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Employing colliding-pulse injection has been shown to enable high-quality electron beams to be
generated from laser-plasma accelerators. Here by leveraging test particle simulations, Hamiltonian
analysis, and multidimensional particle-in-cell (PIC) simulations, we lay the theoretical framework
of spin-polarized electron beam generation in the colliding-pulse injection scheme. Furthermore, we
show that this scheme enables the production of quasi-monoenergetic electron beams in excess of
80% polarization and tens pC charge with commercial 10-TW-class laser systems.

I. INTRODUCTION

Particle accelerators are broadly used in material sci-
ence [1], biology [2], medicine [3], fusion research [4],
industry [5], and as sources of intense and energetic
photons [6–10]. In science, one of the most impor-
tant roles of accelerators is to probe the properties
of fundamental forces as well as particles’ structure
in searches of possible physics beyond the standard
model [11]. Conventional accelerators have an accelerat-
ing gradient limit around 100MV/m owing to the electri-
cal breakdown of radio-frequency cavities. By contrast,
laser-plasma-based accelerators can support accelerating
fields above 100GV/m [12, 13], enabling acceleration
of electron beams to several GeV energy on centimeter
scales [14]. Several experiments demonstrated the effi-
cacy and robustness of the laser-wakefield acceleration
(LWFA) mechanism [14–21]. Compared with conven-
tional large-scale accelerators, plasma-based accelerators
generally have advantages in costs, size, and achievable
peak current. Thus, LWFA is regarded as a promising
route to realizing compact lepton colliders [22–24].
To enable LWFA-based spin-dependent process inves-

tigations, which could benefit also high-energy lepton col-
liders [25, 26], it is crucial to develop all-optical methods
for the controlled and reliable generation of highly polar-
ized electron beams. Recently, theoretical schemes based
on the collision of an ultrarelativistic electron beam with
a tailored laser pulse have been proposed as a possible
source of spin-polarized electron beams induced by hard-
photon emissions in the strong-field QED regime [27–32]
or by helicity transfer [33]. However, the above methods
require high-power and high-intensity laser pulses and
are unsuitable to operate at high-repetition rate.
In order to generate a high-current spin-polarized elec-

tron beam, Wen et al. have put forward a scheme based
on laser-wakefield acceleration of pre-polarized plasma
electrons with a density downramp for injection [34].
With 3D particle-in-cell (PIC) simulations, this method
was shown to deliver 0.31 kA electron beams with 90.6%
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spin polarization by using a 2.1 × 1018 W/cm
2

tens
femtoseconds laser pulse with approximately 2.2 TW
power [34]. In the scheme by Wen et al., a pre-polarized
plasma is first produced via laser-induced molecular pho-
todissociation, a method successfully employed in exper-
iments to generate a high-density electron-spin-polarized
plasma [35–37]. Following this work, other schemes lever-
aging a pre-polarized plasma were proposed to generate
energetic spin-polarized electron (or proton) beams [38–
51] or to investigate polarization effects in inertial con-
finement fusion [52]. More recently, Nie et al. proposed
to exploit the spin-dependent ionization cross section of
xenon atoms to generate up to ∼ 31% spin-polarized and
0.8 kA current electron beams in a beam-driven plasma
wakefield accelerator [53]. However, the above methods
have limitations in the attainable charge or spin polar-
ization of the beam, and no simple route exists to control
the generated beam features.

The colliding-pulse injection (CPI) scheme [54, 55] has
produced high quality electron beams of low divergence
and energy spread [56–59], which are stable and repro-
ducible [56, 57, 60–62]. CPI provides many degrees of
freedom that permit control over the generated beam fea-
tures. For instance, the produced electron beam energy,
charge and energy spread are tunable by adjusting the
position of the collision point in the plasma source [56],
or the relative polarization between the driving and col-
liding laser pulses [58]. This renders CPI a robust and
versatile alternative to single pulse LWFA to reliably gen-
erate high-quality, high-current spin-polarized electron
bunches, as shown below (see also Ref. [63]). In CPI,
a driving laser pulse with relativistic intensity induces a
wakefield, while a subrelativistic-intensity colliding pulse
enables injection in the wake. As schematically illus-
trated in Fig. 1, the interaction process consists of two
stages: (i) stochastic collisionless heating of plasma elec-
trons by the two colliding laser pulses; (ii) trapping and
acceleration of some energized electrons by the wakefield
excited by the driving laser pulse.

In this article we develop a model with an effective
Hamiltonian that characterizes the electron dynamics,
validate its predictions against quasi-3D PIC simulations,
and show that CPI enables the generation of high-current
and highly spin-polarized electron beams with control-
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δpx ≈ 0.29a20a1mec and δsx ≈ 0.25a0a1. As shown in
Fig. 4 the curves obtained from the above simple scal-
ing model fairly agree with the test particle simulation
results.
It is worth emphasizing that, in general, stochastic

heating and consequently δpx and δsx, is also expected
to depend on the laser pulse duration τ0. To examine the
impact of τ0, for each τ0 in the range 6.2 fs 6 τ0 6 43.9 fs
we assume a scaling of the form δpx = κpa

n0

0 an1

1 mec and
δsx = κsa

m0

0 am1

1 , where κp,s, n0,1, andm0,1 are constants
obtained by numerically fitting the residual longitudinal
momentum and electron spin. Tables I and II report the
obtained coefficients. Table I highlights a pronounced de-
pendence of the exponent n0 on the laser pulse duration,
which originates from an increased stochastic heating and
longitudinal momentum gain of electrons for longer du-
ration laser pulses. Given the relative simplicity of the
obtained scaling, this is employed for quantitative pre-
dictions of the electron injection threshold and of the
final beam polarization, which are validated against PIC
simulations (see below).

B. Hamiltonian analysis of electron trapping

The second stage of electron injection corresponds to
electron trapping into the subluminal wakefield, which is
investigated through Hamiltonian analysis.
In laser-driven wakefield acceleration, electrons gain

energy from the longitudinal electric field of the Lang-
muir wave excited by the ponderomotive force of the laser
pulse. This is modeled, for simplicity, by considering
the one-dimensional dynamics of electrons in the moving
frame of the first cavity in the wake of the laser pulse.
The drifting velocity of the plasma cavity vd equals the
group velocity of the laser pulse inside the underdense

plasma vg, i.e., vd = c
√

1− ω2
pe/(γ̃ω

2
0). In the cavity-

frame coordinate ξ ≡ x − vdt, the longitudinal electric
field Ex(ξ) depends only on ξ. The electron dynamics is
characterized by the equations [85]

dpx
dt

=− |e|Ex(ξ), (6)

dξ

dt
=

px

me

√

1 + (px/mec)2
− vd, (7)

where vd is independent of time. The electric potential
of the longitudinal wakefield can be derived as ϕ(ξ) =
−
∫

Ex(ξ)dξ such that Ex(ξ) = −∂ϕ(ξ)/∂ξ. This allows
us to determine the electron motion in the moving wake-
field from the conserved Hamiltonian:

H(ξ, px) = −|e|ϕ(ξ) + c
√

m2
ec

2 + p2x − vdpx (8)

Indeed, Eqs. (6)-(7) can be obtained from Hamil-
ton’s equations dpx/dt = −∂H(ξ, px)/∂ξ and dξ/dt =
∂H(ξ, px)/∂px. By setting dpx/dt = 0 and dξ/dt = 0,
we find a fixed point (ξ∗, p∗x) in the (ξ, px) phase space

where ξ∗ satisfies the condition E(ξ∗) = 0 and p∗x =

(vdme)/
√

1− v2d/c
2. The fixed point corresponds to a

scenario in which an electron with velocity vx = vd is co-
moving with the wakefield and does not exchange energy
with the longitudinal electric field.
We are interested in the electron dynamics inside the

first cavity of the laser-driven wake. The corresponding
longitudinal electric field can be approximated as [see
Fig. 5(a)]
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where E0 is the peak value of |Ex(ξ)| and is reached
at ξ1,3, while ξ2,4 denote the boundaries of the cav-
ity. As shown in Fig. 5(a), ξ4 = −ξ2 and ξ3 = −ξ1
as a result of the symmetry of the field with respect to
ξ0 = 0. Accordingly, the potential is calculated through

ϕ(ξ) = −
∫ ξ

−∞
E(ξ)dξ with ϕ(−∞) = 0, which gives
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(10)

For definiteness and without loss of generality, we con-
sider the following parameters vd/c ≈ 0.9997, ξ0 = 0,
ξ1 = −ξ3 = 10.4 µm, ξ2 = −ξ4 = 13.0 µm, and
E0 = 0.022mecω0/|e| ≈ 96GV/m. The above pa-
rameters are similar to those identified in the LWFA
experiments where GeV electron beams are produced
from a centimeter-scale underdense plasma [86]. The
corresponding minimum electron potential energy is
−|e|ϕ(ξ0)/(mec

2) ≈ 0.9.
For the above-mentioned parameters, Fig. 5(a) dis-

plays the profiles of the electric field Ex(ξ) and potential
ϕ(ξ) obtained from Eq. (9) and Eq. (10), respectively.
Figure 5(b) displays the corresponding values of the
HamiltonianH(ξ, px) as well as the phase space evolution
of a group of electrons initially located at ξ = 10µm with
momentum 1mec 6 px|t=0 6 10mec. Their evolution in
(ξ, px) clearly shows that there exists a longitudinal mo-
mentum threshold pth for the occurrence of electron trap-
ping in the wake. This allows us to determine whether an
energized electron gets trapped by the wakefield Ex(ξ) or
slides away from the potential cavity [see Fig. 5(b)]. The
electrons with px|t=0 < pth are not sufficiently fast to be
trapped by the forward-moving wake. Thus, they slide
away from the wake cavity and are not injected. These
electrons are termed untrapped electrons. By contrast,
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such as the relative laser polarization. Model estimates
are in good agreement with quasi-3D FBPIC simulations
over a broad range of experimentally relevant laser pa-
rameters. While it was already shown that the colliding
pulse injection scheme reliably provides electron beams
with excellent quality [56–59], here we have shown that
this scheme also enables to control the degree of spin-
polarization of the generated beam. Remarkably, the re-
quired relatively low laser power of this scheme, a0 = 2
(a1 = 0.05) and w0 = 8µm corresponding to 8.7 TW
(5.4 GW), empower stable, reliable, and highly control-
lable operations even at high repetition rates, which is
particularly relevant for applications such as precision
measurements in fundamental physics [88, 89].
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Appendix: Spin pusher

The spin of an electron in an electric E and magnetic
B field precesses according to the Thomas-Bargmann-
Michel-Telegdi (TBMT) equation [67, 68]

ds

dt
= Ω× s, (A.1)

where Ω = ΩT +Ωa with

ΩT =
|e|

mec

(

B

γ
−

β

1 + γ
×E

)

, (A.2)

Ωa =
ae|e|

mec

[

B −
γ

1 + γ
β(β ·B)− β ×E

]

, (A.3)

where γ =
√

1 + p2/m2
ec

2 is the Lorentz factor of the
electron, β = p/γmec is its normalized velocity, and ae ≈
1.16× 10−3 is the electron anomalous magnetic moment.
Note the equations above are specific to electrons through
their dependence on the anomalous magnetic moment ae.
The leap-frog equation obtained by discretizing Eq. (A.1)

and with the electromagnetic fields En, Bn at step n is

sn+1/2 − sn−1/2

∆t
= Ω

n × sn. (A.4)

Here we have used the following definition for the mid-
point spin and momentum

sn =

(

sn+1/2 + sn−1/2
)

2
, (A.5)

pn =

(

pn+1/2 + pn−1/2
)

2
, (A.6)

γn =
√

1 + (pn)2/m2
ec

2. (A.7)

By inserting these quantities into Eq. (A.4) one imme-
diately obtains |sn+1/2| = |sn−1/2|. Eq. (A.4) can be
rewritten as

sn+1/2 = s′ + (h× sn+1/2), (A.8)

where h = Ω
n∆t/2 and s′ = sn−1/2 +h× sn−1/2. Now,

Eq. (A.8) is a linear system of equations in the unknown
sn+1/2, whose solution is

sn+1/2 = o [s′ + (h · s′)h+ h× s′] , (A.9)

where o = 1/(1 + h2). The same approach discussed
above can be employed for advancing the momentum [90].
Following the work in Ref. [34], several schemes

leveraging pre-polarized plasma generation via laser-
induced molecular photodissociation [35–37] have been
proposed [38–51]. Although not used in the present ar-
ticle, this motivated us to improved FBPIC not only by
adding the electron spin degrees of freedom and their
evolution as detailed above, but also the capability to
model the initial spin state of electrons originating from
the photodissociation of hydrogen halides molecules such
as HCl. In fact, as with the momentum and position, an
initial value for the spin must be provided for all species
of particles.
For molecules such as HCl, which are not considered

in this paper, the unpaired outer-shell electron of H and
Cl has an initial spin along the propagation axis after
ionization, whereas the many spin-paired inner-shell elec-
trons must be treated differently. In practice, when an
inner shell electron of Cl is ionized, its initial spin is ran-
domly oriented in space, to account of the fact that no
orientation is present for these electrons. Ideally, a more
sophisticated model would include quantum mechanical
effects when determining the initial spin, of each succes-
sive electron emitted by ionization, but our simpler ap-
proach suffices for capturing the essentially dynamics of
polarized electrons obtained with the technique of laser-
induced molecular photodissociation.
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A. Lehrach, A. Pukhov, T. P. Rakitzis, D. Sofikitis, and
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