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Abstract

High-intensity lasers ionize matter, inducing particle acceleration and various radiation
types, like positrons. Laser-driven positron sources offer advantages over conventional
ones, including ultra-short duration, higher energy, density, and yield, along with com-
pactness and reduced radioactive risk. The scheme based on non-linear Breit-Wheeler pair
production (NBWPP) promises positrons with superior qualities but requires high laser
intensities. The unconventional double-layer target (DLT), featuring a low-density near-
critical layer and a thin solid-density film, can enhance conditions for NBWPP. This thesis
investigates positron production via NBWPP using DLTs and an experimental facilities’
laser intensity of 4:75�1022W/cm2. Addressing the complexity of laser-plasma interaction
requires numerical simulations. For this purpose, codes coupling kinetic plasma simula-
tion using the particle-in-cell (PIC) method with stochastic processes description through
a Monte Carlo (MC) approach are established tools. 2D simulations by the open-source
PIC-MC code SMILEI are performed to study laser-plasma interaction physics, positron
production, and DLT parameter effects. Simulations reveal the critical phases: electron
acceleration, laser focusing and reflection, and its interaction with accelerated electrons
and produced photons. DLT parameters impact the positron production efficiency and
beam properties. An optimal DLT configuration is identified, featuring a micrometer-thick
heavy substrate, like lead, and a 40 �m long low-density layer. This produces positrons
with temporal spread of 20 fs, divergence of 29�, peak energy of 342 MeV, and average
density of 4:4� 1017 cm�3, confirming the potential of a NBWPP-based positron source.
An analysis of the numerical tool performance in simulating NBWPP involves compar-
ing results with theoretical predictions and examining assumptions and approximations.
The tool generally provides accurate results, although criticalities in setting parameters,
statistics, and non-conserved quantities can become significant in specific circumstances.

Keywords: laser-plasma interaction, plasma physics, non-linear Breit-Wheeler pair pro-
duction, ultra-intense laser pulse, positron production, positron beams, laser-driven par-
ticle acceleration, particle-in-cell Monte Carlo codes, double-layer targets.





Estratto

Lasers ad alta intensità ionizzano la materia causando accelerazione di particelle e gener-
azione di varie radiazioni, tra cui positroni. Le sorgenti di positroni laser-driven offrono,
rispetto a quelle convenzionali, durata ultra-corta, maggiore energia, densità e resa, com-
pattezza e minore rischio radioattivo. Lo schema basato sulla produzione di coppie non
lineare Breit-Wheeler (NBWPP) promette positroni con qualità superiori ma richiede alte
intensità laser. Il target a due strati (DLT), uno a bassa densità quasi-critica e uno sottile
a densità solida, offre condizioni favorevoli per NBWPP. Questa tesi indaga la produzione
di positroni tramite NBWPP usando i DLT e un’intensità laser di 4:75 � 1022 W/cm2.
Affrontare la complessità dell’interazione laser-plasma richiede simulazioni numeriche. A
tal fine, i codici che accoppiano la simulazione cinetica del plasma mediante il metodo
particle-in-cell (PIC) alla descrizione di processi stocastici tramite un approccio Monte
Carlo (MC) sono strumenti consolidati. Simulazioni 2D con il codice SMILEI sono ese-
guite per studiare la fisica dell’interazione laser-plasma, la produzione di positroni e gli
effetti dei parametri del DLT. Le simulazioni rivelano le fasi critiche: accelerazione degli
elettroni, focalizzazione e riflessione del laser, e sua interazione con elettroni accelerati e
fotoni prodotti. I parametri del DLT influenzano l’efficienza di produzione dei positroni
e le loro proprietà. È individuata una configurazione ottimale del DLT, con substrato
pesante, come il piombo, spesso pochi �m e uno strato a bassa densità lungo 40 �m. Ciò
produce positroni con spread temporale di 20 fs, divergenza di 29�, energia di picco di 342
MeV, e densità media di 4:4 � 1017 cm�3, confermando il potenziale di una sorgente di
positroni basata su NBWPP. Un’analisi delle prestazioni dello strumento numerico nella
simulazione di NBWPP coinvolge il confronto tra risultati e previsioni teoriche e la veri-
fica di assunzioni e approssimazioni. Lo strumento fornisce in generale risultati accurati,
sebbene criticità nei parametri di settaggio, statistica e quantità non conservate possano
diventare significative in circostanze specifiche.

Parole chiave: interazione laser-plasma, fisica dei plasmi, produzione di coppie Breit-
Wheeler non lineare, impulsi laser ultra-intensi, produzione di positroni, accelerazione di
particelle laser-driven, codici particle-in-cell Monte Carlo, target a doppio strato.
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Introduction

Plasmas, in general, are systems composed of charged particles that evolve accordingly to

the self-consistent electromagnetic �eld. Given the electrical charge within plasmas, it is

natural to explore their interaction with external �elds, with lasers being a crucial exam-

ple of systems capable of coherent light ampli�cation. Laser-plasma interaction presents a

complex scenario rich in interesting physical phenomena and has important applications in

physics, engineering, and beyond. When materials are irradiated by intense lasers, their

ionization and plasma formation occur. Its subsequent interaction with the laser �eld

lead to electron and ion acceleration, as well as the generation of various types of radia-

tion. These acceleration mechanisms are thoroughly understood and extensively studied

through simulations and experiments, and their applications, such as in the development

of compact particle accelerators, have been well-established. The advent of laser facilities

capable of generating extremely high-intensity (> 1022W/cm 2) electromagnetic �elds has

opened up new frontiers in the interaction between light and matter, including high-energy

photon emission and positron production through Non-linear Breit-Wheeler Pair Produc-

tion (NBWPP). As a result, a novel class of laser-driven NBWPP-based positron sources

may become accessible in the next period, garnering considerable attention due to their

potential unique properties, comprising high density, energy, and short duration, as well

as low divergence and reduced retained radioactivity. Positron beams with these charac-

teristics hold promise for a range of applications, such as particle colliders for fundamental

research in particle and nuclear physics, synchrotron radiation facilities for material char-

acterization and medical imaging, positron annihilation spectroscopy for defect and phase

transition research, and laboratory astrophysics and plasma physics to understand cos-

mic events. Given the demanding nature in laser intensity of positron production through

the NBWPP process, there is a keen interest in exploiting non-conventional, engineered

targets to create conditions favorable for NBWPP while reducing the required laser in-

tensity. Double-layer targets (DLTs), which can be produced at Nanolab (Politecnico di

Milano) laboratories, show great promise in this regard by o�ering the ability to optimize

various aspects of their interaction with the laser. This thesis aims to investigate and

characterize positron production through NBWPP using DLTs under the laser intensity
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available in cutting-edge experimental facilities [1], speci�cally4:75� 1022W/cm 2. Given

the inherent complexity of the self-consistent dynamics of plasma populations and the

electromagnetic �eld, analytical tools are limited, necessitating a numerical approach, in

particular computer simulations. To address this task, the particle-in-cell (PIC) method

is employed, chosen for its ability to unravel the intricate physics of the process at a

relatively manageable computational cost. The selected laser intensity aligns with the

goal of facilitating experimental validation of the simulation results in the present day,

using currently available laser technology, with the prospect of realizing a laser-driven

NBWPP-based positron source. Due to the importance of accurately simulating positron

production during laser-plasma interaction, this thesis also aims to analyze the perfor-

mance and limitations of the adopted numerical tool in simulating positron production

via NBWPP. This additional thesis activity is part of the Honours Programme, an edu-

cational path within the Politecnico di Milano high education training strategy, in which

the candidate participated.

The topics covered in the thesis follow this structure:

ˆ Chapter 1 provides an overview of positron production mechanisms and intro-

duces the single-particle picture of the NBWPP process. It then discusses currently

available positron sources and applications of positron beams.

ˆ Chapter 2 introduces the main physical aspects of plasmas, high-intensity lasers,

and their interaction, related to NBWPP. In this chapter, the speci�c target DLT

is presented.

ˆ Chapter 3 discusses the working-principles of PIC codes coupled with a Monte

Carlo module for the description of NBWPP, along with the criticalities of these

tools.

ˆ Chapter 4 reports motivations, objectives, and methods of the thesis work.

ˆ Chapter 5 presents the results obtained from simulations of NBWPP during laser

interaction with DLTs, emphasizing the physical processes involved and the char-

acterization of produced positrons. The �nal part of the chapter discusses the out-

comes of the analysis concerning the numerical tool employed to simulate NBWPP.

ˆ Chapter 6 analyzes the results of a simulation campaign investigating the impact

of DLT characteristics on positron production.

The thesis ends with the conclusions and future perspectives. In Chapters 1, 2, and 3,

Gaussian units are utilized, while starting from Chapter 4, the International System of

Units (SI) is employed for consistency with the units adopted by the simulation tool.
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1| Physics and Engineering

relevance of positrons

1.1. Introduction to positrons

In particle physics, the positron is the anti-particle of the electron. It is an elementary

particle possessing the same mass and spin of the electron but opposite electric charge.

Due to the physics of matter and anti-matter interaction, electrons and positrons can

annihilate each other resulting in the production of other particles, such as photons.

Positrons can be naturally produced by speci�c radioactive elements or in environments

with highly energetic particles, such as extremely hot places in the universe like super-

novae [2]. Another example is the Earth's atmosphere [3], where cosmic rays colliding

with atomic nuclei generate a cascade of particles, including positrons. They can also

be produced in laboratories, for instance in accelerators, where collisions between very

energetic particles are realized.

Positrons were observed for the �rst time by Carl David Anderson in 1932 [4] while he

was studying particles produced by collisions of cosmic rays with a lead target. The tra-

jectories of these particles were visualized with a cloud chamber, exploiting the ionization

of a gas caused by their passage. The chamber was immersed in a magnetic �eld, causing

the particles to de�ect in a direction dependent on the sign of their electric charge and

with a radius of curvature determined by their mass-to-charge ratio. Anderson observed

that some particles had the same mass-to-charge ratio of electrons, indicating that they

could not be protons, but with positive charge. This discovery was the �rst evidence of

antimatter.

Few years earlier, after the publication of "The quantum theory of the electron" [5] in

1928 by Paul Dirac and subsequent contributions from Hermann Weyl and Robert Op-

penheimer, it was established that the existence of the positron becomes a necessity when

aiming to provide a quantum and relativistic description of the electron. When consid-

ering the relativistic wave equation for a particle with spin1=2 and seeking solutions for

a free particle, two classes of solutions are found. These solutions have opposite signs
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in terms of frequency, and both are indispensable in quantum mechanics. Since states

with negative energy are not allowed in physics, states with negative frequency must be

interpreted as positive electrons with positive energy [6].

1.2. Fundamental processes to generate positrons

In this section, �rstly a general overview of the most important fundamental processes to

produce positron is given, and then the Non-linear Breit-Wheeler pair production process

will be presented in detail.

1.2.1. General overview

Positrons are charged leptons, and so they interact via the electromagnetic force and the

weak force. Therefore the �rst classi�cation of positron production processes is based on

the fundamental force responsible for the process.

In � + radioactive elements, represented in Figure 1.1, a proton is transmutated by the

weak force into a neutron with the emission of a positron and an electronic neutrino [7].

W +

p

n

e+

� e

Figure 1.1: Feynman diagram of the� + decay, where a proton transform into a neutron

emitting a weak bosonW + , which then decays into a positron and electronic neutrino.

Since more than one particles are emitted, the kinetic energy of positrons follow a con-

tinuum spectrum [8], and the cuto� energy depends on the speci�c radio-nuclide.

Consider now positron production mediated by the electromagnetic force, referred to as

pair production, where positrons are produced by quanta of the electromagnetic �eld,

known as photons. According to the conservation law of the electron number in particle

physics [7], positrons are created (and also annihilated) in pairs with electrons. Since the

positron and the electron are produced from vacuum, the energy necessary to create a

pair is always greater than two times the electron rest energy. Also, from momentum

and energy conservation the pair creation by a single photon is possible only if another

particle is present, like a nucleus [9].
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Pairs can be created when photons propagate through matter. In particular the Bethe-

Heitler pair production process [9] involves an energetic photon interacting with the

Coulomb �eld of a heavy nucleus with chargeZ , resulting in the creation of a pair.

The Feynman diagram is represented in Figure 1.3. The cross section of the process de-

pends strongly onZ , since it determines the strength of the Coulomb �eld, and also on

the photon energy. When considering a set of target atoms, their concentration and total

number determine the overall probability to undergo pair production. Therefore, given a

photon impinging into a solid target, the probability of decaying into a pair depends on

the material thickness, density and charge Z. Pair production can also occur, in a weaker

manner, when photons interact with the Coulomb �eld of the electrons of the medium.

An important property of this process is that the cross-section, which depends on the

photon energy, saturates at high energies [9, 10], as shown in Figure 1.2. Therefore, for

photons with energy above roughly one hundred times the electron rest mass, �xed a

certain material the only possibility to increase the pair production yield is to make the

target thicker.

Figure 1.2: The solid lines represent the cross-section for di�erent materials versus the

photon energy. The cross section are normalized by�� = Z 2 r 2
0

137 where r0 is the classical

electron radius. Taken from [9].

Another possibility of pair creation in matter consists in the trident Bethe-Heitler process,

represented in Figure 1.3. Here, a fast electron interacting with the Coulomb �eld of the

nucleus emits a virtual photon and then the last decays into a pair. However, the cross

section of this process is very small with respect to the Bethe-Heitler one [9].

Then, completely di�erent mechanisms are the linear Breit-Wheeler pair production and

the non-linear one. The linear process, represented in Figure 1.3, involves two photons
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that in the collision are converted into a pair [11]. It is important to note that the lin-

ear Breit-Wheeler pair creation has not yet been observed in experiments [12], and it is

theoretically characterized by a very weak probability. Therefore this process is e�cient

in setups providing bright sources of collimated, high-energy and counter-propagating

photons [12]. The most promising process for abundant pair creation with the advent of

high-intensity lasers (I > 1022 W/cm 2) [13] is the non-linear Breit-Wheeler process, which

will be presented in the next subsection.

Concluding, it is worth mentioning the Schwinger mechanism (see Figure 1.4), in which

an electron-positron pair is created from the vacuum by a strong constant or oscillating

electric �eld. This process, a prediction of Quantum Electro-Dynamics (QED), requires

huge electric �elds of the order of1018 V/m, much stronger than any �eld currently re-

producible in laboratories. Consequently, this process is investigated by many theoretical

physicists in order to make it observable in the future [14].

Unlike other processes, pair production mechanisms are intrinsically quantum, so they do

not have a classic limit, because massive particles are created from the vacuum.

Z




e+

e�

Z

e�

e+

e�

e�







e+

e�

Figure 1.3: From left to right, Feynman diagrams of Bethe-Heitler, trident Bethe-Heitler

and linear Breit-Wheeler pair production processes.

= +


 0

+


 0


 0

+ . . .

Figure 1.4: Feynman diagram of Schwinger pair production. The double line represents

the "dressed" pair, representing the pair interacting with the background �eld through

the absorption of many background photons
 0 [14].
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1.2.2. Non-linear Breit-Wheeler Pair Production (NBWPP)

The Non-linear Breit-Wheeler Pair Production (NBWPP) is a process occurring in a very

intense electromagnetic �eld. Since it involves creation of particles, to be accurately de-

scribed a quantum �eld theory is required, in particular the QED, which is the quantum

theory of the electromagnetic interaction between charged particles. The Feynman di-

agram is shown in Figure 1.5. A photon within such a �eld can interact with multiple

background photons undergoing conversion into a pair, thus this process is also referred to

as multiphoton Breit-Wheeler pair production. Due to the involvement of many photons

of the background �eld, the dependence of this process on the �eld amplitude is strongly

non-linear [15]. This process, unlike the linear one, has been observed in experiments [16].




e+

e�

=





 0

e+

e�

+




2
 0

e+

e�

: : : +
...




n
 0

e+

e�

+ . . .

Figure 1.5: Feynman diagram of non-linear Breit-Wheeler pair production. Here
 is the

incident photon and 
 0 refers to photons of the background �eld. The double line in the

�rst one represent the "dressed" pair, i.e. the pair interacting with the background �eld,

meaning that the process occurs with the absorption of many background photons [15].

Firstly, it is useful to introduce a signi�cant, relativistic invariant parameter governing

the NBWPP process: the quantum parameter� . It can be de�ned for the photon � 
 ,

positron � + , and electron� � , and depends on the corresponding particle velocityv (c for

the photon), energyE, and also on the local and instantaneous electricE and magnetic

B �elds.

� 
 =
E


Esmec2

s
�

E +
c
c

� B
� 2

�
�

c � E
c

� 2

=
E


Esmec2

F? ;


e
(1.1a)

� � =
E�

Esmec2

s
�

E +
v �

c
� B

� 2
�

�
v � � E

c

� 2

�
E�

Esmec2

F? ;�

e
(1.1b)

Here Es = m2
ec3=(e~) is the Schwinger �eld, or critical �eld of QED, me is the electron

mass,e is the fundamental charge,c is the speed of light and~ is the reduced Plank

constant. The approximated expression, which is exact for mass-less particles, holds

when the particle is ultra-relativistic (E � mec2), and shows that the physical meaning of
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the quantum parameter is related to the absolute value of the perpendicular component

of the Lorentz forceF? = ejE ? + v=c� B j acting on the particle. Therefore, the relevant

component of the force governing the NBWPP is the perpendicular one, similarly to the

emission of radiation [17]. The quantum parameter can also be meaningfully expressed

as the ratio between the module of the electric �eld in the particle rest frame and the

Schwinger �eld. The parameter� 
 , as shown later, governs both the total probability and

the spectrum of the pair. Therefore, it is crucial to note that the quantum parameter, in

general, depends strongly on the geometry formed by the particle velocity and the �elds.

The following argument is proposed by the author of this thesis work. Consider two

distinct con�gurations (see Figure 1.6): the Right-Handed (RH) one, where(E � B )�v > 0

and � is suboptimal, and the Left-Handed (LH) one, where(E � B ) � v < 0 and � is

enhanced. The scenario in which(E � B ) � v = 0 is possible but not relevant. To

understand the impact of the geometry on� , assume for simplicity the "crossed" geometry

E ? B ? v (and so E � v = 0): in the RH casev � B and E are oppositely directed

and therefore they sum up with opposite sign in� , whereas in the LH casev � B and E

are aligned and they sum up with the same sign in� . If the geometry is "crossed" with

jE j = jB j and also the particle is ultra-relativistic (or mass-less),� reduces to:

� RH ' 0; � LH ' 2
E

mec2

jE j
Es

(1.2)

It is also important to note that the quantum parameter of the photon accounts for the

magnitude of the quantum non linear e�ects [15], as it can be readily expressed as the

work, in units of mec2, performed by the �eld over the Compton length in the particle rest

system. In principle, quantum e�ects are important whenjE j � Es, but according to 1.2,

they emerge also when relativistic particles are involved, even ifjE j � Es. Physically,

these particles seejE j � Es in their rest frame. Lastly, the quantum parameter satis�es

the conservation law [15]:

� 
 = � + + � � : (1.3)

Moving on, the probability per unit time per unit positron quantum parameter for a

photon with energy E
 and quantum parameter� 
 to undergo pair production emitting

a positron with quantum parameter� + , or in other words the NBWPP probability rate

spectrum, is given by ([15], elaborated):

d2N+

d� + dt
=

� f

�
p

3

(mec2)2

~E
 � 


� Z 1

2y
K 1=3(s)ds � (2 � 3� 
 y)K 2=3(2y)

�
�

� f

�
p

3

(mec2)2

~E
 � 

G(� 
 ; � + )

(1.4)
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wherey = � 
 =[3� + (� 
 � � + )], K 1=3 and K 2=3 are modi�ed Bessel functions of the second

kind and � f is the �ne structure constant. The spectrum exhibits clear symmetry when

interchanging the positron quantities with those of the electron. Also, once �xed the

photon energy, the distribution of� 
 between� + and � � depends on� 
 itself. Speci�cally,

for low values of� 
 , it is evenly split between� + and � � , whereas as� 
 increases, a uneven

distribution within the pair becomes more probable. The NBWPP total probability per

unit time is:
dN+

dt
=

Z � 


0

d2N+

d� + dt
d� + =

� f

�
p

3

(mec2)2

~E
 � 

T(� 
 ); (1.5a)

T(� 
 ) =
Z � 


0

� Z 1

2y
K 1=3(s)ds � (2 � 3� 
 y)K 2=3(2y)

�
d� + : (1.5b)

The total probability for the photon to undergo NBWPP is governed by� 
 , and it becomes

signi�cant when � 
 , which is enhanced in the LH geometry, approaches unity.

A simpler, approximated, description in terms ofE+ instead of � + can be derived by

assuming that the photon, as well as the positron and the electron, are ultra-relativistic

particles (E � mec2). Consequently, the emission of the pair is assumed to be collinear

with the photon propagation direction, meaning that the photon and the pair share the

same direction of propagation. In this case, it is straightforward to show thatF? ;
 ' F? ;+ .

By using eqs. (1.1a), (1.1b) and (1.3), the positron energy and the conservation of energy

can be derived, along with the spectrum per unit positron energy [18, 19]:

E+ ' E 

� +

� 

; E
 ' E + + E� !

d2N+

dE+ dt
'

� 


E


d2N+

d� + dt
(1.6)

It should be noted that the background photons do not enter into this approximated con-

servation law; this fact is discussed in (1.2.3). The distribution of the available energy,

approximately equal toE
 , between the electron and the positron re�ects the distribution

of � 
 within the pair. The spectrum per unit positron energy is shown in Figure 1.7.

To conclude, it is worth to mention the trident pair production process in a strong elec-

tromagnetic �eld. In this process, represented in Figure 1.8, an electron in such a �eld

emits a photon, which can be either real or virtual, and then this photon converts into a

pair. Consequently, the double-step process in which an electron emits a real photon and

then this undergoes NBWPP is included within the trident single-step one. Additionally,

it has been observed that the contribution from the virtual photon in the trident process

is typically small compared to that from the real photon [19, 20].
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v

E

B

v

E

B

Figure 1.6: Left-handed and right-handed geometry for the particle velocityv and the

�elds E and B in the "crossed geometry".

Figure 1.7: Normalized NBWPP spectrum for di�erent values of� 
 .

e�

e�

e+

e�

Figure 1.8: Feynman diagram of the trident pair production in a strong electromagnetic

�eld. The double lines mean that both the pair and the initial electron interact non-

perturbatively with the background �eld [15].
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1.2.3. NBWPP: theoretical framework and validity conditions

This subsection aims to describe all the hypotheses required to derive the NBWPP spec-

trum and the total probability rate (eqs. (1.4) and (1.5a)). Actually, the discussion applies

as well to high-energy photon emission (see 2.4.1), by considering as emitting particle an

electron instead of a photon, and a photon and another electron as the emitted ones.

The calculation of the probability rate, spectrum and angular distribution of NBWPP

was performed by Ritus [15] using the perturbation theory in the framework of QED. The

analytical expressions are derived considering a photon propagating inside the external

�eld of a plane electromagnetic wave with frequency! 0. In such a way, the coupling of

the positron and electron quantum �elds with the electromagnetic background �eld is

treated exactly, i.e. non-perturbatively, while the interaction with the incident photon is

treated as a perturbation. The �rst approximation reduces the description of the process

in a plane wave to that in a constant crossed �eld, in which the electric and magnetic

components are perpendicular and equals in magnitude, sojE j = jB j and E � B = 0.

This is possible when [15]

a0 =
eE

mecw0
� 1 ! � 0 �

mec2

eE
; (1.7)

whereE, w0 and � 0 are the �eld magnitude (E � j E j), frequency and wavelength. Phys-

ically, looking at the second form of this condition, it states that the wavelength of the

�eld, representing the characteristic spatial scale of �eld variations, is much bigger than

the size of the formation region of the process, which scale as the inverse of the �eld

amplitude. An equivalent condition for the frequency of the �eld can be obtained. There-

fore, if the criterion is satis�ed, the oscillating nature of the �eld can be neglected, and a

constant crossed �eld, which is the instantaneous �eld acting on the emitting particle, can

be considered. Another interesting physical interpretation of eq. (1.7) is that the work

made by the �eld over a wavelength is much greater than the rest energy of the electron.

This means that if the condition is satis�ed, a large number of background photons is

absorbed in the process. For this reason, in electrodynamicsa0 is called classical non-

linearity parameter, and it accounts for the number of background photons involved in

the process. So, whena0 is large, the presence of the background �eld cannot be treated

perturbatively. In particular, the number of photons involved in the process is propor-

tional to a3
0 [14, 15]. Assuming for instancea0 = 100 and � 0 = 800 nm, the number

of photons involved is roughly106, corresponding to a total background photon energy

absorbed in the process of few MeV.

Then, the following assumptions allow to extend the description to an arbitrary electro-
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magnetic �eld, non necessarily crossed [15]:

f; g � 1; f; g � � 2 (1.8)

where � is the emitting particle quantum parameter, andf =
�
jB j2 � j E j2

�
=(2E 2

s ) and

g = ( B � E ) =E2
s are the two Lorentz invariants of the electromagnetic �eld normalized

with the Schwinger �eld. The physical reason is that when these conditions are met,

the �eld in the emitting particle rest frame is almost a crossed �eld, and therefore the

description of the process in a crossed �eld can be applied. These conditions depend on

the �elds but also on the properties of the emitting particle through� . It should be noted

that for both a plane wave and a constant crossed �eldf and g are exactly zero. Simpler,

equivalent conditions are reported in [19] and [21]:

E
Es

� � 
 ;
E
Es

� 1: (1.9)

Consider now the assumption of considering ultra-relativistic particles and collinear emis-

sion, which leads to the approximated expressions for the positron energy, conservation

of energy and spectrum per unit positron energy (eq. (1.6)). As mentioned previously,

the background photon energy is not included in the energy conservation. However, if

the emitting particle is ultra-relativistic, meaning its energy is equal to tens or hundreds

of MeV, the previously calculated absorbed background photon energy, which is around

few MeV, becomes relatively less signi�cant. According to [19], the energy extracted from

the �eld is . mec2. The extracted background photon energy actually impacts also the

�eld itself, reducing its energy. When the number of QED events becomes signi�cantly

large, the energy loss of the �eld is expected to be non-negligible. In addition, the energy

conservation does not conserve momentum. In particular a small fraction of the photon

momentum disappears:

E
 = p
 c ' E + + E� & p+ c + p� c ! p
 & p+ + p� (1.10)

The error tends to zero more the particles become ultra-relativistic. This is a general prop-

erty, consequence of neglecting the correct energy-momentum contribution of the external

�eld: momentum and energy cannot both be exactly conserved. It is worth mentioning

that in the description of the process within a plane wave, the conservation of energy and

momentum is exact, including also the background �eld contribution. However, since the

background �eld is treated as an external �eld, which is assigned, its dynamics, including

the loss of photons, is not considered.
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As an additional note, QED high-order corrections, such as loop corrections or vertex

corrections, are neglected.

1.3. Sources of high-energy positron beams

In this section and in the following one, the engineering aspects of positron production

are addressed, with a speci�c focus on high-energy positron beams rather than positron

generation in general. The reason is that in laser-plasma interaction, positrons are pro-

duced with beam-like characteristics and MeV energies. Therefore, in the context of this

thesis work, the relevant engineering aspects pertain exclusively to high-energy positron

beams.

There are two mechanisms to produce positrons, through radioactive sources and by ex-

ploiting di�erent types of pair production processes. In this section, the principal setups

to produce high-energy positron beams will be presented, together with the main features

of the beams produced.

1.3.1. Conventional solutions: accelerators with converters

Conventional schemes are currently employed in today's circular and linear colliders for

particle accelerators. These schemes consist in a high-intensity and high-energy electron

beam striking a metal target, known as a converter. Charged particles traversing mat-

ter lose energy by emitting photons through Bremsstrahlung (see 2.4.1) and by collisions

with other electrons [22]. The result of collisions is the ionization and the heating of the

material. The energy of the emitted photons can reach the primary electrons' energy.

Subsequently, these photons can undergo pair production through the Bethe-Heitler pro-

cess, presented in 1.2.1. Electrons and positrons produced in this process can emit further

photons, which can lead to the creation of additional pairs, initiating a cascade process

known as electromagnetic shower [22]. The cross-sections of both Bremsstrahlung and

Bethe-Heitler processes depend strongly on the atomic number Z of the target atoms,

as they rely on the strength of the Coulomb �eld. Therefore, high-Z and high-density

materials are typically employed for converters.

Once the converter material is �xed, the variable parameters determining the positron

production e�ciency, or the extension of the electromagnetic shower, are the converter

thickness and the primary electrons' energy. Increasing the primary electrons' energy

results in higher positron yield and mean energy, since more energy is available for the

shower. However, this requires larger electron accelerators, leading to increased costs and

complexity. When increasing the converter thickness, there are more target atoms, and so
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more photons and hence more positrons are produced. However, once an optimum value

is exceeded, the energy of photons and positrons becomes too low to sustain the shower,

resulting in no further positron production. Beyond this optimal thickness, the only e�ect

of increasing it is higher positron attenuation, causing the positrons to remain within the

target and annihilate there. This behaviour can be observed in Figure 1.9, where lengths

are normalized to the radiation lengthL rad , representing the characteristic distance of en-

ergy loss by electrons within a speci�c material. The optimal converter thickness changes

slowly with the converter material and the primary electrons' energy, within the consid-

ered energy range [23]. One of the most sophisticated conventional scheme is implemented

at SLAC in Stanford, where more than one positron is collected per primary electron. In

the other systems, the yield is typically around1 % when normalized to a primary energy

of 1 GeV [23].

The generated positron spectrum is a complex convolution of the spectra of the processes

involved and depends on several parameters, such as the primary electrons' energy, the

target material and thickness. An example from the positron production system of LEP

at CERN is shown in Figure 1.10, considering a primary electrons' energy of200MeV and

a lead converted with the optimal length. At the converter's output, both positrons and

electrons are collected. While the electron spectrum is peaked at 8 MeV, the positron one

does not exhibit a maximum but rises toward lower energies [23]. It's worth noting that

these spectra are calculated using Monte-Carlo methods. The same study also presents

experimentally measured spectra, this time with a primary electrons' energy of220MeV.

The measured positron spectrum di�ers from the previous one presenting a low-energy

peak around19 MeV, and extending beyond 70 MeV. Another important characteristic of

beams generated by conventional methods is that the electron component dominates over

the positron one, as shown in Figure 1.10. In the same picture, the radial distribution of

secondary particles, including both electrons and positrons, is reported.

For comprehensive information, a more recent work [24] describes the features of positron

beams produced by currently operational facilities. Typically,108-1010 positrons per elec-

tron bunch are produced, corresponding to yields in the range from 1% to tens of percent,

achieving intensities of1010-1012 positron/s. The positron angular-energy distribution,

originating from 6 GeV electrons, is depicted in Figure 1.11. The positron spectrum

peaks below 10 MeV, although with a cuto� energy extending to several GeV. Moreover,

positrons are emitted within a cone with half-aperture of indicatively 50� .

It is worth mentioning another scheme for generating high-intensity positron beams using

accelerators in conjunction with a converter. In this setup, an electron beam, acceler-

ated by a circular accelerator, passes through a static magnetic undulator, producing

high-energy photons. These photons then enter in a converter producing positrons, since
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electromagnetic showers can be initiated by high energy photons as well as by high en-

ergy electrons. Among the advantages of this setup [25], the most relevant one is that

producing photons in undulators, electrons are not lost, but continues to circulate within

the accelerator being accelerated. In this way, electrons do not require to be accelerated

each time from low to high energies, which is very expensive, but they are maintained

at the required energy. Concluding, the main limitations of conventional schemes are the

large size of accelerators, the low positron energy, and the low positron density due to the

poor conversion e�ciency from electrons to positrons [26, 27].

Figure 1.9: Positron yield as a function of the converter thickness for Tungsten (L rad = 3:5

mm) and primary electron energy of200MeV, obtained by Monte-Carlo calculation [23].

Figure 1.10: On the left the positron and electron spectra and on the right the radial

distribution of secondary particles, considering a primary electrons' energy of200 MeV

and a lead (L rad = 5:6 mm) converter of thickness equal to2L rad . All the results are

obtained by Monte-Carlo calculations. Taken from [23].
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Figure 1.11: Positron angular-energy distribution at the exit of the target-converter for a

6 GeV electron drive beam [24].

1.3.2. Radioactive and nuclear sources

The generation of high-energy positron beams through radioactive and nuclear sources

involves complex setups, requiring a series of components for the accumulation, transport,

acceleration and eventually bunching of the positrons [24, 28, 29]. This complexity arises

because positrons generated by radioactive and nuclear sources have limitations related

to the low �ux and low density [30]. Therefore accumulation systems are necessary to

achieve a high positron density, while accelerator machines allow to reach high energies.

Aside these complexities, positron beams generated from radioactive sources o�er advan-

tages such as high monochromaticity [28]. Thanks to focusing and accelerating machines,

positrons can be arbitrary focused and accelerated to the desired energy. Also, beams

from radioactive and nuclear sources are continuum beams, or DC beams, but bunching

can be achieved. However, an important limitation of using radioactive sources is the

inherent risk associated to radioactivity, particularly when large radioactive sources with

high activity are employed to compensate the poor positron yield [30]. In the following,

the most relevant schemes to produce slow positrons are presented.

Considering radioactive sources, the choice of the radioactive element depends on the

nature of the experiment or task, tempered by cost-e�ectiveness. Among the sources

commercially available, for long-term experiments22Na is commonly used, o�ering a rea-

sonable compromise between cost and half-life (2:6 years) [28]. The positron spectrum

produced by22Na peaks at 178 KeV and extends up to 545 KeV. The positron intensity

that can be obtained is limited to roughly106-108 positrons/s [24, 31]. Immediately after

the � + , this element emits a gamma ray, which has to be shielded for radioprotection

and to prevent background signals during the experiment or the activity. In contrast, for
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short-term tasks, 58Co is used as� + -emitter, providing high beam intensity over short

periods due to its short life-time [28].

Low-energy positrons can also be generated exploiting the thermal neutron �ux from

�ssion reactors [28]. One scheme involves irradiating a copper target, resulting in the
63Cu(n; 
 ) 64Cu reaction, which produces� + -emitters. This process transforms the initial

target into a source of slow positrons with a substantial activity level on the order of tera-

Becquerel. Another approach to exploit thermal neutrons is by irradiating a cadmium

target, generating gamma rays through the reaction113Cd(n; 
 ) 114Cd. Subsequently,

gamma rays enter into a converter and undergo pair production (see 1.3.1). Also, pair

production by exploiting directly the gamma rays of a reactor has been employed [29].

A notable setup used in medical applications to produce slow positrons consists in accel-

erated protons, by a compact cyclotron, impinging on an Aluminium target. Through the
27Al (p; n) 27Si reaction, � + -emitters are produced. The main advantage of this scheme is

that, when the cyclotron is not in operation, the radioactivity of the target decays rapidly.

In all of these cases, the use of accumulation and acceleration machines is necessary to

produce high-energy positron beams.

1.3.3. Laser-plasma systems

The class of laser-plasma systems for positron production is based on the interaction of

a laser pulse with a plasma. A detailed description of both, their interaction, the most

promising setups, and the relevant properties concerning the produced positron beams

will be provided in the next chapter 2. In this section, the peculiarities, technological

advantages, and potentialities of laser-plasma systems are presented.

With the advancement of laser technologies (2.2), culminating in the development of

petawatt (PW) class lasers, the pulse duration becomes shorter in the picosecond to

femtosecond regime, while the peak intensity gets high up to1022-1023 W/cm 2. These

conditions provide the electromagnetic �eld intensity required to realize QED processes,

such as high-energy photon emission (see 2.4.1) and positron production. The role of

the plasma is crucial, as it actively participates in the entire dynamics of laser-plasma

interaction. The plasma plays a dual role in the interaction: it not only provides the

necessary particles to seed these processes e�ciently, but also contributes to achieve the

conditions for making them possible. While the electric �eld of nowadays lasers alone

cannot create directly pairs from the vacuum (see the Schwinger mechanisms in 1.2.1),

exploiting the physics of laser-plasma interaction, it is possible to amplify these �elds,

reaching extremes conditions. In addition, plasmas can support accelerating electric �elds

of the order of hundreds of GV/m, which is much higher than the typical MV/m values in
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conventional accelerators [26]. This means that in laser-plasma systems, positrons can be

produced and also accelerated to energies up to hundreds of MeV or GeV. The generation

of positrons takes place within very con�ned regions and for short times, those associated

to the laser pulse, allowing the attainment of high-density and ultra-short duration of

the positron beams created. As a result, laser-plasma systems can achieve very high

positron intensities, in terms of particles per second. Another signi�cant advantage of

laser-plasma systems over conventional methods is their compactness, since the production

and acceleration of positrons occur in just few micrometers or millimeters, without the

need for a large and expensive accelerator. The overall dimensions of the entire system

depends mostly on the laser employed. Furthermore, laser-plasma systems are less a�ected

by radioprotection issues compared to radioactive sources, but these problems are still

present due to the activation of materials.

The relevant mechanisms of pair production involved in laser-plasma systems include

the Bethe-Heitler process, along with the trident one (see 1.2.1), and the Non-linear

Breit Wheeler pair production. These mechanisms have been studied theoretically and

demonstrated experimentally [32]. Systems employing the Bethe-Heitler processes utilize

the laser �eld to accelerate electrons into a high-Z converter, leading to electromagnetic

showers. Instead, systems based on NBWPP use the laser �eld to accelerate electrons,

generate photons, and provide the external �eld required for photon conversion into pairs.

Currently, laser-plasma systems to generate positrons are very promising due to their

technological advantages, including compactness and low radioactivity, and also for the

peculiar properties of positrons produces, such as high energy (> MeV), high yield and

high density, high intensity (> 1010 particles/s), low divergence (< 1 rad) and short

duration (� fs) [13, 31].

1.4. Applications of high-energy positron beams

Positrons are the most accessible kind of antimatter, and positron beams �nd applica-

tions in a wide range of �elds, including high-energy physics (HEP), particle and atomic

physics, material science and engineering, medicine and chemistry. Now, the most relevant

applications of positron beams will be presented.

1.4.1. Particle colliders for research and Synchrotron Radiation

facilities for material science and medicine

Colliders are a type of particle accelerators, and can be ring accelerators or linear ac-

celerators [33]. In electron-positron colliders, beams of electrons and beams of positrons
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are accelerated to ultra-relativistic energies and then they are made to collide. In the

collisions, pairs of electrons and positrons annihilate releasing their energy to create other

subatomic particles, as bosons, leptons, quarks, hadrons and others. These collisions pro-

vide a unique opportunity to observe exotic particles that cannot be found in nature due

to their short life-time or the high energies required for their existence. Therefore, high

energy of the colliding particles is required, but also high density, since the cross-sections

of the most exotic processes are typically very small. Advanced detectors play a crucial

role in studying the production rates and properties of these particles after the collisions.

Physicists utilize colliders to test the Standard Model, the leading theory governing the

properties and the behaviour of subatomic particles [34]. Furthermore, accelerators serve

as essential tools to search evidences of theories beyond the Standard Model, as the

Grand Uni�cation, Supersymmetry and Gravitational theories [34]. The drive to explore

new physics is reinforced by observations in astrophysics and cosmology. Additionally,

research in physics aims to develop useful applications in engineering and in industry.

Positron beams are employed also in some Synchrotron Radiation (SR) facilities, which

are a type of accelerators where electromagnetic radiation is produced by bending ener-

getic charged particles with magnets. The choice of positrons is motivated by the fact

that positrons can provide higher brightness compared to electrons [23]. This radiation,

principally in the X-rays frequencies, plays a crucial role in the study and characterization

of materials [35], and �nd application in medical imaging and therapeutic technologies

[36]. SR radiation is extremely important also in the research in medicine and in basic

physics and biochemistry of biological systems.

Electron-positron colliders and synchrotrons require a source of high-density, almost mo-

noenergetic and collimated beam of positrons [23], in order to provide high luminosity and

low energy spread. Positron beams typically are produced with conventional methods,

and then they are manipulated with spatial and energy focusing systems, beam-lines and

accelerating machines. Examples of realistic positron beam sources, considering the com-

plete chain of the required machines, in colliders for HEP and SR are reported in Figure

1.12. An important property of the positron spectrum immediately after the converter is

that it does not have a peak but increases toward lower energies (see 1.3.1). This increase

of positrons at lower energies is of limited utility, because positrons with too low energies

exhibit a wide spread in the time of �ight between the source and the accelerating section,

resulting in an unacceptable energy spread [23].
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Figure 1.12: Examples of positron beams sources in realistic colliders for HEP research

and SR facilities. HereEe is the primary electron energy andEp is the positron energy

at the end of the beam generation chain. Taken from [23].

1.4.2. Positron annihilation spectroscopy

The discovery of positron's tendency to being trapped in vacancy defects within solids led

to the development of Positron Annihilation Spectroscopy (PAS). This technique allows

for the characterization of materials at the atomic scale, non-destructive study of the

electronic properties of both the bulk and the surfaces of solids, and, most importantly,

the realization of defect and void spectroscopy [30, 37]. PAS o�ers unique advantages

compared to other inspection techniques. It is applicable to any type of material, such

as crystalline and amorphous, organic and inorganic, biotic and abiotic. PAS excels in

identifying sub-nanometers defects with concentrations as low as a part per million, pro-

viding detailed information about the type and size of the defects [38]. PAS has found

applications in testing disparate systems as turbine, solar cells, and zeolites. PAS also ex-

tends to the study of thin �lms, near-surface regions, magnetic structures of solids, Fermi

surfaces of materials, and various other applications [29]. Furthermore, it allows the in-

vestigation of mechanical properties of solids, such as plastic deformation at both low and

high temperature, or phase transformations in alloys. Moreover, PAS is also employed to

investigate the chemical properties of materials and solutions, including bondings and me-

somerisms, exploiting the chemical behaviour of positronium, a compound state formed

by positrons and host electrons [39]. Additional techniques based on the annihilation

physics of positrons have been developed, as doppler broadening of annihilation radiation

and angular correlation of annihilation radiation [29]. This research topic is still growing.

Consider now the principal PAS technique, the positron annihilation lifetime spectroscopy.
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When positrons are injected into a solid body, they penetrate in the material according

to their energy, and interact with the host electrons. In materials such as metals or semi-

conductors where free or nearly free electrons are available, positrons annihilate rapidly.

However, in the presence of voids or vacancies, positrons reside inside these defects and

annihilate in a longer time. The annihilation of positron-electron pairs releases pho-

tons, which can be detected. By measuring the time between the positrons injection and

annihilation and the location of annihilation events, it is possible to derive the spatial con-

centration and distribution of voids and vacancies within the material. Based on the same

principle, PAS allows the study of electronic properties of materials: positrons in high

electron density regions annihilate faster than the ones in low electron density regions [40].

Positron beams in PAS techniques o�er signi�cant advantages over traditional radioelements-

based positron systems [29], such as the control of the penetration length of positrons in

materials by tuning their initial energy. Additionally, positron beams allow for the sep-

aration in time between the injection of positrons and their annihilation, as they need

to thermalize through collisions with material atoms before annihilating. In PAS tech-

niques where the timing is important, pulsed positron beam are very desirable. Positron

beams are typically produced using radioactive or nuclear sources (see 1.3.2), in combi-

nation with beam systems, as positron traps and accelerators, and/or compact cyclotrons

[29, 30]. However, the size and complexity of the beam systems, as well as the requirement

for a sizable radioactive source in close proximity to the user, have limited the widespread

adoption of PAS in industrial laboratories as a routine diagnostic tool. Another approach

to provide positron beams, although less commonly used, is through conventional meth-

ods (see 1.3.1) with the magnetic transport of positrons in situ [29, 30].

Besides the fact that some PAS techniques, as for the study of surfaces properties, require

low-energy positrons in the eV range, positron beams in the MeV energies are employed

for measurements on a wide range of materials and are necessary for novel annihilation

spectroscopy techniques, such as positron channeling and in-�ight annihilation studies,

and bulk annihilation measurements [29]. In the last case, high-energy positrons are

required to penetrate deep into materials and annihilate within the bulk.

1.4.3. Research in astrophysics and electron-positron plasmas

Some objects in the universe, such as black holes and pulsars, emit violent bursts of

gamma-rays, resulting in the production of electron-positron plasmas, in the form of ultra-

relativistic winds or jets. These phenomena represent the possibility to test theories of

High-Energy Physics (HEP) and astrophysical and cosmological models, including those

relates to the origin of our universe [41]. A lot of open questions, such as the mechanisms
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of generation of these gamma-bursts, could be addressed in experiments, but currently the

extreme di�culties in generating high-density and high-energy positron-electron plasmas

are preventing laboratory studies. The high-density requirement is crucial for observing

the collective behaviour of such a plasma. Also, the intrinsic symmetry between electrons

and positrons within the plasma makes their dynamics signi�cantly di�erent from that

of the typical electron-ion plasmas. The fact that the positive and negative species have

equal mass introduces peculiarities in the plasma behaviour, for instance in terms of elec-

tromagnetic waves propagation and instabilities.

Various approaches to generate high-density and high-energy electron-positron plasmas

have been proposed. One method involves using conventional accelerators to generate

electron and positron beams separately and then recombining them. Another approach

consists in con�ning low-energy positrons from radioactive sources using traps, and then

accelerate them. However, these schemes have some di�culties related to beams recom-

bination. Other methods are proposed, in which electrons and positrons are generated

together in situ, but they lack of symmetry in the abundance between positron and elec-

trons, and therefore the produced plasmas are non neutral. In summary, the possibility of

generating high-density and high-energy electron-positron beams if of great importance

in astrophysics and HEP, but various challenges need to be overcome.
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This chapter is devoted to presenting the physical background of non-linear Breit-Wheeler

pair production in laser-plasma interaction. Firstly, the main aspects of the two physical

systems, laser and plasma, are presented. Then, the physics of their interaction will

be detailed, with a particular focus on the most relevant processes related to positron

production in a peculiar type of targets, called double-layer targets.

2.1. Plasma

Plasma is a macroscopic aggregation state of matter characterized by the presence of at

least one electrically charged population, which can include electrons, ions, nuclei, and

even positrons. The peculiarity of a plasma is the presence of a long-range self-consistent

electromagnetic �eld, which mediates the interaction between the charged particles and

evolves in time according to their dynamics. Therefore the dynamics of particles and

of the �eld are inherently coupled and cannot be treated separately. The nature of the

interaction between particles is primarily electromagnetic, but also other forces can come

into play, for instance the nuclear force when nuclear reactions occur.

Plasma is the most abundant form of ordinary matter in the universe, and can be found

inside stars, inter-galactic medium and in regions of our atmosphere. A common example

of a plasma is a gas that has been completely or partially ionized, resulting in the presence

of a free electron population and an ion population. These conditions can be obtained in

laboratory, for instance, by heating the gas to a temperature such that the average kinetic

energy of particles becomes greater than the ionization potential of atoms or molecules,

leading to the breaking of atomic or molecular bonds.

The �eld of plasma physics cover a huge quantity of topics, the relevant ones to this thesis

work will be treated in this section.
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2.1.1. Relevant parameters and corresponding properties

A set of parameters and physical quantities can be de�ned to classify plasmas and obtain

information about their behaviour and properties. To begin with, it is necessary to de�ne

the speciesa = 1; 2: : : which are present and their properties, such as the massma

and electric chargeqa. In the following, a plasma composed primarily of electrons and

positive ions will be considered. If the plasma is created through the ionization of a

neutral species, the ionization degree describes the amount of ionized atoms with respect

to the total number, and it allows for the classi�cation of plasmas as weakly, strongly, or

fully ionized.

Subsequently, macroscopic quantities can be introduced, such as the particle densityna

and temperatureTa, which represent the concentration and thermal energy of particles.

The overall plasma densityn and temperatureT are calculated as follows:

n =
X

a

na; T =
1
n

X

a

naTa: (2.1)

These parameters can span over a large range of values, and depending on their values,

di�erent kinds of plasmas can be classi�ed, each exhibiting distinct physical properties

(see Figure 2.1). For plasmas composed of electrons and ions, the substantial di�erence

in their mass results in di�erent inertial properties. At a given plasma temperature, the

velocity of ions is signi�cantly lower than the one of electrons.

Considering a single charged particle of the plasma, it repels other particles with the same

sign of the charge and attracts the ones with opposite sign. This collective e�ect, known

as polarization [42], leads to the formation of a shielding cloud of particles that tends to

neutralize each charge of the plasma. Any charged particle can be considered completely

neutralized beyond a certain distance, de�ned as Debye length� D , due to the polarization

of other charges. This characteristic length is de�ned as

(� D )� 2 =
X

a

(� D;a )� 2; � D;a =
�

Ta

4�n 0;aq2
a

� 1=2

(2.2)

whereqa, Ta, n0;a are the electric charge, the temperature in energy units, and the average

density of the a-population, respectively. For a plasma in which species have chargeqa =

� e, the Debye length can be evaluated numerically as� D [cm] = 740 (T[eV]=n[cm� 3])1=2.

Moreover, in plasmas there can be mechanisms, as the thermal motion of particles, acting

to separate negative charges from positive ones. However, these separation mechanisms

have to contend with the electrostatic attractive force, which acts to cancel the charge

unbalance. The Debye length� D represents also the characteristic spatial scale of charge
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separation, corresponding to the compensation between the thermal kinetic energy of par-

ticles and the restoring force.

Another collective phenomenon crucial in plasma physics is the local oscillations of charges.

When local charge separation takes place, subsequently the particles involved follow a col-

lective oscillatory motion driven by the long-range charge neutrality restoring �eld. The

frequency of these oscillations is referred to as the plasma frequency! p, and it is equal to

(! p)2 =
X

a

(! p;a)2; ! p;a =
�

4�n 0;aq2
a

ma

� 1=2

: (2.3)

If the plasma is composed by electrons and ions, sinceme � mi , the electron contribution

dominates in! p, meaning that ! p ' ! p;e. The electron plasma frequency can be numeri-

cally evaluated as! p;e[rad/s] = 2� � 9000(ne[cm� 3])1=2.

In plasma physics it is very important the topic of collisions, which are single-particle

processes, not a collective e�ect [42]. In addition to the long-range electromagnetic �eld,

each particle experiences microscopic, or short-range, electromagnetic forces due to the

neighbouring charges, leading to scattering-like processes. The inverse of the number of

particles contained inside a cube of length� D is called plasma parameterg [42], and it

quanti�es the importance of collisions between particles in terms of their dynamics. In-

deed, it can be proven that the plasma parameter is directly proportional to the ratio

between the electrostatic potential energy due to neighbour charges and the kinetic en-

ergy of thermal origin. Therefore, collisions can be neglected ifg � 1, which is generally

valid except for very cold and/or very dense plasmas. It is also useful to introduce the

frequency� at which collisions occur, which depends on the average thermal velocityvt ,

the cross section� of the scattering process, and the average particle densityn.

g� 1 = n� 3
D �

r
T3

n
; � = n�v t = n�

�
T
m

� 1=2

(2.4)

It is worth mentioning that di�erent collision processes can occur, so� and � should

be speci�c to the type of scattering process and the populations under consideration. If

considering Coulomb collisions, where� c � e4=v4
t � e4=T2, the following relation is valid:

� c

� p
' g (2.5)

where � p = ! p=2� . Therefore, wheng � 1 the collision frequency is much smaller than

the plasma frequency, meaning that collisions are less important than collective e�ects.

The last interesting quantity is the skin depth, whose physical meaning is related to the
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propagation of electromagnetic waves within a plasma and will be detailed in 2.3.1.

Lw =
c

! p
(2.6)

In a plasma composed by electrons and ions, since! p ' ! p;e the skin depth can be

approximated asLw ' c=! p;e. Examples of all the parameters introduced for di�erent

kinds of plasmas are presented in Table 2.1.

Plasma type n[cm� 3] T[eV] ! p;e[s� 1] � D [cm] g� 1 � ei [s� 1] Lw [� m]

Interstellar gas 1 1 6 � 104 7 � 102 4 � 108 7 � 10� 5 5 � 109

Gaseous nebula 103 1 2 � 106 20 8� 106 6 � 10� 2 1:5 � 108

Solar Corona 109 102 2 � 109 2 � 10� 1 8 � 106 60 1:5 � 105

Di�usive hot plasma 1012 102 6 � 1010 7 � 10� 3 4 � 105 40 5� 103

Solar atmosphere,

gas discharge

1014 1 6 � 1011 7 � 10� 5 40 2� 109 5 � 102

Warm plasma 1014 10 6 � 1011 2 � 10� 4 8 � 102 107 5 � 102

Hot plasma 1014 102 6 � 1011 7 � 10� 4 4 � 104 4 � 106 5 � 102

Thermonuclear

plasma

1015 104 2 � 1012 2 � 10� 3 8 � 106 5 � 104 1:5 � 102

Theta pinch 1016 102 6 � 1012 7 � 10� 5 4 � 103 3 � 108 50

Dense hot plasma 1018 102 6 � 1013 7 � 10� 6 4 � 102 2 � 1010 5

Laser plasma 1020 102 6 � 1014 7 � 10� 7 40 2� 1012 5 � 10� 1

Table 2.1: Examples of plasmas existing in nature or produced in laboratory with their

key parameters [43]. Here� ei is the frequency of Coulomb collisions between electrons

and ions. The skin depthLw is calculated using the approximated expression of 2.6.

2.1.2. Kinetic description of a collision-less plasma

The kinetic modeling of a plasma is a non-quantum macroscopic particle description.

Among the various macroscopic modeling approaches, the kinetic one is the most detailed

because it considers the entire velocity distribution of particles instead of collapsing it into

a limited set of �elds, as done in the �uid descriptions [42]. In other terms, it takes into

account the particle nature of the plasma. Furthermore, the kinetic description becomes

necessary when the particle velocity distribution deviates signi�cantly from the one at

thermal equilibrium.
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The particles are treated as point-like, but instead of studying the position and the ve-

locity of each of them, the intent of a macroscopic description is to determine the average

number of particles with position x and velocity v inside corresponding small intervals

dx and dv. Therefore, the interest is in averaged properties of the plasma, without mi-

croscopic �uctuations [42]. Similarly, concerning the electromagnetic �eld, a macroscopic

description aims to determine the average long-range �eld that exist over a large number

of particles, rather than the �eld acting on each individual constituent. Mathematically,

this description is achieved through a spatial �ltering procedure that removes all the in-

formation below a certain spatial scale. This scale should be chosen to be much greater

than the average distance between particlesn� 1=3
0 , in order to perform averaging over a

su�ciently large number of particles. It should also be much smaller than the Debye

length � D , which is the characteristic macroscopic length of the plasma.

This model neglects of collisions, making it applicable only when collisional e�ects are

unimportant. This implies that the model is limited to plasmas with plasma parameter

g � 1 and to phenomena characterized by a frequencyw � � [42]. In many cases, the

most important collisional process is between electrons and ions, making the relevant col-

lisional frequency� ei . In ultrashort high-intensity laser-plasma interaction collisions can

be neglected, because the dominant process is the coherent electron acceleration, while

electron heating, necessary for collisions, is less e�ective [10].

Lastly, the common feature of all the macroscopic plasma descriptions is the coupling

between equations describing the plasma dynamics and Maxwell's equations governing

the long-range self-consistent electromagnetic �eld.

The set of di�erential equations of the kinetic description, relativistically corrected, of a

collision-less plasma, is referred to as the relativistic Vlasov-Maxwell system:

8
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(2.7b)

(2.7c)

(2.7d)

(2.7e)

The time-dependent functionsf a(x ; p; t), de�ned in the phase space, are the distribution

functions for the various populations, and they represent the average density of particles in
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phase space. In the context of pair production in laser-plasma interaction, the populations

involved are electrons, ions, photons and positrons, hencea = e� ; i; 
; e + . For photons

q
 = m
 = 0 and p=
 
 m
 = cp=jpj. The source termSa(x ; p; t) accounts for the creation

and destruction of particles ofa-population in phase space, while
 a(p) =
p

1 + ( p=mac)2

is the Lorentz factor and depends onma. It is worth mentioning that Sa includes also

abrupt changes in the velocities of particles. The terms� ext and J ext describe external

charge densities and external currents. Physically, the Vlasov equation is the continuity

equation in phase space for the distribution function, stating that the average number of

particles along their trajectory in phase space remains conserved, except for the action of

source termsSa.

Once the distribution function is known, kinetic expressions of macroscopic quantities can

be derived as moments off a. Examples include temperature, pressure, stresses, conductive

and convective �uxes of heat, and others.

2.2. High intensity lasers

Lasers are devices that generate or amplify coherent light within the infrared, visible or

ultraviolet frequency ranges. Laser light possesses remarkable properties such as direc-

tionality, spectral purity, and intensity [44].

The key process that enabled light ampli�cation and the development of laser technologies

is the stimulated emission of radiation. Two operational regimes of lasers are possibles:

the continuous-wave regime, where a continuous laser beam is generated with a narrow

bandwidth, and the pulsed regime, which produces short pulses of light with a broad

bandwidth. The pulsed regime was realized through the development of Q-switching

and mode-locking techniques [44]. In conjunction with chirped pulse ampli�cation, short

pulses proved to be the gateway to previously unexplored laser �eld intensities, allowing

access to new interaction regimes with matter. Laser �eld intensities of1015 � 1018 W/cm 2

were attainable, corresponding to an electric �eld strength comparable to the Coulomb

�eld within atoms [14]. Subsequently, the advent of optical parametric chirped pulse

ampli�cation for amplifying ultra-short pulses led to the achievement of extremely high

laser �eld intensities, currently reaching levels up to1023 W/cm 2. These intensities have

extended the applications of lasers into new domains, including nuclear physics, plasma

physics and high-energy physics [14]. In laser-matter interaction, electrons are accelerated

to ultra-relativistic energies, forming ultra-relativistic plasmas and leading to the emer-

gence of QED strong-�eld processes. In the next few years, with the incoming 10-Petawatt

class lasers, intensities of1023 � 1024 W/cm 2 are expected to be achieved, allowing for

studying QED e�ects in unexplored domains, such as electromagnetic cascades occurring
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in the laser �eld [19].

In the following, the main parameters and the mathematical modelling of laser pulses will

be treated, as well as the mechanisms for generating plasmas using lasers.

2.2.1. Parameters and mathematical modelling

Laser pulses can be characterized by a set of parameters that determine the laser �eld

distribution in time and space.

Important parameters used to describe laser pulses are the pulse energyEp, the central

frequencyw0 (or wavelength� 0 = 2�c=! 0), the temporal duration � p, and the spot size� p.

The pulse energyEp is the total electromagnetic energy carried by the pulse, which can

range from nJ to kJ. To achieve a short �nite duration, a wave-packet with a broad spec-

trum of frequencies is required [45]. The central frequencyw0 is the carrier frequency and

depends on the laser and ampli�cation system. Titanium-Sapphire lasers, for instance,

generate light with a wavelength� 0 = 800 nm. The duration � p express the width of

the envelope and can range from nanoseconds to tens of femtoseconds. In the context of

interaction with matter, a ns-duration pulse is relatively long, almost a continuous wave,

while pulses below the ps-duration are considered ultra-short. The spot size� p represents

the spatial transverse size of the beam, encompassing almost all the pulse energy, and it

generally varies during the pulse propagation. In the focal position, where the spot size

is minimum, � p can reach few micrometers. Assuming a �at temporal and spatial pro�le

and E0 as the electric �eld amplitude, it is possible to estimate the energy of the pulse:

Ep '
c
2

E 2
0

4�
� p(�� 2

p) (2.8)

Another important parameter is the peak powerPpeak, representing the maximum energy

per unit time crossing a plane transverse to the optical axis. It depends onEp and � p and,

for intense lasers, can range fromTW to PW. An essential quantity is the peak intensity

I peak, which indicates the maximum energy per unit time per unit surface crossing a

transverse plane. Both the peak intensity and peak power are considered to be cycle-

averaged. The peak intensity depends onPpeak and � p and can currently reach the regime

of 1023 W/cm 2, with Ep in the J level. It is important to note that, given Ppeak, to

achieve high intensities the beam should be focused to very small spot sizes. From the

peak intensity, the peak value of the electric �eldjE jpeak can be evaluated, and the peak

normalized vector potentiala0;peak can be de�ned (see 1.2.3), as follows:

jE jpeak =

r

2
4�
c

I peak; a0;peak =
ejE jpeak

mec! 0
: (2.9)
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The second one can be evaluated numerically asa0;peak = 86� 0[� m]
q

I peak[1022W/cm 2].

Then, the polarization identi�es the direction of the oscillations of the electric �eld and is

typically linear or circular. When dealing with a train of pulses, the repetition rate� rep

is the inverse of the time between two consecutive pulses and spans from one pulse per

day to MHz.

It is worth mentioning that in a photon description of the pulse,~! 0 is the single photon

energy, Ep represents the total energy of the photons in the pulse, andPpeak and I peak

are related to the maximum photon intensity (photons per unit time) and photon �ux

(photons per unit time per unit area).

Moving on to the modeling of the �eld of a laser pulse, it has to satisfy Maxwell's wave

equations with the boundary conditions given by the laser cavity [44]. Adopting the

paraxial approximation, which assumes that the propagation direction of the beam is

near to the optical axis of the laser cavity, and the slowly-varying amplitude approxima-

tion, the electric �eld solution is described by Gaussian Beams TEMl;m [45]. These are

monochromatic functions de�ned as the product of a Gaussian function and a Hermite

polynomial. The lowest order mode TEM0;0 is simply a Gaussian function with frequency

! and wavevectork! = !=c . Assuming the z-axis as the propagation direction and linear

polarization along the x-axis, the electric �eld can be expressed as follows [44, 45]:

Ê ! (x ; t) =
1
2

E0
� p;0

� p(z)
exp

�
�

x2 + y2

� 2
p(z)

� ik !

�
z +

x2 + y2

2R(z)

�
+ i �( z) + iwt

�
u x + c:c:

(2.10)

Before the exponential term,E0 is the amplitude of the electric �eld, while � p;0 is de�ned

as the spot size at the focal positionz0. The �rst term in the exponential is real and

represent the Gaussian distribution of the �eld in the transverse plane. Subsequently,

there are the longitudinal and transverse phase terms, with the latter depending on the

radius of curvature of the equi-phase surfacesR(z). The last terms are the Gouy phase

shift �( z) and the time oscillations term. In case of free propagation,� p(z), R(z) and

�( z) evolve during the propagation as follows:

� p(z) = � p;0

s

1 +
�

z � z0

zR

� 2

(2.11a)

R(z) = ( z � z0)

"

1 +
�

zR

z � z0

� 2
#

(2.11b)

�( z) = arctan
�

z � z0

zR

�
; (2.11c)
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wherezR = �� 2
p;0=� is the Rayleigh range, representing the distance fromz0 to where the

spot size has increased by a factor
p

2. Therefore, the beam can be considered almost

focused betweenz0 � zR and z0 + zR . It is worth mentioning that in the mode TEM 0;0 the

intensity is concentrated on the optical axis, while other modes distribute the intensity

di�erently.

To achieve a Gaussian beam with �nite temporal extension, according to the Fourier

theorem, several modes with slightly di�erent frequency around a central onew0 are

superimposed. The result can be expressed as a carrier, in this case the modeTEM 0;0,

evaluated at the central frequency! 0, modulated by an envelope function, which shape

depends on the coe�cients of the superposition. For free propagation, both the carrier

and the envelope move with velocityc. The complete expression of the electric �eld of a

Gaussian laser pulse with Gaussian envelope in free propagation is:

E (x ; t) = Ê ! 0 (x ; t) exp
�
�

(t � z=c)2

2~� 2

�
: (2.12)

The pulse duration� p is de�ned as the Full Width Half Maximum (FWHM) of the enve-

lope, and it is related to~� as:

� p � FWHM = 2
p

ln 2 ~� : (2.13)

Di�erent envelope pro�les exist, such as the cosine squared pro�le or super-Gaussian pro-

�les. The description presented is idealized. Actually, realistic pulses exhibits imperfec-

tions and distortions. One example is the presence of pre-pulses, which are low-intensity

pulses that precede the main pulse.

Examples of the key parameters introduced for realistic lasers are presented in Table 2.2.

Laser name � 0[nm] Ep[J ] � p � rep, max 2� p[� m] I peak[W/cm 2]

ALEPH 400, 800 10, 26 45, 30 fs 3.3 Hz 1.2, 2.4 -

Bella 815 40 30 fs 1 Hz 65 1022

Scarlet 815 10 30 fs 1 per min 2 > 8 � 1021

Hercules 815 15 30 fs 1 per min 0.8, 50 1022

Diocles 805 20 30 fs 0.1 Hz 1, 20 -

Texas Petawatt 1057 186 167 fs 1 per hour 3.9, 2.2, 60 2 � 1022

Table 2.2: Examples of lasers with key parameters in U.S. [46].
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2.2.2. Lasers to generate plasmas

When a high-intensity laser pulse interacts with a solid, the laser �eld can ionize the solid,

generating free electrons and ions leading to the formation of a plasma. Therefore, if the

goal is to make a high-intensity laser interact with a plasma, the laser can be used to

ionize matter and obtain the plasma. It is also possible to engineer the target material to

generate a plasma with the desired density pro�le.

There are several ionization mechanisms at play, including single-photon ionization, multi-

photon ionization, tunneling ionization, and impact ionization. Single-photon ionization,

also known as the photoelectric e�ect or direct ionization, involves a photon being ab-

sorbed by an atomic electron, breaking the bonding with the atom and setting the electron

free. Despite having the largest cross-section, it cannot occur with standard optical lasers

because the energy of a single photon is too small to match the ionization potential, which

corresponds to photon energies in the UV range and beyond [47]. Multi-photon ionization,

on the other hand, involves the simultaneous absorption of multiple optical photons. Al-

though the cross-section for this process is signi�cantly smaller than the direct ionization,

it becomes possible at laser intensities exceeding1010 W/cm 2 [47]. The multi-photon ion-

ization assumes that the Coulomb potential felt by the electron remains undisturbed by

the laser �eld. However, when the laser intensity reaches the level ofI a � 1016 W/cm 2, the

laser �eld becomes strong enough to distort the Coulomb potential [47]. This leads to the

reduction of the potential barrier experienced by the electron, allowing it to be released

through tunnel e�ect. Therefore, at such intensities, tunneling ionization becomes the

dominant ionization process. Additionally, another ionization process may occur, which

involves free electrons ionizing atoms or other ions through collisions. This is known as

impact ionization and becomes competitive with the tunneling process when a signi�cant

number of free electrons is created.

In the �rst stages of the ionization process, when the number of free electrons is still neg-

ligible, and assuming a laser intensity su�ciently high, the dominant ionization process

is the tunneling one. For a given initial species, the appearance intensityI app at which a

certain ion with chargeZ starts to appear is given by the formula [47]:

I app =
cE4

ion

128�Z 2e6
; (2.14)

whereE ion is the ionization potential of the parent atom or ion with chargeZ � 1. The ap-

pearance intensity can be estimated numerically asI app[W/cm 2] ' 4� 109(E ion [eV])4Z � 2,

and its value for various ions is reported in Table 2.3.
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Ion E ion [eV] I app[W/cm 2]

H + 13:61 1:4 � 1014

N 5+ 97:9 1:5 � 1016

O6+ 138:1 4� 1016

Ne7+ 207:3 1:5 � 1017

Ar 8+ 143:5 2:6 � 1016

Table 2.3: Examples of ionization energies and appearance intensities for various ions [47].

When a laser pulse with a peak intensity much larger thanI a, for instance in the range

I peak = 1020 � 1022 W/cm 2, interacts with matter, ionization occurs very rapidly, well

before the arrival of the central part of the pulse. The pre-pulses or the initial tail of the

main pulse, despite their much lower intensity compared toI peak, are capable of ionizing

matter, allowing the central part of the pulse to interact with a fully ionized plasma

[47]. In the case of a laser pulse impinging on a solid target, the electron densityne of

the created plasma can be calculated from the mass density� and molar massA of the

target, and the ion chargeZ :

ne =
ZN A �

A
: (2.15)

Here NA is the Avogadro number. Then, these electrons are heated by the laser �eld

and expand outwards, resulting in an exponentially decreasing plasma density pro�le.

However, even at electron temperatures of hundreds of eV, the plasma pro�le remains

very steep, if the pulse has ultra-short duration andI peak is in the range considered above

[47]. As a result, the electron expansion can be neglected, and the central part of the

laser pulse interacts directly with the solid-density plasma which has just formed.

The �nal remarkable aspect of plasmas generated by a laser �eld is the regime of electron

and ion motion following the ionization process. As a zero-order approximation, the

motion of a charged particle in an uniform oscillating electric �eld of amplitudeE0 is

considered. The particle will oscillate in the direction of the �eld polarization with the

same �eld frequency! . Its maximum normalized velocity is given by [47]:

vosc

c
=

eE0

mc!
=

me

m
a0; (2.16)

where a0 is the normalized potential as de�ned in 2.2.1. Whena0 � 1, corresponding

to an intensity of 1018 W/cm 2, electrons reach relativistic velocities within a laser cycle.

Instead, ions requirea0 � mi =me to became ultra-relativistic, corresponding to intensities



34 2| High-intensity laser-plasma interaction for NBWPP

exceeding1024 W/cm 2. Therefore, plasmas generated by currently available high-intensity

lasers are characterized by a relativistic behaviour of electrons, while ions remain in the

non-relativistic regime.

2.3. Physics of the non-quantum laser-plasma inter-

action

In this section, the non-quantum processes of laser-plasma interaction that are relevant

for NBWPP in double-layer targets will be discussed. Interaction regimes and target

classi�cation will be discussed. Then, an overview of the classical emission of radiation

is provided, while the quantum description, which is the important one in the context

of pair production, will be presented in the next section. Finally, the main electron

acceleration mechanisms are described, followed by the introduction to the double-layer

target, highlighting its unique features and potentialities.

2.3.1. Interaction regimes and classi�cation of targets

When an electromagnetic wave interacts with a plasma, it induces collective modes within

the plasma, introducing spatial and temporal dispersion [42, 48]. In principle, the col-

lective behaviour of particles, including the dynamics of the self-consistent long-range

electromagnetic �eld, should be addressed by solving the complete relativistic Vlasov-

Maxwell system of equations. If collisions cannot be neglected, they must be included

with opportune collision terms. Alternatively, simpler descriptions can be employed to

study the main properties of collective modes in plasmas, such as the single-�uid or the

multiple-�uid descriptions.

According to the non-relativistic linear theory of electromagnetic wave propagation in a

collision-less cold plasma [48], the electron density at which the plasma becomes opaque

to a wave with frequency! 0 (or wavelength� 0) is known as the critical densitync, de�ned

as:

! 2
0 = ! 2

p;e =
4�e 2nc

me
: (2.17)

In practical units, it can be approximated asnc[cm� 3] ' 1:1� 1021(� 0[� m])2. The respon-

siveness of the plasma depends on its density through! p;e. The critical density plays a

central role in distinguishing the di�erent regimes of wave-plasma interaction. For plasma

densitiesne < n c (or wave frequencies! 0 > ! p;e), the plasma is referred to as under-dense,

and it is transparent to the electromagnetic wave. The electrons, which are considered

the only mobile species, cannot follow the oscillations of the wave �eld, allowing the wave



2| High-intensity laser-plasma interaction for NBWPP 35

to propagate almost undisturbed at nearly the speed of light. Conversely, whenne > n c

(or ! 0 < ! p;e), electrons can respond to the wave �eld, leading to both the re�ection and

absorption of the wave. In this case, the plasma is called over-dense, and the electromag-

netic wave is exponentially dumped within the plasma over a distance equivalent to the

skin depth Lw (see 2.1.1). It is essential to note that e�ective energy transfer from the

incident wave to the bulk of the plasma is possible only in under-dense regime. Lastly, the

near-critical regime occurs whenne ' nc. This is an interesting and complicated regime,

and the energy transfer from the wave to the plasma can still occur (see 2.3.2).

To control the interaction regime, it is important to observe that in laser-plasma experi-

ments, the laser frequency is typically �xed by the optical setup and hardly can be tuned

during laser operation. Instead, the plasma density can be quite easily changed by varying

the initial material or engineering the target setup. As explained in the previous section,

when a laser impinges on a solid target, it ionizes the target, making the central part of

the pulse interact with an almost completely ionized, solid-density plasma. This means

that if the target is solid, for example metallic, the plasma produced will be over-dense.

Otherwise, if an under-dense plasma is desired, gaseous targets are typically employed.

In addition, near-critical plasmas can be generated using particular materials like carbon

foams, which will be presented later in this section. In conclusion, by properly choosing

the target material and its density, it is possible to control the interaction regime between

the laser and the generated plasma, allowing or preventing the energy transfer from the

laser to the plasma, and thus controlling the outcomes of the interaction.

2.3.2. Relativistic self-induced transparency

When studying the relativistic motion of electrons in a strong transverse electromagnetic

wave, this motion can modify the refractive index in a nominally over-dense plasma to

permit propagation [47]. In particular, at extreme intensities (a0 � 1), the electron

inertial properties change due to relativistic motion. In other terms, the e�ective electron

plasma frequency becomes:

! 02
p;e =

! 2
p;e


 0
=

4�e 2ne

me
 0
; 
 0 =

r

1 +
a2

0

2
: (2.18)

Therefore, the relativistically corrected critical densitynrel
c is de�ned as:

nrel
c = nc
 0: (2.19)
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As a result, plasmas with density in the range betweennc and nrel
c , which are nominally

over-dense, are relativistically under-dense. This means that a high-intensity laser pulse

can propagate in nominally opaque plasmas, provided thata0 is su�ciently high, allowing

also, as a consequence, for e�ective energy transfer from the laser to the plasma.

2.3.3. Electromagnetic radiation emission

In classical electrodynamics, accelerated charged particles emit electromagnetic radiation,

in�uencing both the electromagnetic �eld and, through radiation reaction, the particle

dynamics. However, this theory does not provide an exact and satisfactory theory of

radiation emission, including radiation reaction. Appendix A furnishes the theoretical

background for classical radiation emission theory, considering a single charged particle,

and discusses its extension to a plasma. The main results derived from this theory are re-

ported in this section. For ultra-relativistic particles, radiation is emitted almost collinear

with their velocity, and the primary contribution to the emitted power comes from the

perpendicular component of the force acting on the particle. In addition, for a given

force, sincemi � me the power emitted from ions is much lower than that from elec-

trons, as radiation emission depends on the magnitude of the particle acceleration, which

is inversely proportional to the mass. Therefore, in a plasma, where the force acting on

particles, causing them to emit, is the electromagnetic force, relevant radiation is emitted

from light particles, such as electrons and positrons. The radiation carries energy and

momentum, and, since these quantities are conserved, emission leads to modi�cations in

the particle energy, momentum, and consequently, its subsequent motion. Since the �rst

phase of laser-plasma interaction is electron acceleration (see 2.3.4), which involves a large

number of electrons and results in the emission of signi�cant radiation, strongly a�ecting

the plasma dynamics, the physics of radiation should be appropriately included in an

accurate description. In the kinetic collision-less model presented in 2.1.2, the radiation

�elds are described by Maxwell equations, and therefore they are included inE and B

appearing in the Lorentz force term, producing radiation reaction on emitting particles.

It is important to underline that, in this description, only the emission, and the corre-

sponding reaction, caused by macroscopic long-range forces are considered. Conversely,

radiation emitted due to microscopic forces, such as collisions, is completely neglected in

the averaged Maxwell equations, while the corresponding radiation reaction is included

only in the collision term, which, in this case, is also neglected.

The classical theory is applicable when the work done by the electromagnetic force over

a Compton length is much smaller thanmc2 [15] or, equivalently, when the quantum

parameter � of the emitting particle, which can be de�ned in both the classical theory
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(see Appendix A) and its quantum counterpart (see Section 2.4.1), is much smaller than

unity.

2.3.4. Electron acceleration

In this subsection, the main electron acceleration mechanisms in high-intensity laser-

plasma interaction are presented, focusing on the acceleration processes that occur during

the propagation of a linearly-polarized laser pulse in near-critical relativistically under-

dense plasmas. As mentioned in 2.1.2, in this interaction regime, thermal heating of

electrons is less e�ective than coherent acceleration, justifying the neglect of thermal

motion since the typical energy gained through coherent acceleration is much greater than

the temperature [47]. These acceleration mechanisms are complex and not yet completely

understood, including the conditions that lead to transition between di�erent acceleration

regimes.

To provide useful physical background, the ponderomotive force, a non-linear component

of the Lorentz force, is introduced. It comes into play, for instance, when a charged

particle oscillates in the �eld of an electromagnetic wave of frequency! 0 with non-uniform

intensity distribution in the transverse plane relative to the propagation direction. The

relativistic expression for the ponderomotive force acting on a particle with charge q and

mass m is given by [47]:

Fp =
dps

dt
= � mc2 @

@x

r

1 +
jps(x (t)) j2

m2c2
+

~a2
0(x )
2

; ~a0 =
q

mc! 0

r

2
4�
c

�I (x ); (2.20)

while in the non relativistic limit ~a0 � 1, ps � mc:

Fp =
dps

dt
= � mc2 @

@x

r

1 +
~a2

0(x )
2

' �
mc2

4
@

@x
~a2

0: (2.21)

Here, ps represents the slow-varying momentum of the particle, which is essentially the

particle momentum averaged over the oscillations. The magnitude of this force depends

on the spatial variations of the cycle-averaged intensity�I , and its direction is opposite to

that of the steepest increase of�I . Physically, the ponderomotive force pushes electrons

away from regions of locally higher intensity. It is important to note that this force acts

in the same way on positive and negative charges.

In plasmas, a tightly focused and ultra-short laser pulse creates strong radial and lon-

gitudinal intensity gradients over few wavelengths. Therefore, as the pulse propagates

within the plasma, it pushes particles forward and radially away from itself through the

ponderomotive force, leading to the emission of considerable radiation. Due to their larger



38 2| High-intensity laser-plasma interaction for NBWPP

inertia, ions respond signi�cantly more slowly than electrons. Consequently, the laser �eld

separates electrons, causing them to accumulate at the front and lateral boundaries of the

pulse, from ions, which remain almost in their initial position. This charge separation

gives rise to strong electric �elds between the pulse edges, where electrons are concen-

trated, and the inner region, predominantly populated by ions. For electrons, these �elds

are quasi-static since they follow the slower dynamics of the ions [49].

For under-dense plasmas and pulse duration satisfying the condition� p < 1=wp, the region

occupied by the laser pulse forms a cavity that contains only the ions. Once the laser

pulse passes, the electrons return toward the axis, behind the pulse, driven by the radial

quasi-static electric �eld, and they become trapped in the wake of the pulse. In this re-

gion, they are accelerated by the longitudinal electric �eld of the plasma wave excited by

the pulse itself [47, 49, 50]. This acceleration mechanism is known as Laser Wake-Field

Acceleration (LWFA). In idealized LWFA, the laser pulse does not overlap or interact

with the trailing trapped electrons [51].

When considering near-critical density plasmas satisfying� p > 1=wp, the sustained pon-

deromotive force prevents electrons from returning into the depleted region, making LWFA

unable to form. In this regime, an ion channel, also referred to as plasma channel, is

formed. In addition, the increased ponderomotive force results in a signi�cant rise in the

radiation damping force. When these forces become comparable, a signi�cant number of

electrons are transversely trapped by the laser �eld instead of being radially pushed away

[52, 53], forming a dense bunch near the laser axis in the high-intensity region due to

the action of the quasi-static electric �elds. Then, the laser electric �eld can resonantly

drive betatron oscillations of this electron bunch [50, 51], leading to the conversion of

transverse momentum, gained from the laser electric �eld, into longitudinal momentum

through the v � B force. This mechanism, known as Direct Laser Acceleration (DLA)

[50, 54, 55], results in longitudinal electron acceleration, with the electrons gaining en-

ergy directly from the laser pulse. Moreover, the trapped electrons travel almost along

the laser-axis, inducing a strong quasi-static poloidal self-generated magnetic �eld [52],

which further pinches the electrons, causing any escaping electrons to be reinjected into

the high-intensity region for further acceleration.

In conclusion, it is worth mentioning the principal electron heating mechanism occurring

in over-dense plasmas [56], where the interaction between laser and electrons takes place

over a distance comparable to the skin depth. The laser's electric �eld induces transverse

oscillations in surface electrons, while the magnetic component leads to longitudinal ac-

celeration. These accelerated electrons traveling through the plasma constitute an electric

current, which is neutralized by a return current consisting of cold electrons.
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2.3.5. Advanced targets: Double-Layer Target (DLT)

Double-layer targets are a novel and smart type of multi-layer target composed of a low

density layer, in this work referred to as foam, which is attached to a solid metallic foil.

Carbon is one possible material used for the foam, and various materials can also be

chosen for the metallic substrate, in according to the desired properties and the fabrica-

tion method involved. This target has been extensively studied due to its experimentally

proven performance in ion acceleration [57]. It is also the subject of theoretical and numer-

ical investigations for the generation of other types of radiation, including radioisotopes,

neutrons, and photons [57, 58]. DLT has the potential to serve as multiple-radiation

source.

The carbon foam can be produced using Pulsed Laser Deposition (PLD) [59], a technique

in which a nano-structured carbon layer is deposited onto the metallic substrate. The

peculiarity of this technique is its ability to reach low foam densities, in the range of

approximately 1021 cm� 3. This density corresponds to the critical electron density for

a laser with wavelength of0:8 � m. It is important to note that the mentioned foam

density represents an average value. This is because the foams created through PLD

are formed by the deposition of clusters of carbon atoms, and so they possess a nano-

structure, i.e. nanometer-scale features. Therefore the density pro�le is not uniform,

and the nano-structure can a�ect the physics and outcomes of laser-plasma interaction.

This fact has led to an active research frontier dedicated to the study and realization of

engineered targets aimed at controlling various aspects of the interaction, including laser-

to-electron absorption mechanisms. PLD excels in providing control over foam density

during the growth process, allowing for the realization of micrometer-scale features such

as few-micron scale density gradients [60].

The conceptual scheme of a laser pulse interacting with a DLT and the cross-section view

of a carbon foam are reported in Figure 2.1.
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Figure 2.1: Conceptual scheme of laser interaction with a double-layer target and cross

section view of a carbon foam on Ti layer [60].

The foam serves in enhancing the e�ciency of high-energy electron generation. For a

su�cient high-intensity laser pulse, the foam density is relativistically under-dense (see

2.3.2), allowing for the pulse propagation and energy transfer, according to the mech-

anisms discussed previously. However, the density is considerably higher than what is

typically achieved with gaseous targets, leading to a large number of electrons available

for acceleration through the mechanisms presented in 2.3.4. This results in an e�cient

energy conversion from the laser to electrons.

When these accelerated electrons reach the metallic substrate, they pass through the sub-

strate and escape from the rear surface, whereas the ions remains almost in their initial

position. This leads to charge separation and the subsequent generation of a strong space-

charge electric �eld on the rear side of the DLT, which can reach extremely high values,

even approaching TV/m range. It has the capability to accelerate positive charges, as ions

or contaminants, present on the rear surface, resulting in their emission in the direction

perpendicular to the target surface. This process is experimentally veri�ed and is known

as Target Normal Sheath Acceleration (TNSA).

Another important property of the foam is the realization of relativistic Self-Focusing

(SF) of the laser pulse. As discussed in 2.3.2, during its propagation within the foam, the

laser pulse induces relativistic oscillations of electrons, leading to an increase in electron

inertia and a modi�cation of the electron plasma frequency. Consequently, this results in

an increase in the index of refractionnref of the plasma [56]:

n2
ref = 1 �

w2
p;e


 0! 2
0
; 
 0 =

r

1 +
a2

0(I )
2

; (2.22)

where ! 0 and I represent the laser central frequency and intensity. Since the laser pulse

has a Gaussian intensity distribution,
 0 is higher in the central region and lower in the
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outer ones, which is also true fornref . In addition, the ponderomotive force pushes elec-

trons away from the central region of the pulse, resulting in a reduction of the electron

density and, hence, an increase ofnref . In optics, a component with such a refractive index

pro�le acts as a converging lens. Therefore, the low-density foam acts as a lens, focusing

the laser pulse. For relativistic intensities, the optical power of this "lens" overcomes the

natural di�raction of the laser beam, and SF results in a reduction of the laser spot-size

and, consequently, an increase in pulse intensity. Moreover, due to the SF, during propa-

gation the intensity transverse distribution becomes increasingly peaked, enhancing more

and more the focusing e�ect. The limit on the attainable focusing is dictated by the

di�raction limit. As the lenses in optics, a focal length can be introduced, representing

the distance at which the pulse reaches its minimum spot size. The SF is a very helpful

mechanism for processes that require high intensity, such as NBWPP and photon emis-

sion, which will be discussed in the next section.

Considering now the substrate, it plays the important role of plasma mirror. When the

laser pulse reaches the metallic foil, it cannot propagate inside because the solid-density

plasma generated by the ionization of the substrate is opaque. Therefore, upon impinging

on the plasma mirror, the pulse is re�ected, initially overlapping with the incident one and

then propagating backward. During the overlap of the incident and re�ected pulses, their

intensities sum up, leading to a signi�cant boost in intensity. It is worth mentioning that

plasma mirrors in the high-intensity regime are capable of compressing the laser pulse

in the temporal domain, generating higher armonics associated to higher single-photon

energy, and providing an additional focusing e�ect due to the curvature induced by the

radiation pressure [61]. However, the crucial advantage of the plasma mirror for pair pro-

duction is the realization of the left-handed geometry (see 1.2.2) for particles propagating

in the direction of the incident laser pulse. If photons are emitted in this direction, when

they interact with the re�ected pulse their quantum parameter is enhanced, maximizing

the probability of undergoing pair production. Also, as discussed in the following section,

the LH geometry is optimal for the emission of high-energy photons from the accelerated

electrons, where photons are emitted in the direction of the incident laser beam, support-

ing the previous argument.

To conclude, it is possible to estimate the values of the foam properties that optimize

certain aspects of the interaction with a laser pulse [62]. In particular, the foam electron

density which maximizes the electron mean energy at the SF focal length can be estimated

as a function of the properties of the pulse:

nopt
e

ne;c
t 0:91
 0

�
� 0

� FWHM
p

� 2 �
� p

c
� 0

� 2=3
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p =

p
2 ln 2 � p; (2.23)
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where � p is the spot size of the pulse when it impinges on the foam,
 0 =
p

1 + a2
0=2,

and a0 is the peak normalized potential. Then, the SF focal length can be estimated as

a function of the foam electron density and laser properties:

L f (ne) t � p

r

 0

nc

ne
: (2.24)

When the pulse reaches this distance, the absorption mechanisms of laser energy become

dominant and prevent a further focusing e�ect.

2.4. Quantum processes in laser-plasma interaction

In this section, the quantum theory of high-energy photon emission is discussed. Firstly,

the single-particle picture is presented, followed by the contextualization of this process

and of NBWPP within laser-plasma interaction in DLT. Lastly, an overview of the current

research frontier in laser-plasma systems for pair production is provided, with particular

focus on the various setups explored and the potentialities of the DLT.

2.4.1. High-energy photon emission

As the strength of the electromagnetic force and the energy of the emitting particles in-

crease signi�cantly, the quantum e�ects become important and cannot be neglected. In

these conditions, the emitted radiation energy becomes a signi�cant fraction of the ini-

tial energy of the emitting particle, resulting in a strong radiation reaction. As a result,

the stochastic nature of radiation emission emerges, making it a discontinuous process.

Emission processes involve the creation of particles, speci�cally quanta of the electromag-

netic �eld, known as photons. Therefore, its correct description must be performed in the

framework of QED, as well as NBWPP. Depending on the type of electromagnetic �eld

causing the emission, the two relevant QED emission processes in laser-plasma interaction

are Non-linear Inverse Compton Scattering (NICS) and bremsstrahlung. In the following,

as justi�ed in 2.4.2, these two processes are considered, with the focus on NICS. Also, the

emission by an electron is considered, but the description applies also for positrons.

When energetic electrons interact with the electrostatic Coulomb �eld of heavy nuclei,

they can emit high-energy photons in a process known as Bremsstrahlung. This mecha-

nism becomes signi�cant and cannot be neglected when heavy elements with large atomic

number and high-density targets are involved. Under these conditions, Bremsstrahlung

becomes an important source of photons.

In NICS, which Feynman diagram is reported in Figure 2.2, a charged particle emits a
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photon due to the action of a strong external electromagnetic �eld. It is the quantum

counterpart of classical synchrotron radiation emission (see Appendix A). Similarly to

NBWPP, in NICS the emitting electron absorbs many background photons during the

emission process, leading to a strongly non-linear dependence on the amplitude of the

background �eld. It is worth mentioning that in the exact description of NICS [15],

accounting for the correct angular distribution of the emitted photon, energy and mo-

mentum conservation is derived from �rst principles, leading to an exact treatment of

radiation reaction, in contrast to the classical theory. As with NBWPP, the quantum

parameter � e of the emitting electron governs NICS:

� e =
Ee

Esmec2
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v
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� 2
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F? ;e

e
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Here, Es stands for the Schwinger �eld,Ee is the energy of the emitting electron, and

the approximated expression holds whenEe � mec2. All the properties of � discussed in

1.2.2, including the importance of the geometry and the distinction between left-handed

and right-handed con�gurations, also apply to NICS. Analogously to the classical theory,

the relevant component of the force for emission is the perpendicular one. It is possible

to de�ne the quantum parameters of the photon emitted� 
 , as made in 1.2.2, and of the

electron after the emission� 0
e, which are related to� e by the exact conservation law [15]:

� e = � 
 + � 0
e: (2.26)

The probability per unit time per unit photon quantum parameter for an electron to

emit a photon with quantum parameter� 
 , or in other words the NICS probability rate

spectrum, is given by ([15], elaborated):
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where y = 2� 
 =[3� e(� e � � 
 )]. The theoretical framework and the hypotheses involved

are the same as for NBWPP (see 1.2.3). This explains why the probability rate spectra

of NBWPP and NICS share a very similar form. The total probability rate for NICS is

expressed as follows [63]:
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If the assumption of ultra-relativistic particles and collinear emission is introduced, the

following approximated relations can be derived [18]:
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The collinearity of the emission when particles are ultra-relativistic is also justi�ed in

the classical theory or radiation. Both the spectrum, in particular the mean photon

energy, and the total probability are governed by� e. Therefore, the optimization of

the geometry to achieve the left-handed con�guration is crucial to maximize high-energy

photon emission, which is required for NBWPP. In conclusion, it can be shown that the

classical theory of synchrotron radiation is retrieved in the limit� ! 0.
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Figure 2.2: Feynman diagram of non-linear inverse Compton scattering. The electron,

absorbing many background photons
 0, emits a photon
 [15].

2.4.2. NBWPP and high-energy photon emission in laser-plasma

interaction with DLT

In laser-plasma interaction, the dominant mechanisms of photon emission are NICS and

bremsstrahlung. Photons emitted by atomic recombinations or disexcitations can be

disregarded because, in strongly or fully ionized plasmas, particles are predominantly

in free particle states. Similarly, photons emitted by nuclear processes, such as nuclear

disexcitations, and by electron-positron annihilation [20], are not considered due to their

relatively low probability. Consider now bremsstrahlung in DLTs. While carbon foams

are characterized by low density and a have low atomic number, resulting in a small

probability of emission, bremsstrahlung can still occur when accelerated electrons pass

through the dense metallic substrate [64], which can have a high atomic number. However,

within the scope of this thesis work, bremsstrahlung is not taken into account. This is

because the study primarily concerns NBWPP, which takes place in the laser �eld and not
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in the substrate. The photons relevant for NBWPP are those capable of interacting with

the laser �eld, such as photons produced by NICS, which also occurs in the laser �eld. It is

worth mentioning that photons produced by bremsstrahlung in the substrate can undergo

pair production through the Bethe-Heitler process (see 1.2.1) producing additional pairs.

Appendix B provides some hints on a possible approach to formally incorporate NICS

and NBWPP in the kinetic description of the plasma [63] (elaborated).

Consider now the mechanisms in laser-plasma interaction that lead to photon emission

and pair production. To generate photons through NICS and pairs through NBWPP

exploiting the laser �eld, energetic electrons are required. In a full-optical con�guration,

where the plasma is the only source of electrons, excluding external electron beams, the

laser �eld also has to accelerate these electrons. The relevant mechanisms of electron

acceleration in high-intensity laser-plasma interaction are discussed in 2.3.4. Electrons

reaching the largest energies are located within the high-intensity region of the laser

pulse, where they interact with the laser �eld, and co-propagate with the laser pulse. In

this region, electrons oscillate in the laser �eld and continuously experience the transverse

forces exerted by the laser electric and magnetic �elds. This leads to the emission of a

signi�cant amount of photons through NICS. However, this con�guration is not optimal

for the generation of high-energy photons, since the �elds and the electron velocity form

a RH tern (see 1.2.2). The emitted photons are not expected to be capable of e�ciently

producing pairs, because they would not be so energetic and, since they are emitted almost

collinearly with electrons, they in turn form a suboptimal geometry with the laser �eld. It

is important to highlight that the geometry has a "squared" impact on NBWPP, because

it in�uences both the photon emission and the photon conversion steps. Therefore, to

e�ciently produce positrons, the interaction of the accelerated electrons with the laser

�eld must occur in a LH geometry, producing photons that, in turn, realize the same

optimal geometry. One possibility to achieve this is by re�ecting the laser pulse after a

certain propagation distance. This is accomplished in DLT using the substrate plasma

mirror (see 2.3.5). In addition, photons emitted by the accelerated electrons interacting

with the re�ected pulse are not expected not to be aligned with the laser optical axis.

As reported in Figure 2.3, these photons form a certain small angle, which depends on

laser and target properties. The reason is that electrons undergo betatron oscillations in

the laser �eld, and at the moment of the emission their momentum direction, as well as

the one of emitted photons, is not horizontal. In conclusion, since pairs are also emitted

collinearly, the positron distribution, at least at the moment of their generation, will

be similar to that of photons. A diagram illustrating the entire laser-DLT interaction,

showing the generated photons and pairs, is presented in Figure 2.4.




	Abstract
	Estratto
	Contents
	Introduction
	Physics and Engineering relevance of positrons
	Introduction to positrons
	Fundamental processes to generate positrons
	General overview
	Non-linear Breit-Wheeler Pair Production (NBWPP)
	NBWPP: theoretical framework and validity conditions

	Sources of high-energy positron beams
	Conventional solutions: accelerators with converters
	Radioactive and nuclear sources
	Laser-plasma systems

	Applications of high-energy positron beams
	Particle colliders for research and Synchrotron Radiation facilities for material science and medicine
	Positron annihilation spectroscopy
	Research in astrophysics and electron-positron plasmas


	High-intensity laser-plasma interaction for NBWPP
	Plasma
	Relevant parameters and corresponding properties
	Kinetic description of a collision-less plasma

	High intensity lasers
	Parameters and mathematical modelling
	Lasers to generate plasmas

	Physics of the non-quantum laser-plasma interaction
	Interaction regimes and classification of targets
	Relativistic self-induced transparency
	Electromagnetic radiation emission
	Electron acceleration
	Advanced targets: Double-Layer Target (DLT)

	Quantum processes in laser-plasma interaction
	High-energy photon emission
	NBWPP and high-energy photon emission in laser-plasma interaction with DLT
	Laser-driven sources and NBWPP: overview of the setups and potential of DLT


	Numerical modeling of NBWPP in Laser-Plasma interaction
	Particle-In-Cell (PIC) method for non-quantum plasmas
	PIC approach to Vlasov-Maxwell problem
	Emission of electromagnetic radiation in PIC codes

	PIC method with Monte Carlo (MC) module
	MC approach for quantum processes
	Implementation of photon emission and NBWPP

	Highlights, criticalities and limits of PIC-MC method
	Highlights
	Criticalities and limits


	Thesis Motivations, Objectives and Methods
	Motivations
	Objectives
	Methods: numerical tools
	SMILEI PIC code and simulation setup
	MC module for photon emission and NBWPP in SMILEI


	Numerical investigation of NBWPP physics in DLTs
	Analysis of physical processes and features of positrons produced
	Simulations setup
	Evolution of the electromagnetic field
	Particle dynamics
	Photon emission
	Positron production and dynamics

	Discussion of the criticalities of MC module for NBWPP
	Theoretical approximations
	Role of the sampling parameter
	Statistics limitations and impact of the number of particles per cell


	DLT parameter optimization for a NBWPP positron source
	Impact of the metallic layer's parameters
	Simulation setup
	Discussion of the results

	Impact of the parameters of the low density layer
	Simulation setup
	Discussion of the results


	Conclusions and perspectives
	Bibliography
	Theory of classical emission of radiation: single charge and plasma
	NBWPP and photon emission in kinetic Vlasov-Maxwell description
	PIC simulation algorithm
	List of Figures
	List of Tables

