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Laser vacuum acceleration of a relativistic electron bunch

I.V. Glazyrin, A.V. Karpeev, O.G. Kotova, K.S. Nazarov, V.Yu. Bychenkov

Abstract. With regard to the problem of laser acceleration of a
relativistic electron bunch we present a scheme of its vacuum accel-
eration directly by a relativistic intensity laser pulse. The energy of
the electron bunch injected into the laser pulse leading edge
increases during its coaxial movement to a thin, pulse-reflecting
target. The laser-accelerated electrons continue to move free for-
ward, passing through the target. The study of this acceleration
scheme in the three-dimensional geometry is verified in a numerical
simulation by the particle-in-cell method, which showed that the
energy of a part of the electrons can increase significantly com-
pared to the initial one. Restrictions are discussed, which impose
limiting values of energy and total charge of accelerated electrons.

Keywords: laser pulse, electrons, vacuum acceleration, spectrum of
particles, ponderomotive scattering.

1. Introduction

Recent studies on electron acceleration by short, relativisti-
cally strong laser pulses have demonstrated the ability to pro-
duce high-energy particle beams. The most impressive results
have been achieved in wakefield acceleration of particles by
laser pulses propagating in a gas plasma or capillary under
conditions of a sufficiently large (over 10 um) focal spot. The
corresponding energies of accelerated electron beams have
substantially exceeded 1 GeV [1-4], reaching a record-high
value of 4.2 GeV [5]. Along with this, an alternative approach
has been developed to accelerate electrons using solid state
density plasma upon tight focusing of laser radiation which is
capable of providing a maximum intensity on the target. Due
to a higher density of the solid target one can expect a larger
number of accelerated particles (although with a lower
energy) as compared with a case of wakefield acceleration in
a rarefied plasma. Application of tight focusing that is close
to the diffraction limit has already made it possible to develop
an efficient source of collimated quasi-monoenergetic elec-
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trons with energies ~1 MeV, emitted in the backward direc-
tion (from the target) at a laser energy of 3 mJ and a pulse
repetition rate of 0.5 kHz [6]. Similar beams of accelerated
electrons in the regime of single shots, but with a substantially
higher energy (~30 MeV) in the forward direction, were
observed in experiments with a more powerful laser irradiat-
ing ultrathin foils [7].

If till now experiments on generation of high-energy elec-
trons have been performed mainly at laser intensities less than
10 W ¢cm, it is now possible to think of experiments with a
greater intensity. Thus, by tightly focusing the laser pulse
(dr ~1.2 um, where d; is the diameter of the focal spot), the
HERCULES laser demonstrated a peak intensity of 2 X
10> W cm™ [8]. Furthermore, the possibility of mastering
multipetawatt-level laser powers is currently being discussed,
and construction of such lasers is being carried out [9-12],
which will make it possible to achieve even higher intensities.

In connection with the search for the most promising tar-
gets, ultrathin (nanometre/submicron) foils have attracted a
lot of attention in recent years [7, 13]. Their active introduc-
tion in the experiments on the interaction of high-power laser
radiation with matter is possible due to the achievement of a
high level of intensity contrast ratio of ultrashort laser pulses
(10'°—-10') [14], which suppresses the parasitic effect of the
target destruction before the arrival of the main pulse. Under
conditions when the foil thickness is comparable to the rela-
tivistic depth of the skin layer, effective interaction of radia-
tion with the plasma formed in the entire volume is possible.
In this case, the first step in the study of the interaction of
intense laser pulses with ultrathin targets is, of course, to
investigate the direct acceleration of electrons initially at rest
by neglecting plasma effects, which corresponds to the
approximation of probe particles. This approach was used in
[15] and generalised to the case of a plasma field of thin
plasma foil [16].

The above examples are related to the acceleration of elec-
trons in the interaction of laser pulses with plasmas of differ-
ent targets. Another acceleration mechanism, so-called vac-
uum acceleration, is based on acceleration of the electrons
directly by a laser pulse, i.e., direct laser acceleration.
Mechanisms of direct laser acceleration of electrons (vacuum
acceleration) have been studied theoretically in a number of
papers, for example [15, 17-25]. In particular, to describe
direct acceleration of electrons by linearly polarised pulses
under tight focusing conditions the authors of [15, 18] used an
approach, free from restrictions on the relationship between
the focal spot size and the wavelength, which is based on the
use of exact diffraction Stratton—Chu integrals [26, 27] or the
method of spectral representation of fields satisfying
Maxwell’s equations.
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In this paper, we use a scheme of direct laser acceleration
of electrons, where the particles are not initially at rest, as in
the majority of the above mentioned papers, but pre-acceler-
ated to relativistic energies, i.e., an electron bunch, for exam-
ple, from a conventional accelerator. In this case, the focusing
of laser radiation is assumed quite smooth, similar to that
used for wakefield acceleration, and does not require involve-
ment of the complex structure of the electromagnetic fields in
the focal region into consideration.

2. Scheme of the acceleration

The idea of the proposed scheme of electron acceleration
goes back to paper [28]. It consisted in the fact that in front
of the surface of a thin metal target (foil) there is rarefied
plasma (gas ionised by a pre-pulse), through which a laser
pulse passes, trapping electrons and accelerating them in the
direction of its propagation to the foil. The energy of the
electrons within the pulse increases in proportion to its local
intensity, and at the time of reaching a maximum intensity
the pulse is reflected from the target, allowing the electrons
to move forward inertially with the energy accumulated dur-
ing the pulse action. The possibility of such acceleration is
associated with a sharp violation of adiabatic acceleration
of particles upon reflection of the pulse from the target. If
the target were absent, the electrons would accelerate in the
region of intensity growth of the laser pulse, and then would
decelerate at its decline as it propagates. For a plane wave
the total effect of acceleration would be zero [29, 30].
Violation of the adiabatic process, for example because of
the small size of the focal spot [31], very short pulse duration
[32] or the injection of electrons in the pulse during the tun-
nelling ionisation of atoms [33], leads to the residual energy
of the electrons, but it is usually small. In the previously pro-
posed scheme [28], electrons were at rest, and for a relativis-
tically intense linearly polarised laser pulse (ag >> 1) their
energy reached a maximum, corresponding to y = a3. Here y
is the standard relativistic factor of the particle; a, = 0.85 X
10°24V1 is the maximum amplitude of the laser pulse; 4 is
the laser wavelength in um; and 7 is the intensity of the
laser pulse at the maximum in W cm™2.

If at the beginning of direct laser acceleration the electrons
were not at rest and had relativistic energy (y, > 1), then, as
will be shown below, they could achieve a y, times higher
energy. Such a scheme can be implemented using an electron
beam that is captured by a coaxially propagating relativisti-
cally intense laser pulse in the direction of a thin, light-reflect-
ing target. This is illustrated by Fig. 1.

In the scheme in question an intense laser pulse catches up
with the electron bunch, for example from an accelerator
(Fig. 1a). Before it there is a foil. The laser pulse captures elec-
trons that are accelerated, gaining pulse energy until they find
themselves in the peak of the pulse intensity (Fig. 1b). In this
case, part of the electrons is lost due to the finiteness of the
transverse size of the laser pulse. If the pulse reaches the foil,
when the electron bunch is at its centre, and is reflected from
the foil, the electrons continue to move with the greatest pos-
sible energy (Fig. 1b). Obviously, the thickness of the target
should be sufficient for the pulse not to pass through it and
simultaneously not too large for the electrons not to lose a
significant fraction of its energy. It follows that the target
thickness should be chosen comparable, but slightly higher
than the threshold value for the relativistic transparency [34]
~Aagn./n,, where n, is the electron density of the foil, and #n, is
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Figure 1. Scheme of direct laser acceleration of the electron bunch.

the critical density. The typical thickness of the target is from
ten to several tens of nanometres.

3. Vacuum electron beam acceleration

To qualitatively assess the effect of direct laser acceleration,
we consider the motion of an electron in a plane electromag-
netic wave described by the vector potential A:

B=VxA (1)
%:— <E+%v><8)

where the vector potential for an elliptically polarised light
wave propagating in the x direction has the form:

= 4,(0,0sin0,vV1 — 6% cos0).

Here 6 = wt — kx; k = 2n/A = w/c; A, is the vector-potential
amplitude; and ¢ is the polarisation parameter. In the case of
linear polarisation é = 0, and when the polarisation is circu-
lar, d = 1/V2. Considering only one electron instead of a
bunch, we do not lay claim to a rigorous description of the
acceleration of the entire ensemble of the electrons, but only
seek to qualitatively establish their ultimate energy. In
essence, we do not take into account here that an electron
bunch may have not only a significant size (compared with
the pulse length), but also a significant Coulomb field, affect-
ing the interaction of electrons with a laser pulse.

Considering that before the arrival of the pulse, the electron
moving in the x direction had a kinetic energy mc*(y,— 1), from
(1) we obtain for linearly polarised light
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N=vot—-—F———> (2)
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and similarly for the circular polarisation
2
Y 3)

yr=yo+ g ——
- yVr-1

Expressions (2) and (3) determine the maximum possible
energy of the electrons after reflection of a linearly or circu-
larly polarised laser pulse from the foil. For ultra-relativistic
electrons (v, >> 1) the ultimate particle energy for linearly and
circularly polarised laser pulses are as follows:

yi=vo(l +ad), y2=yo(l +a3l2). 4)
According to (4) for an ultra-relativistically intense laser pulse
(a3 > 1) the final electron energy y; = yoaj is twice the cor-
responding value y,.

Estimates for vacuum electron acceleration are approxi-
mate, because they are obtained for a plane laser wave. In a
real situation it is necessary to consider the three-dimensional
acceleration of the electron bunch under conditions of a lim-
ited cross section of the laser beam and a finite-space charge
of the electron cluster. In this geometry the electrons are natu-
rally lost due to their exit (scattering) from the region of the
strong field; this fact should be taken into account. In this
regard, in order to provide a quantitative interpretation of the
acceleration process of the electron bunch, we have performed
a three-dimensional numerical simulation by the particle-in-
cell (PIC) method, the results of which are presented below.

4. Numerical simulation of vacuum acceleration
of the electron bunch

The interaction of the electron bunch in vacuum with its
coaxially overtaking laser pulse for different values of @, and
yo was numerically simulated using a PICNIC three-dimen-
sional electromagnetics code. The initial size of the electron
bunch (for definiteness it is a uniformly charged ball of diam-
eter dy, = 0.5 um) was chosen much smaller than the transverse

size of the cylindrical laser beam d; = 30 um. The FWHM
duration of the laser pulse was 7 = 30 fs; its spatial shape was
chosen Gaussian in the propagation direction and in the
transverse direction. The model used corresponded to the
light pulse with a wavelength 4 = 1 um, propagating within
the Rayleigh length nd?/A ~ 3 mm. The charge of the electron
bunch varied from 10 pC to 1 nC, and the electron density of
a thin plasma foil with a thickness of 100 nm was about
102 cm. The calculations were performed for both the lin-
ear and circularly polarised laser pulses. The acceleration pro-
vided in Section 2 is, in general, well reproduced, which is
shown in Fig. 2, illustrating the laser—bunch—foil interaction
for three consecutive time instants (cf. Fig. 1).

In contrast to the simple analytical model presented in
Section 3, the ponderomotive scattering of the electron bunch
and its ultimate Coulomb energy result in the (observed in the
numerical experiment) significant spreading of the electron
(Fig. 2¢) and the formation of a wide energy spectrum (Fig. 3).
Despite this, the behaviour of the maximum energy of the
accelerated particles is well described by formulas (2)—(4);

100
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Figure 3. Spectra of the electrons for different initial bunch charges
formed in the case of electron acceleration by a circularly polarised laser
pulse at yo =2 and a, =5.
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Figure 2. (Colour online) Typical picture of PIC-simulation of direct acceleration of an electron bunch by a linearly polarised laser pulse (from left
to right). Along with the distribution of the electrons shown is the distribution of the electric field of the laser pulse.
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this fact is illustrated by the numerical results presented in
Fig. 4. As expected, under conditions of a relativistically
strong electron beam and laser intensity the maximum energy
of the accelerated particles for a linearly polarised pulse is two
times higher than for a circularly polarised pulse. For a small
space charge of the bunch (less than 10 pC) the spectrum of
the accelerated electrons represents a single-peak with an
appropriate relativistic factor y; (2) or v, (3). Along with a
significant scattering of the accelerated electrons, a small
number of particles, due to the Coulomb explosion, gain
power, even slightly exceeding the maximum energy which
meets the theoretical estimates (2) or (3). For the spectrum
shown in Fig. 3 (yy= 2, ap = 5) in the case of an initial charge
of 10 pC, part of the electron energy reaches an energy of
15 MeV, whereas the theoretical maximum energy is about
13 MeV. The electrons with a charge of about 0.5 pC reside
in the energy range of 10—15 MeV. At an initial charge of
100 pC, the corresponding parameters are 17 MeV and
0.2 pC. The spectrum was calculated for the electrons flown
about 200 um behind the foil: here was the boundary of the
computational domain.
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Figure 4. Maximum energy of the electrons in vacuum acceleration by
(m) linearly and (o) circularly polarised laser pulse as a function of the
laser field amplitude ¢, and the initial beam energy v,.

5. Discussion of the results

Using the above numerical simulation we demonstrated that
the simple idea of direct vacuum acceleration of a relativistic
electron beam by an intense laser pulse to ultra-relativistic
energies works in a real three-dimensional geometry.
However, the practical realisation of the idealised theoretical
scheme presents a number of challenges for the most interest-
ing parameters of the laser and the electron bunch. This con-
cerns both the achievement of GeV energies and the possibil-
ity of obtaining a sufficiently large number of particles with a
maximum energy.

As predicted by theoretical estimates, the final energy of
the electron beam is proportional to fy,. Accordingly, the
higher the intensity of the laser or the initial energy of the
electron, the greater the length L where the maximum energy
is gained. However, in a focused laser beam the length of
effective acceleration is limited by the Rayleigh length L,
which requires fulfilment of the condition L < L. Thus, in
the above-discussed acceleration scheme it must start at a dis-

tance L from the reflecting foil. Limiting the acceleration
length by the Rayleigh length substantially reduces the energy
the accelerated electron beam, which, in the formal use of esti-
mates (4), can reach a very high level. For example, by inject-
ing a bunch from a compact electron accelerator with an
energy of about 20 MeV a modern laser [8] with an intensity
of ~10> W ecm2, according to (4), can increase the electron
energy up to 1 GeV, i.e., by 50 times.

To understand the role of finite length of the caustic, we
estimate the acceleration time of the electrons, 7, as the time
during which the electron moving with velocity v, drifting
inside the pulse, will pass half its length ct/2 (z is the duration
of the laser pulse), i.e., T ~ c¢t/[2(c — v)]. Then the accelera-
tion length L will be ¢T, and in a strongly relativistic case

t\f|§~

L~ crj/(z) ®)

Accordingly, for the relativistic values of the laser intensity
and the energy of the electron bunch, the condition L < L,
gives the following restriction on the region of their variation:

2
<@/”_df
Yodo = CTZ .

For a given initial beam energy y, > 1, condition (6) limits the
laser field amplitude, and this limitation is the lower, the
greater the focal spot and shorter the laser pulse. According
to (4) and (6) the maximum possible energy of the particles in
vacuum acceleration of a relativistic electron beam is

(6)

2
Ttdf

ctAyo” Q)

Vmax ~

For example, in accelerating the electron bunch with the
energy of 1 MeV by a laser pulse with A = 0.8 um (a Ti:sap-
phire laser), d; = 30 um and 7 = 30 fs, the energy of the parti-
cles at the optimum position of the reflecting foil can be more
than an order of magnitude greater than the initial energy of
the beam.

The acceleration length and hence the final energy of the
electrons can be increased by using a rarefied plasma (gas or
another low density target, which are naturally ionised at the
leading edge of the laser pulse). In this case, due to the self-
focusing the ultimate acceleration length will increase signifi-
cantly and be much greater than the length of the caustic,
which will fully make it possible to achieve energies deter-
mined by formulas (4).

One more obstacle to the effective vacuum acceleration is
associated with a significant scattering of the accelerated
beam of electrons. Numerical calculations show that for a
Gaussian beam a greater number of electrons are scattered
and only a smaller fraction reaches the foil with the energy
predicted by the theory. Strong scattering in the Gaussian
beam has more to do with the ponderomotive action of light
on the electrons than with its own Coulomb field of the bunch.
To reduce this effect, use can be made of wave beams with a
minimum intensity on the axis and a maximum intensity out-
side it, which will allow better confinement of the electrons
within the pulse. An example is a one-ring Laguerre—Gaussian
beam and a first-order Bessel beam. Preliminary numerical
calculations do show a better electron capture by such beams
and a more accelerated charge. Thus, for the
Laguerre—Gaussian laser beam with a three times lower
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intensity on the axis than at the periphery, for the parameters
of Fig. 3 we managed to increase to 2 pC the charge of the
accelerated electrons from the bunch with a charge of 100 pC
at energies above 10 MeV, their maximum energy reaching
20 MeV.
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