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Abstract

A high energy electron density modulator from a high-intensity laser standing wave field is
studied herein by investigating the ultrafast motion of electrons in the field. Electrons con-
verge at the electric field antinodes, and the discrete electron density peaks modulated by
the field located at the corresponding laser phases of kx = nπ, (n = 0, 1, 2,…), that is, the mod-
ulation period is 1/2 the wavelength of the individual laser. We also discussed the influence of
the laser parameters such as laser intensity and waist size on the beam modulator. It is shown
that a long interaction length (waist) or sufficiently high field intensity is essential for relativ-
istic electron density modulation.

Introduction

The intense laser control of high-energy particles has made significant progress in the past
decade, and is highly promising for high-energy electron generation, ion acceleration
(Tajima and Dawson, 1979; Faure et al., 2004; Geddes et al., 2004; Mangles et al., 2004;
Calendron et al., 2018), and electron microscopy (Zewail, 2006, 2010; Sciaini and Miller,
2011; Flannigan and Zewail, 2012). The considerable progress in superpower laser sources
and plasma-accelerator technologies (Schaeffer et al., 2018) has enabled the energy of electrons
of more than multi-GeV in centimeters. Meanwhile, ultrafast MeV electron sources have
enabled the time-resolved imaging of fundamental processes in diverse fields such as solid
state physics (Bloch et al., 2008), chemistry (Juffmann et al., 2012), and biology (Germann
et al., 2010). However, from the perspective of controlling high-energy electrons by lasers,
laser standing waves have been used to construct matter interferometers for atoms (Gould
et al., 1986). The advantage of using laser standing waves for controlling electrons is that
the materials need not be near the electrons, thus allowing for electron sources in the high-
energy range.

A significant all-optical electron beam manipulation is a standing electromagnetic wave
scattering of electrons, and is described as Kapitza–Dirac effects first proposed in 1933
(Kapitza and Dirac, 1933). This electron scattering is the quintessential expression of the
wave–particle duality with massive particles, in which the electrons are treated as waves
when transported through standing-wave light. In the following years, widely theoretical
(Bartell, 1967; Fedorov, 1967) and experimental (Bucksbaum et al., 1987, 1988; Moore
et al., 1995; Freimund et al., 2001) investigations about this effect have been developed.
Early convincing experimental demonstrations shown by Bucksbaum et al. provided the result
of low-energy photoelectrons scattered in an intense optical standing wave referred to as
multiphoton ionization (Hollis, 1978; Fiordilino and Mittleman, 1985; Freeman et al.,
1986). The diffraction of free electrons from a standing light wave described as coherent inter-
ference differs from the previous observation where rainbow scattering peaks was not coherent
(Freimund et al., 2001). Theoretically, this process was interpreted with quantum mechanics
treatments (Li et al., 2004; Batelaan, 2007) as well as classical treatments (Chan and Tsui, 1979;
Efremov and Fedorov, 1999). Whereas, electrons diffracted in the laser standing wave field
(LSWF) mentioned before typically refer to non-relativistic electrons. In contrast, considering
a situation where subrelativistic or relativistic electrons launched into a LSWF with
characteristics different from those of the weak field cases, the classical theoretical approach
often provided the interpretation for the process (Efremov and Fedorov, 1999; Kozák et al.,
2018), with the prominence of spatial dependence of the transverse periodic ponderomotive
potential Up = e2|E0|2/(m0v

2)cos2(k · r), where e is the electron charge, m0 is the electron
mass, r is the position vector, and E0 is the field amplitude of each wave. Based on the enlight-
enment of above researches, an electron density modulation reported herein relies on the
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strong interaction within an ultrashort time between LSWF and
electrons. This new scheme of transverse modulation of particle
beam has potential for transmission control such as all-optical
sub-wavelength local focusing instead of traditional focusing
methods.

In this study, we used the particle-in-cell (PIC) simulations for
investigation a relativistic electron beam density modulator based
on a high-intensity LSWF, and analyzed the impacts of laser
intensity or waists on the modulation. We also found that elec-
trons with relativistic velocity launched into an LSWF suffer the
reversal of ponderomotive force, which is demonstrated through
the particles’ velocity distribution and trajectories.

The model and simulation results

Two-dimensional (2D) PIC simulations were performed using the
EPOCH code (Ridgers et al., 2014; Arber et al., 2015). Figure 1
shows the configuration of the electron beam being launched into
the linear polarized LSWF. We assume that the LSWF is generated
by twoGaussian linearly polarized laser pulses with the same param-
eters focused in the y–z plane. They counter-propagate along the x
axis launched from the left and right boundaries, respectively, and
everything is assumed to be constant in the z-direction for the 2D
simulations. The vector potential of the counter-propagating lasers
is expressed as a = a cos(kx + vt)êy + a cos(kx− vt)êy, where
a = a0 exp[−(y2 + z2)/w2

0], w0 is the laser beam waist radius, a0 is
the vector potential peak amplitude of one laser normalized
by mωc/e, m and e are the electron’s mass and charge, respectively,
ω is the frequency of laser, and c is the speed of light in vacuum.
The laser wavelength is 800 nm and the duration of the LSWF is
100 fs to allow electrons pass through. Then the electric field and
magnetic field of the LSWF are expressed as follows:

E(x,y,t) = −∂ta = 2a sin(vt) cos(kx)êy
B(x,y,t) = ∇ × a = −2a cos(vt) sin(kx)êz.

(1)

Considering a relativistic electron beam traveling through an
LSWF, the electrons with a Gaussian (an uniform) density profile
of 6-μm (1-μm) full width in the x ( y) direction are launched
along the +y axis toward the overlapping lasers, which is parallel
to the electric field of the laser field. The motion of the electrons is
governed by the Lorentz force equation, dP/dt = −e(E+ v × B).
The peak density of the electron beam is set to be 10−3nc (nc =
ϵ0meω

2/e2 the critical density for laser with wavelength of
800 nm), which is far below the critical density to avoid the effect
of strong space-charge forces on the LSWF. Since the transverse
momentum spread of the electron beam caused by the momen-
tum gain after interaction is about 10% of the initial momentum
in our case, the initial energy spread of the electron beam, which
is well below 10% from a wakefield accelerator or a linac, has little
effect on the density modulation. For simplicity, we represent a
planar geometry, i.e., the projection of the momentum of the elec-
tron onto the direction of the z axis as equal to zero both before
and after scattering.

When two counter-propagating traveling lasers form a stand-
ing wave, the spatial phase along the propagation direction
remains unchanged. Thus, electrons with velocity normal to the
direction of laser propagation experience a constant laser phase
during the interaction. As Figure 2a shows, the initial electrons
of continuous density are modulated into a periodic structure

after traversing the LSWF, and the period equals to half the wave-
length of the LSWF. Remarkably, each density peak locates at the
antinode while each density valley locates at the node of the
LSWF. Such discrete electron beam structure is manifested by
the special configuration of the LSWF. The electric field value
of the LSWF at the nodes remains zero, but the oscillation phases
of the amplitude on the two sides of each node are opposite and
the electromagnetic field is spatially inhomogeneous. Meanwhile,
the electrons traversing across are subjected to the high gradient
(i.e., classical ponderomotive force) close to the nodes. The clas-
sical ponderomotive force is of the intensity gradient form:

Fp = − e2

210mcv2
∇|E(x)|2. (2)

It always propels particles toward areas of low field intensity,
thus leading to the scattering of electrons owing to the spatial
transverse ponderomotive force. We obtain the components of
the ponderomotive force as combining Eqs (1) and (2):

Fpx = F · exp[−2(y2 + z2)/w2
0] · k · sin(2kx)êx, (3)

where F = 2e2a20/(10mcv2) × sin2(vt). According to Eq. (3), the
amplitude maximizes at the phase kx = nπ/2 + π/4 (n = 0, 1, 2, …)
and turns to be zero at the phase kx = nπ/2, i.e., the nodes and
antinodes, as shown in Figure 2b, and the ponderomotive force
points to the nodes.

Figure 3a shows the distribution of the electron velocity com-
ponent along the x direction at the corresponding position in the
x axis, when the electrons are inside the standing wave field. The
entire distribution goes up from left to right and is antisymmetric
owing to the Gaussian envelope of the laser pulse which results in
the opposite directions of ponderomotive forces in two sides
of the zero plane. The result also shows that when electrons
enter the LSWF, their velocity distribution in the x direction is
periodic. At the antinode planes kx = nπ (n = 0, 1, 2, …), the elec-
tron velocity is always zero, the velocities on the left are positive,
and those on the right are negative. In other words, the antinodes
become the planes of attraction that reverses the typical classical
ponderomotive force derived above, thus resulting in the electrons
moving toward the position kx = nπ, and further resulting in the
gathering of electron beams. The reasons for this reversal of pon-
deromotive force have been explained (Pokrovsky and Kaplan,
2005). The transverse velocity in the x axis increases with laser
intensity for a lager ponderomotive force, but it decreases when
the initial gamma increases, for example, vx = 5 × 107 m/s for

Fig. 1. Schematic geometry of an electron beam launched into a linear polarized
LSWF.

198 Shiyi Zhou et al.

https://doi.org/10.1017/S0263034619000338 Published online by Cambridge University Press

https://doi.org/10.1017/S0263034619000338


γ = 2 while vx = 1 × 106 m/s for γ = 100 at the same laser intensity,
simply because lower-energy electrons accumulate more trans-
verse momentum when experience longer time in the LSWF.
When an electron is launched into the antinode, it suffers the
maximal electric field while the magnetic field vanishes. On the
contrary, the magnetic field is maximized while the electric field
vanishes in the node. The electron launched into this plane suffers
an additional Lorentz force induced by the magnetic field
e(v × B). This Lorentz force associated with the magnetic field
depends on the angle between the magnetic field and the velocity
of the electron, namely, the oscillation of electrons along the x axis
is dependent on the polarization direction of the laser.
Smorenburg et al. (2011) provided the motion equation of elec-
trons in the x axis:

d2k�x

d(vt)2 − a20
1− 2b2

0cos
2f

4(g0)2
sin(2k�x) ≈ 0, (4)

in which electrons entered the LSWF parallel to the y axis with
initial velocity β0, ϕ is the angle between the polarization direction

and the initial velocity of electrons. In our case, the laser is a linear
polarization and parallel to the initial velocity, that is, cosϕ = 1.
Thus this equation describes the pendulum-like oscillations in
the x axis with equilibrium points at k�x = np/2, namely, the
nodes and antinodes. Further, the small-oscillation frequency is

Vx(t) = a0v
����������
|1− 2b2

0|
√

/( ��
2

√
g0). It is noteworthy that an impor-

tant critical value is b0= 1/
��
2

√
(or g0=

��
2

√
), at which the oscilla-

tions vanish. When b0 . 1/
��
2

√
, the node planes of kx = (1/2 + n)

π become unstable; in contrast, the antinode planes of kx = nπ
become stable to attract electrons, as shown in Figure 3a.

The trajectories of the electrons with initial position at node
(x0 = ± 0.2 µm), antinode (x0 = 0 µm), near the node (x0 = ±
0.15 µm), near the antinode (x0 = ± 0.05 µm), and the medium
(x0 = ± 0.1 µm) are shown in Figure 3b for the case with γ0 = 2
and a0 = 0.68. While traveling through the LSWF, the electrons
with initial position at antinode (red line) remain the same posi-
tion in the x axis during the whole process, because the ponder-
omotive force is always zero in the antinode plane. Electrons
between antinode and node move toward the antinode,

Fig. 2. (a) Electron density integral and laser intensity on the x-axis with electron beam energy γ0 = 20 and LSWF intensity I = 1 × 1019 W/cm2. (b) Schematic diagram
of phase relation of electric field of LSWF (black line) and the ponderomotive force (blue line), the amplitude is adjusted for a better view.

Fig. 3. (a) Distribution of electron velocity component in laser propagation direction (x axis) inside the standing wave field at the time of 24λ0/c. (b) Electron
trajectories in the x axis for γ0 = 2 during the interaction with a linearly polarized laser SW for a0 = 0.68.
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while electrons at nodes move inversely to low field regions devi-
ated from the central antinode due to the opposite directions of
ponderomotive forces, which are shown in black and orange
lines. These results validate the electron convergence at the anti-
nodes planes as described above.

The interaction between electrons and the LSWF is interesting,
and it is a potential technology to access electron density
modulator. Therefore, the parameters for this electron beam
with laser standing waves are worthy of exploration. Figure 4
shows the evolution of the electron density at γ0 = 2, a0 = 0.68.
No transverse divergence occurs and the density along the x
axis with the initial Gaussian distribution transforms into discrete
electron peaks at 40 and 80 fs gradually, as shown in the red and
blue lines, respectively. The latter has a higher density in each
peak, while the whole structure remains Gaussian. Figure 5a
shows the electron density after the interaction for the same

high energy of γ0 = 100 with different laser intensities. At a
relatively weak laser intensity of 1017 W/cm2, the final electron
distribution through the LSWF is almost unchanged as
the same as beginning. By increasing the laser intensity to
1019 W/cm2 (a0 = 2.16), a fraction of the electrons begins
to move to specific phases. Further increasing the laser intensity
to 1020 W/cm2, sharp density peaks emerged. These results illus-
trate that the higher the intensity of the LSWF, the more efficient
the effect of electron modulation would be. A threshold intensity
exists for the initial energy; however, when using a higher inten-
sity exceeding the threshold value, one could use a shorter beam
waist, which will be discussed in the following.

The interaction length affects the modulation. The effective
modulation length of the LSWF varies with the intensity of the
laser. At the same electron initial energy and laser intensity but
different beam waists, the electron density after the interaction

Fig. 5. Electron density along the laser propagating axis after the interaction (a) with different laser intensities for the same γ0 = 100, w0 = 5 μm and (b) with dif-
ferent w0 for the same γ0 = 100, I = 1 × 10

19 W/cm2 (a0 = 2.16).

Fig. 4. Evolution of electron density at γ0 = 2, a0 = 0.68. (a) The y-direction integral curve of electron density distributed in the x axis at different evolution times. (b),
(c) The electron-density distribution in simulation box at initial moment and 80 fs, respectively.
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differs, for example, different laser beam waist diameters of 5 and
10 µm for the same γ0 = 100, I = 1 × 1019 W/cm2. As Figure 5b
shows, the electrons are incompletely separated after the LSWF
with a 5-μm beam diameter, accompanied by a high electron den-
sity pedestal. However, when doubling the beam diameter to
10 µm, the peak density increases almost 10 times and the density
pedestal vanishes but divides into sharp peaks. The whole density
remains Gaussian as the initial setting without spatial divergence,
causing the electron transverse motion to be limited in the dis-
tance of the electron beam length in the x direction. According
to Eq. (4), the x motion of electron is simply derived as

x = 2ke2a20
10m2cv2

× exp − 2(y2 + z2)
w2
0

[ ]
× sin(2kx) ×

∫
[tsin2(vt)]dt

= 2ke2a20
10m2cv2

× exp − 2(y2 + z2)
w2
0

[ ]
× sin(2kx)

× t2

4
− tsin(2vt)

4v
− cos(2vt)

8v2

[ ]
.

(5)

The interaction time could be simply estimated as t =w0/v0,
where v0 is the initial velocity of electron in the y direction.
Therefore, the laser intensity and the beam waist affect the split-
ting effect together according to Eq. (5). Considering the two fac-
tors discussed above, a good electron beam modulator needs to
have a long interaction length or sufficiently high field intensity.

Conclusions

In summary, we used PIC simulations to investigate the interac-
tion of electrons with a high-intensity LSWF. Discrete electron
peak structures were observed corresponding to the specific
phase of the standing waves of kx = nπ (n = 0, 1, 2, …). The clas-
sical ponderomotive force expression was used to describe the
motion of electrons in the spatial inhomogeneous standing
wave field. However, for our relativistic electrons in a relativistic
field intensity, the Lorenz force induced by a magnetic field was
also relevant and the direction reverse of the ponderomotive
force was observed in the electron velocity and electron trajectory
on the axis of the laser for the case g .

��
2

√
. The parameter anal-

ysis of the intensity and waist of the laser with electron velocity
was performed to demonstrate the condition for an effective mod-
ulation. The generation of spatial electron train was a direct and
natural consequence of this optical phase-modulation. Our results
revealed the potential control for the precision structuring of elec-
tron transverse density, with possible applications ranging from
ultrafast electron microscopy to accelerator science and free elec-
tron lasers.
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