (3.9)

The peak values in Fig. 3.5 prove the potential of this design, allowing to exceed
1020 cm−3 with a sub-millimeter nozzle.
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Figure 3.4: 2D-axisymmetric ANSYS Fluent simulation result. Here, the colormap
represents the Mach number inside the supersonic nozzle. Further details about the
simulation are provided in the text.

Figure 3.5: Estimated plasma density profiles along the radius r and at different
heights from the nozzle exit.
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3.2 Development of Magnetic Dipoles

3.2.1 Magnetic dipole for few-MeV electrons

The magnetic dipole is an essential component of the spectrometry technique
we have presented in the previous chapter. Its magnetic field intensity needs to
be carefully chosen in order to properly deflect the electrons of interest on the
scintillating screen. Here, we wish to briefly present the device used for the
experiment of Chapter 4. In Fig. 3.6(a) we show the actual dipole, where it is

Figure 3.6: (a) The permanent dipole used for the experiments discussed in chap-
ter 4. In the inset, we show a view of the magnetic study conducted with CST
Studio Suite, necessary for the dipole development. (b) Particle tracking simulation
performed using the dipole middle plane magnetic field map. In this simulation,
we have initialized five hundred electrons at 6 cm from the dipole, with energies
between 1.2 MeV and 14.7 MeV.

possible to distinguish the two NdFeB magnets kept at 1 cm distance thanks to the
iron (Fe99) yoke. The whole device measures 10×40×50mm3 in volume, making
it extremely light and compact and thus easy to operate with motorized stages
during the experiments. The magnets present a remanence magnetic field Brem ∼
1.3T, while we numerically estimate the yoke relative magnetic permeability to be
µr ≳ 1000. The dipole has been developed through an iterative numerical study
using the CST Studio Suite (inset of Fig. 3.6(a)). This software allows to perform
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magnetostatic simulations, solving Maxwell’s equations through the finite volume
method. Hence, it was then possible to retrieve the magnetic field map that was
subsequently used to estimate the electrons’ deflection on the Lanex screen and,
thus, to validate the dipole design. This operation is carried out using Matlab scripts
specifically developed for particle tracking, as shown, for instance, in Fig. 3.6(b).
In this figure, it is possible to observe the magnetic field map obtained at the dipole
middle plane via CST Studio Suite. Here, the maximum field strength is estimated
to be ∼ 0.45T, which agrees with the actual dipole field measured at the same point
using a Brockhaus Messtechnik 421 Gaussmeter (LakeShore, 2004). Furthermore,
in Fig. 3.6(b) we display five hundred electrons’ trajectories (black lines), with
energy between 1.2 MeV and 14.7 MeV, initialized at 6 cm from the dipole entrance
(i.e., as for the configuration presented in Section 2.3.1). Thanks to this simulation,
it has been possible to retrieve the curves shown in Fig. 2.4(b) and thus determine
the spectrometer calibration and resolution.

3.2.2 Spectrometer for few-MeV Highly-Divergent Electrons

The system we have described in the Section 3.2.1 presents some limitations.
The relative position between the dipole and the scintillating screen is fundamental
for the spectrometer calibration. Nonetheless, the system we previously described
requires a manual adjustment of the Lanex screen, potentially leading to a large
systematic error. Moreover, the dipole of Fig. 3.6(a) necessarily needs a pinhole
at its entrance. The pinhole reduces the electron beam size, improving the overall
spectrometer resolution and preventing the electrons’ trajectories from mixing
up. Indeed, in the presence of highly divergent beams, electrons with the same
energy could find themselves at different positions at the dipole’s entrance. This,
in turn, would inevitably cause these electrons to land at different positions on the
scintillator, as shown in Fig. 3.7. Here, we see two distinct cases, both representing
the trajectories of two electrons (discontinuous lines) produced with a source at a
given position from a Lanex screen. The electrons have energies E1 = E2 and they
propagate under the effect of a magnetic field Bz, entering the page plane. The
case displayed in Fig. 3.7(a) shows that if the electrons enter the magnetic field
at two different positions, they are inevitably collected at two different positions
s1 and s2 on the Lanex screen. As displayed in Fig. 3.7(b), a pinhole can easily
mitigate this effect, ensuring a proper spectrum reconstruction: the electrons
having the same energy enter the magnetic field at virtually the same position,
allowing them to land at s1 ≈ s2. However, while this configuration enhances
spectrum reconstruction precision, it limits the ability to measure electron energies
significantly displaced from the central axis. To overcome this limitation, horizontal
and vertical motorization of the spectrometer becomes necessary, similar to what
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Figure 3.7: Schematic representations on the role of a pinhole. (a) Case without
the pinhole. Here, two electrons with energies E1 = E2 interact with the Lanex
at two different positions s1 and s2. (b) Introducing a pinhole makes sure that the
electrons enter the magnetic field at the same position. This allows them to land at
s1 ≈ s2 on the Lanex.

we discuss in Chapter 4.

We now intend to propose a new spectrometer that tackles the issues we just
mentioned. Fig. 3.8(a) illustrates a picture of the prototype we have developed in
collaboration with Vacuumschmelze. This spectrometer measures 28 cm in length
and 17 cm in width and it consists of a magnetic dipole with an 11 cm air-gap. Each
pole is composed of nine magnets with a remanence magnetic field Brem ∼ 1.1T
developed by Vacuumschmelze. From these pictures, it is also possible to notice
that the dipole is open on one side. Here, two Lanex screens can be directly fixed
on the dipole iron yoke. This allows to secure the relative position between the
dipole and the scintillators, drastically reducing the error introduced by the manual
adjustment of the two. Fig. 3.9(a) presents the magnetic field measured at the
middle plane of the dipole, using the Brockhaus Messtechnik 421 Gaussmeter.
Fig. 3.9(b) and (c) refer to the measured magnetic field along the axes x∗ and y∗,
defined in Fig. 3.9(a). Fig. 3.9(b) and (c) also present the magnetic field profiles
obtained through a CST numerical study. Hence, we notice the good agreement
between the measured and simulated magnetic fields. In order to illustrate the
working principle of this system, in Fig. 3.10 we show the results obtained with
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Figure 3.8: Novel electron spectrometer prototype. Here, we underline the dipole
entrance and the position of the two Lanex screens. In the inset we present a top
view of the system.

Figure 3.9: (a) Magnetic field map measured at the dipole middle plane. (b)
Measured and simulated magnetic field profiles along the x∗ and y∗ axes.

a CST particle tracking simulation. Here, we consider an electron source at 2 cm
from the dipole’s entrance, where we assume a rectangular slit 0.2mm wide and
of 2 cm in height. Using a slit instead of a pinhole presents a clear advantage:
a slit still hinders the electrons’ trajectories mix-up while allowing to sample a
bigger portion of the incoming beam. Specifically, this allows to measure eventual
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energy dependencies on the beam divergence. In Fig. 3.10 it is possible to see the
trajectories obtained with a 0.5MeV electron beam and a maximum divergence of
400mrad. Here, we notice that, despite their divergence, the electrons can easily
propagate inside the dipole, until interacting with the Lanex screen. The inset of
Fig. 3.10 shows a top view of the spectrometer. Here, we display the trajectories
of electrons with energies between 0.5MeV to 20MeV. This demonstrates the
wider energy range that this spectrometer allows to study compared to the previous
system.

Figure 3.10: CST particle tracking results. (a) Results pertaining a 0.5MeV,
400mrad electron beam. (b) Results considering electrons between 0.5MeV and
20MeV with a maximum divergence of 400mrad.

3.3 Conclusion

The chapter illustrates the development of tools necessary for our research.
After a brief overview of the physics of supersonic nozzles, we outlined the steps
for developing these devices, employing the commercial software ANSYS Fluent.
Here, we showed the design of a sub-millimetric nozzle able to reach plasma
densities above 1020 cm−3, which are promising for the production of highly-
charged electron beams. The gas jet has been realized in glass at the Center for
Physical Sciences and Technology (FTMC) in Lithuania. Subsequently, we have
explored the development of one magnetic dipole, an essential component for
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electron spectrometry. Thus, we design a device able to deflect electrons with
energies between 1.2MeV to 14.7MeV. In Chapter 4 we will illustrate how we
employed both the gas target and the magnetic dipole to carry out the experiment.
After presenting the limitations of the spectrometry technique employed in this
work, we concluded this chapter by proposing a novel spectrometer, specifically
developed to overcome these constraints. This device will be tested and used in
future experiments involving few-MeV, highly divergent electron beams.



Chapter 4

Production of few-MeV
Highly-Charged Beams

The chapter is devoted to the experimental campaign of this work, conducted in
LOA’s Salle Jaune, where we aimed at generating the highest possible charge at just
a few-MeV. As previously discussed, the efficient generation of high charges paves
the way to reaching high average beam currents. Thus, we begin by presenting
the experimental setup, recalling the main diagnostics employed. Subsequently,
we discuss in detail the results we obtained, with particular care to the charge-
per-Joule, allowing us to easily gauge the efficiency in generating highly-charged
electron beams. We conclude this chapter with a brief discussion on the potential
of this electron source for few-MeV applications. A more in-depth interpretation
of these results is presented in Chapter 5, where we use PIC simulations to describe
the underlying physics.
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4.1 Experimental Setup

In Fig. 4.1(a) we show a simplified setup of the experiment, where we illustrate
the trajectory of both the driver and pump laser. Both beams are produced using
the Ti:Sapphire Salle Jaune laser system, able to deliver 808 nm, 30 fs pulses,
as illustrated in Section 2.2. We estimate the driver and probe beams to reach
the experimental chamber with a maximum energy of 1.7 J and 0.1 J respectively.
The driver initially has a 100mm diameter and it is focused on the gas jet with a
120mm diameter metallic Off-Axis Parabola (OAP). For this experiment, we have
employed two distinct OAPs produced by Kirchheim Optics, with focal lengths
of f = 400mm and f = 800mm, corresponding to f/4 and f/8 respectively. The
OAP is motorized, allowing to perform a refined alignment while the chamber
is under vacuum. The probe beam, instead, has a 30mm diameter and it reaches
the gas jet at the same time as the driver beam. In Fig. 4.1(a) we clearly notice
that the probe beam reaches the gas jet perpendicularly to the driver’s trajectory.
Subsequently, it is collected with a Phasics SID4 Camera, allowing for plasma
density measurements, as we discussed in Section 2.3.3. Fig. 4.1(a) also highlights
the setup of one major diagnostics: the Beam Profile Monitor (BPM), presented
in Section 2.3.2. Here, we simply recall that the BPM is composed of a ∼ 75mm
diameter scintillator, motorized with a 100mm stage, thus allowing us to easily
position it to collect the produced electron beams within a specific solid angle.
During the experiment presented in this chapter, we moved the BPM at 80mm
and 130mm from the nozzle, corresponding to a solid angle of around 0.5 sr and
0.25 sr respectively. Fig. 4.1(b), instead, displays another relevant diagnostic: the
electron spectrometer, illustrated in Section 2.2. This device is positioned at 60mm
from the source and we placed a 2mm diameter pinhole in front of it to select a
small sample of the electron beam. The electron spectrometer was horizontally
motorized using a 150mm stage, allowing us to move it on the laser axis and
perform the energy measurements.

Fig. 4.2(a) depicts a picture of the actual experimental chamber, which measures
1020 mm in diameter and, when no gas is injected, the chamber is at a vacuum
pressure of approximately 10−4 mbar. In Fig. 4.2(a) we only present the trajectory
of the driver beam in red for visual purposes. Furthermore, in this picture we
highlight two foldable aluminum pipes, holding the two Lanex screens used for
the BPM and electron spectrometer. These pipes allow for the motorization of
the two diagnostics, while suppressing any parasitic light that might be collected
by the CCD cameras in Fig. 4.1. In Fig. 4.2(b) we present a close-up of the two
main diagnostics. Specifically, in this picture the BPM is retracted, allowing for
the electron spectrometer to be aligned with respect to the driver beam axis.
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Figure 4.1: Simplified experimental setup, displaying the (a) beam profile monitor,
allowing for beam charge and divergence measurements. (b) Setup for the electron
spectrometer, which can be positioned on the laser axis using motorized stages,
once the beam profile monitor has been removed. Here, we also notice the probe
beam, used to perform plasma density or gas density measurements with a Phasics
SID4 Camera.
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Figure 4.2: (a) Experimental chamber and main diagnostics. We only show the
driver path for visual purposes. (b) Close-up of the BPM and electron spectrometer.
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4.2 Experimental Results

4.2.1 Laser and Gas Targets Characterization

Before exploring the main results, we wish to briefly discuss the measurements
concerning the laser and the gas target. This, in turn, will allow to better understand
the configurations employed for the experimental campaign and also to identify
the laser-plasma interaction regime under investigation.

Laser Characterization

Using the focal spot camera (see Section 2.3.4), we were able to obtain the
image depicted in Fig. 4.3 after a background subtraction. Here, we show the laser
at the focal spot, focused using the f/4 parabola. This image allows us to estimate
the laser Full Width at Half Maximum (FWHM) diameter d ≈ 5µm and also to
evaluate the laser energy percentage within the first-zero radius spot, as underlined
by the dashed circle in Fig. 4.3. This accounts for approximately 57% of the total
energy. We now define the maximum effective laser energy as the energy within
this radius spot, which amounts to around EL = 0.97±0.1 J. The error on the laser

Figure 4.3: Laser focal spot obtained with the f/4 OAP. The white curves represent
the profiles through the laser intensity peak and d is the FWHM diameter. The
dashed circle delineates the region considered for calculating the energy within the
central spot
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energy is defined performing different background subtractions and estimating
the corresponding Root-Mean-Square Error (RMSE). From the image in Fig. 4.3
we also estimate the laser peak intensity to be around I0 = 1.5 × 1020 W cm−2

and from Eq. (1.51) it is straightforward to yield the maximum normalized vector
potential in vacuum, namely a0 ≈ 8.5. Similarly, with the f/8 OAP we estimate a
FWHM diameter d ≈ 11.6µm, with a maximum energy EL = 1± 0.1 J inside the
first-zero radius spot. Thus, we estimate a peak intensity I0 = 3.4× 1019 W cm−2

and the corresponding normalized vector potential is a0 ≈ 4.

Gas Nozzles Characterization

Using the Phasics SID4 Camera we performed a gas target characterization at
the nozzle backing pressures used for the electron beam generation. In Fig. 4.4(a)
we show an example of plasma density measurement, using the 0.4 mm exit diame-
ter glass nozzle we developed (see Section 3.1.2). This plasma density map was
generated by ionizing pure nitrogen with a 10mJ laser pulse that propagates from
the left-hand side of Fig. 4.4(a), hence reproducing the experimental conditions we
will discuss in the following. The laser axis is represented by the dashed white line,
which is at ∼ 500µm from the nozzle exit at y = 0. The nozzle is horizontally
centered at x = 0. In this case, the backing pressure was set to 10 bar and it
allowed us to reach a peak plasma density around 1.2 ± 0.18 × 1019 cm−3, as
shown in Fig. 4.4(b). Here, we illustrate the plasma density longitudinal profile
corresponding to the laser axis in Fig. 4.4(a). The relative error bar defined in

Figure 4.4: (a) Plasma density map obtained with the 0.4mm exit diameter glass
nozzle and a 10 bar backing pressure. The nozzle center is at x = 0 and its exit is
at y = 0. (b) Plasma density profile measured across the white dashed line in (a),
namely at ∼ 500µm from the nozzle exit.
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this figure was calculated from an estimated ∼ 15% systematic error on the peak
plasma density. With an 80 bar backing pressure, instead, we obtain the density
map depicted in Fig. 4.5(a), obtained from the direct measurement of a pure nitro-
gen jet and assuming a total L-shell ionization. The light blue curve in Fig. 4.5(b)
represents the density profile recorded at ∼ 500µm from the nozzle. To further
validate this density measurement, we have performed a linear extrapolation from
the curve obtained at 10 bar in Fig. 4.5(b). Since the backing pressure in this case
is eight times that of the previous example, this extrapolation, represented by the
dark blue curve in Fig. 4.5(b), was derived by scaling the 10 bar profile by a factor
of eight. Thus, we notice the good agreement of the two curves and with this
nozzle we estimate a peak plasma density of 9.6± 1.9× 1019 cm−3. Performing a
similar scaling, we estimate the plasma density at 30 bar, 60 bar, 70 bar and 80 bar
to be 3.6± 0.54× 1019 cm−3, 7.2± 1.1× 1019 cm−3, 8.4± 1.26× 1019 cm−3 and
9.5± 1.45× 1019 cm−3 respectively.

Figure 4.5: (a) Density map obtained with the 0.4 mm exit diameter nozzle at 80 bar.
In this case, the density is retrieved assuming a full nitrogen L-shell ionization. (b)
The light blue curve is the density profile measured across the white dashed line in
(a), while the dark blue profile was extrapolated scaling the profile in Fig. 4.4(b)
by a factor of eight.

Lastly, Fig. 4.6(a) depicts an example of density estimate with a 2 mm exit
diameter metallic supersonic nozzle and a 60 bar backing pressure. This gas
target was used along with the 0.4 mm nozzle for the experimental campaign, as
it will be discussed later in the chapter. Similarly to the previous example, we
deduce the plasma density from a direct measurement of a neutral nitrogen jet.
During the experiment, we shot the driver laser at 1mm and 2mm from the nozzle
exit. Thus, in Fig. 4.6(b) we present two density profiles for these two different
vertical positions. Under these conditions, we estimate a peak plasma density of
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7.5±1.1×1020cm−3 and 3.8±0.52×1020cm−3 at 1mm and 2mm from the nozzle
exit respectively. To get the plasma density at 80 bar, we simply scale these values
by a factor of 1.3 and we obtain 10± 1.5× 1020cm−3 and 5.06± 0.69 × 1020cm−3.

Figure 4.6: (a) Density map obtained with a 2 mm exit diameter metallic nozzle at
60 bar. (b) Density profiles measured across the white dashed lines in (a), namely
at 1mm and 2mm from the nozzle exit.

4.2.2 Electron Beam Charge-per-Joule

During the experimental campaign, we examined different configurations,
changing the laser energy, the plasma density and the OAP for two different nozzles.
Our specific interest was to study how efficiently we could exploit the laser energy
to produce beam charge in each configuration. As previously mentioned, we
have introduced the charge-per-Joule metric to estimate the efficiency of each
configuration. Compared to the conversion efficiency (η), defined as the ratio of
the electron energy to the laser energy, the charge-per-Joule is easier to estimate,
since it does not require the knowledge of the electron energy spectrum. Moreover,
this parameter serves a practical purpose: by multiplying it by the laser average
power, one can readily calculate the beam average current. In this section, we
intend to present the main results pertaining the charge-per-Joule measurements.
For completeness, we will also provide estimates of the conversion efficiency based
on the energy spectra presented in the next section.

In Fig. 4.7(a) and (b) we illustrate the results obtained with the 0.4mm and
2.0mm nozzle respectively, with the f/4 OAP. For a proper interpretation of these
curves, it is essential to note that the BPM was positioned at 130mm from the
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Figure 4.7: Charge-per-Joule in a given solid angle (Q/J,Ω) produced with the
f/4 OAP. (a) Results obtained with the 0.4 mm nozzle for three different plasma
densities and a 0.25 sr aperture. The curve at ne = 0.06nc was obtained with
a 0.5 sr solid angle and the dashed curves refer to an FBPIC simulation set. (b)
Results obtained with the 2 mm nozzle for three different plasma densities and a
0.5 sr aperture.

smaller nozzle and at 80mm from the bigger nozzle, except the magenta curve
in Fig. 4.7(a), for which the BPM was at 80mm from the nozzle. Thus, we
performed the charge measurements with two collecting angles (i.e., 0.25 sr and
0.5 sr). In Fig. 4.7(a) and (b) we display the charge-per-Joule-per-solid-angle
(Q/J,Ω), allowing for a better comparison between the different configurations.
In the following, we will simply refer to Q/J,Ω as the charge-per-Joule. Each
continuous curve refers to a different plasma density expressed in terms of the
critical plasma density nc ≈ 1.7 × 1021 cm−3 for λ = 800 nm. Furthermore, the
curves are plotted as a function of the estimated laser energy within the laser
central spot, while the error bars represent the RMSE on ten consecutive shots.
In Fig. 4.7(a) we present a set of FBPIC results (dashed curves), allowing to
reproduce the charges-per-Joule obtained under the experimental conditions within
the systematic error (i.e., ∼ 16%). These simulations are discussed in further detail
in Section 5.3. In Fig. 4.7(a) we notice that the charge-per-Joule at ne = 0.01nc

from 7.5 nC/J/sr at EL = 0.24 J increases to around 10 nC/J/sr for EL = 0.48 J.
At higher plasma densities, instead, we observe a stronger dependency on the
laser energy. Specifically, for ne = 0.02nc the charge-per-Joule increases with
the laser energy, until reaching EL > 0.24 J, where it reaches a maximum of
∼ 69 nC/J/sr and subsequently starts to decrease. Similarly, the curves for ne =
0.05nc and ne = 0.06nc tend to decrease with the laser energy. We presume
this is due to the limited BPM collecting angle. For EL > 0.24 J, an increase
in laser energy produces more divergent electrons that are not captured by the
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BPM. Consequently, this results in a decrease in charge-per-Joule. Moreover, the
curves at ne > 0.02nc superimpose for EL > 0.24 J, underlying a charge-per-
Joule saturation effect, as we will discuss in further detail in the next chapter.
With the 0.4 mm nozzle we measure a maximum charge-per-Joule of 91 nC/J/sr
at EL = 0.12 J and ne = 0.06nc, corresponding to a charge of ∼ 5.5 nC. In these
conditions, we estimate a conversion efficiency η = 13.1%. The 2mm nozzle
(Fig. 4.7(b)) displays similar tendencies to those measured with the 0.4mm nozzle.
In Fig. 4.7(b), the curve at ne = 0.29nc was obtained on a different day than those
at ne = 0.22nc and ne = 0.59nc, which can explain the slight difference in values.
With the bigger nozzle, we reach up to 89 nC/J/sr with ne = 0.59nc at EL = 0.13 J
(i.e., 5.7 nC), corresponding to the maximum conversion efficiency we measured,
namely η = 14.4%. At full laser energy, instead, we reach close to 55 nC/J/sr with
the three different densities, corresponding to the maximum charge we were able
to measure, namely ∼ 28 nC and in this case η = 9.2%.

Figure 4.8: Charge-per-Joule in a given solid angle (Q/J,Ω) produced with the
f/8 OAP. (a) Results obtained with the 0.4mm nozzle for three different plasma
densities and a 0.25 sr aperture. (b) Results obtained with the 2mm nozzle for
ne = 0.29nc. Here, we show the charge-per-Joule measure at ne = 0.29nc with
the f/4 OAP for comparison in a 0.5 sr solid angle.

Fig. 4.8(a) and (b) illustrate the results obtained with the 0.4 mm and 2 mm
nozzle respectively, using the f/8 OAP. Specifically, in Fig. 4.8(a) we notice that the
curves at ne = 0.02nc and ne = 0.045nc superimpose, highlighting a saturation
effect, similar to the f/4 OAP case. The curve at ne = 0.01nc, instead, displays
lower charges-per-Joule. Globally, in all three cases, we observe that increasing
the laser energy leads to a decrease in the charge-per-Joule. For ne ≥ 0.02nc

and EL = 0.25 J the charge-per-Joule reaches a plateau around 36 nC/J/sr. With
the smaller nozzle and the f/8 OAP we measure a maximum charge-per-Joule
143 nC/J/sr (i.e., 2.3 nC) at ne = 0.045nc and EL = 0.06 J, corresponding to
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η = 12.2%. At full laser energy and ne = 0.045nc, instead, we measure 39 nC/J/sr
(i.e., 9.7 nC) and η = 3.4%. With the 2mm nozzle and f/8 OAP (Fig. 4.8(b)) we
measure charges-per-Joule similar to those obtained with the f/4 OAP (dashed
curve). However, it is important to note that the data for the two parabolas was
obtained on different days. From Fig. 4.8(b) we notice that using the bigger
nozzle and the f/8 OAP we were able to reach a maximum charge-per-Joule of
110.5 nC/J/sr at EL = 0.12 J (i.e., 3.5 nC and η = 10.6%).

From the results presented in this section, it is possible to conclude that we
achieved unprecedented charge-per-Joule values with both nozzles and parabolas.
Notably, using the 2mm nozzle at ne = 0.59nc and EL = 0.13 J, we measured
89 nC/J/sr, with an efficiency of η = 14.4%. The collecting cone was 0.5 sr,
resulting in ∼ 45 nC/J, which exceeds the Multiscan 3D project requirements of
10 nC/J by more than four times.

4.2.3 Electron Beam Energy Spectrum and Divergence

The colored stripes in Fig. 4.9(a) and (b) represent examples of the energy
spectra measured with the 0.4mm and 2mm nozzle respectively, for different
laser energies and with the f/4 OAP. Specifically, the spectra in Fig. 4.9(a) were
obtained at ne = 0.06nc, while in Fig. 4.9(b) at ne = 0.29nc. Each stripe was
obtained as the RMSE on ten consecutive shots. Here, we can see that the spectra
maintain a similar shape for different laser energies, while the only noticeable
effect is an increase of the charge on the spectrometer for higher laser energies, as
observed in previous works (Guillaume et al., 2015). For instance, in Fig. 4.9(a)
we estimate that the charge increases from 13.4± 2.5 pC to 39.9± 3.3 pC between
EL = 0.12 J and EL = 1 J. Within the same laser energy range, we measure
between 8.64±2.98 pC and 65.9±8.43 pC with the bigger nozzle (i.e., Fig. 4.9(b)).
We also notice that the electron average energy remains consistent for different
laser energies for both gas targets. Indeed, with the smaller nozzle we estimate
an average energy of 5.26± 0.1MeV, while for the bigger one 5.25± 0.12MeV.
In this chapter, we calculate the average energy considering the range between
1.2MeV and 15MeV, unless specified otherwise.

Thanks to the horizontally motorized electron spectrometer, we were able
to measure the energy spectra at different positions, as shown in Fig. 4.10. In
this figure, the spectra are shown between 3 MeV and 10 MeV and they were
obtained as the average on five consecutive shots. Each colored surface corresponds
to a spectrum measured at a different value of the horizontal angle Θx, which
ranges between −245mrad to 245mrad with a step of around 80mrad. The
sampling position used to retrieve each spectrum is represented by the colored
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Figure 4.9: Energy spectra obtained using the f/4 OAP with (a) the 0.4 mm nozzle
at ne = 0.06nc and (b) with the 2 mm nozzle at ne = 0.29nc for different laser
energies. The gray surface represents the detection limit.

Figure 4.10: Energy spectra measured at different horizontal positions using the
f/4 OAP and the 2 mm nozzle, considering ne = 0.29nc and EL = 1 J. Here, Θx

is the horizontal angle. The colored values represent the average energy of each
corresponding spectrum.
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circles in Fig. 4.12(b), where we present a BPM image obtained in the same
conditions of Fig. 4.10. Thus, from Fig. 4.10 it is possible to conclude that the most
divergent electrons are also the least energetic. If we compare, for instance, the
spectrum measured on the laser axis (i.e., Θx = 0) with the one at Θx = 245mrad,
we estimate the electron average energy to decrease from 5.72 ± 0.01MeV to
4.77± 0.02MeV. In this case, the average energy is calculated between 3MeV and
10MeV. Furthermore, we observe that at Θx = ±245mrad the tail of the energy
spectrum falls below ∼ 10MeV, the limit imposed by certain countries’ regulations
for preventing the activation of materials (U.S. Food and Drug Administration,
1977). This observation indicates the potential for selecting a desired energy range
by filtering the electron beam according to its divergence. In Fig. 4.11(a) and (b)
we see examples of the energy spectra produced using the f/8 OAP, for the 0.4mm
and 2mm nozzle respectively. For a proper interpretation of these results, it is
important to note that these spectra were obtained on two different days of the
experimental campaign. Nonetheless, we notice that with this parabola we obtain
spectra similar to those in Fig. 4.9(a) and (b). In this case, we estimate average
energies around 5.97± 0.73MeV and 5.53± 0.49MeV for the smaller and bigger
nozzle respectively.

Figure 4.11: Energy spectra obtained using the f/8 OAP with (a) the 0.4 mm nozzle
at ne = 0.045nc and (b) with the 2 mm nozzle at ne = 0.29nc for different laser
energies. The gray surface represents the detection limit. These spectra were
obtained on two different days.

In Figs. 4.12(a-d) we present four single-shot BPM images obtained with
the 2 mm nozzle. These images provide us with the data to retrieve the charges-
per-Joule discussed in Fig. 4.7(a) and (b) and to estimate the beam divergence.
Specifically, Fig. 4.12(a) and (b) were obtained with a plasma density ne = 0.29nc

at EL = 0.13 J and EL = 1 J. Fig. 4.12(c) and (d), instead, were produced with
ne = 0.59nc and the same laser energies of Fig. 4.12(a) and (b). The white curves
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Figure 4.12: BPM images obtained with the 2mm nozzle and f/4 OAP for (a)
ne = 0.29nc and EL = 0.13 J (b) ne = 0.29nc and EL = 1 J (c) ne = 0.59nc and
EL = 0.13 J (d) ne = 0.59nc and EL = 1 J. The value on each image refers to
the FWHM beam divergence. The colored circles in (b) refer to the spectrometer
sampling position, which allowed to retrieve the spectra in Fig. 4.10. Each image is
normalized to its maximum value, with the white curves representing the transverse
and longitudinal beam profiles passing through the peak of each image.

represent the transverse and longitudinal beam profile passing through the maxima
of each image, allowing to better compare the beam dimension to the one of the
scintillating screen. Figs. 4.12(a-d) prove that both an increase in the laser energy
and plasma density yields a more significant beam expansion, leading to FWHM
divergences between 200 mrad and 440 mrad. Fig. 4.13(a) and (b) illustrate BPM
images obtained with the f/8 OAP and 2 mm nozzle for ne = 0.29nc at EL = 0.13 J
and EL = 1 J respectively. For comparison, in Fig. 4.13(c) and (d) we present BPM
images obtained on a different experiment day in the same conditions, using the
f/4 OAP. Furthermore, it is essential to note that with the f/4 OAP the BPM screen
was placed closer to the source. In conclusion, from these images, we deduce
that for the same laser energy and plasma density, the f/4 OAP allows to produce
more divergent electrons than the f/8 OAP case. At EL = 0.13 J, for instance, we
estimate a FWHM divergence of around 61 mrad and 231 mrad with the f/4 and f/8
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Figure 4.13: BPM images obtained with the 2 mm nozzle, f/8 OAP and at ne =
0.29nc for (a) EL = 0.13 J (b) EL = 1 J. Images obtained with the 2 mm nozzle,
f/4 OAP and at ne = 0.29nc for (c) EL = 0.13 J (d) EL = 1 J. Each image is
normalized to its maximum value, with the white curves representing the transverse
and longitudinal beam profiles passing through the peak of each image.

OAPs respectively.

4.2.4 Electron Beam Dose

As discussed in Section 2.3.5, we performed dose measurements to further
characterize this electron source. In Fig. 4.14 we present the setup employed to
perform dose measurements using the film stack, which was positioned at 6 cm
from the gas jet. Moreover, we recall that the stack was composed of eleven
10× 10 cm2 Gafchromic EBT3 films distanced using aluminum and Teflon bricks
of different thicknesses (see Fig. 2.9).

Before presenting the actual doses we were able to measure, we define the
projected density ρp, allowing to account for the different materials and thicknesses
crossed by the electron beam. Thus, on the N -th EBT3 film we define the projected
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Figure 4.14: Dose measurements setup. The film stack was placed in the vacuum
chamber at 6 cm from the electron source.

density as

ρp(N) = ρAl

NAl∑
i

di,Al + ρT

NT∑
j

dj,T + ρE(N − 1)dE. (4.1)

Here, ρAl = 2.7 g/cm3, ρT = 2.2 g/cm3 and ρE = 1.4 g/cm3 represent the alu-
minum, Teflon and EBT3 film density respectively, while di,Al, dj,T and dE are
their widths. Thus, before reaching the N -th film, the electron beam has to cross
NAl aluminum bricks, NT Teflon bricks and N − 1 EBT3 films. Figs. 4.15(a-d)
illustrate examples of the dose maps obtained with the dosimetry stack. Each
map corresponds to a distinct EBT3 film positioned at different depths within
the stack. Specifically, due to the EBT3 dynamic range (i.e., 0.1Gy − 20Gy),
Fig. 4.15(a-d) displays the first four films with doses below 20Gy. These dose
maps were obtained accumulating over two shots, employing the 2mm nozzle
at ne = 0.29nc and EL = 1 J. The white dashed circles highlight a 20mm di-
ameter Region Of Interest (ROI) centered with respect to the maximum value
in Fig. 4.15(a). This diameter corresponds to the beam FWHM divergence (i.e.,
∼ 300mrad) obtained at ne = 0.29nc and EL = 1 J. Hence, we employ this ROI to
estimate the average dose per shot (D̃) on each film. The blue curves in Fig. 4.15(e)
display the average dose-per-shot across the projected density ρp obtained with
the f/4 OAP for the 0.4mm (squares) and 2mm (dots) nozzles. With the 0.4mm
nozzle we have accumulated the dose over four shots. The red curves, instead,
refer to the average dose-per-shot obtained with the f/8 OAP for the two gas targets.
In these cases, we have accumulated two shots with the bigger nozzle and one
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Figure 4.15: (a-d) Dose maps numbered with respect to the film position in the stack
obtained with the 2 mm nozzle for ne = 0.29nc and EL = 1 J. (e) Average dose
per shot on each film in a 20mm diameter circle, as indicated by the dashed circles
in (a-d), obtained with the 2 mm nozzle (blue curve) and 0.4 mm at ne = 0.06nc

and EL = 1 J (red curve).

with the smaller target. Moreover, with the 0.4mm nozzle, the plasma density
was ne = 0.06nc and EL = 1 J. For all curves of Fig. 4.15(e) we have assumed
the same ROI we previously described, allowing for the comparison between the
different configurations. Thus, from Fig. 4.15(e) we deduce that the the electron
beam produced with the bigger nozzle and the f/4 OAP delivers higher doses than
the one produced with the smaller nozzle. If we consider, for instance, the third
film (i.e., ρp ≈ 3.6 g/cm2), we estimate an average dose-per-shot around 8Gy with
the 2mm nozzle, while with the 0.4mm nozzle we only estimate 4Gy. Also with
the f/8 OAP we notice that the beam produced with the bigger nozzle delivers
higher doses than the one with the smaller nozzle. On the third film, for instance,
we estimate an average dose-per-shot around 2.8Gy and 4.2Gy with the 0.4mm
and 2mm nozzle respectively. The attainment of such high doses-per-shot could
potentially prove this electron source interesting for irradiation studies.

4.3 Conclusion

In this chapter, we have explored the main experimental results of this work.
After presenting the experimental setup and recalling the main diagnostics, we have
characterized both the laser and gas targets we used, allowing to better identify the
regime under investigation. During the experiment, we have employed different
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nozzles, backing pressures, laser energies and off-axis parabolas. Thus, we were
able to find the conditions to produce up to 45 nC/J (i.e., 5.7 nC) to few-MeVs,
with a conversion efficiency ∼ 14%, one of the highest ever recorded. These
results demonstrate that we exceeded 10 nC/J, thus reaching our goal. Furthermore,
considering future laser systems that promise to achieve average powers above
100W, this configuration could pave the way to the production of laser-plasma-
accelerated electron beams with average currents > 4µA, surpassing the current
state of the art. This, in turn, could prove this electron source interesting for
applications such as the Multiscan 3D project or even for irradiation studies.

In the following, we will explore the physics in detail by means of a detailed
numerical study. This will ultimately allow us to understand the main phenomena
related to both the laser propagation and electron acceleration under the conditions
of interest.



Chapter 5

Simulations on few-MeV
Highly-Charged Beams

In this chapter, we explore the production of few-MeV, highly-charged beams
through FBPIC simulations. First, we introduce FBPIC-Electric Work Profiler
(FBPIC-EWP), a tool we specifically developed to study the role of laser and plasma
fields in the acceleration processes. In the second section, we present numerical
results obtained from a set of simulations in an idealized case, providing insights
into laser diffraction and acceleration mechanisms. Here, we offer a possible
explanation for the charge-per-Joule saturation effect observed in Chapter 4. In the
final section, we present a second set of simulations, which consider configurations
similar to those used in the experiments.
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5.1 FBPIC-Electric Work Profiler

FBPIC-Electric Work Profiler (Martelli and Andriyash, 2024) is a post-processing
tool for FBPIC. This code simply allows to estimate the work performed by the
laser and the plasma fields on FBPIC-tracked electrons. As we have previously
discussed, FBPIC employs a set of 2D cylindrical grids to represent fields with
distinct azimuthal modes. While m = 0 corresponds to fields independent of the
azimuthal angle, m > 1 represents fields varying proportionally to cos(θ) and
sin(θ). Ideally, the mode corresponding to m = 0 represents the plasma field
and m = 1 the laser field1. Thus, at each FBPIC iteration, FBPIC-EWP retrieves
the total electric field on every tracked particle, defined as the sum of the plasma
and laser field, namely, ET = EW + EL. FBPIC-EWP also retrieves the velocity
v = (vx, vy, vz). For completeness, we recall that the electric fields and velocities
are calculated on two different grids by FBPIC. Subsequently, a 2D linear interpo-
lation is performed for m = 0 in order to determine the wakefield on each electron
and the laser electric field is retrieved as EL = ET − EW . Finally, the work at a
given instant t is calculated as

W (t)W,L = −e

∫ t

0

EW,L · v dt′, (5.1)

where the subscripts W and L refer to the wakefield and laser field respectively.

As we will discuss in detail in the following, this code allowed us to identify
three main acceleration mechanisms: ponderomotive acceleration, direct laser
acceleration and wakefield acceleration.

Figure 5.1: FBPIC-Electric Work Profiler GitHub repository.

1This is valid because we are considering a linear laser polarization.
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5.2 Numerical Simulations: Idealized Case

The simulations of this section have been performed in the case of a perfectly
Gaussian beam propagating in a constant plasma density. We intend to get some
insights concerning the laser propagation and electron beam properties under
idealized conditions, to identify the main physical processes at play. Here, we first
present an example that will allow to understand the rationale of the parametric
study presented in this section.

5.2.1 Simulation Setup

In order for the simulation to run, it is necessary to define the laser pulse inside
a co-moving window (or box). This window propagates with the laser at the speed
of light and its size and meshing are of great importance to properly capture the
interaction between the laser and the plasma. Fig. 5.2(a) depicts a 2D map of the
laser at the first iteration, where x, y and z represent the transverse and longitudinal
coordinates respectively with respect to the laboratory frame. Here, the laser is
linearly polarized along the x-direction and it propagates toward positive z. The
simulation box size is ∼ 102× 60µm2, while in Fig. 5.2 it has been reduced for
visual purposes. In Fig. 5.2(b) it is also possible to notice a longitudinal cut of
the laser pulse presented along the white dashed line in Fig. 5.2(a). In this figure,
we notice that the laser centroid has been defined at a distance of 2cτ from the
window’s right boundary, where τ = 30 fs, similar to what we can achieve in Salle
Jaune. Concerning the sampling of the co-moving window, we have defined a (r, z)
mesh with a longitudinal and radial step size equal to ∆z = λ/24 and ∆r = 5∆z
respectively, where λ = 800 nm. The simulations run for the whole interaction
time, which is simply defined as the whole plasma density length (i.e., 1530µm in
this case) divided by the moving window velocity, while the timestep is ∆t = ∆z/c.
Further details about the simulation setup can be found in Appendix A.

In Fig. 5.3 we show a schematic representation of FBPIC simulations in ideal-
ized conditions. Here, it is possible to observe a Gaussian laser pulse propagating
in a 1500µm constant plasma density profile. Before reaching the density plateau,
we let the laser propagate through a rising ramp of 30µm, allowing for a smooth
focusing in plasma and limited energy loss. To perform a meaningful study for the
understanding of the experimental results of Chapter 4, the laser beam waist (i.e.,
w0) is chosen considering the laser FWHM diameter focused with the f/4 OAP (i.e.,
d ≈ 5µm). It is easy to show that w0 = d/2 (ln 2)−1/2, which yields w0 = 3µm.
Furthermore, in Fig. 5.3 we highlight the laser energy range, namely between
0.05 J and 1 J. Thus, the laser intensity peak is varied between 1.1× 1019 W/cm−2

and 2.2 × 1020 W/cm−2, corresponding to a0 ∈ [2.3, 10.2]. Fig. 5.3 also depicts



92 CHAPTER 5. SIMULATIONS ON FEW-MEV HIGHLY-CHARGED BEAMS

Figure 5.2: (a) 2D map of the laser pulse inside the co-moving box. (b) Longitudi-
nal cut of the laser pulse map along the white dashed line in (a). It is possible to
notice the laser centroid position with respect to the window’s right boundary.

the densities we have considered, namely between ne = 0.02nc and ne = 0.18nc,
where we recall that nc(cm−3) = 1.1× 1021/λ(nm) is the critical plasma density.
Here, the plasma density is derived from to the full nitrogen L-shell ionization (i.e.,
N+5). Furthermore, for all the simulations that we will discuss in this section, we
have assumed the nitrogen gas to be preionized to N+3 for numerical ease. This
choice is justified since the first three nitrogen L-shell electrons are easily ionized
by the laser leading edge, as discussed in Section 1.1.2.

Figure 5.3: Schematic representation of FBPIC simulations in idealized conditions.
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5.2.2 Laser Diffraction in High Plasma Densities

To discuss laser diffraction, we now proceed by considering the two simulations
at ne = 0.06nc with EL = 0.12 J and EL = 1 J shown in Fig. 5.4(a) and (b).
Specifically, the gray colormap illustrates the plasma density (i.e., ne/nc), while
the red colormap represents the laser, expressed in terms of the normalized vector
potential in the co-moving box reference frame, namely (z − ct, x). On each

Figure 5.4: FBPIC results for ne = 0.06nc. The gray colormap represents density
snapshots at (a) EL = 0.12 J and at (b) EL = 1 J. The red colormap represents the
laser envelope, expressed in terms of the normalized vector potential. The insets
refer to the laser transverse profile along the green dashed line. (c-d) Beam waist
and normalized vector potential in plasma for EL = 0.12 J and EL = 1 J.

snapshot, we also present the transverse laser profile along the green dashed line.
From these images, we can already observe the emergence of interesting plasma
structures, prompting questions about the underlying acceleration mechanisms, as
we will discuss in Section 5.2.3. From these images, we can notice that the laser
stops behaving as a Gaussian beam. Indeed, from the inset of each snapshot, it
is possible to observe the appearance of sidelobes, highlighting the occurrence
of beam-break up (Thomas et al., 2007), a phenomenon seeded by self-focusing.
These sidelobes can reach sufficiently high intensities to cause K-shell ionization,
as shown in the inset of Fig. 5.4(b), where we highlight that the laser normalized
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vector potential in plasma aP > 1.5. The density colormap of Fig. 5.4(b) also
highlights the excitation of plasma modes far from the laser axis (i.e., at a distance
exceeding ∼ 2w0), due to the presence of these intense sidelobes. In Fig. 5.4(c)
and (d), we plot the laser spot size (w) and normalized vector potential over
the depth in plasma (z), for the configurations presented in Fig. 5.4(a) and (b)
respectively. Considering the range of laser energy and plasma density of interest,
it is straightforward to notice that the laser power exceeds the critical power (i.e.,
P > Pc(GW) ≈ 17nc/ne ), which ensures the occurrence of self-focusing. Indeed,
for ne = 0.06nc we estimate Pc ≈ 0.3TW, while the laser power is P = 4TW and
P = 33TW for EL = 0.12 J and EL = 1 J respectively. Hence, from Fig 5.4(c)
and (d) we deduce that self-focusing allows to keep the laser focused in plasma
for distances several times the Rayleigh length (ZR ≈ 35µm). For instance, in
Fig 5.4(c), we see that the laser remains guided over a distance L ≈ 7ZR before
being depleted. Moreover, we notice that the laser waist oscillates around λp/2,
as already observed in other works (Thomas et al., 2007, Mangles et al., 2008).
This, in turn, means that higher plasma densities would lead to a tighter focusing
and, consequently, to higher values of the normalized vector potential. As it is
possible to infer from Fig 5.4(d), displaying the results obtained at ne = 0.06nc and
EL = 1 J, the normalized vector potential in plasma can reach up to aP,max ≈ 20
shortly after the density ramp. In a vacuum, instead, we recall that with EL = 1 J
the maximum normalized vector potential is a0 ≈ 10. To describe this effect in a
simple way, we now consider a 30 fs-Gaussian beam focused in a vacuum down to
w0 = λp/2. From Eq. (1.24) we recall the definition of laser peak intensity, namely
I0 = 2EL/(π w2

0 τ). Hence, considering w0 = λp/2 and from Eq. (1.24) we write

I0 =
8EL

π λ2
p τ

. (5.2)

Knowing that a0 ≈ 0.86λ(µm) ×
√
I0(1018W/cm2) and from Eq. (5.2) we can

write the following expression for the maximum normalized vector potential in
plasma (i.e., aP,max) in practical units

aP,max ≈ 91
√

ne/nc × EL(J), (5.3)

The colored dots in Fig 5.5(a) represent the aP,max values obtained with FBPIC,
while the discontinuous lines have been obtained with Eq. (5.3). Hence, we can
notice the good agreement of Eq. (5.3) with the numerical results for the first three
plasma densities, namely between ne = 0.02nc and ne = 0.06nc. At ne = 0.18nc,
instead, we see that Eq. (5.3) overestimates the normalized vector potential. At
higher plasma densities, phenomena like laser depletion, dispersion and reflection
can occur over the density ramp leading to lower values of aP,max than those
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predicted by Eq. (5.3). Nonetheless, we empirically found Eq. (5.4), which allows
for a better agreement with the numerical results, as displayed in Fig 5.5(b).

aP,max ≈ 91
√

ne/nc × EL(J) (1− ne/nc), (5.4)

Figure 5.5: (a) Maximum normalized vector potential in plasma (aP,max) for
different plasma densities and laser energies. The dots refer to the values obtained
through FBPIC simulations, while the discontinuous lines in (a) have been obtained
with Eq. (5.3) and in (b) with Eq. (5.4).

We conclude this section by examining the pump depletion length Lpd. Here, we
define Lpd as the distance in plasma where the laser has aP ≳ 1, i.e., ensuring the
generation of a non-linear wakefield. As we discussed in Chapter 1, this quantity
is relevant since it allows to describe one mechanism that hinders the electron
energy gain in laser-plasma accelerators. Furthermore, laser pulse depletion can
significantly limit the maximum achievable charge. Hence, in Fig 5.6 we present
the pump depletion length (dots) for different densities as a function of the vacuum
maximum normalized vector potential a0. In this figure, we observe that the pump
depletion length displays a small linear increase over a0, while it strongly depends
on the plasma density. Specifically, we deduce the following empiric scaling of the
pump depletion length

Lpd ∝
a0 +K

ne/nc

, (5.5)

where K is a constant we numerically determined and since K ≫ a0 for a0 ∈
[2, 10], we can write Lpd ∝ K nc/ne. A similar scaling was obtained by Lu et al.
(2007) for kpw0 = 2

√
a0, with a0 > 2 (see Section 1.2.4). From the numerical

study, we obtain the following expression of the depletion length in practical units

Lpd(µm) ≈ 16nc/ne. (5.6)
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Figure 5.6: Pump depletion length (Lpd) for different densities, across different
a0s. The dots represent the numerical results, while the dashed lines are a fit of the
form Lpd(µm) ≈ 16nc/ne.

5.2.3 Acceleration of few-MeV Electron Beams

In this section, we discuss the acceleration mechanisms under the conditions
of interest. Specifically, we examine the simulation at ne = 0.03nc, consider-
ing a 1 J laser pulse. As already discussed, this is done by analyzing FBPIC
particle tracking results with FBPIC-EWP. However, before exploring the actual
acceleration mechanisms in detail, we wish to illustrate some generalities about
the structures in plasma. This, in turn, allows for a better understanding of the
overall physics and electron dynamics. Following this, we explore the identified
acceleration mechanisms and discuss some representative examples. We begin
by presenting the trajectories of K-shell electrons. Since L-shell electrons exhibit
similar dynamics and experience analogous acceleration mechanisms, they will be
discussed subsequently.

Channel Formation The numerical analysis underlines the formation of a mas-
sive and rapidly changing channel-like structure shortly after the end of the density
ramp. Fig. 5.7 depicts the density snapshots of four consecutive iterations (1− 4),
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where the gray (green) colormap refers to L-shell (K-shell) electrons, while the
red colormap is aP . Here, we notice that the laser’s ponderomotive force radi-
ally pushes L-shell electrons upon interacting with the density plateau, creating
a copropagating ion cavity (1). Simultaneously, a significant number of K-shell
electrons are ionized into the cavity. The continuous loading leads to the accu-
mulation of K-shell electrons on the laser axis (2 − 3). Thus, due to the high
concentration of K-shell electrons on axis, L-shell electrons cannot close their
trajectories to form ion cavities. Instead, they slip to the rear, forming a channel-
like sheath, surrounding K-shell electrons (4). We estimate a maximum channel

Figure 5.7: (1− 4) Plasma density snapshots of four consecutive iterations. The
gray and green colormaps refer to the L- and K-shell electron density. In red we
depict aP . These panels allow to observe the generation of a channel-like structure.

length of ∼ 70µm, corresponding to ∼ 15λp and a radius of around 6µm, slightly
exceeding the ion cavity radius in the blowout regime (Lu et al., 2007), namely
rb = 2

√
a0/kp ≈ 4.7µm. Compared to Lu et al. (2007), here, the laser is experi-

encing a much stronger self-focusing, reaching higher intensities in plasma than in
a vacuum, as discussed in the previous section (i.e., see Eq. (5.4)). Furthermore,
Lu et al. (2007) considers a resonant laser pulse, as discussed in Section 1.2.3.
Hence, if we now substitute a0 with aP,max in rb = 2

√
a0/kp, we yield a radius

of ∼ 5.7µm, which is in better agreement with the simulation results. Thus, as
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we will further discuss in the following, we empirically find that the channel’s
maximum radius is rc ≈ 2

√
aP,max/kp and from Eq. (5.4), we can write in practical

units
rc(µm) ≈ 2.4E

1/4
L (J) (ne/nc)

−1/4 (1− ne/nc)
1/2. (5.7)

In Fig. 5.8(a) we present the last density snapshot of Fig. 5.7. For visual pur-

Figure 5.8: (a) Plasma density snapshot of the last panel of Fig. 5.7. The gray
colormap refers to L-shell electrons, while the red one refers to the laser. (b) Radial
wakefield map (Er) and longitudinal wakefield (Ez) corresponding to the snapshot
shown in (a).

poses, in Fig. 5.8(a) we only display the density of L-shell electrons, allowing
to highlight the channel structure. In this figure, it is also possible to notice that
the channel diameter corresponds to approximately 2 rc ≈ 11µm. Fig. 5.8(b),
instead, illustrates the radial wakefield map (Er) and the longitudinal wakefield
(Ez) corresponding to the iteration of Fig. 5.8(a). At the front of the channel
structure, the laser ponderomotive force allows for an effective charge separation,
generating an ion cavity. Here, the wakefield reaches a maximum of ∼ 3TV/m,
slightly exceeding the value predicted by (Lu et al., 2007) with Eq. (1.88), namely
E0(GV.m−1) ≈ 96

√
a0 ne(1018cm−3) ≈ 2.2TV/m. Similarly to our prior discus-

sion, we replace a0 with aP,max in Eq. (1.88) and we find the following expression
for the maximum wakefield

Ec(GV.m−1) ≈ 4.1× 104E
1/4
L (J) (ne/nc)

3/4 (1− ne/nc)
1/2. (5.8)

Substituting EL = 1 J and ne/nc = 0.03 in Eq. (5.8) yields Ec = 2.8TV/m, which
is closer to the value obtained with the simulation. Lastly, in Fig. 5.8(b) we notice
that the longitudinal wakefield quickly drops to maximum of around 0.2TV/m
inside the channel, due to the screening effect of K-shell electrons. Moreover, the
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massive accumulation of K-shell electrons on the axis results in a defocusing radial
wakefield, which significantly differs from that of a classical plasma cavity.

To validate the scaling in Eq. (5.7) and (5.8), in Fig. 5.9 we present the results
for EL = 1 J with ne = 0.06nc (first column) and ne = 0.18nc (second column).
The top row shows L-shell density snapshots at the iterations where we reach the

Figure 5.9: Results with EL = 1 J and (a1-2) ne = 0.06nc and (b1-2) ne = 0.18nc.
(a1, b1) The gray colormap refers to the L-shell electron density, while in red we
represent aP . (a2, b2) Radial wakefield in blue and red, while the black curve
refers to the longitudinal wakefield.

maximum wakefield. Here, it is possible to notice that Eq. (5.7) allows to better
estimate the maximum channel radius, compared to rb = 2

√
a0/kp. In the bottom

row, instead, we illustrate the radial and longitudinal wakefield, which reaches a
maximum of around 4.7TV/m and 13.2TV/m at ne = 0.06nc and ne = 0.18nc

respectively. In the first case, Eq. (5.8) yields 4.6TV/m, in the second 10TV/m,
proving the good agreement with the numerical results. For completeness, we
report the values predicted with Eq. (1.88), namely 3.1TV/m and 5.3TV/m for the
lower and higher density respectively.

The channel structure we discussed above differs significantly from the cavities
observed in regular wakefield acceleration. Consequently, one can expect different
acceleration mechanisms to be at play. In the following, we will describe the
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acceleration processes identified using FBPIC-EWP, namely wakefield acceleration,
direct laser acceleration, and ponderomotive acceleration.

Wakefield Acceleration The black curve in Fig. 5.10(a) illustrates an example
of Wakefield Acceleration (WA). In this figure, we also depict the plasma density
and aP in the top half and the radial wakefield in the bottom half. In Fig. 5.10(b),
instead, we present the wakefield longitudinal work (W z

W ), the laser radial work
(W r

L = W x
L +W y

L) exerted on the particle in Fig. 5.10(a) and its kinetic energy (E).
From Fig. 5.10(a) we notice that the electron is ionized at z − ct ≈ 100µm (i.e.,

Figure 5.10: (a) Example of one K-shell electron trajectory experiencing wakefield
acceleration. (b) Wakefield longitudinal work (W z

W ), laser radial work (W r
L) and

kinetic energy curves (E) for the electron in (a). The circle in (a) refers to the
instant t∗ = 100 fs, when the electron leaves the laser pulse and slips into the
channel.

t = 0 in Fig. 5.10(b)) and it slips through the laser pulse, experiencing Noc = 24
optical cycles, before leaving the laser. At this point, namely at t∗ ≈ 100 fs as
denoted by the circle in Fig. 5.10(a), the particle has received around 1.47MeV and
−0.28MeV of radial and longitudinal laser work. While slipping to the back, the
electron experiences the accelerating phase of the front ion cavity. The wakefield,
indeed, provides 0.75MeV along the longitudinal direction, while radially it exterts
a work of 0.29MeV. Subsequently (i.e., at t∗ ≳ 100 fs), the electron slips into the
channel-like structure discussed above, where it performs radial oscillations. Inside
this structure, it crosses regions of accelerating wakefield, reaching 4.3MeV by the
end of the simulation. Unlike regular wakefield acceleration, where particles are
trapped in phase with the wakefield within an ion cavity, this electron continuously
slips through the channel. We estimate that 2.6MeV and 0.41MeV of the electron
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final energy come from the wakefield longitudinal and radial work respectively,
ultimately proving the wakefield central role in accelerating the particle under
investigation.

Direct Laser Acceleration In Fig. 5.11 we present an example of Direct Laser
Acceleration (DLA). Fig. 5.11(a) shows the trajectory of one K-shell electron
that, once ionized at z − ct ≈ 90µm, it slips through Noc = 6 optical cycles,
experiencing a minimum energy gain until z − ct ≈ 85µm, namely at t∗ = 55 fs.
Here, the electron has acquired ∼ 1.5MeV in energy, mostly from the longitudinal
wakefield, as underlined in Fig. 5.11(b). At this point, the particle is trapped in
the front cavity, where it starts performing oscillations along the laser polarization
direction. As discussed in Section 1.2.3, these oscillations can lead to a gain in
longitudinal momentum via the v ×B term of the laser. Additionally, since the
electron is trapped, it also remains in the accelerating phase of the wakefield, which
further enhances the electron energy gain. However, in Fig. 5.11(b) we observe
that DLA has a more significant role in the electron acceleration process, which
reaches ∼ 83MeV, of which 79MeV are provided by the laser radial work.

Figure 5.11: (a) Example of one K-shell electron trajectory experiencing direct
laser acceleration. (b) Wakefield longitudinal work (W z

W ), laser radial work (W r
L)

and kinetic energy curves (E) for the electron in (a). The circle in (a) refers to
the instant t∗ = 55 fs, when the electron is trapped in the front cavity and starts
experiencing DLA.

Ponderomotive Acceleration Lastly, Fig. 5.12(a) presents two trajectories of K-
shell electrons undergoing ponderomotive acceleration. Considering first the case
denoted by the continuous trajectory in Fig. 5.12(a), we estimate that the particle
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Figure 5.12: (a) Example of two K-shell electron trajectories experiencing pondero-
motive acceleration. (b) Wakefield radial work (W r

W ), laser radial work (W r
L) and

kinetic energy curves (E) for the electron denoted by the continuous trajectory in
(a). The circle on this trajectory refers to the instant t∗ = 50 fs, when the electron
leaves the laser pulse. (c) Works and kinetic energy for the electron denoted by the
dashed trajectory in (a). The circle on this trajectory refers to the instant t∗ = 83 fs,
when the electron leaves the laser pulse.

experiences Noc = 12 optical cycles before being expelled by the laser pulse at
t∗ = 50 fs. Similar to what is observed in other acceleration regimes (Thévenet
et al., 2016), this sort of dynamics is typical of ponderomotive electrons: they
slip through several optical cycles experiencing low energy gains, as shown in
Fig. 5.12(b). Here, we show the wakefield and laser radial works (i.e., W r

W

and W r
L respectively) along with the particle kinetic energy (E). We estimate

that the laser provides 6.8MeV in radial push at t∗ = 50MeV. Simultaneously,
the electron loses 3.2MeV crossing regions of space where the focusing radial
wakefield opposes the ponderomotive push (i.e., at z−ct ≈ 85µm). Concerning the
longitudinal dynamics, instead, the numerical analysis underlines that at t = 22 fs
(i.e., z − ct ≈ 93µm) the electron crosses the wakefield decelerating region in the
front cavity, causing a 1MeV loss, while also the laser performs a negative work
around 2.1MeV. Finally, the electron leaves the laser with an energy E = 0.5MeV.

The particle denoted with the dashed trajectory in Fig. 5.12(a) experiences a
somewhat similar acceleration process. It slips through the laser field oscillating
over Noc = 21 optical cycles, before leaving the laser field at t∗ = 83 fs, as denoted
by the circle on the electron trajectory. From Fig. 5.12(c) we deduce that also in this
case, the laser provides most of the energy, with a radial push of 2.7MeV, while the
wakefield exerts a pull of 1.1MeV. Longitudinally, the particle receives 0.7MeV
from the plasma field, since it experiences its accelerating phase at t = 50 fs (i.e.,
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z−ct ≈ 86µm), while the laser performs a negative work of 0.8MeV. The electron
leaves the laser pulse with an energy of E = 1.5MeV. Moreover, for t > 83 fs we
notice that from Fig. 5.12(a) this particle remains closer to the laser axis and is
radially trapped in the channel-like structure discussed above. Here, it performs
radial oscillations until leaving the channel without a significant difference in
energy.

Examples of L-shell Trajectories As previously mentioned, L-shell electrons un-
dergo similar acceleration mechanisms to those of K-shell electrons. In Fig. 5.13(a)
we show two examples of L-shell trajectories. In this figure, the continuous tra-

Figure 5.13: Example of two L-shell electron trajectories experiencing (continuous)
ponderomotive acceleration and (dashed) wakefield acceleration. (b) Wakefield
radial work, laser radial work and kinetic energy of the electron denoted with
the continuous trajectory. At t∗ = 50 fs the electron leaves the laser pulse. (c)
Wakefield longitudinal work, laser radial work and kinetic energy of the electron
denoted with the dashed trajectory. The electron leaves the laser pulse at t∗ = 90 fs.

jectory refers to an electron experiencing ponderomotive acceleration, exhibiting
a behavior similar to the continuous trajectory in Fig. 5.12(a). This particle slips
through the laser pulse, traversing Noc = 14 optical cycles and it leaves the pulse at
t∗ = 50 fs (i.e., z − ct ≈ 85µm). As underlined by Fig. 5.13(b), the laser provides
most of the energy to the particles, while the wakefield causes a deceleration in the
radial direction, ultimately leaving the electron with an energy of around 0.5MeV.
The dashed trajectory, instead, has a similar dynamics to the dashed trajectory in
Fig. 5.12(a). After slipping through Noc = 28 optical cycles, the electron starts
being accelerated by the wakefield at t∗ = 90 fs, as it is possible to infer from
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Fig. 5.13(c). By the end of the simulation, this particle has an energy of around
3.9MeV.

Statistical Study Having discussed in detail the different acceleration mech-
anisms, we now wish to present a statistically relevant study on the number of
electrons accelerated by the laser and the wakefield. Therefore, for each tracked
electron at the instant t, we now define the following parameter

χ(t) =

∣∣∣∣WL(t)

WW (t)

∣∣∣∣− 1, (5.9)

allowing to compare the laser and plasma work contributions. A positive χ value
clearly indicates the laser’s central role in driving the electron acceleration process.

In Fig. 5.14(a) we plot the beam angular distribution for both K- and L-shell
electrons with E > 2MeV, which can be of interest for industrial applications, such
as X-ray tomography. Each electron in the top half of this figure is colored based
on its χ value. Thus, we define two criteria for χ and we identify the corresponding
electron populations. In the range −1 ≤ χ < 0 we find yellow electrons that
gain most of their energy through wakefield acceleration, displaying trajectories as
those discussed above. The red particles, instead, have χ ≥ 0 and are primarily
accelerated by the laser. In this population, we find ponderomotive electrons,
displaying dynamics similar to the two examples in Fig. 5.12(a). As discussed
below, some of the red electrons can also experience direct laser acceleration. We
estimate that around 60% of the particles exhibit positive values of χ, proving the
laser as the primary driver in particle acceleration. In the bottom half of Fig. 5.14(a),
instead, the color represents the energy of each particle. The average energy for
E > 2MeV is around 9MeV for both yellow and red electrons, and we notice a
concentration of higher energies closer to the laser axis, which is consistent with
the experimental results presented in Chapter 4. For instance, if we consider a
solid angle of 0.25 sr (white circle in Fig. 5.14(a)), the average energy increases to
14MeV.

Fig. 5.14(b) depicts the (z − ct, E) phase space of red and yellow K-shell
electrons. This figure underlines the different behaviors of red electrons. As previ-
ously mentioned, in this population we find particles undergoing ponderomotive
acceleration. We estimate that around 85% of red K-shell electrons gain up to
mec

2ap,max ≈ 8MeV through the ponderomotive push (see Eq. (1.52)). Here,
ap,max ≈ 16 is the maximum laser normalized vector potential in plasma. Instead,
the remaining 15% experiences direct laser acceleration, allowing these particles to
reach 10s − 100s MeV. In Fig. 5.14(b) we also recognize yellow K-shell electrons.
The trajectories of these particles display the behavior discussed in the example
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Figure 5.14: (a) Electron angular distribution. In the top half, the color refers to
the parameter χ (see text), while in the bottom half, it represents the energy. The
white circle represents a solid angle of 0.25 sr (see text). (z − ct, E) phase space
for (b) K-shell electrons and (c) L-shell electrons. For visual reference, we show
the plasma density and laser intensity.

of Fig. 5.10(a), undergoing wakefield acceleration. In other instances, similar to
DLA electrons, we find yellow K-shell electrons trapped in the front ion cavity
via ionization injection. These particles remain in phase with the wakefield long
enough to reach 10s−100s MeV. Analogously, Fig. 5.14(c) displays the (z−ct, E)
phase space of red and yellow L-shell electrons. We estimate that around 83% of
L-shell electrons undergo PA, while the remaining fraction is mainly accelerated
via WA while momentarily crossing the longitudinal wakefield accelerating phase.

5.2.4 Charge-per-Joule Saturation Effect

In this section, we provide a possible explanation to the charge-per-Joule
saturation effect observed in Chapter 4, employing the configurations presented in
the previous section.

In Fig. 5.15(a), the colormap illustrates the charge-per-Joule (Q/J ) derived
from linearly interpolated numerical results. Here, we consider all electrons (i.e.,
within a 4π sr solid angle) with a minimum energy E = 2MeV, coherent with
the discussion in Section 5.2.3. The white dashed lines, instead, are charge-per-
Joule isolines. From Fig. 5.15(a) it is possible to notice that for EL ≳ 0.12 J and
ne ≳ 0.03nc the charge-per-Joule slowly increases from 40 nC/J to ∼ 50 nC/J with
the laser energy. This region is outlined by black dotted lines for visual reference.
Moreover, within this range, we observe that increasing the plasma density at a
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fixed laser energy does not result in significantly higher charges-per-Joule. This
saturation effect is attributed to the saturation of the energy conversion efficiency
(η) with respect to plasma density. Here, η is defined as the ratio of the electrons’
kinetic energy to the laser energy. In other words, regardless of variations in plasma
density, the same amount of laser energy ionizes and allows to accelerate the same
number of electrons at the same average energy. This analysis is corroborated by
the energy spectra in Fig. 5.15(b), where we consider electrons with energies in
the range 2MeV < E < 15MeV, comprising over 80 % of the charge with energy
E > 2MeV (i.e., the range we considered in Fig. 5.15(a)). In Fig. 5.15(b), we
notice that the curves at EL = 1 J for ne = 0.03nc and ne = 0.06nc superimpose,
presenting an average energy around 4.7MeV. For these configurations, we estimate
the efficiency to be η ∼ 21%. A similar behavior is also observed at EL = 0.12 J,
where we estimate the average energy to be 5.7MeV and the conversion efficiency
is η ∼ 18% for both densities.

Figure 5.15: Charge-per-Joule for the different configurations of interest, for
electrons exceeding E > 2MeV. The colormap is the linear interpolation of the
simulations, while the white dashed lines refer to constant values of the charge-per-
Joule. The blacked dotted lines highlight the region of charge-per-Joule saturation.
(b) Examples of energy spectra. The continuous lines refer to the case at EL = 1 J
for ne = 0.03nc and ne = 0.06nc. The dotted curves refer to the case at EL =
0.12 J at ne = 0.03nc and ne = 0.06nc.

The curves in Fig 5.16 illustrate the electrons’ kinetic energy dynamics (i.e.,
dE/dz), considering 1 J laser energy and three different plasma densities. The
integral of each curve amounts to the laser energy spent for ionizing and acceler-
ating the electrons with 2MeV < E < 15MeV. From Fig 5.16, we deduce that
increasing the plasma density results in a contraction of the characteristic length of
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each curve, as indicated by the shift in the position of their maxima. We estimate
this characteristic length to correspond to approximately Lpd/2, namely the pump
depletion length we discussed in Fig. 5.6, scaling as n−1

e . Simultaneously, we
notice that at higher plasma densities the electrons’ energy gain rate (i.e., the max-
imum of each curve) increases. Thus, despite the curve contraction experienced
at higher densities, a faster energy gain ultimately results in the same integral for
all curves, namely ∼ 0.21 J, consistently with the conversion efficiency saturation
effect.

Figure 5.16: Electron energy gain dynamics for ne = 0.03nc, ne = 0.06nc and
ne = 0.18nc at EL = 1 J. From these curves, we estimate that the laser energy
spent for ionizing and accelerating the electrons between 2 MeV and 15 MeV is
around 0.21 J for the three densities, explaining the saturation effect in Fig 5.15(a).

5.3 Numerical Simulations: Experimental Condi-
tions

The numerical study discussed thus far highlighted the physics at play, specif-
ically pertaining to the electron acceleration mechanisms. Now, we intend to
briefly discuss a set of FBPIC simulations performed in conditions more similar
to the experimental ones. This, in turn, will allow for a better understanding and
interpretation of the experimental results.
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In this last section, we first start by presenting the numerical configuration
adopted for this set of simulations. Following this, we explore the laser diffraction
and plasma density structures, comparing one configuration of interest with what
we have observed in Section 5.2.2. Specifically, here, we present a detailed analysis
of the simulation results obtained at ne = 0.05nc and EL = 0.1 J, which allowed
to reach the highest charge-per-Joule with the 0.4mm nozzle (see Sec. 4.2.2). To
better characterize the electron beam produced with this configuration, we conclude
this section by discussing the beam charge average energy and divergence.

5.3.1 Simulation Setup

Fig. 5.17 is a schematic representation of the setup employed for the simulations
of this section. In this case, we consider a 30 fs Gaussian laser pulse with λ0 =
800 nm, w0 = 3µm and with energies ranging from 0.05 J and 0.8 J. Thus, the
laser intensity peak is varied between 1.1× 1019 W/cm−2 and 1.8× 1020 W/cm−2,
corresponding to a0 ∈ [2.3, 9.1]. The laser is focused at z = 0, namely at the peak
of a Lorentzian plasma density profile (gray surface), which was obtained by fitting
the measured plasma density produced with the 0.4mm nozzle (blue curve). The
peak plasma density ranges between ne = 0.01nc and ne = 0.05nc, coherent with
the experimental configuration.

Figure 5.17: Schematic representation of FBPIC simulations in the experimental
conditions.
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5.3.2 Laser Diffraction and Plasma Structures

As previously mentioned, in this section, we provide a detailed analysis of the
simulation at ne = 0.05nc and EL = 0.1 J. For this case, quantities such as the
plasma wavelength and critical power are calculated with respect to the plasma
density peak.

Figure 5.18: Beam waist and normalized vector potential in plasma for ne =
0.05nc and EL = 1 J. The horizontal dotted line refers to λp/2 = 1.8µm. For
reference, we also illustrate the plasma density (gray area).

Following a similar approach to that of Section 5.2.2, in Fig. 5.18 we illustrate
the beam spot size (red curve) and the normalized laser vector potential in plasma
(green). We also plot the plasma density profile (gray-shaded area) for visual
reference. Also in this case, we notice that the laser experiences self-focusing,
since its power P ≈ 3.1TW significantly exceeds the critical power Pc = 350GW.
Specifically, we observe that the waist is focused down to λp/2 at z ≈ −100µm,
where λp = 3.6µm. Subsequently, the laser pulse remains focused down to
λp/2 for a total length of around L ≈ 10ZR, where we recall that in this case
ZR = 30µm. In this figure, we notice that the maximum vector potential reaches
aP,max = 4.4 at around z = 30µm, exceeding the vacuum maximum value, namely
a0 = 3.7. Using Eq. (5.4) we predict aP,max = 6 considering ne = 0.05nc and
EL = 0.1 J, which is around 50% more than the value obtained with the simulation.
We believe that the discrepancy is partially due to the energy loss experienced by
the laser in the plasma profile tail leading to the density peak. Indeed, at z = 30µm,
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where the laser normalized vector potential reaches its maximum, we estimate that
the laser has lost around 30 % of its initial energy (i.e., EL = 0.07 J). Considering
ne = 0.05nc and EL = 0.07 J we yield aP,max = 5 with Eq. (5.4), which is in
better agreement with the numerical results.

Fig. 5.19(1 − 4) illustrates an evolution of the plasma structures. Similar
to Section 5.2.3, we distinguish K- and L-shell electrons with a green and gray
colormap respectively, while the laser is denoted with a red colormap. Initially,

Figure 5.19: (1− 4) Plasma density snapshots of four consecutive iterations. The
gray and green colormaps refer to the L- and K-shell electron density. In red we
depict aP . Similar to the idealized case, these panels highlight the generation of a
channel-like structure. The inset in (4) depicts the laser transverse profile along
the green dashed line. The black dashed line is a visual reference for the plasma
density peak.

the laser propagates in the plasma up-ramp, where it excites multiple longitudinal
oscillations and nitrogen experiences a limited K-shell depletion (1), since aP ≲
1.5, the K-shell ionization threshold. At this point, we can clearly distinguish
different plasma cavities formed by L-shell electrons. As the pulse gets closer to
the density peak, it experiences self-focusing and it reaches intensities allowing
for a more significant K-shell ionization. These particles are ionized close to the
laser axis, where we presume they accumulate within the plasma cavities through
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ionization injection (Guillaume et al., 2015), forming a train of electron bunches.
The continuous ionization and accumulation of K-shell electrons on axis ultimately
lead these cavities to merge, generating a massive L-shell sheath surrounding
K-shell electrons (2− 3), which can partially screen the wakefield, similar to what
we described in Section 5.2.3. Compared to the idealized case, however, the more
prominent K-shell density modulation along the longitudinal direction leads to the
formation of cavities and the generation of a longitudinal wakefield, which we
will discuss in the following. We estimate the L-shell channel length to be around
L = 26µm, corresponding to ∼ 7λp (4). Lastly, in the inset of Fig. 5.19(4) we also
plot the laser transverse profile along the green dashed line. Thus, coherent with
our prior analysis, the laser still presents sidelobes, highlighting the occurrence of
beam-breakup (Thomas et al., 2007).

Figure 5.20: (a) Plasma density snapshot of the last panel of Fig. 5.19. The gray
colormap refers to L-shell electrons, the green to K-shell electrons and the red one
refers to the laser. (b) Radial wakefield map (Er) and longitudinal wakefield (Ez)
corresponding to the snapshot shown in (a).

In Fig. 5.20(a) we present the last panel of Fig. 5.19. Here, we notice that
the maximum channel radius rc = 2.56µm calculated with Eq. (5.7) assuming
ne = 0.05nc and EL = 0.07 J is in good agreement with the simulation. Moreover,
as mentioned above, in Fig. 5.20(a) we observe a more prominent K-shell density
modulation along the longitudinal direction compared to the idealized case. This
is due to the initial moderate injection of K-shell electrons in the L-shell cavities
formed in the plasma up-ramp, which leaves these particles equally spaced. Con-
sequently, this K-shell modulation allows for the generation of plasma cavities,
whose radial sheath is formed by L-shell electrons. Longitudinally, instead, the
sheath is provided by K-shell electrons. Thus, inside the channel, we find a longi-
tudinal wakefield which is not dumped as in the idealized case, as underlined in
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Fig. 5.20(b). In this figure, the black curve refers to the longitudinal wakefield (i.e.,
Ez), while the red and blue colormap represents the radial wakefield (i.e., Er).

5.3.3 Beam Properties

For completeness, we conclude this chapter by illustrating some properties of
the electron beam in the configuration of interest, namely for ne = 0.05nc and
EL = 0.1 J.

In Fig. 5.21(a) we present the beam angular distribution for electrons with
energy E > 0.5MeV, within a solid angle of ∼ 1.7 sr. Each electron is colored
based on its energy at the last simulation iteration. In these conditions, we estimate
a beam charge of around 5 nC. If we limit the solid angle to 0.25 sr, coherent with
the BPM, the beam charge drops to 2.3 nC, which is close to the experimental
measurement (i.e., 2.5± 0.11 nC). From Fig. 5.21(a) we estimate the beam FWHM
divergence to be 76mrad, while experimentally we estimate only around 50mrad.
We presume that the higher divergence obtained with the simulation is due to a
higher concentration of electrons along the laser polarization direction. Further-
more, it is possible to observe that closer to the laser axis we find high energy
electrons, coherent with Section 5.2.3. In Fig. 5.21(b), we show the (z − ct, E)
phase space. In this case, the color of each particle is based on its emission angle,
defined as Θr = (Θ2

x + Θ2
y)

1/2. Thus, we further prove that electrons at higher

Figure 5.21: (a) Electron angular distribution. Each particle is colored based on its
energy. (a) (z − ct, E) phase space. The color of each electron refers to its radial
divergence Θr (see text). (c) Electron beam energy spectrum. The white circle
refers to a solid angle of 0.25 sr (see text).
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energy are less divergent than those less energetic. In Fig. 5.21(c) we plot the beam
energy spectrum between E = 1.2MeV and E = 14.7MeV, considering electrons
in a ∼ 1.2msr solid angle, coherent with the spectrometer pinhole collecting an-
gle. Thus, we notice that the spectrum follows a quasi-Maxwellian distribution,
similar to the experimental results of Chapter 4. Within this energy range, we
estimate the average energy to be 4.5MeV and the conversion efficiency is around
η = 10%. Under these conditions, we experimentally measured an average en-
ergy of 4.3 ± 0.26MeV and η ≈ 5.4%. The difference between the numerical
and experimental values of the conversion efficiency is due to the laser energy
considered for the calculation. Since the laser pulse in experiment is not perfect, a
significant part of the energy lies out of the central spot, which contains ∼ 57% of
the total laser energy. Thus, the total laser energy on target in this case is ∼ 0.2 J
and with this value we obtain η ≈ 5.4%. If we considered, instead, the energy
in the laser central spot (i.e., EL ≈ 0.1 J), the experimental value would rise to
η = 9.4%, which is in better agreement with the simulation that indicates what
could be obtained with a perfect laser.

5.4 Conclusion

In this chapter, we have presented a detailed numerical study through two sets of
FBPIC simulations. We have first explored the interaction between a superintense
laser pulse and a nitrogen plasma plateau with ne ≳ 0.02nc. Similar to previous
studies, our analysis highlights the occurrence of beam-breakup initiated by self-
focusing, which also enables the laser pulse to be focused down to approximately
∼ λp/2. Furthermore, we demonstrate that this tight focusing in plasma results in
laser normalized vector potentials up to three times higher than those in a vacuum.
From these observations, we are able to deduce scaling laws, allowing to better
understand the regime of interest.

We subsequently explore the different acceleration mechanisms. First, we
illustrate the different plasma structures and we discuss the generation of a massive
L-shell channel-like structure, surrounding K-shell electrons. The accumulation of
K-shell electrons on the laser axis screens the longitudinal wakefield, leading to a
scenario notably different from classical wakefield acceleration.

Through the code FBPIC-EWP, we analyze the numerical simulations and
we calculate the work performed by both the laser and the plasma electric fields.
Through this detailed study, we identify three acceleration mechanisms: pondero-
motive acceleration, wakefield acceleration and direct laser acceleration. Among
these, we find that ponderomotive acceleration is the most prevalent process. This
first set of simulations also allows us to provide an explanation to the charge-per-
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Joule saturation with the plasma density, which we have observed in Chapter 4.
Specifically, we prove that regardless of variations in plasma density, the same
amount of laser energy ionizes and allows to accelerate the same number of elec-
trons at the same average energy.

Finally, we conclude this chapter illustrating an example of FBPIC simulation
performed in the experimental conditions. Thus, in this last section, we explore
the laser diffraction and plasma density structures, comparing this case with the
idealized case. Moreover, we employ and verify the scaling laws deduced in the
first section of this chapter.



Conclusion and Outlook

Overview of Main Results

In this work, we have presented a laser-plasma interaction regime allowing
to increase the average electron beam current, particularly in the range of a few
MeV. These electron beams can be valuable for low-energy applications that do not
necessarily require high-quality, monoenergetic beams, such as industrial X-ray
tomography (Multiscan 3D project, 2020).

Our research activity addressed various aspects, including the development
of gas targets and specific diagnostics used for the experimental campaign. In
Chapter 3, we presented a study that resulted in the production of a sub-millimetric
supersonic nozzle in collaboration with the FTMC laboratory in Lithuania. Ad-
ditionally, we detailed the creation of magnetic dipoles, essential for measuring
few-MeV electron energy spectra. We concluded this chapter by introducing a
novel energy spectrometer developed with Vacuumschmelze, which enables the
measurement of highly divergent, few-MeV electron beams, representing an im-
provement over current spectrometry techniques. Chapter 4 was devoted to the
experimental findings of this work. Using the 60 TW Salle Jaune laser system of
the Laboratoire d’Optique Appliquée, we conducted a parametric study, employing
different plasma densities, laser energies, gas targets, and degrees of focusing. This
led us to identify the conditions for producing highly divergent electron beams (i.e.,
> 100mrad), with energies of a few MeV, charges of 5 to 30 nC, and a maximum
laser-to-electron energy conversion efficiency of about 14%, one of the highest
ever measured.

The work of this thesis also involved Particle-In-Cell simulations, enabling
an in-depth study of the physics in the regime we explored. The numerical study
presented in Chapter 5 allowed us to identify the main phenomena concerning laser
diffraction and we were able to determine scaling laws. Using a numerical tool
specifically developed for processing PIC simulation results, we proved that most
electrons are accelerated by the laser’s ponderomotive force. Notably, we observe
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that the majority of particles are not injected into the plasma waves but rather slide
on the laser pulse, gaining just a few MeVs.

Perspectives

Industrial 3D X-ray Tomography Given current 10W laser systems, the regime
we explored opens pathways for generating laser-plasma accelerated electron beams
with average currents approaching 1µA, surpassing the current state of the art by
three orders of magnitude. Recent advancements in laser technology (Pellegrina
et al., 2022, Kiani et al., 2023) suggest the upcoming development of ∼ 100W
laser systems, which could potentially lead to the attainment of unprecedented
average currents exceeding the µA-level. With such capabilities, this electron
source emerges as a promising candidate for various applications requiring few-
MeV electrons, as previously mentioned.

In Fig. 5.22(a) we present an example of X-ray tomography, performed using
the 10TW Salle Sheril laser system at LOA, capable of delivering ∼ 0.35 J, 40 fs
laser pulses. The driver laser pulse is focused down to w0 ≈ 3µm using an f/6
off-axis parabola on a pure nitrogen gas jet, produced with a 2mm exit diameter
supersonic nozzle. In this case, we estimate the peak plasma density to be ne =
0.02nc. The produced electron beam subsequently interacts with a 1mm thick
tungsten conversion plate, generating X-rays via bremsstrahlung. These X-rays
allow to realize a radiography of an inox specimen with a defect, using an imaging
plate. In Fig. 5.22(b) we illustrate the radiography, where it is possible to notice a
fracture with an estimated characteristic width of less than 1mm.

While promising, these results indicate that the produced beams and the setup
itself may still require further improvement. As it is possible to notice from
Fig. 5.22(a), for instance, the tungsten conversion plate has been ablated by the
laser, which retains a sufficiently high intensity upon exiting the plasma. Using
a secondary gas jet could facilitate further laser pulse depletion, thus preventing
damage to the conversion plate.

For certain industrial applications, it is also crucial to control the maximum elec-
tron energy to prevent the activation of materials. Certain country regulations (U.S.
Food and Drug Administration, 1977) set the maximum allowed electron energy
at approximately 10MeV for specific applications involving X-rays, as higher
energies could pose a public hazard. Nonetheless, both the experimental and
numerical studies of this work proved the presence of electrons exceeding several
tens-MeV. Thus, addressing this issue is of utmost importance for the successful
use of laser-plasma-based accelerators for such applications. Thanks to the detailed
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Figure 5.22: (a) Salle Sheril experimental setup for bremsstrahlung X-ray genera-
tion. The tungsten plate is positioned at ∼ 2 cm from the nozzle, the specimen at
40 cm and the imaging plate at 50 cm. (b) Resulting X-ray imaging plate tomogra-
phy.

numerical analysis provided in this thesis, it has been possible to identify the main
acceleration mechanisms. Specifically, the results suggest that completely suppress-
ing electron trapping could mitigate the mechanisms responsible for accelerating
electrons above 10MeV. Indeed, once injected, these particles can be accelerated
to high energies by the wakefield or through direct laser acceleration, reaching
energies around 100MeV.

Limiting the beam maximum divergence can also be important for certain
applications. As proved by the experimental results, while increasing the laser
energy allows to reach higher charges it also yields more divergent electrons, which
can be difficult to collect or use. This, in turn, leads to a decrease in the charge-per-
Joule and conversion efficiency. One possible approach to limit beam divergence is
to use a lower energy pulse. However, this naturally leads to a decrease in electron
beam charge. Alternatively, it is possible to employ a train of two laser pulses,
spaced by a delay ranging from three to thirty times the plasma period (Andriyash
et al., 2024). This technique can produce the same amount of charge as a single
pulse. By splitting the laser into two pulses, the divergence of the electron beams
produced by each pulse is reduced, since each pulse in the train carries only half
the energy of the single pulse.
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Appendix A

FBPIC Simulation Setup

Once we have defined the main numerical parameters regarding this example,
it is necessary to define the Simulation object to run an FBPIC simulation,
as shown below. This object encapsulates the parameters we have discussed
above. More specifically, it is possible to observe the number of longitudinal
(Nz) and radial (Nr) points of the co-moving window, naturally related to the
meshing we have presented. Here, zmax (zmin) represent the maximum (min-
imum) box longitudinal coordinate, while Nm is the number of spectral modes.
The Simulation object also allows to define the charge profile distribution
(particle shape) that it has been set to be cubic for the best available reso-
lution. The boundary conditions have been set to be open in both directions, while
the current-correction parameter represents the method used to satisfy
the continuity equation. For the simulations of this chapter, we have chosen the
cross-deposition method, i.e., the most precise available in FBPIC. Finally,
we mention for completeness the n order and use cuda parameters. The first
defines the number of stencils for z derivatives in the Maxwell solver, while the
second allows to use the GPU parallelization.

1 sim = Simulation( Nz, zmax, Nr, rmax, Nm, dt,
zmin=zmin,↪→

2 n_order = 16, use_cuda = True,
3 particle_shape = 'cubic',
4 boundaries = {'z':'open', 'r':'open'},
5 current_correction='cross-deposition' )

After defining the Simulation object in the FBPIC input file, we can in-
troduce the nitrogen atoms. Below, we present the input file lines related to the
whole definition of the nitrogen gas and the corresponding electron species we
aim to study. As it is possible to observe, we can add the nitrogen atoms to the
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Simulation object via the add new species method. The main parameters
of this method are p nz, p nr and p nt that represent the number of macroparti-
cles per cell in the z, r and θ direction respectively. Instead, n represents the density
of the specific species, while dens func is the normalized function describing
the density profile. Hence, here we also introduce all the different electron species,
namely elec L3, elec L, elec K6 and elec K7. The first two relate to the
L-shell electrons, while the last two refer to the K-shell. Therefore, we use the
dictionary target species that allows us to store the ionized electrons. Each
dictionary key is an integer between 0 and 6 representing the corresponding ioniza-
tion level. Finally, we introduce nitrogen ionization via the make ionizable
method that employs the ADK model (Chen et al., 2013), as previously mentioned.
The make ionizable method has the target species as input parameter
and also the level start, necessary to define the plasma pre-ionization degree.

1 # Add the nitrogen atoms
2 atoms_N = sim.add_new_species( q=5*e, m=14.*m_p, n=n_e

/ 5,↪→

3 dens_func=dens_func, p_nz=1, p_nr=1, p_nt=4,
p_zmin=p_zmin, p_zmax=p_zmax, p_rmax=p_rmax )↪→

4

5 # Create the N-electrons and make nitrogen ionizable
6 target_species = {}
7 elec_L3 = sim.add_new_species( q=-e, m=m_e, n=3*n_e/5,
8 dens_func=dens_func, p_nz=p_nz, p_nr=p_nr, p_nt=p_nt,

p_zmin=p_zmin, p_zmax=p_zmax, p_rmax=p_rmax )↪→

9 elec_L = sim.add_new_species( q=-e, m=m_e )
10 elec_K6 = sim.add_new_species( q=-e, m=m_e )
11 elec_K7 = sim.add_new_species( q=-e, m=m_e )
12

13 for i_level in range(0, 3) :
14 target_species[i_level] = elec_L3
15 for i_level in range(3, 5) :
16 target_species[i_level] = elec_L
17

18 target_species[5] = elec_K6
19 target_species[6] = elec_K7
20

21 atoms_N.make_ionizable( 'N',
target_species=target_species, level_start=3 )↪→
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known. The image has been adapted from Svelto (2010). . . . . . 7

1.2 Illustration of the characteristic Gaussian beam parameters. The
image has been adapted from Svelto (2010). . . . . . . . . . . . . 9

1.3 Depiction of the electric field E and its envelope Eenv. Here, we
have assumed a time duration τe ∼ 30 fs and λ = 0.8µm. . . . . . 11

1.4 Depiction of the atomic Coulomb potential in the presence of a
strong-field. Φp denotes the actual bonding potential (a) Unper-
turbed atom potential. (b) Multi-photon ionization. (c) Tunnel
ionization. (d) Barrier suppression Ionization. The image has been
adapted from Hansen (2012). . . . . . . . . . . . . . . . . . . . . 12

121



122 APPENDIX B. LIST OF FIGURES

1.5 Numerical example of relativistic self-focusing obtained using
the code FBPIC (Lehe et al., 2016). The blue and green curves
represent the laser spot-size propagating in plasma and in vac-
uum respectively. The gray-shaded area is the normalized plasma
density profile. For visual purposes, we plot w/w0 − 1, and the
horizontal dotted line represents the condition w = w0. The laser
is initially defined in vacuum at z ≈ −1200µm and it is focused
at z = 0, where ne = 3.6× 1019 cm−3. The laser parameters are
τ0 = 30 fs, λ = 0.8µm and a0 = 3.8. . . . . . . . . . . . . . . . . 20

1.6 Linear regime quantities: (a) Normalized longitudinal wakefield
Eζ/E0, (b) normalized radial wakefield Er/E0 and (c) normalized
plasma density oscillation δn/n0. . . . . . . . . . . . . . . . . . . 23

1.7 FBPIC non-linear wakefield quantities obtained with a 30-fs laser
for a0 ≈ 2 and with a plasma density n0 = 1.2 × 1019 cm−3.
Here, a is the normalized laser amplitude, ϕ and Ez/E0 are the
normalized wakefield potential and electric field. We plot the
normalized plasma density as δn/n0 − 1 for visual purposes. . . . 25

1.8 Trajectories in phase space obtained using Eq. (1.79) and the nu-
merical example of Fig. 1.7. The black line represents the orbit
of non-injected electrons, the red one the separatrix and the blue
dashed lines the trapped orbits. . . . . . . . . . . . . . . . . . . . 27

1.9 (a) FBPIC simulation of the bubble regime. The laser pulse is
propagating from left to right. Here, the color map represents
the normalized plasma density variation δn/ne and ξ = z − vgt.
Figure from Oubrerie (2022). (b) Schematic representation of the
electron sheath and trapped electrons (green dots) on the top of the
image and the longitudinal electric field Ez on the bottom. . . . . 29

1.10 Schematics of the transverse injection for different electron trans-
verse positions. For |x| ≳ rb and |x| ≲ rb it is not possible for
the electrons to be injected. For |x| ≈ rb the electrons can be
injected because of wavebreaking. The rapid expansion of the
cavity (orange circle) facilitates the whole injection process. . . . 30

1.11 PIC simulation displaying the (a) longitudinal and (b) transverse
self-injection mechanism. The red and blue colormaps relate to the
laser intensity and plasma density. The green lines represent the
electron trajectories. Figure from Corde et al. (2013b). . . . . . . 32

1.12 Nitrogen ionization rate (colored curves) for a laser (red area) with
a0 ≈ 2.2 that propagates toward the right. . . . . . . . . . . . . . 33



123

1.13 Schematic representation of the ionization injection mechanism
for electrons born in front of the laser pulse (purple curves) and in
the middle (green curve). . . . . . . . . . . . . . . . . . . . . . . 34

1.14 2D EPOCH (Arber et al., 2015) simulation. Here the laser pulse
with a0 = 8.5 interacts with a plasma density plateau at ne =
1019 cm−3 and it fills the whole window. (top) Normalized plasma
density profile ⟨ne⟩/nc. The modulations in the plasma density are
related to the laser period. (bottom) Normalized longitudinal and
transverse electric fields ⟨Ex⟩ and ⟨Ey⟩. The quantities have been
averaged over ten laser periods. Figure from Arefiev et al. (2016). 36

1.15 (top) Electron trajectory and (bottom) γ as functions of ξ. Here,
a0 = 8.5. The colormap refers to the laser amplitude, while the
arrows indicate the electron transverse velocity direction. Figure
from Arefiev et al. (2016). . . . . . . . . . . . . . . . . . . . . . . 38

1.16 Trajectory of one accelerated particle. (top) Trajectory colored
after the electron γ-factor. (bottom) Trajectory colored after the
value of the longitudinal electric field ⟨Ex⟩ on the electron. The
density and field colormaps are averaged over ten laser periods.
Figure from Arefiev et al. (2016). . . . . . . . . . . . . . . . . . . 39

2.1 Depiction of a particle moving across the grid in the PIC approach.
Here, the particle is described by a normalized triangular density
profile g, whose width spans over twice the grid spacing. . . . . . 46

2.2 FBPIC cycle. First, the electromagnetic field is gathered from the
grid, then the particles are pushed. Secondly, the resulting charge
and current are deposited on the grid. Finally, the electromagnetic
field is updated. Figure from fbpic.github.io. . . . . . . . . 48

2.3 Salle Jaune laser system architecture. Figure adapted from Kabacin-
ski (2022). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

2.4 (a) Electron spectrometer composed by a magnetic dipole that
deviates the electrons on a Lanex Regular Carestreem screen. Each
electron interacts with the screen on a different position, depending
on its energy. The light produced is then collected by a CCD
camera. (b) Spectrometer calibration employed for the experiments
discussed in Chapter 4. Here, we show the position of each electron
s on the Lanex screen and the corresponding resolution as functions
of the electrons’ energy E. . . . . . . . . . . . . . . . . . . . . . 51

fbpic.github.io


124 APPENDIX B. LIST OF FIGURES

2.5 (a) Schematic view of the motorized Beam Profile Monitor. (b)
Colorized image acquired with a 16-bit CCD Andor Solis camera
of the BPM Lanex screen. From this image, we are able to deter-
mine the beam charge inside a given solid angle (dashed circle)
and divergence. . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

2.6 Schematic depiction of the Phasics SID4 Camera: a laser pulse
undergoes a phase shift traversing a plasma. The camera detects
the dephasing that allows to reconstruct the density profile. . . . . 54

2.7 Example of density reconstruction. Here, we retrieve the plasma
density profile produced with a supersonic nozzle. (a) Dephasing
map obtained with the Phasics SID4 Camera. (b) Density map
derived with Neutrino. In both images we show the inversion axis R. 55

2.8 (a) Focal spot camera scheme. Here, it is possible to observe the
pick-up mirror, that deflects the laser pulse on a 8-bit CCD camera.
This allows to control and correct for eventual aberrations and to
estimate the laser FWHM diameter d, a0 and energy within the
laser central peak. (b-c) Images recorded with the CCD camera
with a f/4 and f/8 off-axis parabola. . . . . . . . . . . . . . . . . . 56

2.9 Exploded view of the dosimetry stack, composed by eleven GAFchromic
EBT3 films. We separate each film with bricks in aluminum or
Teflon of different thicknesses. The values on the image refer to
the width of each brick in millimeters. (Inset) The stack was placed
at 6 cm from the electron source in the experimental chamber. . . . 56

2.10 (a) First four GAFchromic EBT3 films from the dosimetry stack,
as indicated by the Roman numerals. (b) Calibration curve of the
radiochromic films used in this thesis. . . . . . . . . . . . . . . . 57

3.1 Schematic representation of a supersonic nozzle. Here, the fluid
moves from left to right, following the arrows’ direction. . . . . . 60

3.2 Exit Mach number (Me) as a function of the ratio Se/S
∗ for nitro-

gen and monoatomic gases. . . . . . . . . . . . . . . . . . . . . . 62

3.3 (a) Side and (b) top view of the glass nozzle we developed. (c)
Example of glass nozzle tomography. Here, we can observe the
inner structure at the middle plane. . . . . . . . . . . . . . . . . . 63

3.4 2D-axisymmetric ANSYS Fluent simulation result. Here, the
colormap represents the Mach number inside the supersonic nozzle.
Further details about the simulation are provided in the text. . . . 64



125

3.5 Estimated plasma density profiles along the radius r and at different
heights from the nozzle exit. . . . . . . . . . . . . . . . . . . . . 64

3.6 (a) The permanent dipole used for the experiments discussed in
chapter 4. In the inset, we show a view of the magnetic study
conducted with CST Studio Suite, necessary for the dipole de-
velopment. (b) Particle tracking simulation performed using the
dipole middle plane magnetic field map. In this simulation, we
have initialized five hundred electrons at 6 cm from the dipole, with
energies between 1.2 MeV and 14.7 MeV. . . . . . . . . . . . . . 65

3.7 Schematic representations on the role of a pinhole. (a) Case without
the pinhole. Here, two electrons with energies E1 = E2 interact
with the Lanex at two different positions s1 and s2. (b) Introducing
a pinhole makes sure that the electrons enter the magnetic field at
the same position. This allows them to land at s1 ≈ s2 on the Lanex. 67

3.8 Novel electron spectrometer prototype. Here, we underline the
dipole entrance and the position of the two Lanex screens. In the
inset we present a top view of the system. . . . . . . . . . . . . . 68

3.9 (a) Magnetic field map measured at the dipole middle plane. (b)
Measured and simulated magnetic field profiles along the x∗ and
y∗ axes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

3.10 CST particle tracking results. (a) Results pertaining a 0.5MeV,
400mrad electron beam. (b) Results considering electrons between
0.5MeV and 20MeV with a maximum divergence of 400mrad. . 69

4.1 Simplified experimental setup, displaying the (a) beam profile
monitor, allowing for beam charge and divergence measurements.
(b) Setup for the electron spectrometer, which can be positioned
on the laser axis using motorized stages, once the beam profile
monitor has been removed. Here, we also notice the probe beam,
used to perform plasma density or gas density measurements with
a Phasics SID4 Camera. . . . . . . . . . . . . . . . . . . . . . . . 73

4.2 (a) Experimental chamber and main diagnostics. We only show
the driver path for visual purposes. (b) Close-up of the BPM and
electron spectrometer. . . . . . . . . . . . . . . . . . . . . . . . . 74

4.3 Laser focal spot obtained with the f/4 OAP. The white curves
represent the profiles through the laser intensity peak and d is
the FWHM diameter. The dashed circle delineates the region
considered for calculating the energy within the central spot . . . 75



126 APPENDIX B. LIST OF FIGURES

4.4 (a) Plasma density map obtained with the 0.4mm exit diameter
glass nozzle and a 10 bar backing pressure. The nozzle center is at
x = 0 and its exit is at y = 0. (b) Plasma density profile measured
across the white dashed line in (a), namely at ∼ 500µm from the
nozzle exit. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

4.5 (a) Density map obtained with the 0.4 mm exit diameter nozzle at
80 bar. In this case, the density is retrieved assuming a full nitrogen
L-shell ionization. (b) The light blue curve is the density profile
measured across the white dashed line in (a), while the dark blue
profile was extrapolated scaling the profile in Fig. 4.4(b) by a factor
of eight. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

4.6 (a) Density map obtained with a 2 mm exit diameter metallic nozzle
at 60 bar. (b) Density profiles measured across the white dashed
lines in (a), namely at 1mm and 2mm from the nozzle exit. . . . . 78

4.7 Charge-per-Joule in a given solid angle (Q/J,Ω) produced with the
f/4 OAP. (a) Results obtained with the 0.4 mm nozzle for three
different plasma densities and a 0.25 sr aperture. The curve at
ne = 0.06nc was obtained with a 0.5 sr solid angle and the dashed
curves refer to an FBPIC simulation set. (b) Results obtained with
the 2 mm nozzle for three different plasma densities and a 0.5 sr
aperture. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

4.8 Charge-per-Joule in a given solid angle (Q/J,Ω) produced with the
f/8 OAP. (a) Results obtained with the 0.4mm nozzle for three
different plasma densities and a 0.25 sr aperture. (b) Results ob-
tained with the 2mm nozzle for ne = 0.29nc. Here, we show the
charge-per-Joule measure at ne = 0.29nc with the f/4 OAP for
comparison in a 0.5 sr solid angle. . . . . . . . . . . . . . . . . . 80

4.9 Energy spectra obtained using the f/4 OAP with (a) the 0.4 mm
nozzle at ne = 0.06nc and (b) with the 2 mm nozzle at ne =
0.29nc for different laser energies. The gray surface represents the
detection limit. . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

4.10 Energy spectra measured at different horizontal positions using
the f/4 OAP and the 2 mm nozzle, considering ne = 0.29nc and
EL = 1 J. Here, Θx is the horizontal angle. The colored values
represent the average energy of each corresponding spectrum. . . 82



127

4.11 Energy spectra obtained using the f/8 OAP with (a) the 0.4 mm
nozzle at ne = 0.045nc and (b) with the 2 mm nozzle at ne =
0.29nc for different laser energies. The gray surface represents the
detection limit. These spectra were obtained on two different days. 83

4.12 BPM images obtained with the 2mm nozzle and f/4 OAP for (a)
ne = 0.29nc and EL = 0.13 J (b) ne = 0.29nc and EL = 1 J (c)
ne = 0.59nc and EL = 0.13 J (d) ne = 0.59nc and EL = 1 J. The
value on each image refers to the FWHM beam divergence. The
colored circles in (b) refer to the spectrometer sampling position,
which allowed to retrieve the spectra in Fig. 4.10. Each image is
normalized to its maximum value, with the white curves represent-
ing the transverse and longitudinal beam profiles passing through
the peak of each image. . . . . . . . . . . . . . . . . . . . . . . . 84

4.13 BPM images obtained with the 2 mm nozzle, f/8 OAP and at ne =
0.29nc for (a) EL = 0.13 J (b) EL = 1 J. Images obtained with the
2 mm nozzle, f/4 OAP and at ne = 0.29nc for (c) EL = 0.13 J (d)
EL = 1 J. Each image is normalized to its maximum value, with
the white curves representing the transverse and longitudinal beam
profiles passing through the peak of each image. . . . . . . . . . . 85

4.14 Dose measurements setup. The film stack was placed in the vac-
uum chamber at 6 cm from the electron source. . . . . . . . . . . 86

4.15 (a-d) Dose maps numbered with respect to the film position in the
stack obtained with the 2 mm nozzle for ne = 0.29nc and EL = 1 J.
(e) Average dose per shot on each film in a 20mm diameter circle,
as indicated by the dashed circles in (a-d), obtained with the 2 mm
nozzle (blue curve) and 0.4 mm at ne = 0.06nc and EL = 1 J (red
curve). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

5.1 FBPIC-Electric Work Profiler GitHub repository. . . . . . . . . . 90

5.2 (a) 2D map of the laser pulse inside the co-moving box. (b) Longi-
tudinal cut of the laser pulse map along the white dashed line in
(a). It is possible to notice the laser centroid position with respect
to the window’s right boundary. . . . . . . . . . . . . . . . . . . 92

5.3 Schematic representation of FBPIC simulations in idealized condi-
tions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92



128 APPENDIX B. LIST OF FIGURES

5.4 FBPIC results for ne = 0.06nc. The gray colormap represents
density snapshots at (a) EL = 0.12 J and at (b) EL = 1 J. The
red colormap represents the laser envelope, expressed in terms
of the normalized vector potential. The insets refer to the laser
transverse profile along the green dashed line. (c-d) Beam waist
and normalized vector potential in plasma for EL = 0.12 J and
EL = 1 J. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

5.5 (a) Maximum normalized vector potential in plasma (aP,max) for
different plasma densities and laser energies. The dots refer to the
values obtained through FBPIC simulations, while the discontinu-
ous lines in (a) have been obtained with Eq. (5.3) and in (b) with
Eq. (5.4). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

5.6 Pump depletion length (Lpd) for different densities, across different
a0s. The dots represent the numerical results, while the dashed
lines are a fit of the form Lpd(µm) ≈ 16nc/ne. . . . . . . . . . . 96

5.7 (1 − 4) Plasma density snapshots of four consecutive iterations.
The gray and green colormaps refer to the L- and K-shell electron
density. In red we depict aP . These panels allow to observe the
generation of a channel-like structure. . . . . . . . . . . . . . . . 97

5.8 (a) Plasma density snapshot of the last panel of Fig. 5.7. The gray
colormap refers to L-shell electrons, while the red one refers to the
laser. (b) Radial wakefield map (Er) and longitudinal wakefield
(Ez) corresponding to the snapshot shown in (a). . . . . . . . . . 98

5.9 Results with EL = 1 J and (a1-2) ne = 0.06nc and (b1-2) ne =
0.18nc. (a1, b1) The gray colormap refers to the L-shell electron
density, while in red we represent aP . (a2, b2) Radial wakefield
in blue and red, while the black curve refers to the longitudinal
wakefield. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

5.10 (a) Example of one K-shell electron trajectory experiencing wake-
field acceleration. (b) Wakefield longitudinal work (W z

W ), laser
radial work (W r

L) and kinetic energy curves (E) for the electron
in (a). The circle in (a) refers to the instant t∗ = 100 fs, when the
electron leaves the laser pulse and slips into the channel. . . . . . 100

5.11 (a) Example of one K-shell electron trajectory experiencing direct
laser acceleration. (b) Wakefield longitudinal work (W z

W ), laser
radial work (W r

L) and kinetic energy curves (E) for the electron
in (a). The circle in (a) refers to the instant t∗ = 55 fs, when the
electron is trapped in the front cavity and starts experiencing DLA. 101



129

5.12 (a) Example of two K-shell electron trajectories experiencing pon-
deromotive acceleration. (b) Wakefield radial work (W r

W ), laser
radial work (W r

L) and kinetic energy curves (E) for the electron
denoted by the continuous trajectory in (a). The circle on this tra-
jectory refers to the instant t∗ = 50 fs, when the electron leaves the
laser pulse. (c) Works and kinetic energy for the electron denoted
by the dashed trajectory in (a). The circle on this trajectory refers
to the instant t∗ = 83 fs, when the electron leaves the laser pulse. . 102

5.13 Example of two L-shell electron trajectories experiencing (contin-
uous) ponderomotive acceleration and (dashed) wakefield accel-
eration. (b) Wakefield radial work, laser radial work and kinetic
energy of the electron denoted with the continuous trajectory. At
t∗ = 50 fs the electron leaves the laser pulse. (c) Wakefield longi-
tudinal work, laser radial work and kinetic energy of the electron
denoted with the dashed trajectory. The electron leaves the laser
pulse at t∗ = 90 fs. . . . . . . . . . . . . . . . . . . . . . . . . . 103

5.14 (a) Electron angular distribution. In the top half, the color refers to
the parameter χ (see text), while in the bottom half, it represents
the energy. The white circle represents a solid angle of 0.25 sr
(see text). (z − ct, E) phase space for (b) K-shell electrons and
(c) L-shell electrons. For visual reference, we show the plasma
density and laser intensity. . . . . . . . . . . . . . . . . . . . . . 105

5.15 Charge-per-Joule for the different configurations of interest, for
electrons exceeding E > 2MeV. The colormap is the linear in-
terpolation of the simulations, while the white dashed lines refer
to constant values of the charge-per-Joule. The blacked dotted
lines highlight the region of charge-per-Joule saturation. (b) Ex-
amples of energy spectra. The continuous lines refer to the case
at EL = 1 J for ne = 0.03nc and ne = 0.06nc. The dotted curves
refer to the case at EL = 0.12 J at ne = 0.03nc and ne = 0.06nc. . 106

5.16 Electron energy gain dynamics for ne = 0.03nc, ne = 0.06nc and
ne = 0.18nc at EL = 1 J. From these curves, we estimate that
the laser energy spent for ionizing and accelerating the electrons
between 2 MeV and 15 MeV is around 0.21 J for the three densities,
explaining the saturation effect in Fig 5.15(a). . . . . . . . . . . . 107

5.17 Schematic representation of FBPIC simulations in the experimental
conditions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108



130 APPENDIX B. LIST OF FIGURES

5.18 Beam waist and normalized vector potential in plasma for ne =
0.05nc and EL = 1 J. The horizontal dotted line refers to λp/2 =
1.8µm. For reference, we also illustrate the plasma density (gray
area). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

5.19 (1 − 4) Plasma density snapshots of four consecutive iterations.
The gray and green colormaps refer to the L- and K-shell electron
density. In red we depict aP . Similar to the idealized case, these
panels highlight the generation of a channel-like structure. The
inset in (4) depicts the laser transverse profile along the green
dashed line. The black dashed line is a visual reference for the
plasma density peak. . . . . . . . . . . . . . . . . . . . . . . . . 110

5.20 (a) Plasma density snapshot of the last panel of Fig. 5.19. The
gray colormap refers to L-shell electrons, the green to K-shell
electrons and the red one refers to the laser. (b) Radial wakefield
map (Er) and longitudinal wakefield (Ez) corresponding to the
snapshot shown in (a). . . . . . . . . . . . . . . . . . . . . . . . 111

5.21 (a) Electron angular distribution. Each particle is colored based on
its energy. (a) (z − ct, E) phase space. The color of each electron
refers to its radial divergence Θr (see text). (c) Electron beam
energy spectrum. The white circle refers to a solid angle of 0.25 sr
(see text). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

5.22 (a) Salle Sheril experimental setup for bremsstrahlung X-ray gener-
ation. The tungsten plate is positioned at ∼ 2 cm from the nozzle,
the specimen at 40 cm and the imaging plate at 50 cm. (b) Resulting
X-ray imaging plate tomography. . . . . . . . . . . . . . . . . . . 117



Appendix C

List of Publications and
Contributions

Publications

Published: K. Oubrerie, A. Leblanc, O. Kononenko, R. Lahaye, I. A. An-
driyash, J. Gautier, J.-P. Goddet, L. Martelli, A. Tafzi, K. T. Phuoc, S. Smart-
sev and C. Thaury. “Controlled acceleration of GeV electron beams in an
all-optical plasma waveguide.” Light Science & Applications, 11, 180 (2022).

Under review: L. Martelli, O. Kononenko, I. A. Andriyash, J. Gautier, J.-
P. Goddet, A. Tafzi, J. Wheeler, R. Lahaye, C. Giaccaglia, A. Flacco, V.
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Kurz, T., Couperus, J., Krämer, J., et al. (2018). Calibration and cross-laboratory
implementation of scintillating screens for electron bunch charge determination.
Review of Scientific Instruments, 89(9):093303.

LakeShore (2004). Lake shore model 421 gaussmeter user’s man-
ual. https://www.lakeshore.com/docs/default-source/
product-downloads/421_manual.pdf?sfvrsn=df2b523_1.

Landau, L. and Lifshitz, E. (1969). Meccanica quantistica: teoria non relativistica.
Programma di matematica, fisica, elettronica. Boringhieri.

Leemans, W. P., Nagler, B., Gonsalves, A. J., Tóth, C., Nakamura, K., Geddes,
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Titre : Augmentation du courant moyen des accélérateurs laser-plasma pour applications industrielles
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Résumé : Cette thèse de doctorat s’inscrit dans le
cadre d’une collaboration CIFRE entre Thales AVS-
MIS et le Laboratoire d’Optique Appliquée (LOA).
L’objectif principal est d’améliorer le courant moyen
des accélérateurs laser-plasma à faible énergie, no-
tamment dans la gamme de quelques MeV. Cette
avancée revêt un intérêt particulier pour les appli-
cations à faible énergie telles que celles proposées
par le projet européen Multiscan 3D - Horizon 2020,
dédié au développement d’une source de rayons X
laser-plasma pour le controle du contrôle du fret aux
douanes.
Des expériences ont été menées au moyen du
système laser de 60 TW installé dans la Salle Jaune
du LOA, capable de générer des impulsions de 30 fs.
À travers une exploration minutieuse des densités
de plasma, des énergies laser, des cibles gazeuses
et des degrés de focalisation, nous avons identifié
les conditions propices à la production de faisceaux
d’électrons hautement divergents (i.e., > 100mrad)
de quelques MeV, avec des charges variant de 5

à 30nC. Nous avons également atteint une effica-
cité maximale de conversion d’énergie laser-électron
d’environ 14%, parmi les plus élevées jamais me-
surées. En envisageant les futurs systèmes laser ca-
pables d’atteindre des puissances moyennes d’envi-
ron 100W, ces configurations pourraient ouvrir la voie
à la réalisation de faisceaux d’électrons accélérés par
laser-plasma, avec des courants moyens dépassant
1 microampère, surpassant ainsi l’état de l’art actuel
des accélérateurs laser-plasma.
Parallèlement aux expériences, cette thèse a
également approfondi les simulations Particle-In-Cell
(PIC) pour étudier les mécanismes d’accélération.
Grâce à un outil numérique spécifiquement développé
pour traiter les résultats des simulations PIC, nous
avons démontré que la force pondéromotrice du la-
ser joue un rôle prépondérant dans l’accélération des
électrons. Notamment, la majorité des particules ne
sont pas injectées dans les ondes du plasma, mais
glissent plutôt sur l’impulsion laser, acquérant ainsi
une faible énergie de l’ordre de quelques MeV.

Title : Average current enhancement of laser-plasma accelerators for industrial applications

Keywords : Laser-plasma accelerators, High-charge electron beams, Low-energy electron beams, Industrial
applications

Abstract : This doctoral thesis is part of a CIFRE col-
laboration between Thales AVS-MIS and the Labo-
ratoire d’Optique Appliquée (LOA). The main objec-
tive is to enhance the average current of low-energy
laser-plasma accelerators, particularly in the range of
a few-MeV. This advancement is of particular interest
for low-energy applications, such as those proposed
by the European project Multiscan 3D - Horizon 2020,
dedicated to developing a laser-plasma X-ray source
for freight inspection.
Experiments were conducted using the 60TW laser
system installed in the Salle Jaune at LOA, capable of
generating 30 fs pulses. Through meticulous explora-
tion of plasma densities, laser energies, gas targets,
and focusing degrees, we identified conditions condu-
cive to producing highly divergent electron beams
(i.e., > 100mrad) of a few-MeV, with charges ranging
from 5 to 30 nC. We also achieved a maximum laser-

to-electron energy conversion efficiency of approxi-
mately 14%, one of the highest ever measured. Loo-
king ahead to future laser systems capable of achie-
ving average powers of around 100W, these configu-
rations could pave the way for laser-plasma accelera-
ted electron beams with average currents exceeding
1 microampere, surpassing the current state of the art
in laser-plasma accelerators.
In parallel with the experiments, this thesis also delved
into Particle-In-Cell (PIC) simulations to study accele-
ration mechanisms. Using a numerical tool specifically
developed to process PIC simulation results, we de-
monstrated that the ponderomotive force of the laser
plays a crucial role in electron acceleration. Notably,
the majority of particles are not injected into plasma
waves but rather slide on the laser pulse, acquiring
low energies on the order of a few-MeV.
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