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In this paper we describe how relativistic attosecond electron pulses could be produced in free space by
ultrafast and ultraintense transverse magnetic �TM� laser beams. Numerical solutions of the time-dependent
three-dimensional Maxwell-Lorentz equations reveal that electrons initially at rest at the waist of a multi-TW
pulsed TM01 laser beam can be accelerated to multi-MeV energies. The use of a few-cycle laser beam and a
compact initial electron cloud forces the particles to effectively interact with a single half-cycle of the laser
field and form a pulse of attosecond duration.
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The emerging field of attosecond science offers the pos-
sibility of probing molecular dynamics on a timescale com-
parable to that of electronic processes �1,2�. Nowadays, at-
tosecond pulses are produced via high-harmonic generation
using ultrafast �few-cycle� laser pulses; the spectrum of these
harmonics extends from the uv to the x rays �3,4�. Such
photons are known to have a relatively low probability of
interaction with atoms; using recollision electrons, instead of
photons, offers practical advantages �5�. In recent years,
methods have been developed to generate femtosecond elec-
tron pulses of multi-keV energies; these electron pulses have
been used to probe the dynamics of phase transitions �6�. In
this paper, we describe how a well-collimated attosecond
electron pulse is formed during the acceleration of free elec-
trons by the longitudinal field of an ultrafast and ultraintense
transverse magnetic laser beam. For multi-TW laser power, it
is shown that the peak energy is in the multi-MeV range.
Such relativistic ultrashort electron pulses would allow to
probe atomic and subatomic processes, with a temporal reso-
lution unmatched by electron accelerators presently in use.

The challenge of producing relativistic ultrashort electron
pulses with lasers is as follows. To operate a laser-driven
accelerator in a traveling-wave configuration, the displace-
ment of charged particles must be synchronized with the
phase of the laser field. Optical beams have, in free space, a
superluminal phase velocity that limits the synchronous in-
teraction between light and particles to lengths comparable
to the Rayleigh distance. To overcome such a limitation, sev-
eral techniques have been proposed �a short list is provided
in Ref. �7��. One avenue is the inverse Cherenkov scheme
where the presence of a background medium allows for syn-
chronous acceleration over long distances �8,9�. However,
the presence of a medium limits the application of this
scheme to low laser intensities. So far, the schemes exploit-
ing laser-driven plasmas have been the most successful
�10–13�. Plasma-based acceleration techniques typically pro-
duce femtosecond electron pulses �10�. In this paper we de-
scribe how attosecond electron pulses can be produced
through the direct �nonponderomotive� interaction of elec-
trons with the field of an ultrafast and ultraintense transverse
magnetic laser beam; the acceleration scheme is entirely free

space and is not limited by material breakdown �7�.
Early works on laser acceleration of particles argued that,

according to the Lawson-Woodward theorem, no net energy
could be acquired by an electron in an unbounded field. Ef-
fectively, in the ponderomotive �linear� regime a nonrelativ-
istic electron �of charge −e and rest mass me� is subject to a
weak acceleration per field cycle so that the global variation
of its velocity is �v�− e

me
�−�

� Edt �14�; according to simple
physical arguments, the time integral of the accelerating
electric field E must be vanishingly small �15�. However, in
the relativistic regime this does not apply and a substantial
amount of energy can be transferred to free electrons due to
nonlinear effects �16–19�. The mechanism is now well un-
derstood. It has been shown that, while electrons are accel-
erated towards the beam periphery by the transverse electric
field, the v�B term of the Lorentz force bends the trajecto-
ries in the direction of the time-average Poynting vector �20�.
For linearly polarized TEM00 Gaussian beams, electrons are
scattered at large angles and no energetic electrons are pro-
duced at beam center; this is a severe limitation for applica-
tions where well-collimated electron beams are required. The
use of a radially polarized TM01 beam instead of the TEM00
mode may offer proper transverse confinement, while accel-
erating particles along the beam axis.

A TM01 beam can be generated from two cross-polarized
TEM01 and TEM10 Gauss-Hermite modes of identical waists
�21,22�. In the paraxial approximation, this particular type of
beam is characterized by a doughnut-shaped intensity profile
�7,23,24�. At the center of the beam �r=0�, the transverse
field components are null and the longitudinal electric field
component reaches its maximum that is equal to
E02�2 exp�1/2� / �k0w0��0.742��0 /w0�E0, where E0 is the
peak amplitude of the transverse electric field component, w0
is the beam spot size at the beam waist, k0=�0 /c=2� /�0 is
the wave number with �0 being the angular frequency, �0 the
central wavelength of the spectrum, and c the speed of
light in free space. The beam intensity and power are,
respectively, I0=E0

2 / �2�0� and P= �� /2�exp�1�I0w0
2,

with �0=120� 	; the normalized intensity parameter
az

2= �4/�2��0I0exp�1���0 /w0�2�e /mec�0�2 is consequently
defined. In terms of the standard normalized parameter
a0

2=2�0I0�e /mec�0�2 �18,25� it reads az
2�0.551��0 /w0�2a0

2.
According to this definition, az

2=1 corresponds to the follow-
ing laser power:*Electronic address: charles.varin.1@ulaval.ca
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P* = ��5/2�0��w0/�0�4�mec
2/e�2, �1�

which marks the transition between the ponderomotive and
the subcycle regimes �see Fig. 1�.

Electron acceleration by TM01 beams in the ponderomo-
tive regime has been extensively studied by Kong et al.
�26,27�, who have shown that trapping and compression of
relativistic electron bunches can be achieved. However, due
to its time-averaging nature, the ponderomotive interaction
between the electrons and the field precludes bunch com-
pression to a timescale much shorter than the laser pulse
duration, which is, typically, a few tens of fs. Effectively,
attosecond duration is possible if the longitudinal electric
component of the TM01 beam is strong enough to produce a
nonponderomotive acceleration, i.e., if P
 P*. The mecha-
nism responsible for electron acceleration in this hyper-
relativistic regime has been described in Ref. �7�, where we
dealt with the one-dimensional equations of motion for a
single electron along the propagation axis of a TM01 beam.
Here, we consider the effective transverse confinement and
longitudinal stability �temporal compression� in the subcycle

regime using the time-dependent three-dimensional Lorentz
equation. For a TM01 beam, the Lorentz equation reads

dp/dt = − e��Er − vzB��ar + �Ez + vrB��az� , �2�

where dp� /dt=0 due to the particular beam geometry. In the
paraxial approximation B�=Er /c. Hence, the transverse force
dpr /dt is proportional to �1−vz /c�Er: it vanishes at the cen-
ter of the beam or for relativistic longitudinal velocities
�vz�c�. However, we recall that for the proposed accelera-
tion scheme electrons are accelerated on axis by the longitu-
dinal component of the electric field Ez �see Ref. �7��: elec-
trons should thus be preferably close to the z axis prior to
acceleration. To achieve this task, we propose the use of a
nanoparticle placed at the waist of the accelerating TM01
beam; this is an alternative to the technique used by Malka
et al., where free electrons were created by illuminating a
thin film with an intense laser pulse �17�. The illumination of
a 10-nm-size nanoparticle by an auxiliary intense laser beam,
before the passage of the accelerating TM01 beam, could
produce a cloud of about 105 free electrons, with a dimen-
sion growing in time. When driven by ultraintense laser
beams, the released electrons behave similarly to electrons
initially at rest. To model the acceleration of such an electron
cloud, we have considered the trajectories of 2000 electrons
whose initial positions in the x-z plane have been chosen
randomly using a Gaussian distribution �28� �see Fig. 2�a��.
Electron repulsion was not taken into account due to the
small number of particles being considered. We simulated
the passage of a 12-fs �FWHM� 100-TW TM01 beam. It has
thus been observed that, when the diameter of the initial
electron cloud is smaller than the wavelength, the particles
are captured by the laser field and bunched into a single
pulse �see Fig. 2�.

It should be noticed that the on-axis phase velocity of the
TM01 beam is superluminal. However, for z
zR the dephas-
ing time �the time it takes for a relativistic electron to slip
from a field half-cycle to another� is of the order of a few
picoseconds �for w0=3 �m at �0=0.8 �m� and grows as

FIG. 1. Power threshold for subcycle electron acceleration to
take place along the propagation axis of a TM01 beam as a function
of the spot size at the beam waist ��0=0.8 �m�. The full black line
is P* given at Eq. �1�.

FIG. 2. �a� Spatial distribution of a 100-nm-diameter cloud of 2000 electrons initially at rest at the waist of an ultraintense 12-fs �FWHM�
TM01 beam. In �b�, the same electrons 15 ps after they have interacted with the TM01 beam. In �c�, a closeup of the front of the
electron bunch which reveals its extremely short �attosecond� duration. Parameters used for numerical simulations were P=100 TW
�I0=2.6�1020 W/cm2�, �0=0.8 �m, w0=3 �m, and 
0=0.75� �
0 is the carrier phase at the waist�. The longitudinal coordinate is relative
to the position of an electron initially at rest at z=0 and accelerated on axis. The origin �0,0� of �b� and �c� thus corresponds to a point located
along the z axis at 4.5 mm after the beam waist.
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�0�z /w0�2 /c away from the waist �zR=k0w0
2 /2 is the Rayleigh

distance of the beam�. Consequently, it appears that, from zR
to �, the electrons are kept inside the same accelerating half-
cycle; while they are locked to the field phase, they are col-
lectively accelerated. This leads to the parabolic shape—that
follows the curvature of the optical wavefront—and attosec-
ond duration of the electron beam �see Fig. 2�. In Fig. 3, it is
shown that the leading electrons are also the most energetic,
with an energy around 30 MeV. These electrons form a
dense on-axis pulse with an approximate 20-�m transverse
width �FWHM� and a duration �FWHM� below 30 as. We
evaluated that the energy spread and the divergence of the
electron beam are 2.5% �FWHM� and 1.57 mrad �FWHM�,
respectively. It should be emphasized that the electron beam
divergence is always smaller than that of the laser beam
since the electrons are bunched at beam center and are
locked to the phase front. For the case we dealt with, we
have estimated that the effects caused by electrostatic repul-
sion are negligible.

We recall that the proposed acceleration scheme is en-
tirely free space. Consequently, it has no limitation regarding
to material breakdown at high intensity. According to the
acceleration mechanism we described in Ref. �7�, the maxi-
mum energy that can be acquired by an electron along the

axis of an ultrafast and ultraintense TM01 beam is given by

�Wmax�MeV� = �2�0/��1/2�P�TW��1/2, �3�

where P�TW� is the beam power in TW �1012 W� �this cal-
culation includes the effect of the Gouy phase shift�. For the
results presented in Figs. 2 and 3, the beam power was
100 TW so that �Wmax�155 MeV. The electron energy of
30 MeV predicted by the numerical simulations thus repre-
sents only 20% of that maximum; when the optimal carrier
phase is selected �see Fig. 4� and the position of the initial
cloud with respect to the beam waist is optimized �see Fig.
5�, the extraction efficiency can be increased to 40%. We
observed that, for a single-cycle laser pulse, the final energy
approaches �Wmax. This is explained by the fact that for
shorter durations, electrons can reach more easily the center
of the laser pulse, where the amplitude of the field is higher.
By pulse shaping—for example, by using a pulse with a
sharp-rising front—it might be possible to reach the maxi-
mum energy with practical pulse durations.

In light of the results presented here, it appears that the
experimental demonstration of the proposed direct-field elec-
tron acceleration scheme is possible with multi-TW laser
beams. The limits of the proposed scheme in terms of the

FIG. 3. Energy distribution and divergence of the electrons accelerated by an ultrafast and ultraintense TM01 beam at t=15 ps. The
energy �in MeV� is given as a function of �a� the longitudinal coordinate �see caption of Fig. 2� and �b� the transverse position at the output.
In �c� is the angle between the trajectory of each electron and the z axis, given by arctan�pr / pz� evaluated at t=15 ps, as a function of the
transverse coordinate. Parameters used for the numerical simulations were the same as in Fig. 2.

FIG. 4. Energy of the accelerated electrons as a function of the
carrier phase at the beam waist. Dots are results obtained from 3D
dynamics while the solid curve correspond to an electron initially at
rest at �r ,z�= �0,0�. Parameters used for numerical simulations were
the same as in Fig. 2.

FIG. 5. Energy of the accelerated electrons as a function of their
position with respect to the beam waist �z=0�. Parameters used for
numerical simulations were the same as in Fig. 2; 
0 was optimized
for maximum energy �see Fig. 4�.
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duration, divergence, and current of the electron beam are
presently under investigation. Preliminary results indicate
that it might be possible to produce sub-as electron pulses,
though these pulses would be subject to significant space-
charge forces that could lead to temporal spreading. Accord-
ing to scaling laws, GeV electrons could be obtained at
multi-PW power �7�. We are currently considering different

methods to implement acceleration staging in the subcycle
regime to reach GeV energies with multi-TW laser power.
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