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1. Introduction
The advent of laser facilities capable of gener-
ating extreme-intensity (> 1022W/cm2) electro-
magnetic fields has opened up new frontiers in
the interaction between light and matter. This
includes the occurrence of strong-field Quantum
Electrodynamics (QED) processes, notably the
Non-linear Breit-Wheeler electron-positron Pair
Production (NBWPP). The irradiation of mate-
rials by such light sources induces plasma forma-
tion, particle acceleration, and, among various
types of radiation, the generation of positrons.
The concept of a laser-driven NBWPP-based
positron source has attracted considerable at-
tention due to its potential unique properties,
including high density, energy, and short dura-
tion, as well as low divergence and reduced re-
tained radioactivity. Positron beams with these
characteristics hold promise for a range of appli-
cations, such as particle colliders for fundamen-
tal research in physics, synchrotron radiation fa-
cilities for material characterization and medical
imaging, positron annihilation spectroscopy for
defect research, and laboratory astrophysics and
plasma physics. Given the demanding nature
in laser intensity of the NBWPP process, there
is a keen interest in exploiting non-conventional

targets to create conditions favorable for NB-
WPP while reducing the required laser inten-
sity. Double-layer targets (DLTs), producible
at Nanolab (Politecnico di Milano) laboratories,
show great promise in this regard by offering the
ability to optimize various aspects of their inter-
action with the laser. The thesis aims to in-
vestigate and characterize positron production
through NBWPP using DLTs and a laser in-
tensity available in experimental facilities [1],
specifically 4.75 × 1022W/cm2. Given the com-
plexity of the problem, analytical tools are lim-
ited, necessitating a numerical approach. Simu-
lations of the self-consistent dynamics of plasma
populations and the electromagnetic field are
employed, utilizing the particle-in-cell (PIC)
method, chosen for its ability to unravel the in-
tricate physics of the process at a relatively man-
ageable computational cost. The selected laser
intensity aligns with the goal of facilitating ex-
perimental validation of the simulation results
in the present day. Due to the importance of ac-
curately simulating positron production during
laser-plasma interaction, a secondary objective
of this thesis, within the Honours Programme,
is to analyze the performance and limitations of
the adopted simulation tool.

1



Executive summary Leonardo Monaco

2. Fundamentals
NBWPP is a non-linear process where a photon,
interacting with an intense electromagnetic field,
can convert into an electron-positron (e− − e+)
pair [2]. The probability and properties of the
produced pair are governed by the photon quan-
tum parameter, dependent on the photon energy
Eγ and velocity v = c, and defined as:

χγ =
Eγ

Esmec2
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)2
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(
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where Es ≃ 1.32 × 1018 V/m is the Schwinger
field, me is the electron mass, c is the speed of
light, and E and B are the electric and mag-
netic field components. Assuming the pair par-
ticles as ultra-relativistic and emitted collinearly
with the photon, the energy conservation law
Eγ = E++E− holds, meaning the distribution of
photon energy within the pair. The total proba-
bility rate of the process exhibits a threshold de-
pendence on χγ , vanishing rapidly when χγ ≪ 1,
and becoming significant as χγ , dependent on
photon energy, field magnitude, and interaction
geometry between c, E, and B, approaches
unity. This emphasizes the importance of hav-
ing energetic photons (Eγ ≫ mec

2) and an op-
timal interaction geometry to alleviate laser in-
tensity requirements. This condition is attained
when the laser counterpropagates relatively to
photons. A similar process occurring in intense
fields is high-energy photon emission by a rela-
tivistic electron [2], known as Non-linear Inverse
Compton Scattering (NICS). The quantum pa-
rameter χe for the emitting electron can be in-
troduced similarly to eq. (1), but by substituting
the electron energy Ee and velocity v. It is en-
hanced by high electron energies and optimized
interaction geometry between v, E, and B, as
discussed previously. Efficient high-energy pho-
ton emission occurs as χe approaches unity. As-
suming the electron is ultra-relativistic and the
emission is collinear, the equation Ee = Ee′ + Eγ
holds for the photon and electron before (e) and
after (e′) the emission, directly accounting for
radiation reaction.
After defining the favorable conditions for NB-
WPP, these must be met during laser interaction
with a target−specifically, a laser pulse with fre-
quency w and peak intensity I interacting with
the DLT. Several intermediate processes con-

tribute to achieving the conditions for pair pro-
duction, including electron acceleration, laser re-
flection, and photon emission. The DLT is com-
posed of a low-density (few mg/cm3) layer, a
dozen of µm long, deposited on a metallic, solid-
density film that is few µm thick. Initially, the
target is ionized by the leading edge of the pulse,
forming a plasma. The low-density layer, real-
ized through pulsed laser deposition [3], features
a near-critical electron density ne satisfying nc <
ne < γ0nc, where nc = mew

2/(4πe2) is the crit-
ical density in Gaussian units, γ0 =

√
1 + a20/2

is the relativistic factor, a0 = e
√
8πI/(mewc

3/2)
is the normalized vector potential, and e is the
fundamental charge. In this regime, the laser
pulse can propagate within the first layer of the
DLT, creating a channel of depleted electrons
through the ponderomotive force [4], arising
from the non-uniformity of laser intensity. Dur-
ing this phase, some electrons become trapped
within the channel and, while co-moving with
the laser pulse and undergoing relativistic os-
cillations, absorb energy from the laser via Di-
rect Laser Acceleration (DLA) [5]. Although
photons are emitted during this phase, they are
not capable of undergoing NBWPP. The near-
critical density, compared to an under-dense gas,
improves electron heating, generating a larger
number of energetic electrons. On the chan-
nel axis, the depleted electron concentration and
their rapid oscillations result in a higher index
of refraction, acting as a lens [4]. This focusing
effect leads to a reduction in the pulse’s trans-
verse size, thereby increasing the peak inten-
sity. Meanwhile, ions exhibit much slower dy-
namics than electrons due to the larger inertia,
and can be considered almost immobile [4]. The
thin metallic layer features an over-dense elec-
tron density (ne > γ0nc), implying that when
the pulse reaches this layer, cannot propagate
within it and is instead reflected. This step is
crucial, since the laser intensity is enhanced by
superposition of the incident and reflected com-
ponents, and the latter also provides the op-
timal interaction geometry for NICS and NB-
WPP. The hot electrons, when interacting with
the reflected laser field, emit energetic photons,
which, in turn, interact with the same field and
can undergo NBWPP, producing positrons. A
schematic view of laser-DLT interaction phases
and positron emission is illustrated in Figure 1.
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Figure 1: Diagram of laser-DLT interaction
phases: laser impinging on the DLT, electron
acceleration, photon emission, and positron pro-
duction. The diagram indicates the directions of
emission for photons and positrons.

To capture all the physics, including the accu-
rate modeling of single-particle processes such
as NICS and NBWPP, a kinetic plasma descrip-
tion is necessary. An analytical solution to such
a problem is generally not feasible. Therefore,
a numerical approach is required, and the PIC
method [4] is one of the most widely used. The
PIC method adopts a particle description to
approximately solve the collision-less relativis-
tic kinetic Maxwell-Vlasov system of equations
[4]. The plasma particles are represented by a
reduced number of numerical particles with ar-
bitrarily chosen spatial extension and a unique
velocity. The spatial domain is discretized into
a grid, and at each time step, numerical par-
ticles move across it under the action of the
self-consistent electromagnetic field through the
Lorentz force. Their motion follows the solu-
tion of relativistic Newton equations. The par-
ticles deposit charge and current densities on
the grid, contributing to the source terms in
Maxwell equations for updating the electromag-
netic field. Photon emission via NICS and pair
production through NBWPP are modeled by an
additional Monte Carlo (MC) module. At each
time step, the occurrence of processes, described
as collinear, and the energy of secondary parti-
cles are determined by MC calculations. When
an event occurs, after the creation of a numeri-
cal photon or pair, the emitting electron or the
converted photon, respectively, is appropriately
updated. A controllable MC parameter influ-
encing the statistics of NBWPP simulation is

the photon sampling, which sets the number of
numerical photons generated at each emission
event while conserving the total number of rep-
resented real photons.

3. Objectives and Methods
The primary objective of this thesis is to nu-
merically investigate the physics of NBWPP
during laser-plasma interaction in DLT targets,
along with the characterization of the produced
positrons. Additionally, an exploration of the
main DLT parameters is conducted to optimize
positron production for the potential realiza-
tion of a positron beam source. This study
aims to provide insights into the feasibility of an
NBWPP-based positron beam source by using
a DLT and lasers currently available in exper-
imental facilities. The adopted laser parame-
ters include a wavelength of 0.8 µm, peak in-
tensity of 4.75 × 1022W/cm2, linear polariza-
tion, spot size of 3 µm, and temporal duration
of 30 fs. Furthermore, this work seeks to con-
firm the potentialities of the considered source
regarding positron beam features. These objec-
tives are pursued using SMILEI, an open-source,
highly parallelized PIC code integrated with a
MC module for the modeling of NICS and NB-
WPP. As a secondary objective, in quality of
Honours Programme additional thesis activity,
an analysis of the MC module’s capability to
accurately simulate NBWPP is conducted. 2D
simulations are employed as a reasonable trade-
off to capture the interesting physics while mit-
igating simulation run-time. Given the inten-
sive computational demands of the simulations,
they are performed on supercomputers, specifi-
cally the Galileo100 cluster hosted by CINECA
(Bologna).

4. Results and discussion
To explore the physics of NBWPP in DLTs
and analyze the MC module, 2D simulations
of a laser pulse striking a carbon low-density
(ne = 2nc) layer, 15 µm in length, attached to a
1 µm thick aluminum (ne = 450nc) foil, are per-
formed. The laser’s electric and magnetic fields
oscillate along the y-axis and z-axis, respectively.
As the laser pulse propagates within the DLT’s
first layer (100 fs < t < 170 fs), two mechanisms
come into play: electron heating and the focus-
ing of the laser pulse. Despite a reduction in
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the total energy of field components due to ab-
sorption by electrons, the net effect, as shown in
Figure 2, is an increase in their amplitude and,
consequently, in peak intensity. While ions re-
main almost immobile due to their inertia, elec-
trons are pushed in the forward and radial direc-
tions by the laser ponderomotive force producing
charge separation, which results in quasi-static
longitudinal (Ex) and transverse (Ey) electric
fields. As the pulse reaches the metallic foil,
reflection begins, marked by a substantial en-
hancement in the field components’ amplitude,
almost doubling their value. This corresponds
to a significant boost in laser intensity in the
superposition region. During reflection, Ex is
also significantly enhanced, indicating the for-
mation of the Target Normal Sheath Accelera-
tion (TNSA) field [4]. This longitudinal field is
formed on the rear side of the target, where hot
electrons escape separating from positive ions.

Figure 2: Time evolution of the total energy and
maximum values of the relevant components of
the electromagnetic field (a) and the total energy
of the field and plasma populations (b), includ-
ing particles of the low-density (LD) and high-
density (HD) layers of the DLT, and photons.

At reflection onset, electrons exhibit ener-
gies surpassing 700 MeV, and their interaction
with the field in the superposition region en-
hances their quantum parameter, reaching val-
ues around 0.8. Throughout the reflection pe-
riod, electrons emit photons via NICS with en-
ergies and quantum parameters extending up to
450 MeV and above 0.6, respectively. The cor-
responding electron and photon spectra are re-
ported in Figure 3. Within the same time-frame
and spatial region, these photons have relevant
probability of converting into pairs through NB-
WPP. The trajectories of produced positrons
and electrons are shown in Figure 4, spanning
from their creation to the conclusion of laser-

DLT interaction when the reflected laser pulse
exits the target. The majority of positrons
are accelerated in the forward direction by the
TNSA field, forming a beam, while electrons are
slowed down and cannot escape from the target.

Figure 3: Electron and photon spectra in terms
of kinetic energy (a) and quantum parameter
(b). The spectra are evaluated at the onset of
reflection for electrons, while during reflection
for photons.

Figure 4: Trajectories of positrons (a) and elec-
trons (b) from their generation via NBWPP to
conclusion of laser-DLT interaction. The DLT is
visualized by its electron density, while the laser
pulse through the Bz component.

A crucial aspect revealed by the analysis per-
tains to the reflectivity of the substrate. Dur-
ing reflection, the laser pulse partially penetrates
the substrate foil, depositing its energy through
electron and ion heating. As shown in Figure 2,
almost one-third of the total laser energy is de-
posited, reducing the available intensity for NB-
WPP in the superposition region. This indicates
a poor reflectivity of the aluminum foil. There-
fore, an analysis considering four different sub-
strates is conducted, independently varying the
density (ne = 100nc), the atomic mass (A=197)
and the thickness (5 µm). The resulting fraction
of laser energy converted into pairs is reported
in Figure 5 (a). It emerges that density and
atomic mass play a central role in reflectivity;
higher values for both decrease the energy depo-
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sition within the substrate and enhance the laser
intensity in the superposition region, leading to
a larger number of pairs produced. Concerning
thickness, adopting few micrometers instead of
one shows to be beneficial for reflectivity and
pair production, without deteriorating the for-
mation of the TNSA field.
Subsequently, a parametric analysis of the den-
sity and length of the low-density layer is per-
formed, and the configurations investigated,
along with the fraction of laser energy converted
into pairs, are illustrated in Figure 5 (b). It
emerges that the properties of the low-density
layer strongly influence the electron acceleration
phase, laser focusing effect, and laser energy ab-
sorption. The results of the analysis indicate
that, among the parameters explored, an opti-
mal configuration exists. The low-density layer
with density of ne = 2nc and length of 39 µm
not only provides the best performance in terms
of laser-to-positron energy conversion efficiency,
but also in relation to positron beam features.

Figure 5: In panel (a), the fraction of laser en-
ergy converted into pairs, considering a ne = 2nc

dense and 15 µm long low-density layer attached
to different substrate foils. The 1 µm thick,
aluminum (A=27, ne = 450nc) foil is indi-
cated as "sub0", while in "sub1", "sub2", "sub3"
one property is varied, specifically ne = 100nc,
A=197, and thickness of 5 µm, respectively. In
panel (b), the fraction of laser energy converted
into pairs, considering different densities and
lengths for the low-density layer attached to a
2 µm thick, lead (A=207, ne = 568nc) foil.

Considering the optimal configuration for the
low-density layer, attached to a 2 µm thick lead
substrate, a beam populated by 4.5×1071/µm
positrons per unit length is obtained. Its an-
gular distribution, peaking at ±25◦, and energy
spectrum are reported in Figure 6. The beam
features a divergence of 28◦, temporal duration

of 19.6 fs, and average density of 4.4 × 1017

cm−3. The energy spectrum peaks at 342 MeV
and extends up to 800 MeV, exhibiting an en-
ergy spread of 215 MeV. The fraction of laser
energy converted into pairs and the laser-to-
positron energy conversion efficiency are, respec-
tively, 0.007% and 0.005%.

Figure 6: Angular distribution in particle num-
ber and energy (a) and energy spectrum (b) of
the produced positron beam for the optimal con-
figuration of the DLT, featuring a ne = 2nc

dense and 39 µm long low-density layer attached
to a lead foil.

From the analysis of the MC module for NB-
WPP simulation, various criticalities and lim-
its emerge. Firstly, the limitation in statistics
arising from the PIC description adopting a re-
stricted number of numerical particles is con-
firmed. As shown, for instance, in Figure 3, the
tails of the spectra, representing particles with
highest energy and quantum parameter, are not
simulated. Regarding the photon sampling pa-
rameter, when the number of NBWPP events
is small due to suboptimal conditions, it must
be carefully chosen to avoid numerical noise af-
fecting physical quantities, such as the energy
converted into positrons. Out of this case, the
photon sampling does not affect physical quanti-
ties but only the number of numerical positrons
produced, and consequently, the statistics for
the characterization of real positrons. Consider-
ing the positron generation spectrum and energy
converted into pairs, a comparison between sim-
ulation results and theoretical predictions is per-
formed and reported in Figure 7, showing good
accordance when a sufficient number of numer-
ical particles is produced. A test of theoreti-
cal assumptions involved in the modeling of NB-
WPP and NICS is also conducted, demonstrat-
ing that they are abundantly satisfied at the con-
sidered laser intensity. However, some numerical
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approximations involved in the implementation
of the processes lead to momentum and energy
non-conservation along the simulation.

Figure 7: Comparison between simulation re-
sults and theoretical predictions for the positron
generation spectrum (a) and energy converted
into pairs (b). The DLT considered consists of
a 15 µm long low-density (ne = 2nc) layer at-
tached to an 1 µm thick slab of aluminum.

5. Conclusions and perspec-
tives

Driven by the unique properties and interesting
applications of a NBWPP-based positron beam
source, the goal of this thesis is to explore the
potential of producing positron beams through
NBWPP using DLTs and a laser intensity avail-
able in current experimental facilities. The in-
vestigation reveals crucial phases in the process,
including electron acceleration to energies ex-
ceeding several hundreds of MeV, laser field fo-
cusing and reflection, and its interaction with
accelerated electrons and subsequently produced
photons. These phases are strongly influenced
by DLT properties, in particular the analysis in-
dicates the superior performance of DLTs formed
by a micrometer-thick, dense, heavy substrate
like lead, paired with a low-density layer featur-
ing ne = 2nc and a length around 39 µm. A
notable advantage of DLTs is the TNSA field,
which selectively accelerates positrons while de-
celerating electrons, resulting in a high-purity
positron beam. In conclusion, the DLT con-
figuration allows for the generation of a sig-
nificant number of positrons at the considered
laser intensity, reinforcing the interest in fur-
ther exploring NBWPP in DLTs. The results
also confirm the expected orders of magnitude
of positron beam features for NBWPP-based
sources, which represent the advantages over

other sources, specifically in terms of tempo-
ral duration, average density, and positron spec-
trum. Future perspectives include further in-
vestigation of unexplored DLT parameters, the
extension of the numerical study to 3D simu-
lations to examine three-dimensionality effects,
and the design of an experimental campaign at
existing laser facilities like ELI to validate the
obtained results. Experimental validation is es-
sential to establish the feasibility of the investi-
gated positron source.
The MC module in general provides satisfactory
results in simulating NBWPP. However, there
are specific cases where poor statistics, result-
ing from a limited number of secondary parti-
cles produced, can introduce numerical noise af-
fecting physical quantities. Statistics limitations
impacting the tails of the spectra, inherent in
the PIC description, are unavoidable. This is
expected to influence significantly processes af-
fected by these tails, such as NBWPP. Addition-
ally, numerical approximations lead to the non-
conservation of energy and momentum. How-
ever, further studies are required to assess the
physical significance of this non-conservation, es-
pecially as the number of events increases, as
expected in laser-plasma interaction regimes ac-
cessible in future with the advent of the next
generation multi-PW class lasers.
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