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Abstract

In this paper, we have investigated the relativistic electron acceleration by plasma wave in an
axially magnetized plasma by considering the self-magnetic field effects. We show that the
optimum value of an external axial magnetic field could increase the electron energy gain
more than 40% than that obtained in the absence of the magnetic field. Moreover, results
demonstrate that the self-magnetic field produced by the electric current of the energetic elec-
trons plays a significant role in the plasma wakefield acceleration of electron. In this regard, it
will be shown that taking into account the self-magnetic field can increase the electron energy
gain up to 36% for the case with self-magnetic field amplitude Ωs = 0.3 and even up to higher
energies for the systems containing stronger self-magnetic field. The effects of plasma wave
amplitude and phase, the ion channel field magnitude, and the electron initial kinetic energy
on the acceleration of relativistic electron have also been investigated. A scaling law for the
optimization of the electron energy is eventually proposed.

Introduction

There are many acceleration schemes based on the large-amplitude plasma wave production
such as plasma wakefield acceleration, plasma beat-wave acceleration, laser wakefield acceler-
ation, resonant laser plasma acceleration, and self-modulated laser wakefield acceleration.
Among them, the laser wakefield acceleration is one of the promising approaches for the future
compact accelerators (Litos et al., 2014; Corde et al., 2015). In this scheme, a short high-power
laser is used to create plasma waves with high-gradient fields. These fields can accelerate the
injected electrons to high-level energies and the electron motion in these fields becomes rel-
ativistic. For a sufficiently intense laser pulse, the propagation of the laser pulse into the plasma
can also create an ion channel (Tsung et al., 2004; Lu et al., 2006). In this case, expelling the
electrons from the axial region by the radial component of the laser ponderomotive force
results in creation an alternative focusing and guiding device for confining the electrons
(Arefiev et al., 2014; Khudik et al., 2016). The ion channel can significantly affect the dynamics
of electrons and causes the electrons to be further accelerated by the plasma wave.

Tajima and Dawson (1979) for the first time proposed that the ponderomotive force of the
laser field excites a plasma wakefield propagating with the velocity close to the light speed.
Recently, many theoretical and experimental models have been proposed to investigate the
electron acceleration in plasmas. Shvets et al. (2002) studied the excitation of plasma waves
using counter-propagating laser beams. A relativistic PIC model of particle energization by
the nonlinear plasma wave in a finite-size multispecies plasma was developed by Kargarian
et al. (2016). Clayton et al. (1994) observed the increasing of the electron energy gain by
the plasma wave excited by beating of two laser beams in hydrogen plasma. Moreover, the
acceleration of the injected electrons in plasma wakefields excited by colliding laser pulses
was investigated by Faure et al. (2006). In addition to the theoretical works, Gahn et al.
(1999) experimentally measured the Multi-MeV electrons in a dense plasma using the femto-
second laser pulse. They verified their results by a three-dimensional (3D) PIC simulation
method. Leemans and Esarey (2009) also experimentally observed the high-quality electron
bunches in a plasma channel.

Recently, it is demonstrated that imposing of the magnetic fields to the plasma environ-
ments has a significant role on the electron acceleration in the laser-plasma interaction
systems. This can be attributed to the stabilizing and focusing of the electrons motion in
the accelerating zone and also to the appearance of the effective force components in the prop-
agation direction. Chauhan et al. (2015) studied the effects of a static magnetic field on the
electron acceleration during the resonant interaction of electrons with surface plasma wave.
The acceleration of electrons by a laser pulse in the presence of a magnetic wiggler in vacuum
and plasma was investigated by Singh and Tripathi (2004). It was indicated that the magnetic
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wiggler causes the electron to be sustained in the resonance con-
dition for longer time resulting in increasing the interaction time.
A model based on the wakefield electron acceleration in the pres-
ence of a sheared magnetic field was proposed (Singh and
Tripathi, 2004) that illustrate the increment of electron energy
gain. Furthermore, it was concluded by Mehdian et al. (2015a,
2015b) that the electron energy gain increases by applying an obli-
que magnetic field in the ion channel. Kumar and Yoon (2008)
also investigated the influences of a wiggler magnetic field on
the electron acceleration by a chirped laser pulse with the circu-
larly polarization. Moreover, Mehdian et al. (2015a, 2015b) stud-
ied the breaking of plasma waves excited by a high-power laser in
the presence of an inhomogeneous magnetic field using the PIC
simulation. Meanwhile, the interaction of a short intense laser
pulse with a primarily carbon-based plasma was investigated by
Hajisharifi et al. (2017). Furthermore, Kargarian et al. 2018
studied the laser-driven acceleration of the electron in a hydrogen
pair-ion plasma with electron impurities.

In this paper, for the first time, we investigate the relativistic
electron acceleration by a high-gradient plasma wave in a new
configuration. In this regard, we consider the influences of the
self-magnetic field in the presence of an external guiding mag-
netic field. The external axial magnetic field is applied to collimate
electron and overcome the acceleration gradient reduction. The
electrostatic force due to the ion channel assists to confine the
electrons and injects them into the accelerating field for further
energy gain. The self-magnetic field causes the large-amplitude
plasma wave to resonantly accelerate the electrons to the high-
level energies. It also prevents escaping of the accelerated electrons
from the accelerating region. Our results show that taking into
account the self-magnetic field can increase the electron energy
gain up to 36% for the systems with self-magnetic field amplitude
Ωs = 0.3 and even up to higher energies for stronger fields.
Moreover, it will be shown that to attain a considerable electron
energy gain in this configuration, the optimization of the external
axial magnetic field could be so effective.

The paper is organized as follows: In the “Electron dynamic in
externally magnetized ion channel by considering self-magnetic
field effects” section, it is analytically investigated the electron
dynamics using 3D Lorentz equations. A 3D single-particle sim-
ulation code with the Ronge–Kutta algorithm is used to validate
the theoretical model. In the “Numerical results and discussion”
section, the effects of the various parameters such as external-
and self-magnetic fields’ amplitude, plasma wave, the ion channel
potential, as well as the initial electron energy on the relativistic
electron acceleration have been discussed. These parameters are
also optimized to overcome the resonance mismatch and dephas-
ing restrictions to obtain an appropriate electron energy gain.
Finally, the summary and conclusion are given in the
“Conclusion” section.

Electron dynamic in externally magnetized ion channel
by considering self-magnetic field effects

In the scenario of the high-power laser-plasma interaction, a
large-amplitude plasma wave is driven while the duration of the
laser pulse is comparable to the plasma wave period. On the
other hand, an ion channel can be created when the electrons
are expelled from the high-intensity region making a density
depression on the laser axis. Furthermore, during the laser pulse
propagation through the plasma, a large self-magnetic field can
be generated by the produced energetic electrons which carry

an electric current (Tatarakis et al., 2002a, 2002b; Gopal et al.,
2016). This self-magnetic field could have an important role on
the electron acceleration mechanism in these systems. In this
study, the electron acceleration in the laser-plasma interaction
system is investigated in the presence of an external axial guiding
magnetic field by taking into account the self-magnetic field
effects in the calculations. We consider the self-magnetic field
generated in the wake of the laser as follows (Singh et al., 2003;
Gupta et al., 2016):

Bs = (Bs/r0)e
−x2/2r20 (−x_y), (1)

where Bs and r0 represent to the self-magnetic field amplitude
and the spot size of laser pulse, respectively. Also, we assume
an external axial magnetic field with the amplitude B0 as follows:

Bz = B0_z. (2)

In this system, it is considered a nonlinear profile for the
generated plasma wave as follows (Yadav et al., 2018):

E =x̂Apexp
−x2

r2p

( )
2x
kr2p

sin(vt − kz + u0)

+_zApexp
−x2

r2p

( )
cos(vt − kz + u0),

(3)

where Ap is the electron wave amplitude, rp is the wakefield radius,
and θ0 is the initial wave phase. An electron density depleted ion
channel with a radial electric field affecting the dynamics of the
injected electrons is also considered. The electrostatic force gener-
ated by the performed ion channel can be written as follows:

Er = ∇w = ∇ w0
(1− r2)

r20

[ ]
= −2w0

r
r20
_r, (4)

where w0 is the ion channel potential amplitude.
The energy and momentum equations for the relativistic

electron are given by

dP
dt

= −e(E + Er)+ V × B
c

, (5)

dg
dt

= −e
m0c2

(E + Er) · V , (6)

where B = Bs + Bz and P = γmv with
g = 1+ ((p2x + p2y + p2z)/m

2c2) is the momentum of the electron.
Substituting the plasma wave field, ion channel potential, the
external- and the self-magnetic fields from Eqs. (1)–(4) in
momentum and energy equations and then by rewriting them
into components, we have

dpx
dt

=− eApexp
−x2

r2p

( )
2x
kr2p

sin(vt − kz + u0)

−ew0
2x
r20

− eVyB0

c
− x

eVzBsexp(−x2/2r20)
r0c

,

(7)
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c
, (8)
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(10)

We normalize Eqs. (7)–(10) using the dimensionless physical
quantities as: x′ → kx, t′ → ωt, P′ → P/mc, k′ → kc/ω, ap→ eAp/
m0ωc, z′ → kz, r21 � k2r20, r22 � k2r2p, w0→ ew0/m0c

2,
Vi � eB0/m0v, Ωs→ eBs/m0ω.

Thus, Eqs. (7)–(10) can be written as follows:
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Equations (11)–(14) are the coupled differential equations that
describe the dynamics of the relativistic electron in an axial mag-
netized ion channel by considering the self-magnetic field effects.
These equations are solved numerically using a relativistic 3D
single-particle code with a fourth-order Runge–Kutta algorithm.

Numerical results and discussion

A numerical model is proposed to describe the relativistic electron
dynamics in an ion channel. In this system, the electron is affected
by the radial field of the channel in the presence of the plasma
wave and an external axial guiding magnetic field by taking
into account the influence of the self-magnetic field. The self-
magnetic field is produced by energetic electrons carrying an elec-
tric current. We have numerically solved the relativistic equations
of motion and the energy equation using a 3D single-particle sim-
ulation code containing the fourth-order Runge–Kutta algorithm.
The electron energy gain has been estimated for different param-
eters of the plasma wave, ion channel, external magnetic field, as
well as the self-magnetic field. These parameters are also opti-
mized to obtain the most appropriate system for the best electron
energy gain. For calculations, we use the initial dimensionless
parameters as k = 1.01, θ0 = π/2, r1 = 4, r2 = 2, X0 = 0.5, Y0 = 0.0,
Z0 = 0.0, Vx0 = 0.3, Vy0 = 0.1, Vz0 = 0.8. The effects of the axial

Fig. 1. (a) Electron energy gain γ versus the normalized distance (z) for different axial
guiding magnetic field amplitudes Ωι = 0.0, 0.1, 0.3 and (b) the trajectory of electron
in the absence (Vi = 0.0) and presence of the external magnetic field (Vi = 0.5).
Other parameters are ap = 0.5, k = 1.01, θ0 = π/2, r1 = 2, r2 = 4, X0 = 0.5, Y0 = 0.0, Z0 =
0.0, Vx0 = 0.3, Vy0 = 0.1, Vz0 = 0.8, and w0 = 0.6.
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guiding magnetic field on the electron acceleration and its trajec-
tory in the ion channel have been indicated in Figures 1a and 1b.
An additional axial guiding magnetic field can modify the accel-
eration gradient by confining the electrons motion. In an electron
acceleration process, a number of electrons escape from the inter-
action zone quickly and do not receive enough energy from the
plasma wave. In order to confine the energetic electrons in the
accelerating zone, we applied an external axial field along with
the wave propagation direction. Figure 1a shows the variation of
the electron energy γ with the normalized distance z for different
axial guiding magnetic field amplitudes Ωs = 0.0, 0.3, 0.5 for ap =
0.5, w0 = 0.6, and Ωι = 0.0. As shown in the figure, γ increases with
increasing the amplitude of the magnetic field. The guiding
magnetic field causes the electrons to rotate with the cyclotron fre-
quency about the force lines. In other words, this applied guiding
magnetic field helps electron to be maintained in the propagation
direction of the plasma wave which can resonantly accelerate the
electrons to high-level energies. To show this convergence role of
externally applied magnetic field, the electron trajectory in the x–z
plane in the both absence (Vi = 0.0) and presence of the external
magnetic field (Vi = 0.5) has been illustrated in Figure 1b. As
clearly seen in the figure, the axial guiding magnetic field con-
verges the electron trajectory in the perpendicular direction
(x-direction). The same scenario will be taken for the electron
trajectory in another perpendicular direction ( y-direction).

One may note that there is a limitation for the electron energy
gain in the high amplitudes of magnetic field because of reso-
nance mismatch. Therefore, it can be found that there is an opti-
mum value of the external axial magnetic field strength for
maximizing the electron energy gain. We have illustrated the
maximum electron energy γmax as a function of the axial guiding
magnetic field amplitude Vi in Figure 2. As seen in the figure, the
maximum of the electron energy gain increases with magnetic
field amplitude until an optimum strength of the magnetic field
and beyond it, the energy gain starts to be reduced.

In the mechanism of the electron acceleration by the plasma
wave, a major limitation of this scheme arises from the wave-
particle dephasing. It is shown that this limitation can be over-
come by considering the influence of the self-magnetic field

which is perpendicular to the wave propagation direction. This
field can considerably affect the electron acceleration during the
interaction with the plasma wave. Thus, here, we investigate the
role of the self-magnetic field [as shown in Eq. (1)] on the elec-
tron energy gain. Figure 3a illustrates the variation of the energy
gain of electron with the normalized distance z for different self-
magnetic field amplitudes Ωs = 0.0, 0.3, 0.5. The figure has been
plotted for the optimum amplitude of the external axial guiding
magnetic field Vi = 0.25 and other parameters are as kept in
Figure 1. It is observed that the electron energy gain increases
from γ = 95 to γ = 131 for the self-magnetic field with amplitude
Ωs = 0.3. In this case, energy gain has increased more than 36%
than one obtained in the absence of self-magnetic field amplitude.
It is turns out that γ increases significantly in systems containing
stronger self-magnetic field. This can be attributed to the
enhancement of the electron momentum due to the v × B force

Fig. 2. The maximum of the electron energy gain γmax versus the axial guiding mag-
netic field amplitude (Ωι). Other parameters are the same as in Fig. 1.

Fig. 3. (a) Electron energy gain γ and (b) the trajectory of electron versus the
normalized distance (z) for different self-magnetic field amplitude Ωs = 0.0, 0.3, 0.5
for Ωι = 0.25.
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appeared in the propagation direction of the plasma wave which
can resonantly accelerate the electrons. On the other hand, as
the self-magnetic field increases, the electron trajectory is stabi-
lized as it moves further along the propagation direction and so
the electron energy gain is improved with stronger magnetic
field. One can clearly see that considering the self-magnetic
field has a more significant role on the enhancement of the elec-
tron energy gain in an axially magnetized plasma. The presence of
the external axial magnetic field causes the saturation of the
energy gain to occur at the longer distances [compare the curve
Vi = 0.0 with other curves in Fig. 1(a)]. In other words, in
such systems the gradient of electron energy gain increases as
compared to the systems that considered the effect of the self-
magnetic field in the absence of axial magnetic field (Singh
et al., 2003; Gupta et al., 2016). Figure 3b indicates the electron

trajectory in the x–z plane for the same parameters in
Figure 3a. As illustrated in the figure, the self-magnetic field not
only can affect the electron trajectory in the perpendicular direc-
tion (a weak convergence in the x-direction) but also it signifi-
cantly changes the electron trajectory in the longitudinal
direction (a strong convergence in the z-direction). As clearly
seen, by increasing the strength of the self-magnetic field the elec-
trons return to the z-axis more frequently and so can gain more
energy from the plasma wave.

In the following, we investigate the effect of the initial kinetic
energy γ0 on the electron energy gain during the acceleration by
the plasma wave. For this purpose, the electron energy gain γ
with the distance z for different initial kinetic energy
(g0 = 1.71, 1.96, 2.6) has indicated in Figure 4. As seen in the
figure, the preaccelerated electron gains more energy as compared
to the electron with low initial energy. It is observed that for the
preaccelerated electrons with initial energy g0 = 2.6, the electron
energy gain has increased to g = 180, while for electron initial
energy g0 = 1.71, it has increased to g = 84. This is because
the electron with higher initial energy can interact with the
plasma wave for longer time because of the less scattering. In
other words, by reduction of the ponderomotive scattering the
electron remains confined in the ion channel for longer distances
and consequently gains more energy from the plasma wave.

As in the plasma wakefield electron acceleration mechanism,
the plasma wave is one of the major sources, the plasma wave
phase θ0 and amplitude ap, are the key parameters in this
scenario. We have investigated the effects of these factors on the
electron energy gain. Figure 5 indicates the variation of the elec-
tron energy γ with the normalized distance z for different plasma
wave amplitudes. As clearly seen in the figure, by increasing the
plasma wave amplitude the electron energy gain increases signifi-
cantly. In this case, the electrons trapped in high-intensity plasma
waves can experience a stronger longitudinal force and conse-
quently be accelerated to high-energy levels due to the dominant
ponderomotive effects. The figure shows that in this configura-
tion, the electron energy gain increases more than three times
(from g = 80 to g = 285) by increasing the plasma wave ampli-
tude from ap = 0.4 to ap = 0.6. However, for very high plasma wave

Fig. 4. Electron energy gain γ versus the normalized distance (z) for different initial
kinetic energy of electron γ0 = 1.71, 1.96, 2.6 for Ωs = 0.3, Vi = 0.25, and θ0 = π/2.

Fig. 5. Electron energy gain γ versus the normalized distance (z) for different plasma
wave amplitudes ap = 0.4, 0.5, 0.6 for γ0 = 2.6, Vi = 0.25, θ0 = π/2, and Ωs = 0.3.

Fig. 6. Electron energy gain γ versus the normalized distance (z) for different the
plasma wave phases θ0 = 0, π/4, π/2 for γ0 = 2.6, ap = 5, Vi = 0.25, and Ωs = 0.3.

226 A. Kargarian and K. Hajisharifi

https://doi.org/10.1017/S0263034620000324 Published online by Cambridge University Press

https://doi.org/10.1017/S0263034620000324


amplitudes the electron acceleration is limited due to the wave-
breaking phenomenon related to the nonlinearity.

The electron can gain energy when it is trapped in the acceler-
ating phase of the plasma wave. By deviation of the plasma wave
phase, the electron goes into the defocusing and decelerating
region and thereby it loses its energy. The variation of the electron
energy γ with the normalized distance z for different plasma wave
phases θ0 has shown in Figure 6. The figure illustrates that the
electron can gain higher energy from the plasma wave for smaller
phases. This is because the electron is in the plasma wave acceler-
ating phase in smaller initial wave phases and, so, it can gain more
energy from the plasma wave. This results show that there is an
optimum value for the initial phase of plasma wave for maximiz-
ing the electron energy gain.

It is worth mentioning the role of the ion channel field as a
substantial factor on the electron dynamics in this configuration.
The radial electric field of the electron density depleted ion
channel can significantly affect the acceleration of the injected
electrons. It can confine the electron to propagate for longer dis-
tances along the longitudinal direction. To study the effect of the
ion channel field, the electron energy γ with distance z has illus-
trated in Figure 7 for different normalized potential amplitudes of
the ion channel. As illustrated in the figure, the electron energy
gain mainly increases in the presence of the ion channel. In this
state, the electron energy gain is improved during the acceleration
by the plasma wave because the space-charge field stabilizes and
focuses the electron motion in the acceleration region. A com-
bined effect of the longitudinal electric field of the plasma wave
and the transverse electric field of the ion channel can produce
the energetic electrons. It may note that in the systems containing
an ion channel with much stronger field the energy gain may be
reduced due to the strong restoring force corresponding to the
large space-charge fields.

At last but not least, it should be noted that although our
results show that in most cases, the electron energy gain linearly
increases by channel length, but in the long distances, where the
nonlinear phenomena such as electron dephasing and resonance
mismatch are important, the gradient of the electron energy gain
decreases and finally becomes saturated.

Conclusion

In summary, in this paper, the electron acceleration by plasma
wave in the presence of an external axial guiding magnetic field
and ion channel radial field has been investigated by taking into
account the influence of the self-magnetic field. In the laser-
plasma interaction system, the self-magnetic field is produced
by energetic electrons carrying electric current. In this study,
the effect of different parameters on the electron energy gain is
numerically studied utilizing a 3D single-particle simulation
method. The results indicate that there is an optimum value of
the external axial magnetic field strength for maximizing the elec-
tron energy gain. It is found that at the optimum value of the
external axial magnetic field amplitude, the electron energy gain
can be increased more than 40% in comparison with the unmag-
netized case. Moreover, it turns out that in this configuration, the
electron energy gain increases significantly by considering the
effect of the self-magnetic field that can compensate the electron
dephasing. It is concluded that there is an increase about 36% in
the calculated electron energy gain for a system containing the
self-magnetic field with amplitude Ωs = 0.3. The electron energy
gain can be increased even up to higher energies if there is a stron-
ger self-magnetic field. Also, our calculations show that in this
configuration, the electron with higher initial energy can interact
with the plasma wave for longer time resulting in gaining much
more energy. It is observed that for the preaccelerated electrons
with initial energy g0 = 1.71, the electron energy gain increases
to g = 84, while for initial energyg0 = 2.6, it increases to
g = 180. Furthermore, one can see that there is an optimum
values for the amplitude and initial phase of the plasma wave
for maximizing the electron energy gain in such systems.
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