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We propose utilizing a polarization-tailored high-power laser pulse to extract and accelerate electrons
from the edge of a solid foil target to produce isolated subfemtosecond electron bunches. The laser pulse
consists of two orthogonally polarized components with a time delay comparable to the pulse duration,
such that the polarization in the middle of the pulse rapidly rotates over 90° within few optical cycles.
Three-dimensional particle-in-cell simulations show that when such a light pulse diffracts at the edge of a
plasma foil, a series of isolated relativistic electron bunches are emitted into separated azimuthal angles
determined by the varying polarization. In comparison with most other methods that require an ultrashort
drive laser, we show the proposed scheme works well with typical multicycle (∼30 fs) pulses from high-
power laser facilities. The generated electron bunches have typical durations of a few hundred attoseconds
and charges of tens of picocoulombs.
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The production of subfemtosecond electron bunches has
become a research focus because of its diverse applications,
such as ultrafast electron imaging [1,2], electron diffraction
and microscopy [3–6]. Such beams can serve as secondary
sources for radiation production down to attosecond level
[7–11]. There have been extensive studies on generating
relativistic attosecond electron bunches using nonlinear
interaction between an intense femtosecond laser pulse and
matter, both theoretical [12–14] and experimental [5,15].
However, the generated electron beam typically consists of
a train of bunches. The generation of isolated ultrashort
electron bunches (IUEB) reaching subfemotosecond time-
scale remains challenging [6], especially in the high-energy
range, which is of particular interest for single shot ultrafast
experiments. Moreover, most current numerical approaches
rely on interactions between a few-cycle driving laser pulse
and a nanoscaled target, such as a droplet [16], a nanotip
[17], or an ultrathin foil [10,18]. The drive laser typically
has a full width at half maximum (FWHM) duration
smaller than 5 fs, ensuring that only one optical cycle is
sufficiently strong to extract a considerably populated
bunch from the target.
In this Letter, we demonstrate that the generation of

IUEBs can be achieved by the diffraction of an intense
polarization-tailored laser pulse at the edge of a solid foil.
The drive laser is multicycle, which is available in most
high-power facilities. It is linearly polarized in orthogonal

directions at both ends, and in the middle the polarization
direction rapidly rotates over 90° within a few optical cycles
[Fig. 1(a)]. Such pulses can be routinely produced by the
polarization gating technique [19–21], where a quartz plate
is used to split a linearly polarized laser pulse into two
orthogonally polarized components, with an adjustable
delay by varying the thickness of the plate. When such
a laser shines at the overdense plasma edge, relativistic
electrons are accelerated via vacuum laser acceleration
(VLA) [22,23], with the emission angles controlled by the
laser polarization. Thus, attosecond electron bunches are
produced in each laser cycle from the middle of the pulse,
but emitted in slightly different angles, analogous to the
“attosecond lighthouse” [24,25], except that the emission
angle is controlled by a rotating polarization instead of the
wave front direction.
The sketch of our simulation setup is illustrated in Fig. 1(b),

the simulation is performed with three-dimensional (3D)
particle-in-cell (PIC) simulations with the EPOCH code [26].
A polarization-tailored drive laser pulse traveling along the x
direction is focused onto the edge of a solid foil target. The
laser focus spot is partially blocked by the foil, which leads to
diffraction. The laser field is given as

E ¼ exp½−ðy2 þ z2Þ2=w2
0�

× feyE1 expð−t2=T2Þ expðik0x − iω0tÞ
þ ezE2 exp½−ðt − ΔtÞ2=T2� expðik0x − iω0tþ φÞg:
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One can see that the laser is consisted of two orthogonally
polarized componentswith amplitudesE1 andE2, denoted by
unit vectors ey and ez. Here we first consider the case with
E1 ¼ E2, and the normalized amplitudes are a1 ¼ a2 ¼
eE1=mcω0 ¼ 10 (corresponding to a laser intensity
1.37 × 1020 W=cm2), where ω0 is the angular frequency, c
is the speed of light, m is the electron mass, and e is the unit
charge.The laserwavelength is λ0 ¼ 1 μm,k0 ¼ 2π=λ0 is the
wave number, τ0 ¼ λ0=c is the laser period, andw0 ¼ 12 μm
is the laser spot size. The two laser components, each has a
FWHM duration of 20.0 fs (T ¼ 17.0 fs) are separated by a
time delay of Δt ¼ 23.3 fs. The relative phase difference is
set to beφ ¼ 0 here, its effectswill be discussed later.Wenote
the proposed scheme is insensitive to finite oblique incident
angle, polarization misalignment, as well as speckled pulses,
as detailed in Supplemental Material [27].
The foil target is modeled by a 1-μm thick (in the x

direction) preionized plasma slab, and the density is
n0 ¼ 50nc, where nc ¼ ϵ0mω2

0=e
2 is the critical density.

The foil is place at z > z0 ¼ 4.4 μm, with a density ramp at
the boundary to account for plasma expansion due to the
laser prepulse: nðzÞ ¼ n0 exp½ðz − z0Þ=σ0� for z < z0,
where the sale length is σ0 ¼ 0.1 μm. The simulation
box has dimensions of x × y × z ¼ 32 × 30 × 30 μm3

and is sampled by 1280 × 1200 × 1200 cells, and a moving

window is used to simulate the electron propagation over a
long distance. For the primary simulation presented in
Fig. 1, the number of macroparticles per cell (NPC) for
electrons is set to be 100 to test numerical convergence and
ensure the generated IUEBs are properly resolved. In the
following simulations, a reduced NPC is used (16) to
improve computational efficiency.
When there is a sufficiently strong laser electric field

component perpendicular to the plasma-vacuum boundary,
the diffraction of a relativistic laser can produce a train of
fast electron bunches [12]. In our simulation, the edge of
the target is parallel to the laser polarization in the leading
half. Then the laser polarization rotates over 90° to the
perpendicular direction (Ez), thus electrons can be
extracted out of the foil and accelerated.
The electron bunches, recorded at 100 μm away from the

target are shown as orange dots in Fig. 1(b). Their
distributions in ϕ-θ space (divergence), and ϕ-t space
are illustrated in Figs. 1(c) and 1(d), where θ and ϕ are
defined in Fig. 1(b). Notably, all the electron bunches are
forward directed, concentrated within a small opening
angle dθ ≈ 1° centered around θ ≈ 3°. On the other hand,
the azimuthal angles of the accelerated electrons are
strongly dependent on the instantaneous polarization,
which is rapidly rotating. As shown by Fig. 1(d), two
main electron bunches are generated with an azimuthal
angle separation of Δϕs ≈ 30°. Notably, this separation
exceeds the azimuthal divergence observed within each
individual bunch (Δϕb ≈ 8° and 20° for the two bunches).
Therefore, IUEBs can be obtained by collecting the
electrons within certain ranges of the azimuthal angle.
Electrons that peak around ϕ ¼ 235° and 195° are

selected out and denoted as bunch I and bunch II, and
the beam current of electrons centered within 10° around
each peak are plotted in Figs. 1(e) and 1(f). The temporal
FWHM duration of bunches I and II are 250 and 200 as,
with total charges of 38.6 and 37.5 pC, respectively, on the
same order of magnitude as reported in other numerical
studies [10,16,17]. This results in an averaged current
of 139.71 kA for bunch I and 187.23 kA for bunch II.
Figure 1(g) shows the broad energy spectra of the two
bunches, as can be expected from the VLA mechanism.
The maximum energies are 145.4 MeV for bunch I and
124.7 MeV for bunch II, the averaged electron energy are
around 70 MeV for both bunches. Thus, the mean current
of the IUEB reach ∼10% of the Alfvén limit.
To produce such an ultrashort dense electron bunch, it is

crucial to accelerate the electrons to relativistic energy as
fast as possible, so that beam loading and the longitudinal
spread of the beam is reduced by the relativistic effects,
which decrease the expelling forces by γ−2 [28].
In the present scheme, the diffraction of the drive laser

beam can boost the electron energy significantly, as shown
by Fig. 2(a). By tracking the trajectories of electrons in
bunch I, we can see that a brief but strong acceleration

FIG. 1. (a) Electric field of the polarization-tailored drive laser
in Ey-Ez-t space and its projections on Ey-t, Ez-t, and Ez-Ey
planes. (b) 3D schematic setup of the proposed scheme. The
orange dots are fast electrons (γ > 10) at simulation time t ¼
120τ0 and the color represents their energies. Density distribution
of fast electrons are shown in ϕ-θ space (c) and ϕ-t space (d).
Currents of (e) bunch I and (f) bunch II are obtained by selecting
out electrons within a certain range of the azimuthal angle [gray
area in (d)]. (g) Energy spectra of bunches I and II.
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phase boosts the electron energy to γ ∼ 10 during laser
diffraction. Then, the electrons are accelerated mainly by
the VLA mechanism in a second, much longer stage, with
moderate acceleration gradient.
In the first stage, the main contribution comes from the

strong longitudinal component Ex of the near-field dif-
fracted light [Fig. 2(b)]. The electrons are injected into the
accelerating phase, with velocities predominately along the
x direction, thus experience an acceleration gradient com-
parable to the drive laser field, which is roughly 3× higher
than that in the VLA stage. Then, a short deceleration
occurs, as the electrons cannot keep up with the accelerat-
ing phase. Nevertheless, since the diffracted laser beam
disperses very quickly, the Ex field is much weaker when
dephasing occurs. Therefore, a net energy gain can be
expected. When the electrons are sufficiently far away from
the target, the electromagnetic field is essentially a planar
wave, so that VLA takes over.
We note that the ability to angularly control electron

acceleration using a polarization-tailored drive laser beam
is a unique advantage of the relativistic laser diffraction
process. In comparison, when such a laser is reflected by a
foil target [23,29], the superposition of incident and
reflected laser fields form a complex structure near
the target surface, which hinders electron emission in the
direction parallel to the target surface. Therefore, the
accelerated electrons form two bunch trains on the incident
plane (see Supplemental Material [27]).
In the following, we consider the condition under which

the IUEB can be produced. Namely, the divergence of each
electron bunch should be smaller than the bunch separation
angle,Δϕb < Δϕs ≈ π=2Nol, where Nol ≈ ð2T − ΔtÞ=τ0 is
the number of overlapping optical cycles.
The VLA mechanism follows the conservation of

canonical momentum in transverse direction p⊥ ¼ eA=c
[30], where A is the vector potential satisfying A ¼
−∂E=∂t. The azimuthal angle of the electrons is determined
by the electric fields ϕbðtÞ ¼ arctan½EzðtÞ=EyðtÞ�, since
Ez=Ey ¼ Az=Ay. Apparently, this value varies in each
optical cycle in the polarization-rotating region of the drive

laser. As a result, the electrons in bunches I and II
[Fig. 1(d)] form two distinguished peaks in transverse
momentum space py-pz, marked by black and red dots in
Fig. 3(a), respectively, which can be fitted by the ratio of
instantaneous electric fields act on them.
The azimuthal divergence of each bunch Δϕb can be

obtained by considering the variation of Ey and Ez

components within the bunch duration δb. This is pre-
dominately determined by δb and the relative phase differ-
ence (φ) between Ey and Ez components. The electrons are
injected within a narrow phase close to the peak of the
laser electric field perpendicular to the diffraction edge (Ez)
in each optical cycle, this can be seen from Fig. 3(b),
where the relative phase between the Ey and Ez fields
is φ ¼ 0.15π. The divergence of the electron bunches
can be obtained as Δϕb ≈ arctan½1= cosðφþ φδÞ�−
arctanðcosφδÞ, where φδ ¼ 2πδb=τ0 is corresponding to
the accelerating phase occupied by the electron bunch.
Here we have approximately set the ratio of local Ez=Ey to
be unity, which can be justified by our PIC simulations.
Because of the ultrashort nature of subfemtosecond

bunches, φδ is typically quite small (< 0.2π). It is easy
to see that Δϕb is in minimum when φ ¼ 0 and increases
with φ. In reality, it is very challenging to manipulate the
relative phase between Ey and Ez, as it requires subcycle
level temporal precision.
Fortunately, we can demonstrate that by controlling Nol,

our scheme works with a substantial range of nonzero ϕ.
The results are summarized in Fig. 3(c), where the blue,

FIG. 2. Electron energy boost by the diffracted laser field.
(a) Average γ factor and the instantaneous work done by each
electric field components plotted against time at the early stage of
acceleration. (b) Distribution of fast electrons (γ > 5) on the x-z
plane at t ¼ 21τ0. On the background is a snapshot of Ex at the
same moment.

FIG. 3. (a) Electron distributions of bunches I and II in py-pz
space at t ¼ 80τ0. Each dashed line represents a linear fit of the
ratio of the electric field acting on the corresponding electrons in
the z and y directions. (b) Waveforms of Ey and Ez, and density
profile of the fast electrons at t ¼ 22τ0. The relative phase is
φ ¼ 0.15π. (c) Critical phase mismatch ϕc versus the number of
overlapping optical cycles Nol for different bunch duration.
(d) IUEB production with φ ¼ 0.2π. Upper: density distribution
of fast electrons in ϕ-t space. Lower: current of the IUEB
(electrons within 235° < ϕ < 245°).
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red, and black curves show the evolution of critical phase
mismatch φc, below which the IUEBs can be produced, as a
function of Nol for electron bunch length of 166.7, 333.3,
and 500 as, respectively. Here we only consider
0 ≤ φ < π=2, for π=2 ≤ φ < π, the results are the same,
except the IUEBs are emitted into a different quadrant in
the y-z plane.
As one can see, it is in general more resilient against

wider ranges of phase mismatch for shorter electron
bunches. Importantly, we show by reducing Nol, φc
increases significantly, meaning a higher tolerance for
the phase difference. According to our simulations, δb is
typically 100–300 as, corresponding to φc ∼ 0.2π − 0.3π.
An example is presented in Fig. 3(d), where two 15.7-fs
mutual orthogonally polarized pulses are separated by
Δt ¼ 5τ0 (Nol ¼ 3), an isolated 200-as electron bunch is
produced with φ ¼ 0.2π.
It is important to note that Nol cannot be arbitrarily small

for a given laser duration. In particular, when the duration is
long, a small Nol may cause the intensity of the drive laser
beam in the polarization-tailored region too weak to extract
electrons out of the plasma target. In this work, we restrict
ourselves to laser durations T > 15 fs and Nol > 3.
Finally, we consider the preheating effect which leads to

a non-negligible initial electron momenta (p⊥;0) before they
are pulled out by the laser. In this study, the preheating is
mostly caused by the first half of the main laser pulse,
which leads to “J ×B” heating [31] or vacuum heating [32]
of the target electrons. This effect becomes increasingly
important as the laser duration becomes longer. Here we
neglect the heating by the laser prepulse as the energy in the
prepulse is much lower than the main pulse for a reasonably
high-contrast laser beam.
The VLA stage satisfies p⊥ ¼ p⊥;0 þ eA=c when con-

sidering the initial momenta. As discussed before, the
second term (eA=c) is quite similar for all the electrons
in the same bunch, since the width of the electron bunch is
much shorter compared to the laser optical cycle, but a
boarder range of p⊥;0 distribution can significantly increase
the azimuthal angular divergence of the bunches, making it
harder to separate them from each other. As shown in
Fig. 4(a), where we consider a longer laser pulse with
T ¼ 7τ0 and Δt ¼ 10τ0 (Nol ≈ 4) (other parameters are the
same as in Fig. 1), the angular divergence is Δϕb ∼ 30°.
Nevertheless, the preheating effect can be mitigated by

reducing the intensity of the leading-half component, as
shown by Fig. 4(b). When we set a1 ¼ 5, a2 ¼ 10, one can
see the azimuthal beam divergence is significantly reduced
(Δϕb ∼ 10°) comparing to Fig. 4(a). This can be easily
understood as the leading half of the drive laser beam is
weaker, thus the plasma temperature is lower, the accel-
erated electrons tend to follow the same trajectory.
Therefore, the intensity ratio between two laser compo-
nents a2=a1 provides an additional degree of freedom

to control the electron emission. In the case presented in
Fig. 4(b), the IUEB has a charge of 27.8 pC, a duration of
300 as, an averaged beam current of 92.7 kA, which are
comparable to the case presented in Fig. 1.
In summary, our study demonstrates the generation of

isolated subfemtosecond electron bunches with charge at
10-pC level when a polarization-tailored femtosecond laser
beam diffracts at the edge of a solid foil. The extracted
electrons are first boosted to relativistic energies by the
near-field diffracted laser field, and then accelerated by the
laser fields with tailored polarization, emitting into sepa-
rated azimuthal angles. The number of overlapping optical
cycles between two orthogonally polarized components, as
well as their intensity ratio, provide two major degrees of
freedom to control the electron emission process. The
proposed scheme can work with a much longer laser
duration compared with most other laser-plasma sources
of isolated subfemtosecond electron bunches.
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Vernier, F. Quéré, and J. Faure, Vacuum laser acceleration
of relativistic electrons using plasma mirror injectors, Nat.
Phys. 12, 355 (2016).

[24] H. Vincenti and F. Quéré, Attosecond lighthouses: How
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