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Abstract
Polarized electron beam production via laser wakefield acceleration in pre-polarized plasma is investigated by particle-
in-cell simulations. The evolution of the electron beam polarization is studied based on the Thomas-Bargmann-Michel-
Telegdi equation for the transverse and longitudinal self-injection, and the depolarization process is found to be influenced
by the injection schemes. In the case of transverse self-injection as found typically in the bubble regime, the spin
precession of the accelerated electrons is mainly influenced by the wakefield. However, in the case of longitudinal
injection in the quasi-one-dimensional regime (for example, F. Y. Liet al., Phys. Rev. Lett. 110, 135002 (2013)), the
direction of electron spin oscillates in the laser filed. Since the electrons move around the laser axis, the net influence of
the laser field is nearly zero and the contribution of the wakefield can be ignored. Finally, an ultra-short electron beam
with polarization of99% can be obtained using longitudinal self-injection.
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1. Introduction

As an advanced accelerator method, laser wakefield ac-
celerators (LWFA)[1,2] have been developing steadily both
theoretically and experimentally in the recent decades[3–13]

owing to the rapidly advancing laser technology, especially
chirped-pulse amplification[14]. A variety of mechanisms
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has been proposed to control the electron beams properties
which are comparable with those from conventional particle
accelerators, such as energy spectra[3–7], controllability[8],
stability[9,10], beam emittance[11,12] and beam energy[13].
Many efforts have been made with controllable injection
mechanisms to improve the electron beam quality, such as
density-transition injection[15,16], ionization-induced injec-
tion[17], or colliding-pulse injection[18]. However, the con-
trol of electron beam polarization has not been investigated
thoroughly.

Spin-polarized electron beams have been widely used in
material science[19], particle and nuclear physics[20–23]. Such
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beams are generally produced by the radiative polarization
due to the Sokolov-Ternov effect in conventional accel-
erators[24,25] i.e., storage rings, which takes about a few
hours in polarization build-up. In contrast, the acceleration
process can be accomplished within a few picoseconds
in a plasma accelerator. In2017, a pre-polarized gas
plasma has been produced through laser-induced photo-
dissociation in experiment[26]. Later, Wen et al. pro-
posed to generate high-current polarized electron beams
with 90.6% spin polarization through LWFA based on the
density-transition injection mechanism[27]. The study of
Nie et al. shown that an electron beam with up to∼
56% polarization could be obtained using the ionization-
induced injection mechanism[28,29]. More recently, the
effect of bubble geometry on polarization of self-injection
electrons has been studied. It was found that the deviation
from a perfect spherical symmetry severely degrades the
polarization of electron beam during the transverse injec-
tion[30]. Recently, Gonget al. proposed that the colliding-
pulse injection scheme enables the production of quasi-
monoenergetic electron beams in excess of80% polarization
and tens of pC charge with commercial10TW laser systems
in a pre-polarized plasma[31,32]. Furthermore, Sunet al.
proposed to generate an attosecond electron bunches with
polarization ∼ 90% through using a radially polarized
laser interacted with a pre-polarized plasma[33]. Moreover,
an energetic spin-polarization electron beams can also be
produced by vortex Laguerre-Gaussian laser[34] or beam-
driven wakefield acceleration[35].

While these injection mechanisms have been investigated
to control the polarization on LWFA electron beam[27–33],
the self-injection mechanism with relative simple setup still
needs to be analyzed thoughtfully. There are two self-
injection schemes, transverse and longitudinal, as demon-
strated in Ref.[36]. The transverse injection mainly hap-
pens in the3D nonlinear bubble regime. The accelerated
electrons initially stay away from the laser axis, move in
the bubble sheath, arrive at the tail of bubble and are
injected in wakefield[36–38]. However, the trajectories of the
accelerated electrons in the longitudinal injection scheme
are different, which mainly takes place in the quasi-1D
regime of wakefield[39]. The electrons initially located at the
front of the laser pulse slip backward along the laser axis
after interacting with the laser. Once reaching the tail of
wakefield, the electrons are injected and finally accelerated
by the wakefield[39,40].

Previous studies[27–33] have shown that the properties of
the electron beams depend on the electron injection mecha-
nism. The electron polarization mainly changes during the
injection process. In this paper, we study the polarization of
the electron beam for the longitudinal injection scheme in a
fully pre-polarized plasma with an up-ramp-plateau density
profile. The longitudinal scheme is found to be more ben-
eficial in generating high spin polarization electron beams

as compared to the transverse case. Our work is divided into
three sections. Section2 introduces the simulation setup with
a brief description about the longitudinal injection scheme.
In Section3, we present numerical results and a discussion.
The conclusions can be found in Section4.

2. Simulation Method

In this study, two-dimensional (2D) PIC simulations were
performed with a modified version of the EPOCH code[41],
which includes the spin evolution module based on the
Thomas-Bargmann-Michel-Telegdi(TBMT)[25,42] equation
via the Boris pusher method[43]. The electron spin is
regarded as a quasiclassical quantity with a vectorsss, which
has an absolute value of1 and a direction calculated from
the TBMT equationdsss/dt = ΩΩΩ × sss with
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whereme, e andaaae ≈ 1.16 × 10−3 are the electron mass,
charge and the dimensionless anomalous magnetic moment,
respectively,γ is the Lorentz factor of the electron,c is the
light speed in vacuum,BBB is the magnetic field, andEEE is the
electric field in the laboratory frame. The effects of radiation
reaction, Stern-Gerlach and Sokolov-Ternov can be ignored
during the study of LWFA, based on the work of Thomaset
al. [44].

In the simulation, the laser propagates in thex-direction
with linear polarization and a Gaussian envelope in they-
direction
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with the laser wavelengthλ = 800nm, the initial laser
waistw0 = 20λ, w(x) = w0

[

1 + (x− x0)
2
/z2
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]0.5
, zR =

πw2

0
/λ, the pulse durationτ = 17fs and the normalized

laser amplitudea0 = eE0/meωc = 6, corresponding to a
peak intensity ofI0 = 7.71× 1019W/cm

2. The simulation
box is200λ(x) × 120λ(y) with resolutiondx = 0.02λ and
dy = 0.08λ. Open boundary conditions are used in each
directions and there are4 pseudo-particles per cell for each
particle species.

The initial longitudinal profile of the pre-polarized plasma
is an up-ramp followed by a plateau with constant density
n0 = 0.04nc, as shown in Fig. 1(a), marked as yellow
dashed line. Such a density profile enable the longitudinal
electron injection possible, as first introduced in Ref.[39].
Here, the length of the up-ramp transition isL1 = 45λ and
the laser pulse is focused on the left edge of the plasma target
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Figure 1. (a) Schematic representation of the initially pre-polarized plasma.
The longitudinal profile of the electron density is marked by the yellow
dashed line including an up-ramp from0 ton0 with lengthL1 and a plateau
with n0. The initial polarization direction is aligned along thex direction
as denoted by the arrows. The laser is focused at the left boundary of the
plasma (x0 = 30λ). For the case of longitudinal injection (Case A), (b)-(d)
show the density distribution of electron longitudinal polarization (n〈sx〉)
at three different times, i.e., the product of electron density (normalized by
n0) and their average of polarization in thex direction (〈sx〉) per cell. Here,
a0 = 6, τ = 17fs, w0 = 20λ, n0 = 0.04nc andL1 = 45λ. For
the case of transverse injection (Case B), (e)-(f) present the corresponding
distributions ofn〈sx〉 at different times, wherew0 = 10λ, n0 = 0.01nc

andL1 = 10λ. The other parameters are the same as Case A. The electrons
with kinetic energyEk > 13MeV are chosen as the acceleration electrons,
which are marked by a green box in (d) and (g), respectively.

atx0 = 30λ. The pre-polarized plasma could be realized by
using ultra-violet polarization method[26]. For simplicity, the
initial polarization rate of the plasma is assumed as100%,
where we are interested in the evolution of the polarization
during self-injection scheme. The net polarization of a
particle beam is defined asP =

√

〈sx〉
2
+ 〈sy〉

2
+ 〈sz〉

2,
where si is the components of spin polarization in each
direction and〈si〉 is the corresponding average value.

3. Results & Discussions

Generally, the profile of the wakefield depends on the pa-
rameters of the laser and plasma, which inevitably causes the
variation of self-injection scheme, futher leading to different
evolution of spin polarization during self-injection process.
When the laser spot size is larger than the plasma wavelength
(Case A), the wakefield is a quasi-1D regime, as shown as
in Fig. 1(b). At this time, the wakefield propagates in the
up-rump density. When the wakefield reaches in the uniform
density regime (x = 75λ), several electrons located at the tail
of wakefield (x = 88λ), can be captured and accelerated due
to breaking-wave effect, as presented in Fig. 1(c). After that,
owning to the effect of laser self-focusing, the laser intensity
increases, the wakefield develops into a3D nonlinear bubble
regime and the electrons are accelerated continually, as
revealed as Fig. 1(d). On the other hand, when the laser spot
size is equal to the plasma wavelength and the laser intensity
a0 is larger than4, i.e., Case B, the bubble regime can be
formed directly as the laser propagated into the plasma. In
order to avoid the electron at the left boundary injected into
the bubble, an up-rump density with a short length is also
used, as shown as in Fig. 1(f). Different to the case of
longitudinal injection, the bubble regime is a3D nonlinear
regime initially and the corresponding phase velocity slows
down. As the bubble geometry changes following the laser
evolution, several electrons can be injected in the bubble and
achieve acceleration, as shown as in Fig. 1(g).

Not surprisingly, the distribution of the electron polariza-
tion is different in the two cases and the influence of laser
on the electron polarization cannot be ignored. In the quasi-
1D regime (Case A), the values ofsx for injection electrons
mostly are positive, as plotted in Fig. 1(c). While in the
bubble regime (Case B), the value ofsx about the electrons
located at the sheath are negative, as revealed in Fig. 1(f).
For further analysis, the accelerated electrons are chosen to
analyze the evolution of polarization, as marked in the green
region in Figs. 1(d) and 1(g), respectively. For Case A,
6056 electrons are chosen with a polarizationP = 0.99. For
Case B, there are32078 electrons chosen with a polarization
P = 0.18.

The history of〈sx〉, 〈sy〉 and the average energy〈Ek〉
for these two cases are plotted in Fig. 2. As presented
in Figs. 2(a)-2(c), the evolution of the polarization for the
longitudinal injection can be divided into three stages: (i)t <
tI = 198fs, the electron fixed. (ii)tI < t < tII = 234fs, the
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Figure 2. The history of particle properties,〈sx〉 (a), 〈sy〉 (b) and the
average kinetic energy〈Ek〉 (c), about acceleration electrons in the case of
the longitudinal scheme. The distribution ofsx (or sy) in the x-direction is
shown in the insert of (a) (or (b)). (d)-(f) show the corresponding quantities
in the case of transverse scheme. The accelerated electrons are marked in
the Figs. 1(d) and 1(g), respectively.

value of〈sx〉 decreases firstly and then returns nearly initial
value during a short time, which is nearly the duration of
laser (∼ 36fs). As presented in the insert of Fig. 2(a), the
distribution ofsx shown that the laser can affect the electron
spin directly at216fs. The oscillation period is nearly0.5λ
for 〈sx〉 and1λ for 〈sy〉, which means that the electron spin
is affected by the laser field directly. Meanwhile, the average
energy increases firstly and decreases. (iii)t > tII , the value
of 〈sx〉 does not change obviously. The value of〈sy〉 is
nearly0 owning to the azimuthal symmetry of the wakefield.
At this stage, the electron energy increases following with
time and it means they are continuously accelerated in the
wakefield.

For the case of the transverse injection scheme (Case B),
as analyzed in Ref.[30], the evolution of polarization can
be divided into four stages: (i)t < tI , the electrons do
not feel the wakefield. (ii)tI < t < tII , the electrons
are located on the bubble shell.〈sx〉 decreases and〈sy〉
oscillates in the laser field and stays nearly0 due to the
azimuthal symmetry of the bubble field, as shown in Fig.
2(d). (iii) tII < t < tIII , the electrons reach the tail of
the bubble and〈sx〉 increases as revealed in Fig. 2(d). (iv)

t > tIII , the electrons are captured in the bubble and their
spin precession slows down.

The electron spin evolution during the transverse injection
has been studied through single particle dynamics in the
work of Fanet al.[30] It is found that the electron spin is
mainly affected by the magnetic field of the bubble during the
second stage and affected by the electric field of the bubble at
the third stage. At the fourth stage, the electron moves along
with the laser axis, so its spin does not change obviously.
For the longitudinal injection, a typical accelerated electron
is also analyzed, as shown as in Fig. 3. The trajectory of the

Figure 3. (Color online) (a) Trajectory of a typical tracked electron for
the longitudinal self-injection scheme (Case A) at wakefield frame, where
vb is the phase velocity of wakefield calculated using plateau density. The
electron is located at the front of wakefield. (b) The history ofsx (blue solid
line) andsy (red dashed line) for the tracked electron. (c) The evolution
of spin direction (θ = tan−1(sy/sx)) with time. (d) The evolution
of ΩΩΩz (green solid line), termΩΩΩBz

(blue dashed line), termΩΩΩvxEy

(magenta dashed line) ofΩΩΩvvv×EEE (black solid line) caused byvxEy and
termΩΩΩ−vyEx

(red solid line) ofΩΩΩvvv×EEE caused by−vyEx for the tracked
electron.
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electron in the wakefield coordinate system between195fs
and235fs is presented in Fig. 3(a). At195fs, the electron
locates at the head of wakefield, then it slips backward.
When reaching at the tail of the wakefield, it is captured.
Although it vibrates at the transverse direction, the transverse
position does not change obviously in the wakefield.

Moreover, the evolutions ofsx and sy are plotted in
Fig. 3(b). Based on the TBMT equation, the electron spin
processes in the XY plane with the laser field. Its spin
changes rapidly in the laser field and thesx returns to its
initial value at each cycle. The amplitude of oscillation is
coincided with laser intensity and the profile ofsx is similar
with the laser duration. However, the period of oscillation
increases firstly and then decreases. If we defined the spin
angle θ = tan−1(sy/sx), the quiver of electron spin is
presented more clearly in Fig. 3(c). The electron spin
oscillates around the x-direction in the laser field and it
caused that the oscillation period ofsy is twice as that ofsx.
Additionally, the period of oscillation decreases with time.

In order to investigate the dynamics of the electron spin,
the contribution of the electromagnetic field on the preces-
sion frequencyΩΩΩ is analyzed in detail. Consideringaaae ≈
1.16× 10−3 for the electron, the contribution term ofΩΩΩ can
be simplified as

ΩΩΩ ≃
e

me

(

1

γ
BBB −

1

γ + 1

vvv

c2
× EEE

)

. (3)

As shown in Fig. 3(c), the electron precesses in the XY
plane, which is caused by the part ofΩΩΩz . It can be divided as
three terms,ΩΩΩBz

, ΩΩΩ−vyEx
andΩΩΩvxEy

. Figure 3(d) presents
the history ofΩΩΩz and the contribution of three different terms
have been compared. It is found that the contribution of
ΩΩΩ−vyEx

can be ignored because the motion of electron is
near along the laser axis, whereEx is nearly zero. The
contribution ofΩΩΩvxEy

is comparable withΩΩΩvvv×EEE . Following
with time, the contribution ofΩΩΩvvv×EEE increases firstly and
then decreases, which is consistent with the evolution of
electron velocity. More importantly, the net contribution of
ΩΩΩz is nearly zero at one cycle, such that the effect of laser
field on electron spin can be ignored.

As revealed in Fig. 2(a), in the third stage, the electron spin
do not change obviously. The distribution of the magnetic
field at330fs is shown in Fig. 4(a). The accelerated electrons
are denoted as green dots and they are located at the tail of
the wakefield. The spectrum ofsx indicates that the spin
does not change obviously compared with the initial value
as presented in Fig. 4(b), which means that the effect of
the wakefield can be ignored. Furthermore, the width of the
accelerated electron beam is0.039λ (or 103.20as), where
the full width at half maximum (FWHM) of the energy
spectrum was used. The distribution of the electromagnetic
field at the laser axis is presented in Fig. 4(c) and the
spectra ofvx and vy are plotted in Fig. 4(d). At the tail
of the wakefield,Bz andEy are nearly zero. Then their

contribution toΩΩΩz can be ignored. Because of the smallvy,
the contribution ofΩΩΩ−vyEx

can also be ignored, which is an
essential difference to the transverse injection. In the case of
longitudinal injection, due to the motion of electrons close to
the laser axis, the electron spin is affected by the laser field
only. Since the laser field cannot depolarize the electrons, it
is advantageous to obtain a polarized electron beam with a
high energy in LWFA. Finally, a nearly115as electron beam
with 99% polarization and average kinetic energy64MeV is
obtained at400fs.

Figure 4. (a) The green dots denote the positions of the chosen accelerated
electrons, which have been marked in Fig. 1(d). The magnetic fieldBz at
the laser axis is presented as black solid line. (b) The spectra ofsx (black
line) and the longitudinal positionx (magenta line) for the accelerated
electrons at330fs. (c) The profiles ofEy (red line) andEx (blue line)
at the laser axis. (d) The spectra of the longitudinal velocityvx (blue line),
transverse velocityvy (red line).

4. Summary

We have studied the generation of an electron beams includ-
ing its polarization properties in the bubble regime of LWFA.
By using a series of2D PIC simulations, it is found that the
depolarization process depends on the self-injection scheme.
Compared with transverse self-injection, the longitudinal
self-injection is more suitable to generate an electron beam
with higher polarization. The accelerated electrons move
around the laser axis in the case of longitudinal injection. It
causes that the motion and the spin of the electrons oscillate
in the laser field and the net influence of the laser field can
be ignored. The contribution of the bubble field on the spin
precession is also negligible,since the transverse electromag-
netic field and the transverse velocity of the electrons are
both very small. Ultimately, an attosecond electron beam
with polarization of99% is obtained in the simulation. Our
work helps to generate a polarized electron beam using the
longitudinal self-injection scheme in a pre-polarized plasma
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and guide the future experiments for producing the ultra-
short electron beams with high polarization.
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