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Electron acceleration by laser plasma wedge interaction
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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.
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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.

*caterina.riconda@upmc.fr

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI.

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

https://orcid.org/0000-0003-1228-2343
https://orcid.org/0000-0002-3351-0635
https://orcid.org/0000-0002-0237-2380
https://orcid.org/0000-0003-4917-3968
https://orcid.org/0000-0001-9589-0568
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevResearch.5.013115&domain=pdf&date_stamp=2023-03-17
https://doi.org/10.1103/PhysRevResearch.5.013115
https://creativecommons.org/licenses/by/4.0/


S. MARINI et al. PHYSICAL REVIEW RESEARCH 5, 013115 (2023)

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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