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We examine the electron acceleration by a radially polarized (RP) laser pulse in vacuum under inﬂuence
of an intense axial magnetic ﬁeld. The electron while interaction with a RP laser pulse gets accelerated
with high energy gain. The attained energy gain further enhanced up-to the order of GeV with an intense
RP laser pulse. We observe a signiﬁcant enhancement in energy gain in the presence of an intense axial
magnetic ﬁeld in the direction
→ of propagation of laser pulse. The presence of axial magnetic ﬁeld im→
proves the strength of v × B force which supports the retaining of betatron resonance for longer
durations. This improves the electron acceleration with an enhanced energy gain up to 5.2 GeV. It is
noticed that the axial magnetic ﬁeld is sensitive to electron acceleration, small change in magnetic ﬁeld
leads to enhance electron energy gain signiﬁcantly. Our results also show relatively smaller scattering of
the electrons in the presence of axial magnetic ﬁeld.
& 2015 Elsevier B.V. All rights reserved.

1. Introduction
Laser particle interaction is an advancing area of research
during last few decades. Many theoretical and experimental
models were proposed and developed which target the sequential
improvement in electron energy gains [1–4]. Wang et al. [3] reported laser plasma acceleration to 2 GeV with pettawatt pulses.
The characteristics variations of laser parameters such as pulse
polarizations, beam width, initial phase and frequency ampliﬁcations plays important role in improvements of electron energy
gain. The ultra high power, short pulse laser based on chirpedpulse ampliﬁcation technique were explored [4,5]. Sohbatzadeh
and Aku [5] have investigated the polarization effect of chirped
Gaussian laser pulse on electron bunch acceleration with linear,
elliptical and circular polarization states in vacuum. For a tightly
focused RP laser pulse, the longitudinal component of electric ﬁeld
in the direction of propagation of laser plays an important role in
the electron acceleration [6]. The external magnetic ﬁeld enhances
→

→

v × B force due to which the electron moves around the direction
of propagation of the laser pulse efﬁciently. The external magnetic
ﬁeld also increased the electron energy gain during laser induced
acceleration in vacuum [7]. Additional acceleration by magnetic
ﬁeld resonance [8] at very high intensity laser interaction was
n
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proposed with spontaneous magnetic ﬁeld of 100 MG. RP laser
beams were explored because of their inherent complete symmetry which leads to improvement in trapping and acceleration of
electrons [9–12]. The electron gain and retain high energy till the
saturation of betatron resonance. Lu et al. [12] studied the electron
acceleration by a tightly focused RP laser pulse in vacuum. They
presented a non-paraxial solution for a RP laser pulse in accordance with a plane wave angular spectrum analysis (ASA) of
electromagnetic ﬁeld structure. They compared the results with
paraxial approximation (PA) solution and reported a larger energy
gain by electron with a non-paraxial solution even if the beam
waist size is much larger than laser wavelength. Singh [13] studied
the acceleration of electrons by a circularly polarized laser pulse in
the presence of an intense axial magnetic ﬁeld in vacuum and
calculated the energy gain of the order of GeV with low emittance.
The combined effect of polarization and external magnetic ﬁeld
further improves the electron trajectories with enhanced energy
gain [13–15]. Sajal and Tripathi [16] studied the effect of azimuthal
magnetic ﬁeld on electron acceleration by varying the magnetic
ﬁeld parameter upto 40 MG. They observed that electron undergoes betatron oscillation under the inﬂuence of magnetic ﬁeld,
which increases the duration of interaction of electron with laser
pulse, resulting in more energy gain by the electrons. Bochkareva
et al. [20] investigated electron acceleration by RP, ultra-short,
relativistic strong laser pulse. They proposed that the electrons are
accelerated by laser ﬁeld and are subject to condition that the focal
spot diameter is of the order of laser wavelength. This occurs when
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laser light interacts with nano-objects. They presented that the
ﬁeld phase averaged energy is maximum under moderately tight
focusing than extremely tight focusing due to optimal phase of
laser ﬁeld. Varin et al. [21] presented broad overviews of longitudinal electron acceleration by a tightly focused laser pulse. They
conﬁrmed the direct acceleration of electron at rest by longitudinal electric ﬁeld component can be done experimentally with
a high power infrared laser source at the advanced laser light
source (ALLS) facility. However, the limitation appeared as a low
conversion efﬁciency of fundamental Gaussian mode to RP mode.
In this paper we have employed a RP laser pulse for electron
acceleration in the presence of intense magnetic ﬁeld in vacuum.
An electron while interacting with RP laser pulse experiences a
force due to longitudinal component of electric ﬁeld of laser. As a
result electron is accelerated around the direction of propagation
of the laser with high energy gain. The energy gain can further be
increased by using higher intensity laser pulse. Hence, the rest
electron is accelerated to high energy by using a RP laser pulse in
vacuum. The accelerated electron after attaining the high relativistic energy tends to get out of phase with laser ﬁeld which
leads to deceleration and lost its gained energy. The presence of
→

→

axial magnetic ﬁeld improves the strength of v × B force which
supports the retaining of betatron resonance for longer duration.
Hence restrict deceleration of electron and support in retaining of
gained energy for longer duration. The experimental availability of
magnetic ﬁeld of the order of MG [17,18] favors our model to use
axial magnetic ﬁeld for electron acceleration with a RP laser pulse
in vacuum. This paper is organized as follows. Section 2, describes
the electromagnetic ﬁelds and electron dynamics used to study
the electron acceleration. Results and discussion are described in
Section 3. Finally, conclusions are drawn in the Section 4.

A RP laser beam propagating along the z-axis with electric ﬁeld
→
^ ) components are expressed as [11,12]:
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ω
coordinate, τ is the pulse duration, r0 is minimum laser spot size,
ω0 is the laser frequency, zL is the initial position of pulse peak and

c is the velocity of light in vacuum. Eqs. (1) and (2) represent a
simple paraxial approximation solution of a RP laser pulse. These
equations are not valid for a tightly focused laser pulse in its
present form. Electron acceleration with a tightly focused RP laser
pulse depends on a non paraxial approach for its accurate
description [12,20,21]. The magnetic ﬁeld components related to
the laser pulse can easily be deduced through Maxwell’s equation
→

→
2⎞
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where τb is the duration of magnetic ﬁeld. The total magnetic ﬁeld
→

→

→

is B = BL + BS .
Figure 1 shows a scheme of electron acceleration by a RP laser
pulse in the presence of axial magnetic ﬁeld in vacuum.
The equations governing electron momentum and energy are
the following:

d pr
= − eEr + eβz BLθ
dt

(5)

dpθ
= − eβr BSz
dt

(6)

dpz
= − eEz + eβr BLθ
dt

(7)

dγ
= − e (βr Er + βz Ez )
dt
γ2

=1+

(pr2

+

(8)
pz2 ) /m02 c 2

is the Lorentz factor, pr, pθ, and pz
→

→

are the components of electron momentum p = γm0 v respectively,
βr and βz are the radial and longitudinal components of the nor→

→

malized velocity β = v /c respectively, and – e and m0 are the
electron’s charge and rest mass respectively.
The Eqs. (5)–(8) form a set of coupled ordinary differential
equations. These equations have been solved numerically with a
computer simulation code for electron trajectory and energy.
Throughout this paper, time, length, velocity, momentum, and
energy are normalized by 1/ω0, c/ω0, c, m0c, and m0c2 respectively.
The normalized laser intensity and normalized magnetic ﬁeld
parameter can be expressed as, a0 ¼eE0/m0ω0c and b0 ¼eB0/m0ω0c
respectively.

(2)

where ϕ = ω0 t − k 0 z + 2 tan−1(z /ZR ) − zr 2/(ZR r02 f 2 ) + ϕ0 , f2 ¼ 1 þ
(z/ZR)2, k0 ¼ 0/c, ZR = k 0 r02/2 is the Rayleigh length, r is the radial

→

Fig. 1. A schematic showing the vacuum acceleration of electron by a Radially
polarized (RP) laser pulse in the presence of axial magnetic ﬁeld.

where

2. Electron dynamics

119

→

∇ × EL = −∂BL and expressed as:

BLr = 0, BLθ = Er /c , BLz = 0,
The externally applied short duration intense axial magnetic
ﬁeld [13] is given by:

3. Results and discussion
In all simulation below we set parameters, a0 ¼25 (corresponding to laser intensity I  8.5  1020 W/cm2), a0 ¼100 (corresponding to laser intensity I  1.36  1022 W/cm2) and wave length
λ0  1 μm; b0 ¼0.0004 (corresponding to magnetic ﬁeld 43 kG),
b0 ¼0.03(corresponding to magnetic ﬁeld  3 MG); laser spot sizes
r0 ¼ a0 and a0/2 (corresponding values of laser spot size are 16 μm
and 8 μm with a0 ¼ 100); laser pulse duration τ ¼200; initial position of pulse peak zL ¼0; initial electron position z0 ¼ 0 and
ri ¼ r0/2 and r0/5; initial phase ϕ0 ¼ π and magnetic ﬁeld duration
τb ¼ 109. We have treated z0 ¼ 0 as the best focus case. It is because
according to Eq. (1), with z0 ¼0, the longitudinal component of
electric ﬁeld of the laser pulse becomes proportional to sin (ϕ) and
the electric force on electrons becomes positive in the z-direction
[11]. This makes the initial phase ϕ ¼ π as an accelerating phase at
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Fig. 2. Electron energy gain as a function of normalized magnetic ﬁeld b0 with r0 ¼ a0/2 and ri ¼r0/2 for laser intensity parameter a0 ¼ 25, 50, 75, and 100. The other
parameters are τ ¼200, zL ¼0, z0 ¼ 0, ϕ0 ¼ π, and τb ¼109.

which the electron gains maximum energy with least scattering.
Yanovsky et al. [19] experimentally demonstrated the availability
of laser intensity of the order of 1022 W/cm2 with wavelength
10 μm and laser spot size of few microns.
Fig. 2 shows the variation of electron energy gain as a function
of normalized magnetic ﬁeld b0. The energy gain is analyzed for
different values of normalized intensity parametera0 ¼25, 50, 75,
and 100 at r0 ¼ a0/2 and ri ¼r0/2. The higher energy gain appears in
the presence of axial magnetic ﬁeld. The electron energy gain
appears sensitive to the axial magnetic ﬁeld. For a0 ¼25 and 100
the optimum values of b0 for higher energy gain are 0.002 and
0.0004 respectively. Thus for high energy gain the optimum values
of axial magnetic ﬁeld remains small even for high intensity laser
pulse. One may notice that even for small change in axial magnetic
ﬁeld, a signiﬁcant change in electron energy appears.
Fig. 3 shows the variation of electron energy gain as a function
of initial phase ϕ0. The energy gain is analyzed for different values
1.2
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Fig. 3. Electron energy gain as a function of initial phase ϕ0 with r0 ¼ a0/2 and ri
¼ r0/2 for laser intensity parameter a0 ¼25, 50, 75, and 100 with respective values
of normalized magnetic ﬁeld as obtained from Fig. 2. The other parameters are
τ ¼200, zL ¼ 0, z0 ¼0, and τb ¼109.

of normalized intensity parameter a0 ¼25, 50, 75, and 100 at
r0 ¼ a0/2 and ri ¼r0/2 and the respective optimum values of magnetic ﬁeld b0 as obtained from Fig. 2. The higher energy gain appears in the presence of axial magnetic ﬁeld at initial phase ϕ0 ¼ π
of laser pulse.
Fig. 4 shows the electron trajectories in r–z plane at ri ¼r0/2 for
r0 ¼ a0/2 and r0 ¼a0 with different values of laser intensity parameter a0 ¼ 25, 50, 75 and 100 in the absence and presence of axial
magnetic ﬁeld. The scattering of electron in the presence of axial
magnetic ﬁeld is relatively smaller than that in the absence of axial
magnetic ﬁeld. As appearing in Fig. 4(a), the scattering in the
presence of axial magnetic ﬁeld is signiﬁcantly reduced for a0 ¼25
whereas such reduction is apparently small for higher intensities
(a0 ¼ 75 and 100). The scattering further reduces with increase in
the laser spot size as depicted in Fig. 4(b). The axial magnetic ﬁeld
features with the collimation of small particles. It supports in
controlling the electrons going out of phase after saturation of
betatron resonance. Hence keep the electron motion close to the
axis of propagation of laser pulse. Thus a reduced scattering is
appeared in the presence of magnetic ﬁeld.
Fig. 5 shows the electron energy gain as a function of normalized distance with ri ¼r0/2 for r0 ¼a0/2 and r0 ¼ a0 with different values of laser intensity parameter a0 ¼25, 50, 75 and 100. The
net energy gain by the electrons during their acceleration is sensitive to the laser spot size, laser intensity and the axial magnetic
ﬁeld. It is observed that the electron gains relatively higher energy
in the presence of axial magnetic ﬁeld for same set of parameters
as in the absence of axial magnetic ﬁeld. It is because of axial
magnetic ﬁeld which increases the duration of interaction between the laser pulse and the electron. Hence electron gains much
energy from the laser ﬁeld and it is accelerated. Thus the retainable energy of the accelerated electrons is also increased in this
case.
The electron gains nearly 1.135 GeV for r0 ¼a0/2 and nearly
0.72 GeV energy for r0 ¼a0 with a0 ¼ 100, in the presence of axial
magnetic ﬁeld with normalized magnetic ﬁeld, b0 ¼0.0004 (corresponding to magnetic ﬁeld 43 kG) and b0 ¼ 0.008 (corresponding to  0.85 MG ) respectively. The attained energy values
for r0 ¼a0 with a0 ¼25,50, 75 and 100 are about 70% higher than
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Fig. 4. Trajectory of electron in the r–z plane in the absence and presence of a magnetic ﬁeld with ri ¼ r0/2 for laser intensity parameters a0 ¼ 25, 50, 75, and 100. (a) r0 ¼a0/2
and (b) r0 ¼a0. The other parameters are τ ¼200, zL ¼0, z0 ¼0, ϕ0 ¼ π, and τb ¼109.
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Fig. 6. Trajectory of electron in the r–z plane in the absence and presence of a
magnetic ﬁeld with ri ¼r0/5 and r0 ¼a0 for laser intensity parameters a0 ¼ 25, 50, 75,
and 100. The other parameters are same as taken in Fig. 4.
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the energy values obtained in the absence of magnetic ﬁeld. The
magnetic ﬁeld parameter b0 is optimized for maximum energy
gain with respect to laser intensity and minimum spot size. We
have applied axial magnetic ﬁeld of the order of MG. Such magnetic ﬁeld is feasibly available [17,18] experimentally.
In Figs. 6 and 7, we have plotted the electron trajectory and the
electron energy gain as a function of normalized distance at
ri ¼r0/5 for r0 ¼a0 with different values of laser intensity parameter
a0 ¼25, 50, 75 and 100. We have observed a relatively higher energy gain in the presence of axial magnetic ﬁeld with ri ¼r0/5 for
r0 ¼a0 than that with ri ¼ 0 for r0 ¼ a0 in the absence of axial
magnetic ﬁeld. As reported in Ref. 11, the electron gains 2.7 GeV of
energy for r0 ¼100, ri ¼0 with a0 ¼ 100. However, we obtain
5.2 GeV energy for r0 ¼100, ri ¼r0/5 with a0 ¼100 in the presence
of magnetic ﬁeld b0 ¼0.03(corresponding to  3 MG of magnetic
ﬁeld).
Yanovsky et al. [19] proposed that with a higher focal intensity
laser pulse a tighter focal spot appears. We ﬁnd r0 ¼a0 as an optimum value for higher energy gain with lowest scattering of accelerated electron. This is because of the longitudinal electric ﬁeld of
laser which is comparatively weaker with r0 4a0 than that with
r0 ra0. Whereas, with r0 oa0 the laser pulse diverges quickly, this
reduces the duration of interaction of electron with laser pulse [11].
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Fig. 5. Electron energy gain with normalized distance in the absence and presence of a magnetic ﬁeld with ri ¼r0/2 for laser intensity parameters a0 ¼ 25, 50, 75, and 100.
(a) r0 ¼ a0/2 and (b) r0 ¼ a0. The other parameters are same as taken in Fig. 4.
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Fig. 7. Electron energy gain as a function of normalized distance in the absence and
presence of a magnetic ﬁeld with ri ¼ r0/5 and r0 ¼ a0 for laser intensity parameters
a0 ¼25, 50, 75, and 100. The other parameters are same as taken in Fig. 4.

4. Conclusion
Our model speciﬁes the effect of an axial magnetic ﬁeld on
electron acceleration by a RP laser in vacuum. We have found that
a high intensity RP laser pulse can accelerate a rest electron in the
direction of propagation of laser pulse with small scattering. We
have observed the relativistic electron acceleration to GeV energies in vacuum. The electron energy is further enhanced in the
presence of axial magnetic ﬁeld. The unique characteristics of RP
beams with cylindrical symmetry in comparison with linearly or
circularly polarized beams support better acceleration of small
particles. The axial magnetic ﬁeld enforces better trapping during
interaction of electron with laser pulse. Thus a signiﬁcant enhancement in electron energy gain with a relative smaller scattering appears. We have observed the sensitiveness of axial

magnetic ﬁeld on electron energy gain. A signiﬁcant enhancement
in electron energy gain with a relatively smaller scattering appears
with axial magnetic ﬁeld of small and optimum values. We have
observed 70% enhancement in electron energy in the presence of
axial magnetic ﬁeld than in the absence of magnetic ﬁeld.
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