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Abstract

Resonant acceleration of electrons by a laser in the background of an extra longitudinal magnetic field is investigated
analytically and numerically. The resonant condition is independent of laser intensity, and when satisfied, the energy
gain is proportional to a20 and the square of phase difference. This process is mainly limited by the magnitude and
spatial size of the extra magnetic field. Under the laboratory conditions, simulation results show that a monoenergetic
and collimated electron bunch can still be obtained in ∼GV/cm scale, which sheds a light on the vacuum table-top
laser-driven electron accelerators.
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1. INTRODUCTION

Owing to the development of chirped pulse amplification
technology, various laser–electron acceleration schemes
have been proposed (Tajima & Dawson, 1979; Harternann
et al., 1995; Esarey et al., 1996; Pukhov et al., 1999;
Gupta et al., 2007; Ghotra & Kant, 2016c), aiming at com-
pact and low-cost high-energy electron accelerators. General-
ly, these schemes can be divided into two regimes: in plasma
(Tajima & Dawson, 1979; Esarey et al., 1996; Pukhov et al.,
1999; Ghotra & Kant, 2016c) and in vacuum (KawaTa et al.,
1991; Harternann et al., 1995; Malka et al., 1997; Salamin &
Faisal, 1997; Gupta et al., 2007). The laser–plasma-based
electron accelerators have now been able to produce a high-
quality electron bunch with energy∼GeV owing to the huge
acceleration gradient in laser wakefield (Lu et al., 2007;
Xiaoming Wang et al., 2013; Leemans et al., 2014); but
they have to face problems like the inherent interaction insta-
bility between laser and plasma. In the vacuum regime, elec-
trons cannot be accelerated by a plane electromagnetic wave

because of the symmetry in space and time (Gibbon, 2005).
To break this symmetry and gain kinetic energy, there are
two ways. One locates at the usage of different lasers, such
as pulsed radially polarized laser (Gupta et al., 2007;
Wong & Kärtner, 2010; Ghotra & Kant, 2016b); or a strongly
focused laser pulse, which can lead to ponderomotive scatter-
ing of electrons (Harternann et al., 1995; Malka et al., 1997;
Quesnel & Mora, 1998); or an ultra-intense laser, in which
the capture and acceleration scenario (CAS) mechanism
occurs (Pang et al., 2002; Wang et al., 2002). The other
one is to introduce an extra field. The earliest attempt was
to impose an additional perpendicular weak static electric
field, which promotes the acceleration gradient to ∼GV/m
(Kawata et al., 1991). An extra transverse magnetic field is
also thought to be helpful by enhancing the v × B force and
breaking the symmetry of acceleration and deceleration
phases (Gupta & Ryu, 2005; Chen et al., 2007). An azimuth-
al magnetic field turned to show its charm when combined
with laser field (Ghotra & Kant, 2015). More attractively,
when a background of longitudinal magnetic field exists, res-
onant acceleration will occur, and the energy gains signifi-
cantly. Although K.P. Singh found this phenomenon when
numerically analyzing the dynamics of electrons in plasma
(Singh, 2004), the resonant condition was not given. An ap-
proximate analytical solution was soon given by Liu (Liu
et al., 2004). However, the resonant reason is still not

520

∗Address correspondence and reprint requests to: Y.-q. Gu, Science and
Technology on Plasma Physics Laboratory, Laser Fusion Research Center,
China Academy of Engineering Physics (CAEP), Mianyang 621900,
China; IFSACollaborative Innovation Center, Shanghai Jiao Tong Universi-
ty, Shanghai 200240, China and HEDPs, Center for Applied Physics and
Technology Peking University, Beijing 100871, China. E-mail: yqgu@
caep.cn

Laser and Particle Beams (2017), 35, 520–527.
©Cambridge University Press, 2017 0263-0346/17
doi:10.1017/S0263034617000507

https://doi.org/10.1017/S0263034617000507 Published online by Cambridge University Press

mailto:yqgu@caep.cn
mailto:yqgu@caep.cn
https://doi.org/10.1017/S0263034617000507


clear. More importantly, the previous works were aimed at
fast ignition where only several megaelectronvolt (MeV)
electrons are desired. The capability of laser-magnetic reso-
nance acceleration (LMRA), accelerating electrons in a gradi-
ent of ∼GV/cm in vacuum, was not recognized.
On the other hand, at the age of these researches, a method

to generate kT scale magnetic field in laboratory was miss-
ing; hence, LMRA in vacuum seemed to be far to carry
out. Recently, a millimeter-long, nano-seconds, and kilo-
tesla magnetic field with transverse size ∼ 1 mm can be real-
ized by irradiating two laser beams on to a capacitor-coil
target (Fujioka et al., 2013). This sheds a light on the table-
top laser-driven electron accelerators based on LMRA.
In this paper, we investigated this mechanism carefully;

give a detailed discussion on the reason of resonance; and
deduce an exact analytic γ factor and acceleration gradient
of a test electron on the resonant point. We also investigate
the acceleration of electron bunches under a laboratory-
condition magnetic field and a strongly focused laser field
using an electron bunch radiation code. The simulation results
show that electrons can be effectively accelerated in GV/cm
scale with a good monochromaticity and collimation.

2. MOTION OF TEST ELECTRON IN PLANE WAVE
WITH EXTRA B-FIELD

We start from the most basic case, where a test electron moves
in the combined fields of an extra longitudinal magnetic field
Bex= B0ez and a plane wave field. The plane wave propagates
along the z-axes, and its vector potential is represented by

A = mca0
e

(sin α sinf, cos α cosf, 0). (1)

Here

a0 = (eE0/mωLc) =
������������������������������������
[I(W/cm2)λ2(μm)]/(1.37 × 1018)

√
is

the dimensionless amplitude of laser. E0 is the peak value of
electric field. f= ωLt − kLz+f00 is the phase, and ωL the
frequency; α describes the polarization of laser; α being 0 or
π/2 means a linearly polarized laser with its polarization direc-
tion along y or x-direction, and for a right-/left-hand circularly
polarized laser, α=± π/4.
Suppose the whole system is in free space, the electron

motion is governed by the relativistic Lorentz equation

dp
dt

= −e(E+ v × B+ v × Bex), (2)

where p= γmv; E=−(∂A/∂t) and B = ∇ × A are electric
and magnetic field of the laser. In components, Eq. (2) is
written as

d
dt
( px − eAx) = −eB0vy, (3a)

d
dt
( py − eAy) = eB0vx, (3b)

dpz
dt

= −ev· ∂A
∂z

. (3c)

Together with the energy equation

mc2
dγ
dt

= v· dp
dt

= ev· ∂A
∂t

, (4)

and considering ωL= kLc, it is not difficult to get the
z-component of momentum

pz = mc(γ− κz0), (5)

where κz0= γ0(1− (vz0/c)) is the Doppler factor. It depends
only on the initial state of electron. However, the x and
y-components in Eq. (3) are coupled with each other. In
order to solve the equations, we turn to the space of f.
Note that

d
dt

= d
df

df
dt

= (ωL − kLvz) d
df

= ωLκz0
γ

d
df

, (6)

where Eq. (5) is used; ωLκz0/γ is the laser frequency that
electron feels under laboratory frame. Including Eq. (6), the
x- and y-components in Eq. (3) can be rewritten as

d2px
df2 +Ω2px = (Ω cos α− sin α)mca0 sinf, (7a)

d2py
df2 +Ω2py = (Ω sin α− cos α)mca0 cosf. (7b)

Here Ω= (eB0/mωLκz0) is the normalized relativistic cyclo-
tron frequency in the extra B-field by ωLκz0/γ, and can be re-
garded as the intrinsic frequency of the system.

Equation (7) is the equation of motion of a particle driven
by an external force with dimensionless frequency 1. When
the intrinsic frequency matches the driver frequency, namely

Ω| | = 1, (8)

resonance occurs. However, under some specific cases, such
as Ω= 1 and α= π/4, or Ω=−1 and α=−π/4, the driver
vanishes. As a result, Eq. (7) degenerates to simple oscillat-
ing functions. The transverse momentum oscillates sinusoi-
dally. This indicates that for a right-hand circularly
polarized laser, only an antiparallel magnetic field can lead
to resonance; and for a left-hand one, a parallel magnetic
field is needed; but for a linearly polarized laser (α= 0 or
π/2), the driver exists all the time, and the resonance
occurs at Ω=±1, which means that both parallel and
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antiparallel magnetic fields are available for resonant
acceleration.
As for the resonant condition expressed by Eq. (8), it is not

easy to realize. For an electron initially at rest (κz0= 1), the
matched magnetic field is as high as mωL/e≈ 104 T. Such
strong magnetic field exists in dense plasma irradiated by
ultra-intense lasers, but far from realization in a vacuum
with presently available technology; but if the electron has
an initial velocity along the laser propagating direction, the
matched magnetic field strength decreases with κz0, for ex-
ample, if the electron initial energy changes to 3 MeV, the re-
quired magnetic field is reduced to 866.82 T. In
ultra-relativistic limit ( pz0≫ 1), the matched magnetic
field is inversely proportional to pz0 (Singh, 2006). Besides,
Eq. (8) indicates that for the same electron energy, the
matched magnetic field varies with the distribution of initial
velocity between the transverse and the longitudinal direc-
tion. This means that, under the same extra B-field, the injec-
tion angle affects the acceleration greatly (Ghotra & Kant,
2016a). Another important feature of the resonant condition
is that it is independent of a0, which means the envelope of
laser does not affect the resonance much.
To get a strict solution of Eq. (7), we start with the general

case. If |Ω|≠ 1, and the initial electron location and momen-
tum are (x0, y0, z0) and ( px0, py0, pz0). Then px and py are

px = C0x sinf+ C1x sin(Ωf) + C2x cos(Ωf), (9a)

py = C0y cosf+ C1y cos(Ωf) + C2y sin(Ωf). (9b)

Here

C0x = mca0
Ω cos α− sin α

Ω2 − 1
,C0y = mca0

Ω sin α− cos α

Ω2 − 1
,

C1x

C2x

( )
= −C1y

C2y

( )

= sin f̂0 − cos f̂0

cos f̂0 sin f̂0

( )
px0 − C0x sinf0

py0 − C0y cosf0

( )
,

and f0=f00− kLz0, is the initial phase. f̂0 = Ωf0. The co-
efficients C0x and C0y approach infinity when |Ω|→ 1, which
agrees with the resonant condition. Despite of infinite C0x and
C0y, px, and py are finite in this limit. Using L’Hospital’s rule,
we can get the exact transverse momentum on the resonant
point pres

x,y{ } = lim
Ω| |�1

p x,y{ }, and the corresponding γ factor

γres = 1+ pres

mc

( )2
[ ]1

2
. (10)

2.1. Circular polarization

For an electron interacting with a left-hand circularly polar-
ized laser (α=−π/4), both px and py oscillate at the intrinsic
frequency. This indicates that the transverse velocity of elec-
tron rotates around the z-axis. As Figure 1a shows, the angle
between electron transverse velocity v⊥ and x-axis can be
written as

arctan
vy
vx

= f+ θ⊥ =
∫t
0

ωLκz0
γ(t′) dt′ + arctan

v⊥E

v∥E
. (11)

In the rotating reference frame with laser electric field, θ⊥
is

θ⊥ = arctan
p⊥y0

( ��
2

√
/2)a0(f0 − f) + p⊥x0

. (12)

Fig. 1. Schematic representation of resonance.
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Here, p⊥y0= ( py0/mc)cosf0− ( px0/mc)sinf0 is the initial
momentum perpendicular to laser electric field; p⊥x0=
( px0/mc)cosf0+ ( py0/mc)sinf0 is the initial momentum
along the laser electric field. Figure 1b shows the evolution
of θ⊥ under different f0. The initial electron transverse ve-
locity is along x axis, the initial angle between electron trans-
verse velocity and laser electric field is f0. The 0 < f0< π
indicates that the laser electric field rotates before electron
transverse velocity. In this case, θ⊥ increases quickly
toward π. If π< f0< 2π, the laser electric field rotates
after electron transverse velocity, and θ⊥ decreases toward
π in a short time. After that, electron transverse velocity v⊥
keeps almost antiparallel with laser electric field all the
time. They both rotate at a frequency of (ωLκz0/γ), as
shown in Figure 1c, which means the completely matching
between the laser frequency that electron feels under labora-
tory frame and relativistic cyclotron frequency.
Substituting Eqs. (5) and (9) into Eq. (10), we can get the

corresponding resonant γ factor

γres = γ0 +
1

4κz0
a20(f− f0)2 − 2

��
2

√
a0p⊥x0(f− f0)

[ ]
. (13)

If the initial momentum along the laser electric field is small,
the energy is roughly proportional to the square of phase dif-
ference between laser and electron. However, for a large
p⊥x0, the electron loses energy first. When π/2< θ⊥< 3π/
2, v · E< 0, it starts to soak up energy from laser fields,
shown as Figure 2. This process is called self-modulation
stabilization.
To get the mean acceleration gradient, we integrate the mo-

mentum pz to get electron longitudinal displacement

z− z0 = 1

2kLκ2z0
1− κ2z0 +

1
6
a20(f− f0)2

[ ]
(f− f0), (14)

here, we have assumed p⊥x0≪ 1. Including Eq. (13), and
when γres ≫ (1− 2κ2z0)/κz0, the mean acceleration gradient

is expressed as

dγres

dz
= γres − γ0

z− z0
≈

3πκ1/2z0 a0
λL

( )2
3

(z− z0)−
1
3. (15)

A typical case is that, for a laser with a0= 10 and λL= 1 μm,
the mean acceleration gradient within 1 mm is about 10 GV/
cm. Such a gradient is almost greater than that in laser-wake-
field acceleration (LWFA) (Leemans et al., 2014). It sheds a
light on a laser-magnetic field-based table-top electron
accelerator.

2.2. Linear polarization

Similarly, for an electron interacting with a linearly polarized
laser (α= 0), considering Eqs. (5) and (10), the γ factor of a
resonant electron becomes to

γres = γ0 +
1

8κz0
a20 (f− f0)2 + sin2(f− f0)
[{

− (f− f0)(sin 2f− sin 2f0)
]+ 2a0 −2p⊥x0(f− f0)

[
+ p⊥x0 sin 2f+ p⊥y0 cos 2f− p⊥y0 − 2px0 sinf0

]}
.

(16)

Many oscillating terms show up here, compared with the case
of a circularly polarized laser. In long term (f− f0≫ 1)
and with a small initial transverse momentum ( p⊥x0, p⊥y0

≪ 1), the energy is also roughly proportional to the square
of phase difference between laser and electron. If the test
electron has large transverse momentum at the beginning,
self-modulation stabilization will also happen. Figure 3
shows this case, the electron loses its energy at the beginning,
but the phase of losing energy (green domain in Fig. 3a) de-
creases to zero as time goes by. This results in a continuous
growth of electron energy eventually.

The process of self-modulation stabilization depends on
the initial electric phase and initial transverse velocity of
electron. Figure 4 shows the γres factor after one circle of ac-
celeration. The energy gain decreases with the increase of

Fig. 2. The process of self-modulation stabilization in circularly polarized
laser fields. px0= 40 mc, py0= 0, f0= 0, and a0= 10. (a) v ·E as a function
of f. (b) Lorentz factor of electron. Electron lies in the phase of losing
energy (green domain) at the beginning; but after θ⊥ increases to π/2, the
electron moves into the accelerating phase, getting energy from laser fields
continuously.

Fig. 3. The process of self-modulation stabilization in linearly polarized
laser fields. px0= 40 mc, f0= 0, and a0= 10. (a) vyEy as a function of f.
The peak value approaches 0 as f increases. (b) Lorentz factor of electron.
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initial transverse velocity. When the initial phase f0= 0, γres

factor after one circle of acceleration can be estimated using

γres = 1
2κz0

1+ κ2z0 +
px0
mc

− πa0
( )2

+ p2y0
m2c2

[ ]
. (17)

However, this kind of energy decreasing caused by initial
transverse velocity can be weakened by adjusting the initial
phase, making v · E <0 satisfied at the beginning, shown
as the right part in the bottom of Figure 4 (π< f0< 2π).
In long term, and considering a small initial transverse mo-

mentum ( p⊥x0, p⊥y0≪ 1), the mean acceleration gradient
for a linearly polarized laser is

dγres

dz
= γres − γ0

z− z0
≈

3πκ1/2z0 a0��
2

√
λL

( )2
3

(z− z0)−
1
3. (18)

This approximation is very effective when electron is acceler-
ated beyond 100 MeV. It should be noticed that under the
same laser intensity, the mean acceleration gradient in a line-
arly polarized laser is about 2−1/3 times smaller than that in
a circularly polarized one; but in laboratory, a circularly polar-
ized light is produced using a quarter-wave plate, and the elec-
tric field of the original linearly polarized one, E0, is divided
into two components with an ideal magnitude of E0/

��
2

√
, or

the dimensionless intensity a0 decreases to
��
2

√
a0/2. In other

words, the resonant electron will be accelerated to the same
energy state, whether a linearly polarized laser is converted
to a circularly polarized one or not.

3. MOTION OF TEST ELECTRON IN A FOCUSED
LASER FIELD WITH EXTRA B-FIELD

In this section, using our simulation code, and taking the lab-
oratory conditions into account, electron motion in a focused
laser field and a longitudinal magnetic field is discussed.
Since the case of a linearly polarized laser and a circularly
polarized laser are of great similarity, only linearly polarized
laser (α= 0) is discussed below.

Since ultra-intense lasers are focused by off-axis parabolas
(OAPs), we consider a more realistic laser field, which is
strongly focused. Its electric field is

E = mωLc

e
a0 sinf exp − 4 ln 2(f− ωLt0)2

ω2
Lτ

2

( )

exp − x2 + y2

w2
0 1+ ((z− z0)/f )2
[ ]

( )
ey,

(19)

and the magnetic field B= (kL/ωL) × E. Here, τ is the full-
width at half-maximum (FWHM) of laser pulse; w0 is the
focal size; z0 is the location of focal point; and f is the
focal length. As analyzed above, the resonant condition is in-
dependent of the magnitude of electric field. Thus, for such a
laser pulse, the resonant condition, |Ω|= (e|B0|/(mωLκz0))=
1, is still valid. Figure 5 shows the resonant acceleration of a
test electron in a laser field. The length of magnetic field is
unlimited. Under this condition, electron can be continuously
accelerated for about 100 ps, and get boosted to 4.7 GeV in
<3 cm. During the acceleration, although the transverse dis-
placement increases, electron stays in laser field all the time.
The diminution of a0 is the dominant reason that limits
energy gain. After passing through the pulse, electron will
undergo a standard spiral motion because of the extra field.
Practically, the magnitude and spatial size of extra magnetic

field will be the bottleneck for energy gain. For an electron
with an initial energy of 1 MeV, the required magnetic field
for resonance is 2.78 kT, which is likely to be realized in the
near future. When the length of magnetic field is set to
2 mm, Figure 6 shows the acceleration of an electron. In the
combined field, the test electron is resonantly accelerated.
After it reaches the edge of extra B-field (pointed by the red
arrow in Fig. 6b), the disappearance of extra magnetic field
leads to the disappearance of resonant acceleration. The move-
ment of electron later is just an oscillation in the polarization
direction of laser combined with a drift in the other two direc-
tions. As electron moves far from the focal point and laser axis,
the magnitude of field reduces. Finally, the test electron drifts
out of laser field, and energy remains unchanged, and its ve-
locity deviates from the laser axis for about 1.52°.
Under the same conditions, for a plane wave, the final

value of γ can be estimated using Eq. (16), which is about

Fig. 4. The γres factor after one circle of acceleration under various initial
phase and transvers velocity. a0= 10, px0= pz0= 0,Ω= 1. The red line cor-
responds to f= 0, and the blue one represents py0= 40 mc.

Fig. 5. Resonant acceleration of test electron in a focused pulse laser focused
at z0= 20 μm. a0= 10, τ= 15 fs, w0= 20 μm, f = (πw2

0/λL). B0= 104 T.
Electron initially rests at z= 20 μm.
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1400. In the case of a focused pulse laser, the eventual energy
is some 40% lower. This is a result of comparatively weaker
field of the focused laser and spatial limitation of longitudinal
B-field.

4. ACCELERATION OF AN ELECTRON BUNCH

So far, we have discussed the resonant acceleration of a test
electron; but in laboratory, the source electrons are generated
in bunches. Hence, we need to consider the acceleration of
the electron bunches. Suppose the initial central energy of
a source bunch is 1 MeV, energy spread is 10%, locates
around 20 μm initially, and the transverse and longitudinal
divergence are 4 and 5 μm, respectively. It is accelerated
by the same laser pulse given in Eq. (17). Figure 7 shows
the bunch position and energy spectrum at different time. It
is clear that under these conditions, a Gaussian electron
bunch (Fig. 7a) is completely trapped in the mixed fields,
and can be resonantly accelerated to high energy. At about

6.4 ps, the bunch reaches the edge of extra magnetic field.
The length of electron bunch is also compressed to the
order of laser wavelength. After that, the bunch oscillates
in the polarization direction, and drifts forward. Besides,
the shape of bunch remains spiral during the whole interact-
ing process, as shown in Figure 7b and 7c.

Figure 7d–7f shows the energy spectrum of electron
bunch. At first(t= 0), the electrons have a Gaussian distribu-
tion (Fig. 7d). During the interaction process, the energy
spectrum keeps quasi-monoenergetic. After about 75 ps,
the laser has passed through electron bunch. The bunch is ac-
celerated to about 400 MeV. The energy spread is about
7.5%.

By setting a probe electron, which satisfies the resonant
condition exactly, we can distinguish the positions and
energy (pointed out by the black arrow in Fig. 7) of the res-
onant electrons in the bunch. During the acceleration, the res-
onant electrons locate at bunch tail all the time; but their
energy is almost the highest. This indicates that resonant
electrons can be effectively accelerated. The efficiency of
energy transfer from laser to the probe electron is about
7.4 × 10−12.

Besides a good monochromaticity, the electron bunch is
also well collimated. Figure 8 shows the distribution of
emission angle of electrons after acceleration. Here, θ x,y{ } =
arctan( p x,y{ }/pz). Though the divergence along the polariza-
tion direction is larger than the other, they are both much
<3 mrad.

As the initial energy divergence increases, some electrons
may not be trapped. Figure 9 shows the snapshots of bunch po-
sition during the acceleration of a Maxwellian electrons with
initial temperature of 1 MeV. Figure 9a and 9c shows the
moment that the bunch reaches the edge of the extra magnetic
field. After that, those electrons that are not resonantly

Fig. 6. Resonant acceleration of electron in a focused pulse laser and a lim-
ited extra B-field; (a) is the orbit of electron (blue line) and the laser field (the
cone). The color represents the normalized laser intensity; (b) is the γ factor
of electron.

Fig. 7. Electron distribution and spectrum at (a) and (d) t= 0 ps, (b) and (e) t= 6.5 ps, (c) and (f) t= 75 ps. The color in (a)–(c) represents
the γ factor of electron. Unit in (a) and (b) is μm, and mm in (c).
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accelerated spread out quickly because of larger divergence in
velocity. However, the trapped electrons are resonantly accel-
erated; they are energetic and have a small divergence, so they
move almost straight forward. Considering a deviation of 60%
in energy with the probe electron, electrons in this range are
considered to be trapped. We pick up these electrons, and pre-
sent their position as shown in Figure 9c and 9d. They form
almost a circle, and keep the shape until the end of the inter-
action with laser. The gyrate structure in Figure 9d is a clear
evidence of resonant acceleration. In the spectrum, the high-
energy part is mainly attributed to these trapped electrons.
We trace these electrons, and find the initial domain of res-

onant acceleration. Figure 10a shows the initial spectrum of
trapped (blue line) and untrapped (red-dot line) electrons.
The trapped electrons amount about 32% of total electron
number. They mainly range from 0.75 to 1.41 MeV in
energy and from 0.18 to 0.40 in κz0, corresponding to a devi-
ation of ∼33% in energy and ∼40% in κz0 with the proble
electron. The other electrons are not trapped and resonantly
accelerated to a high-energy state, mainly because of a
large deviation in energy and κz0.
Figure 11 gives the final spectrum and emission angle dis-

tribution of the trapped electrons. They peak around the exact

resonant electron energy, and a certain number of electrons are
in perfect resonant acceleration condition. FWHM of this peak
is 27 MeV, which equals that of the case of a smaller initial
energy spread. These electrons also have a very small angular
divergence. Shown as in Figure 11b, they all stay between 1°
and 2°, and the divergence is about 5.2 mrad, slightly larger
than the previous case of a smaller initial energy spread
shown in Figure 9; but the electrons are still well collimated.

5. CONCLUSION

Using a test electron model, we have obtained the exact res-
onant function, γ factor, and acceleration gradient of electron
in the presence of an axial magnetic field and a linearly or
circularly polarized laser with relativistic intensity. Reso-
nance occurs when the cyclotron frequency eB0/mκz0 match-
es ωL, frequency of laser. The matched magnetic field
strength decreases with the increasing of initial longitudinal
velocity. This helps in reducing the requirements of resonant
extra B-field strength.
Theoretically, a perfectly resonant electron can be infinitely

accelerated without any dephasing or deceleration if radiation
is neglected. The energy gain is proportional to a20 and Δf2.
For a linearly polarized laser, both parallel and anti-parallel
B-fields work for resonance. In long term, the mean accelera-

tion gradient is (3πκ1/2z0 a0)/(
��
2

√
λL)

( )2/3
(z− z0)−1/3; but for

Fig. 8. Distribution of emission angle in two perpendicular direction.

Fig. 9. Bunch position at different moment. (a) and (c) t= 6.5 ps, (b) and (d)
t= 75 ps, (c) and (d) is for the trapped electrons only.

Fig. 10. Initial condition of electron bunch. (a) Spectrum of trapped and un-
trapped electrons. (b) Spectrum of κz0. Electrons with energy ranging from
0.75 to 1.41 MeV and κz0 ranging from 0.18 to 0.40 can be resonantly
accelerated.

Fig. 11. Final (a) spectrum and (b) emission angle distribution of the reso-
nant accelerated electrons.
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circularly polarized lasers, a parallel or anti-parallel one is de-
manded, the mean acceleration gradient is 21/3 times larger.
In practice, ultra-intense lasers are strongly focused, and

the magnitude and spatial size of extra magnetic field is lim-
ited, which is the dominant limitation for energy gain. Using
a 2 mm-long, 2.78 kT extra magnetic field, and a strongly
focused pulse, an electron with initial energy of 1 MeV can
be accelerated to about 400 MeV; and the final velocity de-
viates from laser axis at a small angle.
Finally, we investigated the LMRA of an electron bunch.

Quasi-monoenergetic guassian electrons can produce a quasi-
monoenergetic and well-collimated bunch with energy spread
about 4.9%, divergence <3 mrad. For electron bunches with
wide energy spread, part of the electrons cannot be trapped.
They have a large divergence, and spread out quickly after pass-
ing through the extra magnetic field. But the trapped electrons
are resonantly accelerated. They form a well-collimated mono-
chromatic beam. Considering a typical electron bunch with a
charge of ∼10 pC, the efficiency will be ∼0.1%, which is
about the same as that in LWFA (XiaomingWang et al., 2013;
Leemans et al., 2014). Our research shows that LMRA is a
good mechanism to accelerate electron beams. This sheds a
light on the vacuum table-top laser-driven electron accelerators.
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