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Generation of isolated attosecond electron sheet via relativistic
spatiotemporal optical manipulation
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Novel phase-locked acceleration of a relativistic isolated attosecond electron sheet was realized using a rel-
ativistic reflected spatiotemporal optical vortex (STOV) pulse in three-dimensional particle-in-cell simulations.
Electrons can be trapped in a spatiotemporal phase singularity within the STOV pulse center, modulated into
an approximately 600-attosecond duration sheet. Furthermore, electrons can be phase-locked accelerated to the
order of GeV in the longitudinal direction. Such an isolated attosecond electron sheet driven by the intense STOV
pulse can be used in isolated attosecond pulse generation, ultrashort x/γ -ray radiation, and attosecond electron
diffraction.
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I. INTRODUCTION

Optical vortices are fundamental optics phenomena that
refer to localized regions where the energy flow of an
electromagnetic field circulates around an axis. They are char-
acterized by the expression exp (−ilϕ) in mathematics, which
endows light fields with optical orbital angular momentum
(OAM), l� [1]. Here, l is an integer that is known as the
topological charge, � is the Dirac constant, and ϕ is the
azimuthal angle, which determines a phase singularity and
the zero-intensity amplitude distribution in the beam center.
At present, optical vortices are primarily divided into spatial
vortices and spatiotemporal vortices (STOVs), depending on
the space and time variables of ϕ. Spatial optical vortices carry
the longitudinal (space-varying) OAM with the expression
exp[−ilϕ(x, y)], parallel to the laser propagating direction (z
axis) of the beam [1], which can be realized by using transmit-
ted phase plates. STOVs carry the transverse (time-varying)
OAM with the expression exp[−ilϕ(x, y, z, t )], perpendicular
to the laser propagating direction [2]. They can be realized
by using an additional transmission grating and a cylindrical
lens to add the spiral phase in the spectral domain [3–6].
Based on the special OAM and intensity singularity charac-

*wangwenpeng@siom.ac.cn
†ruxinli@mail.siom.ac.cn

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.

teristics of optical vortices, they have been widely applied in
optical manipulations [7,8], optical communications [9,10],
microscopy and imaging [11,12], astrophysics [13], and time-
varying OAM generation [14–16]. However, these optical
vortices were mostly limited to weak laser fields because their
transmission optical components have a low damage threshold
that could be destroyed when high-power lasers pass through
them.

With the rapid development of superintense ultrafast
laser technology, laser intensities have exceeded 1022 W/cm2

[17,18], allowing the matter interaction to go into the laser-
driven plasma interaction region. Here, fundamental particles
such as electrons, ions, and photons are tuned for various ap-
plications, including particle acceleration [19–22], x-ray and
γ -ray generation [23,24], and radiation generation [25,26]. It
is believed that novel multidimensional manipulations may go
into relativistic particle interactions when the vortex lights are
extended from the previous nonrelativistic region to the new
relativistic region (laser intensity usually >1018 W/cm2). For
example, a large reflective phase plate was developed to gener-
ate an intense Laguerre-Gaussian pulse (spatial optical vortex)
[19] for applications including collimated electron beam gen-
eration [22], proton acceleration [20,21], vortex harmonics
generation [27–29], and x/γ -ray beam generation [23,24] in
theories and simulations. However, to date, the intense STOV
pulse has seldom been realized in the relativistic intensity
region (>1018 W/cm2) because its high-intensity and high-
flux light may destroy the transmission grating and cylindrical
lens in the experimental optical path [3–5]. The realization of
an intense STOV pulse using a reflection method similar to
previous research [19] may bring another degree of spatiotem-
poral freedom to relativistic laser-driven plasma interactions.
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For example, the electron beam could be spatiotemporally
modulated in the direct laser acceleration (DLA) regime
[30–34] to improve its beam divergence and energy spectrum
properties, bringing new insights into potential applications.

In this paper, we propose a relativistic STOV pulse using
reflecting optical elements, such as diffraction gratings, cylin-
drical mirrors, and phase plates in a light path, to realize the
modulation and acceleration of an isolated attosecond electron
sheet in three-dimensional (3D) particle-in-cell (PIC) simu-
lations. The spatiotemporal phase singularity of the STOV
pulse is found to be crucial for concentrating electrons in
temporal-spatial dimensions. In addition, the phase velocity
in the longitudinal field of the STOV is close to the speed of
light, thus aiding in the realization of phase-locked electron
acceleration. Finally, for a 6.8 PW STOV laser, an isolated
attosecond electron sheet with a duration of 670 attoseconds
(as) and a charge of 65 pC is accelerated to the GeV order.
Such a relativistic STOV pulse provides a new convenient
method for accelerating a single attosecond electron sheet
with broad applications in attosecond electron diffraction
and microscopy [35–37], isolated attosecond pulse generation
[38,39], ultrashort isolated x/γ -ray radiation [30,40–44], rel-
ativistic isolated electron mirrors [30,31,45], and other fields
[32].

II. GENERATION OF RELATIVISTIC STOV PULSE

The concept of the reflected optical elements is used
principally to generate the relativistic STOV pulse to
circumvent the optical modulator damage limit of current
relativistic laser-driven experiments. First, a 40-fs circularly
polarized (CP) Gaussian pulse is incident onto a blazed
grating with the electric field expression E1(x1, y1, ω) =
E0 exp[−(x2

1 + y2
1 )/a2−(ω − ωc)2/b2]. Here, E0 is the

amplitude of the electric field, ω is the laser frequency, ωc =
2πc/λ is the carrier frequency, c is the light velocity
in vacuum, λ = 1μm is the laser central wavelength,
a = 250 mm is the radius of the laser spot, and b = 40 nm is
the full width at half maximum of the spectral bandwidth. The
blazed grating (1480 lines/mm, blaze wavelength 1 µm) [3,46]
reflects and diffracts the Gaussian pulse in the spectrum to the
first-order field with the expression E2(x2, y2, ω) = E1(βx1,

y1, ω)exp[iη(ω − ωc)x2] [3,46]. Here, β = cos(θi )/cos(θd ),
η = 2π/ωcdcos(θd ), and θi and θd are the incident and
diffracted angles (for the central wavelength light) with
respect to the grating normal, respectively. d is the
periodicity of the grating. A cylindrical mirror (focal
distance fc = 4 m) [3] is then used to focus the laser in
the x dimension, which is expressed as E3(x3, y3, ω) =
IFT{FT exp[E2(x2, y1, ω)]exp[2izπc/λ−iπλz( f 2

x + f 2
y )]}exp

(−ikx2
3/2 fc). Here, FT and IFT denote the spatial Fourier

transform and inverse Fourier transform, respectively, where
fx and fy are spatial frequencies. Finally, a reflected phase
plate adds the vortex exp [−il tan−1(y/x)] to the light in the
frequency domain (kx-ω plane) and reflects the light back
to the previous cylindrical mirror and diffraction grating. In
the reflection process, the vortex phase is inversely Fourier
transformed to the spatial-temporal domain (t-x plane).
Notably, the chirp is not an important parameter for the STOV
pulse generation in our case, because the blazed gratings,

FIG. 1. (a) Phase and (b) intensity of the focal STOV pulse in
the t-x plane. (c) Schematic diagram of the accelerating scheme. The
STOV pulse is incident from the left and radiates onto the nanowire
target. The electrons can be initially dragged out from the target and
further phase locked and accelerated by the longitudinal electric field
(Ez) inside the STOV laser. (d) Ey electric field of the STOV pulse in
PIC simulations.

transversal mirrors, and phase plates do not bring chirp to the
laser.

The STOV pulse can be further focused by an off-axis
parabola ( f = 1 m) to form an intense STOV pulse with a
spiral phase [see Fig. 1(a)] and a hollow intensity distribution
[see Fig. 1(b)].

III. SIMULATION RESULTS

In 3D PIC simulations (EPOCH) [47], the relativistic
STOV pulses are coupled to drive the nanowire target and gen-
erate a relativistic isolated attosecond electron sheet (RIAES).
The STOV pulse can be expressed as

Ex = E0
w0

w
[(ξ/w)2 + (x/w)2]

|l|/2

× exp[−(ξ/w)2 − (x/w)2 − (y/w)2]

× exp[i(−lφst + kz − ωt + φ0)] exp(ex ), (1)

Ey = E0
w0

w
[(ξ/w)2 + (x/w)2]

|l|/2

× exp[−(ξ/w)2 − (x/w)2 − (y/w)2]

× exp[i(−lφst + kz − ωt + φ0)] exp

(
i
πσz

2
ey

)
, (2)

where E0 = a0meωc/e, me is the electron mass, e is the
electron charge, a0 = 70 is the normalization amplitude
of the laser pulse (corresponding to the laser intensity
I0 = 2 × 1.38 × 1018a2

0 = 1.35 × 1022 W/cm2). Here, φst =
tan−1(x/ξ ) is the spatiotemporal plane azimuthal angle, ξ =
ct − z is a longitudinal coordinate local to the pulse, w = w0√

1 + ( z
zR

)2 is the beam waist, w0 = 4μm is the full width at
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FIG. 2. Electron density nST driven by an STOV pulse at t = (a) 16T, (c) 60T, and (e) 110T. The electron density nG driven by Gaussian
pulse is compared in (c). The amplitude of the Gaussian pulse and the STOV pulse remain the same in (c). Electric field Ey and longitudinal
electric field Ez (blue line) at (b) t = 16T and (d) t = 60T are plotted. The electron density is integrated from −3μm < y < 3μm into
the x − z plane in (e) at t = 110T . (f) Energy spectra and (g) divergence of the electrons are calculated in the region −3μm < x < 3μm,
−3μm < y < 3μm, and 95.5μm < z < 95.7μm.

half maximum of the diameter of the focus spot, zR = πw2
0/λ

is the laser Rayleigh length, and l = 1 is the topological
charge number, σz = −1 is the spin angular momentum, k is
the wave number, and φ0 = 0.1π is the initial phase. It should
be noted that the STOV in our case is not tight focusing,

because the numerical aperture value NA = nsin(a/ f ) ∼ 0.2
is smaller than 0.7, where n = 1 is the refractive index [48].
The longitudinal electric field (Ez) offers an accelerating con-
figuration near the z axis, which can be calculated from the
Poisson equation Ez = −(i/k)(∂Ey/∂y + ∂Ex/∂x),

Ez = E0
i

k

w0

w
exp

[
−

(
ξ

w

)2

−
( x

w

)2
−

( y

w

)2
+ [i(−lφst + kz − ωt + φ0)]

]
exp (ez )

×
⎡
⎣

[(
ξ

w

)2

+
( x

w

)2
]l/2(

2y

w2
+ 2x

w2
+ iz

z2 + x2

)
− 1

2

[(
ξ

w

)2

+
( x

w

)2
]−l/2

2x

w2

⎤
⎦. (3)

The simulation box size is 15 µm (z)×16 µm (x)×
16 µm (y). There are 600 × 640 × 640 cells, and the wire
target is filled with 7.4 × 108 electrons and 7.4 × 108 pro-
tons. The intense STOV pulse propagates along the +z axis
from the left side of the simulation box, which is initial-
ized by the boundary conditions at the box boundaries. The
nanowire target with a diameter of 400 nm is initially located
in the region of 0μm < z < 4μm. The target density is ne =
100nc, where the classical critical density nc = ε0ω

2 me/e2,
ε0 is the dielectric constant. The temporal resolution �t =
mc−1(�x−2 + �y−2 + �z−2)−1/2 = 4 as, where �x = �y =
�z = 0.025μm are the grid sizes in each direction and m =
0.9 is the time step factor. Open boundary conditions are
employed for fields and particles.

According to Eqs. (1) and (2), the STOV electric fields
were obtained in Fig. 1(d). The π -shift up and down fringes
appear at the center of the STOV vortex beam (z = 0μm)

in the x − z plane (y = 0μm), where the light phase fringes
diminish and the light intensity is zero. In contrast, the up and
down fringes connect far from the beam singularity (z > 0μm
and z < 0μm). Simultaneously, the fringe phase difference
changes from π (for the center fringes) to 0. For the front and
end parts of the STOV pulse, the phase structure is almost the
same as that of the traditional Gaussian pulse [see Fig. 1(d)].
Such field and phase structures play important roles in the
attosecond electron sheet generation in our case.

Figure 2 shows the attosecond electron sheet acceleration
driven by the intense STOV pulse. The electrons are first
dragged out of the nanowire target in the transverse direc-
tion and then pushed forward by a ponderomotive force [49],
as shown in Fig. 2(a). Then, these electrons are dispersed
by the front part of the STOV pulse, which has Gaussian-
like field distributions [see Fig. 1(d)], corresponding to a
dispersed ponderomotive force away from the z axis. In
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contrast, an electron sheet was selected and concentrated in
the intensity singularity of the STOV pulse by the corre-
sponding hollow pondermotive force around the z axis at
t = 60T [see Fig. 2(c)]. This indicates that the spatiotemporal
phase singularity in the STOV pulse is capable of providing
another degree of spatiotemporal freedom for generating a
single-electron sheet. Thus, this direct modulating method
differs considerably from the traditional Gaussian laser-driven
case.

The electrons in the center singularity can be compressed
up to ∼nc in a sheet structure. Such an electron sheet is
assumed to be simultaneously manipulated by the longitudinal
and transverse fields of the STOV pulse near the singular-
ity. On the one hand, the magnetic field prevents electrons
from feeling the strong transverse electric fields (Ex and Ey),
forming an electron concentration in the transverse direc-
tion [50]. On the other hand, the dipolar electric field (Ez)
string manipulates the electrons on the z axis; the low-energy
electrons are accelerated by the negative field at the back,
and higher-energy electrons are decelerated by the positive
field at the front. In our case, the STOV pulse with the
proper initial phase can efficiently accelerate electrons in the
same accelerated phase, thereby enabling the phase-locked
acceleration for electrons. In addition, the electron sheet can
be better collimated in the STOV pulse center because the
maximum charge field generated by the electron sheet E ∼
5.8 × 1011 V/m is much smaller than the STOV pulse field
(∼2 × 1014 V/m) in our case. Here, assuming the electron as
a uniformly charged electric sheet with a radius of R ∼ 1μm,
the maximum electric field E (rE = R = 1μm) can be calcu-
lated by q/(4πε0R2), where q ∼ 65 pC is chosen. rE is the
radius and ε0 = 8.8542 × 10−12 F/m is the dielectric constant.
Finally, the concentrated electron sheet can be locked and
further compressed at the front of the accelerating phase at
t = 110T [see Fig. 2(e)].

To obtain a clean attosecond electron sheet, a solid target
can be placed behind the nanowire target at an oblique angle of
45° to reflect the defocused STOV pulse and prevent further
interaction between the laser and the electrons at t = 110T
[51]. Then, such an attosecond electron sheet at the center can
be further filtered out after a gating [52]. Finally, a RIAES
(∼670 as) can be continuously accelerated for at least 100 µm
up to ∼0.9 GeV with an ∼9% energy spread, charge ∼65 pC,
and ∼20 mrad divergence, which can be potentially applied to
general fields that need spatiotemporal manipulation.

IV. NUMERICAL CALCULATION

To interpret the accelerating role of such a relativistic
CP STOV pulse, the single-particle model was employed,
which is a simplified numerical approach compared to the
PIC simulation in Fig. 2. The particle acceleration can then
be expressed as [22]

v̇ = e

mγ

[
E + 1

c
v × H − 1

c2
v(v · E )

]
. (4)

The electrons with the initial gamma factor (γz ∼ 7) along
the +z direction were initially localized in the spatiotemporal
phase singularity region and accelerated by the STOV pulse,
where γz = (1−v2

z /c2)−1/2 and vz is the electron velocity

FIG. 3. 3D trajectories of electrons at different initial positions
in the (a) y-x plane and (b) z-x plane for the STOV pulse and the
Gaussian pulse. (c) The longitudinal position of a single electron
relative to the longitudinal electric field. (d) Energy gain of the
RIAES from 3D PIC (black square), and the prediction of the model
without vph (blue triangle) and with vph (red circle).

along the z axis. Using Eq. (4), the trajectories of electrons at
different initial positions (−0.4 μm < z0 < 0.4 μm) were ob-
tained in Figs. 3(a) and 3(b). All these electrons traveled along
the z axis for 150 fs in the STOV pulse fields [see Fig. 3(b)]
and collimated around the z axis, which is different from the
Gaussian laser-driven case. Additionally, the initial separation
between the electrons �z = 0.8μm can be compressed to
�z = 0.2μm [see Fig. 3(b)]. Such compression results in the
electron pulse duration to approximately 670 as, which is
consistent with the case in the simulation in Fig. 2(c). This
can be primarily attributed to electrons slipping into the same
accelerated phase to achieve the phase-locked acceleration of
the RIAES.

Furthermore, the electron trajectories were bent around the
z axis [see Fig. 3(a)] because the electrons can be continu-
ously rotated by the magnetic field within a Larmor radius
rL = γxmevx/eBz in the zero-intensity region. Here, vx is the
electron velocity along the x axis, γx = (1 − v2

x /c2)−1/2, and
Bz is the longitudinal magnetic field. In our case, rL ∼ 1μm
was calculated for Bz ∼ 60 kT and γx = 35, consistent with
the electron radius in Fig. 2(c). These calculation results from
the single-particle model (see Fig. 3) prove that the unique
STOV fields in the singularity can produce RIAES.

Based on Eq. (4), the dephasing rate R = (vph − vz)/vph

experienced by the accelerated electron in the longitudi-
nal field Ez was used to explain the STOV laser-driven
phase-locked acceleration progress in our case, where vph =
−(∂ϕ/∂t )/∇ϕ is the phase velocity of Ez, and �ϕ is the
phase gradient along the particle trajectory. For simplicity,
a single-electron motion initially at z = 0μm was consid-
ered in the coordinate system of the phase velocity in the
longitudinal field in the one-dimensional calculation. The
electron gamma factor γz = 1291 can then be obtained at
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FIG. 4. Peak electron energy ε (red triangles), divergence (black
circles), and charge (blue asterisks) of the RIAES as a function of
laser intensity I. The laser duration and focal spot remain the same.

t = 360 fs from Fig. 3(c), and vph = c can be calculated using
vph = −(∂ϕ/∂t )/∇ϕ for the STOV pulse in our case, so that
a small value of R = (c − vz)/c = 4 × 10−7 is obtained, indi-
cating the electron is phase-lock accelerated.

Depending on the dephasing rate R and electric field Ez, we
can also calculate the energy gain as �ε = −eEz(1 − R)z. It
should be noted that R will change from 0.0004 at t = 3.3T to
10−7 at t = 360T when the electron velocity vz continuously
increases during the acceleration process. Therefore, we cal-
culate �ε by integrating dε = −eEz(1 − R)dt (z ≈ ct ) as

�ε = −
∫ z/c

0

e(1 − R)Ez

c
dt . (5)

It was found that the calculated electron energy accord-
ing to Eq. (5) agrees well with the PIC simulation result
[see Fig. 3(d)]. In addition, the ideal situation without con-
sidering the dephasing rate (R = 0) can also be calculated
as �ε = − ∫ z

0 (eEz/c)dz and compared to our simulation re-
sults. Figure 3(d) shows that the electron energy is almost
consistent with the PIC simulation, meaning that the elec-
tron can be stably phase accelerated by STOV pulse in our
case.

V. DISCUSSION AND CONCLUSION

From the above discussion, it can be found that relativis-
tic STOV pulses provide an efficient acceleration not only
to generate an isolated attosecond electron sheet but also to
reduce the beam divergence and energy spectrum in the DLA
regime. With the development of 10-PW laser facilities, laser
intensities can further increase up to 1022 W/cm2. Figure 4
shows that the electron sheet energy and charge increase with
the laser intensity I, because a higher longitudinal electric
field can phase lock more electrons in the longitudinal electric
field and accelerate them to the GeV order. At the same
time, the beam divergence decreases with I, benefiting from
the stronger magnetic field that confines electrons within a
smaller Larmor radius. For I = 2 × 1022 W/cm2 (∼10 PW
laser), the attosecond electron sheet can be accelerated to
∼1 GeV with an energy spectrum (∼8%) while maintaining
a low beam divergence of ∼14 mrad. Such high-energy elec-
tron sheets can be potentially applied for high-energy x/γ -ray
sources [53], coherent synchrotron emission [54], and giant
half-cycle attosecond pulse generation [38].

In conclusion, this study proposed a reflective manner for
relativistic STOV pulse generation, which was applied to ac-
celerate the RIAES in 3D PIC simulations. It was found that
the spatiotemporal phase singularity in the STOV pulse is
crucial to both concentrate and compress the electron sheet
with high energy (∼0.9 GeV), isolated attosecond (∼670 as)
duration, low-energy dispersion (∼9%), low divergence angle
(∼20 mrad), and high charge (∼65 pC). With the technologi-
cal development in present PW lasers, such relativistic STOV
pulse is hoped to be realized in laboratories soon, which may
provide a new convenient method for accelerating a single
attosecond electron sheet for attosecond electron diffraction,
and microscopy, isolated attosecond pulse generation, ultra-
short isolated x/γ -ray radiation, relativistic isolated electron
mirrors, and other applications.
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