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Abstract. Three-dimensional electron motion in a linearly polarized tightly focused
laser field is numerically calculated. A high-intensity laser pulse focused on the free
electrons in vacuum generates relativistic electron bunches whose length is shorter
than the laser wavelength. The extremely short electron bunches with low-energy
spread less than 1% are generated for a wide range of the laser parameters.

1. Introduction
When a high-intensity laser beam is focused on free electrons in vacuum, the
electrons oscillate in the laser polarization direction and are pushed in the laser
propagation direction by a Lorentz force. As a result, the electrons are accelerated
in the laser propagation direction. Studies on electron acceleration in vacuum by
a relativistic laser ponderomotive force have made great progress in recent years,
both theoretically [1–10] and experimentally [11–16]. This scheme can generate
high-quality electron bunches [7, 9, 10]. In this paper, the length of the electron
bunches generated by the laser ponderomotive acceleration in vacuum are estim-
ated numerically. The simulation model is explained in the next section. Section 3
discusses and concludes our simulation results.

2. Simulation model
The electron motion in vacuum is given by the Lorentz force equation, d(γβ)/dt =
−(e/mc)(E + β × B), where c is the speed of light in vacuum, e is the elementary
charge, m is the electron mass, β is the electron velocity normalized by c, γ =
1/

√
1 − β2 is the normalized energy of the electron, and E and B are the electric
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Figure 1. The electron scattering angle as a function of the electron final energy for
(a) kw0 = 10 and (b) kw0 = 40.

and magnetic field vector, respectively. The equation is numerically integrated
using Boris’s algorithm. The transverse electric field of the laser linearly polarized
in the x-direction and propagating in the z-direction is given by the paraxial
approximation;

Ex = E0(w0/w) exp
[
−(x2 + y2)/w2

]
exp(iΨ)τ(z, t), (2.1)

where the phase is given byΨ = ωt−kz−k(x2+y2)/2R+tan−1(z/zR).E0 is the peak
amplitude of the transverse electric field, k is the wave number, ω = ck is the laser
frequency, w = w0

√
1 + z2/z2

R is the laser spot size, w0 is the spot size at the focus,
zR = kw2

0/2 is the Rayleigh length, and R = z(1 + z2
R/z2). Here, τ(z, t) is the laser

pulse shape function defined by τ(z, t) = exp[−(t−z/c)2/4τ2
L ], where τL is the pulse

length. The laser pulse propagates along the z-axis with a velocity c. The center of
the pulse reaches the focal point (z = 0) at time t = 0. The transverse magnetic
field is approximated byBy = Ex. When the laser beam is tightly focused to a small
spot size comparable to the laser wavelength, the longitudinal components of the
laser field cannot be negligible [3, 4]. In the vacuum condition, both divergences of
E and B are zero. The longitudinal components are approximated by [4]

Ez = −(i/k)∂Ex/∂x

= E0(w0/w)
(
i2x/kw2 − x/R

)
exp

[
−(x2 + y2)/w2

]
exp(iΨ)τ(z, t), (2.2)

Bz = −(i/k)∂By/∂y

= E0(w0/w)
(
i2y/kw2 − y/R

)
exp

[
−(x2 + y2)/w2

]
exp(iΨ)τ(z, t). (2.3)

3. Results and discussion
In our simulations, the electrons are initially located around the laser focal point.
The initial electron energy is set at γ0 = 1. The laser pulse with the pulse length
of ωτL = 20 is focused on the electrons. The electron scattering angles after the
interaction with the laser pulse are plotted in Fig. 1 as a function of the final
electron energy for the laser intensity a0 = 10. When the longitudinal components
of the laser field are ignored, a quantity γ(1 − βz) is conserved. In this case, a
relation between the scattering angle of the electrons and the electron energy is
tan θ =

√
2/(γf − 1) [1] as shown by a solid curve in Fig. 1. For a large laser spot size

(w0 = 40), the scattered electrons distribute around the solid curve due to the small
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Figure 2. The averaged electron energy and energy deviation as a function
of the laser spot size.
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Figure 3. The electron bunch length as a function of the laser spot size.

longitudinal laser field. For a small spot size, the longitudinal components become
large and the angle–energy relation is violated. As a result, the transverse electron
scattering is suppressed and the number of electrons are scattered in the straight-
forward direction as shown in Fig. 1(a). A short bunch is composed at the leading
front of the scattered electrons on the z-axis. The averaged energy of the electrons
within the bunch is shown in Fig. 2 as a function of the laser spot size. Maximum
energy gain is obtained at kw0 = 15 and kw0 = 25 for the laser intensity at
a0 = 5 and a0 = 10, respectively. The optimum interaction length to generate
the relativistic electron bunch is proportional to a2

0 [7] as seen from Fig. 2. For
shorter or longer interaction lengths far from the optimum condition, the energy
gain is small and a clear electron bunch is not produced. The energy deviation of
the electrons in the bunch is also shown in Fig. 2. The deviation has maximum
value at the optimum interaction length. The energy spread ∆γdev/γav is less than
1% for a0 = 5 and does not exceed 2% for a0 = 10.
Figure 3 shows the bunch length of the electrons as a function of the laser spot

size w0 for both a0 = 5 and a0 = 10. The spot size w0 with respect to the maximum
bunch length is obtained near the optimum w0 for the maximum energy gain. In
our simulations, the bunch length does not exceed 1/k, that is 130nm for a λ =
800nm laser, independent of the laser intensity. The high-quality monoenergetic
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subfemtosecond electron bunches are produced in the range of kw0 from 5 to 20 at
a0 = 5 and from 10 to 35 for a0 = 10. It can be seen from Figs 2 and 3 that the
normalized longitudinal emittance

εzn =
√

〈(z − 〈z〉)2〉〈(γβz − 〈γβz〉)2〉 − 〈(z − 〈z〉)(γβz − 〈γβz〉)〉2 ≈ ∆z∆γdev,

is less than 1/k in the range of the simulated parameters.
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