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Colliding pulse injection of polarized electron bunches in a laser-plasma accelerator
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Highly polarized, multi-kiloampere-current electron bunches from compact laser-plasma accelerators are

desired for numerous applications. Current proposals to produce these beams suffer from intrinsic limitations

to the reproducibility, charge, beam shape, and final polarization degree. In this paper, we propose colliding

pulse injection (CPI) as a technique for the generation of highly polarized electron bunches from prepolarized

plasma sources. Using particle-in-cell simulations, we show that colliding pulse injection enables trapping and

precise control over electron spin evolution, resulting in the generation of high-current (multi-kA) electron

bunches with high degrees of polarization (up to 95% for >2 kA). Bayesian optimization is employed to optimize

the multidimensional parameter space associated with CPI to obtain a percent-level energy spread, submicron

normalized emittance electron bunches with 90% polarization using 100-TW class laser systems.
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I. INTRODUCTION

Spin-polarized electron beams are of fundamental impor-

tance in atomic, nuclear, and particle physics [1–4] due to

the possibility of increasing the sensitivity of fundamental

processes and enabling results competing with high-energy

accelerators [5]. As such, polarized beams are also con-

sidered in many proposals for future colliders [6], e.g., to

enhance the searches at these machines for physics beyond

the standard model [7]. Furthermore, polarized electrons

can be used to generate polarized beams of photons [8] or

positrons [9], which are of great interest in material science

applications [10].

Currently, the main sources of polarized electron beams are

storage rings relying on radiative polarization (the Sokolov-

Ternov effect) [11] and polarized photocathodes [12]. These

machines rely on radio-frequency (rf) technology and are

therefore large scale and scarce. Laser-plasma acceleration

(LPA) [13,14] offers an exciting alternative to conventional

accelerator technology by utilizing 100-GV/m-level acceler-

ation gradients in plasma waves excited by an ultrahigh laser

pulse in a tenuous plasma. Alternative sources of polarized

beams have been proposed [15,16], including techniques to

create spin-polarized electron beams with orders of magnitude

higher peak currents than rf sources with compact LPAs.

Concepts such as generation of polarized beams from pre-

polarized plasma sources using density down-ramp injection

(DDR) [17], self-injection (SI) [18], or Laguerre-Gaussian
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(LG) laser beams [19] have been put forward. Several

proposals also exist for employing beam-driven plasma

accelerators [20–22] or interactions with ultrahigh-intensity

laser pulses [23–27] to generate spin-polarized electron

bunches.

Among these novel polarized electron beam source propos-

als, LPA-based concepts show the highest near-term potential.

Yet all currently proposed methods suffer from limitations

hindering their practical implementation. The azimuthal mag-

netic field inside the LPA acceleration cavity decreases the

polarization of electrons injected off axis in the DDR case,

limiting the driver laser to a0 � 1 and consequently the charge

of highly polarized electron bunches to hundreds of femto-

coulomb [17]. Here, a0 ≃ 0.85λ0( µm)
√

I0(1018 W cm−2) is

the peak normalized laser vector potential, where λ0 and I0 are

the laser wavelength and peak intensity, respectively. Further-

more, the low a0 necessitates very sharp density transitions,

which are difficult to generate. Studies have shown that highly

spin-polarized beams can be self-injected, but deviations from

perfect spherical symmetry will severely downgrade beam po-

larization [18]. And while high current and polarization can be

achieved using LG laser drivers, the resulting annular electron

beams can be impractical and very sharp density transitions

are again required [19].

In this paper, we propose using colliding pulse injection

(CPI) [28–30] to create highly polarized (>90%), high charge

(tens of pC), and low normalized emittance (<1 mm mrad)

electron beams with percent-level energy spread from a pre-

polarized plasma source. The easily adjustable degrees of

freedom stemming from the colliding laser pulse properties

enable control over the phase-space volume of the injected

bunch and spin depolarization during the injection process.

We employ Bayesian optimization [31,32] to tune some of the

available degrees of freedom to demonstrate the generation

of high-quality, highly polarized electron bunches, thereby

exemplifying the huge potential of this technique.
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FIG. 1. Schematic setup of a laser plasma accelerator employ-

ing CPI for the generation of spin-polarized electron beams from a

prepolarized plasma source; the different laser beams are discussed

in the main text. The inset shows parameters that can be varied to

optimize the injected electron bunch parameters: plasma density ne,

collision point zc, focal plane z f ,0 (z f ,1), and intensity a0 (a1) of the

driver (collider) laser.

II. POLARIZATION IN COLLIDING PULSE INJECTION

A schematic setup for polarized LPA using CPI is shown

in Fig. 1. CPI employs a second laser pulse (orange) counter-

propagating to the LPA driver (red), with the standing wave

set up in the vicinity of their collision point enabling trapping

of background electrons.

The plasma source could be prepolarized using hydro-

gen halide molecular dissociation [33–38]. A subnanosecond

alignment laser perpendicular to the LPA driver (purple)

aligns the molecular bonds. Subsequently a circularly polar-

ized UV pulse (teal) dissociates the halide molecule, resulting

in two polarized valence electrons from the hydrogen-halide

bond. After full ionization of outer shell electrons this would

result in a maximum polarization of 25% for hydrogen

halides. The delay from dissociation to injection into the

wakefield must be of the order of tens of picoseconds, much

smaller than the time for hyperfine coupling transferring po-

larization from electrons to nucleus [36]. To increase the

prepolarization degree towards 100%, the dissociated hy-

drogen atoms with their spin-polarized electrons could be

spatially separated from the halide atoms via resonance-

enhanced multiphoton ionization of the halide atoms [19,39]

or other methods [40]. Alternatively, the prepolarization tech-

nique could potentially be extended to pure hydrogen in the

future, e.g., using lasers with λ � 100 nm for the dissociation,

which are only recently becoming available [41], or other

developments that enable the production of spin-polarized

hydrogen. In an experiment, only the restricted volume where

electrons are trapped must be prepolarized. CPI is greatly

advantageous as the location of the collision point can easily

be adjusted to this prepolarized volume; indeed, a micron-

scale overlap of multiple laser pulses at arbitrary positions in

a plasma has already been demonstrated [42]. In this paper,

we assume a 100% prepolarized plasma source to study the

achievable spin polarization using CPI.

Bunch injection in CPI can be described in terms of elec-

tron trapping, utilizing the Hamiltonian H(pz, ξ ) inside the

potential well of a nonlinear plasma wave [43,44], where

FIG. 2. (a) The Hamiltonian of a test electron in a plasma wave,

showing an untrapped (dashed line) and trapped (solid line) or-

bit. (b) Longitudinal momentum distribution of test electrons with

r < w1 after interacting with a collider pulse of varying intensity

in vacuum, showing the onset and increase of stochastic electron

heating. (c) Histogram of sz after an interaction with a colliding

pulse, highlighting the reduction of polarization due to stochastic

heating. Laser parameters were a0 = 2.5, w0 = 20 µm, w1 = 5 µm.

H = const along an electron orbit, as shown in Fig. 2(a).

An electron in an untrapped orbit [black dashed line in

Fig. 2(a)], where it simply passes the plasma wave, can move

to a trapped orbit [black solid line in Fig. 2(a)] where it is

accelerated inside the plasma wave by gaining momentum.

The interference of the driver and collider laser with peak

normalized vector potentials a0 > a1, respectively, creates a

standing (vph = 0) beat wave causing the stochastic heating

of electrons [45–48]. The longitudinal momentum pz gained

in the heating process enables some electrons to become

trapped in the plasma wave [28–30,48]. In Fig. 2(b) the lon-

gitudinal momentum distribution of electrons is shown for

varying colliding pulse strengths, showing how increasing a1

causes more heating, resulting in a larger fraction of electrons

gaining higher amounts of pz. The theoretical framework of

spin-polarized bunch injection in CPI is developed in more

detail in Ref. [44].

To study the electron spin evolution in CPI, the Thomas-

Bargmann-Michel-Telegdi equation [49] describing the spin

dynamics of electrons can be used. The spin vector s of unit

length evolves according to classical spin dynamics in time-

varying electric and magnetic fields as

ds

dt
= (�T + �a) × s, (1)

with

�T = qe

me

(

1

γe

B − β

1 + γe

× E

c

)

, (2a)

�a = ae

qe

me

[

B − γe

1 + γe

β(β · B) − β × E

c

]

, (2b)
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where γe = 1/
√

1 − β2 is the Lorentz factor of the electron,

β = v/c is the normalized velocity, and me, −qe, and ae ≈
1.16 × 10−3 are the electron mass, charge, and anomalous

magnetic moment, respectively. Given that the spin precession

rate depends on β, it is clear that the chaotic motion due

to stochastic heating in the standing beat wave also results

in stochastic evolution of the spin vector s. This causes a

fraction of initially polarized (e.g., along êz) electrons to be-

come depolarized, as shown in Fig. 2(c), highlighting how

the stochastic heating from increasing a1 results in a larger

amount of depolarized electrons. Unlike in the previously

published regimes [18,19,50], where the spins precess due to

the strong azimuthal fields on the periphery of the bubble,

in CPI the depolarization is a result of stochastic effects, as

discussed in depth in another publication [44]. In CPI, the

stochastic spin depolarization of the injected electrons can

be suppressed by varying a1 and w1, while injecting close to

the axis inherently avoids strongly depolarizing azimuthal B

fields; zc can be varied to optimize energy gain and energy

spread of the bunch. These additional degrees of freedom en-

able CPI to be used to generate highly polarized, high-quality

electron bunches from prepolarized plasma targets.

III. SIMULATIONS OF POLARIZED COLLIDING

PULSE INJECTION

We used the quasi-three-dimensional (3D) particle-in-cell

code FBPIC [51,52] to study the generation of polarized elec-

tron beams using CPI. The code was modified to include the

particles’ spin properties [44] by implementing Eq. (1). Other

spin effects were not modeled [53] as the Stern-Gerlach force

is orders of magnitude smaller than the Lorentz force [50]

and the timescale for the Sokolov-Ternov effect [11], even

in the hundreds of GV/m field strengths present in LPAs,

is on the order of microseconds, being much longer than the

typical nanosecond duration of laser-plasma acceleration [54].

Scaling of the electron bunch spin polarization in CPI was

studied by performing a 2D grid scan varying the focal spot

size w1 and a1 of the colliding laser. Both lasers had a full

width at half maximum (FWHM) pulse duration of 30 fs and

λ0 = 800 nm. The plasma density profile in the simulations

consisted of a 50-µm linear ramp followed by a plateau

with ne = 1 × 1018 cm−3. The simulation box had a length

of 70 µm and a radius of 60 µm with 3000 and 500 cells,

respectively, and moved in the positive z direction at the speed

of light. The number of particles per cell was set to two, two,

and four for the longitudinal, radial, and azimuthal directions,

respectively, with three azimuthal modes used. The colliding

laser was injected backwards from an antenna and was set to

collide with the driver laser at z = 100 µm, which was also the

focal plane for both the driver and collider laser. A fully pre-

polarized and preionized plasma was modeled, with the initial

spin vector of the background electrons set to s = êz. The

electron beam parameters were analyzed after propagating the

driver beam through 500 µm of plasma, with the polarization

calculated as P = |�N
i si/N |.

Results of this scan are depicted in Fig. 3, highlighting

that even without careful optimization, CPI allows highly

FIG. 3. Variation of spin-polarized electron beam parameters.

(a) Charge and (b) polarization as a function of a1 and w1 with

w0 = 20 µm and a0 = 2.5. The red circles denote individual sim-

ulation results while the color scale is an interpolation over these

points. (c) The normalized emittance and polarization of the gener-

ated beams. (d) Peak current and polarization variation.

polarized bunches with submicron normalized emittance to be

generated. Figures 3(a) and 3(b) show that larger w1 as well

as increased a1 generate bunches with a higher charge at the

expense of spin polarization. This occurs as both a larger focal

spot size w1 and higher intensity a1 lead to a larger volume of

background electrons being stochastically heated, leading to

a larger fraction of electrons to become substantially depolar-

ized. Thus, highly polarized beams P > 70% are generated

employing moderate collider laser intensities a1 � 0.5 and

small collider spot sizes relative to the driver laser. Figure 3(c)

shows that normalized emittance on the order of 1 mm mrad

can be expected, especially for beams with high polarization

in the range of 60%–100%. The bunch charge is up to 50 pC

for beams with polarization as high as 90 %; correspondingly,

peak currents of several kiloamperes are reached, as depicted

in Fig. 3(d).

These results vastly outperform previously proposed

schemes for LPA-generated polarized beams, both for the

case of DDR [17,19] and self-injection [18], particularly in

terms of the generated bunch charge. We also note that in

Ref. [19], the longitudinal polarization of a Gaussian elec-

tron beam was calculated to vary as P = sinc(0.0072Ipeak),

meaning a fully depolarized beam P = 0 would be expected

for Ipeak = 4.5 kA. This limitation is, however, derived from

and inherently linked to the density down-ramp profile used

in that study. From our work it is clear that highly polarized,

high-current electron bunches can indeed be generated using

Gaussian laser pulses.
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IV. BAYESIAN OPTIMIZATION OF POLARIZED

COLLIDING PULSE INJECTION

The use of the colliding laser pulse to inject electrons in-

troduces several free parameters that can be tuned to generate

electron bunches with desired application-specific parameters.

Together with the driver laser and plasma properties, this

spans a large, multidimensional parameter space. Recent work

has shown that Bayesian optimization (BO) algorithms are

very well suited for finding the optimal parameters for such

multidimensional problems [31,32]. We used the BO toolkit

OPTIMAS [55,56] to optimize a set of easily adjustable input

parameters to generate electron bunches with high charge,

low-energy spread, and high longitudinal polarization. In

these FBPIC simulations, the plasma profile consisted of a

100-µm-long linear ramp starting at z = 0 followed by a den-

sity plateau with ne. The varying (to be optimized) parameters

(cf. Fig. 1) were the collider intensity a1, the collision point

of the laser pulses zc, the focal plane z f (overlapping for both

lasers, i.e., z f = z f ,0 = z f ,1), the plasma density ne, and the

driver intensity a0. A fixed driver laser power P0 = 100 TW

was used, thus the variation of a0 also changed w0 as a2
0w

2
0 =

const. The collider spot size was fixed at w1 = 5 µm and

both pulses had a FWHM duration of 30 fs. The simulation

box length was 60 µm with 3000 cells in the longitudinal

direction, whereas the radius of the box was scaled to always

be r > 2.5w0, with �r = 120 nm. We note that in this opti-

mization the key free experimental parameters were varied,

i.e., these parameters would also be tuned in case of manual

optimization.

The beam properties were analyzed within the plasma af-

ter propagating the driver laser pulse for 1 mm. The fitness

function was set to f = −√
QEm/[�E (1 − P)], where Q is

the beam charge, Em is the median energy, �E is the median

absolute deviation of the energy, and P is the beam polar-

ization. The BO was run for 100 iterations. Despite the use

of only a limited set of varied parameters, the BO quickly

converged on a parameter region that results in the generation

of high-quality electron beams. The parameters for reaching

the lowest f were a0 = 2.68, w0 = 20.4 µm, z f = 135.3 µm,

zc = 281.4 µm, and ne = 8.2 × 1017 cm−3. The properties of

the bunch resulting in the lowest value of f are presented in

Table I, showing that electron bunches with a few percent en-

ergy spread, tens of picocoulomb of charge, and polarization

of 90% are achievable given the reasonable laser parameters

employed.

TABLE I. Properties of the bunch with lowest value of f

achieved by BO of the polarized CPI scheme.

Beam parameter Value Unit

Mean energy 85.2 MeV

Energy spread (rms) 4.4 %

Peak current 3.6 kA

Bunch duration (rms) 3.8 fs

Charge 31.8 pC

Normalized emittance, x plane 0.90 mm mrad

Normalized emittance, y plane 0.84 mm mrad

Spin polarization 0.90

FIG. 4. Optimized highly polarized electron beam. (a) Lon-

gitudinal phase space of the beam. (b) Evolution of sz during

acceleration. The color scale shows the distribution of sz while the

red line is P = 〈sz〉. (c) Evolution of beam energy.

The longitudinal phase space of the optimized beam is

shown in Fig. 4(a), highlighting the flattened energy distri-

bution. The evolution of the longitudinal spin component of

the accelerated electrons depicted in Fig. 4(b) indicates that

the spin distribution and beam polarization is stable at ∼90 %

after the electrons become highly relativistic, as has already

been shown previously [17,57]. Consequently, the electron

bunch energy could be increased by extending the acceleration

length without significantly altering the beam polarization. As

seen from Eq. (1), the spin precession depends only on ap-

plied fields, which suggests a lack of additional depolarization

in the plasma outcoupling down ramp. This was confirmed

by simulations of beam extraction from the plasma using

emittance-conserving plasma down ramps [58]. The electron

energy spectrum evolution depicted in Fig. 4(c) shows that

the bunch is almost optimally beam loaded [59], while also

indicating that dephasing or depletion are not yet limiting the

energy gain. The 100-TW class lasers have already been used

to demonstrate multi-GeV energy gains [60,61], suggesting

the electron beam energy could be extended to GeV and

beyond in a sufficiently long plasma source.

We note that the optimization presented above can be fur-

ther improved upon in the future, e.g., by allowing w1 or the

focal plane of the collider laser to be changed. Additionally,

the transverse or temporal profile of the collider laser could be

varied to create tailored bunch spatial or current profiles. For

example, a radially flattened beat-wave pattern arising from

an annular collider pulse could potentially further increase the

injected charge while maintaining the high polarization levels

demonstrated in this work. Overall, CPI shows great potential

to produce high-quality and high-current polarized electron

beams required for a host of applications.

The results above assume a fully prepolarized plasma s̄z =
1, which may be difficult to achieve experimentally. Simula-

tions using optimized parameters leading to beams depicted
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in Fig. 4 were carried out to study the final beam polariza-

tion P dependence on the initial plasma prepolarization s̄z.

A constant depolarization of 0.9 was found for s̄z = [0.3, 1].

Therefore, our results demonstrating low depolarization will

be instrumental in near-term experimental demonstrations

for spin-polarized LPA, even if performed with lower initial

prepolarization.

V. CONCLUSION

In summary, we show that narrow energy spread, low emit-

tance, and highly polarized electron bunches can be generated

using CPI in a prepolarized plasma source. The additional de-

grees of freedom in CPI enable precise control of the injection

process and subsequent beam loading, all the while allowing

high spin polarization of the bunch to be retained. Our work

represents orders of magnitude improvements of the delivered

beam charge while retaining high polarization upon previous

results, bringing the advent of high-current polarized LPAs to

within reach of currently commissioned laser systems. A CPI-

based, compact, thoroughly tunable source of highly polarized

electron beams is a very promising candidate for injectors at

future storage rings or linear collider setups or as an injector

upgrade for existing polarized storage rings [62]. Further, LPA

employing polarized CPI represents a long-awaited tool to ex-

pand access to scientific and industrial applications requiring

polarized particle beams.
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