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Laser acceleration of electrons in vacuum

up to energies of ~ 10° eV

A. Bahari, V.D. Taranukhin

Abstract. A new mechanism of laser acceleration of charged
particles is investigated in detail. Upon irradiation by tightly
focused high-intensity ultrashort laser pulses, the acceleration
of electrons travelling along the laser beam axis is determined
by the longitudinal ponderomotive force and the longitudinal
component of the electric field of the laser wave. It is found
that the action of the longitudinal field on an electron may be
unidirectional during many optical cycles, i.e., the phase slip
effect is overcome. Lasers with currently highest possible
parameters are shown to enable electron acceleration up to
energies ¢ ~ 1 GeV, which is comparable to the energies
attainable on ‘large’ accelerators of the SLAC type
(¢ ~ 30 — 50 GeV). Unlike the schemes considered in the
literature, the acceleration in this case is insensitive to the
initial field phase (the effect of electron bunching is absent), it
is possible to accelerate slow (nonrelativistic) electrons, and
the problem of accelerated electron extraction from the field
does not exist.

Keywords: laser acceleration of electrons, ultrashort laser pulses,
ponderomotive forces.

1. Introduction

The modern progress of laser physics affords the generation
of coherent laser radiation with an intensity 7 ~ 10" — 10°!
Wem™ [1,2]. One of the main applications of this
radiation is acceleration of charged particles. In a recently
published series of papers [3—8], a numerical investigation
was made of electron acceleration by a focused beam of
high-intensity (I ~ 10*' — 10*> W cm™?) cw laser radiation
in vacuum. The generation of electrons with an energy
&~ 1 GeV in laboratory conditions was shown to be
possible in principle.

However, the acceleration process considered in
Refs [3—8] is largely random, because the relativistic elec-
trons are considered to fly into the laser beam at an angle to
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the direction of its propagation. The electron ‘capture’ by
the laser beam and its acceleration up to an energy
e~ 0.1 —1GeV are possible only for specific entrance
angles 0, and initial electron velocities V, as well as for
a certain initial field phase ¢,. As a consequence, ¢ depends
strongly on 0y, V, and ¢,. Note that the highly accurate
control of the parameters 0, V), and ¢, is hardly possible.
Furthermore, in the case of cw radiation there arises the
problem of accelerated-electron extraction from the field. In
Refs [3, 4], the use of a static magnetic field is proposed for
the electron extraction, which complicates the experiment.
In Refs [3—-8], the specific acceleration mechanism was not
elucidated.

In our work [9] we reported the possibility of electron
acceleration by a short high-intensity laser pulse during the
electron propagation along the axis of the laser beam
(6y = 0). Numerical experiments showed that when a laser
pulse ‘collides’ with an electron, which may have an
arbitrary velocity along the wave vector k, the acceleration
is insensitive to the initial field phase ¢, and the accelerated
electron is automatically extracted from the field after the
passage of the pulse. Therefore, in the ‘longitudinal’ scheme
of electron—radiation interaction proposed in Ref. [9] it is
possible to overcome the random character of acceleration,
no prior electron acceleration to relativistic velocities is
required, and the problem of accelerated electron extraction
from the field is solved. Furthermore, in Ref. [9] we
established the mechanism of laser-driven acceleration: it
involves the combination of the longitudinal ponderomotive
force, which arises due to the pulsed character of radiation,
and the longitudinal component of the electric field of the
laser wave, which emerges in the radiation focusing.

The mechanism brought to light owes its efficiency to the
difference between the phase velocities of longitudinal and
transverse electron motion, which takes place in focused
laser beams. This difference makes it possible to overcome
the effect of phase slip, which is the primary cause of
limitation of the efficiency of charged particle acceleration
by laser radiation (see, for instance, Ref. [10]).

Our work gives a detailed description of electron
acceleration in the ‘longitudinal’ interaction scheme. We
discuss the possibilities for improving the efficiency of this
process due to optimisation of the parameters of laser
radiation focusing, duration, and polarisation as well as
due to the initial electron coordinates and velocities.
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2. Action of a focused laser field
on a relativistic electron

Consider the electron acceleration by a short pulse (t &~
20 — 1007, where T is the time of the optical cycle) of
tightly focused laser radiation: the radius of the laser beam
waist is wy ~ (5—150)4 (A~ 1 um is the radiation wave-
length). The electron motion is described by the relativistic
equation for the electron momentum p (the effect of
radiative deceleration is neglected) [11]

(D

where E and B are the electric and magnetic fields of laser
radiation; e and m are the electron charge and mass; 7 is the
time; and ¢ is the velocity of light. The focused laser
radiation was defined in the parabolic approximation [12]
correct to 2nd order in the small parameter ¢ = 4/2nw,.
Unlike Refs [3—8], this accuracy is sufficient, because the
electron motion in our case takes place near the laser beam
axis: for any radiation intensities, the amplitude of electron
oscillation does not exceed the radiation wavelength in the
electron frame of reference (i.e., the wavelength calculated
taking the Doppler effect into account). Dedicated calcu-
lations carried out with the inclusion of the terms of higher
order in the parameter ¢ (see below) showed that the
inaccuracy of our approximation does not exceed 10 %. In
this approximation, the components of the electric and
magnetic radiation fields can be represented as
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x,y Lk, and the focus is at the point z=0. Unlike
Ref. [12], the components of the fields E and B as functions
of the transverse coordinates x, y are explicitly defined.

Eqn (1) was solved, using expressions (2)—(5), by the
4th-order accurate Runge—Kutta technique for the elec-
trons with different initial velocities ¥V, and positions z,
relative to the focus as well as for laser pulses of different
duration, polarisation and peak intensity /,. The laser pulse
shape (in the laboratory frame of reference) was defined as
E, ~ exp|—(21/1)*]. We considered pulses with a duration
1/T ~ (20 — 100)> 1, which permits the use of a slowly
varying field envelope approximation.

During numerical experiments, we controlled the total
energy radiated by the electron ¢4, which was calculated by
a relativistic formula [11]. In all cases this energy was many
orders of magnitude lower than the kinetic electron energy,
which justifies the neglect of radiative deceleration in
Eqn (1). Note that the negligibility of radiation (and hence
the negligibility of radiative deceleration) is favoured by the
fact that the electron in our scheme is accelerated to a large
measure by the longitudinal electric field. In this case, the
relativistic expression for ¢4 is in essence reduced to the
nonrelativistic one.

To interpret the results, it is instructive to see how the
fields (2)—(5) change in going over to the electron frame of
reference. In this frame of reference, the coordinates x, y,
which enter in expressions (2)—(5), are time-dependent (or
dependent on the current electron coordinate z), and the
difference of the phases ¢ and ¢, which simultaneously
enter in the expressions for the longitudinal fields, can be of
great importance.

First we consider the case of linearly polarised laser
radiation. Fig. 1 shows the dependence of the longitudinal
component of the laser wave electric field, which acts on the
electron, on the current coordinate z. One can see that the
longitudinal field E. (or the force &.) oscillates. However,
these oscillations change in character as the electron passes
through the radiation focal region. In front of the focus, the
amplitude of &.-force oscillations in the negative half-cycle
is greater than in the positive one, resulting integrally in
electron deceleration. In the focal region, the action of
longitudinal electric field is, on the average, zero (the
oscillations are symmetric). Upon electron passage through
the focus, the &.-force amplitude in the positive half-cycle is
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where E, is the field amplitude; ¢ = ¢, +arctan(z/z),
¢, = @y +n+arctan (z/z.) — z(x* + y*)/w?z, are  the
phases of the longitudinal and transverse field components;
w? = wi[l + (z/2.)]; ze = kwg /2 is the diffraction length;
n=2nt/T—kz; ¢, is the parameter which defines the
radiation polarisation (linear for ¢, =0 and circular for
¢, =n/2); and Ey(n) is the function which describes the
pulse shape; coordinate axes are selected so that z|k,
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Figure 1. Variation in the longitudinal electric field, which acts on an
electron during its interaction with linearly polarised pulsed radiation
with T =207, a peak intensity /, =5 x 10" W cm™2, and wy = 54
(Vo =0, zg = =54, xy = yo = 0). The inset shows the same variation in
the case when the phases ¢ and ¢, are artificially equalised (¢ = ¢ ).
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greater than in the negative one. Moreover, the oscillations
become practically unipolar at distances of the order of
several diffraction lengths behind the focus, as will be
apparent from Fig. 1. Despite the phase slip effect, this
character of oscillations of the field E. ensures efficient
electron acceleration. It is only required that the electron
should have a sufficiently high velocity and have time to
move to the E. field ‘unipolarity’ region from the focal
region (where the radiation intensity is highest and where
the electron—laser pulse interaction should begin) prior to
the end of the laser pulse.

To demonstrate the effect of the difference between the
phases ¢ and ¢, we analysed the hypothetical case
whereby ¢ = ¢, . It turned out that the field E. oscillates
symmetrically throughout the period of interaction with the
electron (see the inset in Fig. 1) and electron acceleration
drastically decreases. Therefore, the significant effect of
longitudinal laser field on electron acceleration is explained
by the fact that the action of this field is determined by two
factors, which oscillate with different phases: ¢ and ¢, .
When the laser radiation is polarised along the x axis, from
expressions (2) and (3) one can obtain the following
estimate:

Ez ~ x(li) sin B x(li) ~COSP,, (6)

where f; is the electron—radiation interaction time. From
the phase relation

P — QL= arctan — (7)

C

it follows that P =90 and E. ~ sin (Z(pH) near the focus
(z =0), i.e., that the longitudinal field oscillates symmetri-
cally. However, when the electron finds itself in the region
behind the focus, the phase difference (¢ — ¢, ) tends to
n/2, and E. ~ sin’ (@y), ie., the oscillations of the
longitudinal field become unipolar. We note that the
transverse drift of the electron (except for the oscillatory
component of its transverse motion) leads to bipolar,
though asymmetric, oscillations of the field E.. In our
numerical experiments this drift was, as a rule, absent or
was insignificant. As can be seen from Fig. 1, the field
oscillations (for sufficiently great z) are practically unipolar.

For circularly polarised radiation, the longitudinal field
E. (in the moving electron frame of reference) varies
smoothly without oscillations. However, the character of
this variation remains as before. In front of the focus, the
force &. which acts on the electron is negative, . = 0 in the
focal region, and &, > 0 behind the focus.

The force ./ . also varies smoothly in the case of circular
polarisation and oscillates for a linear polarisation. In the
latter case, its value averaged over the fast oscillations is the
longitudinal ponderomotive force. We note that both the
force .# . (for a circular polarisation) and its average value
(for a linear polarisation) are proportional to the derivative
0l/0t, i.e., to the longitudinal spatial gradient of the
intensity of the laser pulse. In the subsequent discussion
we apply the term ‘longitudinal ponderomotive force’ both
to the force .# . (for circularly polarised radiation) and to its
average value (for a linear polarisation).

The above features of the action of the longitudinal
electric field on the electron moving along the laser beam
axis gives rise to the possibility of efficient electron

acceleration. This is explained by the fact that when the
initial position of the electron z, is properly selected, the
adverse action of the phase slip effect is overcome. As noted
above, this effect is the principal limiting factor when other
schemes of laser-driven charged particle acceleration are
employed. The effect of unipolarity of the longitudinal
electric field is supposedly responsible (at least in part)
also for the electron acceleration in the numerical experi-
ments carried out in Refs [3—8]. We are reminded that the
physical interpretation of the results obtained in these
papers is missing.

3. Results of numerical experiments
on electron acceleration by a short laser pulse

Fig. 2 shows the results of numerical experiments on
electron acceleration in the longitudinal scheme for strongly
focused laser radiation of different polarisation. One can
see that the energy acquired by the electron is highest when
use is made of circularly polarised radiation. For a linear
polarisation we performed calculations for the fields E and
B in the parabolic approximation correct to terms ~ & as

P

well as with a higher accuracy (~ ¢?).
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Figure 2. Dependence of the energy A¢ acquired by an electron on the
peak intensity 7y for circularly (¢, =n/2) (1), elliptically (¢, = n/4)
(2), and linearly (¢, =0) (3, 3") polarised radiation for =207,
wy = 104, ¥y./c = 0.9, 2y = z4p, and Xy = yy = 0. For linearly polarised
radiation, use was made of the fields calculated to the terms ~¢ (3) and
~&3(3"). Also given are the results of calculations for the conditions of
the numerical experiment of Ref. [5] for linearly polarised fields calcula-
ted to the terms ~¢ (o) and ~¢&3 () for inclined electron entry into the
laser beam (6, = 6°).

A comparison of the curves (3) and (3') in Fig. 2 shows
that the error of the approximation used in our work (~ &)
does not exceed 10 % in comparison with the case when the
~ &% approximation was drawn on. We note that in Ref. [5],
which considered the electron transit at an angle to the laser
beam axis, this error was equal to 75 %. This testifies to a
higher sensitivity of the model to the accuracy of description
of the focused radiation in the electron motion far from the
laser beam axis.

To verify this fact we carried out the calculations of
acceleration of the electron also for its propagation at an
angle to the laser beam axis (analogously to the numerical
experiments of Refs [3—8]). As Fig. 2 suggests, the error due
to the use of a simpler model of the focused field (~ &) in
this case amounts to 75 %, which coincides with the result
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obtained in Refs [3—5]. Therefore, in the longitudinal
acceleration scheme, which was proposed in Ref. [9], the
parabolic approximation, correct to the terms of the 2nd
order in the small parameter ¢ = 1/2mwy, is quite sufficient
and permits performing a wide range of numerical calcu-
lations.

Fig. 3 shows the longitudinal electron velocity V., the
intensity of laser radiation 7, as well as the longitudinal
electric (&.) and ‘magnetic’ (.#.) forces (in the electron
frame of reference) as functions of longitudinal coordinate z
for circularly polarised radiation. One can see that the force
M . acts in qualitatively the same manner as in the plane
wave: ./ . accelerates the electron at the pulse front, but
decelerates it at the trailing edge of the pulse. In the absence
of radiation focusing, this has the effect that the electron
energy ¢ remains invariable upon cessation of the pulse:
Ae =0 [13]. The action of focusing manifests itself in two
ways.
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Figure 3. Dependences of the normalised longitudinal electron velocity
V. as well as of laser radiation intensity 7, longitudinal electric (&£.) and
‘magnetic’ (.#.) forces (in the electron frame of reference) on the
longitudinal z coordinate for circularly polarised radiation with a peak
intensity I = 10°° W em™? for v =207, wy =54 (Vy =0, zy = —202,
Xg = yg = 0); z, is the characteristic point corresponding to the peak of
the field E..

First, the integral action of the force .#. is nonzero.
Numerical experiments revealed that f M .dz < 0 for the
optimal selection of the initial electron coordinate zq. This is
due to the increase in radiation pulse duration (in the
electron frame of reference) and different character of the
radiation intensity variation at the front and the trailing
edge of the laser pulse in different z regions. For instance,
the intensity at the leading edge of the pulse in front of the
focus rises faster (and decreases slower at the trailing edge)
than in the plane wave. Accordingly, behind the focus the
rate of the intensity decrease at the trailing edge of the pulse
is higher and the intensity growth rate at its front is lower
than in the plane wave.

Second, the radiation focusing leads to the emergence of
longitudinal electric field E., which exerts a substantial effect
on electron acceleration. In accordance with the analysis
performed in Section 2, the field E. first decelerates the
electron (in the region in front of the focus) and then (for
z > 0) compensates for the decelerating action of the force
M .. For a strong focusing and a relatively high radiation
intensity this compensation may be complete. The latter is
confirmed by the dependence of the ratio |&./.4.| at the
characteristic point z, (see Fig. 3), which corresponds to the
peak of the field E., on the peak intensity of the laser pulse
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Figure 4. Dependences of the ratio |&./.# .| at the characteristic point z,
(see Fig. 3) on the intensity of laser radiation /, for the parameter values
specified in Fig. 3 (/), the same for ¢ = ¢, (2); plotted for circularly
polarised radiation (t = 207, wy = 104, V, = ¥, = 0, Xy = yy = 0) are
the Ij-dependences of the optimal initial electron coordinate z,, for
Vo. = 0.9¢ (3) and the electron energy Ae for the initial velocities V. = 0
(4),0.5(5), and 0.9 (6). The inset shows the I,-dependence of A¢ for
circularly polarised radiation and the optimal focusing wy = wop
(t = 20T, 2y = zops Xo = Yo = 0, Voo = Vi, =0, V. = 0.9¢).

Iy. Referring to Fig. 4, the ratio |£,/.4.|., > 1 when the
intensity is high enough (I, > I"), so that all the energy
acquired by the electron due to the longitudinal pondero-
motive force ./#. is retained (or even increases) upon
cessation of the laser pulse.

This dependence is explained as follows: as the intensity
I, rises, the electron velocity increases (initially, due to the
longitudinal ponderomotive force). In this case, the longi-
tudinal field E. remains invariable in the frame of reference
moving with a velocity V. (in accordance with the Lorentz
transformation), the force .4, ~ a(EO/w)z/Gz [14] decreases,
since the ratio Ey/w is a relativistic invariant (in the plane-
wave approximation), and the characteristic spatial scale Az
of the laser pulse for the co-moving electron increases. This
character of variation of the forces &. and .. results in an
even greater electron acceleration, and the -|,, ratio
growth becomes avalanche-like (Fig. 4). We note once again
that the intensity of laser radiation should be high enough
(Iy > I'") to ‘trigger’ this positive feedback. At the same
time, when the phases are artificially equalised (¢ = ¢ ) the
ratio < 1 [curve (2) in Fig. 4] and there occurs no
electron acceleratlon

Therefore, the following scenario of energy gain by the
electron is realised in the longitudinal acceleration scheme.
Due to the action of the longitudinal ponderomotive force
M . at the front of the laser pulse, a slow or even an
immobile electron is accelerated to a relativistic velocity, its
initial position in front of the focus (zy < 0) proving to be
optimal for maximising the electron energy gain. In the early
stage, the longitudinal electric field therefore decelerates the
electron. When the electron finds itself at the trailing edge of
the pulse, the force .#. begins to decelerate it. However, for
the optimal selection of the initial parameters the electron is
already behind the focus, and the longitudinal electric field
compensates for the deceleration completely. It is significant
that the final electron energy is independent of the initial
field phase ¢, with this acceleration mechanism, because in
the course of acceleration the electron experiences the phase
slip during all optical cycles of the laser pulse. In this case,
the effect of bunching does not occur — the input electron
beam does not split into spatially separated bunches.
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Moreover, the final electron energy has only a weak
dependence also on its initial velocity V; (see Fig. 4). The
last circumstance is explained by the fact that the required
electron acceleration is effected by the laser pulse itself
(other schemes of laser-driven acceleration [3 —8] necessitate
prior electron acceleration to relativistic velocities).

For a linear radiation polarisation, the forces &, and ..
oscillate in time. However, the electron acceleration scenario
remains, in the mean, the same as for a circular polarisation.
We only note that the final electron energy is lower by 20 %
in this case (see Fig. 2).

This laser-driven acceleration mechanism has not been
discussed so far. It becomes significant only with a strong
focusing and the use of ultrashort high-intensity radiation
pulses (I, > I"). Note that the intensity I* (whereby
|6.| ~ |.4.] on the tail of the laser pulse) decreases as
the initial electron velocity V| increases. There is one more
point in favour of the fact that the acceleration mechanism
is not purely ‘ponderomotive’ in our scheme: for certain
parameters of laser radiation and initial parameters of the
electron its final energy is substantially greater than the
ponderomotive radiation potential U, (see the inset in
Fig. 4). In this case, the focusing (the emergence of
longitudinal electric field E.) is of crucial importance in
electron acceleration, which is proved by special calculations
in which the field E. was artificially set equal to zero. In
these calculations (for any radiation intensity 1), the
electron energy remains unchanged after the passage of
the laser pulse (Ae = 0).

4. Optimisation of the initial parameters

Attaining ultimate energies calls for the optimisation of
both the initial radiation parameters and the initial electron
parameters. Since we consider the electron acceleration in
vacuum, there are no limitations on the radiation intensity.
In view of the progress of laser technology, at present one
can figure on employing laser sources with a peak intensity
I, up to 10 — 102 W cm ™2 [1, 2]. As already noted, it is
better to use circularly polarised radiation. In this case,
there exists an optimal laser pulse duration (Fig. 5). A shor-
ter pulse provides a stronger longitudinal ponderomotive
force (for a fixed intensity 1) and a longer pulse provides a
deeper electron advance into the region of ‘unipolar’ field E..

The effect of pulse rise time 7; on electron acceleration is
shown by [curve (3)] in Fig. 5. Lengthening the pulse fall
time 7, for a fixed pulse rise time leads to a certain increase
in final electron energy. Note, however, that employing
pulses with a significantly longer fall time is disadvantageous
for a strong focusing, because the radiation intensity drops
sharply in the region behind the focus (even for an infinitely
long pulse).

The effect of varying the initial electron velocity is shown
in Fig. 4: the energy Ae¢ rises with V., but this rise is not
large, because the electron is mostly accelerated by the laser
pulse itself (by the longitudinal ponderomotive force). The
dependence of acceleration on the initial electron coordinate
zo 1S more complicated.

Calculations showed that there exists an optimal initial
coordinate z,, (distance to the focus), whereby the energy
Ag¢ acquired by the electron is highest. This takes place in the
case that the electron spends, during the laser pulse, rather
much time in the focal region (z ~ 0), where the radiation
intensity is highest, and at the same time enters the
"unipolarity’ region (z ~ z.), where the action of longitudi-
nal electric field is most efficient. With increase in initial
electron velocity V. and peak radiation intensity [, the
length z,, increases (see Fig. 4).

There also exists an optimal radius of focusing wy,
(Fig. 6). The nonmonotone dependence Ag(w,) follows from
expressions (2) and (3), which define the explicit dependence
of the field E. on w, and the dependence of transverse
electron coordinates (x,y ~ wy/w) on wy. On the whole we
have

Z\2773/2
e (2)]"

where account should be taken of the dependence of the
effective electron mass on w, and also the fact that z, ~ we.
The non-monotonicity of the dependence of electron energy
on the radius of focusing becomes clear when it is
considered that the field E, should be strong enough not
only in the focal region, but in the 'unipolarity’ domain
behind the focus. Note that the optimal radius of focusing
Wep increases with peak intensity /, (see the inset in Fig. 6).

For presently ultimate intensities 7, the optimal focusing
may prove to be unattainable owing to the limitations on the
output power of modern laser sources (P <10 PW). How-
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Figure 5. Dependences of the electron energy A¢ on the duration 7 of a
circularly polarised laser pulse for I, = 10" Wem™2 (Vp, = 0.9c¢,
Vox = Voy = 0, wg = 104, zg = —1574, x¢ = yy = 0) (1), for a fixed pulse
rise time (t; = 107) and a varied fall time 7, (t; < 1, < o0) (2), and also
the dependence Ae(t;/T) for 7, = oo (3).
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Figure 6. Dependence of the electron energy Ae on w, for circularly
polarised radiation with f, = 5 x 10" (1) and 102 W cm™2 (2) for t =
20T, Vo, =0.9¢, Vo, = Vo, =0, 2z = zop, and xp = yg = 0. The inset
shows the optimal radius w,y against peak intensity /, for the same
parameters.
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ever, considering the prospects of laser technology develop-
ment we performed numerical calculations also for the
radiation with I, = 102 W ecm ™2, wy = 504 [curve (2) in
Fig. 6], which revealed the feasibility of electron acceleration
up to energies exceeding several gigaelectronvolts. For a
presently more realistic situation (I, = 102 W cm ™2, w, =
104), numerical experiments show the feasibility of attaining
an energy ¢~ 1 GeV (Fig. 2), which is comparable to
energies obtained on ‘large’ accelerators like that as SLAC.

In the end we consider the possibility of accelerating
electrons whose initial velocity is not exactly coincident with
the direction of laser radiation propagation (6, # 0). Fig. 7
shows the energy A¢ acquired by the electron as a function
of angle 0,. The energy Ae¢ decreases with increasing 0,
which is due to the escape of the electron from the laser
beam (in the transverse direction) prior to the acquisition of
maximum energy. In this case, the characteristic angular
scatter whereby Ae is insignificantly changed is &6y ~
5 —10°, which is much greater than in the scheme with a
’side’ electron entry into the laser beam [3—8]. For the
parameters specified in Fig. 7, the A¢(0,) dependence exhi-
bits a maximum located at very small, though nonzero,
angles 6,. This maximum is interpreted as follows: the
electron can gain an additional energy at exit from the beam
in the transverse direction (owing to the transverse pondero-
motive force) without significant loss in the energy of
longitudinal motion. Optimisation of the 0, angle for the
radiation with a peak intensity /, = 10*> W cm™2 enables
the maximum electron energy to be increased by about
40 %. At the same time, we revealed no additional peak in
the Ae(0) distribution for the radiation with [, =
102 W cm 2,

In conclusion we consider the possibility of electron
beam acceleration in the longitudinal scheme (when the
initial coordinates of the electrons correspond to their
different positions relative to the laser beam axis). Fig. 8
shows the energy and exit-angle accelerated-electron dis-
tributions in this case. One can see that there occurs no
significant departure Af of electron trajectories from the
laser beam axis (A0 < 0.1m).

5. Conclusions

We have discovered and interpreted a new mechanism of
laser acceleration of electrons, which is efficient only for

short high-intensity laser pulses. It relies on the action of
A¢/MeV
50 F
25
0 1 1 1 1 1
0 0.01 0.02 0.03 0y/m

Figure 7. Dependence of the electron energy Ae¢ on the angle 6, between
the direction of propagation of circularly polarised laser radiation and
the initial electron velocity for [, = 10 W cm’z, T =207, V). = 0.9¢,
zo = —0.1z., xg = yo = 0, and wy, = 304.

Ag/gy, A /rad
1.0

0.5
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Figure 8. Angular departure of the electron from the laser beam axis A0
and electron energy A¢ as functions of its initial transverse coordinate x
for circularly polarised radiation with I, = 10° W em™2, 7= 20T,
wy = 104 (V. = 0.9¢, Voo = Vo, =0, 29 = zopy); & is the energy corres-
ponding to the x, = 0 coordinate.

both the transverse and longitudinal fields of focused laser
radiation. In this case, a significant part in the acceleration
is played by the difference in the phase velocities of the
transverse and longitudinal electron motion. In the
proposed scheme, the random nature of acceleration is
overcome, no prior electron acceleration to relativistic
velocities is required, and the problem of accelerated-
electron extraction from the field is solved. We have shown
that this mechanism can provide the acceleration of
electrons to energies &¢=1 GeV in laser laboratories,
which is comparable to the energies attainable on ‘large’
accelerators like that at SLAC.
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