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Abstract

En français

Une impulsion laser de très haute intensité en interaction avec la matière per-
met de générer un plasma et des particules chargées relativistes de haute én-
ergie. L’utilisation d’une cible solide possédant une interface modulée péri-
odiquement permet, sous certaines conditions, d’augmenter le couplage laser-
plasma et d’exciter des oscillations collectives d’électrons à la surface, appelées
ondes plasma de surface (SPW). L’étude et l’exploitation de ces ondes de sur-
face constituent l’un des fondements de la plasmonique. Une des propriétés
intéressantes des SPW est leur capacité à induire des champs électromagné-
tiques extrêmement localisés et intenses, confinées dans le voisinage immédiat
de l’interface. Dans un plasma sur-dense, les ondes plasma de surface se propa-
gent avec une vitesse de phase proche de celle de la vitesse de la lumière et
sont capables d’accélérer à des fortes énergies des paquets d’électrons le long
de la surface de la cible. En outre, le développement et la mise à niveau des
installations laser multi-PW à impulsions courtes existantes, telles qu’Apollon
et ELI en Europe, avec des lasers atteignant des intensités supérieures à 1021

W/cm2, rend aujourd’hui possible l’exploration de l’excitation des SPW en
régimes d’intensité laser de plus en plus élevés. Dans ce contexte, l’extension
de l’étude de la plasmonique vers ces régimes de très haute intensité laser,
où les effets non linéaires et relativistes entrent progressivement en jeu, est
d’un intérêt fondamental pour la physique de l’interaction laser-plasma et la
physique des plasmas sur-denses relativistes. En plus, si l’excitation des SPW
s’avère encore efficace en régime ultra-relativiste, ce mécanisme d’accélération
pourrait offrir de nouvelles possibilités de manipulation et d’exploitation des
phénomènes plasmoniques avec des applications potentielles comme les ac-
célérateurs d’électrons compacts ou les spectroscopies d’électrons ultra-rapides.

L’objectif de ce travail de thèse est d’explorer théoriquement et numérique-
ment, au travers de simulations Particle-in-Cell réalisées avec le code SMILEI,
la génération de faisceaux d’électrons rapides dans l’interaction laser solide via
l’excitation de SPW ou de modes électromagnétiques localisés à la surface dans

iv



Abstract v

des régimes laser ultra relativistes. Les résultats originaux de cette thèse sont
déclinés à travers trois études complémentaires. Dans un premier temps, nous
avons proposé un schéma inédit permettant de piloter la durée et l’intensité
du SPW et par conséquent les caractéristiques du faisceau d’électrons. Nous
obtenons ainsi des paquets d’électrons ultracourts (quelques fs) ayant une
charge de quelques dizaines de pC et des énergies de plusieurs dizaines de
MeV. Nous démontrons également que l’utilisation d’un front d’onde laser en
rotation (WFR) permet de renforcer l’onde plasma de surface. Ultra-courte
et ultra-intense, celle-ci contribue alors à accélérer des paquets d’électrons ré-
partis sur quelques cycles optiques pour atteindre une énergie beaucoup plus
élevée qu’en absence de rotation du front d’onde laser. L’excitation par une im-
pulsion laser avec WFR d’une onde plasma de surface sur un substrat structuré
apparaît ainsi comme un mécanisme d’accélération prometteur pour générer
des faisceaux d’électrons relativistes avec un fort courant et de durée fem-
toseconde. Dans un deuxième temps, nous avons identifié les paramètres clés
pour optimiser le couplage laser-plasma dans le régime ultra-relativiste (> 1021

W/cm2) afin d’assurer l’excitation des électrons par SPW. En effet, l’adoption
d’un réseau plus profond et d’une densité de plasma plus importante, per-
met l’excitation et la survie des SPW dans les régimes d’excitation laser de
très haute intensité. Dans ce cas, les paquets d’électrons relativistes de haute
charge, produits par le SPW, subissent une forte accélération et émettent de
grandes quantités de rayonnement électromagnétique avec des caractéristiques
intéressantes. La troisième étude est ainsi consacrée à l’étude de ce rayon-
nement. Nous montrons que le mécanisme d’accélération par SPW représente
également une alternative intéressante de source de lumière car l’énergie per-
due par les électrons, en raison de l’émission de rayonnement, est transférée à
des photons γ de haute énergie.

En conclusion, l’ensemble de ces résultats ouvre de nouvelles perspectives
pour le développement de sources compactes de particules et de rayonnement
énergétiques qui pourraient conduire à de nouveaux schémas expérimentaux
réalisables sur l’installation Apollon et les lasers multi-PW.
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In english

A very high-intensity laser pulse interacting with matter generates a plasma
and high-energy relativistic charged particles. The use of a solid target with
a periodically modulated surface allows, under certain conditions, to increase
the laser-target coupling and to excite collective oscillations of electrons on the
surface, known as surface plasma waves (SPW). The study and exploitation
of these surface waves is one of the foundations of plasmonics. One of the
interesting properties of SPWs is their ability to induce extremely localised
and intense electromagnetic fields, confined to the immediate vicinity of the
interface. In a very overdense plasma, these waves propagate with a phase
velocity close to the speed of light and are capable of accelerating packets of
electrons to high energies along the surface of the target. Furthermore, the cur-
rent capabilities and upgrade of existing short-pulse multi-PW laser facilities,
such as Apollon and ELI in Europe, with lasers reaching intensities beyond
1021 W/cm2, are now making it possible to explore the excitation of SPWs at
increasingly higher laser intensity regimes. In this context, the extension of the
study of plasmonics to these very high laser intensity regimes, where nonlinear
and relativistic effects progressively come into play, is of fundamental interest
for the physics of laser-plasma interaction and the physics of relativistic over-
dense plasmas. In addition, if the excitation of SPWs still proves effective in
the ultra-relativistic regime, this acceleration mechanism could present novel
opportunities for manipulating and harnessing plasmonic phenomena with po-
tential applications in areas such as compact electron accelerators or ultra-fast
electron spectroscopy.

The objective of this thesis work is to explore theoretically and numeri-
cally, through Particle-in-Cell simulations performed with the SMILEI code,
the generation of fast electron beams in solid-state laser interaction via the
excitation of SPWs or surface-localized electromagnetic modes in ultra rela-
tivistic laser regimes. The original results of this thesis are presented in three
complementary studies. Firstly, we proposed a novel scheme to control the
duration and intensity of the SPW and consequently the characteristics of
the electron beam; thus obtaining ultrashort (few fs) electron packets with a
charge of a few tens of pC at energies of several tens of MeV. We demonstrate
that the use of a laser pulse with wavefront rotation (WFR) makes it possible
to sustain SPW growth. Ultra-short and ultra-intense, these SPW allow ac-
celerating packets of electrons spread over a few optical cycles to reach much
higher energy than in the absence of WFR. The excitation by a laser pulse with



Abstract vii

WFR of a surface plasma wave on a structured substrate thus appears to be
a promising acceleration mechanism for generating relativistic electron beams
with a high current and femtosecond duration. Secondly, we identified the
key parameters to optimise the laser-plasma coupling in the ultra-relativistic
regime (> 1021 W/cm2) to ensure the excitation of electrons by SPW. Indeed,
the adoption of a deeper grating and a higher plasma density allows the ex-
citation and survival of SPWs in the very high laser intensity regimes. In
this case, the high-charge relativistic electron packets produced by the SPW
undergo strong acceleration, emitting large quantities of electromagnetic radi-
ation with interesting characteristics. The third study is thus devoted to this
radiation. We show that the SPW acceleration mechanism also constitutes an
interesting alternative light source since the energy lost by the electrons due
to radiation emission is transferred to high-energy γ photons.

In conclusion, all these results open up new prospects for the development
of compact sources of energetic particles and radiation, which could lead to
new experimental schemes that could be carried out on the Apollon installation
and multi-PW lasers.
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Chapter 1

Introduction

Plasmonics is a rapidly growing field of physics at the frontier of nano-photonics
and nano-optics. This relatively young research field is dedicated to the study
and application of the interaction of electromagnetic waves with the collec-
tive oscillations of electrons in a medium. One cornerstone of plasmonics are
Surface Plasmons, SP, highly localized electromagnetic field structures with
the ability to confine and enhance light in subwavelength regions at the in-
terface between two media whilst propagating along the surface [1–4]. Their
unique properties have propelled them as ideal candidates for a plethora of
applications across a broad range of scientific disciplines besides physics. In-
deed, the enhanced field associated with the tight confinement causes SP’s to
be extremely sensitive to the surrounding media making them very suitable
for bio-chemical sensing [5, 6], plasmon enhanced spectroscopy [7], biomedical
imagining [8–10] and solar light harvesting [11, 12]. Moreover, the use of SP
circuits makes it possible to decrease the size of current photonic devices bridg-
ing the gap between photonics and their microelectronic counterparts [13,14].
Other applications are outlined in [15] and references within.

The term surface plasmons, SP, was first coined by R.H. Ritchie in 1957
when he predicted that the energy losses of fast electrons passing through thin
metal films were due to the existence of surface collective electron excitations at
the metal surface [16]. Yet the first documented observation of SP dates back
to 1902 and is attributed to R.W. Wood who observed a pattern of alternating
black and light bands when shining polarized light onto a metal diffraction
grating [17]. However, the field really flourished in the 70s with the arrival of
new fabrication techniques enabling the production of nano-scale structures.
In parallel, laser technology has seen tremendous progress since the realization
of the first laser in 1960 by T. H. Maiman [18]. Indeed, the Nobel prize win-
ning CPA (Chirped Pulse Amplification) technique discovered in 1985 [19] has

2



Chapter 1 3

prompted a fast-paced advancement of shorter and more intense laser pulses
resulting in the increase of the laser intensity by orders of magnitudes in the
last couple of decades.

Figure 1.1: Evolution of the laser intensity available in laboratories since 1960.
Adapted from [20].

Given the broad range of applications achievable with SP’s, it is of ut-
most importance to control the coupling of the incident electromagnetic wave
to SP’s. It has been demonstrated that the irradiation of solid structured
target [21, 22] by ultra short laser pulses can resonantly excite surface plas-
mons associated with large localized EM field. In this scenario, high energy
transfer from the laser to the target is achieved when the frequency and wave-
length of the interacting laser pulse match those given by the SP’s dispersion
relation [1,23]. In analogy with surface plasmons in solid state physics, the im-
pinging of ultra-high intensity femtosecond lasers on a metallic surface with a
periodic engraving can resonantly excite Surface Plasma Waves (SPW) [24,25].
In the low laser intensity regime, from few GW/cm2 to tens of TW/cm2, SPW
have led to harmonic emission [26–28] and the production of photo-electron
bunches at energies up to few 100s eV [29,30].

However, in the ultra-high intensity (UHI) regime (I0 ≳ 1018 W/cm2), any
target material quickly turns into a plasma, and electrons reach relativistic
quiver-velocities in the intense laser field. The interaction of an intense and
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short laser pulse with high contrast results in the creation of an over-dense
plasma with a sharp density gradient, and can accelerate charged particles to
relativistic velocities [31–37]. In the UHI regime, SPW are not only of interest
for exploring nonlinear plasma modes, but also for their capability of accel-
erating electrons. Indeed, since SPW are waves with a longitudinal electric
field component and slightly subluminal phase speed, they are able to trap
electrons and accelerate them up to high energies along the surface. Previous
simulations and experiments have indeed shown that a significant percentage
of electrons trapped in the SPW can be accelerated along the surface in the
range of ∼ 10 MeV [38–42]. High charge electron bunches (up to ∼ 650 pC)
were also observed [42–46] together with XUV harmonic emission [47].

Furthermore, the imminent arrival of more powerful short-pulse multi-
Petawatt laser facilities around the world with intensities up to the order of
1022− 1023 W/cm2, such as Apollon [48] (see Fig.1.1), are expected to become
widely available to the scientific community in the near future, making the
exploration of increasingly higher field regimes plausible. In these regimes,
where the electron kinetic energy becomes comparable to or greater than its
rest mass mec

2, relativistic nonlinear effects progressively come into play.

Figure 1.2: Summary of the operating, upcoming and planned multi-petawatt laser
facilities in the world [49].
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Motivated by the upcoming powerful lasers systems (see Figure 1.2), we are
interested in extending the study of plasmonics to the ultra relativistic regime,
beyond 1021 W/cm2. In this regime, we expect SPW with extremely large
amplitudes at the over-dense plasma surface, potentially allowing to obtain
unprecedentedly high currents of energetic electrons as well as emitting radia-
tion with interesting characteristics such as directionality, brightness, spectral
range, among others. The study of plasmonics in the ultra relativistic regime
could present novel opportunities for manipulating and harnessing plasmonic
phenomena with potential applications in areas such as high-energy radiation
generation, ultra-fast electron diffraction, tabletop electron accelerators, and
ultra-fast electron spectroscopy [50–53]. However, the excitation and survival
of these SPW in the ultra-relativistic regime remain an open question, as in
this limit the plasma grating can evolve on relatively short time scales, and
nonlinear effects can affect the dispersion relation in the relativistic regime [54].

Due to the highly non linear nature of this physical scenario, precise nu-
merical modeling via Particle-In-Cell (PIC) codes is necessary. Through a
combination of analytical modeling and numerical simulations performed with
the PIC code Smilei [55], we will try to shed light on the complex interplay
between plasma and lasers, and the rich physics of surface plasma waves. We
explore the generation of these fast electron beams in relativistic laser-plasma
interaction by using properly structured targets whose surface characteristics
allow SPW excitation or local electromagnetic modes in increasingly relativis-
tic laser regimes. In this work we propose an ingenious mechanism to tune
SPW and enhance electron acceleration. We then further study the excitation
mechanism of SPW in the ultra relativistic regime and the radiation reaction
effects that appear when going to even higher laser intensities.

The structure of this manuscript is the following :

• Chapter 2 gives an overview of the physical processes relevant to this
thesis such as the dynamics of an electron in a high field and the gener-
ation of SPW.

• Chapter 3 explains the Particle-In-Cell Smilei code. In this chapter we
also propose the implementation of a diagnostic, based on the Lienard
Wiechert potentials, complementing the pre-existing radiation modules
in SMILEI. The implementation of this radiation is not only interesting
for the study of SPW excitation and electron acceleration in the ultra-
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relativistic regime, but also for the investigation of betatron radiation
and high harmonic generation, among others.

• Chapter 4 presents the first results concerning laser-plasma coupling
enhancement through a "smart" grating device. We also propose a
novel set-up which permits to tune SPW duration and intensity and
consequently the electron bunch characteristics. Indeed, by impinging a
laser with wavefront rotation (WFR) on a smart grating design, we both
shorten the duration (down to very few optical cycles) and increase the
intensity of SPW, thus favoring the production of ultra-short, energetic
electron bunches. In the laser-plasma relativistic regime of interaction
(I0 > 1021 W/cm2), we show that such SPW are found to accelerate
high-charge (few 10’s of pC), high-energy (up to 70 MeV), and ultra-
short (few fs) electron bunches.

• Chapter 5 presents a thorough parametric study on the conditions to
improve laser-plasma energy transfer in the ultra-high laser intensity
regime as well as to accelerate charged particles through the SPW exci-
tation mechanism as a function of the laser intensity and incidence angle,
plasma density and grating depth. We demonstrate a strong correlation
between the angle of SPW excitation and the angle of incidence that
optimize in the simulations the electron acceleration along the plasma
surface. A threshold in the laser strength is also found depending on the
density and grating depth of the plasma.

• Chapter 6 explores the radiation reaction and photon generation in the
laser-plasma interaction under extreme conditions, comparing the differ-
ent radiation models available in Smilei and different target geometries.

• Chapter 7 presents a global conclusion to this work and provides out-
look and perspectives.
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Theoretical background
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This chapter aims to provide an introduction to the principal notions that
will be used throughout this thesis. The first section is dedicated to laser-
plasma interaction, showing first how an electron behaves in an electromagnetic
field and then how the electromagnetic (EM) wave interacts with plasma. The
second section summarizes the generation of surface plasma waves by ultra-
high intensity laser pulses, while the last section briefly presents the radiation
effects by moving charges.

7
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2.1 Laser-Plasma interaction

In this section, we will recall the fundamental aspects of laser-plasma interac-
tion at relativistic intensities. The interaction of a charged particle with an
EM wave is one of the most fundamental physical processes and the subject
of many books. We will therefore present a brief overview of the basics: from
the single particle motion in the laser field in section 2.1.1 to the propagation
of an EM wave in a plasma in 2.1.2. For a more comprehensive review, the
reader is referred to dedicated textbooks [56–59].

2.1.1 Dynamics of an electron in an electromagnetic field

At high laser intensities, it is convenient to define the dimensionless laser pa-
rameter a0, also referred to as laser strength, which measures the importance
of relativistic effects in the laser-plasma regime. Indeed, an electron at rest can
become relativistic within one laser period if the normalized laser amplitude

a0 =
eE0

mecω0

≳ 1 , (2.1)

where e and me are respectively the charge and mass of the electron, c is the
speed of light, while E0 and ω0 are the amplitude and frequency of the laser.
As a0 ∼ 1, the electron motion in the laser field becomes relativistic and the
response of the electron plasma becomes highly nonlinear due to the presence
of the Lorentz factor in the momentum of the particle. In practical unites, a0
can be expressed in terms of the laser intensity, I, and wavelength, λ, by:

a0 = 0.85

(
Iλ2

1018 Wcm−2µm2

)1/2

. (2.2)

The parameter a0 permits to define the regime where the interaction takes
place: when a0 ≪ 1 there are no relativistic effects and thus the regime is con-
sidered to be non relativistic, as a0 ∼ 1 the regime becomes weakly relativistic
and when a0 ≥ 1 the regime is fully relativistic.
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Trajectory in a plane wave

Lets consider a free electron, initially at rest, placed in the path of a plane
electromagnetic wave propagating in vacuum. The electron will experience
the Lorentz’s force due to the electric and magnetic fields and will oscillate
in the EM field. The equations for the electron momentum p and energy
E = γmec

2 are the following:

dp

dt
= −e (E+ v ×B) , (2.3)

d

dt
(γmec

2) = −ev · E , (2.4)

with p = meγv the relativistic momentum of the electron and γ the corre-
sponding Lorentz factor:

γ =
1√

1− v2/c2
=

√
1 +

p2

m2
ec

2
. (2.5)

The first term of Eq.(2.3) represents the linear response of the electron due
to E, while the second term leads to a nonlinear response v × B which is
responsible for the ponderomotive force Fp. Considering a plane wave, defined
by a transverse potential vector A(r, t), the electric and magnetic fields are
given by

E = −∂A
∂t

and B = −∇×A . (2.6)

Assuming a wave propagating along the x direction in the vacuum, a particle
initially at rest will have [59] :

px
mec

=
1

2

(
p⊥

mec

)2

, (2.7)

p⊥ = eA , (2.8)

and γ = 1 +
1

2

(
eA

mec

)2

, (2.9)

where p⊥ designates the momentum in the plane transverse to the propagation
direction of the wave. The electron is pushed forward by the EM pulse. In
the ultra relativistic regime, the electron’s velocity is mainly along the axis
of propagation. From the Equations (2.7) and (2.8), we deduce that if the
electron was initially at rest, the electron will return to the rest state once
the EM wave has passed through, effectively displacing the electron by a finite
distance along the propagation axis. In a more realistic setting, an electron
can escape transversely the laser transverse width with a finite energy gain
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approximated by the ponderomotive force [60,61]:

Fp = − e2

2me⟨γ⟩
∇⟨|A2|⟩ (2.10)

with ⟨γ⟩ =
√
1 +

⟨p⟩
(mec)2

+ e2
⟨|A|2⟩
(mec)2

. (2.11)

with ⟨...⟩ representing the average over a laser period.

Linearly polarized plane wave

Lets assume the case of a linearly polarized wave where

eA

mec
= a0 cos (ωt) ŷ , (2.12)

The exact trajectory is calculated as following:

ky(t) = a0 sin (ωt) , (2.13)

kx(t) =
a20
8
[2ωt+ sin (2ωt)] , (2.14)

with k = ω/c the wave number. The trajectory of the electron is represented
in Figure 2.1(a). In the laboratory frame, when a0 ≫ 1, the electron acquires
a drift in the longitudinal direction leading to a drift velocity:

vdrift =
a20/4

1 + a20/4
c , (2.15)

where the Lorentz factor is γ0 =
√

1 + a20/2. The electron is confined on
the xy plane with a drift along ŷ. In the drifting frame, meaning a frame
of movement with a constant vdrift (Figure 2.1(b)), we find the well known 8
figure trajectory of the electron, with:

k′y′(t′) =
a20√

1 + a20/2
sinω′t′ , (2.16)

k′x′(t′) =
a20

8(1 + a20/2)
sin(2ω′t′) , (2.17)

with ω′ =
ω√

1 + a20/2
. (2.18)
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Figure 2.1: Trajectory of an electron in a linearly polarized plane wave in (a) the
laboratory frame and (b) the drifting frame.

2.1.2 Relativistic EM Waves propagation in Plasmas

In the ultra-high intensity (UHI) regime I0λ0 ≳ 1018W/cm2µm2, any target
material quickly turns into a conductive plasma, and electrons reach relativis-
tic quiver-velocities in the intense laser field. Therefore, the study of EM waves
in plasma is the natural continuation after having derived the behaviour of a
single electron in an intense EM field. For the sake of simplicity, lets consider
an unmagnetized, "cold" plasma whose response to high frequency fields is due
to electrons only. Here, the ion response is ignored since they are treated as
an immobile, homogeneous background.

The equation describing the propagation of an EM wave reads as follows:(
∇2 − 1

c2
∂2

∂t2

)
E−∇(∇ · E) = µ0

∂J

∂t
, (2.19)

which is obtained from Maxwell’s equation by eliminating B. The current den-
sity J = −enev may thus be obtained by the cold fluid equations. Considering
the electric field as a plane, monochromatic wave, the linearized electron fluid
velocity and corresponding current are then

v = − e

iωme

E , (2.20)

J =
n0e

2

iωme

E ≡ σE . (2.21)

where σ is the conductivity [58,62]. Substituting into Eq.(2.19) we obtain the
inhomogeneous Helmholtz equation:

∇2E−∇(∇ · E) + ω2

c2
ε(ω)E = 0 (2.22)
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where

ε(ω) = 1− ω2
p

ω2
, (2.23)

is the dielectric function of a cold plasma, and ωp is the plasma frequency
defined as:

ωp =

√
e2n0

meϵ0
. (2.24)

Similarly, the wave equation for the magnetic field is obtained from the Maxwell’s
equation by eliminating E [59]:

∇2B+
1

ε
∇ε×∇×B+

ω2

c2
ε(ω)B = 0 . (2.25)

In a homogeneous plasma, ∇ε = 0, and the Eq.(2.25) for the magnetic field
becomes identical to the equation of the electric field. Moreover, ∇·E = 0 since
there is no charge separation in the homogeneous plasma, and the Eq.(2.22)
simplifies to:

∇2E+
ω2

c2
ε(ω)E = 0 . (2.26)

Imposing fields of type E(r) ∼ exp(ik · r − iωt), with k the wave vector,
the condition ∇ · E = 0 translated to k · E = 0 meaning that k and E are
perpendicular to each other. The derivation of Eq.(2.26) leads to the dispersion
relation of EM waves in a plasma :

k2 =
ω2

c2
ε(ω) , (2.27)

or k2c2 = ω2
p − ω2 . (2.28)

The dielectric constant of the medium ε(ω) dictates how the incident EM
wave behaves. Indeed, the plasma frequency, ωp, is a cut-off frequency for EM
transverse waves meaning that the EM wave is free to propagate in the plasma
only when ω > ωp. This cut-off condition can also be written as a condition
on the plasma density n0 :

n0 < nc ≡
ϵ0meω

2

e2
, (2.29)

where nc is the critical density which corresponds to the case when ω = ωp.
If n0 < nc, the plasma is said to be underdense and allows the propagation
of the EM wave. However, if n0 > nc the plasma is overdense and the EM
wave cannot propagate into the medium and is reflected. From the definition
of nc we note that ω2

p/ω
2 is equivalent to n0/nc. Furthermore, the EM field

experiences an exponential dissipation by ∼ exp (−x/Ls) with Ls the skin
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depth
Ls = c(ω2

p − ω2)−1/2 , (2.30)

which becomes Ls = c/ωp when ωp ≫ ω.

In the presence of high-intensity lasers, and in particular when the nor-
malized vector potential a0 ≳ 1, it has been proposed [63–67] to correct the
response of the electrons by considering an effective electron mass

me → γ0me , (2.31)

with γ0 the Lorentz factor of an electron in a plane wave. It should be noted
that for a given frequency ω, relativistic transparency [68] can occur as rela-
tivistic effects raise the critical density nc to γnc.

2.1.3 Energy absorption

Though in the case of an overdense plasma the laser reflects back into the
vacuum side, a non negligible fraction of the laser energy can be transferred to
the electrons located at the irradiated surface of the target during the interac-
tion. The energy of these hot electrons can be estimated by the ponderomotive
energy and is proportional to a0:

Ehot = mec
2(
√
1 + a20/2− 1) . (2.32)

Depending on the laser initial conditions and the laser-plasma interaction ge-
ometry, the conversion of laser energy into electron kinetic energy can be at-
tributed to different processes. The three most frequently discussed absorption
mechanisms (nicely presented in [69]) are resonance absorption, which takes
place when the plasma frequency ωp is equal to the laser frequency ω, vacuum
heating and J×B heating.

Vacuum heating

The vacuum heating, also known as Brunel absorption [70], occurs for p-
polarized, obliquely incident waves. In this model, for about half a laser period,
the electrons on the surface of the plasma are pulled out into the vacuum and
then pushed back into the target by the laser electric field component perpen-
dicular to the surface. The electron re-enters the plasma with a velocity of the
order of their quiver velocity, acquired during the oscillation in the vacuum
region. In the other second half of the laser period, the re-injected electrons
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are accelerated deep into the target as the laser can only penetrate the plasma
up to the skin depth and is unable to drag the electrons back into the vacuum.
This mechanism is responsible for the production of hot electrons as bunches.

J×B heating

At high laser intensities, the longitudinal motion of the electrons associated
with the v ×B, term of the Lorentz force exerted on the electron in the laser
field, becomes comparable to transverse motion associated with the electric
field component. Analogous to the previous case, the electrons are pushed into
the plasma and escape the laser field. In this case, the electrons are driven
across the vacuum-plasma interface by the magnetic force rather than by the
electric field, hence the name J×B heating [33]. This heating mechanism is
dominant in the case of a p-polarized normal incident laser wave, for which
the vacuum heating gives no contribution.
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2.2 Basic introduction to Surface Plasma Waves

Now that we have presented the basics of laser-plasma interaction, we can
proceed to present one direct consequence of a laser impinging on a solid
target, that is, the excitation of surface plasma waves (SPW). SPW are col-
lective oscillations of the electrons which are confined to the close vicinity of a
metal-dielectric interface. These charge oscillations induce an electromagnetic
excitation propagating along the surface while remaining confined in a small
region across the boundary in the perpendicular direction. Since any dielectric
becomes a strongly conductive plasma during the interaction of a laser with
intensity above the ionization threshold, we will discuss directly the case of a
2D homogeneous plasma in a (x,y) Cartesian plane where a SPW is able to
travel along the plasma-vacuum interface.

2.2.1 SPW excitation in weakly relativistic regime

The dispersion relation

The geometry of the physical system is illustrated in Figure 2.2 where we
consider a flat interface between two different media with different dielectric
constants (vacuum, ε1, along x < 0 and a plasma, ε2, along x > 0) coinciding
with the plane x = 0 of the Cartesian coordinate system.

Figure 2.2: Schematic representation of the surface oscillation mode of the electrons
at the vacuum-plasma interface.

In this scenario, the SPW propagates along the positive y−direction and
the system is assumed to be invariant in the z−direction. The existence of
SPW is ensured if

ε1ε2 < 0 and ε1 + ε2 < 0 , (2.33)

as explained in [1]. Both conditions are satisfied when considering the case of
an interface between a vacuum region, designated by v, hence ε1 = εv = 1 and
an overdense plasma region, designated by p, ε2 = εp = 1 − ω2

p/ω
2, where ωp

is the plasma frequency, for which εp < 0 leading to ωp > ω.
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Given that there must be a component of the electric field normal to the
surface in order to generate waves that travel along the surface, SPW are
always transverse magnetic waves (TM). Therefore, the fields are given by:{

Ej =
(
Ej

xx̂+ Ej
yŷ
)
e−qj |x|ei(kyy−ωt)

Bj = Bj
z ẑe

−qj |x|ei(kyy−ωt)
(2.34)

where ky ≡ kjy is the y component of the wave vector in media j = v, p (vacuum
and plasma respectively) parallel to the interface. The transverse wave vector
in the two media is defined by qj =

√
k2y − εj

ω2

c2
which gives respectively:

qv =

√
k2y −

ω2

c2
and qp =

√
k2y −

ω2 − ω2
p

c2
, (2.35)

as εv = 1 and εp = 1 − ω2
p/ω

2. As a result, the fields in the vacuum can be
described as: {

Ev = (E0xx̂+ E0yŷ) e
qv |x|ei(kyy−ωt) ,

Bv = B0zẑe
qv |x|ei(kyy−ωt) .

(2.36)

While inside the plasma, the fields are given by:{
Ep = (E0xx̂+ E0yŷ) e

−qp|x|ei(kyy−ωt) ,

Bp = B0zẑe
−qp|x|ei(kyy−ωt) .

(2.37)

Assuming there are no external sources and that all materials are non-magnetic
(µ0 = 1), we obtain from the Ampère-Maxwell equation that

∇×Bj = µ0

(
Jj + εj

∂

∂t
Ej

)
=

−iωεj
c2

Ej , (2.38)

which, when introducing this ansatz in Eq.(2.34), gives the following electric
component:

Ej = − c2

iωεj

(
ikyŷ ± qjx̂

)
B0z . (2.39)

The above Eq.(2.39) shows that the electric component is proportional to the
z−component of the magnetic field. As a consequence, we consider B0z as
being representative of the SPW. From henceforth, B0z will be noted BSPW.
We can therefore simplify the fields expression in each media as following:
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In the vacuum:
Ev

x = −c
2k

ω
BSPW ,

Ev
y =

c2qv

iω
BSPW ,

In the plasma
Ep

x = − c2k

ωεp
BSPW ,

Ep
y = − c2qp

iωεp
BSPW .

(2.40)

The imposed field continuity at the interface x = 0 of the electric field
parallel to the surface, Ey, leads to:

Ep
y = Ev

y = Ey , (2.41)

which raises the following condition on the evanescence length:

qp

qv
= −εp . (2.42)

From this condition and knowing the evanescence length for each media (Eq. 2.35),
we can derive the dispersion relation:√

k2y −
ω2

c2
εp = −εp

√
k2y −

ω2

c2
, (2.43)

⇒ k2yc
2

ω2
=
εp − ε2p
1− ε2p

=
1− ω2

p/ω
2

2− ω2
p/ω

2
. (2.44)

In conclusion, the SPW’s dispersion relation in the non relativistic cold plasma
limit [23] is defined as:

ky ≡ kSPW(ω) = ±ω
c

√
1− ω2

p/ω
2

2− ω2
p/ω

2
. (2.45)

In the limit of ω ≪ ωp, and expanding in terms of ω/ωp, the linear approxi-
mation yields:

k2yc
2

ω2
=

1− ω2
p/ω

2

2− ω2
p/ω

2
≈ 1 +

ω2

ω2
p

+ ... and
kyc

ω
≈ 1 +

1

2

ω2

ω2
p

+ ... (2.46)

Using these approximations in Eq.(2.40), we can compare the proportions of
the electric fields near the surface, Ev

x, Ep
x and Ey, with the reference value of

the SPW’s magnetic field BSPW. The field parallel to the surface thus becomes:

Ey ≈ c
ω

ωp

BSPW , (2.47)

meaning that Ey ≪ BSPW. The fields perpendicular to the interface, which are
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discontinuous at x = 0, become:

Ev
x ≈ c

(
1 +

ω2

ω2
p

)
BSPW ≈ cBSPW , (2.48)

Ep
x ≈ c

1 + ω2/ω2
p

1− ω2
p/ω

2
BSPW ≈ c

ω2

ω2
p

BSPW . (2.49)

We obtain therefore that in the limit of ω ≪ ωp, we have an EM wave whose
electric field component parallel to the surface is negligible in the vacuum.
Moreover, the electric field perpendicular to the surface is comparable to the
magnetic field of the SPW in the vacuum whereas it is negligible inside the
plasma.

The coupling problem

The SPW dispersion relation derived in the last subsection 2.2.1,

kSPW(ω) = ±ω
c

√
1− ω2

p/ω
2

2− ω2
p/ω

2
,

possess a maximum frequency of ωmax = ωp/
√
2. When ω tends to the ωmax

limit, the wave vector k goes to infinity and consequently the group velocity
goes to zero, as well as the phase velocity: the mode becomes electrostatic in
this region.

Figure 2.3: Dispersion relation of
the SPW (solid blue), the external
EM wave (solid red) and the light line
(dashed black). The term θinc denotes
the incident angle of the EM wave
with respect to the grating.

In the opposite limit where k lies closer
to the light line, the phase velocity of
the SPW reaches the speed of light. As
shown in Figure 2.3, the SPW’s disper-
sion curve (solid blue line) never inter-
sects the light line given by ω = kc

(dashed black line), indicating that SPW
cannot be excited by an EM wave in vac-
uum. Coupling of the incident EM wave
(red solid line) and the SPW occurs when
the gap ∆k between kL and kSPW is com-
pensated. In other words, their disper-
sion curves must overlap. As a conse-
quence, the direct illumination of a flat
interface by an EM wave does not excite
SPW.
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Different approaches to bridge the gap ∆k exist. One way is through the
use of a dielectric prism possessing a higher index of refraction than the di-
electric of the interface where the SPW is being excited. This method is called
attenuated total reflection (ATR) [71,72] and requires three materials with dif-
ferent dielectric constants. However, this method is unsuitable for the study of
SPW excitation in high field plasmonics [73] as any dielectric constant turns
into plasma when using any laser with I > 1016 W/cm2. In addition, nonlinear
effects can appear as soon as the laser intensity is high enough, even before the
ionization threshold is attained, which can disturb the pulse. Moreover, the
duration of ultra short pulses can be significantly modified when using a prism.

A more suitable technique when going to higher laser intensities, is using
a grating coupling. This method consists of adopting a target presenting peri-
odical modulation at the surface with a spatial period d (as in Figure 2.4(a) )
instead of a flat target. The grating coupling will be the method used through-
out the continuation of this manuscript.

Figure 2.4: (a) Schematic representation of an EM wave on a grating. (b) Taken
from [47]: Folding of the dispersion curve of the SPW mode at a periodically mod-
ulated interface with period d. The modes are characterized by their frequency and
their wave vector q inside the first Brillouin zone (region filled with light blue color).
The light line is drawn in red and the folding branches of the dispersion curves are
underlined with blue.

In the scenario of a modulated grating, the medium can be considered as
periodic. Therefore, as a direct consequence of the Floquet-Bloch theorem,
the solutions of the wave equation are given by:

ψk(y) = eikyuk(y), with uk(y) = uk(y + d) , (2.50)

meaning that the solutions take the form of plane waves (term in eiky) multi-
plied by a periodic function uk(y) whose periodicity is the same as the grating
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period d [58]. Subsequently, the solution for the wave equation with wave
vector k is periodic with a period of 2π/d. Due to this periodicity, we can
restrict the dispersion relation of the SPW to the first Brillouin zone: a region
of ω − k space defined as the interval [−π/d, π/d]. In this region, the SPW
can be coupled by incident radiation.

As illustrated in Figure 2.4(b), the SPW dispersion relation is folded around
the edges of the Brillouin zone in reciprocal space to the positions correspond-
ing to multiples of the grating vector q = 2π/d. Each branch of the folded
SPW curve represents a displaced SPW dispersion curve and shows a pro-
nounced curvature away from the light line. The coupling between the SPW
and the incident pulse is once again being given by the overlap between the
light line and the folding of a SPW branch.
The phase matching condition is thus given by :

ωL = ωSPW , kL = kSPW ±mq , (2.51)

where kL is the in-plane wave vector of the incident laser pulse, m an integer
number (m = 0, ±1,...) and kSPW and q are respectively the wave vectors of
the SPW and the grating.

In the previous section, the dispersion relation was calculated for a pla-
nar system but it has been demonstrated that it becomes modified when the
interface is corrugated. Indeed the correction to the dispersion relation is of
∼ (h/d)2 order, with h being the grating depth. Therefore, as long as h ≪ d,
the correction to the SPW’s dispersion curve can be considered small. This
implies that the kSPW on the grating surface will remain nearly unchanged
from the kSPW on the flat surface when the grooves of the gratings are rela-
tively shallow. It is worth mentioning that in the high field case, the gratings
are not expected to be extremely shallow. Thereby exciting surface plasmons
on the grating surface means satisfying the following equation :

kL sin θinc = kSPW ±mq , (2.52)

which can be obtained by using an appropriately chosen incident angle θinc for
a given q when fixing the values of ωL, d and m. At the crossing point of two
branches of the SPW dispersion curve at the Brillouin zone boundaries, which
correspond to the interaction of two diffracted waves, counter-propagating
SPW can couple together resulting in two standing wave solutions: one with
field extrema at the grating peaks and the other with extrema at the bottom of
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the valleys. These solutions correspond to different energies and therefore gen-
erate a band gap [74]. The band gap in the SPW’s dispersion relation depends
on the grating depth, with the band gap becoming larger when the gratings are
sufficiently deep so that the modulation can no longer be considered as a small
perturbation of the planar interface (i.e h ≫ d). Moreover, the dispersion
curve of a shallow grating is always at higher ω than the light line, preventing
SPW excitation; however, increasing the grating depth lowers the frequency
of the modified SPW dispersion curve enabling matching between the SPW
and the laser frequency [3]. The importance of the modulation depth in the
laser-plasma coupling is further corroborated in [69] where they observed that
decreasing h reduces the importance of the target geometry and increases the
importance of the resonant coupling. Decreasing h led to a general decrease
in the laser absorption; however, the difference between the case where SPW
is excited and the case where the θinc does not satisfy Eq.2.52 increased for
smaller values of h. Nonetheless, an excessively reduced modulation depth is
non desirable as the coupling is lost at low laser intensities and significantly
reduced for higher intensities. When moving to the UHI regime, the target
becomes susceptible to surface deformation due to the laser ablation [54]. As a
direct consequence, a deeper grating might be needed to preserve the periodic
modulation. This argument will be further discussed in Chapter 5.

In the case where ωp ≫ ω, which corresponds to the typical condition
when working with lasers in the visible and infrared (IR) range, the SPW have
a phase and group velocity close to the speed of light (i.e. vϕ, vg ∼ c) and the
dispersion relation at low frequency is very small. In this limit, the resonance
condition becomes:

sin θinc ≃ ±1 +m
λ

d
. (2.53)

This relation may also be viewed as a consequence of the diffraction grating
equation, which relates the incidence angle of a monochromatic beam (θinc) to
the emission angles of the diffracted orders (θm) and to the grating period (d):

sin θinc + sin θm = m
λ

d
. (2.54)

Sending a laser pulse at an angle θinc at a diffraction grating, which is
none other than a target with periodic modulation, results in concentrated
light at an angle of diffraction where there is constructive interference. Note
that Eq.(2.54) results from considering the constructive interference of two or
more scattering centers, hence it does not strictly depend on the fact that the
grating should be infinite. Moreover, Eq.(2.53) follows from Eq.(2.54) when
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θm = ±π/2, which means that in this case an interference maximum is sent
along the surface in the direction of the SPW’s propagation.

The surface corrugation of a diffraction grating enables light scattering,
making direct coupling between the incident light and the SPW possible. In-
deed, well distributed surface roughness can contain the right vectors to excite
SPW [1] given that the wave vector of the incident light is changed by addition
or subtraction of an integer multiple of the grating vector q in the direction
normal to the grating grooves, allowing it to be momentum matched and thus
coupled to the SPW. However, the inverse process of SPW excitation can also
occur on the grating, where the SPW propagating along the interface excites
in turn an EM wave, which gives rise to radiative losses.

There are many configurations that satisfy the resonance condition given by
Eq.(2.53). As shown in Fig.2.5, the incident light, θinc, is split into a series of
different beams at different diffraction angles, also known as diffraction orders.
These diffraction orders m only exist when |mλ/d| < 2 thereby preventing
the incident light of wavelength λ from being diffracted in more than a finite
number of orders [75]. Indeed, without this restriction, | sin θinc + sin θm| > 2

which is physically meaningless.

The specular reflection (m = 0), also known as the zeroth order, always
exists and consists of the un-diffracted light leading to the law of reflection
θm = −θinc. The zeroth order is always propagative while the other orders
may be propagative or evanescent. When m ̸= 0, periodic modulations with
d≫ λ will lead to evanescent orders while d≪ λ will lead to a large number of
propagative orders [76]. Moreover, the number of orders increases for shorter
wavelengths and larger grating periods.

The distinction between the different diffraction orders is summarized as
follows :

θm > −θinc for positive orders (m > 0)

θm < −θinc for negative orders (m < 0)

θm = −θinc for specular reflection (m = 0)

Using the sign convention for m where m > 0 if the diffracted beam lies left
(counter-clockwise side) to the zeroth order (m = 0) and m < 0 if the beam
lies right (clockwise side) to the zeroth order.
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Figure 2.5: Output beams of possible diffraction orders at a diffraction grating.

Excitation of SPW by grating

One way to ensure this coupling is to use structured targets [21, 22], such as
periodic grooves, called gratings. In this scenario, see Fig.2.6, a laser pulse
impinging on the target interface with a given incidence angle θinc can excite
a SPW provided that the following phase matching conditions are satisfied
[1, 23,25]:

ωL = ωSPW , kL = kSPW ±m
2π

d
, (2.55)

where ωL(= ω) and kL are the frequency and wave-vector of the laser pulse,
kSPW the wave-vector of the SPW, d the grating’s period and m the diffraction
order.

Figure 2.6: Laser-grating coupling illustration where the laser beam is focused
thought an angle θinc over the interface of the plasma target with grating depth h
and period d.

For phase-matching to be ensured, the laser dispersion relation becomes:

kL sin θinc = kSPW ±m
2π

d
. (2.56)

In the following we restrict our study to the first order mode (m = 1) which is
the most intense. From the definition of nc we note that ω2

p/ω
2
L is equivalent

to n/nc. Using Eq.(2.45) in Eq.(2.56) we obtain that, in order to resonantly
excite a SPW at the vacuum-plasma interface, the laser incidence angle needs
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to satisfy the following equation:

sin θinc =

√
1− n/nc

2− n/nc

− λ0
d
. (2.57)

Moreover, for an over-dense plasma (n ≫ nc) and the dispersion relation
(Eq.(2.45)), the SPW phase and group velocities are slightly subluminal:

vϕ ≈ c[1− nc/(2n)] , vg ≈ c[1− 3nc/(2n)] . (2.58)

Given that SPW are waves with a longitudinal electric field component and
vϕ ∼ c, they are optimal for electron acceleration as they can trap electrons
and accelerate them up to high energies along the surface [38].

Blazed grating

Blazed gratings (BG) are used to optimize the coupling direction given that
they are designed to concentrate a great portion of energy of the incident light
in a specific mth diffraction order for a certain wavelength [77,78].

Figure 2.7: Schematic illustrations of (a) the blazed grating and (b) the Littrow
mount.

In Fig. 2.7(a), the incident light is directed at the grating at angle θinc
with respect to the grating normal, and is diffracted at angle −θm. The blazed
grating presents a saw-tooth profile where h denotes the groove’s depth, d the
distance between the grooves and ϕb the angle made by a groove’s longer side
and the plane of the grating here called "blaze angle". The specular reflection
from this blazed grating differs from the flat surface due to surface modulation;
in this case, the blaze angle must satisfy the so called blaze condition which
implies :

ϕb =
(θinc + θm)

2
. (2.59)
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As a consequence, the grating equation Eq.(2.54) becomes:

2 sinϕb cos (θinc − ϕb) = m
λB
d
, (2.60)

where λB is the "blaze wavelength" which corresponds to the wavelength where
the blazed grating should be most efficient.

The blazed grating has some restrictions considering that both the groove’s
depth and period are fixed. Indeed, h is given by h = d cosϕb sinϕb and d

depends on the resonance condition of the desired incident angle. However, BG
grant liberty on the blaze angle which determines the grooves shapes allowing
the triangular modulation to be either symmetric or asymmetric. These types
of gratings are useful because it is possible to know where the diffracted ray
goes from where the angle θinc is incident by exploiting optical geometry. In
blazed gratings, one chooses the blazed angle that enables the reflection to
coincide with the chosen diffraction angle. The same should apply for the
SPW excitation, maximizing the reflection along the propagation direction by
the same principle of diffraction. In fact, most commonly used blazed gratings
will only scatter the specular (m = 0) and the first (m = −1) diffraction orders,
whereas all other orders will be evanescent [79]. The scattered orders will be
excited asymmetrically due to the blazed effect of the slanted grating profile,
thereby coupling asymmetrically the incident light to the counter propagating
SPW along the periodic direction. When the asymmetrical effect is sufficiently
large, the SPW excitation becomes unidirectional [80].

However, most commercial blazed gratings [78, 81, 82] are fabricated in
the Littrow configuration (also known as auto-collimation) where the incident
and the scattered first order wave are equal, the periodic structure can thus
reflect the diffracted light back along the same path as the incident light (see
Fig.2.7(b)). In this case θinc = θm = θB which reduces the grating equation
to:

2 sin θB = m
λB(Litt)

d
, (2.61)

where λB(Litt) is the blaze wavelength in the Littrow mounting [78]. Maximum
efficiency is obtained when λ = λB(Litt) and decreases when departing from
this configuration [77].

Commercially, the use of Littrow configuration is convenient since the min-
imized angular deviation between the incident and the diffracted light allows
the design of very compact systems [76].
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2.2.2 SPW excitation in relativistic regime

SPW excitation resulting from high intensity ultra-short laser plasma inter-
action ≥ 1019 W/cm2 and ≤ 100fs) has been shown to be an efficient way
to increase the acceleration of high charge electron bunches along the plasma
surface up to ∼ 10MeV and ∼ 650pC [38–46].

Electron acceleration by SPW

A good analogy to visualize the principle of electron acceleration by a wave
is to envisage the electron as a surfer carried along by a sea wave. If the
surfer remains still, an incoming wave will only lift them up and down and
they will gain no energy in average as the wave passes by. But if the surfer
"catches" the wave by paddling to obtain a velocity close to the phase velocity
of the wave, the surfer will be pushed along by the wave gaining energy at
the wave’s expense. Similarly, the energy gain of an electron trapped by the
SPW will depend on the electron’s initial velocity and position when entering
the wave field. In this section, the energy gain will be estimated for a "lucky"
electron that satisfies particular and favourable conditions for the acceleration
and follows a specific trajectory among many. In reality, the injection of said
electron, or the way the electron acquires advantageous initial conditions, are
influenced by the presence of a laser pulse. The laser pulse resonantly excites
the SPW on the grating and the electron interacting with the SPW field will
oscillate with the laser frequency. Given that the local amplitude of the SPW
might be higher than that of the incoming laser, the electron’s quiver motion
will be faster than the electron thermal velocity [38].

This has been proven by previous studies that have shown the generation
of highly energetic and collimated bunches of relativistic electrons [42] from
the excitation of SPW by the interaction of ultra intense laser pulses (I >

1019 Wcm−2) with grating targets.

Figure 2.8: Electron acceleration by SPW. a)Image for a flat target, showing a
diffuse angular distribution of electrons. b)Image for a grating target irradiated at
the resonant angle for SP excitation, showing a highly collimated emission close to
the tangent at the target surface. Extracted from [67].
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We consider a similar geometry as in section 2.2.1 Fig.2.2 where the SPW
propagates in the laboratory frame S at the boundary between vacuum (x <
0) and a simple metal or a cold plasma (x > 0). We assume the electron
density profile to be ne = n0Θ(x) and the SPW a monochromatic plane wave
propagating in the y direction [38, 42, 43, 47, 73, 83]. The components of the
EM field can thus be written as:

Ẽy =ESPW

[
Θ(+x)e−qpx +Θ(−x)e+qvx

]
eikyy−iωt (2.62)

B̃z =
iω/c

qv
ESPW

[
Θ(+x)e−qpx +Θ(−x)e+qvx

]
eikyy−iωt , (2.63)

Ẽx =− ikESPW

[
Θ(+x)

e−qpx

qp
−Θ(−x)e

+qvx

qv

]
eikyy−iωt , (2.64)

where qv = k
(
ω2
p/ω

2 − 1
)−1/2 and qp = k

(
ω2
p/ω

2 − 1
)1/2 are the wave vectors

of the vacuum and plasma regions respectively and ESPW is the amplitude
of the longitudinal electric field (Ey) component at x = 0. Both Ey and Bz

are continuous at x = 0, however, Ex is discontinuous. Notice that ESPW is
the amplitude of the longitudinal field, Ey, parallel to the surface. By the
equations above we observe that the perpendicular electric field in vacuum Ex

is typically larger by a factor of ωp/ω and of the same order as the magnetic
field.

The field amplitudes can be transformed to a reference frame S’ that moves
with the SPW along the interface y. The frame S’ moves therefore with a
velocity equal to the SPW phase velocity vϕ = ω/k and we obtain:

E ′
y =Ey , (2.65)

B′
z =γ(Bz + βEx) , (2.66)

E ′
x =γ(Ex + βBz) , (2.67)

where β is defined in such a way that vϕ = βc and γ = 1/
√
1− β2. In this

frame, ky − ωt = k′y′ with k′ = k/γ and ω′ = 0, and the primed fields are
static.

Performing the Lorentz transformations listed in Eqs.(2.65-2.67) we get :

Ẽ ′
y =ESPW

[
Θ(+x)e−qpx +Θ(−x)e+qvx

]
eik

′y′ , (2.68)

B̃′
z =

iω2
p

kcω
ESPW

[
Θ(+x)e−qpx

]
eik

′y′ , (2.69)

Ẽ ′
x =− iγk

qp
ESPW

[
Θ(+x)

e−qpx

ω2
p/ω

2 − 1
−Θ(−x)e+qvx

]
eik

′y′ , (2.70)
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with qp = k/γ = k′. The magnetic field B′
z in the moving frame S’ vanishes in

the vacuum region (x < 0) and is discontinuous at the surface. The SPW field
is electrostatic in the S’ frame for x < 0 and is derived from the potential

ϕ′(x, y) =
iγ

k
ESPW

(
Θ(+x)e−qvx +Θ(−x)e+qpx

)
sin(k′y′) . (2.71)

The acceleration process takes place outside the plasma thus from now on
we will only concentrate on the vacuum region.

Figure 2.9: Illustration taken from [73] representing the electrostatic potential of
the SPW in the boosted frame. The thick line represents the electron’s downhill
motion.

In this region, the process can be described as the electron going down
the 2D potential energy hill U(x, y) = −eϕ′(x, y). As shown in Fig. 2.9, the
electron is initially at rest in the moving frame S’ at the top of the potential
hill (x = 0, y′ = π/2k′) with v′y = 0 and descends along the x = 0 plane to the
region where U ∼ 0. This is not the only possible trajectory but is the simplest
and is given as illustration. Note that v′y = 0 in S’ means that the electron
moves with an initial velocity vϕ in the laboratory frame S. As discussed in [38]
this initial velocity that allows the particles to be injected and phase locked in
the wave can be given by the E⃗x × B⃗z motion of the electrons due to the large
transverse fields. this mechanism is effective even if the set-up is such that the
amplitude of the parallel field is way below the wavebreaking condition.

The final kinetic energy of such an electron in the boosted frame S’ will be:

W ′ = Wmax ≡ 2eESPWγ/k , (2.72)
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which corresponds to the energy-momentum-four-vector

(
U ′
f ,p

′c
)
=
(
mec

2 +Wmax, 0, p
′
fy, 0

)
, (2.73)

with U ′
f =

(
p′2fyc

2 +m2
ec

4
)1/4. Assuming vϕ ≃ c and γ ∼ ωp/ω ≫ 1 the energy

gain Eq.(2.72) can be written as :

W ′ ≃ 2mec
2aSPW

ωp

ω
, (2.74)

with aSPW ≃ (eESPW/meωc) a dimensionless parameter. If aSPW ∼ 1 the
electron becomes relativistic, then W ′ ≫ mec

2 and in this limit U ′
f ≈ W ′ ≃

p′fyc.
Transforming back to the laboratory frame S, the energy gain becomes:

Uf = γ
(
U ′
f + βp′fyc

)
≃ 2W ′ωp

ω
= 4mec

2aSPW

(ωp

ω

)2
. (2.75)

Considering an electron with the same initial conditions as before but going
down the −x direction. This electron will have an energy W ′ = Wmax/2 and
an energy-momentum-four-vector :

(
U ′
f ,p

′c
)
=
(
mec

2 +Wmax/2, p
′
fx, 0, 0

)
, (2.76)

with U ′
f =

(
p′2fxc

2 +m2
ec

4
)1/2. In this case, the energy momentum in the labo-

ratory frame S will be:

(Uf ,pfc) ≃
(
γU ′

f , U
′
f , γU

′
f , 0
)
, (2.77)

so that the final energy Uf and emission angle ϕ are given by:

Uf = mec
2aSPW

(ωp

ω

)2
, (2.78)

tanϕ =
py
px

∼ γ . (2.79)

Figure 2.10: Graph of the emis-
sion angle ϕ of the electrons with
respect to the surface.

The more the electrons are energetic, the
more they are located along the surface as
shown in Fig.2.10
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2.3 Radiation by moving charges

As discussed in section 2.2.2, we are interested in studying the excitation of
SPW at increasingly higher laser intensity regimes for their potential of accel-
erating highly energetic and high charge electrons. It is a well known fact that
accelerated charged particles emit electromagnetic radiation. Therefore we are
interested in the eventual radiation emitted by the electrons accelerated via
the SPW mechanism. In this section we will discuss the radiation emitted

2.3.1 Classical Radiation Emission

Contrary to a charged particle at rest or at uniform motion, when a charge
is accelerated, their surrounding field start to "detach" from the charge and
propagate away. This "detachment" represents the radiation emitted. A more
detailed physical picture is presented in [84] (paragraph 2.4.1 p27). The emit-
ted radiation can be detected far away from the particles. For any observation
direction, the far field radiation can be calculated via the Liénard-Wiechert
potentials [85].

Liénard-Wiechert potentials

The electric and magnetic fields around a moving charge are described by the
Liénard-Wiechert scalar potential, Φ, and vector potential, A, in SI units, are
written as follows:

Φ(r, t) =
1

4πε0

[
e

(1− β · n)R

]
ret

, (2.80)

A(r, t) =
µ0c

4π

[
eβ

(1− β · n)R

]
ret

, (2.81)

where n is an unit vector in direction of the observation point and β = v/c.
The subscript ret indicates that the values inside the square brackets are eval-
uated at the retarded time:

tret = t− |r − r0(tret)|/c , (2.82)

and permits to take into account the relativistic retardation of the fields due
to the finite speed of light. We define n ≡ R/R with

R(tret) ≡ |r− r0(tret)| , (2.83)
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where r is the distance from 0 to the observation point P , r0(tret) the distance
of the particle on its trajectory from 0, as depicted in Figure 2.11.

Figure 2.11: Illustration of an electron trajectory, adapted from [85].

From the potentials Eq. (2.81) we find the fields E and B:

E(r, t) = −∇Φ− ∂

∂t
A , (2.84)

B(r, t) = ∇×A . (2.85)

The fields due to a point charge e moving with variable velocity β are:

E(r, t) =
e

4πε0

[[
n− β

γ2(1− β · n)3R2

]
ret

+
1

c

[
n×{(n− β)× β̇}
(1− β · n)3R

]
ret

]
, (2.86)

B(r, t) =
1

c
[n× E]ret , (2.87)

where β̇ = dβ/dtret. The electric field is divided into two separate terms:
"velocity fields" and "acceleration fields". The first square bracket represents
the velocity field, it does not contain β̇ and represent the static fields falling off
as R−2. On the other hand, the second term denoting the acceleration fields,
also known as radiation fields, is proportional to β̇ and is independent from
the first term. Therefore, in the following we will only consider the radiation
field:

Ea =
e

4πε0c

[
n×{(n− β)× β̇}
(1− β · n)3R

]
ret

. (2.88)

The instantaneous energy flux in the direction n is given by the Poynting
vector

S =
1

µ0

E×B =
1

µ0c
|Ea|2n , (2.89)

from which we obtain the radiated power P emitted per unit solid angle dΩ:

dP (t)

dΩ
= [S · n]retR2 , (2.90)
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namely, the energy per unit area per unit time detected at an observation point
at time t of radiation emitted by the charge at time tret.

For relativistic motion the acceleration fields depend on the velocity as
well as the acceleration. The radial component of Poynting’s vector can be
calculated to be :

[S · n]ret =
e2

16π2ε0c

[
|n×{(n− β)× β̇}|2

(1− β · n)6R2

]
ret

. (2.91)

From this equation we can deduce two types of effects on the angular distri-
bution: one is the effect of the spatial relationship between β and β̇ ; and the
other effect arises from the transformation from the rest frame of the particle
to the observer’s frame and manifesting itself by the presence of the factors
(1−β ·n) in the denominator. For ultra-relativistic particles, the latter effect
dominates the whole angular distribution.

Since the spectrum is represented in terms of frequencies at a detector, we
now consider how the radiated energy is distributed in frequency. The general
form of the power radiated per unit solid angle is given by:

dP (t)

dΩ
=

e2

16π2ε0c

[
|n×{(n− β)× β̇}|2

(1− β · n)6

]
ret

≡ |A(t)|2 , (2.92)

where for simplicity of notation we define

A(t) =

(
e2

16π2ε0c

)1/2

[REa]ret (2.93)

=

(
e2

16π2ε0c

)1/2
[
|n×{(n− β)× β̇}|

(1− β · n)3

]
ret

. (2.94)

The Fourier transform A(ω) of A(t) is:

A(t) =
1√
2π

∫ ∞

−∞
A(ω)eiωtdt ; A(ω) =

1√
2π

∫ ∞

−∞
A(t)e−iωtdω . (2.95)

Using the Fourier integral and its complex conjugate in Eq.(2.92), the power
distribution becomes:

dP (t)

dΩ
=

1

2π

∫ ∞

−∞
A(ω)e−iωt ·A∗(ω′)eiω

′tdωdω′ . (2.96)

Integrating this equation over time t gives the energy radiated per unit solid
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angle:

dW

dΩ
=

∫ ∞

0

dP (t)

dΩ
dt =

∫ ∞

−∞
|A(ω)|2dω (2.97)

=

∫ ∞

0

[
|A(ω)|2 + |A(−ω)|2

]
dω . (2.98)

Since A(t) is real, A∗(−ω) = A(ω) and so the two terms in the integral are
identical:

dW

dΩ
= 2

∫ ∞

0

|A(ω)|2dω ≡
∫ ∞

0

dI

dΩ
dω . (2.99)

The integrand dI/dΩ defines the total radiation received per unit frequency
per unit solid angle during the entire pulse of radiation :

d2I

dΩdω
= 2|A(ω)2| , (2.100)

where

A(ω) =

(
e2

32π3ε0c

)1/2 ∫ ∞

−∞

[
n×{(n− β)× β̇}

(1− β · n)3 eiωt

]
ret

dt . (2.101)

In the charge reference frame, with tret being the charge proper time, the
radiation power reads:

dP (tret)

dΩ
= (S · n)R2 dt

dtret
(2.102)

= (S · n)R2(1− β · n) (2.103)

=
e2

16π2ε0c

[
|n×{(n− β)× β̇}|2

(1− β · n)5R2

]
. (2.104)

Therefore changing the variable of integration from t to tret we get :

A(ω) =

(
e2

32π3ε0c

)1/2 ∫ ∞

−∞

[
n×{(n− β)× β̇}

(1− β · n)2 eiω(tret−R(tret)/c)

]
dtret .

(2.105)
For the spectrum in the radiation zone (r ≫ r0), n is time-independent and
R(tret) ≃ r− n · r0(tret), then the energy radiated by unit solid angle per unit
frequency interval is:

d2I

dωdΩ
=

e2

16π3ε0c

∣∣∣∣∣∣
∫ ∞

−∞

n×
[
(n− β)× β̇

]
(1− β · n)2 eiω(tret−n·r0(tret)/c)dtret

∣∣∣∣∣∣
2

(2.106)
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Figure 2.12: Illustration of synchrotron emission [84].

In the case of multiple particles, a sum of amplitudes Ak(ω) should be done
over all Ne particles with qk, βk, rk, β̇k being respectively the charge, position,
velocity and acceleration of the kth particle: [86]:

A(ω) =

(
e2

32π3ε0c

)1/2 Ne∑
k=1

∫ ∞

−∞
qk

[
n×{(n− βk)×β̇k}

(1− βk · n)2
eiω(tret−n·rk/c)

]
dtret .

(2.107)

Unfortunately, the integral in Eq. (2.106) is intractable in practice for most
cases. However, it is possible to show that the amount of radiation in the trans-
verse direction exceeds that of the parallel one by the factor of γ2. Therefore
for an ultra-relativistic particle (γ ≫ 1), we can approximate the radiation as
coming from a particle on an instantaneous circular path with the curvature
ρ−1 = 1/v̇⊥ (see fig. 2.12). Moreover, the radiation is emitted in a cone with
an opening angle γ. Therefore, for a particle radiating during propagation
along a curved trajectory, an observer in a direction n⃗ will see a burst of radi-
ation, which will not interfere with previously emitted radiation. This yields
the so-called synchrotron spectrum



Chapter 2 35

d2Isync

dωdΩ
=

e2

12π3ε0c

(ωρ
c

)2 (
γ−2 + θ′2

)2 [
K2

2/3(ξ) +
θ′2

γ−2 + θ′2
K2

1/3(ξ)

]
,

(2.108)
with K1/3 and K2/3 being the modifies Bessel functions of the second kind, θ′

the angle between n and β, and

ξ =
ωρ

3c

(
γ−2 + θ′2

)3/2
, (2.109)

is the normalized frequency. Since the spectrum depends only on ξ, the syn-
chrotron spectrum has the same shape regardless of the particle’s energy. The
shape of this spectrum depends only on the radius of curvature ρ. Assuming
that there is only a magnetic field B, the radius of curvature would be:

ρ =
meγβ

2c

e |β ×B| . (2.110)

Due to the properties of the modified Bessels functions, the intensity of
radiation is negligible for ξ ≫ 1. This occurs for larger opening angle: the
greater the frequency, the smaller the critical angle beyond which radiation
will be negligible. This shows that the radiation is mainly confined in the
plane containing particle motion. Radiation can be neglected for all angles at
frequencies exceeding the critical value ωc, defined by ξ = 1 and θ′ = 0:

ωc = 3γ3(c/ρ) . (2.111)

The use of synchrotron radiation as a model of radiation is only valid
for high-energy particles and particle dynamics on timescales shorter than
t ≤ βc/ρ.

2.3.2 Radiation Reaction

At extreme laser intensities, charged particles become ultra relativistic and
experience strong acceleration. As a consequence, they will emit large amounts
of electromagnetic radiation which will lead to an effective friction force on the
particle. Said influence of the electron’s own radiation emission onto its own
motion is called radiation reaction [56] and can become essential in the ultra
relativistic regime as it can strongly influence the dynamics of the radiation
charges [87]. Indeed, the loss of energy and momentum during the radiation
emission causes a radiation reaction force in the opposite direction of motion
which can significantly modify the trajectory path of the electron. At laser
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intensities of I > 1023 W/cm2, the effect of radiation reaction prevails within
a single laser period [88]. In the regime where quantum effects are negligible,
radiation reaction is best described by the Landau-Lifshitz equation, which
reads:

dp

dt
= −e(E+ v ×B) + Frad , (2.112)

where Frad is the radiation reaction force given by:

Frad = e (E+ β ×B) + eτ0 γ

(
dE

dt
+ β × dB

dt

)
+ τ0 [(β · E)E−B× (E+ β ×B)]

− τ0 γ
2
[
(E+ β ×B)2 − (β · E)2

]
β . (2.113)

where τ0 = e2

6πme
. In the ultra-relativistic regime, this simplifies to

dp

dt
= FL − 2

3

e4γ

m3
ec

5
p

(
E⊥ +

p

γmec
×B

)2

. (2.114)

Quantum radiation regime

Quantum radiation effects emerge when the field strength in the emitted par-
ticle reference frame gets close to Schwinger limit. This limit is defined by the
Schwinger field which is the electric field necessary to bring a work of 2mec

2

over the electron Compton wavelength λc = ℏ/mec. It reads

Es =
m2

ec
3

eℏ
≃ 1.32× 1018 V/m (2.115)

and corresponds to an intensity Is ≃ 1029 W/cm2. Writing the ratio E/Es in
a Lorentz invariant way, we obtain the quantum dynamical parameter for the
electron:

χ =
γ

Es

√
(E+ v ×B)2 − (v · E)2/c2 , (2.116)

where γ = E/(mec
2). As explained, χ controls for the importance of quan-

tum effects. For χ ≪ 1, the interaction between the laser and the particle is
purely classical while for χ ≳ 1, the interaction is quantum-dominated [89].
The quantum and classical descriptions agree when χ≪ 1.

In the quantum regime, radiation reaction can no longer be described by a
classical force. Instead, while propagating in a strong external field, a charged
particle has a probability of emitting a high energy photon and experiencing
stochastic recoil. This phenomenon is called nonlinear Compton scattering [90]
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and has a probability given by:

d2NnCs

dtdγγ

∣∣∣∣
χ

(γγ, γ) =
2

3

α2

τe

G̃(χ, χγ)

γγγ
, (2.117)

where τe = re/c the time for the light to cross the classical radius of the
electron, α the fine-structure constant and:

G̃(χ, χγ) =

√
3

2π

χγ

χ

[∫ +∞

ν

dyK5/3(y) +
3

2
χγν K2/3(ν)

]
, (2.118)

with ν = 2χγ/[3χ(χ − χγ)] where χ and χγ are respectively the quantum
parameter for the electron and photon, respectively. The quantum parameter
of the photon reads:

χγ =
γγ
Es

√
(E+ (c×B)2 − c · E)2/c2 , (2.119)

with c the photon speed and γγ = Eγ/(mec
2) where γ is the energy of the

radiating electron. Right after the emission of a photon, χ and χγ are related
as:

χγ

χ
=
γγ
γ
. (2.120)

The instantaneous radiated power energy spectrum is then:

dPinst

dγγ
= PαG̃(χ, χγ) , (2.121)

with Pα = 2α2mec
2/(3τe) and Pinst the instantaneous radiated power given by:

Pinst = Pαχ
2g(χ) , (2.122)

and g(χ) the quantum correction:

g(χ) =
9
√
3

8π

∫ +∞

0

dν

[
2ν2

(2 + 3νχ)2
K5/3(ν) +

4ν(3νχ)2

(2 + 3νχ)
K2/3(ν)

]
. (2.123)
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Numerical simulations serve to bridge the gap between theoretical studies
and experimental results. Indeed, physical systems, such as plasma, are too
complex to be described solely by analytical solutions. A numerical approach
is therefore preferable when modeling laser-plasma interaction. Moreover, due
to non-linear nature of relativistic laser induced plasma processes, the devel-
opment of laser-plasma accelerators requires precise numerical modeling.
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One effective and universal way to simulate such complex modeling is
through the Particle-In-Cell (PIC) method, which gives the kinetic description
of a plasma by coupling the Vlasov equation with the Maxwell’s equations in
order to study the evolution of an ensemble of particles statistically through
their distribution function. In particular, we will focus on the Smilei code
(acronym for Simulation of Matter Irradiated by Light at Extreme Intensi-
tites) which is a massively parallel open-source PIC code [55]. For a deeper
insight into the PIC method, the reader is referred to [91,92].
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3.1 Kinetic description

The kinetic description of a collisionless plasma relies on the knowledge of
the position and momentum of each particle composing the plasma. In this
approach, each particle species s, charge qs and mass ms is defined by a dis-
tribution function fs(t,x,p) which correlates their position x and momentum
p distribution in the six dimensional phase space at time t. The distribution
fs obeys the Vlasov equation:(

∂t +
p

msγs
· ∇+ FL · ∇p

)
fs(t,x,p) = 0 , (3.1)

where γs =
√

1 + p2/(m2
sc

2) is the relativistic Lorentz factor and FL the
Lorentz force acting on the particles:

FL = qs(E+ v ×B) . (3.2)

In the Vlasov theory of a plasma, the fields E(t,x) and B(t,x) are obtained
self-consistently via the Maxwell’s equations:

∇ ·E = ρ/ϵ0 , (3.3)

∇ ·B = 0 , (3.4)

∇×E = −∂tB , (3.5)

∇×B = µ0 (J + ϵ0∂tE) . (3.6)

with ϵ0 the vacuum dielectric permittivity and µ0 the magnetic permeability.
The source terms, the charge ρ(t,x) and current J(t, r) densities, are given by:

ρ(t,x) =
∑
s

qsns(t,x) (3.7)

J(t,x) =
∑
s

qsns(t,x)Vs(t,x) , (3.8)

where the sum runs over all the plasma species. The total density ns(t,x) in
the coordinate space and mean velocity Vs(t,x) are obtained by integrating
over the phase space:

ns(t,x) =

∫
fs(t,x,p) dp (3.9)

Vs(t,x) =
1

ns

∫
vfs(t,x,p) dp , (3.10)

with v = p/(msγ).
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3.2 Fundamental aspects of the PIC algorithm

3.2.1 Macro-particles

The PIC method consists in solving the Vlasov-Maxwell system of equations
(3.1)-(3.6) by discretizating of the distribution function fs(t,x,p) as a sum of
Ns macro-particles.

fα(t, r,p) =
Ns∑
p=1

wp

Vc
S(x− xp(t))δ(p− pp(t)) , (3.11)

where Vc is the hypervolume of a cell, S(x) the shape-function of the macro-
particle centered in its position xp(t), δ the dirac distribution and xp and
pp are the position and momentum of the p-th particle. Each macro-particle
represents a statistical sample of the plasma particles. The macro-particle
weight wp is defined as

wp = Vc
ns(xp, t = 0)

Ns(t = 0)
, (3.12)

with ns the specified initial density of the plasma at the p-th particle position.
From Eq.(3.12) it should be noted that a larger number of particles Ns in
the simulation would lead to a more accurate description of the local density
variation.

By introducing Eq.(3.11) in the Vlasov Eq.(3.1), we obtain for each macro-
particle its relativistic equations of motion:

dxp

dt
=

pp

msγp
, (3.13)

dpp

dt
=

qs
ms

(
Ep +

up

γp
×Bp

)
, (3.14)

where up = pp/ms is the reduced momentum and γp =
√

1 + u2
p their corre-

sponding Lorentz factor. In PIC codes, the Vlasov’s equation is thus integrated
along the continuous trajectories of these macro-particles. On the other hand,
the electromagnetic fields are interpolated at the particle’s position:

Ep =
1

Vc

∫
S(x− xp)E(x)dx , (3.15)

Bp =
1

Vc

∫
S(x− xp)B(x)dx , (3.16)

Whilst the electromagnetic fields are discretized onto a staggered grid, the
macro-particles are free to move in all directions.
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3.2.2 Time and space discretization

In Smilei , the Maxwell equations are solved using the Finite Difference Time
Domain (FDTD) technique. This technique, introduced by Kane Yee in 1966
[93], solves the Maxwell equations by discretizing space and time into a struc-
tured grid called the Yee lattice where the spaces between consecutive grid
points are referred to as cells. The electromagnetic fields (E,B) are evaluated
at each point of the grid, the fields then evolve at discrete time steps making
it possible to trace the time evolution.

Figure 3.1: Positions of the field components in a unit cell of the Yee’s lattice in a
3D staggered grid

Each point on the uniformly spaced rectangular 3D grid (see Figure 3.1) can
be expressed by the coordinates:

(x, y, z)i,j,k = (i∆x, j∆y, k∆z) ,

where i, j and k are integers and ∆x,∆y and ∆z are the space increments along
each Cartesian axis. The computational time is similarly uniformly discretized
with a ∆t time step as t = n∆t where n is an integer. An arbitrary function
of space and time can be therefore be written as:

u(x, y, z; t) = u(i∆x, j∆y, k∆z;n∆t) = uni,j,k , (3.17)

which represents a component of the electromagnetic fields (Ex, Ey, Ez, BX , By, BZ).
Moreover, the temporal and spatial derivatives of these fields are approximated
from their Taylor developments to the second order. As a consequence, the
temporal derivative of u at a time n and point (i, j, k) is obtained by centered
finite difference approximation:

∂tu
∣∣∣
i,j,k

=
u
n+1/2
i,j,k − u

n−1/2
i,j,k

∆t
+Θ

(
[∆t]2

)
, (3.18)



Chapter 3 43

as well as the spatial derivatives of u at the same point :

∂xu
∣∣∣
j,k,n

=
uni+1/2,j,k − uni−1/2,j,k

∆x
+Θ

(
[∆x]2

)
(3.19)

∂yu
∣∣∣
i,k,n

=
uni,j+1/2,k − uni,j−1/2,k

∆y
+Θ

(
[∆y]2

)
(3.20)

∂zu
∣∣∣
i,j,n

=
uni,j,k+1/2 − uni,j,k−1/2

∆z
+Θ

(
[∆z]2

)
. (3.21)

As illustrated in Fig. 3.1, the three components of the electric field are sampled
at the center of the cube’s edges whereas the magnetic field components, which
are normal to each grid cell, are sampled at the center of a grid face. This way
each magnetic field component is surrounded by four electric field components
and conversely each electric field component in turn will be surrounded by
four magnetic field components. Furthermore, the computed E and B fields
are staggered with respect to each other in time and space by a half-time and
half-spatial step.

For example, taking a closer look to the grid cell layout for a two-dimensional
transverse electric polarization mode where E field is in the xy plane and B

field in the z−direction.

The finite-difference Maxwell’s equations for the electric field become :

Ex|n+1
i+1/2,j − Ex|ni+1/2,j

∆t
= c

Bz|n+1/2
i+1/2,j+1/2 −Bz|n+1/2

i+1/2,j−1/2

∆y
− 4πJx|n+1/2

i+1/2,j , (3.22)

Ey|n+1
i,j+1/2 − Ey|ni,j+1/2

∆t
= −c

Bz|n+1/2
i+1/2,j+1/2 −Bz|n+1/2

i−1/2,j+1/2

∆x
− 4πJy|n+1/2

i,j+1/2 , (3.23)

and the magnetic field on the other hand becomes:

Bz|n+1/2
i+1/2,j+1/2 −Bz|n−1/2

i+1/2,j+1/2

∆t
= −c

Ey|ni+1,j+1/2 − Ey|ni,j+1/2

∆x
+c

Ex|ni+1/2,j+1 − Ex|ni+1/2,j

∆y
.

(3.24)

The electric field E is calculated at time step t = n∆t and its time evolu-
tion from n to n + 1 is calculated using the magnetic field B which has been
computed at a previous time step t =

(
n+ 1

2

)
∆t. Indeed, Yee’s scheme em-

ploys the so called leapfrog algorithm, a time evolution method in which the
interleaved EM fields are solved one after another in an alternating manner.
The evolution of these fields in time describes the propagation of an electro-
magnetic wave in the considered environment.



44 Chapter 3

3.2.3 Initialization

The initialization in Smilei starts with the user defining the number of macro-
particles Ns, the mean velocity Vs, the spatial profiles for the particle density
ns and the initial temperature Ts for each species s. The code will then ran-
domly distribute the particles positions xp within each cell, where the density
is non null, and randomly sample the particles momentum according to the
distribution function requested by the user. Once all the particles have been
created, the total charge and current densities are computed by projecting the
weight and shape function of each macro particle onto the grid:

ρtotal(x, t = 0) =
∑
s

∑
p

qswp

Vc
S(x− xp(t = 0)) . (3.25)

From the initial charge and current distribution, the code computes the initial
electromagnetic field as the initial electric fields is obtained by solving the
Poisson equation (3.3). At the end of this initialization stage, all the macro
particles are created and the fields are computed over the whole simulation
grid. The algorithm can then enter the second phase of the PIC code which
consists in loop which solves the Maxwell-Vlasov model over a fixed number
of time-steps with duration ∆t.

3.2.4 The PIC Loop

As illustrated in Figure 3.2, the PIC loop can be essentially decomposed into
four main steps:

1. Interpolating the fields from the particle positions.

2. Computing the new positions and velocities of the macro-particles.

3. Projecting the new charge and current densities on the grid.

4. Computing the new electromagnetic fields on the grid.

The fields will then be interpolated once again and so on in a continuous
loop. The main steps to advance from time-step n to time-step n + 1 will
be briefly presented in the following, however, for a more in depth and de-
tailed description of each of the four main steps refer to [55, 94] or the online
Smilei documentation.
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Figure 3.2: Representation of a Smilei loop.

Step 1: Fields interpolation

As mentioned in section 3.2.2, at time-step n, the fields En and B(n+1/2) have
been calculated on the Yee grid. The particles position are defined at integer
time-step n while the velocities are computed at half-integer time-step n−1/2.
The interpolated fields at time-step n are given by

E(n)
p =

1

Vc

∫
d3xS(x− x(n)

p )E(n)(x) , (3.26)

B(n)
p =

1

Vc

∫
d3xS(x− x(n)

p )B(n)(x) , (3.27)

using the time centered magnetic field at time-step n

B(n) =
1

2

(
B(n− 1

2
) +B(n+ 1

2
)
)
. (3.28)

Step 2: Particles pusher

From step 1, the new macro-particles momentum and positions can be obtained
from the interpolated fields. While different particle pushers are implemented
in Smilei (such as the Boris pusher, the Vay pusher and the Higuera and Cary
pusher), they all compute the new particle momentum and position according
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to:

u
n+ 1

2
p = v

n− 1
2

p +
qs
ms

∆t

[
En

p +
v
n+ 1

2
p + v

n− 1
2

p

2
×Bn

p

]
, (3.29)

xn+1
p = xn

p +∆t
u
n+ 1

2
p

γp
, (3.30)

with ∆t denoting the duration of a time-step.

A comprehensive comparison between the different particle pushers is found
in [95] where a discretized version of the above mentioned equation reads:

un+1 − un

∆t
=

qs
ms

[
E(n+ 1

2
) + v ×B(n+ 1

2
)
]
. (3.31)

where v is the average velocity between two time-steps. The difference be-
tween the different approaches to advance particle positions in time lies in the
treatment of this average velocity.

The Boris method

The most commonly used scheme is the Boris pusher, which is a classical,
second order accurate leapfrog solver. In this method, the average velocity is:

v =
un+1 + un

2γn+1/2
. (3.32)

The Boris pusher conserves the phase space volume of the macro-particles
at non-relativistic velocities. However, at relativistic velocities, the Boris
method induces numerical error as it causes a change in velocity even when
E+ v ×B = 0.. The Boris particle pusher is used in the simulations per-
formed in Chapter 4 and Chapter 5.

The Vay method

In order to overcome the limitation of the Boris method at relativistic veloc-
ities since E × B velocity is not preserved, the Vay pusher [96] proposes an
adaptation in the Boris algorithm. In this method, the average velocity is
defined as

v =
un/γn + un+1/γn+1

2
, (3.33)

which effectively means using an averaged velocity instead of an averaged mo-
mentum in the calculation of the magnetic field. The Vay method should
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therefore give more accurate results for relativistic particles. The Vay particle
pusher is used in the simulations performed in Chapter 6.

Step 3: Current deposition

Once the particles new momentum and positions are updated, the new charge
and current distribution are projected on the grid. This current deposition is
calculated by a charge-conserving algorithm [97].

Step 4: Advancing electromagnetic field

In order to advance the electromagnetic field, the Maxwell-Ampère equation3.6
is solved first so as to advance the electric field on the grid:

E(n+1) = E(n) +∆t
[
(∇×B)(n+1/2) − J(n+1/2)

]
. (3.34)

Then, the Maxwell-Faraday’s equation (3.5) is solved to obtain the advanced
magnetic field:

B(n+3/2) = B(n+1/2) −∆t(∇× E)(n+1) . (3.35)

In the code the physical quantities are normalized as follows: the mass
and momentum of each species are in units of me (the electron mass) and mec

respectively. In our simulations the normalization length corresponds to the
laser wave length, λ0, and the time to the laser period, λ0/c.
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3.3 Radiation treatment in Smilei

As existing and upcoming laser facilities are working on increasing the laser
intensity and performing more complex experimental configurations featuring
multiple laser and/or particle beams, we approach relatively unexplored, ex-
treme plasma regimes where radiative and QED physics come into play and
might affect the plasma dynamics in a nontrivial manner.

In most numerical works performed with Particle-in-cell (PIC) codes, the
treatment of electromagnetic fields is dual. A schematic overview is presented
in Fig.3.3 which clearly separates two peaks depending on the emitted fre-
quency: a "coherency" peak and a "synchrotron peak".

Figure 3.3: Schematic representation of the typical EM-energy deposition. Figure
taken from [98].

The coherency peak is situated in the low frequency emissions where a grid
based approach is used as the radiation can be directly captured on the sim-
ulation grid. However, for high frequency emissions, whose frequencies can no
longer be resolved on the grid, a particle approach is used where the radiation
is approximated by synchrotron emission or non-linear inverse Compton scat-
tering depending on the importance of quantum effects. In the latter case, the
radiation is considered to be purely incoherent.

The pre-existing radiation models implemented in Smilei are only valid
for incoherent radiation. The difference lies in the nature of emission: either
continuous or discontinuous. The use of different treatments depends on the
quantum electron parameter χ (see Chapter 2.3.2) which we will recall in the
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following:

χ =
γ

Es

√
(E+ v ×B)2 − (v · E)3/c2 ∼ γ

E

Es

3.3.1 Classical to semi classical regime

When χ ≪ 1, the interaction between the laser and the particle is purely
classical. We remind that the deterministic equation of motion for the electron
is

dp

dt
= FL + Frad , (3.36)

with
Frad = −Pαχ

2g(χ)u/(uc2) . (3.37)

There are two models for computing the continuous radiation friction force.
For the classical radiation emission regime (χ ∼ 10−3), the appropriate model
to use is the Landau-Lifshitz model (LL) which is computed by taking
g(χ) = 1 in Eq.3.37. In this model, the RR is seen as a continuous energy
damping.
For the semi classical radiation emission regime (χ ∼ 10−2), the RR is more
accurately described by the corrected Landau-Lifshitz model (cLL) as the
LL model can be approximated for high Lorentz factors γ ≫ 1 with a minor
quantum correction g(χ). In addition to the continuous nature of emission,
the photons have energies much lower to the electron energies that emit them,
γγ ≪ γ.

3.3.2 Moderate to strong quantum regime

When χ ≫ 1, the interaction between the laser and the particle is quantum
dominated.

In the moderately quantum regime (χ ∼ 10−3−10−2), the stochastic nature
of photon emission starts to kick in, however, the energy of the emitted photons
is still small compared to the electron energy : γγ < γ but the photon energies
are no longer negligible γγ ≫ mec

2. In this case, it is possible to model the
electron dynamics using a stochastic differential equation [99]:

dp = −e(E+ β ×H)dt−mc2S(χ)β/(cβ2)dt

+ mc2
√
R(χ, γ) dW β/(cβ2) . (3.38)

where dW is a Wiener process of variance dt. This is called the Niel model.
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In the strong quantum regime (χ ∼ 1), electrons emit photons with an
energy close to the electron energy (γγ ∼ γ). In this case, the emission can no
longer be modelled with neither the Landau-Lifshitz equation, nor the previ-
ous stochastic differential equation. Instead, we use the Monte-Carlo (MC)
procedure to sample from the nonlinear Compton scattering probability dis-
tribution given in Eq. (2.117):

d2NnCs

dtdγγ

∣∣∣∣
χ

(γγ, γ) =
2

3

α2

τe

G̃(χ, χγ)

γγγ
, (3.39)

with G̃(χ, χγ) the quantum emissivity detailed in Chapter 2.3.1. Lets define
the variable ξ′ = χγ/χ = γγ/γ. The rate of photon emission can be obtained
by integrating Eq. (3.39) over all possible values of γγ, i.e. ξ′ = 0 to 1 :

dNnCS

dt
≡ 2αmec

2

3ℏ
c0(χ)

γ
, (3.40)

where the term c0 is obtained by integrating by parts the quantum emissivity
(see Eq. (2.118)):

c0(χ) =

√
3

2π

∫ 1

0

dξ′

1− ξ′
[
νK5/3(ν) + ξ′ 2K2/3(ν)

]
, (3.41)

with ν = 2χγ/[3χ(χ − χγ)]. In the Monte-Carlo model, the probability for
photon emission to occur in a non elastic event is given by:

P = 1− exp
(
− dNnCS

dt
T
)
, (3.42)

where T is the time of interaction between particles. The energy of the emitted
photon is computed as:

Eγ = mec
2γχγ/χ , (3.43)

and the electron momentum directly after emission is then updated in the
pusher using momentum conservation and considering forward emission:

dp = −Eγ
c

p

∥p∥ , (3.44)

which is valid when γ ≫ 1. The resulting force takes into account the recoil
experienced by the electron which is induced by the photon emission. As such,
the radiation reaction in the MC description is a discrete process. Neverthe-
less, it is important to note that this implementation does not conserve energy,
though the error on energy decreases with increasing electron energy and be-
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comes small for ultra relativistic electrons. Also, in between emission events,
the electron dynamics is still governed by the Lorentz force and its momentum
updated using the Boris (or Vay) approach.

Finally, the high energy photons obtained from Eq.(3.40) can in turn trans-
form into an electron-positron pair in the high intensity external field. This is
the multiphoton Breit-Wheeler pair creation process. However this phenom-
ena is not relevant for this work. The interested reader in a complete overview
of the Monte Carlo module implemented in Smilei is referred to [100].
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3.4 Towards Coherent Radiation treatment

As mentioned in section 3.3, a problem in most PIC codes is that they only
capture the radiation whose wavelength is resolved by the grid. As depicted
in Figure 3.3, the coherency peak and synchrotron peak are well separated
yet the coherent radiation is still not well described above a certain energy
threshold. In the intermediate regime where the emitted radiation frequencies
lie in between the limits of the grid and the particle approach, the coherent
radiation that is not accounted for can drastically change the spectral data at
lower frequencies which could give an overestimation of the energy emitted at
high frequencies. This problem arises when studying laser-plasma interaction
at the intermediate laser regime where photons are emitted at low energies and
the duration of emission is smaller in comparison with the time it takes for the
fields to change. In this case, the probability of photon emission depends on the
trajectory of the electron. The low frequency photons have longer wavelengths
and take more time to form as the formation of photons no longer depend on
the instantaneous values of the electrons. Furthermore, the frequencies are
no longer valid in the CFL approximation leading to coherent effects during
emission. Another issue is that besides the temporal coherence, the correla-
tion between the distance separating two electrons and the wavelength of the
photon formation becomes non negligible. In order to capture this radiation
in PIC codes one could for example increase the resolution but this comes at
a great computational cost. The goal is therefore obtain the spectral data
beyond the resolution limit imposed by the grid resolution of the simulation.

The interest of capturing coherent radiation in PIC codes has been steadily
growing in the community with diagnostics already implemented in PICon-
GPU [101] and in OSIRIS [102]. In PIConGPU, they introduced a form
factor formalism that permits to determine the radiation of discrete elec-
tron distributions in order to compute coherent and incoherent radiation self-
consistently [103]. The OSIRIS code has two different implementations to
obtain the coherent radiation: a post-process tool which saves the particle tra-
jectories so as to determine the energy and spectrum of the radiation emitted
by these particles [104]; and more recent, a run-time diagnostic that uses the
simulation data at each time step to compute the radiation [105]. Inspired by
the method featured in [103], we propose the implementation of a diagnostic,
based on the Lienard Wiechert potentials (see Chap.2.3.1) complementing the
pre-existing radiation modules Smilei .
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3.4.1 Radiation from orbits in a test particle python code

As a first approach we developed a test particle code in python where we
treat one single electron (the code is given in Appendix C). Lets assume the
trajectory of a relativistic electron as showcased in Figure 3.4, the electron
emits radiation at time t and is detected at tret = tsim +R/c by the detector.

Figure 3.4

For a detector far away, the EM fields associated to the radiation emitted by
this accelerated electron can be described by the Liénard-Wiechert potentials
as:

E(r, t) =
e

4πε0c

[
n×{(n− β)×β̇}
(1− β · n)3R

]
ret

and B(r, t) =
1

c
[n× E]ret . (3.45)

The energy radiated per unit solid angle per unit angular frequency is:

d2I

dΩdω
=

e2

16π3ε0c

∣∣∣∣∫ +∞

−∞

[
RE · eiωt

]
ret
dt

∣∣∣∣2 . (3.46)

In the following, two methods for solving this equation numerically will be
presented.

Method 1: post-processing the particle trajectory.

In this method, the emitted radiation is calculated from the electron’s position
and momentum.

1.- In a first step, we compute the electric field on the detector from the elec-
tron’s trajectory. This essentially corresponds to calculating A(t) (Eq.(2.92)
in Chapter 2.3.1) at the time of the detector:

A(t) =

(
e2

16π2ε0c

)1/2
[
|n×{(n− β)× β̇|

(1− β · n)3

]
ret

.
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As the electron’s momentum is known, we can calculate E using

β = up/γ and β̇ =
1

γ
u̇p −

1

γ2
upγ̇ , (3.47)

where the derivatives are obtained by dividing the discrete difference by the
timestep dt. The unit vector n is given by subtracting the electron’s known
position from the fixed pre-determined position of the detector.

2.-The tricky part is how to overcome the hurdle of the time retardation.
Indeed, the fields emitted by each particle will arrive on the detector in the
lab frame. However, even if two particles emit at the same time, the lab time
differential between two events of emission is not constant and thus the field
on the detector is not uniformely spaced. Therefore, we can not sum together
the fields from the different electrons using a common time sequence nor effec-
tuate a Fourier transform of the temporal function of the field. One solution
is to calculate the retarded time for each point and then perform a high rate
interpolating of the field on the grid points of the detector. As a consequence
we obtain the radiated energy per unit solid angle at the electron’s time of
emission A(tret).

3.- Once we have A(tret), we perform a fast Fourier Transformation over
the whole trajectory. FFT [A(tret)] from which we obtain the A(ω) (see Chap-
ter 2.3.1).

4.- The square modulus of A(ω) gives the energy as

d2I

dΩdω
= 2|A(ω)|2 .

The downside of this method is that one would have to store the elec-
trons trajectory which can be very computational costly in terms of memory
requirements.

Method 2: computing the far field radiation directly for each timestep.

This method, which is the one that ultimately has been implemented in Smilei ,
avoids the storage of the trajectories. Indeed, in this method, we directly cal-
culate the A(t)eiω(tsim+R/c) arriving at the detector at the retarded time at each
time step. The spectrum is then obtained by plotting the square module of
the sum of the field at the detector over the range of frequencies over which
the particle radiates.
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Example : Electron initially at rest.

Let us assume an elliptically polarized plane wave travelling in the +x direc-
tion. The EM fields are written as following:

Electric field:
Ex = 0

Ey = a0δ sinϕ

Ez = −a0
√
1− δ2 cosϕ

Magnetic field:
Bx = 0

By = −Ez

Bz = Ey

(3.48)

where a0 is the laser strength, δ the laser polarization where δ = ±1, 0 ren-

ders a linear polarization while δ = ±1./
√
2 a circularly polarization, and

ϕ = t− x+ φ with φ a constant phase angle.

The virtual detector position is determined as

Xd = R cos θd sinϕd

Yd = R sin θd sinϕd

Zd = R cosϕd

We consider a linearly polarized plane wave propagat-
ing in +x-direction and polarized in z. The detector
is placed along z (θd = π/2 and ϕd = 0). As shown in
Figure 3.5 of the radiated intensity as a function of ω
observed at the detector for one electron, both meth-
ods (with red representing the outcome of method one
and blue of method two) overlap and predict that the radiation is in the xz
plane with no emission in ŷ.

Figure 3.5: The energy radiated per unit solid angle per unit angular frequency as
a function of frequency for method 1 (red line) and method 2 (blue line) for a0 = 3.
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3.4.2 Implementation in Smilei of in situ radiation calcu-

lation

In this section we show the first steps that have been taken for the implemen-
tation of an in situ coherent radiation treatment in Smileiwhich consists in
calculating:

d2I

dωdΩ
=

e2∆t

16π3ε0c

∣∣∣∣∣∣∣∣∣
Nt∑
k=0

Np∑
p=1

n×
[
(n− βk,p)× β̇k,p

]
(1− βk,p · n)2︸ ︷︷ ︸

A(t)

eiω·tdet

∣∣∣∣∣∣∣∣∣
2

, (3.49)

with tdet = ∆t × tsim + Rdet/c the time at the detector where tsim is the sim-
ulation time and ∆t the time resolution. Moreover, βk,p and β̇k,p respectively
the velocity and acceleration of the particle p at time t = ∆t×k. The integral
over time in Eq.2.106 in Chapter 2.3.1 becomes a sum over all macro particles
Np and all sampled times Nt with timestep ∆t.

We remind that for each macro particle, the Smilei code saves seven double,
i.e. their positions (x, y,z), momenta (ux, uy, uz) and their particle weight (wp).
These values are overwritten at each timestep. In order to solve Eq. (3.49) we
need β and β̇ for which we need to save three additional double saving the mo-
mentum at the previous timestep (see Eq.(3.47)). For each particle species we
have a boolean that if true, will save the old momentum for each macro-particle
of the selected species. The motion of these selected macro-particles is then
calculated by the pusher. For each macro-particle with bool=True, the for-
mula for A(t) will be calculated at each timestep. The radiation contribution
is added to the global memory of the simulation. Since the fields are calculated
independently from the pusher, the pusher is not modified and therefore this
implementation is compatible with all the pusher methods available in Smilei .

In the input file, the user defines the frequency range over which they expect
the particle to radiate:

nw = 1024
w_crit = 3 . / 2 .∗gamma∗∗4/np . s q r t (gamma∗∗2−1)
f_max = 10 .∗ w_crit
f_min = 0.1∗ w_crit

with nw the number of points. The user also defines the position of the virtual
detector. The detector’s geometry can be changed.

theta_det = pi /4 .
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phi_det = −pi /2
distance_det = 1 . e3
Xd = distance_det ∗np . cos ( theta_det )∗np . s i n ( phi_det )
Yd = distance_det ∗np . s i n ( theta_det )∗np . s i n ( phi_det )
Zd = distance_det ∗np . cos ( phi_det )

The radiation model, provisionally named "diag-LW-radiation" is defined in
the species block:

Spec i e s (
name = ' e l e c t r on ' ,

. . .
radiat ion_model = "diag−LW−r ad i a t i on " ,

)

In order to add the new radiation diagnostic, the block DiagNewRadiation

must be included:

DiagNewRadiation (
s p e c i e s = [ " e l e c t r on " ] ,
d e t e c to r_pos i t i on = [Xd,Yd, Zd ] ,
radiat ion_frequency_extreme = [ f_min , f_max ,nw ]

)

For a simple example, we considered an electron in a constant magnetic
field. In Figure 3.6 we compared the trajectory (a) and d2I/(dωdΩ) spectrum
in each direction (b) for the outcome of the test particle code (blue) and
the Smilei simulation (red). Both figures overlap and reassures us that the
implementation is not giving erroneous results for a simple case.

Figure 3.6: (a) Trajectory of a single electron in a constant magnetic field (b)
the energy radiated per unit solid angle per unit angular frequency as a function of
frequency obtained from Smilei (red line) and the test particle code (blue line).



58 Chapter 3

3.5 Summary

In this chapter, we have presented briefly the SmileiPIC code, the existing
radiation models and the implementation of the coherent radiation model.
This implementation is still in the benchmark phase and needs to be further
worked on.

Figure 3.7: Even the fictional sidekick of Zerocalcare codes with Smilei .
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Exploiting SPW to obtain short
electron bunches
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In order to study the behaviour of Surface Plasma Waves (SPW) in the
ultra-relativistic regime, it is useful to understand beforehand how they be-
have both in the non relativistic and in the relativistic regime.

This chapter initially provides an insight on how to optimize the grat-
ing with the aim of improving the laser-plasma coupling, and thus enhancing
SPW excitation. Combining said improved grating with a laser possessing
Wave Front Rotation (WFR) constitutes the main principle behind the novel
scheme for tuning SPW and generating short electron bunches. The subse-
quent sections discuss the implications of this scheme.

59
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4.1 Optimization of the target for SPW acceler-

ation

Laser pulse parameters have been shown to influence SPW generation [44,66].
However, both the efficient excitation and propagation of SPW strongly depend
on the grating and surface properties. Indeed, as mentioned in Chap. 2.2.1,
gratings are particularly important for ensuring laser-plasma coupling.

4.1.1 Interaction set-up

Throughout this work, we performed 2D3V PIC simulations using the code
presented in the previous chapter, Smilei . The choice of performing 2D3V
simulations is dictated by the physical system as the matching condition for the
grating coupling scheme (see Chap. 2.2.1) determines the SPW wave vector,
kSPW, which is perpendicular to the grooves on the target surface. The SPW
will therefore propagate in a well defined direction. Moreover, 3D simulations
performed in preceding work [42] showed minor differences with respect to 2D
simulations but are numerically much more expensive which prohibit paramet-
ric studies. The use of 2D3V are therefore appropriate to investigate the basics
of SPW generation, electron acceleration and interpretation of experiments.

Figure 4.1: Simulation set-up

Parameter Values
Box size 39λ0 × 72λ0

∆x,y Spatial resolution λ0/128

∆t Time resolution 0.95∆x,y/
√
2

a0 Laser strength 0.1, 5.
θinc Incident angle 30◦

τL Pulse duration 10λ0/c

w⊥ Waist 5.2λ0

λ0 Laser wavelength 0.8µm

n0 Plasma density 20nc, 100nc

mi/me Mass ratio 1836

Ti/Te Temperature ratio 0.1

Te Electron temperature 50 eV
Particles per cell 16 electrons/ions

Table 4.1: Main parameters
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The interaction set-up is depicted in Figure 4.1 where a laser pulse im-
pinges onto an overdense plasma with density n0 ≫ nc. The simulation box is
39λ0×72λ0 (in the x-y directions) where the plasma lies in the (x, y) plane for
x ≥ 0 while the vacuum is defined for x < 0. Here, the laser pulse impinges
the plasma interface through an angle θinc in relation to the normal surface
along the x−direction. In this figure, the plasma interface consists of a par-
tially engraved target followed by a flat surface. The description of this mixed
grating will be explained in detail in section 4.1.3.

The spatial resolution is set to ∆x = ∆y = λ0/128 (= 0.00625µm), while
the temporal resolution is ∆t = 0.95 ∆x/

√
2 so as to satisfy 95% of the

Courant– Friedrich– Lewy (CFL) condition for the standard finite-difference
time-domain (FDTD) solver [106]. Every simulation cell contains initially 16

randomly distributed particles of each species (electrons and ions). The electro-
magnetic field boundary conditions are injecting/absorbing in x and periodic
in y. The particle boundary conditions in x are reflecting (left) or thermalizing
(right), and periodic in y.

The driven laser pulse is a P−polarized Gaussian pulse with a waist equal
to w⊥ = 5.2λ0 (= 4µm) and a pulse duration equal to τL = 10λ0/c (≃ 27fs)
[full-width-at-half-maximum (FHWM) in intensity]. The laser transverse pro-
file is Gaussian, F (y′) = exp(−y′2/w2

⊥) and its time profile is cos2: f(t) =

cos(πt/(2τL)) for |t| < τL and 0 otherwise.

The grating target, of thickness 3λ0, has an ion to electron mass ratiomi/(me) =

1836 and temperature ratio Ti/(Te) = 0.1 with Te = 50eV. It is important to
note that when increasing a0, a higher plasma density should be considered.
In our case, for a laser beam with frequency λ0 = 0.8µm, the plasma critical
density is equal to nc = 1.5× 1027m−3, meaning that nc = 1.5× 1027 electrons
m−3. Assuming higher ionization, the density would easily reach values of
n0 = 100nc and more. Our chosen values are typical in simulations and ex-
periments on SPW. For example, Refs. [42] and [43] use n0 = 50nc for a0 = 5,
while Ref. [45] assumes 4 times ionized gold which corresponds to n0 = 139ncr.
The main simulation parameters are recalled in Table 4.1.
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Another advantage of increasing plasma density is that it also increases the
SPW phase velocity. From the amplitude of the fields:

|Bz| = Bspw , (4.1)

|Ey| =
Bspw

vϕ
, (4.2)

|Ex| = Bspw

(√
1

v2ϕ
− 1

)
. (4.3)

From the ratio of the fields whose relation can be given as

Bz

Ey

=
Bspw

Bspw

vϕ (4.4)

Bz

Ex

=
Bspw

Bspw

1√
1/v2ϕ − 1

, . (4.5)

we can evaluate vϕ through the ratio Bz/Ex which gives:

vϕ =
Bz/Ex√

1 + (Bz/Ex)
2
. (4.6)

For a0 ≪ 1 we have:

Bz

Ey

=

√
2/η − 1

1/η − 1
, (4.7)

Bz

Ex

=
√
η , (4.8)

with η = n0/nc. Measuring the Bz/Ex ratio for different simulations with
a0 = 0.1 where we have increased the plasma density, we compared the phase
velocity resulting from this ratio (black triangles) to the theoretical prediction
of vϕ (solid blue line) in the following figure:
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Figure 4.2: Phase velocity as a function of the density n0/nc. The solid blue
line represents the theoretical prediction of vϕ while the black triangles are the vϕ
obtained via Smilei simulations for a0 = 0.1

We remind that in order to resonantly excite a SPW at the vacuum-plasma
interface using a grating coupling scheme, θinc is chosen such that:

sin θinc =

√
(n0/nc − 1)

n0/nc − 2
− λ0

d
,

with d the target periodicity. The resulting SPW is excited at the laser fre-
quency ω = ω0, and satisfies the dispersion relation, as given by the non-
relativistic cold-fluid model [23]:

c2kSPW
2

ω2
=
ω2
p/ω

2 − 1

ω2
p/ω

2 − 2
,

where ωp =
√
e2n/(ϵ0me) is the electron plasma frequency. Moreover, note

that for n0 ≫ nc, the SPW phase and group velocities are slightly subluminal:

vϕ → c

[
1− nc

2n0

]
and vg → c

[
1− 3nc

2n0

]
,

which makes SPW optimal for electron acceleration.

4.1.2 Adoption of a blazed grating

The grating profile shape plays an important role in the efficiency of the laser-
plasma coupling. As a matter of fact we have found, through a previous
extensive numerical study of the effect of the target profile on the SPW ex-
citation [107], that the best coupling is obtained for a blazed grating, as also
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suggested experimentally in [43].

With the aim of determining the efficiency of the blazed grating on laser-
plasma coupling, several 2D3V PIC simulations were performed using a laser
pulse with θinc = 30◦, impinging onto a solid target, n0 = 20nc, with varying
blazed angles, ϕb, ranging from 0◦ to 30◦. A laser intensity of a0 = 0.1 was
taken so as to neglect relativistic non linearities. In order to quantify the
maximum intensity of SPW, we take the z-component of the magnetic field,
noted BSPW or B̂SPW = eBSPW/(meω0), as representative of the SPW as all
the other field components are proportional to it. Indeed, as mentioned in
Chap. 2.2.1, when considering a target with n0 ≫ nc, the linear approximation
in the vacuum side yields

|Ex| ∼ c|BSPW| and |Ey| ∼ c|BSPW|
√
nc/n0 .

The results are shown in Fig. 4.3 where the maximum intensity of BSPW is
obtained for a blazed angle of ϕb = 13◦. Unless specified otherwise, all values
are taken near the end of the simulation, e.g. circa 20 cycles after the maximum
of the laser has reached the target.
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Figure 4.3: SPW intensity as a function of the blazed angle.

This numerical result is coherent with the results in [43] where they ob-
served an increase of up to 30% in the electron beam energy when comparing
the results obtained using a blazed target with a blazed angle ϕb = 13◦ to
those with a sinusoidal grating. Furthermore, note that this particular blazed
angle of ϕb = 13◦ corresponds to the Littrow ideal configuration for a laser
focusing on the target with an incident angle θi = 30◦ with respect to the
normal surface (see Eq. 2.61). Therefore, to optimize the SPW generation,
blazed gratings with ϕb = 13◦ were adopted for the following simulations.
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4.1.3 Mixed target profile

While gratings are primordial for SPW excitation, an additional improvement
on the interaction setup was made in an effort to enhance SPW propagation.
The proposed structure consists in using a mixed grating composed of a par-
tially engraved target followed by a flat surface. For the modulated grating
we use the aforementioned result of a grating with a blazed angle ϕb = 13◦,
a groove’s depth h = 0.44λ0 and with a periodicity of d = 2λ0. In order to
prove the superiority of said set-up, a systematic comparison of 2D3V PIC
simulations with different modulated targets have been carried out.
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Figure 4.4: The upper panels show the dispersion of the magnetic field for the (a)
fully modulated target and (b) mixed grating. The bottom panels (c) and (d) depict
a snapshot of SPW magnetic field at the target surface for (a) and (b) respectively.
All values are taken at t = 96τ0 for a0 = 0.1.



66 Chapter 4

A comparison between two of such targets with density n0 = 100nc is pre-
sented in Fig. 4.4 where the upper row shows the magnetic field dispersion
taken at the end of the simulation for (a) a fully modulated blazed target
and (b) the mixed grating. Here, the red-blue scale represents the normalized
magnetic field amplitude of the laser pulse impinging over the target. The
comparison between these two targets suggests that the use of this mixed sur-
face grating allows a better propagation of the SPW along the flat surface as
it efficiently mitigates the radiation losses due to scattering of the SPW off
the grooves when moving further away from the region where the laser-plasma
interaction occurs. Further proof of the mixed grating effectiveness is corrobo-
rated by comparing the SPW magnetic field, BSPW/a0, along the target surface
as depicted in the bottom row of Fig. 4.4 for the case with (c) a fully modu-
lated blazed target and (d) the mixed target. In the latter case, Fig. 4.4 (d),
the SPW peak amplitude is increased five folds with respect to the fully mod-
ulated target case, Fig. 4.4 (c), where a weak signal is observed as the SPW
has been dissipated.

Additional simulations reported in Fig. 4.5 for two different laser strengths
show that the presence of grooves are only necessary in the laser-irradiated
spots. Given that we consider a laser pulse with a waist of W = 5.2λ0

(FWHM), the pulse will illuminate the plasma region over a length equal to
≈ 12λ0, which is equivalent to illuminating 6 ripples as d = 2λ0. Lets define
Nripples = 0 as the number of ripples on the grating at the position where the
laser central point reaches the surface of the plasma y0 (see Fig.4.1). Adding or
subtracting ripples from the center will change the topology of the illuminated
region and subsequently modify the SPW excitation. As such, Nripples = −3

implies that the laser mainly irradiates a flat target whereas Nripples = 3 or
more implies that gratings will be covering the region illuminated by the laser.

As a first step, we continue to consider a0 = 0.1 and collect in Fig. 4.5(a)
the maximum magnetic field over the surface BSPW/a0 of the excited SPW
as a function of the number of ripples in this weakly non linear regime. In
the case where only an evanescent signal from the laser pulse illuminates the
gratings, Nripples < −3, a very weak signal of SPW is noticeable. However,
a gradual increase in the SPW signal is observed when adding ripples to the
surface until Nripples = 4, after which BSPW decreases. The maximum efficiency
is thus found for the case where an extra ripple is added after the region where
the laser-plasma coupling occurs. Note that adding a ripple after this optimal
configuration leads to a reduction of circa 15% of the excited SPW’s BSPW
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for each additional groove. This reduction can be attributed to the fact that
the SPW becomes radiative as a consequence of scattering when propagating
along the ripples which leads to a decrease in energy due to radiation losses
and wave damping. It is worthy to mention that the amount reduced for each
additional ripple depends on the target’s shape. These results suggest that in
the optimal configuration, to excite SPW in the linear regime, a flat surface
follows the grating so that the laser illuminates only the number of ripples
corresponding to the projected pulse waist onto the surface.
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Figure 4.5: (a) Maximum BSPW for a0 = 0.1 and (b) maximum electron momentum
for a0 = 5 as a function of the number of ripples starting from the y0 position.

We now extend this scheme to the Ultra High Intensity (UHI) regime by
considering a0 = 5. As mentioned beforehand, the subluminal nature of SPW
favours electron acceleration. Therefore, in this nonlinear regime, the SPW
will suffer from significant wave damping as a consequence of the energy ex-
change between the excited SPW and the accelerated particles. Thus, in order
to gauge the impact of the topology of the target’s surface in the laser ir-
radiated zone in this regime, we will measure the maximum momentum of
accelerated electrons py instead of the BSPW. The result of this analysis is
shown in Fig. 4.5(b), where we notice that the maximum value for the electron
momentum increases gradually until the Nripples = 3, where the highest value
max(py/mec) ≡ pmax ≈ 80 is observed. This corresponds to the case in which
the laser edge touches the diffraction grating border. Unlike the previous case
with a0 = 0.1, here the value p̄max reduces abruptly (about 20%) when adding
one extra ripples from the optimal configuration on the plasma interface after
which a plateau is formed. This effect is observed because most of the elec-
trons are accelerated at the same time as the SPW is excited and are pushed
to the vacuum region as soon as they gain energy. The ripples do not represent
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therefore an obstacle to the propagation of the accelerated electrons.

We can conclude that the ideal configuration is the one in which the ripples
are mainly in the laser-plasma interaction region. Now, to further increase the
SPW intensity, let us assume rotational wavefronts.
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4.2 Tunable SPW via WFR

Wavefront rotation (WFR) is a technique used on femtosecond lasers to induce
a rotation of the successive laser wavefronts, thus leading to a time-varying in-
cidence angle of the laser impinging onto a target [108]. Since WFR are the
result of focusing a laser with a pulse front tilt, which is a common spatio-
temporal distortion in ultrafast optics [109], they can arise as a side effect
when misaligning a grating, or prism (see App.B), in the compressor of a
chirped pulse amplification laser leading to pulse front tilt and spatial chirp.
Given that this phenomenon decreases the peak intensity at focus, it is often
viewed as an undesirable side effect to be avoided during experiments. How-
ever, we propose to exploit this effect as it represents a controllable pulse beam
parameter. Indeed, it has been showed through electromagnetic simulations,
carried out by Pisani et al. [110], that the use of WFR on the driving laser
pulse could help generate more intense and shorter SPW in the linear optics
(low intensity) regime. Since the resonance condition for SPW excitation in
the linear regime is met for a well defined value of the laser incidence angle, the
use of WFR allows the SPW to be excited for only over a very short time, lead-
ing thus to the generation of near single-cycle SPW. It is important to point
out that high-field plasmonics involving the nonlinear, relativistic and kinetic
behaviour of the plasma is not a straightforward generalisation of the linear
regime. For this reason, the study presented in [110] is intrinsically unsuitable
for investigating the extension of the plasmonic processes to the UHI regime
as their employed technique does not allow to study electron acceleration. For
the purpose of identifying the novelties that are only accessible in the UHI
regime, we performed several 2D3V PIC simulations to demonstrate how the
effects of SPW generation via WFR can be harnessed in the UHI regime to
drive tunable, ultrashort, ultra-intense SPW able to generate near single-cycle,
highly energetic electron bunches.

4.2.1 Presentation of the novel acceleration scheme

In order to distinguish the SPW signal from the reflected laser, the magnetic
field has been filtered selecting values of k < 2kSPW . This is due to the
fact that SPW are TM-modes, so their signature can be sought by inspecting
the Fourier transform of the Bz component of the magnetic field. Taking
into account that the SPW and incident/reflected laser waves have different
dispersion relations, filtering in (kx,ky) Fourier space allows to extract the
component associated to the SPW. Then an inverse Fourier transform is done
to obtain the Bz component of the SPW magnetic field in the reconstructed
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real space domain.

Figure 4.6: Illustration of the setup.

Parameter Values
∆x,y Spatial resolution λ0/256

a0 Laser strength 0.1, 5.

θinc Incidence angle 31◦

w⊥ Laser waist 5.2λ0

τL Duration 10λ0/c

∆β WFR parameter −110 → 110 mrad
n0 Density 100nc

ϕb Blazed angle 13◦

h Groove’s depth 0.44λ0

d Grating periodicity 2λ0

Particles per cell 32 electrons/ions

Table 4.2: Main numerical parameters

Identification of control parameters

Using the expressions from [108] as a point of departure, we have that focusing
a pulse with tilted wavefronts gives the following electric field profile (in our
2D configuration) as a function of time t and transverse coordinate y′:

E(y′, t) = E0 exp

[
−2

t2

τ 2f
− 2

y′2

w2
f

]
exp [iϕ(y′, t)] , (4.9)

where E0 is the maximum electric field and the spatio-temporal phase is

ϕ(y′, t) = 4
wiξ

wfτfτi
y′t+ ω0t , (4.10)

with ξ the front pulse tilt parameter. The pulse waist and duration before
(after) focus are respectively wi (wf ) and τi (τf ), related by:

τf
τi

=
wf

w0

√
1 +

(
wiξ

τi

)2

, (4.11)

where w0 = 4f/(k0wi) is the laser waist with f the focal length and k0 = ω0/c.
The linear dependence in y′t leads to an instantaneous angle of propagation of
light

β(t) ≃ − c

ω0

∂ϕ

∂y′
= 4

wiξ

wfτfτi
t ≡ Ωβt , (4.12)
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which increases linearly with time. The angular WFR rotation velocity is thus

Ωβ ≡ ∂β

∂t
=

4wiξ

k0wfτfτi
. (4.13)

Using Eq.4.11, we can rewrite this velocity as

Ωβ =
w2

i

fτ 2i

ξ

1 + (wiξ/τi)2
, (4.14)

which corresponds to the equation in [108] where they give Ωβ as a function
of the laser parameters before best focus. In Fig.4.6, Ωβ > 0 is considered, the
angle between two wavefronts are exaggerated for illustration purposes. The
main angle of incidence θinc, defined as that of the central wavefront, is chosen
as the resonant angle for exciting the SPW. Successive wavefronts are then
shifted by an angle

∆β =
Ωβλ0
c

, (4.15)

henceforth referred to as the WFR parameter. As a result, each successive
wavefront will strike the target at a slightly different location along the y-
direction. Different to [110], the resonance condition in the UHI regime is
broader, and thus different wavefronts will be able to drive the surface wave.
For this reason, the laser pulse is focused at a distance xf from the target as
this, together with WFR, allows for a "sliding focus" effect, i.e. a displacement
in time of the pulse intensity peak along the target surface. In this scenario, the
central wavefront excites an SPW while the successive wavefronts will follow
the excited SPW.

Figure 4.7: Illustration of a laser pulse with WFR with (a) the focal spot on the
surface and (b) the best focus at a certain distance from the grating. The yellow
zone designs the irradiated spot.

The effect of the laser focal spot placement on the excitation of the SPW is
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further illustrated in Fig.4.7. Indeed, in figure (a), when the pulse is focused
directly on the grating, the laser irradiated spot (highlighted in yellow) re-
mains unchanged in time. However, when the focal spot is further away from
the grating, as shown in figure (b), the illuminated region shifts along the y
direction between t = t1 and subsequent timesteps. If the sliding focus velocity
vsl is close to the SPW velocity, the latter will be driven more efficiently.

To estimate the effective velocity vsl of the projected waist onto the target,
we consider the geometrical approach depicted in Fig.4.7(c) where the solid
line n = 0 represents the central wavefront, and the dashed line n = +1

a succeeding wavefront, striking the target at y0 and y+1 respectively. The
point at which the center of each wavefront impinges the target, yn, and their
distance from the best focus, rn, is given by:

yj = xf tan θj , (4.16)

rj =
xf

cos θj
, (4.17)

where θn = θinc + n∆β is the propagation angle.
For arbitrary value of n, we obtain the following velocity

vn+ 1
2
=

yn+1 − yn
λ0 + rn+1 − rn

c , (4.18)

with

yj+1 − yj ≃ xf∆β(1 + tan2 θinc) ,

rj+1 − rj ≃ xf∆β
tan θinc
cos θinc

.

The resulting apparent velocity is thus a constant independent of time. For
ultra-short pulses and/or the central wavefronts, we find the following constant
sliding velocity:

vsl ≈
1 + tan2 θinc

λ0/(xf∆β) + tan θinc/ cos θinc
c , (4.19)

≃ ∆β xf/λ0
cos2θinc + sinθinc ∆β xf/λ0

c . (4.20)

This velocity depends on the WFR parameter, ∆β, the target-to-waist dis-
tance, xf and the laser’s incidence angle, θinc. In order to test the theoretical
prediction of vsl against PIC simulations, we fix ∆β = 33mrad, and vary the
laser θinc for xf = 25λ0 (black) and xf = 50λ0 (pink). The results are amassed
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in Fig. 4.8 where the solid lines represent the theoretical vsl,th predicted by
Eq.4.20, while the symbols (triangles for xf = 50λ0 and circles for xf = 25λ0)
are the vsl,PIC obtained from the PIC simulations by locating the position of
the maximum laser field amplitude as a function of time at the target surface
and time-averaging over the laser high-frequency. Eq. (4.20) is found to be in
good agreement with measurements from PIC simulations as both vsl overlap.
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Figure 4.8: Sliding velocity as a function of the laser incidence angle comparing the
theoretical prediction from Eq.4.20 (solid lines) and the results from PIC simulations
for xf = 50λ0 (pink triangles) and xf = 25λ0 (black circles).

Returning our attention to the WFR parameter, the sign and value of ∆β
affects the duration and amplitude of the excited SPW [111]. Indeed, when the
sliding velocity is along the direction of propagation of the SPW, the excited
wave can increase its amplitude while maintaining a short duration. On that
account, additional tunability can be obtained by calculating an optimal value
of the WFR parameter ∆βopt such that the sliding velocity vsl coincides with
the SPW velocity vSPW ≃ c. Therefore solving vsl = c (1− nc/n0) leads to:

∆βopt ≃
λ0
xf

(1 + sin θinc) . (4.21)

The importance of the parameter xf is demonstrated by Eq. (4.21) as ∆βopt

decreases when increasing the distance between the target and best focus,
which would permit to relax the experimental constraint of obtaining large
WFR velocity [108]. However, there is an energy trade off since at larger
values of xf , the intensity of the laser at the surface decreases. Indeed, when
comparing xf = 50λ0 to xf = 25λ0, whose ∆βopt are respectively 30mrad and
60mrad, we noticed an 8% decrease on the laser field amplitude on target.
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Thanks to our model, we have identified the parameters relevant to WFR:
the phase front rotation, ∆β, and the distance between the target and the
pulse focal spot, xf . In the following section we will present a parametric
study varying only these parameters.

4.2.2 Exploiting WFR in a weakly non linear regime for

short SPW generation

We first consider a0 = 0.1, for which relativistic non-linearities can be ne-
glected, so as to assess the coupling efficiency of our proposed set-up and
identify the optimal parameters for SPW excitation.
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Figure 4.9: SPW magnetic field at the target surface for (a) ∆β = 0 and (b) ∆β =
67mrad with a0 = 0.1 and xf = 25λ0. (c) Maximum SPW field amplitude and
(d) duration (FWHM) versus the WFR parameter ∆β for xf = 0 (green triangles)
and xf = 25λ0 (black circles). Markers p1 and p2 indicate the cases shown in
panels (a) and (b).

In the upper row of Fig. 4.9, we show a snapshot of B̂SPW along the target
surface for xf = 25λ0, (a) ∆β = 0 and (b) ∆β = 67mrad. More concretely, we
compare the case where no WFR has been applied to the driven laser pulse to
the case for which we have found the most intense and shortest SPW in our
simulations. The duration of the excited SPW, measured as the signal FWHM,
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is estimated from the SPW spatial width through the relation ∆τfi ≃ ∆yfi/c.
We effectively see that using this optimal ∆β increased the SPW peak ampli-
tude by ∼ 65% with respect to the case without WFR, and reduced the SPW
duration fourfold from 14.2 to 3.6λ0/c.

The deformity of the SPW pulse seen in Fig. 4.9(b) could be due to a ra-
dial chirp effect. Qualitatively, if we consider the wavelength as the distance
between two wavefronts, the chirp in the laser will be along the radius instead
of along the axis of propagation. As such, the distance between the wavefront
varies with the radius and thus each extremity of the wavefront will impinge
on the grating at different instants of time. The SPWs are then excited at
slightly different frequencies (within resonance width) and at different points
on the grating at different instants. This delay of the arrival of each part of
the wavefronts could lead to the spatial chirp observed in Fig. 4.9(b).

The two previously presented cases correspond to the red markers p1 and p2
showed in the bottom row of Fig.4.9 depicting (c) the maximum value of B̂SPW

and (d) the measured SPW duration as a function of a parametric scan of ∆β
for xf = 0 (laser pulse focus is on the target, green triangles) and xf = 25λ0

(laser pulse focus is at a distance of 25λ0 form the target, black circles). At
xf = 0 the WFR has little impact on SPW excitation: the most intense SPW
is found for ∆β = 0 and using a non-zero ∆β decreases the duration of the
SPW but also its maximum amplitude. Instead for xf = 25λ, ∆β acts as a
tuning parameter allowing both to shorten the SPW and to increase its am-
plitude. We observe the shortest and most intense SPW for ∆β ≃ 67mrad.
This numerical result is in good agreement with our theoretical prediction
from Eq. (4.21), where ∆βopt ≃ 60mrad for xf = 25λ0. In panel (c) we note
a smooth trend around this optimal value; the point directly on the left of p2
corresponds to ∆β = 53mrad. Interestingly, even though the on-target laser
intensity is reduced when increasing xf to 25λ0, a significant increase of the
SPW amplitude is still obtained using the optimal WFR parameter. A para-
metric scan considering xf = 50λ0 (not shown here) leads to an optimal WFR
parameter ∆β ≃ 33mrad also in good agreement with ∆βopt = 30mrad from
Eq. (4.21). As expected, positive values of ∆β, for which the sliding velocity
is along the SPW propagation direction, give a maximal effect. In contrast,
for negative ∆β, the SPW is still of a shorter duration but with a reduced
amplitude, roughly that obtained when placing the target at xf = 0.
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4.2.3 Exploiting WFR in a relativistic regime for short

electron bunch generation

We now turn our attention to the second series of simulations performed in
the UHI regime with a0 = 5 to study electron acceleration.

Fig. 4.10 shows (a) the maximum electron momentum parallel to the surface
and (b) the characteristic width of the accelerated electron bunch as a function
of ∆β, considering xf = 0 (green triangles) and xf = 25λ0 (black circles). Both
panels exhibit very similar features than observed at low intensity. Placing
the target at focus (xf = 0) the accelerated electron bunch maximum energy
and duration are marginally affected by WFR. In contrast, for xf = 25λ0,
WFR significantly impacts electron acceleration: taking ∆β > 0 leads to more
energetic, shorter electron bunches. By comparing the case for which the target
is at focus (xf = 0) with ∆β = 0 and that with the target at xf = 25λ0 for
∆β = 67mrad, we find in panel (a) an increase of 62% in the maximum electron
momentum going from max(py) ≃ 80mec to ≃ 130mec. The optimum value
∆β = 67mrad found for electron acceleration in the UHI regime is the same
as found earlier for efficient, ultrashort SPW excitation at lower intensity.
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Figure 4.10: For a0 = 5, (a) maximum electron momentum along the surface (py)
and (b) electron bunch duration (FWHM) versus ∆β for xf = 0 (green triangles),
xf = 25λ0 (black circles).

Fig. 4.11 gives further insights into the acceleration process. The electron
phase-space and SPW magnetic field at the target surface are shown at two
different times and xf = 25λ, for ∆β = 0 and ∆β = 67mrad. In both cases
the duration of the electron bunch is proportional to the duration of the SPW,
the shortest SPW obtained for ∆β = 67mrad leading to the shortest elec-
tron bunch. For ∆β = 0, the SPW is strongly damped at t = t0 + 20λ0/c:
the electron bunch has reached its parallel momentum max(py) ≃ 90mec and
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has a width (measured from the FWHM in momentum) ∆yfi = 11λ0. In-
stead, for ∆β = 67mrad, at t = t0 + 10λ0/c, two periods after the laser has
left the surface, we can see in Fig. 4.11(c) that the magnetic field is intense,
B̂SPW ≃ 1.2 a0, and the most energetic electrons have already reached mo-
mentum up to max(py) ≃ 70mec. Ten periods later (Fig. 4.11(d)), a narrow,
∆yfi = 3λ0, and energetic, max(py) ≃ 130mec, electron bunch is obtained,
while the SPW has been significantly damped.
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Figure 4.11: Electron phase-space (red) and SPW field amplitude (blue line, right
scale) for a0 = 5 at times, t = t0+10λ0/c and t = t0+20λ0/c. (a)-(b): ∆β = 0, and
(c)-(d): ∆β = 67mrad. The gray line indicates the end of the grating and beginning
of the flat region.

Similar observations can be drawn from Fig. 4.12, where (a) the electron
energy distribution as a function of the emission angle is shown. We notice that
the most energetic electrons are mainly accelerated along the target’s surface
(situated at 90◦) and in the y > 0-direction (i.e. in the SPW direction of prop-
agation). Panel (b) reports the energy distribution of the electron as a function
of the electron energy, for different values of ∆β: positive ∆β = 67mrad (solid
red line), ∆β = 0 (blue dashed line) and negative ∆β = −40mrad (green dot-
ted line). As expected from Fig. 4.11, the highest energy is obtained for the
positive ∆β with a cutoff electron energy of about 70 MeV. Without WFR,
the electron energy cutoff is circa 50 MeV, which decreases to around 35 MeV
when applying a negative ∆β. In the latter scenario, the drop of electron en-
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ergy can be explained by the fact that a negative ∆β leads to a vsl travelling
in the opposite direction of the excited SPW, therefore the central wavefront
will excite a shorter SPW but the consecutive wavefronts will not "follow" the
SPW nor sustain its growth.
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Figure 4.12: (a) Electron energy distribution in MeV as a function of the emission
angle ϕ = tan−1(py/px) for ∆β = 67mrad and a0 = 5. (b) Electron energy distribu-
tion for ∆β = 67mrad (red), ∆β = 0 (blue) and ∆β = −40mrad (green).

A particle tracking of the most energetic electrons permits a further in-
sight into the acceleration process. The upper row of Fig. 4.13 shows their
electron gain energy, ∆E , along the surface while the bottom row depicts the
longitudinal field Ey acting on the most energetic particle as a function of
the distance for: (a)-(c) ∆β = 0 and (b)-(d) ∆β = 67mrad. The red line
in panel (c) and (d) correspond to the trajectory-averaged value of the lon-
gitudinal field ⟨Ey⟩. In the case without WFR we find ∆E ≃ 90mec

2 and
⟨Ey⟩ ≃ −1.0mecω0/e. When using the optimal ∆β we obtain ∆E ≃ 130mec

2

and ⟨Ey⟩ ≃ −1.4mecω0/e. In the latter case, the electrons seem to remain
trapped and accelerated in the SPW for longer. Through evaluating ⟨Ey⟩, we
can define the following acceleration length:

lacc =
∆E

|e ⟨Ey⟩|
, (4.22)

which for both cases leads to an acceleration length lacc ∼ 15λ0, consistent
with the observed particle trajectories. Note that this lacc exceeds the laser
spot size of ≈ 12λ0, and corresponds roughly to the length over which the SPW
decreases its amplitude significantly (see B̂SPW in Fig. 4.11). This confirms the
electrons are accelerated by the SPW as it propagates along the target surface.
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Figure 4.13: The upper row shows the energy gain ∆E of the four most energetic
electrons and the bottom row the longitudinal field Ey of the most energetic particle,
P2, as a function of the distance for the case (a)-(c) without WFR and (b)-(d) with
∆β = 67mrad.

These results and in particular the increase of the maximum electron energy
(equivalent to the electron momentum) are consistent with what one expects
from the increase of the SPW amplitude by use of the WFR driving pulse.
Indeed, an upper limit of the electron energy gain in the SPW has been derived
in [38] by generalizing the results of laser wakefield acceleration (LWFA) [91,
112,113] leading to

∆E ∼ χ′ γϕ max |B̂SPW|mec
2 (4.23)

so that ∆E is proportional to the SPW field amplitude. Here γϕ = (1 −
v2ϕ/c

2)−1/2 and χ′ is a constant of order one, reaching at most 4 [38]. In our
simulations, the magnetic field of the SPW (time-averaged over the wave pe-
riod) reached at most max |B̂SPW| ∼ 3.8 when ∆β = 0 and max |B̂SPW| ∼ 7.0

when ∆β = 67mrad. Considering that γϕ ≃ 10 for n0 = 100nc, if ∆β = 0,
we then obtain the upper limit equal to ∆E ≃ 154mec

2 and if ∆β = 67mrad,
then ∆E ≃ 280mec

2. These predictions overestimate the electron energy as
they assume i) no wave decay over the distance required for acceleration, ii)
optimal electron injection and iii) acceleration exactly parallel to the target
surface, while it has been observed that electrons are deflected in the perpen-
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dicular direction [42]. While the electron acceleration in SPW is not yet at the
level of LWFA in terms of maximum electron energy (up to 8 GeV in recent
works [114]), our proposed scheme benefits from improved control of maximum
energy and duration, and can thus offer an alternative route toward compact
multi-MeV electron sources. In addition, since SPWs are excited at the vicin-
ity of very dense plasmas, one can expect to achieve higher charge with this
technique than with LWFA. Indeed, experiments carried out by Cantono et al.
in [43], have demonstrated accelerated charges up to 660pC with table-top laser
systems. These experiments were done without WFR nor the optimized grat-
ing. In our 2D simulations, with ∆β = 67mrad, the highest energy particles
form a bunch with duration of ≃ 3λ0/c and total charge ≃ 10pC/λ0. As-
suming a bunch width (in the z-direction) of the order of the laser pulse with
w⊥ = 5.2λ0 and λ0 = 0.8µm, one could expect few cycles electron bunches
with a charge of ∼ 52 pC.

Considering similar laser parameters (without WFR) and electron energies
to the SPW experiment in [43], the the LWFA experiment described in [115]
measured short, high-charge electron bunches with energy 85 MeV (21 MeV
energy spread), charge 15±7 pC and duration 4.4 fs. The charge obtained with
LWFA is noticeably smaller to the one obtained experimentally with SPW. As
a consequence, the electron beams obtained with SPW are potentially com-
petitive with cutting-edge laser wakefield electron beams from under dense
plasmas in terms of emitted current.

An other important point when discussing the beam quality of plasma ac-
celerators is the emittance. An asset of LWFA is their ability to generate elec-
tron beams with low energy spread and small transverse emittance of around
0.1 mm mrad [116–118]. In the case of SPW, selecting particles with energies
in the range of 30 to 70 MeV (study not presented in this manuscript), the
emittance is smaller when using WFR (∼ 10µm). This result is due to the fact
that the fast particles are predominantly accelerated along the target’s par-
allel direction (90◦), without dispersing. Instead, the less energetic particles
are susceptible to be accelerated by different mechanisms and can thus be ac-
celerated to random directions, which compromises the beam quality. In such
case, the electron beam disperses and the emittance grows. Without WFR,
the efficiency in generating fast particles is smaller resulting in bigger beam
emittance. Similar to LWFA, further improvement on our proposed set-up
should aim to produce low emittance and low energy spreads.
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In conclusion, the highlight of our proposed set-up of SPW electron accel-
eration, is that we are able to accelerate an electron beam with an important
charge. However, a trade off when considering highly-charged beam is that
space-charge effects could play a role in the long term on the electron bunch
properties. Nonetheless, this is true not only for our scheme, but for any elec-
tron source. Complementary techniques exists to transport and/or collimate
non-neutral beams, but this issue is beyond the scope of our work.
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4.3 Summary

In this work we have extended the study of ultrashort SPW generation via
WFR to electron acceleration and are the subject of a published paper in
Physical Review E [46].

Innovative approaches which exploit spatio-temporal laser couplings and
pulse chirping to improve applications are present in other fields of study such
as the implementation of a "flying focus" effect (similar to our "sliding focus")
in Raman amplification [119], control of laser pulses for broadband extreme
ultraviolet generation [120] and for high harmonic generation from solid tar-
gets [108]. In our work we employed WFR in the completely novel context of
high field plasmonics.

We have highlighted and modeled the "sliding focus" effect induced by
WFR and its dependence on the target-to-waist distance. We showed that,
despite the defocusing, the sliding focus leads to a strong enhancement of the
SPW amplitude and control of its duration. This allowed us to introduce the
control parameter ∆β and xf , which combined with an appropriately tailored
plasma target, showed a significant improvement to what proved in a similar
situation without WFR and for non optimized targets. Such enhancement
has a major impact on electron acceleration by the SPW in the nonlinear,
relativistic regime, and is pivotal to the production of high charge, ultrashort
electron bunches with features that go beyond current limits of LWFA, and
provides important and clear guidelines for forthcoming experiments where
one may simply smoothly tune such parameters until the optimal condition is
found.
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Whilst SPW are proven to be optimal for electron acceleration, there has
been little quantitative analysis of their survival when increasing the laser in-
tensity beyond the UHI regime. In this limit, the plasma grating can evolve
on relatively short time scales, and nonlinear effects can affect the dispersion
relation in the relativistic regime. Therefore, the excitation and survival of
SPW beyond UHI remains an open question. In order to bridge this gap, we
performed a series of 2D Particle-In-Cell (PIC) simulations for laser intensities
ranging from 1016 to 1022 W/cm2 to determine the conditions for improving
laser-plasma energy transfer as well as accelerating charged particles by the
SPW excitation mechanism in an over-dense plasma with a grating, in the
ultra relativistic regime.
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This chapter is organized as follows: the first section describes the PIC
simulation setup with parameters closely corresponding to recent experiments
[42, 43]. Section 5.2 analyses SPW excitation as a function of laser incidence
and intensity. The results are then compared to analytical values obtained by
the dispersion relation for cold SPWs and a heuristic relativistic correction.
The importance of considering high density plasma to maintain SPW excita-
tion in the ultra relativistic regime is shown. Section 5.3 studies the behavior of
accelerated electrons along the plasma surface. A strong correlation is demon-
strated between the angle of SPW excitation and the laser’s angle of incidence
that optimizes electron acceleration along the plasma surface. The section 5.4
investigates the influence of the grating depth at higher laser intensities. Then,
in the last section our conclusions are presented.



Chapter 5 85

5.1 Set-up

The geometry of the 2D3V simulations are depicted in Fig. 5.1 where the
plasma lies in the (x, y) plane for x ≥ 0, its surface being along the y direction.
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Figure 5.1: Simulation set-up.

Parameter Values
Box size 20λ0 × 64λ0

∆x,y Spatial resolution λ0/128

∆t Time resolution 0.95∆x,y/
√
2

a0 Laser strength 0.1 → 50.

θinc Incidence angle 28◦ → 50◦

w⊥ Laser waist 5λ0

τL Duration 10λ0/c

n0 Density 100nc,200nc

h Groove’s depth 0.1λ0, 0.4λ
d Grating periodicity 2λ0

Particles per cell 16 electrons/ions

Table 5.1: Main parameters

The laser beam is focused thought an angle θinc over the interface of the
plasma target with electron density n0, grating depth h and period d. Here,
the red-blue scale represents the magnetic field amplitude of the laser pulse
impinging over the target.

The main parameters of the driven P−polarized Gaussian laser pulse and
the plasma properties are given in the table 5.1. The plasma grating presents a
sinusoidal-modulated vacuum-plasma interface located at xg(y) = (h/2) sin(2πy/d).
In all cases studied, we considered d = 2λ0 (= 1.6µm), however, in order to
determine the influence of the grating depth on SPW excitation we have used
either h = 0.1λ0 (= 0.08µm) or 0.4λ0 (= 0.32µm). The plasma consists of
electrons with a small initial temperature of Te = 50eV as well as a neutral-
izing background of ions free to move in the space with initial temperature
Ti/(ZTe) = 0.1, where Z = 1 is the atomic number.

In the systematic study we have performed, we selected two values for the
plasma density: n0 = 100nc and n0 = 200nc. These are typical values on
the plasma density and corresponds to about three and six times ionized gold
(∼ 104nc and ∼ 208nc) [42, 43, 45]. In prospect of the evolution of the exper-
imental techniques to increase the laser’s contrast (ex. [121]), we assumed a
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step density plasma in our simulations. The pre-plasma effect is well analysed
in the article by X. M. Zhu et al., Ref. [45].

The simulations were run until particles or radiation got to the position
y = 60λ0 (= 48µm), which determines the final simulation time t = tf . Notice
that tf varies according to the laser incidence angle and it gets larger as θinc
increases.
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5.2 Resonance condition for SPW excitation at

high intensity

In order to evidence the condition for SPW excitation as function of the laser
intensity, we perform a set of simulations with intensity corresponding to a0
varying from a0 = 0.1 to a0 = 50 as may be reached on forthcoming multi-
petawatt laser systems, see e.g. Refs. [48,122]. For any given (n0, a0), we have
performed a parametric scan varying the incidence angle of the laser from typ-
ically θinc = 28◦ to θinc = 50◦ in order to extract the optimal condition for
SPW excitation. The plasma grating period and depth are kept constant.

In the presence of high-intensity lasers plasma interaction, and in particular
when the normalized vector potential a0 ≳ 1, it has been proposed [63–67] to
correct the response of the electrons by considering an effective electron mass

me → γ0me ,

with γ0 ≃
√

1 + a20/2 the Lorentz factor of an electron in a plane wave (see
Chap. 2.1.1). We consider that the SPW is excited by the laser, if ω = ωL. Also
we consider the heuristic correction ω → γ0ω. In the case of SPW excitation
by the laser, we thus consider a heuristic correction to the dispersion relation
(Eq.(2.45)) by replacing

ω2
p

ω2
≡ ω2

p

ω2
0

,

with ω2
0 = (γ0 ω)

2. As a consequence, correcting the phase-matching condition
leads a a0-dependent optimal angle of incidence for the surface plasma wave
excitation:

θopt(a0) = arcsin

(√
n0/(γ0nc)− 1

n0/(γ0nc)− 2
− λ0

d

)
. (5.1)

This results in an optimal angle, θopt that increases with the amplitude of the
SPW field. For a0 ≫ 1 it depends on the parameter n0/(γ0nc) ∼

√
2n0/(a0nc).

In order to verify the validity of this scaling, we considered two electron den-
sities, n = 100nc and 200nc.

Initially, the depth is chosen as h = 0.1λ0, so that corrections to the dis-
persion relation due to finite depth are negligible. As detailed in the following,
we find in simulations that at high intensity the resonance is quite broad. For
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values of n/(a0nc) ≲ 10 the correction to the dispersion relation can improve
the coupling of the laser with plasma. We notice no further improvement for
higher value of a0, and the resonance angle becomes roughly independent of
a0. We can then conclude that Eq. (5.1) does not hold at ultra-high intensity.

The time evolution of the maximum amplitude of the SPW Bz field nor-
malized to a0 for a typical case (a0 = 20, n0 = 200nc, h = 0.1λ0 and differ-
ent values of the laser incidence angle between 30◦ and 45◦) is reproduced in
Fig. 5.2. The field component reaches a maximum around t = 12λ0/c for an
incidence angle of 33◦, named hereafter θopt with t = 0 corresponding to the
time when the laser pulse reaches the plasma surface. We notice that the SPW
field amplitude does not become larger than the laser field a0, as opposed to
what has been found for longer pulses and lower intensities [25]. In this short
pulse regime (≃ 27 fs) the SPW excitation does not have time to reach the sta-
tionary regime. From the figure we can also see that the resonance condition is
not sharp. A laser incident at angles close to the optimal values excites a field
with very similar behaviour to the optimal one. This is also due, as discussed
in Ref. [44], to the fact that the width of the incident laser transverse profile
induces a spectral mode distribution of the SPW which induces an angular
width for the θopt equals here to ∼ 4◦.
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Figure 5.2: SPW Bz field amplitude evolution for a0 = 20, n0 = 200nc and
h = 0.1λ0, and laser incidence angle in between 30◦ and 45◦, t = 0 corresponds to
the instant of time when the laser pulse reaches the plasma.

In Fig. 5.3 we report the optimum laser incidence θopt (red dots) as a func-
tion of a0 for the two plasma densities considered. The θopt is obtained by
considering for each a0 the angle that corresponds to the peak value of SPW
Bz in time, namely we follow the same procedure that is illustrated in Fig. 5.2.
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As a0 increases, and in particular for a0 ≳ n/(10nc), the incertitude in deter-
mining the optimum angle of the SPW Bz becomes large since many angles
correspond more or less to the same maximum value of the field. Moreover,
when increasing a0, the normalised amplitude of the field BSP

z /a0 decreases.
We notice that going from a0 ∼ 1 to a0 ∼ n/(10nc) results in a reduction of
the field amplitude of ≈ 45%. Further increasing a0 and taking a0 ∼ n/(4nc)

results in a field amplitude reduction of ≈ 60% in relation to the field observed
when a0 = 1.
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Figure 5.3: In red (points), laser angle of incidence that optimizes the SPW Bz field
amplitude as a function of the laser strength parameter a0 for (a) n0 = 100nc, and
(b) n0 = 200nc. In blue (squares) we report the results from simulations assuming
immobile ions. In both cases, h = 0.1λ0. The solid (dashed) black line represents the
expected value obtained using the dispersion relation for the cold SPW limit with the
heuristic relativistic correction as a function of a0 (a0/5). Note small variations on
the optimal condition also results in small variations on the SPW Bz field amplitude.

In Fig. 5.3 we also plot in black the expected value obtained using Eq.
(5.1). As anticipated, while at first the values obtained in the simulations
fit the equation, for larger values of a0 the resonance angle becomes roughly
independent of a0. The threshold, noted a0,T in the following, is about a0,T =

10 in the case when n0 = 100nc and increases up to 20 when n0 = 200nc (or,
equivalently, n0/(a0,Tnc) ∼ 10). As we can see, even if Eq. (5.1) does not hold,
the parameter n0/(a0nc) is a relevant quantity to describe the laser plasma
coupling and the SPW excitation. More importantly, this parameter shows the
importance of considering higher density plasma to maintain SPW excitation
in the ultra relativistic regime. In Eq. (5.1) the heuristic correction to the
dispersion relation is obtained using the laser parameter a0. In the present
simulations, the SPW maximum field amplitude is always smaller than a0, and
typically, as shown in Fig. 5.2, of the order of a0/5. Therefore, for reference we
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also report in dashed black line in Fig. 5.3 the result from Eq. (5.1) considering
a0/5 instead of a0 in the γ0 function.
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Figure 5.4: SPW Bz field amplitude evolution at θinc = 33◦ with time for (a)
n0 = 100nc, a0 = 27, and (b) n0 = 200nc, a0 = 50. t = 0 corresponds to the instant
of time when the laser pulse reaches the plasma.

Increasing a0 increases the laser pressure, which may alter the grating and
suppress the SPW excitation. To check the importance of this effect and to
verify if the relativistic correction of the dispersion relation (Eq. (5.1)) is recov-
ered, we also performed a set of simulations with immobile ions (represented
by blue squares in Fig. 5.3 and a blue dashed line in Fig. 5.4). As we can see,
the optimal angle is barely modified when the ions are immobile. However,
as shown in Fig. 5.4 where we plot the SPW field amplitude evolution with
time for two densities and a0 > a0,T , in the case of immobile ions the SPW
field survives a longer time and peaks to higher values. This means that the
grating deformation affects the SPW field on time scales larger than few laser
periods (∼ 12λ0/c here). Above a0,T the damping of the SPW by the electrons
is large, resulting in strong electron acceleration along the surface trapped in
the SPW [38,42,44]. In the next section of this chapter we consider the SPW
evolution as related to the electron dynamics along the grating.
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5.3 Electron acceleration along the plasma sur-

face

Using the same laser intensities and plasma densities as in the previous section,
we will first analyze the maximum energy of the electrons that propagate along
the plasma surface as a function of the laser angle of incidence. The results are
summarized in Fig. 5.5 where we report the optimal laser’s angle of incidence,
θeopt (which optimizes the formation of high energetic electron bunches propa-
gating along the plasma surface) as a function of the laser strength parameter
a0 for (a) n0 = 100nc, and (b) n0 = 200nc (case h = 0.1λ0). To identify the
electrons that propagate along the surface, we have defined the emission angle
ϕe = tan−1(py/px) and selected electrons with ϕe = 90◦ ± 3◦. The height of
the bars indicates the range of angles of the laser incidence giving the high-
est electron energy. The error bars were determined by analyzing the energy
spectrum of the electrons propagating along (ϕe = 90◦±3◦) the plasma surface.
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Figure 5.5: In red (bars), angle of incidence of the laser that optimizes electron
bunches energy propagating along the plasma surface (θeopt) as a function of the laser
strength parameter a0 for (a) n0 = 100nc, and (b) n0 = 200nc. In blue (bars) is
reported results from simulations assuming immobile ions. In both cases, h = 0.1λ0.
The solid black line reports the optimal angle of SPW excitation obtained using the
dispersion relation for cold SPW with the heuristic relativistic correction (see the
discussion in the text).

As before, we have considered both mobile and immobile ions with the same
color code as in Fig. 5.3 (red - mobile, blue -immobile). Comparing Fig. 5.3
and Fig. 5.5 we find at low laser intensity a strong correlation between the
optimum angle of SPW excitation and the laser angle of incidence that opti-
mizes the electron acceleration along the plasma surface. The optimum angle
giving the highest energy of the electron bunch propagating along the surface
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is ∼ 31◦ for a0 ∼ 1 and increases slightly up to ∼ 33◦ with a0 until it reaches
a0,T . It confirms the robustness of the SPW excitation in this range of intensity.

Above a0,T , we observe for the realistic simulations (mobile ions) that the
laser incidence angle that optimizes the electron bunch energy propagating
along the surface is no longer the same one that optimizes the SPW field. The
transition occurs for a0 around 20 if the plasma density is n = 100nc, and
around 30 if n = 200nc. However when considering simulations with immobile
ions (blue bars) we recover the result of the previous Fig. 5.3: the optimal angle
for electron acceleration coincides with the optimal angle for SPW excitation.
This shows that the electrons dynamic is sensitive to the grating deformation.

It is clear that above a0,T , electron acceleration by the SPW will be in
competition with other acceleration mechanisms along the surface [83]. As
discussed in more detail in the next section, the analysis of the electron phase
space confirms this hypothesis, since above a0,T the electron velocity distribu-
tion does not show the characteristic behaviour of the acceleration by SPW,
namely bunches with periodicity equal to the SPW wavelength, and direction-
ality along the surface [123]. Indeed, we checked the effect of the laser on the
plasma surface examining the spatial ion density distribution in two different
time scales. Both an increase in plasma density due to the radiation pressure
and an expansion of the plasma is observed. In the short time interval, com-
parable to the laser pulse duration, the diffraction grating is distorted and the
plasma is pushed, which results in a large increase in the local plasma density.
In the second and long scale that happens few cycles after the laser-plasma
interaction, the plasma expansion creates an under-dense region in front of the
target. That also might have a major effect on the laser absorption mecha-
nism and to define the optimal angle to the electron acceleration. The effect
of under-dense sheet in front of the plasma surface has been investigated in
Ref. [45].

To overcome the possible limitation of SPW-laser coupling at high laser
intensity, we now consider the influence of the target grating depth that, when
chosen appropriately, can significantly improve the acceleration by SPW.
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5.4 Recovery of SPW acceleration by adapting

the grating depth

In laser-solid interaction and also at high laser intensity where plasma is cre-
ated, it is well known that the ratio between the target grating depth and the
grating periodicity plays a major role in the SPW excitation [66, 124]. Thus
here, in order to find the optimum grating parameters for SPW excitation in
the ultra high laser intensity regime (a0 ≥ 25), we have redone the PIC simu-
lations increasing the grating depth of the plasma to h = 0.4λ0.

In Fig. 5.6 we compare the optimal angle of incidence of the laser that op-
timizes electron bunches energy propagating along the plasma surface (bars)
found in the previous section for h = 0.1λ0 (in red) with the one found for
h = 0.4λ0 (in green) keeping unchanged the other parameters. As we can see
in the case h = 0.4λ0 the optimum angle for particle acceleration remains be-
tween 30◦ and 36◦ and coincides with the optimum angle for SPW excitation
as presented in Fig. 3. As in section III the best laser incidence angle to excite
highly energetic electron bunches stay roughly constant and does not scale
with the laser strength. This is illustrated as an example by the simulations
at a0 = 30.
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Figure 5.6: Optimal angle of incidence of the laser that optimizes electron bunches
energy propagating along the plasma surface (θeopt) as a function of the laser strength
parameter a0 for (a) n0 = 100nc, and (b) n0 = 200nc (case h = 0.1λ0 in red and
h = 0.4λ0 in green). The black line reports the expected value obtained using the
dispersion relation for cold SPW with the heuristic relativistic correction (see the
discussion in the text).
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In Fig. 5.7 we plot the maximum Bz field amplitude evolution in time for
different values of laser incidence angle. The time evolution of the field is
quite similar to that observed in Fig. 5.2 where a0 = 20 and h = 0.1λ0, but
the value of the field amplitude is larger and the optimal angles (31◦ − 33◦)
coincide with the optimal angles for electron acceleration in Fig. 5.6 (b). As
a consequence with the deeper grating we expect both that the electrons are
mainly accelerated by the SPW and that the maximum energy gained by the
electrons is higher than if the grating is shallow.
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Figure 5.7: SPW Bz field amplitude evolution with time for a0 = 30, n0 = 200nc

and h = 0.4λ0 and laser incidence angle in between 30◦ and 45◦. t = 0 corresponds
to the instant of time when the laser pulse reaches the plasma.

In Fig. 5.8 we show the maximum value of the gamma factor, γf along
the target’s surface, for the electrons observed at the end of simulation as a
function of the laser strength parameter a0, taking θinc = θeopt and the param-
eters used in the Fig. 5.6. As expected we observe that the energy transfer is
better when the gratings are deeper (h = 0.4λ0) than when they are shallow
(h = 0.1λ0) in the high-intense regime. The red dotted line is the function
γf = 1 + 5.1a0 that fits the data when h = 0.1λ0 and the green dashed curve
is the function γf = 1 + 9.3a0 that fits the data when h = 0.4λ0.
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Figure 5.8: Maximum value of gamma factor, γf along the target’s surface, observed
at the end of simulation as a function of the laser strength parameter a0 for (a)
n0 = 100nc, and (b) n0 = 200nc (case h = 0.1λ0 in red and h = 0.4λ0 in green).
The dashed lines represents the general tendency of the results.

A more detailed analysis of the electron dynamics can be inferred from
their energy distributions as a function of the propagation angle and from their
phase space (py/mec,y/λ0). If h = 0.4λ0 and θinc = 33◦, a large amount of
highly energetic electrons propagates along the surface ϕe = 90◦ (Fig. 5.9(a)),
and the phase space shows bunches distanced by a wavelength (Fig. 5.9(b)),
consistent with the SPW acceleration mechanism.

This is very different from the case with h = 0.1λ0, and θinc = 33◦ reported
in Fig. 5.9 (c) and (d) or h = 0.1λ0, and θinc = 45◦ reported in Fig. 5.9 (e) and
(f). We observe for these last two parameters sets that the faster electrons are
accelerated mainly along the direction of the incident and reflected laser beam
and fewer electrons are found propagating along the surface at 90◦. Moreover
a large amount of fast electrons are pushed inside the plasma. It is worth to
point out that although the peak energy is reduced in this configuration, the
laser plasma coupling is still large so that this configuration might be a way
to enhance TNSA at the rear of the thin target [125]. In such a limit, the
SPW field when present (Fig. 5.9 (c) and (d)) is weak and the SPW wave is
no longer the predominant acceleration mechanism. This might be attributed
to the grating deformation due to laser pressure which prevents laser-SPW
coupling. We can thus conclude that a deeper grating allows to recover the
exciting of SPW in the ultra high intensity laser regime and acceleration along
a preferential direction. This effect is evident in Fig. 5.9 (g) when comparing
the electron’s spectra (selecting only the ones emitted parallel to the target
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Figure 5.9: For θinc = 33◦, a0 = 30, n0 = 200nc and h = 0.4λ0, (a) electron energy
distribution at t = tf . The plasma surface is along 90◦, the red arrow shows the
direction of the incident laser beam and the green arrow the reflected one; (b) phase
space (py/mec,y/λ0) of the electrons in the simulation box; the panels (c) and(d) [(e)
and (f)] represent the same as the panels (a) and (b) for h = 0.1λ0 and θinc = 33◦

[θinc = 45◦]; (g) spectrum of the electron bunches along the surface for the three
parameter sets discussed.
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ϕe = 90◦±6◦) for h = 0.1λ0 (in blue) and h = 0.4λ0 (in red), with θinc = 33◦ in
both cases. The electron energy obtained when increasing the grating depth is
increased by a factor of two for the deepest grating and the optimal angle. In-
stead for h = 0.1λ0 the energy spectrum changes very little between θinc = 33◦

and 45◦ (in green), even if, when comparing the phase space py/mec,y/λ0 for
both incident angles (Fig. 5.9 (d) and (f)) we observe a small signature of the
SPW excitation (bunching of the phase space), that is lost at 45◦.

To conclude this section we verified that for h = 0.4λ0, the SPW is still
excited even at significantly higher laser intensities. In Fig. 5.10 the electrons
emission spectrum assuming two extreme laser conditions (a) a0 = 100, and
(b) 200 is shown. There, the plasma density is equal to n0 = 200nc. From the
panels, we observe a large increase of the electron energy achieving γf/a0 ∼ 7, 8

(γf ≈ 800 for a0 = 100 and γf ≈ 1600 for a0 = 200), even if for the largest
laser strength a0 = 200 (Fig. 5.10 (b)), the angular distribution of the electrons
tends to increase. Our results show that, even in the very high-intensity regime
of interaction, there is good evidence that SPW excitation and the consequent
electron acceleration are still present when the diffraction grating is correctly
chosen. However, they do not account for additional processes that may set at
extreme intensities, such as radiation reaction or quantum effects which will
be further explored in the next chapter.
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Figure 5.10: Electron energy distribution at t = tf , θinc = 33◦ and h = 0.4λ0 and,
a0 = 100 (a) and a0 = 200 (b). The plasma surface is along 90◦, the red arrow
indicates the direction of the incident laser beam, and the green arrow, the reflected
one. Note that although the ratio γ/a0 is about the same in both panels, γf is about
800 in (a) and 1600 in (b).
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5.5 Summary

These results are part of a published paper in Physics of Plasmas [54].

In this work, we consider a laser pulse impinging on an over dense plasma,
whose surface presents a periodic modulation (grating), in order to gener-
ate large amplitude Surface Plasma Waves (SPWs). Key parameters were
obtained for optimising laser-plasma coupling in the ultra-relativistic regime
(∼ 1022 W/cm2). A systematic study in function of the laser incidence angle
and intensity, a0, showed that at ultra high laser intensities (a0 ≥ 30) the
SPW resonance angle becomes roughly independent of a0. A strong correla-
tion was also observed between the optimum SPW excitation angle and the
laser’s angle of incidence that optimizes electron acceleration along the plasma
surface. The production of high energetic electron bunches is analysed as well
as the appropriate values of plasma density and surface shape to ensure SPW
survival at ultra-high laser intensity. Furthermore, the parameter n/(a0nc)

is shown as crucial for describing laser plasma coupling and SPW excitation,
as it highlights the importance of the prior consideration of higher density
plasma to maintain SPW excitation in the ultra relativistic regime. Finally, as
a high-intensity laser illuminating the grating inevitably distort it, increasing
the grating’s depth provides a more robust condition for SPW excitation. This
may be a way to obtain unprecedentedly high currents of energetic electrons as
well as emitting radiation with interesting characteristics thereby paving the
way to new experiments on forthcoming multi-petawatt laser systems. The
radiation signatures in this regime will be discussed in the following chapter.
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From electron acceleration to
radiation reaction and photon
production
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The findings presented in the previous chapter provide evidence that SPW
excitation survives in the ultra relativistic regime (a0 ≥ 30). The electrons
experience strong acceleration with SPW, thus we expect them to emit large
amounts of electromagnetic radiation. This strong emission results in a radi-
ation reaction (RR) force that can significantly impact the particle dynamics.
As the radiation effects become increasingly more important at ultra high
intensities, we investigated how RR affects the accelerated electron bunches
generated by the SPW. Moreover, the emitted radiation is interesting per
se. For example when lasers with intensities above 1022 W/cm2 (a0 ≈ 68

when λ0 = 0.8 µm) interact with plasmas, it was shown that a fraction of
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the laser pulse energy is converted into photon emission in the multi-MeV en-
ergy range [126]. The generation of x-ray and γ-rays through laser-plasma
interaction paves the way for an interesting and cost efficient complementary
alternative to synchrotrons and other sources based on radio frequency accel-
erators [127, 128]. This chapter is organized as follows: the first section is
dedicated to the electron acceleration at increasingly higher intensities whilst
the second section focuses on the photon emission.
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6.1 Set-up

The 2D3V simulations geometry is the same as in the previous chapters where
the plasma lies in the (x, y) plane for x ≥ 0 and its surface is along the y di-
rection. The main parameters of the driven P−polarized Gaussian laser pulse
and the plasma properties are given in table 6.1. The laser waist and duration
parameters remain unchanged from the previous chapter 5.

Parameter Values

Box size 42λ0 × 72λ0
∆x,y Spatial resolution λ0/256

a0 Laser strength 0.1 → 200
θinc Incidence angle 32◦

w⊥ Laser waist 5λ0
τL Duration 10λ0/c

n0 Density 200nc

h Groove’s depth 0.4λ0
d Grating periodicity 2λ0
Plasma thickness 6λ0
Particles per cell 32 electrons/ions
Ions mobile

Table 6.1: Recapitulation of the main parameters used in this chapter.

Indeed, in the following, we have used a mixed target consisting of a sinu-
soidal grating followed by a flat target after the laser impact zone. The flat
region after irradiation zone allows to reduce the energy losses due to scattering
of the gratings (as presented in Chapter 4) and focus on the electrons energy
loss due to radiation reaction. For the sinusoidal grating we have opted for a
groove depth of h = 0.4λ0 as the previous Chapter 5 showed that deeper grat-
ings allow to recover SPW excitation in the ultra relativistic regime. Moreover,
the simulation box size has been increased from 20λ0 × 64λ0 in Chapter 5 to
42λ0 × 72λ0 in Chapter 6 in order avoid boundary conditions effects.

We perform a set of simulations with laser intensities varying from I = 1016

to 1023 W/cm2 (i.e. a0 from 0.1 to 200 when λ0 = 0.8 µm). In Figure 6.1 we
show the maximum electron energy Ef (in MeV) observed along the target as
a function of a0, similar to Figure 5.8 but focusing only on the case where
h = 0.04λ0 and n0 = 200nc only (green triangles in Figure 5.8), extending the
laser intensity up to a0 = 200.
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The data points for Ef in the figure below correspond to the electron energy
spectrum cut-off at t = 76τ0 which roughly corresponds to circa 20 optical
cycles after the laser first impinges the target (at y = 36λ0) and the particles
reach y = 64λ0 (= 51.2µm).
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Figure 6.1: Maximum value the electron energy Ef in MeV (t = 76τ0) as a function
of the laser strength parameter a0. The energy of the electrons along the target
(green triangles) or in the whole simulation box (purple circles). The green dashed
line represents the general tendency of the results depicted in Figure 5.8 (Ef =
γfmec

2 = (1 + 9.3a0)mec
2) and the black dashed line designates the scaling for

electron acceleration via SPW (Ef,SPW ∼ γϕmax |B̂SPW|mec
2|).

In the interest of consistency, we maintained the same symbol and colour
code as previously. The green triangles indicate the maximum electron energy
at t = 76τ0 for electrons propagating along the surface (selecting only the
electrons propagating at ϕe = 90◦ ± 6◦). The green dashed line indicates
the scale Ef = γfmec = (1 + 9.3a0)mec which fitted the data in Figure 5.8
with h = 0.4λ0 and n0 = 200nc. We notice that the slope of the function no
longer accurately predicts the tendency of Ef when a0 increases beyond 50,
as the green triangles are well below the slope. Superposed on the figure, we
show the maximum Ef of the electrons in the whole simulation box as purple
circles. Up until a0 = 100, the total maximum Ef of electrons coincides with
the energy of the electrons observed along the surface. This overlap implies
that up to a threshold, the electrons are mainly accelerated through the SPW
acceleration mechanism. The black dashed line represents an upper limit of
the electron energy gain in the SPW obtained from [38] and used in Chapter 4
(see Eq.(4.23)):

Ef,SPW ∼ χ′ γϕ max |B̂SPW|mec
2 (6.1)
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where χ′ = 1 is a constant of order one, and γϕ = (1 − v2ϕ/c
2)−1/2. We notice

that up until a0 = 50, the maximum electron energies agree well with the
upper limit of the electron energy gain in the SPW. Beyond a0 = 100, we
observe a discrepancy. However, for this value of a0 and above, RR effects
(not turned on here) might be important, so we defer the interpretation to a
more complete analysis. In the following, we will refer to these points without
RR as the control case.
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6.2 Energy loss due to radiation reaction

As pointed out in the Chapter 2.3.2, radiation can be the dominant reason for
energy loss for ultra-relativistic particles. In order to gauge the importance of
RR for increasingly higher values of a0, we first compare the different radia-
tion treatments implemented in Smilei (briefly presented in Chapter 2) and
compare them with the control case where no RR is included.

6.2.1 Comparison between radiation models

In Figure 6.2, we contrast the maximum Ef as a function of a0 obtained for the
control case (purple circle) with those obtained from simulations where the RR
was accounted for by a "corrected" classical model (upward orange triangle)
and by a quantum model (red square). With "corrected" classical model we
intend simulations performed with the corrected Landau Lifshitz (cLL) and
for quantum model those done with Monte-Carlo (MC). For clarity, we will
only show the comparison between the three different set of simulations for
a0 = 50, 100, 150 and 200.
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Figure 6.2: Maximum of electron energy E in MeV as a function of the laser strength
a0 observed at t = 76τ0 in the whole simulation box when neglecting radiation
reaction (purple circle), when considering classical radiation reaction with corrected
Landau Lifshitz (orange triangle) and when taking into account quantum radiation
correction with Monte Carlo (red square).

For a0 < 100, the loss of energy due to radiation reaction effects is neg-
ligible compared to the acquired energies. However, from a0 = 100 onward,
we notice that the energy loss by radiation becomes more apparent as a0 in-
creases. Furthermore, we notice a stark difference between the two radiation



Chapter 6 105

models when a0 ≥ 150. For a0 = 150, we obtain a 26.4% decrease in the
maximum electron energy when using cLL and 13% with the MC model if we
compare these points to the control case. While the percentage of energy loss
by radiation estimated with MC simulations remains nearly the same when
increasing the laser intensity to a0 = 200 (12%) the energy loss increases up to
circa 43.1% when using cLL. As a result, the Ef obtained when using cLL only
changes slightly from circa 416 MeV for a0 = 150 to 452 MeV for a0 = 200. A
possible reason for the discrepancy between the models might be due to the
nature of emission, which will be subsequently discussed.

Figure 6.3 shows the electron energy spectra for each a0; maintaining
the same colour code as before: with purple orange and red representing re-
spectively the simulations performed without RR, with the classical radiation
model (cLL) and with the quantum radiation model (MC).
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Figure 6.3: Electron energy spectra in MeV for n0 = 200nc taken at t = 76τ0 for a)
a0 = 50, b) a0 = 100, c) a0 = 150 and d) a0 = 200. when using a classical radiation
model (corrected Landau Lifshitz, cLL, dashed orange), a quantum radiation model
(Monte-Carlo, MC, solid red) and without radiation reaction (dotted purple).

We notice in Figure 6.3(a) that the three spectra are nearly indistinguish-
able for a0 = 50. While a slight difference can already be noted in panel (b)
for a0 = 100, the distinction between the three models becomes more evident
when further increasing a0. Indeed, when comparing the spectra obtained
from the simulations with the classical and quantum models of RR against the
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control case for a0 = 150 and 200, we see that the electron energy is largely
overestimated when the RR is not included. However, we observe an energy
difference between the cLL and MC spectra very clearly visible at a0 = 200.
Already in panel (c) for a0 = 150 we see that very few electrons have energies
above 400 MeV when using cLL, but the cut off energy is closer to the cut-off
energy of the MC spectra than to the control case. In contrast, for a0 = 200

(panel (d)), the cut-off energy of the MC spectra approaches the energies ob-
tained from the simulation where RR was not accounted for. These findings
suggest that, above a certain a0, an overestimation of the radiation emitted
via the cLL model results in an energy cut-off which does not increase sig-
nificantly with a0 when considering a classical radiation model. In this case,
stochasticity becomes more important when increasing a0. Indeed, the cLL
model, considering a continuous emission, overpredicts the energy loss. On
the other hand, the quantum description of photon emission consists of a se-
ries of discrete events determined stochastically by emission probabilities. The
electron recoil after a discrete photon emission results in a discontinuous RR
force. Due to the discrete nature of quantum emissions, there is a non null
probability in MC simulations that some electrons do not emit photons, and
therefore reach higher energies similar to those obtained in simulations where
RR was not included [99, 129]. This phenomena, called quantum quenching,
might explain the reason behind the high electron energies obtained with MC
for a0 = 200 as seen in panel d of Figure 6.3. Another possible explanation is
that, during the process stochastic MC emission, an electron can embark on a
new trajectory which is even more favourable for acceleration.

The preceding figure depicted the electron energy spectra over the whole
simulation box at t = 76τ0. In Figure 6.4, we confront the total spectra
(solid lines) with the spectra obtained when considering only the electrons
accelerated along the surface (dotted black line), ϕe,surface = 90◦ ± 6◦, and in
the specular direction (green dashed line), ϕe,specular = 148◦ ± 10◦. The left
column correspond to a0 = 150 and the right column to a0 = 200. All three
spectra are presented for the case where (a)-(d) there is no RR, (b)-(e) with
the cLL model, and (c)-(f) with the MC model.
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Figure 6.4: Electron energy spectra in MeV taken at t = 76τ0 for n0 = 200nc (a)-
(c) a0 = 150 and (d)-(f) a0 = 200. The solid coloured line corresponds to the total
spectra observed in the simulation code (purple, orange and red are respectively for
the simulations performed without RR, with cLL and MC), the black dotted line
represents the spectrum of the detected electrons along the surface (ϕe,surface) and
the green dashed line the electrons detected in the specular direction (ϕe,specular).

For a0 = 150, the spectrum shape for the electrons accelerated in the re-
flected direction of the laser pulse remains similar, albeit with a lower cut-off
energy of around 300 MeV (instead of 350 MeV) with cLL and 280 MeV when
using MC. Conversely, the cut-off energy of the electrons accelerated parallel
to the plasma surface decreases from around 500 MeV in the control case to
approximately 350 MeV when including RR. The fastest electrons, accounted
for by the continuous line, correspond to a collimated bunch propagating at an
angle ϕe = 20◦ with respect to the target’s interface (i.e. ϕ = 90◦) that after
acceleration excited the surface wave. The left column panels suggest that
regardless of the RR model, there are electrons accelerated along the surface
over a large angle and the fastest electrons have already left the surface at
t = 76τ0.
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For a0 = 200, we obtain a similar result: the spectra of both directions of
observation (i.e. along the surface and in the specular direction) overlap when
(d) not including RR and (e) including classical RR although, once again,
the fastest electrons have already left the surface. However, contrary to the
a0 = 150, a small quantity of electrons still on the surface are accelerated to
energies close to the maximum value when including quantum RR.

Based on this analysis, we now want to focus on the higher a0 case so as
to investigate the high energy photon emission processes. In the remain-
ing part of this chapter, all simulations that include RR effects are
henceforth performed with the MC model.

6.2.2 Effect of RR on the electron energy distribution

Figure 6.5 provides a recap of the electron energy spectra for increasing laser
intensities a0 when including the radiation reaction with the MC model (solid
lines) and without RR (faded dashed line). At a0 = 50, the discontinuous
emission as described by the MC model has no effect and only comes into play
from a0 ≥ 100 forwards.
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Figure 6.5: Electron energy spectrum (in MeV) for different a0 for simulations
performed with Monte Carlo (solid line) and without radiation reaction (faded dashed
line) at t = 76τ0 and for n0 = 200nc.

In Figure 6.6 we show respectively the electron energy distribution and the
electron phase space in the y-direction parallel to the surface at t = 76τ0 for
(a)-(b) a0 = 100, (c)-(d) a0 = 150 and (e)-(f) a0 = 200. As reminder, in
the figures depicting the electron energy distribution, ϕe = 90◦ designates the
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interface between the vacuum (left) and the plasma (right). The red arrow
represents the incident direction of the laser pulse while the green arrow shows
specular direction.
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Figure 6.6: The left column represent the electron energy distribution at t = 76τ0
with 90◦ being the plasma surface and the direction of the incident and reflected laser
beam indicated by the red and green arrow respectively; the right column correspond
to the phase space (py/mec, y/λ0) of the electrons in the simulation at t = 76τ0. The
upper row (a)-(b) are for a0 = 100, the middle row (c)-(d) for a0 = 150 and the
bottom row (e)-(f) for a0 = 200 and n0 = 200nc. All simulations are performed with
the MC model.
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Notice that in Chapter 5, the same simulation without RR for a0 = 100

is presented in Figure 5.10(a), where the snapshot of the electron energy dis-
tribution corresponds to an earlier time in the simulation (t = 72τ0) and the
energy axis is in γ. Increasing a0 leads to higher electron energies but also
to a broader distribution. When presenting the electron energy distribution
in chapter 4 and chapter 5 for a0 = 5 and a0 = 30, we showed that for those
intensities the most accelerated electrons were predominantly along the surface
and collimated in said direction. In Figure 6.6 (a)-(d) however, the electron
energies in the specular direction and at a larger angle with respect to the
surface (i.e ϕe = 90◦ ± 20◦) increases with a0 as well.
The corresponding phase spaces (py/mec,y/λ0) are plotted in Figure 6.6(b)-
(f), in order to identify more precisely the different acceleration mechanisms
at play. The figures show areas where more important bunching of electrons
reaching higher values of py/mec are obtained when increasing a0. However,
the periodicity of the electron bunches, which is a characteristic signature of
electron acceleration by SPW, even if still visible, is smoothed out implying
the presence of other acceleration mechanisms.

It highlights the importance of taking into account radiation reaction mech-
anisms in the ultra high interaction laser plasma regime. Moreover we show
that there is a limitation to the efficiency of this process. With the aim of
obtaining very high energy electron bunches, the increase of a0 when keeping
SPW excitation in the considered configuration reaches limits. That’s why we
next vary geometrical parameters of the target looking for a more appropriate
configuration.
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6.2.3 Comparison between different target geometries

In order to assess the interest of using resonant gratings in the ultra relativistic
regime, we compare in this subsection different target geometries for a0 = 200

and n0 = 200nc using MC in order to take into account RR effects.

In a first time, we compare a flat target against the optimized sinusoidal
grating presented in section 6.1. Figure 6.7 presents the electron energy spec-
trum detected throughout the simulation box for the sinusoidal grating (red
line) and the flat target (green line). With a flat target, the cut-off energy
(Ef ∼ 1000) surpasses the electron energy reached with the resonant sinu-
soidal grating (Ef ∼ 700).
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Figure 6.7: Electron energy spectrum in MeV where the green line corresponds to
the case using the flat target geometry and the red line when using the optimized
sinusoidal grating (as defined in section 6.1) at t = 76τ0 for a0 = 200 and n0 = 200nc.

While the electrons reach higher energies with a flat target, the corre-
sponding electron energy distribution featured in 6.8(a) shows that the most
energetic electrons are predominantly accelerated in the vacuum, focused along
a direction close to of the reflected laser pulse as a result of vacuum laser accel-
eration. Due to the surface deformation, the target acts as a focalizing mirror
increasing its intensity in the vacuum which explains the large electron energies
obtained.
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Figure 6.8: Electron energy distribution in MeV at t = 76τ0 for a0 = 200 and
n0 = 200nc when using a (a) flat target and (b) sinusoidal grating as defined in
section 6.1. Note that 90◦ being the plasma surface and the direction of the incident
and reflected laser beam indicated by the red and green arrow respectively.

Without RR (not shown here), the electrons are accelerated exactly in the
specular direction (ϕe = 148◦). However, when taking into account the RR
effects provided by the MC model, the fastest electrons propagate in a slightly
altered direction (ϕe = 141◦).

Confronting side by side the magnetic field Bz/a0 in the real space and a
close up of the electron charge density in Figure 6.9 we can clearly see that in
the case of sinusoidal grating, the electrons are mainly found in bunches along
the surface while in the flat target case we can discern electrons accelerated
in the vacuum in the same direction of the self focused laser beam. The self
focusing of the laser results from the relativistic local increase in electron mass
and to plasma density redistribution under the action of the ponderomotive
force [130] occurring during ultra relativistic laser pulse–plasma interaction.
Indeed, the plasma becomes a concave mirror due to the surface deformation.
In the case of a resonant sinusoidal target, the electrons have higher charge
density (ρe ∼ 5n0) than in the plasma mirror case where electrons reach higher
energies but with small charge density (ρe ∼ 0.1n0). This point might have
importance for applications.
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Figure 6.9: For a0 = 200 and n0 = 200nc: Upper row: magnetic field Bz/a0 and
electron charge density when using sinusoidal target as defined in section 6.1. The
different orders seen in the upper left panel are due to sinusoidal grating. Bottom
row correspond to the same diagnostics with a flat target. The light gray dotted line
indicates the spot of impact where the maximum of the laser pulse arrives.
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Wave front rotation (WFR) at ultra high intensity

Let us recall the setup from Chapter 4.1.1 consisting in a tailored target with
blazed grating and a flat surface short after the interaction zone. Our findings
provided strong evidence that the use of a laser pulse with WFR focused at a
certain distance from the surface permitted to tune SPW amplitude and the
resulting electron bunches in the relativistic regime (a0 = 5). In this subsec-
tion we show that our proposed scheme also enhances electron acceleration in
the ultra relativistic regime. In the following, we have used a blazed grating
with ϕb = 13◦ (h = 0.44λ0) instead of the sinusoidal grating while maintaining
the parameters of Tab. 6.1 and a0 = 200 and using MC in order to take into
account RR effects. For the simulations with WFR, the laser is focused at
a distance xf = 25λ0 from the target and the WFR parameter is ∆β = 67

mrad, which corresponds to the optimal parameter for θinc = 30◦ in Chapter 4.

In Figure 6.10 we add onto Figure 6.7 the electron energy spectrum for
this tailored target with WFR (blue solid line) and without WFR (faded blue
dashed line).
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Figure 6.10: Electron energy spectrum in MeV for different surface geometry at
t = 76τ0 for a0 = 200 and n0 = 200nc.

Without WFR, the optimized blazed grating does not increase the cut-off
energy with respect to the sinusoidal target although it does increase the quan-
tity of electrons accelerated. With WFR, a large improvement is observed as
more electrons are accelerated to much higher energies, up to E ∼ 900 MeV,
close to those obtained with our plasma mirror.
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The evolution in time of the electron energy distribution of both the flat
target case and our WFR scheme, featured in Figure 6.11, provides further
insight into the electron dynamics. At t = 64τ0 the laser is still interacting
with the overdense plasma. At t = 74τ0 the laser pulse is already completely
reflected while t = 84τ0 designates the end of the simulation, well after the
laser impinged on the target. In the case of the flat surface (upper row),
the electrons are accelerated into the vacuum along the specular direction of
the laser. In the case of the optimized target and WFR, while we observe a
broadening of the distribution along the surface, we notice near the end of the
simulation energetic electron bunches still along the interface.

Evolution in time with the flat target

0°

45°

90°

135°

180°

225°

270°

315°

200 400 600 800 1000

E (MeV)

t = 64τ0

0°

45°

90°

135°

180°

225°

270°

315°

200 400 600 800 1000

E (MeV)

t = 74τ0

0°

45°

90°

135°

180°

225°

270°

315°

200 400 600 800 1000

E (MeV)

t = 84τ0

Evolution in time with the optimized target and WFR

0°

45°

90°

135°

180°

225°

270°

315°

200 400 600 800 1000

E (MeV)

t = 64τ0

0°

45°

90°

135°

180°

225°

270°

315°

200 400 600 800 1000

E (MeV)

t = 74τ0

0°

45°

90°

135°

180°

225°

270°

315°

200 400 600 800 1000

E (MeV)

t = 84τ0

Figure 6.11: Electron energy distribution at t = 76τ0 for a0 = 200 and n0 = 200nc,
with 90◦ being the plasma surface and the direction of the incident and reflected
laser beam indicated by the red and green arrow respectively.

It should be noted that electrons accelerated along the surface are char-
acteristic of SPW excitation. Even though the resonance conditions broadens
in the UHI regime of laser-plasma interaction, the use of a laser with WFR
ensures that the SPW resonance condition is satisfied for one or more of the
wavelength sweeping across the grating at slightly different incident angles.
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Grating deformation

The close up in Figure 6.12 of the ion charge density for a0 = 200 and n0 =

200nc using the optimized sinusoidal grating, the optimized blazed grating
and the former with WFR early in the interaction (at t = 66τ0) sheds a light
on the apparent improvement in electron acceleration when using WFR. We
remind that in the case of WFR, the laser is focused at a distance from the
target which induces an apparent sliding velocity along the surface with the
wavefronts striking the target at different points in time. The ion charge
density is normalized to n0 so as to make the local plasma compression more
visible for each scenario. A strong local plasma compression is observed with
the optimized sinuoidal grating in Figure 6.12a) and with the optimized blazed
gratinging in Figure 6.12 b) amounting to three times the electron charge
density. The seemingly forward shifted location of the plasma compression
when using the blazed grating without WFR might be due to the fact that
this grating increases the value of the diffraction along the surface, increasing
the laser-plasma coupling in that particular direction. While the grating is
not completely destroyed, the plasma compression affects the laser absorption.
Panel c) of Figure 6.12 also yields an interesting result as the use of WFR
permits to decrease the laser ablation and preserves the grating periodicity for
longer. Thanks to the WFR, instead of the maximum of the laser amplitude
impinging on one specific spot of the target, each individual wavelength will
strike the target at different points in time. Interestingly enough, in this
scenario there seems to be plasma filamentation though this should be further
investigated.
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Figure 6.12: Ion charge density normalized to the electron charge density for a0 =
200 and n0 = 200nc at t = 66τ0 when using (a) the optimized sinusoidal grating, (b)
the optimized blazed grating and (c) the former with WFR.
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6.3 Photon emission

As mentioned in the introduction of this chapter, a large fraction of the laser
light may be transformed into higher frequencies photons up to γ-ray and
beyond for high enough laser intensities [126, 131]. Studies have shown that
the stochastic nature of photon emission electron can greatly affect the electron
energy distribution [132]. Therefore, in order to complete the investigation of
the electron acceleration in the previous section, we will now focus taking the
Radiation reaction into account via Monte Carlo model on the resulting photon
emission and compare the efficiency of γ-ray generation between different a0
and target geometries. It should be noted that in our simulations, the produced
photons are "frozen" for the rest of the simulation time. Once emitted, the
photons are frozen in time which will aid to understand at which time and
position they are mostly emitted.

6.3.1 Impact of increasing a0

Considering the configuration of a laser impinging on the optimized sinusoidal
plasma target with n0 = 200nc, we present in Figure 6.13 the photon energy
angular distribution, Eγ for (a) a0 = 50, (b) a0 = 100, (c) a0 = 150 and (d)
a0 = 200 at t = 76τ0. In order to improve the visualization, the energy scaling
of the upper row has been limited to Eγ = 200 MeV while the energy scaling
of the bottom row goes up to 600 MeV. The photons are considered to be high
energy when Eγ > 2mec

2. Moreover, we assume the plasma to be transparent
to the high-energy photons.

The (a)-(d) photon energy distribution and their respective (e) energy spec-
trum show the maximum energy of photons detected throughout the simulation
box. Not surprisingly, we see that increasing the laser intensity increases the
probability of emitting photons up to higher energies as well. In our scenario,
the total photon energy is proportional to the electron energy by Eγ ∝ E/2.
Given that ultra-relativistic electrons emit at a small angle 1/γ (see the dis-
cussion in section 2.3.1), we assume that the photons are emitted along the
electron velocity at the time of emission.

We stated beforehand that the generated photons are collected once emit-
ted, therefore the figures at t = 76τ0 shows the integral of all the produced
photons emitted up a given timestep. For all these cases, the laser arrives on
the target around t = 56τ0 and the most energetic photons are emitted around
t = 66τ0 after which some photons are still emitted at lower energies but be-
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comes quasi indiscernible in the energy distribution due to the presence of the
photon emitted earlier. Keeping in mind that the laser pulse has a duration
of 10λ0, we conclude that most photons are generated during the laser plasma
interaction.
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Figure 6.13: For n0 = 200nc at t = 76τ0 : photon energy distribution Eγ as a
function of the emission angle for a) a0 = 50, b) a0 = 100, c) a0 = 150 and d)
a0 = 200 with n0 = 200nc and ϕe = 90◦ representing the interface between vacuum
(left) and plasma (right); (e) is the photon energy spectra in MeV for the different
a0 described above.
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We recall the definition of the quantum parameters of electrons and high
energy photons:

χ =
γ

Es

√
(E+ v ×B)2 − (v · E)2/c2 , (6.2)

χγ =
γγ
Es

√
(E+ (c×B)2 − c · E)2/c2 , (6.3)

where c is the photon velocity, E and B are the local fields experienced by
the particle. These values are calculated for each macro particle in the PIC
code. Right after the emission of a high energy photon, the above mentioned
quantities are related by:

γγ/γ = χγ/χ (6.4)

with γ = E/(mec
2) and γγ = Eγ/(mec

2) the electron and photon energies,
respectively. When electrons have χ ∼ 0.1, the emitted photons can attain
energies superior to the electron mass at rest and stochastic effects become
non negligible [99]. The distribution of the χ of the electrons is depicted in
Figure 6.14 for two different times.
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Figure 6.14: Electron quantum parameter χ spectrum at (a) t = 66τ0 and (b)
t = 76τ0 for different a0 and n0 = 200nc.

We notice that at (a) t = 66τ0, which corresponds to the time where the
end of the laser is interacting with the plasma, the maximum of the χ param-
eter approaches ∼ 0.07 for a0 = 50 and χ > 0.1 when increasing a0. Using
a0 = 100 leads to χ ∼ 0.4 while a0 = 150 and 200 lead to χ ∼ 0.8− 0.9 respec-
tively. Ten optical cycles after, χ decreases by nearly an order of magnitude
yet for a0 = 150 and 200 the quantum parameter remains close to χ ∼ 0.1.
This result corroborates the idea that for our scheme with an oblique inci-
dent laser impinging on a resonant grating, Eγ increases with a0 because the
ultra-relativistic electrons can achieve higher χ values. Higher values of χ also
translates to a more important difference between the classical and quantum
predictions of RR [133] which explains the increasing difference in energy spec-
trum and cut-off energies between the radiation models from a0 = 150 onward
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in Figure 6.3. In the regime where a0 ≫ 1 and χ ≤ 1, the quantum radia-
tion reaction can be attributed to the electron recoil due to the spontaneous
emission of multiple incoherent photons [134]. Given that in our scenario, the
quantum parameter χ of the electrons is below one, the χγ right after emis-
sion will also be inferior to one and thus we can neglect eventual decay of the
photons emitted by the electrons into electron-positrons pairs.

6.3.2 Photon emission in different geometries

In the following we compare the photon emission resulting from the interaction
of a laser pulse with a0 = 200 impinging on an over-dense plasma, n0 =

200nc, presenting different target geometries as described in section 6.2.3. The
photon energies distributions as function of the emission angle for each case are
gathered in Figure 6.15 where (a) represents the case with a flat target, (b) with
the optimized sinusoidal grating as before and (c)-(d) with the tailored blazed
grating, respectively with WFR null ∆β = 0 (c) and with WFR ∆β = 67

mrad (d).
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Figure 6.15: Photon energy distribution Eγ taken at t = 76τ0 for a a laser pulse
a0 = 200 impinging on a) a flat target, b) an optimized sinusoidal grating and c)-
d) a tailored blazed grating. The laser pulse has c) no wavefront rotation and d)
wavefront rotation with WFR ∆β = 67 mrad. In all simulations n0 = 200nc.
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These figures suggest that using a resonant grating that allows SPW exci-
tation enhances the emission of photons as Eγ doubles with respect to the flat
target case. For instance, we find photons with energies extending as high as
∼ 400 MeV for both resonant gratings in (b) and (c) while for the flat the max-
imum is found for ∼ 200 MeV. Interestingly enough, while using the sinusoidal
or the blazed grating results in roughly the same maximum energy attainable
by the photons, more photons with energies above 300 MeV are emitted along
the surface at the vacuum side when using the smartly tailored blazed grating.
This effect could be due to the enhancement of laser-plasma coupling when
using blazed gratings as explained in Chapter 4.

Furthermore, when using the blazed grating in combination with a pulse
with WFR focused at a certain distance from the target’s surface, we observe
in panel (d) an additional net increase of Eγ. Indeed, while the maximum Eγ
along the target is ∼ 350 MeV for the previous two cases, we find ∼ 500 MeV
when using WFR with the resonant grating, amounting to a 42.8% increase
in photon energy. When comparing the photon energy distribution of the
resonant grating to the electron energy distributions for the same situations
presented in the previous section, we notice that the most energetic photons
are mainly emitted forward with an angle < 10◦ with respect to the surface.
The narrower angular distribution of the photons observed in panel (d) could
be a direct consequence of using WFR.

Contrary to the resonant targets, the flat target case does not emit photons
in the direction of the most energetic electrons which are accelerated in the
specular direction. In fact, the photon emission only takes place when the laser
beams comes into contact with the target. The photons are emitted during the
duration of the laser pulse and are mainly emitted by the electrons quivering
in the laser field.

The time evolution of the electron quantum parameter χ in Fig.6.16 offers
an insight of the probability of emitting photons during the different moments
of interaction. When comparing the χ spectrum at the beginning of the laser
pulse interacting with the target (panel a), near the the end of the laser-plasma
interaction (panel b), ten optical cyles after when the laser has already been
reflected (panel c) and near the end of the simulation (panel d) we notice
that the use of WFR (blue solid line) permits to maintain higher maximum
χ along the surface for longer duration. This is coherent with the observation
of a "large" field along the surface at later times. Initially, the configurations
with a resonant grating (red and blue lines) surpass χ = 0.1 while the planar
target (green line) reaches χ = 0.05. Ten cycles after the initial interaction,
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the three different target geometries reach χ > 0.5 at t = 66τ0 (panel b).
However, at t = 76τ0, the χ for both the sinusoidal and planar target fall to
0.1 and further decreases to χ ∼ 0.03 at t = 84τ0. These results support the
hypothesis that the majority of photons are emitted during the first ten laser
cycles. In contrast, the use of the blazed grating preserves χ as even without
the use of WFR (faded blue dashed lines) χ remains slightly higher than 0.1
at t = 76τ0. In addition, the use of WFR permits to prolong the duration
of the laser-plasma interaction as the maximum amplitude of each wavefront
strike the target at different points in time and space. The extension of the
interaction also translates into the conservation of higher χ along the surface
with χ = 0.5 at t = 76τ0 and 0.3 near the end of the simulation. Moreover, in
this scenario, the emission of γ-photon by the electrons is also enhanced as the
electrons do not co-propagate in the same direction of the laser and therefore
radiate more. These preliminary results provide evidence in favor of studying
plasmonics in the ultra relativistic regime as they could present a interesting
alternative for photon sources.
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Figure 6.16: For a0 = 200 and n0 = 200nc, we show the distribution of the χ
parameter of the electrons for the different target geometries at different times with
a) t = 56τ0 (near the beginning of the laser-plasma interaction) , b) t = 66τ0 (near
the end of the laser-plasma interaction) , c) t = 76τ0 (ten optical cyles after when
the laser has already been reflected) and d) t = 84τ0 (ear the end of the simulation).
The different targets are distinguished by the colour: (green solid line) a flat target ,
(red solid line) an optimized sinusoidal grating and (blue dashed line) the optimized
blazed grating with WFR.
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6.4 Summary

In this preliminary work, we proved evidence that extending the study of a
laser pulse impinging on an over-dense plasma with a periodically modulated
surface to higher laser intensities (a0 > 50) represents an interesting alterna-
tive of light source as the energy lost by electrons due to radiation emission is
transferred to high-energy γ photons.

Moreover, we compared the electron acceleration and photon conversion
efficiency for different target shapes and the results are summarized in Fig-
ure 6.17 where the stars represent the maximum Eγ attainable by the photons
for the sinusoidal grating (red), flat target (purple) and mixed blazed grating
with WFR (blue).
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Figure 6.17: Recapitulation of the maximum electron energy at t = 76τ0 for in-
creasing a0 in the case of a flat target (purple pentagons), sinusoidal target (red
squares) and a blazed grating (blue cross, only for a0 = 200). Throughout these
simulations n0 = 200nc. The faded coloured stars represent the maximum photon
energy.

Depending on the desired outcome, one may opt for one target geometry or
another. For example, at a0 = 200, the flat target, which turns into a concave
plasma mirror under our parameters, excites electrons up to higher energies
but does not prove to be an efficient γ beam source. Instead, a resonant
grating favours electron acceleration along the surface, we obtain less energetic
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electrons but with a more important charge density. In addition, the conversion
into γ-photon is enhanced as the electrons do not co-propagate in the same
direction of the laser and therefore radiate more. Furthermore, the idea of
using a laser with WFR coupled with a tailored blazed grating, as explained in
Chapter 4, is also effective when going to the ultra-relativistic regime. Indeed,
thanks to this mechanism, we obtain more energetic and collimated electron
bunches and improved photon emission. This scheme permits to enhance the
emission and acceleration of the electrons along the surface. To go further,
the finding of a scaling law as in [135] but for the electron acceleration along
the surface could be investigated. Futhermore, photon beams in the MeV
range are useful for many applications, including nuclear, atomic and material
physics. The γ beams obtained in our mechanism could become a tool for
high energy density imaging and absorption spectroscopy. On the other hand,
for medical and biomedical applications, photons in the XUV or X-ray range
(<100 keV) are preferred. Our study shows that the Monte Carlo simulation
is not efficient in this limit as low photon energies in the XUV or X ray range
results in a large increase of the number of photons produced and significantly
slows down the simulations. For experiments with lower a0 we need to include
the treatment of coherent radiation in Smilei for the study of surface plasma
waves in the intermediate laser-plasma regime of interaction. This is also of
interest for betatron radiation and high harmonic generation problems among
many others, and will be the subject of future studies.
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7.1 Summary of results

The analytical and numerical work presented in this thesis has been motivated
by the current capabilities and upgrade of existing multi-PW laser facilities,
such as Apollon and ELI in Europe, with lasers reaching intensities beyond
1021 W/cm2. Since Surface Plasma Waves (SPW) already exhibit interesting
properties in the low intensity regime, manipulating and harnessing plasmonic
phenomena in the ultra relativistic regime reveal promising prospects of using
SPW for the obtention of high-energy particle and radiation sources using the
next generation of multi-PW lasers.

The control of laser-plasma interaction can be improved using structured
targets. Indeed, in Chapter 4, we consider a laser pulse impinging on an over-
dense plasma, whose surface presents a periodic modulation which is tailored
so as to favour the generation of large amplitude SPW. Our proposed target
consists in a mixed grating composed of a partially engraved target followed
by a flat surface. This grating optimization allows for a better propagation
of the SPW along the flat surface as it mitigates the radiation losses due to
scattering of the SPW off the grooves when moving further away from the
region where the laser-plasma interaction occurs. In addition, in the com-
pletely novel context of high field plasmonics, we couple this smart grating
with a laser pulse with wavefront rotation (WFR). We have highlighted and
modeled the "sliding focus" effect induced by WFR and its dependence on the

125



126 Chapter 7

target-to-waist distance. We showed that, despite the defocusing, the sliding
focus leads to a strong enhancement of the SPW amplitude and control of its
duration. This allowed us to introduce the control parameters ∆β, the angle
between two wavefronts, and xf , the distance between the laser best focus and
the target. Combining both control parameters with an appropriately tailored
plasma target, showed a significant improvement to what observed in a similar
situation without WFR and for non optimized targets. Such enhancement has
a major impact on electron acceleration by the SPW in a relativistic regime
(a0 = 5), and is pivotal to the production of high charge (few 10’s of pC),
high energy (up to 70 MeV), ultrashort electron bunches (∼ 3.6 laser periods).
It provides important and clear guidelines for forthcoming experiments where
one may simply smoothly tune such parameters until the optimal condition is
found.

In order to ensure the excitation of electrons by SPW when using increas-
ingly higher laser amplitudes, we provide in Chapter 5 the key parameters
for optimising laser-plasma coupling in the ultra-relativistic regime (∼ 1022

W/cm2). A systematic study based on the laser incidence angle and intensity,
a0, showed that at ultra high laser intensities (a0 ≥ 30) the SPW resonance an-
gle becomes roughly independent of a0. A strong correlation was also observed
between the optimum SPW excitation angle and the laser’s angle of incidence
that optimizes electron acceleration along the plasma surface. The production
of high energetic electron bunches is analysed as well as the appropriate values
of plasma density n0 and surface shape to ensure SPW survival at ultra-high
laser intensity. Furthermore, it is shown that the parameter n0/(a0nc) is cru-
cial for describing laser-plasma coupling and SPW excitation, as it highlights
the importance of the prior consideration of higher density plasma to maintain
SPW excitation in the ultra relativistic regime. Finally, as high-intensity laser
illuminating the grating inevitably distorts it, we demonstrate that increasing
the grating’s depth provides a more robust condition for SPW excitation. This
may be a way to obtain unprecedentedly high currents of energetic electrons as
well as emitting radiation with interesting characteristics thereby paving the
way to new experiments on forthcoming multi-PW laser systems.

In Chapter 6, we propose a new source of γ radiation based on ultra-high
intensity laser (a0 > 50) impinging on an over-dense plasma with periodically
modulated surface, such that accelerated electrons emit high-energy photons
during the interaction. Using a resonant grating favouring SPW generation
enhances the acceleration and emission of the electrons along the surface. Fur-
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thermore, the idea of using a laser with WFR coupled with a tailored blazed
grating, as explained in Chapter 4, is also effective when going to the ultra-
relativistic regime. Indeed, owing to this mechanism, it is possible to obtain
more energetic and collimated electron bunches and improved photon emis-
sion. The obtained high energy γ-photon beams could become a tool for high
energy density imaging and absorption spectroscopy. However, for medical and
biomedical applications, photons in the XUV or X-ray range are preferred. In
order to investigate the emission of X-photon beams in experiments in the in-
termediate laser regime (a0 < 50), we need to include the treatment of coherent
radiation in Smilei for the study of SPW in the corresponding laser-plasma
regime of interaction. The implementation of said treatment in Smilei is dis-
cussed in Chapter 3.

In a nutshell, the study of plasmonics in the ultra relativistic regime paves
the way to experimentally explore alternative sources of ultrahigh energetic
electron and photon sources.

At last, it should be noted that during the thesis we have studied an al-
ternative mechanism for vacuum acceleration that develops when a relativisti-
cally intense laser irradiates the wedge of an over-dense plasma. This induces
a diffracted electromagnetic wave with a significant longitudinal electric field
that accelerates electrons from the plasma over long distances to relativistic
energies. Since this work is not in line with the rest of the manuscript, it is not
discussed in the thesis, however the full text article is included in appendix A.3.



128 Conclusion

7.2 Outlook and Perspectives

The electrons excited via the SPW mechanism could be used as an electron
source with huge potential in a variety of applications such as ultra-fast elec-
tronic spectroscopy, which could lead to better understanding of potential
screening and high-field effects occurring during UHI laser-plasma interaction.
Moreover, this alternative electron acceleration mechanism could be of interest
for injecting high charge electron beams into accelerators. Another relevant
potential use for high charge electron sources, regardless of the angle-energy
correlation, is heating targets for inertial fusion. On this point, it might be
interesting to explore other configurations, such as a cone target with a cor-
rugated surface inside in order to favour SPW excitation and fast electron
production. In addition, ultra-intense MeV photon beams are of interest in a
huge variety of research fields, from nuclear, atomic and material science to
medical and biophysical applications. Also, the generation of γ-rays has the
potential to offer complementary alternatives to synchrotrons [128].

Extending the study to much higher laser intensities of I > 1023 W/cm2,
the possibility of exotic physics such as e−e+ pair creation and other phenom-
ena of quantum electrodynamics (QED) can be explored [136]. Future research
involves the possibility of considering electron–positron pair creation via the
Breit–Wheeler mechanism [137] and confront the results with the different con-
figurations proposed in the comparative study presented in Ref. [138,139].
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Figure 7.1: Disclaimer: not an accurate depiction of how the defense went down.
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We propose to use ultrahigh intensity laser pulses with wave-front rotation (WFR) to produce short, ultrain-
tense surface plasma waves (SPW) on grating targets for electron acceleration. Combining a smart grating design
with optimal WFR conditions identified through simple analytical modeling and particle-in-cell simulation
allows us to decrease the SPW duration (down to a few optical cycles) and increase its peak amplitude. In
the relativistic regime, for Iλ2

0 = 3.4 × 1019 W/cm2 μm2, such SPW are found to accelerate high charge (few
10 s of pC), high energy (up to 70 MeV), and ultrashort (few fs) electron bunches.

DOI: 10.1103/PhysRevE.103.L021201

Surface plasmon polaritons, also known as surface plasma
waves (SPW) in free electron media, are highly localized
electromagnetic field structures with the ability to confine and
enhance light in subwalength regions at the interface between
two media [1–4]. Their unique properties have made them
ideal candidates for applications in a broad range of research
fields, from biochemical sensing [5,6] to the design of small
photonic devices [7,8].

The excitation of SPW by micrometric wavelength (λ0 =
0.8 μm) femtosecond (fs) laser pulses irradiating solid targets
has been demonstrated as a strategy to enhance secondary
emission of radiation and particles. In the low intensity
regime, from few GW/cm2 to tens of TW/cm2, surface plas-
mon polaritons have led to harmonic emission [9–11] and the
production of photoelectron bunches at energies up to few
100s eV [12,13]. The advent of table-top, 10s TW, fs lasers
allowed on-target irradiance I0λ

2
0 � 1018 W/cm2 μm2. In this

ultrahigh intensity (UHI) regime, any target material quickly
turns into a plasma, and electrons reach relativistic quiver ve-
locities in the intense laser field. SPW then become of interest
not only as unexplored nonlinear plasma modes but also for
their capability of accelerating electrons, being waves with a
longitudinal electric field component and slightly subluminal
phase speed. Simulations and experiments have indeed shown
that relativistic SPW can accelerate high charge, ultrashort
electron bunches along the target surface [14–25], with ener-
gies largely exceeding their quiver energy and spatiotemporal
correlation with extreme ultraviolet (XUV) harmonic emis-
sion [26].

In a recent paper, Pisani et al. [27] showed through elec-
tromagnetic simulations in the linear optics (low intensity)
regime that using wave-front rotation (WFR) on the driving
laser pulse could help generate more intense, shorter SPW.

*caterina.riconda@sorbonne-universite.fr

WFR is a technique used on fs lasers to induce a rotation of the
successive laser wave fronts, thus leading to a time-varying
incidence angle of the laser impinging onto a target. Since
SPW on a grating are excited for a well-defined value of this
angle, using WFR allows for the SPW excitation only over
a very short time, leading to the generation of near single-
cycle SPW; an enhancement of the excited SPW was also
found.

In this Letter, we demonstrate how these effects can be
harnessed in the UHI regime, and WFR can be used to drive
tunable, ultrashort, ultraintense SPW able to generate near
single-cycle, highly energetic electron bunches. The optimal
WFR conditions are identified using both analytical modeling
and kinetic (particle-in-cell, PIC) simulations. They allow for
a significant increase of both the SPW amplitude and the
electron energy by up to 65% with respect to the case without
WFR. A careful design of the grating target allows for an
additional increase (by 25%) of the electron maximum energy.
Electron bunches with several 10s of MeV energy and 10s
of pC charge are predicted considering currently available
table-top laser parameters.

The interaction setup considered throughout this work is
depicted in Fig. 1. A UHI laser pulse impinges onto an
overdense plasma with density n � nc, with nc = ε0meω

2
0/e2

being the critical density at the laser frequency ω0 = 2πc/λ0,
c the vacuum speed of light, ε0 the vacuum permittivity, and
me and −e the electron mass and charge. To resonantly excite
a SPW at the vacuum-plasma interface, the target surface is
partially modulated, and the laser incidence angle (θ0) is cho-
sen such that sin θ0 = √

(n/nc − 1)/(n/nc − 2) − λ0/d , with
d being the target periodicity [1]. The resulting SPW is excited
at the laser frequency ω = ω0 and satisfies the dispersion
relation (nonrelativistic cold-fluid model [28]) c2kSPW

2/ω2 =
(ω2

p/ω
2 − 1)/(ω2

p/ω
2 − 2), with kSPW being the SPW wave

number and ωp =
√

e2n/(ε0me) the electron plasma fre-
quency. For n � nc, the SPW phase and group velocities are
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FIG. 1. Interaction setup: the central laser wave fronts are shown
at best focus (t = 0) and striking the target (t > 0). Due to WFR,
setting the target at a distance x f from best focus leads to a “sliding
focus” effect, with the maximum on-target intensity sliding in the y
direction at a velocity vsl. The upper left insert compares vsl from
Eq. (3) (solid lines) with measures from PIC simulations ( symbols)
for x f = 25λ0 ( black circles) and x f = 50λ0 ( magenta triangles).

slightly subluminal: vφ → c[1 − nc/(2n)] and vg → c[1 −
3nc/(2n)].

As shown in Fig. 1, the target is located at a distance x f

from the laser best focus, which together with WFR allows
for a “sliding focus” effect, i.e., a displacement in time of
the pulse intensity peak along the target surface. If the sliding
focus velocity vsl is close to the SPW velocity, the latter will
be driven more efficiently. To estimate vsl, let us recall that at
focus, the electric field of a pulse with WFR can be written
as [29]

E (y′, t ) = E0 f (t ) F (y′) exp[iφ(y′, t )] . (1)

Here E0 is the maximum electric field, f (t ) and F (y′) are the
electric field temporal and transverse (in our two-dimensional
[2D] configuration) spatial envelope, and the spatiotemporal
phase is

φ(y′, t ) = ω0t (1 − �β y′/c). (2)

The linear dependence in y′t leads to an instantaneous angle of
propagation of light β(t ) � −(c/ω0)∂φ/∂y′ = �βt increas-
ing linearly with time, with �β being the WFR velocity. In
Fig. 1, �β > 0 is considered, only the central wave fronts
are represented, and angles are exaggerated for illustration
purposes. The main angle of incidence θ0, defined as that
of the central wavefront, is chosen as the resonant angle for
exciting the SPW. Successive wave fronts are then shifted by
an angle �β = �βλ0/c henceforth referred to as the WFR
parameter. As a result, each successive wave front will strike
the target at a slightly different location along the y direction,
leading to the apparent sliding velocity of the pulse on the
target. For ultrashort pulses and/or the central wave fronts,
we obtain a constant sliding velocity:

vsl � �β x f /λ0

cos2 θ0 + sinθ0 �β x f /λ0
c . (3)

As shown in the insert of Fig. 1 (for �β = 33 mrad), Eq. (3) is
found to be in good agreement with measurements from PIC
simulations.1

The sign and value of the WFR parameter �β affects the
duration and amplitude of the excited SPW [27]. Indeed, when
the sliding velocity is along the direction of propagation of
the SPW, the excited wave can increase its amplitude while
maintaining a short duration. Additional tunability can be ob-
tained by calculating an optimal value of the WFR parameter
�βopt such that the sliding velocity vsl coincides with the SPW
velocity � c; this leads to

�βopt � λ0

x f
(1 + sin θ0) . (4)

Equation (4) depends on x f : �βopt decreases when increasing
the distance between the target and best focus. This allows us
to relax the experimental constraint of obtaining large WFR
velocity [30]. However, there is a trade-off since at larger
values of x f the intensity of the laser at the surface decreases.
For the largest value we investigate, x f = 50λ0 [where Eq. (4)
gives �βopt � 30 mrad], the laser field amplitude on target
is decreased by 8% with respect to the configuration studied
below, x f = 25λ0 where �βopt � 60 mrad.

An additional improvement on the interaction setup was
made by considering that both the efficient excitation and
propagation of SPW strongly depend on the grating and sur-
face properties. By an extensive numerical study of the effect
of the target profile on the SPW excitation [31], we have
found that the best coupling is obtained for a blazed grating,
as also suggested experimentally in Ref. [21]. A systematic
comparison between targets fully modulated or only partially
engraved showed that a partially engraved target (with grooves
only in the laser-irradiated spot) efficiently mitigates radiation
losses due to scattering of the SPW off the grating. The use of
this mixed surface grating allows a better propagation of the
SPW along the flat surface. In our simulations (not shown), we
observed an increase of 25% of the maximum electron energy
using such targets.

To test our claims, two series of 2D3V PIC simulations
were performed with the code SMILEI [32] considering
different laser field strengths a0 = eE0/(mecω0). First, a
nonrelativistic laser intensity a0 = 0.1 allows us identify the
optimal parameters for SPW excitation. Then, the UHI regime
of interaction a0 = 5 and electron acceleration along the target
surface are considered. In both cases, the general setup of
the simulation is given in Fig. 1 with numerical parameters.2

The grating target, of thickness 3λ0, has density n = 100 nc,
ion to electron mass ratio mi/(me) = 1836, and temperature
ratio Ti/(Te) = 0.1 with Te = 50 eV. The periodicity of the

1In PIC simulations, vsl is measured by locating the position of the
maximum laser field amplitude as a function of time at the target
surface and time averaging over the laser high frequency.

2The simulation box is 39λ0 × 72λ0 (in the x-y directions), with
9984 × 18432 cells (spatial resolution � = λ0/256), and time reso-
lution �t = 0.95�/

√
2. Electromagnetic field boundary conditions

are injecting and absorbing in x and periodic in y. Particle bound-
ary conditions in x are reflecting (left) or thermalizing (right), and
periodic in y. There are 32 macroparticles per species per cell.
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FIG. 2. SPW magnetic field at the target surface for (a) �β = 0
and (b) �β = 67 mrad with a0 = 0.1 and x f = 25λ0. (c) Maximum
SPW field amplitude and (d) duration (FWHM) vs the WFR param-
eter �β for a0 = 0.1. Markers p1 and p2 indicate the cases shown
in panels (a) and (b). (e) Maximum electron momentum along the
surface (py) and (f) electron bunch duration (FWHM) vs �β for
a0 = 5. In panels (c) to (f), x f = 0 (green triangles) and x f = 25λ0

(black circles).

grating is d = 2λ0 with groove depth h = 0.44λ0 and blazed
angle φb = 13◦. A flat surface (at y > 42λ0) follows the
grating so that the laser illuminates only the number of ripples
corresponding to the projected pulse waist onto the surface.
The driving laser is a p-polarized Gaussian pulse with trans-
verse size w⊥ = 5.2λ0, duration [full width at half maximum
(FWHM) in intensity] T = 10λ0/c.3 The laser pulse impinges
onto the grating target at the resonant angle θ0 = 31◦. The
simulation is run up to time t0 + 20λ0/c, with t0 being the time
when the peak of the pulse reaches the target. Unless specified
otherwise, all values are taken at the end of the simulation.

We first consider a0 = 0.1 for which relativistic nonlin-
earities can be neglected. The z component of the magnetic
field,4 noted BSPW [or B̂SPW = eBSPW/(meω0)], is taken as rep-
resentative of the SPW, with all the other field components
being proportional to it. For n � nc, and in the vacuum

3The laser transverse profile is Gaussian, F (y′) = exp(−y′2/w2
⊥)

with w⊥ = 5.2λ0 and its time profile is cos2: f (t ) = cos (πt/(2T ))
for |t | < T (0 otherwise), with T = 10λ0/c.

4BSPW is collected at t = t0 + 20λ0/c, on flat surface far from the
laser-plasma interaction zone. The magnetic field has been filtered,
selecting values of k > 2kSPW .

side, the linear approximation yields |Ex| ∼ c|BSPW| and |Ey| ∼
c|BSPW|√nc/n.

In Fig. 2, we show a snapshot of B̂SPW (blue solid line)
and its envelope (red dashed line) along the target surface
for x f = 25λ0, (a) �β = 0, and (b) �β = 67 mrad. The latter
case corresponds to the most intense and shortest SPW found
in our simulations, �βopt = 60 mrad. With this optimal WFR
parameter, the SPW peak amplitude is increased by ≈65%
with respect to the case without WFR and its duration, mea-
sured as the signal FWHM, is reduced by four from 14.2 to
3.6λ0/c.

Figures 2(c) and 2(d) show the maximum value of B̂SPW

and the measured SPW duration as the result of a parametric
scan of �β for x f = 0 (target at focus, green triangles) and
x f = 25λ0 (target off-focus, black circles). At focus, WFR has
a small impact on the SPW excitation: The most intense SPW
is obtained for �β = 0, and using nonzero �β decreases the
duration of the SPW but also its maximum amplitude. Instead,
for x f = 25λ0, �β acts as a tuning parameter, allowing both
to shorten the SPW and to increase its amplitude. We observe
the shortest and most intense SPW for �β � 67 mrad. This is
in good agreement with the optimal prediction from Eq. (4),
�βopt � 60 mrad. Note a smooth trend around this optimal
value; the point directly on the left of p2 corresponds to
�β = 53 mrad. Interestingly, even though the on-target laser
intensity is reduced when increasing x f to 25λ0, a significant
increase of the SPW amplitude is still obtained using the
optimal WFR parameter. A parametric scan considering x f =
50λ0 (not shown) leads to an optimal WFR parameter �β �
33 mrad also in good agreement with �βopt = 30 mrad from
Eq. (4). Finally, as expected positive values of �β, for which
the sliding velocity is along the SPW propagation direction,
give a maximal effect. In contrast, for negative �β, the SPW
is still of a shorter duration but with a reduced amplitude,
roughly that obtained when placing the target at best focus.

We now turn our attention to the second series of simu-
lations performed in the UHI regime (a0 = 5) and electron
acceleration. The bottom row in Fig. 2 shows [Fig. 2(e)]
the maximum electron momentum parallel to the surface and
[Fig. 2(f)] the characteristic width5 of the accelerated electron
bunch as a function of �β, considering x f = 0 (green trian-
gles) and x f = 25λ0 (black circles). Both panels exhibit very
similar features to those observed at low intensity. Placing
the target at focus (x f = 0), the accelerated electron bunch
maximum energy and duration are marginally affected by
WFR. In contrast, for x f = 25λ0, WFR significantly impacts
electron acceleration: Taking �β > 0 leads to more energetic,
shorter electron bunches. By comparing the case for which
the target is at focus with �β = 0 and that with the target
at x f = 25λ0 with �β = 67 mrad, one finds an increase of
the maximum electron momentum by 62% [from max(py) �
80mec to � 130mec] and much shorter bunches when the op-
timal (positive) WFR parameter is considered and target is off
focus. The optimum value �β = 67 mrad found for electron
acceleration in this regime is the same as found earlier for
efficient, ultrashort SPW excitation at lower intensity.

5The duration of the electron bunch is estimated from its spatial
width through the relation �τ f i � �y f i/c.
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FIG. 3. Electron phase-space (red dots) and SPW field amplitude
(blue line, right scale) for a0 = 5 at times, t = t0 + 10λ0/c and
t = t0 + 20λ0/c. [(a), (b)] �β = 0 and [(c), (d)] �β = 67 mrad.
The gray vertical dashed line indicates the end of the grating and
beginning of the flat region.

Figure 3 gives further insights into the acceleration pro-
cess. The electron phase space and SPW magnetic field at
the target surface (x f = 25λ0) are shown at two different
times, for [Figs. 3(a) and 3(b)] �β = 0 and [Figs. 3(c)
and 3(d)] �β = 67 mrad (optimal condition). In both cases,
the duration of the electron bunch is proportional to the
duration of the SPW, the shortest SPW obtained for �β =
67 mrad leading to the shortest electron bunch. For �β = 0
[Figs. 3(a) and 3(b)], the SPW is strongly damped at t =
t0 + 20λ0/c: The electron bunch has reached its parallel mo-
mentum max(py) � 90mec and has a width (measured from
the FWHM in momentum) of �y f i = 11λ0. The acceleration
process is more efficient using the optimal WFR parameter
�β = 67 mrad [Figs. 3(c) and 3(d)]. At t = t0 + 10λ0/c, two
periods after the laser has left the surface, the magnetic field is
intense (B̂SPW � 1.2 a0) and the most energetic electrons have
already reached momentum up to max(py) � 70mec. Ten pe-
riods later, a narrow (�y f i = 3λ0) and energetic [max(py) �
130mec] electron bunch is obtained, while the SPW has been
significantly damped.

Similar observations can be drawn from Fig. 4. In Fig. 4(a),
the electron distribution in energy and direction (the angle is
defined in the simulation plane with respect to the x axis)
is shown, demonstrating that the most energetic electrons
are accelerated mainly along the target’s surface and in the
y > 0 direction (i.e., in the SPW direction of propagation).
Figure 4(b) shows the energy distribution of the electron, for
different values of �β.

These results and in particular the increase of the maximum
electron energy (equiv. momentum) are consistent with what
one expects from the increase of the SPW amplitude by use of
the WFR driving pulse. Indeed, an upper limit of the electron
energy gain in the SPW has been derived in Ref. [18] by
generalizing the results of wake-field acceleration [33,34],
leading �E ∼ χ γφ max |B̂SPW|mec2 so that �E is proportional
to the SPW field amplitude. Here γφ = (1 − v2

φ/c2)−1/2 and
χ is a constant of order one, reaching at most 4 [18]. In our
simulations, the magnetic field of the SPW (time-averaged
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FIG. 4. (a) Electron energy distribution in MeV as a function
of the emission angle φ = tan−1 (py/px ) for �β = 67 mrad and
a0 = 5. (b) Electron energy distribution for �β = 67 (red solid line),
�β = 0 (blue dashed line), and �β = −40 mrad (green dotted line).

over the wave period) reached at most max |B̂SPW| ≈ 3.8 for
�β = 0 and max |B̂SPW| ≈ 7.0 for �β = 67 mrad. Consider-
ing that γφ � 10 for n = 100nc, we then obtain the upper limit
�E � 154mec2 for �β = 0 and �β = 67 mrad for �E �
280mec2. These predictions overestimate the electron energy
as they assume (i) no wave decay over the distance required
for acceleration, (ii) optimal electron injection, and (iii) ac-
celeration exactly parallel to the target surface, while it has
been observed that electrons are deflected in the perpendicular
direction [19].

To gain further insight into the acceleration process, we
performed a particle tracking of the most energetic electrons
and evaluated the trajectory-averaged value of the longitudinal
field 〈Ey〉 acting on the particle. This allows to define an
acceleration length lacc = �E/|e〈Ey〉|. From the particle track,
we found �E � 90mec2 and 〈Ey〉 � −1.0 mecω0/e for �β =
0, and �E � 130mec2 and 〈Ey〉 � −1.4 mecω0/e for �β =
67 mrad. In both cases, this leads to an acceleration length
lacc ∼ 15λ0, consistent with the observed particle trajectories.
This length largely exceeds the laser spot size and is close
to the length over which the SPW decreases its amplitude
significantly (see, e.g., Fig. 3). This confirms the electrons
are accelerated by the SPW as it propagates along the target
surface.

In the optimal case, the highest energy particles (in the
range 30–70 MeV) form a bunch with duration of � 3λ0/c
[∼8 fs for λ0 = 0.8 μm] and total charge � 10 pC/λ0 (in our
2D simulations). Assuming a bunch width (in the z direc-
tion) of the order of the laser pulse with w⊥ = 5.2λ0, one
could expect few cycles of electron bunches with a charge
of ≈52 pC. These results are competitive with cutting-edge
laser wake-field electron beams from underdense plasmas.
Considering similar laser parameters and electron energies,
short, high-charge electron bunches were obtained with en-
ergy 85 MeV (21 MeV energy spread), total charge 15 pC,

and duration 4.4 fs [35].
In conclusion, a laser with WFR and an appropriately

tailored plasma target allow us to control the duration and
amplitude of SPW in the linear and relativistic regime. As
a consequence, ultrashort (near single cycle), energetic and
highly charged electron bunches are generated. The opti-
mal parameters are clearly identified; since they are well
within the capabilities of current UHI installations, this work
opens new prospects and provide guidelines for forthcoming
experiments.
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ABSTRACT

Ultra-short high-power lasers can deliver extreme light intensities (�1020 W/cm2 and �30 fs) and drive large amplitude Surface Plasma
Wave (SPW) at over-dense plasma surface. The resulting current of energetic electron has great interest for applications, potentially scaling
with the laser amplitude, provided that the laser–plasma transfer to the accelerated particles mediated by SPW is still efficient at ultra-high
intensity. By means of particle-in-cell simulations, we identify the best condition for SPW excitation and show a strong correlation between
the optimum surface plasma wave excitation angle and the laser’s angle of incidence that optimize the electron acceleration along the plasma
surface. We also discuss how plasma density and plasma surface shape can be adjusted in order to push to higher laser intensity the limit of
surface plasma wave excitation. Our results open the way to new experiments on forthcoming multi-petawatt laser systems.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0052599

I. INTRODUCTION

The interaction of an intense laser pulse with an over-dense
plasma, possessing a sharp density gradient, can result in accelerate
charged particles with relativistic velocities.1–8 The irradiation of struc-
tured targets,9,10 such as periodic grooves (gratings) on a metal surface,
by ultra-short laser pulses, is of particular interest for generating
intense Surface Plasma Waves (SPWs), which can store the laser
energy and efficiently accelerate electrons.

In this scenario, high energy transfer from the laser to the plasma
is achieved when the frequency and wavelength of the interacting laser
pulse match those given by the SPW’s dispersion relation.12–14 The
high intensity and ultra-short laser–plasma interaction regime
(�1019 W/cm2 and �100 fs) showed that a significant percentage of
electrons trapped in the SPW can be accelerated along the surface in
the range of �10 MeV.15–20 High charge electron bunches (up to
�650 pC) were also observed20–24 with applications, including the
generation of bright sources of ultra-short pulsed x-rays, ultra-fast
electron diffraction, tabletop electron accelerators, and ultra-fast elec-
tron spectroscopy.25–28 Recently, a scheme exploiting to date laser
techniques was proposed for controlling the duration and amplitude
of SPWs by which a laser with an intensity of a few 1019 W/cm2 and a
pulse duration of a few tens of fs should be able to accelerate electrons
up to �70 MeV.21 Surprisingly, in these experiments and simulations,

the non-relativistic cold dispersion relation successfully defined the
conditions of the SPW excitation with laser beam intensity up to
�1019 W/cm2.

Extending the regime of ultra-high laser intensity interaction
beyond 1021 W/cm2 can result in surface waves with extremely large
amplitudes at the over-dense plasma surface, potentially allowing one
to obtain unprecedentedly high currents of energetic electrons as well
as emitting radiation with interesting characteristics. However, the
excitation and survival of these SPWs in the ultra-high laser intensity
regime remain an open question, as in this limit the plasma grating
can evolve on relatively short time scales, and nonlinear effects can
affect the dispersion relation in the relativistic regime.

In this paper, we determine the conditions for improving laser–
plasma energy transfer as well as accelerating charged particles by the
SPW excitation mechanism in an over-dense plasma with a grating, in
the ultra-high laser intensity regime of interaction. We employed 2D
Particle-In-Cell (PIC) simulations for laser intensities ranging from
1016 to 1022 W/cm2, for various angles of incidence. The influence of
both the plasma density and the grating depth of the modulated
plasma surface was investigated since previous studies identified them
as important parameters in SPW excitation.20–24

The paper is organized as follows: Sec. II describes the PIC simu-
lation setup with parameters closely corresponding to recent
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experiments.20,22 Section III analyses SPW excitation as a function of
laser incidence and intensity. The results are then compared to analyti-
cal values obtained by the dispersion relation for cold SPWs and a
heuristic relativistic correction. The importance of considering high
density plasma to maintain SPW excitation in the ultra-relativistic
regime is shown. Section IV studies the behavior of accelerated elec-
trons along the plasma surface. A strong correlation is demonstrated
between the angle of SPW excitation and the laser’s angle of incidence
that optimizes electron acceleration along the plasma surface. Sec. V
investigates the influence of the grating depth at higher laser intensi-
ties. Then, in Sec. VI, our conclusions are presented.

II. PARAMETER OF THE SIMULATIONS

2D3V PIC simulations have been performed with the open-
source code SMILEI.29 The geometry is depicted in Fig. 1 where the
plasma lies in the (x, y) plane for x � 0, its surface being along the y
direction.

The driven laser is a P�polarized Gaussian pulse with a waist
equal to 5k0 (¼4lm) and a pulse duration equal to sL ¼ 10k0=c
(’27 fs) full width at half maximum (FHWM), where c is the speed of
light in vacuum and k0 ¼ 0:8lm is the chosen laser wavelength. The
laser pulse impinges the plasma interface through an angle hinc in rela-
tion to the normal surface along the x�direction. The plasma grating
has constant electron density n0 with a sinusoidal-modulated vac-
uum–plasma interface located at xgðyÞ ¼ ðh=2Þ sin ð2py=dÞ where h
is the grating depth and d is the period. In all cases studied, we consid-
ered d ¼ 2k0 (¼1:6 lm) and we used h ¼ 0:1k0 (¼0:08lm) or 0:4k0
(¼0:32 lm) for the grating depth. The plasma consists of electrons
with a small initial temperature of Te ¼ 50 eV as well as a neutralizing
background of ions free to move in the space with initial temperature
Ti=ðZTeÞ ¼ 0:1, where Z¼ 1 is the atomic number.

In the systematic study, we have performed, we selected two
values for the plasma density: n0 ¼ 100nc and n0 ¼ 200nc where

nc ¼ �0mex2
0=e

2 (x0 is the laser frequency, and �0 is the vacuum per-
mittivity). These values are chosen in order to study the theoretical
dependence on the plasma density and are compatible with the plasma
density obtained in experiments by ionizing solid gratings.15,20,22,24

Additionally, we varied the laser field strength [normalized vector
potential a0 � eE0=ðmecx0Þ] from a0 ¼ 0:1 (�� 1016 W/cm2) to
a0 ¼ 50 (�4� 1021 W/cm2) as may be reached on forthcoming
multi-petawatt laser systems, see, e.g., Refs. 30 and 31. For any given
(n0, a0), we have performed a parametric scan varying the incidence
angle of the laser from typically hinc ¼ 28� to hinc ¼ 50� in order to
extract the optimal condition for SPW excitation.

In these simulations, the box extends over 20k0 (¼16 lm) in the
x-direction [roughly 16k0 (¼ 12:8lm) of vacuum and 4k0 (¼3:2 lm)
of plasma], and 64k0 (¼ 51:2lm) in the y-direction. The spatial reso-
lution was set to Dx ¼ Dy ¼ k0=128 (¼0:006 25lm). The simulation
time step is chosen to be Dt ¼ 0:95Dx=

ffiffiffi
2
p

that corresponds to 95%
of the Courant–Friedrich–Lewy (CFL) condition for the standard
finite-difference time-domain (FDTD) solver.32 Every cells contain ini-
tially 16 randomly distributed particles of each species (electrons and
ions). Electromagnetic field boundary conditions are injecting/absorb-
ing in x and periodic in y. Particle boundary conditions in x are reflect-
ing (left) or thermalizing (right) and periodic in y. The simulations
were run over until particles or radiation gets the position y ¼ 60k0
(¼48lm), which determines the final simulation time t¼ tf. Notice
that tf varies according to the laser incidence angle and it gets larger as
hinc increases.

III. RESONANCE CONDITION FOR SPW EXCITATION AT
HIGH INTENSITY

In order to evidence the condition for SPW excitation as a func-
tion of the laser intensity, we perform a set of simulations with inten-
sity corresponding to a0 varying from a0 ¼ 0:1 to a0 ¼ 50 and
incident angle ranging from hinc ¼ 28� to 50�. The plasma grating
period and depth are kept constant. Initially, the depth is chosen as
h ¼ 0:1k0, so that corrections to the dispersion relation due to finite
depth are negligible. The SPW dispersion relation in the cold plasma
nonrelativistic limit is13

c2k2

x2
¼

x2
p=x

2 � 1

x2
p=x

2 � 2
; (1)

k and x are the SPW wavelength and the frequency and xp is the
plasma frequency. In the presence of high-intensity lasers plasma
interaction, and in particular, when the laser electric field E0 becomes
of the order of mecx0=e [i.e., for a normalized vector potential
a0 � eE0=ðmecx0Þ� 1], it has been proposed33–37 to correct the
response of the electrons by considering an effective electron mass
me ! c0 me, with c0 ’

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ a20=2

p
the Lorentz factor of an electron

in a plane wave with normalized vector potential a0. In the case of
SPW excitation by the laser, we, thus, consider a heuristic correction
to the dispersion relation by replacing x2

p=x
2 � x2

p=x
2
0 by

x2
p=ðc0 x2

0Þ. As a consequence, correcting the phase-matching condi-
tion leads a a0-dependent optimal angle of incidence for the surface
plasma wave excitation:

hoptða0Þ ¼ arcsin

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n0=ðc0ncÞ � 1
n0=ðc0ncÞ � 2

s
� k0

d

0
@

1
A: (2)

FIG. 1. Simulation setup: the laser beam is focused thought an angle hinc over the
interface of the plasma target with constant electron density n0, grating depth h and
period d. Here, the red–blue scale represents the magnetic field amplitude of the
laser pulse impinging over the target.
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This results in an optimal angle, hopt, that increases with the
amplitude of the SPW field. For a0 	 1, it depends on the parameter
n0=ðc0ncÞ �

ffiffiffi
2
p

n0=ða0ncÞ. In order to verify the validity of this scal-
ing, we considered two electron densities, n0 ¼ 100nc and 200nc.

As detailed in the following, we find in simulations that at high
intensity the resonance is quite broad. Although for values of
n0=ða0ncÞ� 10, the correction to the dispersion relation can improve
the coupling of the laser with plasma. We notice no further improve-
ment for higher value of a0, and the resonance angle becomes roughly
independent of a0. We can then conclude that Eq. (2) does not hold at
ultra-high intensity.

To show this let us recall that SPW is TM-modes, so their signa-
ture can be sought by inspecting the Fourier transform of the Bz com-
ponent of the magnetic field. Taking into account that the SPW and
incident/reflected laser waves have different dispersion relations, filter-
ing in (kx, ky) Fourier space allows one to extract the component asso-
ciated with the SPW. Then, an inverse Fourier transform is done to
obtain the Bz component of the SPW magnetic field in the recon-
structed real space domain.

The time evolution of the maximum amplitude of the SPW Bz
field normalized to a0 for a typical case (a0 ¼ 20; n0 ¼ 200nc; h
¼ 0:1k0 and different values of the laser incidence angle between 30�

and 45�) is reproduced in Fig. 2. The field component reaches a maxi-
mum around t ¼ 12k0=c for an incidence angle of 33�, named hereaf-
ter hopt with t¼ 0 corresponding to the time when the laser pulse
reaches the plasma surface. We notice that the SPW field amplitude
does not become larger than the laser field a0, as opposed to what has
been found for longer pulses and lower intensities.14 In this short pulse
regime (’27 fs), the SPW excitation does not have time to reach the
stationary regime. From the figure, we can also see that the resonance
condition is not sharp. A laser incident at angles close to the optimal
values excites a field with very similar behavior to the optimal one.
This is also due, as discussed in Ref. 23, to the fact that the width of
the incident laser transverse profile induces a spectral mode distribu-
tion of the SPW, which induces an angular width for the hopt equals
here to�4�.

In Fig. 3, we report the optimum laser incidence hopt (red dots
and error bar) as a function of a0 for the two plasma densities

considered. The hopt is obtained by considering for each a0 angle that
corresponds to the peak value of SPW Bz in time (following the same
procedure that is illustrated in Fig. 2). In the panels, the error bars
measure the uncertain measuring the peak value of SPW Bz, while the
gray shadow identifies the region where maxjBSP

z j� 0:85maxjBSP
z j. As

a0 increases, and in particular, for a0 � n0=ð10ncÞ, the incertitude in
determining the optimum angle of the SPW Bz becomes large since
many angles correspond more or less to the same maximum value of
the field. Moreover, when increasing a0, the normalized amplitude
of the field BSP

z =a0 decreases. We notice that going from a0 � 1 to
a0 � n0=ð10ncÞ results in a reduction of the field amplitude of 
45%.
Further increasing a0 and taking a0 � n0=ð4ncÞ result in a field ampli-
tude reduction of 
60% in relation to the field observed when a0 ¼ 1
(not shown here).

In Fig. 3, we also plot in black the expected value obtained using
Eq. (2). As anticipated, while at first the values obtained in the simula-
tions fit the equation, for larger values of a0 the resonance angle
becomes roughly independent of a0. The threshold, noted a0;T in the
following, is about a0;T ¼ 10 in the case when n0 ¼ 100nc and
increases up to 20 when n0 ¼ 200nc [or, equivalently,
n0=ða0;TncÞ � 10]. As we can see, even if Eq. (2) does not hold, the
parameter n0=ða0ncÞ is a relevant quantity to describe the laser–
plasma coupling and the SPW excitation. More importantly, this
parameter shows the importance of considering higher density plasma
to maintain SPW excitation in the ultra-relativistic regime.

In Eq. (2), the heuristic correction to the dispersion relation is
obtained using the laser parameter a0. In the present simulations, the
SPW maximum field amplitude is always smaller than a0, and typi-
cally, as shown in Fig. 2, of the order of a0=5. Therefore, for reference,
we also report in dashed black line in Fig. 3 the result from Eq. (2)
considering a0=5 instead of a0 in the c0 function.

Increasing a0 increases the laser pressure, which may alter the
grating and suppress the SPW excitation. To check the importance of
this effect and to verify if the relativistic correction of the dispersion
relation [Eq. (2)] is recovered, we also performed a set of simulations
with immobile ions (represented by blue squares in Fig. 3 and a blue
dashed line in Fig. 4). As we can see, the optimal angle is barely

FIG. 2. SPW Bz field amplitude evolution for a0 ¼ 20; n0 ¼ 200nc, and
h ¼ 0:1k0, and laser incidence angle in between 30� and 45�, t¼ 0 corresponds
to the instant of time when the laser pulse reaches the plasma.

FIG. 3. In red (rounds) laser angles of incidence that optimizes the SPW Bz field
amplitude as a function of the laser strength parameter a0 for (a) n0 ¼ 100nc and
(b) n0 ¼ 200nc . The gray region represents the laser angles of incidence where
maxjBSPz j� 0:85maxjBSPz j. In blue (squares), we report the results from simula-
tions assuming immobile ions. In both cases, h ¼ 0:1k0. The solid (dashed) black
line represents the expected value obtained using the dispersion relation for the
cold SPW limit with the heuristic relativistic correction as a function of a0 (a0=5)
(see the discussion in the text).
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modified when the ions are immobile. However, as shown in Fig. 4
where we plot the SPW field amplitude evolution with time for two
densities and a0 > a0;T , in the case of immobile ions the SPW field
survives a longer time and peaks to higher values. This means that the
grating deformation affects the SPW field on time scales larger than
few laser periods (�12k0=c here).

Above a0;T the damping of the SPW by the electrons is large,
resulting in strong electron acceleration along the surface trapped in
the SPW.16,20,23 In Sec. IV of this paper, we consider the SPW evolu-
tion as related to the electron dynamics along the grating.

IV. ELECTRON ACCELERATION ALONG
THE PLASMA SURFACE

As mentioned in the introduction, SPW excitation resulting from
high intensity ultra-short laser–plasma interaction (� 1019 W/cm2

and � 100 f s) has been shown to be an efficient way to increase the
acceleration of high charge electron bunches along the plasma surface
up to �10 MeV and �650 pC.16–24 Using the same laser intensities
and plasma densities as in Sec. III, we will first analyze the maximum
energy of the electrons that propagate along the plasma surface as a
function of the laser angle of incidence. The results are summarized in
Fig. 5 where we report the optimal laser’s angle of incidence, heopt
(which optimizes the formation of high energetic electron bunches
propagating along the plasma surface) as a function of the laser
strength parameter a0 for (a) n0 ¼ 100nc, and (b) n0 ¼ 200nc (case
h ¼ 0:1k0). To identify the electrons that propagate along the surface,
we have defined the emission angle /e ¼ tan�1ðpy=pxÞ and selected
electrons with /e ¼ 90�6 3�. The bars indicate the range of angles of
the laser incidence giving the highest electron energy. This was deter-
mined by analyzing for each angle the energy spectrum of the elec-
trons propagating along the plasma surface (/e ¼ 90�6 3�). Notice
that for the angles considered in the error bar the electron peak energy
is about the same within a percentage of up to 10%.

As before, we have considered both mobile and immobile
ions with the same color code as in Fig. 3 (red—mobile, blue—
immobile). Comparing Figs. 3 and 5, we find at low laser intensity a
strong correlation between the optimum angle of SPW excitation
and the laser angle of incidence that optimize the electron accelera-
tion along the plasma surface. The optimum angle giving the high-
est energy of the electron bunch propagating along the surface is

�31� for a0 � 1 and increases slightly up to �33� with a0 until it
reaches a0;T . It confirms the robustness of the SPW excitation in
this range of intensity.

Above a0;T , we observe for the realistic simulations (mobile ions)
that the laser incidence angle that optimize the electron bunch propa-
gating along the surface is no longer the same one that optimize the
SPW field. The transition occurs for a0 around 20 if the plasma density
is n0 ¼ 100nc, and around 30 if n0 ¼ 200nc. However, when consider-
ing simulations with immobile ions (blue bars) we recover the result of
the previous Fig. 3: the optimal angle for electron acceleration coin-
cides with the optimal angle for SPW excitation. This shows that the
electrons dynamic is sensitive to the grating deformation. Other accel-
eration mechanisms along and across the surface have been suggested
associated with the laser absorption:39 indeed, we find that above a0;T
acceleration by SPW is not the main mechanism of electron accelera-
tion, and the fast electron’s angular distribution is much wider. This
will be discussed in more detail in Sec. V, but we can anticipate that
the analysis of the electron phase space confirms this hypothesis, since
above a0;T the electron velocity distribution does not show the charac-
teristic behavior of the acceleration by SPW, namely, bunches with
periodicity equal to the SPW wavelength, and directed along the sur-
face.40 Finally, we checked the effect of the laser on the plasma surface
examining the spatial ion density distribution in two different time
scales. Both an increase in plasma density due to the radiation pressure
and an expansion of the plasma are observed (not reported here). In
the short time interval (comparable to the laser pulse duration), the
diffraction grating is distorted and the plasma is pushed, which results
in a large increase in the local plasma density. In the second and long
scale that happens few cycles after the laser–plasma interaction, the
plasma expansion creates an under-dense region in front of the target
that also might have a major effect on the laser absorption mechanism
and to define the optimal angle to the electron acceleration. The effect
of under-dense sheet in front of the plasma surface has been investi-
gated in Ref. 24.

To overcome the possible limitation of SPW–laser coupling at
high laser intensity, we now consider the influence of the target grating
depth that, when chosen appropriately, can significantly improve the
acceleration by SPW.

FIG. 4. SPW Bz field amplitude evolution at hinc ¼ 33� with time for (a) n ¼ 100nc;
a0 ¼ 27 and (b) n ¼ 200nc; a0 ¼ 50. t¼ 0 corresponds to the instant of time
when the laser pulse reaches the plasma.

FIG. 5. In red (bars), angle of incidence of the laser that optimizes electron
bunches energy propagating along the plasma surface (heopt ) as a function of the
laser strength parameter a0 for (a) n0 ¼ 100nc and (b) n0 ¼ 200nc . Blue (bars)
shows the results from simulations assuming immobile ions. In both cases,
h ¼ 0:1k0. The solid black line reports the optimal angle of SPW excitation
obtained using the dispersion relation for cold SPW with the heuristic relativistic cor-
rection (see the discussion in the text).
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V. RECOVERY OF SPW ACCELERATION BY ADAPTING
THE GRATING DEPTH

In the laser–solid interaction and also at high laser intensity
where plasma is created, it is well known that the ratio between the tar-
get grating depth and the grating periodicity plays a major role in the
SPW excitation.36,38 Thus, here, in order to find the optimum grating
parameters for SPW excitation in the ultra-high laser intensity regime
(a0 � 25), we have redone the PIC simulations increasing the grating
depth of the plasma to h ¼ 0:4k0.

In Fig. 6, we compare the optimal angle of incidence of the laser
that optimize electron bunches energy propagating along the plasma
surface (bars) found in Sec. IV for h ¼ 0:1k0 (in red) with the one
found for h ¼ 0:4k0 (in green) keeping unchanged the other parame-
ters. As we can see in the case h ¼ 0:4k0, the optimum angle for parti-
cle acceleration remains between 30� and 36� and coincides with the
optimum angle for SPW excitation as presented in Fig. 3. As in Sec.
III, the best laser incidence angle to excite highly energetic electron
bunches stay roughly constant and does not scale with the laser
strength. This is illustrated as an example by the simulations at
a0 ¼ 30. In Fig. 7, we plot the maximum Bz field amplitude evolution
in time for different values of laser incidence angle and h ¼ 0:1k0 (a)
and h ¼ 0:4k0 (b). Comparing Fig. 7(a), where a0 ¼ 30 and
h ¼ 0:1k0, the time evolution of the field is quite similar to that
observed in Fig. 2 where a0 ¼ 20 and h ¼ 0:1k0. However, when we
increase the grating’s depth, the value of the field amplitude is larger
and the optimal angles (31� � 33�) coincide with the optimal angles
for electron acceleration in Fig. 6(b). As a consequence with the deeper
grating, we expect both that the electrons are mainly accelerated by the
SPW and that the maximum energy gained by the electrons is higher
than if the grating is shallow.

In Fig. 8, we show the maximum value of the gamma factor, cf
along the target’s surface, for the electrons observed at the end of sim-
ulation as a function of the laser strength parameter a0, taking
hinc ¼ heopt and the parameters used in Fig. 6. As expected we observe
that the energy transfer is better when the gratings are deeper
(h ¼ 0:4k0) than when they are shallow (h ¼ 0:1k0) in the high-
intense regime. The red dotted line is the function cf ¼ 1þ 5:1a0 that
fits the data when h ¼ 0:1k0, and the green dashed curve is the func-
tion cf ¼ 1þ 9:3a0 that fits the data when h ¼ 0:4k0.

A more detailed analysis of the electron dynamics can be inferred
from their energy distributions as a function of the propagation angle
and from their phase space (py=mec; y=k0). If h ¼ 0:4k0 and
hinc ¼ 33�, a large amount of highly energetic electrons propagates
along the surface /e ¼ 90� [Fig. 9(a)], and the phase space shows
bunches distanced by a wavelength [Fig. 9(b)], consistent with the
SPW acceleration mechanism.

FIG. 6. Optimal angle of the incidence of the laser that optimize electron bunches
energy propagating along the plasma surface (heopt ) as a function of the laser
strength parameter a0 for (a) n0 ¼ 100nc and (b) n0 ¼ 200nc (case h ¼ 0:1k0 in
red and h ¼ 0:4k0 in green). The black line reports the expected value obtained
using the dispersion relation for cold SPW with the heuristic relativistic correction
(see the discussion in the text).

FIG. 7. SPW Bz field amplitude evolution with time for a0 ¼ 30; n0 ¼ 200nc, laser
incidence angle in between 30� and 45�, and h ¼ 0:1k0 (a) and h ¼ 0:4k0 (b).
t¼ 0 corresponds to the instant of time when the laser pulse reaches the plasma.

FIG. 8. Maximum value of gamma factor, cf, along the target’s surface, observed at
the end of simulation as a function of a function of the laser strength parameter a0
for n0 ¼ 100nc and n0 ¼ 200nc (case h ¼ 0:1k0 in red and h ¼ 0:4k0 in green).
The dashed lines represents the general tendency of the results.
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This is very different from the case with h ¼ 0:1k0, and
hinc ¼ 33� reported in Figs. 9(c) and 9(d) or h ¼ 0:1k0, and hinc ¼ 45�

reported in Figs. 9(e) and 9(f). We observe for these last two parameters
sets that the faster electrons are accelerated mainly along the direction
of the incident and reflected laser beam, and fewer electrons are found
propagating along the surface at 90�. Moreover, a large amount of fast

electrons are pushed inside the plasma. It is worth to point out that
although the peak energy is reduced in this configuration, the laser–-
plasma coupling is still large so that this configuration might be a way
to enhance the target normal sheath acceleration (TNSA) at the rear of
the thin target.11 In such a limit, the SPW field when present [Figs. 9(c)
and 9(d)] is weak and the SPW wave is no longer the predominant
acceleration mechanism. This might be attributed to the grating defor-
mation due to laser pressure, which prevents the laser–SPW coupling.

We can, thus, conclude that a deeper grating allows one to
recover the exciting of SPW in the ultra-high intensity laser regime
and acceleration along a preferential direction. This effect is evident in
Fig. 9(g) when comparing the electron’s spectra (selecting only the
ones emitted parallel to the target /e ¼ 90�6 6�) for h ¼ 0:1k0 (in
blue) and h ¼ 0:4k0 (in red), with hinc ¼ 33� in both cases. The elec-
tron energy obtained when increasing the grating depth is increased
by a factor of two for the deepest grating and the optimal angle.
Instead for h ¼ 0:1k0, the energy spectrum changes very little between
hinc ¼ 33� and 45� (in green), even if, when comparing the phase
space py=mec; y=k0 for both incident angles [Figs. 9(d) and 9(f)], we
observe a small signature of the SPW excitation (bunching of the
phase space), that is lost at 45�.

To conclude this section, we verified that for h ¼ 0:4k0, the SPW
is still excited even at significantly higher laser intensities. In Fig. 10,
the electrons emission spectrum assuming two extreme laser condi-
tions (a) a0 ¼ 100 and (b) 200 is shown. Therefore, the plasma density
is equal to n0 ¼ 200nc. From the panels, we observe a large increase in
the electron energy achieving cf =a0 � 7; 8 (cf 
 800 for a0 ¼ 100
and cf 
 1600 for a0 ¼ 200), even if for the largest laser strength
a0 ¼ 200 [Fig. 10(b)], the angular distribution of the electrons tends
to increase. Our results show that, even in the very high-intensity
regime of interaction, there is good evidence that SPW excitation and
the consequent electron acceleration still present when the diffraction
grating is correctly chosen. However, they do not account for addi-
tional processes that may set at extreme intensities, such as radiation
reaction or quantum effects (like pair creation).41 These processes are
under investigation and remain beyond the scope of this work.

VI. CONCLUSION

In this work, we consider a laser pulse impinging on an over
dense plasma, whose surface presents a periodic modulation (grating),

FIG. 9. For hinc ¼ 33�; a0 ¼ 30; n0 ¼ 200nc, and h ¼ 0:4k0: (a) electron energy
distribution at t¼ tf. The plasma surface is along 90�, the red arrow shows the
direction of the incident laser beam, and the green arrow shows the reflected one;
(b) phase space (py=mec; y=k0) of the electrons in the simulation box; the panels
(c) and (d) [(e) and (f)] represent the same as the panels (a) and (b) for h ¼ 0:1k0
and hinc ¼ 33� (hinc ¼ 45�); (g) spectrum of the electron bunches along the sur-
face for the tree parameter sets discussed.

FIG. 10. Electron energy distribution at t¼ tf, hinc ¼ 33�, and h ¼ 0:4k0: a0 ¼ 100
(a) and a0 ¼ 200 (b). The plasma surface is along 90�, the red arrow indicates the
direction of the incident laser beam, and the green arrow shows the reflected one. Note
that although the ratio c=a0 is about the same in both panels, cf is about 800 in (a) and
1600 in (b).
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in order to generate large amplitude Surface Plasma Waves (SPWs).
Key parameters were obtained for optimizing laser–plasma coupling
in the ultra-relativistic regime (�1022 W/cm2). A systematic study in
the function of the laser incidence angle and intensity, a0, employing
the SMILEI particle-in-cell simulations, showed that at ultra-high laser
intensities (a0 � 30Þ, the SPW resonance angle becomes roughly inde-
pendent of a0. A strong correlation was also observed between the
optimum SPW excitation angle and the laser’s angle of incidence that
optimizes electron acceleration along the plasma surface. The produc-
tion of high energetic electron bunches is analyzed as well as the
appropriate values of plasma density and surface shape to ensure SPW
survival at ultra-high laser intensity. Furthermore, the parameter
n0=ða0ncÞ is shown as crucial for describing laser–plasma coupling
and SPW excitation, as it highlights the importance of the prior con-
sideration of higher density plasma to maintain SPW excitation in the
ultra-relativistic regime. Finally, as high-intense lasers illuminating the
grating inevitably distorts it, increasing the grating’s depth provides a
more robust condition for SPW excitation. This may be a way to
obtain unprecedentedly high currents of energetic electrons as well as
emitting radiation with interesting characteristics, thereby paving the
way to new experiments on forthcoming multi-petawatt laser systems.
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An electron acceleration mechanism is identified that develops when a relativistically intense laser irradiates
the wedge of an overdense plasma. This induces a diffracted electromagnetic wave that carries a significant
longitudinal electric field and that accelerates electrons from the plasma over long distances to relativistic
energies. Well collimated, highly charged (nC) electron bunches with energies up to hundreds of MeV are
obtained using a laser beam with Iλ2

0 = 3.5 × 1019 Wµm2/cm2. Multidimensional particle-in-cell simulations,
supported by a simple analytical model, confirm the efficiency and robustness of the proposed acceleration
scheme.

DOI: 10.1103/PhysRevResearch.5.013115

I. INTRODUCTION

The interest in developing novel compact energetic particle
and radiation sources via ultraintense laser-plasma interaction
mechanisms has steadily increased over the last decade as they
are useful for a large variety of applications ranging from
image generation [1] to proton therapy [2], passing through
space propulsion [3]. With this aim, various schemes were
proposed and studied in detail, either involving the broad
category of laser wakefield acceleration [4] or the interaction
of a laser with an overdense plasma [5–24], in which our work
is inscribed.

Among the mechanisms relying on overdense plasma, elec-
tron acceleration by resonantly excited relativistic surface
plasma waves (SPWs) [7–13,25,26] has been demonstrated,
leading to high charge, ultrashort bunches along the target sur-
face, reaching energies largely above their quiver energy and
correlated in time and space with extreme ultraviolet harmonic
emission [10]. Advanced methods to control the duration and
energy of the electron bunches have been proposed [12].

A compelling alternative, which draws attention by its
seemingly simple concept, is the acceleration of electrons in
the vacuum by a laser through straight energy transfer, known
as vacuum laser acceleration [5,6,27–31]. Ideas to improve
such a scheme have been proposed, like plasma mirror in-
jectors [19,20], in which the electrons “surf” the reflected
electromagnetic wave along a distance proportional to the
Rayleigh length. The resulting bunches of nC charge reach en-
ergies of the order of MeV for a laser intensity ∼1019W/cm2.
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Alternatively, direct laser acceleration involves the nonres-
onant interaction of a laser with a solid target [5,21,22,32].
In particular, the use of a microstructured hollow-core target
has been suggested that both guides and confines the laser
pulse, resulting in an enhanced and superluminal longitudinal
electric field [23,24].

II. ELECTRON ACCELERATION
BY A DIFFRACTED FIELD

In this paper, an electron acceleration mechanism is un-
raveled that develops when an ultrahigh intensity p-polarized
laser pulse irradiates the wedge of an overdense plasma target.
We therefore propose an acceleration scheme that, consid-
ering an ultrashort (∼25 fs), ultraintense (∼1019 W/cm2)
laser pulse (assuming micrometric wavelengths), allows us to
produce electron beams with hundreds of MeV energy, nC
charge, and very small (a few degrees) angular aperture.

The scheme is depicted in Fig. 1, where the laser pulse
propagates in the horizontal (x > 0) direction. It is focused
onto the wedge of the target, where the latter consists of an
overdense plasma slab occupying the regions x > 0 and y < 0
and extended over several laser wavelengths in the z direction.

Electron acceleration occurs at the (y = 0)−target surface
which is irradiated by the laser at grazing incidence. In the
following, we will identify the key role of the electromag-
netic wave diffracted at the plasma wedge [see Fig. 1(b)]
in accelerating the electrons. For a right-angle wedge, this
diffracted wave propagates cylindrically, from the wedge out-
ward, in all vacuum directions (from θ = 0 to θ = 3π/2).
Most importantly, this wave carries a radial or longitudinal
electric field which is responsible for the observed electron
acceleration. This longitudinal field is maximum for small
angles pointing in the direction of propagation of the incident
laser, and it is shown to decay with the inverse square root
of the distance from the wedge. We will demonstrate the
effectiveness of this acceleration scheme capable of sustaining

2643-1564/2023/5(1)/013115(9) 013115-1 Published by the American Physical Society
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FIG. 1. (a) Laser-plasma interaction scheme. (b) Electric field Ex

extracted from the 3D PIC simulation at the time t = 0, at which the
normalized laser amplitude a0 = 5 is maximum on the plasma edge
(here n = 100nc).

sub-mm acceleration lengths both through 3D particle-in-cell
(PIC) simulations and through an analytical model showing
that the electron energy increases with the square root of
the acceleration distance and scales linearly with the laser
maximum electric field amplitude.

III. 3D SIMULATIONS OF THE ELECTRON
ACCELERATION AT THE WEDGE SURFACE

Simulations have been performed with the open source PIC
code SMILEI [33]. In the simulations, the laser pulse has a
maximum normalized vector potential a0 = eE0/(mecω0) =
5 (Iλ2

0 = 3.5 × 1019 Wµm2/cm2, with I the laser intensity and
λ0 its wavelength) a Gaussian transverse profile with waist
σ0 = 6 λ0, duration τ = 8 λ0/c (full width at half maximum
in intensity), and maximum electric field amplitude E0. It is
focused onto a cold plasma with electron density n = 100 nc,
nc = ε0meω

2
0/e2 being the critical density beyond which the

plasma is opaque to an incident laser pulse with angular fre-
quency ω0 = 2πc/λ0 (ε0 is the vacuum permittivity, me and
−e the electron mass and charge, respectively, and c the speed
of light in vacuum). The details of the numerical set up are
given in Appendix A. Figure 2 gives an example of a 3D sim-
ulation result. It reports in color scale the Ex component of the
diffracted wave (normalized to E0) at time t = 18λ0/c, t = 0
denoting the time at which the maximum of the laser pulse

FIG. 2. Electric field Ex (in color, normalized to the maximum
laser field strength E0) and plasma density n/nc (in gray scale) at
t = 18λ0/c. Results from the 3D PIC simulation with a0 = 5 and
n = 100nc.

FIG. 3. (a) Electron energy (E) spectrum at different times and
(b) electron energy-angular distribution at t = 54λ0/c. Results from
the 3D PIC simulation with a0 = 5 and n = 100nc.

reaches the edge of the target. In gray scale is the electron den-
sity. Electrons accelerated by the diffracted wave are clearly
visible as bunches propagating with the longitudinal field,
right above the target surface. The resulting electron energy
spectrum is reported at different instants of time in Fig. 3(a),
and the electron angular-energy distribution is reported at time
t = 54λ0/c in Fig. 3(b), where φe = arctan(py/px ).

After only a few tens of optical cycles of interaction, the
electrons have already reached energy of several tens of MeV,
and carry substantial charges. When considering only elec-
trons with energy above half the maximum energy (i.e., above
30 MeV at time t = 54λ0/c) and assuming λ0 = 0.8 µm, we
obtain a total charge of 0.8 nC, emitted within an angle ∼80
mrad and normalized emittance εn,⊥ ∼ 4.5 mm.mrad [34].
Similar charge levels were reported considering vacuum laser
accelerators [19,23], but the present scheme allows us to ob-
tain much higher electron energies at given laser intensity and
duration.

IV. FIELDS IN THE WEDGE CONFIGURATION

Understanding how electrons are accelerated requires a
deeper insight into the laser pulse diffraction at the plasma
wedge, which can be drawn from previous theoretical [35,36]
and numerical works [37]. In particular, the different elec-
tromagnetic field components are present in the electron
acceleration region (x > 0, y > 0), and can be distinguished
as (i) the incident electromagnetic wave, (ii) a (small am-
plitude) SPW propagating along with the vacuum-target
interface, and (iii) the electromagnetic wave diffracted at the
plasma wedge [35–37].

In the proposed scheme, electron acceleration is governed
by the diffracted wave. A key element for efficient electron
acceleration is that, due to the nonperfectly conducting nature
of the plasma, the diffracted wave carries a nonzero radial
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FIG. 4. Fields extracted from the 3D PIC simulation at t = 0:
(a) total electric field Ey/E0, (b) and (c) y and x components of
the electric field associated to the diffracted wave, respectively,
and (d) radial component of the electric field Ê d

r associated to the
diffracted wave.

or longitudinal electric field, maximum for diffraction angle
θ ∼ 0, pointing along the target surface and thus efficiently
accelerating particles in this direction. Unlike the SPW that is
confined at the vacuum-target interface (within an evanescent
length ∼λ0), this longitudinal field of the diffracted wave
extends over a few wavelengths in the (x > 0, y > 0) vacuum
region. This property can be seen in Fig. 4, which reports
different field components extracted from 3D PIC simula-
tion for a0 = 5 and n = 100nc at time t = 0 and for z = 0
(center of the laser pulse in the third dimension). Figure 4(a)
depicts the total electric field Ey/E0, (b) the Ed

y and (c) Ed
x

components of the diffracted wave only, and (d) the radial
component Ed

r = Ê d
r e−i(k.r−ωt ) of the diffracted wave, where

Ê d
r = Ê d

x (x/
√

x2 + y2) + Ê d
y (y/

√
x2 + y2). All electric fields

shown with a hat are reported in units of mecω0/e.
To obtain the components of the diffracted field, we have

run three different PIC simulations: (i) one in which the
laser pulse is irradiated over the 3D plasma slab, resulting
in the total field [Fig. 4(a)], (ii) one in which the laser pulse
is irradiated over a plasma slab (x > 0 and −∞ < y < ∞)
that blocks the whole laser beam and describes the reflected
field, and (iii) one in which the laser pulse propagates in the
free space and describes the incident wave. Then, for y < 0
(y > 0), we remove the incident (reflected) field from the total
field. The field structures observed here are similar to those re-
ported in the literature [35–37] considering the irradiation of a
right-angled wedge by a plane wave. Our 3D PIC simulations
confirm that even at relativistic intensities, and considering
finite size and pulse duration, the diffracted field properties
are preserved.

To perform parametric studies, we have considered a series
of two-dimensional (2D) simulation at higher resolution (see

FIG. 5. 2D PIC simulation using a constant laser temporal pro-
file. (a) Radial field Ê d

r associated to the diffracted wave. (b) Line-out
of Ê d

r recorded at an angle θ0 = 3◦ from the target surface.

details in Appendix A). The 2D simulations are representa-
tives of the 3D fields at the center of the box (i.e., z = 0), and
we found excellent agreement when benchmarking with the
correspondent 3D cases (see Appendix B). For this reason, we
will henceforth consider 2D PIC simulations in the following.

We reproduce in Fig. 5 the radial field from a 2D PIC
simulation for which the laser field amplitude was kept con-
stant over the whole simulation duration. This allows us to
highlight the decrease with the distance from the wedge of
the longitudinal field Er close to the surface. The longitudinal
field of the diffracted wave Ê d

r is reported in Fig. 5(a), while
Fig. 5(b) shows a line-out of the field recorded at a small angle
θ0 = 3◦ with respect to the x direction (to remove noisy con-
tributions at the surface location). The one-over-square-root
dependence expected from Refs. [35–37] is recovered, and
this slow decay can sustain the electron dynamics over long
acceleration distances.

V. SCALING LAW FOR THE ELECTRON ACCELERATION

Because of the high directionality of the accelerated elec-
trons reported in Fig. 3(b), we can consider the longitudinal
electric field Er of the diffracted wave, as the main driver
for the electron acceleration, Er is approximately equal to
the Ex component. Based on these assumptions, a simple
one-dimensional model can be derived to describe the electron
acceleration process.

We consider that Ex decays in space as 1/
√

k0x from its
maximum value ηE0 (η � 1 being the ratio of the maximum
amplitude of the diffracted and the laser field that can be ex-
tracted from the simulations). The wave envelope and carrier
are determined by the finite laser pulse itself. As a result, the
equation of motion of an electron in the resulting longitudinal
field reads

me
d

dt
γ vx = −e ηE0 e−(t−x/c)2/τ 2 sin(k0x − ω0t )√

k0x
, (1)

where vx = dx/dt is the electron velocity and γ = (1 −
v2

x /c2)−1/2 its Lorentz factor. Equation (1) can be solved nu-
merically considering a given initial position x0 = x(t = 0)
and zero initial velocity vx(t = 0) = 0. This equation can also
be solved analytically for an ultrarelativistic electron, where
dt ∼ dx/c. In this limit, considering a constant phase and the
peak field −ηE0, Eq. (1) reduces to k−1

0 dγ /dx = η a0/
√

k0x,
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FIG. 6. Total transverse (blue) and longitudinal (red) electric fields at time t = 4λ0/c as extracted from a 2D simulation with a0 = 5 and
n = 100nc. Black dots represent high energetic test electrons propagating with the wave and the solid black line is a histogram representing
the number of accelerated electrons at a given position.

which leads to a scaling for the electron energy:

γ (t ) ∼ 2ηa0
√

ω0t . (2)

This scaling is found to be in excellent agreement with the
maximum electron energy reported in Fig. 3(a), leading to
maximum energies of 34 MeV (γ ∼ 67) for t = 18λ0/c and
59 MeV (γ ∼ 116) for t = 54λ0/c when taking a0 = 5 and
η = 0.63, which are consistent with our simulations. The
square-root dependence of the electron energy with time is
key evidence that the acceleration takes place in the longitu-
dinal field of the diffracted wave.

VI. ELECTRON’S INJECTION

For electrons to be accelerated by the diffracted wave, they
first need to be extracted from the plasma, then injected in
the wave with a (longitudinal) velocity close to c so they
can phase lock with the accelerating field. This early stage
predominantly occurs at the target wedge, close to x = 0,
where the laser transverse electric field, Ey, can efficiently
pull electrons out of the plasma. This happens whenever Ey

assumes negative values so the electrons acquire a positive
transverse velocity vy > 0. The resulting vyBz contribution of
the relativistic (a0 � 1) laser pulse together with the longitudi-
nal ∼Ex field of the diffracted wave can then bring the electron
to near-relativistic longitudinal velocities (vx ∼ c) within less
than an optical cycle. This happens above a threshold in the
laser intensity (a0 > 1) and inspection of particle orbits shows
that, while both Ex and vyBz contribute to the injection and
phase locking, the first term dominates in most cases. More-
over, phase locking requires that the electrons are generated
(extracted than injected) in a region where the longitudinal
electric field of the diffracted wave is negative.

It is to be noted that as reported by Karal and Karp [36],
the diffracted wave is not in phase with the incident laser
wave, but phase-shifted by 5π/4 with respect to it. This is
confirmed in our PIC simulations and is visible when re-
porting the (total) longitudinal and transverse electric fields
measured at the plasma surface, y/λ0 = 0, as shown in Fig. 6.
Indeed, electrons are injected at the plasma wedge, x = 0,
when both Êx (solid red line) and Êy (solid blue line) are
negative. Because of a phase shift of 5π/4 between the Ey and
Er components for x > 0, electrons are injected once per laser
period as nanobunches accelerating in the region of negative
Êx field. In Fig. 6, the black dots represent high energetic
test electrons propagating with the electromagnetic wave. The
solid black line is a histogram representing the number of

electrons at a given position. Once the particles phase lock,
the total force due to the transverse fields is ∼0 and does not
participate in the acceleration, as will be discussed more in
detail in the following.

VII. VALIDATION OF THE SCALING LAW
BY PIC SIMULATIONS

To confirm the validity of the model developed above and
the interest of the proposed acceleration scheme, we report the
results of a series of 2D PIC simulations in the x, y plane at
longer timescales and for different laser intensities.

We first discuss in more detail the time evolution for our
reference case a0 = 5, whose results are summarized in Fig. 7.
In Fig. 7(a), we report the temporal evolution of the Lorentz
factor of three representative electrons (macroparticles) as
they are accelerated in the diffracted wave. The Lorentz fac-
tor of the most energetic electron (red line) increases with
time as predicted by our model (dashed line) [Eq. (1) using
η = 0.63 and x0 = k−1

0 ], and shows strong evidence of the√
ω0t time dependence. Note also that the Lorentz factor in

this 2D simulation at times t = 18λ0/c (γ ∼ 65) and 54λ0/c

FIG. 7. (a) Temporal evolution of the Lorentz factor (γ ) of three
representative electrons extracted from 2D PIC simulations (with
a0 = 5 and n = 100nc); the dashed black line is obtained by solving
Eq. (1) numerically. (b) Transverse excursions of the three represen-
tative electrons shown in panel (a).
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FIG. 8. Panels (a) and (b) report as red points the maximum
Lorentz factor obtained in 2D PIC simulations at t f = 150λ0/c as
a function of a0. In panel (a), the numerical integration of Eq. (1)
is shown as a solid black line, and the prediction of Eq. (2) as a
green dotted line (using η = 0.63). In panel (b), the grey region
corresponds to the integration of Eq. (1) for 0.6 < η < 0.75.

(γ ∼ 110) is the same as in the 3D simulation. The blue and
green lines correspond to electrons for which phase locking
was less efficient, but that can later be picked up by the
wave and further accelerated to large energies. For all these
representative particles, our model gives a good estimate for
the maximum energy (Lorentz factor) the particle can get as
a function of time. This 2D simulation also shows that the
acceleration can be maintained over long times, allowing us to
reach high energies, here of the order of 86 MeV (γ ∼ 170)
at t = 150λ0/c for the most energetic electron (red line). The
acceleration can thus develop over long distances along the
target surface. As shown in Fig. 7(b), where we repro-
duce the trajectory of the same test particles as in Fig. 7(a),
the electrons have propagated over ∼150λ0 in the x direction,
but only a few wavelengths in the y direction (note the scale
difference).

We then perform a scan in peak intensity from Iλ2
0 �

5.35 × 1017 to 1.92 × 1021 W/cm2, corresponding to a0 in be-
tween 0.5 and 30, and assuming λ0 = 0.8 µm, while keeping
the remaining laser and plasma parameters unchanged.

The maximum Lorentz factors achieved by an electron at
time t = 150λ0/c was extracted as a function of a0 and re-
ported in Figs. 8(a) and 8(b). Figure 8(a) shows the transition
of nonrelativistic to mildly relativistic field strengths, 0.5 �
a0 � 3, where a threshold is clearly observed for a0 ∼ 1.5
(correspondingly, ηa0 ∼ 1). The threshold is well reproduced
by the theoretical model when solving Eq. (1) numerically
(solid black line). The electron energy scaling given by Eq. (2)
(∝ a0, dashed green line), found by considering highly rel-
ativistic particles, gives excellent agreement with the PIC
results above threshold. As a0 increases, the parameter η

shows a weak dependence with a0 nc/n. In the simulations,
we find that η is equal to 0.75 for a0 = 30. Indeed, as shown

FIG. 9. Temporal evolution of (a) the parallel f̂x = fx/(mecω0 )
and (b) the transverse f̂y = fy/(mecω0) forces acting over the three
electrons reported in Fig. 7.

in Fig. 8(b), the energy scaling using η = 0.75 in Eq. (1) gives
a better estimate at large a0.

The agreement between the simulations and our one-
dimensional model can be understood by looking at the
forces acting on the accelerated electrons. The longitudi-
nal [ fx = −e(Ex + vyBz )] and perpendicular [ fy = −e(Ey −
vxBz )] forces experienced by the three electrons discussed in
Fig. 7 are reported in Figs. 9(a) and 9(b), respectively, for our
reference case. For readability, only short times t < 18λ0/c
are shown. The longitudinal force fx in Fig. 9(a) clearly shows
the 1/

√
ω0t time dependence expected for acceleration in the

longitudinal field of the diffracted wave (with ct ∼ x). This
confirms the dominant contribution of Ex compared to the
magnetic force vyBz (consistent with the fact that vy stays
small for the high-energy electrons and that the energy gain
is due to the work of the longitudinal field only). From
Fig. 9(b), we also see that the transverse force fy experienced
by the electron is always very small, which implies that the
two contributions Ey and vxBz compensate each other (which
is possible for vx → c). The transverse force assumes non-
negligible values only at the time of injection (t ∼ 0) and
for the electron represented by the green and blue lines, at
times t ∼ 8λ0/c and 15λ0/c, respectively. A closer look at the
particle orbits shows that these times correspond to the mo-
ment when those particles are bouncing off the target surface.
Indeed, at those times the electrons penetrate the plasma skin
depth, experience a screened electric field (Ey → 0), and are
turned back by the strong vxBz force (Bz is not screened). At
those times, the electrons do not gain energy [see Fig. 7(a)],
but they can re-enter the wave and get further accelerated.

VIII. PHASE LOCKING

The slow decrease (∝ 1/
√

k0x) of the longitudinal field
of the diffracted wave along the target surface means that
electrons can, in principle, remain in phase and be accelerated
over distancesor times even longer that that considered so far.
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FIG. 10. Temporal evolution of the Lorentz factor (γ ) of three
electrons which are accelerated over a long time interval. The dashed
black line is the result from the theoretical approach using η = 0.63.
The green line represents the same particle in all panels. Here, a0 = 5
and n = 100nc.

This is confirmed in Fig. 10, where few selected high-energy
electrons from our reference case were tracked over 450 op-
tical cycles, propagating distances ∼450λ0 along the target
surface and reaching energies of nearly 130 MeV (γ ∼ 260).

To explain this, we examine the phase shift an electron
acquires with respect to the accelerating wave:

�ϕ = k0

∫ t

tinj

(c − vx ) dt . (3)

For relativistic electrons, vx(t ) is well approximated by Eq. (2)
[using vx = (1 − 1/γ 2)1/2]. In addition, if we assume that
the electron energy at time t is much larger than that at the
moment of injection [γ (t ) 
 γ (tinj )], then we obtain that the
phase shift �ϕ ∼ (8η2a2

0)−1 ln 4η2a2
0 ω0t increases logarith-

mically with time. Conversely, the dephasing time ω0td ∝
exp(8πη2a2

0), at which �ϕ ∼ π , increases exponentially with
η2a2

0. This ensures that the electron can remain in phase with
the accelerating field whenever ηa0 > 1.

Considering the forces in Figs. 9(a) and 9(b), the transverse
motion in the complex field resulting from the superposition
of the cylindrical diffracted wave and incident laser field can
induce in some particles a temporary dephasing with respect
to the accelerating field as they hit the surface. A similar
effect can occur at much longer timescales, and it is at the
origin of the fact that for a short amount of time the energy
stops increasing, as visible in Fig. 10, but starts again after
reinjection. Note also that 3D diffraction effects can set in over
long distances and limit the acceleration.

IX. ROLE OF THE PLASMA DENSITY

As discussed earlier, we find a very weak dependence of
the amplitude of the diffracted wave that is represented by the
η parameter with a0 nc/n. Complementary simulations with
different plasma densities also show that both the η parameter
and the final electron acceleration are almost independent of
n/nc, as long as it is much larger than one. Moreover, the
diffracted wave phase velocity should be independent of the
plasma density. This is in contrast with SPWs, whose phase
velocity, as predicted from the theory vph ≈ c(1 − nc/2n)
[8] depends on the parameter n/nc and is subluminal. We

FIG. 11. Field phase velocity observed from two different setups:
the one in the present paper, panels (a) and (b), and a setup involving
resonant excitation of surface plasma waves, as in Ref. [12], with
�β = 0 and θinc = 31◦, panels (c) and (d). In the figures, a0 = 5 and
tt = 30c/λ0 is much longer than the pulse duration.

exploited this result to show that, even if a surface plasma is
present, the main contribution to acceleration comes from the
diffracted wave.

We measured the temporal evolution of the longitudinal
electric field amplitude (represented by the saturated colors)
in our configuration in a frame that moves at the speed of
light using a probe located on the plasma surface. The vertical
lines indicate no variation in the phase velocity, both for
the case the plasma density is n = 100nc in Fig. 11(a) and
n = 20nc in Fig. 11(b). We then performed simulations where
we resonantly excite SPWs (same arrangement as Ref. [12]
with �β = 0 and θinc = 31◦). In contrast to the previous case,
we observe with the same diagnostic that the wave phase
velocity depends on the density: it is slightly less, but the
same order than c for n = 100nc as shown in Fig. 11(c) and
clearly smaller then the speed of light, vph ≈ 0.96c, for the
lower density case n = 20nc, Fig. 11(d), as expected.

We also note that the excursion of the electrons shown in
Fig. 7(b) show that efficient electron acceleration can happen
at some wavelengths above the surface. This indicates that
resonant SPWs are not at the origin of the particle acceleration
as these waves are well localized at the target surface and
decay exponentially with the distance from the surface over
evanescent lengths of the order of λ0.

X. DISCUSSION AND CONCLUSION

The robustness of the proposed acceleration mecha-
nism was tested using complementary 2D PIC simulations
(not shown). In these simulations, various parameters were
changed, such as the shape of the target’s corner or the rough-
ness of the plasma surface. The presence of a small preplasma
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FIG. 12. Comparison of the total field Êx extracted from (a) 3D
and (b) 2D simulations.

or a small misalignment of the laser were also considered
(the laser impinging at an angle up to ±5◦ with respect to
the surface, and with variations of the focus location of a
few wavelengths in all directions). In all these complementary
simulations, the parameter η and the electron acceleration
was shown to be marginally impacted, suggesting that this
acceleration scheme could be easily implemented in experi-
ments aimed at demonstrating new energetic particle sources.
Moreover, the laser transverse size and pulse duration can
be used to control the total charge: the longer the pulse, the
more electron bunches will be accelerated. We verified this
trend by performing 3D PIC simulations increasing either
the transverse size by one and a half or doubling the pulse
duration. In the first case, we found an increase of 76% of
the charge, and in the second case the doubling of the charge
for the 30% fastest particles. However, the increase of the
charge with the laser pulse will likely be limited by the plasma
evolution for pulses above a few 100 fs range. A consequence
of the robustness of this acceleration mechanism is that, even
though it was never identified or discussed in previous works,
acceleration in the field of the diffracted could develop in
various laser-plasma interaction setups.

In conclusion, a unique mechanism of electron accelera-
tion has been identified in the interaction of a relativistically
intense laser pulse with an overdense plasma wedge. Both
3D and 2D PIC simulations have shown this mechanism to
be robust and provide highly charged (nC), well-collimated
electron bunches with energies of several tens to hundreds
of MeV. A simple analytical model has been developed that
shows that the maximum energy of the accelerated electrons
scales linearly with the laser field strength parameter (a0) and
increases with the square root of time to values well beyond
the ponderomotive scaling. From this model, we obtain that
the particle energy gain can be controlled by the longitudinal
target size and, in particular, that the maximum electron en-
ergy scales with the square root of this size. As for the total
charge of the accelerated beam, it can be controlled by the
laser transverse size and pulse duration.

Note added. Recently, we came across a study by Shen
et al. [38,39] where the authors report on electron accelera-
tion along a thin film irradiated at parallel incidence by an

intense laser. While they attribute electron acceleration to the
excitation of a SPW, our results suggest that they should also
consider acceleration in the diffracted wave. A similar scheme
was also proposed by Sarma et al. [40] with emphasis on SPW
excitation.
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APPENDIX A: NUMERICAL SETUP

Simulations have been performed with the SMILEI PIC
code [33]. The 3D simulation box is 72λ0 × 24λ0 × 24λ0

(in the x-y-z directions) and composed of 4608 × 1536 ×
1536 cells (spatial resolution � = λ0/64). The time resolu-
tion is �t = 0.95�/(

√
3c). Electromagnetic field boundary

conditions are injecting or absorbing in the x direction and
absorbing in the y, z directions. Particle boundary conditions
are either thermalizing at ymin, zmin, and xmax or absorbing in
complementary directions. In each computational plasma cell,
there are four macroelectrons and four macroions. The ion
over electron mass ratio is given by A mp/Z = 1836 me, with
A, Z , respectively, the atomic number and charge, and mp the
proton mass.

The 2D simulation box is 192λ0 × 36λ0 (in the x, y direc-
tions) and composed of 49152 × 9216 cells (spatial resolution
� = λ0/128). The time resolution is �t = 0.95�/(

√
2c). In

each computational plasma cell, there are 32 macroelectrons
and 32 macroions. The electromagnetic field and particle
boundary conditions are the same as in the 3D simulation.

APPENDIX B: 2D AND 3D SIMULATION COMPARISON

The same electromagnetic field structures are recovered
in 2D PIC simulations using the same physical (laser and
plasma) parameters, but with higher resolution, box size, and
duration of the simulation. A direct comparison of the Êx

component of the electric field drawn from 3D and 2D PIC
simulations is reported in Fig. 12. The two simulations show
excellent agreement, and we verified that the same is true for
the other fields. A 3D simulation with reduced resolution (not
shown) also confirms that both the general electromagnetic
field structure and the electron acceleration were correctly de-
scribed in 2D simulations up to the maximum time accessible
in the 3D simulation t ∼ 150λ0/c.
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Appendix B

Wave front rotation

Ultrashort pulses exhibit spatio-temporal coupling (STC) when their spatial
and temporal properties are interdependent, i.e. their electric field E(r, t) ̸=
E1(r)E2(t). Wavefront rotation is a type of STC where the wavefronts of a
EM wave rotate in time. They are obtained by focusing a Pulse Front Tilt
(PFT) which is a common spatio-temporal distortion in ultrafast optics [109]
that can be introduced in the laser beam through a prism or a grating as
illustrated in Fig.B.1. The propagation through a prism (see Fig.B.1a) induces
angular dispersion and PFT. This is due to the fact that ultrashort pulse have
a broad spectral bandwidth and therefore the different frequencies will be
deflected at different angles with different propagation velocities when traveling
through a prism. On the other hand, the different spectral components of the
pulse impinge on different sides of the grating (see Fig.B.1b) causing different
directions of propagation causing PFT.

(a) Laser pulse traversing a prism. (b) Laser pulse impinging on a grating.

Figure B.1: Two sources of Pulse Front Tilt (PFT). Taken from [109].

Wavefront rotation can also occur by a misalignment of a grating, or prism,
in the compressor of a chirped pulse amplification laser leading to pulse front
tilt and spatial chirp. As shown in Fig.B.2, a spatially chirped pulse traverses
a dispersive medium where the longer wavelengths will travel faster than the
shorter wavelength resulting in a wavefront with PFT. This pulse is then fo-
cused with a lens and the upper part of the pulse will intersect the lens before
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the lower part. As a consequence, each part of the pulse will reach the focus
point at different times, with the upper part reaching it before the lower part.
Each part of the pulse will then propagate at different directions resulting in
different wave vectors in the focus. The PFT before focusing turns into a ro-
tation of pulse’s propagation direction at focus leading therefore to a WFR at
focus.

Figure B.2: Illustration showing an ultrashort laser pulse with PFT prior to focus-
ing by a lens, leading to a WFR once the beam is focused. Adapted from [109,140].

This phenomenon can arise as a side effect, hence viewed as undesirable,
and is carefully avoided in some experiments because it decreases the peak
intensity at focus. However, it can be greatly beneficial for other experiments
given that it represents a controllable pulse beam parameter that can be ex-
ploited to generate ultra-short SPWs. Indeed, the use of WFR implies that
only a fraction of the laser pulse will satisfy the resonance condition, and thus
generate a SPW. As a consequence, the excited SPW will only be a fraction
of the laser pulse duration.



Appendix C

Test particle code

import numpy as np
import math as m
import matplotlib.pyplot as plt
import scipy
from scipy.interpolate import interp1d
from tqdm import tqdm
import scipy.integrate as integrate
import scipy.special as special
from numpy import linalg as LA

#### Definition of the parameters
### laser (plane wave)
a0 = 3
g0 = m.sqrt(1.+0.5*a0**2)
delta = 0. #1./m.sqrt(2.) # linear polarization if delta=0. , circular if 1/sqrt(2)
phase = 0 #m.pi/4 #0.

### particle
g00 = 1. # initial energy
n_part = 1
charge_over_mass = -1.

## Parameters for the single particle trajectory
t0 = 2.*m.pi
n_loop = 10 #(3*a0**2 /4)/a0**2
res = 1000.
dt = t0/res
t_end = n_loop * t0
n_timestep = int(t_end/dt+1.)
time = np.linspace(0., t_end, n_timestep)

#PIC
x = np.zeros(n_timestep) ## position
y = np.zeros(n_timestep)
z = np.zeros(n_timestep)
umx = np.zeros(n_timestep) ## momentum (u = p/m)
umy = np.zeros(n_timestep)
umz = np.zeros(n_timestep)

pxsm = np.zeros(n_timestep) ## momentum (u = p/m)
pysm = np.zeros(n_timestep)
pzsm = np.zeros(n_timestep)
ts2 = 0.5*dt
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charge_over_mass_dt = charge_over_mass*dt
charge_over_mass_dts2 = charge_over_mass*dts2

# Plane wave
Kx = 1.
Ky = 0.
Kz = 0.

phi = np.zeros(n_timestep)
phi[0]=0.

x[0] = 0.#a0**2/4.* ( phi[0] + (2*delta*delta -1.)/2.*np.sin(2*phi[0]))
y[0] = 0.#a0*delta*np.sin(phi[0])
z[0] = -a0

Ex = 0.
Ey = a0*delta*m.sin(phi[0])
Ez = -a0*m.sqrt(1.- delta*delta)*m.cos(phi[0])
umx[0] = -g00*np.sqrt(1.-1./g00**2)
umy[0] = 0.
umz[0] = 0.

## half a timestep pusher back in time
umx[0] -= charge_over_mass_dts2*Ex
umy[0] -= charge_over_mass_dts2*Ey
umz[0] -= charge_over_mass_dts2*Ez

for it in range(n_timestep-1):

phi[it] = time[it] - (Kx*x[it]+Ky*y[it]+Kz*z[it]) + phase

# Plane wave
Ex = 0.
Ey = a0*delta*m.sin(phi[it])
Ez = -a0*m.sqrt(1.- delta*delta)*m.cos(phi[it])

Bx = Ky*Ez-Kz*Ey
By = -Kx*Ez+Kz*Ex
Bz = Kx*Ey-Ky*Ex

invgf = 1./m.sqrt(1.0 + umx[it]**2+umy[it]**2+umz[it]**2)

#### VAY PUSHER
#u1/2 + add half electric field
upmx = umx[it] + charge_over_mass_dts2*Ex
upmy = umy[it] + charge_over_mass_dts2*Ey
upmz = umz[it] + charge_over_mass_dts2*Ez

## magnetic field
Taux = charge_over_mass_dts2*Bx
Tauy = charge_over_mass_dts2*By
Tauz = charge_over_mass_dts2*Bz

upmx += invgf * (umy[it]*Tauz - umz[it]*Tauy)
upmy += invgf * (umz[it]*Taux - umx[it]*Tauz)
upmz += invgf * (umx[it]*Tauy - umy[it]*Taux)

#complete u prime
upx = upmx + charge_over_mass_dts2*Ex
upy = upmy + charge_over_mass_dts2*Ey
upz = upmz + charge_over_mass_dts2*Ez
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Tau2 = Taux*Taux + Tauy*Tauy + Tauz*Tauz

alpha = 1. + upx*upx + upy*upy + upz*upz
sigma = alpha - Tau2
ust = upx*Taux + upy*Tauy + upz*Tauz

alphasq = 2./(sigma+ m.sqrt(sigma*sigma + 4.*(Tau2 + ust*ust)))
alpha_gf = m.sqrt(alphasq)

tx = Taux*alpha_gf
ty = Tauy*alpha_gf
tz = Tauz*alpha_gf
t2 = tx*tx + ty*ty + tz*tz

s = 1./(1.+ t2)
upt = upx*tx + upy*ty + upz*tz

umx[it+1] = s*(upx + upt*tx + tz*upy - ty*upz)
umy[it+1] = s*(upy + upt*ty + tx*upz - tz*upx)
umz[it+1] = s*(upz + upt*tz + ty*upx - tx*upy)

invgf = 1./m.sqrt(1.0 + umx[it+1]*umx[it+1] + umy[it+1]*umy[it+1] + umz[it+1]*umz[it+1])

#position
x[it+1] = x[it] + dt*umx[it+1]*invgf
y[it+1] = y[it] + dt*umy[it+1]*invgf
z[it+1] = z[it] + dt*umz[it+1]*invgf

### Emitted radiation
#Direction of detection
theta_det = m.pi/2.
phi_det = 0 #m.pi/2.
distance_det = 1.e3

#Position of the detector
Xd = distance_det*np.cos(theta_det)*np.sin(phi_det)
Yd = distance_det*np.sin(theta_det)*np.sin(phi_det)
Zd = distance_det*np.cos(phi_det)

gamma_r = np.sqrt(1.+umx*umx + umy*umy +umz*umz )
inv_gamma = 1./gamma_r

# velocity
bx = umx*inv_gamma
by = umy*inv_gamma
bz = umz*inv_gamma
dt = time[1]-time[0]

# p'
upx = np.diff(umx)/dt; upx.resize(umx.size)
upy = np.diff(umy)/dt; upy.resize(umx.size)
upz = np.diff(umz)/dt; upz.resize(umx.size)

gamma_p = np.diff(gamma_r)/dt ; gamma_p.resize(gamma_r.size)

bprx = inv_gamma*(upx-inv_gamma*gamma_p*umx)
bpry = inv_gamma*(upy-inv_gamma*gamma_p*umy)
bprz = inv_gamma*(upz-inv_gamma*gamma_p*umz)

#retarded time
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nx = Xd - x
ny = Yd - y
nz = Zd - z
R = np.sqrt(nx**2+ny**2+nz**2)
nx /= R
ny /= R
nz /= R
Td = time + R

# Electric field components
Ex_d = ny*bpry*nx - ny*bpry*bx - bprx*ny**2 + ny*bprx*by - bprx*nz**2 + nz*bprx*bz + nz*bprz*nx - nz*bprz*bx
Ey_d = nz*bprz*ny - nz*bprz*by - bpry*nz**2 + nz*bpry*bz - bpry*nx**2 + nx*bpry*bx + nx*bprx*ny - nx*bprx*by
Ez_d = nx*bprx*nz - nx*bprx*bz - bprz*nx**2 + nx*bprz*bx - bprz*ny**2 + ny*bprz*by + ny*bpry*nz - ny*bpry*bz

factor = (1. - nx*bx - ny*by - nz*bz)**3
Ex_d = Ex_d/factor
Ey_d = Ey_d/factor
Ez_d = Ez_d/factor

### METHOD 1 ###

# High-rate interpolation, because Td = time at the detector, it is not uniformely spaced
Td = Td-Td[0]
dtmin = (np.diff(Td)).min();
Nt_int = int(Td[-1]/dtmin);
#print('I need to interpolate if they are different: ',len(Td),Nt)

Td_int = np.linspace(Td[0],Td[-1],Nt_int)
Ex_int = np.interp(Td_int,Td,Ex_d)
Ey_int = np.interp(Td_int,Td,Ey_d)
Ez_int = np.interp(Td_int,Td,Ez_d)

# Fourier transform (over the full trajectory)
Ex_F = np.fft.rfft(Ex_int)
Ey_F = np.fft.rfft(Ey_int)
Ez_F = np.fft.rfft(Ez_int)
Freq_ = np.fft.rfftfreq(len(Td_int),np.diff(Td_int)[0]) * 2.*np.pi

### METHOD 2 ###
Nt_det = n_timestep

Tdet = time + R
Td_det = np.linspace(Tdet[0],Tdet[-1],Nt_det)
tdmin_det = np.min(Td_det)
Freq_det = np.fft.rfftfreq(len(Tdet),np.diff(Tdet)[0]) * 2.*np.pi

nw = 5001
freq = np.linspace(np.min(Freq_det),np.max(Freq_det),nw)

print(np.shape(Freq_))
print('min f =', np.min(Freq_))
print('max f =', np.max(Freq_))
print('min f =', np.min(Freq_det))
print('max f =', np.max(Freq_det))
print(np.shape(freq))

SumEx = np.zeros(nw,dtype=complex)
SumEy = np.zeros(nw,dtype=complex)
SumEz = np.zeros(nw,dtype=complex)
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for iw in range(nw):
SumEx[iw] = sum(Ex_d[it]*np.exp(1j*freq[iw]*Tdet[it]) for it in range(0,Nt_det ))
SumEy[iw] = sum(Ey_d[it]*np.exp(1j*freq[iw]*Tdet[it]) for it in range(0,Nt_det))
SumEz[iw] = sum(Ez_d[it]*np.exp(1j*freq[iw]*Tdet[it]) for it in range(0,Nt_det))

#### Fields:
plt.figure(figsize=(17,4))
plt.subplot(1,3,1) # Ex
plt.loglog(abs(Freq_) , abs(Ex_F)**2)
plt.loglog( abs(freq), np.abs(SumEx)**2, 'r--')
plt.xlabel("$\omega$")
#plt.show()

plt.subplot(1,3,2)# Ey
plt.plot(abs(Freq_) , abs(Ey_F)**2)
plt.plot( abs(freq), abs(SumEy)**2, 'r--')
plt.xscale('log')
#plt.yscale('log')
plt.xlabel("$\omega$")

plt.subplot(1,3,3)# Ez
plt.loglog(abs(Freq_) , abs(Ez_F)**2)
plt.loglog( abs(freq), abs(SumEz)**2, 'r--')
plt.xlabel("$\omega$")
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Titre : Plasmonique en régime ultra relativiste

Mots clés : plasma, simulation, onde de surface, rayonnement

Résumé : Le travail analytique et numérique présenté
dans cette thèse a été motivé par les capacités ac-
tuelles et la mise à niveau des installations laser multi-
PW existantes, telles qu’Apollon et ELI en Europe,
avec des lasers atteignant des intensités supérieures
à 1021 W/cm2. L’extension de l’étude de la physique
plasmonique relativiste vers des régimes d’intensité
plus élevés, où les effets non linéaires et relativistes
vont jouer un rôle prépondérant, sont d’un intérêt fon-
damental pour la physique des plasmas sur-denses
relativistes. Dans ce travail, nous explorons la gé-
nération de faisceaux d’électrons rapides dans l’in-
teraction laser-solide via l’excitation dans des cibles
pré-structurées d’ondes plasma de surface (SPW) ou
de modes électromagnétiques localisés. Comme les
SPW présentent déjà des propriétés intéressantes
dans le régime de faible intensité, la manipulation et
l’exploitation des phénomènes plasmoniques dans le
régime ultra-relativiste révèlent des perspectives pro-
metteuses d’utilisation des SPW pour l’obtention de
sources de particules et de rayonnement de haute
énergie en utilisant la prochaine génération de lasers
multi-PW. Grâce à des simulations réalisées avec
le code open-source SMILEI (Particle-In-Cell), nous

prouvons que dans ce régime, l’utilisation d’un réseau
résonant pour la génération de SPW améliore l’ac-
célération et l’émission des électrons le long de la
surface. En effet, les paquets d’électrons relativistes
de haute charge, produits par le SPW, subissent une
forte accélération, émettant ainsi de grandes quanti-
tés de rayonnement électromagnétique avec des ca-
ractéristiques intéressantes. Ce schéma représente
une alternative intéressante de source de lumière car
l’énergie perdue par les électrons en raison de l’émis-
sion de rayonnement est transférée à des photons de
haute énergie. En outre, nous présentons un schéma
inédit permettant de piloter la durée et l’intensité du
SPW et par conséquent les caractéristiques du fais-
ceau d’électrons; obtenant ainsi des paquets d’élec-
trons ultracourts (quelques fs) ayant une charge de
quelques dizaines de pC à des énergies de plusieurs
dizaines de MeV dans le régime relativiste et des
paquets d’électrons plus énergétiques et collimatés,
ainsi qu’une émission améliorée de photons, dans le
régime ultra-relativiste de l’interaction. L’ensemble de
ces résultats ouvre de nouvelles perspectives pour le
développement de sources compactes de particules
et de rayonnement énergétiques.

Title : Plasmonics in ultra relativistic regime

Keywords : plasma, simulation, surface wave, radiation

Abstract : The analytical and numerical work presen-
ted in this thesis has been motivated by the current
capabilities and upgrade of existing multi-PW laser fa-
cilities, such as Apollon and ELI in Europe, with lasers
reaching intensities beyond 1021 W/cm2. Extending
the study of Relativistic Plasmonics physics toward
higher intensity regimes, where nonlinear and relati-
vistic effects play a major role, is of fundamental inter-
est to the physics of relativistic plasmas. In this work,
we explore the generation of fast electron beams in
relativistic laser-solid interaction by using properly-
structured targets whose surface characteristics allow
surface plasma wave (SPW) excitation or local elec-
tromagnetic modes. Since SPW already exhibit inter-
esting properties in the low-intensity regime, manipu-
lating and harnessing plasmonic phenomena in the
ultra-relativistic regime reveal promising prospects of
using SPW for the obtention of high-energy particle
and radiation sources using the next generation of
multi-PW lasers. Through simulations performed with
the open-source Particle-In-Cell (PIC) code SMILEI,

we prove that in this regime, the use of a solid reso-
nant grating for SPW generation enhances the accele-
ration and emission of the electrons along the surface.
Indeed, the relativistic high-charge electron bunches
produced by SPW, experience strong acceleration,
therefore emitting large amounts of electromagnetic
radiation with interesting characteristics. This scheme
represents an interesting alternative of light source as
the energy lost by electrons due to radiation emission
is transferred to high-energy photons. In addition, we
proposed a novel scheme to control the duration and
intensity of the SPW and consequently the characte-
ristics of the electron beam; thus obtaining ultrashort
(few fs) electron packets with a charge of a few tens
of pC at energies of several tens of MeV in the relati-
vistic regime and more energetic and collimated elec-
tron bunches, as well as improved photon emission,
in the ultra-relativistic regime of interaction. All these
results open up new perspectives for the development
of compact sources of energetic particles and radia-
tion.
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