
PHYSICAL REVIEW RESEARCH 4, L022028 (2022)
Letter

Trapping and acceleration of spin-polarized positrons from γ photon splitting in wakefields
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Energetic spin-polarized positrons are very useful for forefront research such as e−e+ collider physics, but it is
still quite challenging to generate such sources. Here, we propose an efficient scheme of trapping and accelerating
polarized positrons in plasma wakefields. By developing a fully spin-resolved Monte Carlo method, we find that
in the nonlinear Breit-Wheeler pair production the polarization of intermediate γ photons significantly affects the
pair spin polarization, and ignoring this effect would result in an overestimation of the pair yield and polarization
degree. In particular, seed electrons colliding with a bichromatic laser create polarized γ photons which split into
e−e+ pairs via the nonlinear Breit-Wheeler process with an average (partial) positron polarization above 30%
(70%). Over 70% of positrons are then trapped and accelerated in the recovered wakefields driven by a hollow
electron beam, obtaining an energy gain of 3.5 GeV/cm with slight depolarization. Our method provides the
potential for constructing compact polarized positron sources for future applications and may also attract broad
interest in strong-field physics, high-energy physics, and particle physics.
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Plasma-based wakefield accelerators have attracted world-
wide attention in recent years due to their capability of
providing acceleration gradients three orders of magnitude
higher than conventional radio-frequency accelerators [1–3].
This promises a new possibility for future electron-positron
(e−e+) colliders with a relatively compact size and low cost
[4–6], in which polarized particles are preferred because they
are favorable for observing special chiral couplings and sup-
pressing unwanted reaction channels [7]. Polarized electron
sources are mostly based on the photodissociation of hydro-
gen halides [8] and many proposals for producing polarized
electrons from wakefields have been explored [9–11]. Polar-
ized positron sources are commonly generated either via a
radiative process (Sokolov-Ternov effect) in a storage ring
[12–14] or high-energy polarized γ photons interacting with
a high-Z target (Bethe-Heitler pair production) [15]. For the
former, the polarization time is rather long since the magnetic
fields of a synchrotron are quite weak; for the latter, the
positron density is limited by low photon luminosity [16–18].
Recently, state-of-the-art laser pulses with peak intensities
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up to 1022 W/cm2 [19–22] have enabled the excitation of
nonlinear quantum electrodynamics (QED) processes [23,24]
in laser-matter interactions [25–28]. Accordingly, GeV-level
polarized positron beams can be generated directly from
intense laser pulses. It is mainly through the radiative polar-
ization effect in, e.g., a bichromatic laser pulse [29] and an
elliptically polarized laser pulse [30] (transverse polarization),
or via the helicity transfer from polarized γ photons [31]
(longitudinal polarization). Unfortunately, none of the above
methods can generate ultrahigh-energy (hundreds of GeV)
polarized positron beams for applications in high-energy and
particle physics (e.g., a polarized e−e+ collider [32]). There-
fore, it is important to explore viable schemes to synchronize
polarized positrons for acceleration in plasma wakefields.
Moreover, the significant impact of the polarization of in-
termediate γ photons on the pair spin polarization in the
nonlinear Breit-Wheeler (BW) process was not considered in
Refs. [29,30], and only a particular case for circularly polar-
ized γ photons was taken into account in Ref. [31]. We will
discuss generally the effect of γ photon polarization on pair
spin polarization in this Letter.

We also underline that the trapping and acceleration of
polarized positron beams in plasma wakefields are still quite
challenging and rarely studied. Previous schemes [33] for
the effective trapping and acceleration of electrons in plasma
wakefields [34,35] are not applicable for positrons since
the transverse fields in nonlinear wakes usually defocus the
positrons. To solve this problem, long positron beams are used
to provide head-to-tail energy transfer in self-loaded plasma
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FIG. 1. Interaction scenario of polarization, trapping, and acceleration of positrons. (a) A hollow electron beam copropagates with a seed
electron beam along the +z direction with a separation distance d . (b) A LP bichromatic laser pulse, polarizing in the x′-z′ plane, collides with
the seed beam with a collision angle θL and disrupts the bubble. (c) When the laser leaves, the bubble gradually recovers and traps the positrons.
During the bubble closing, the transverse fields (red-black gradients) near the bubble axis can focus the positrons and repel the electrons; the
front parts of the longitudinal fields (purple-orange gradients) accelerate the positrons and decelerate the electrons. The black arrows indicate
the force felt by the positrons due to the wakefields.

wakefields [36]. Shaped drivers [37,38] or plasmas [39–42]
enable a region where positrons can be accelerated and
simultaneously focused. In these schemes, however, positron
beams are assumed to be preloaded and the beam polarization
property is neglected.

In this Letter, we propose a compact scheme to generate
polarized positrons and inject them into plasma wakefields
with further acceleration to high energies (i.e., solving the key
difficulties of positron polarization and injection in plasma
acceleration). The positron generation and polarization are
studied quantum mechanically, while the bubble-recovery-
based positron trapping and subsequent acceleration and
depolarization in wakefields are studied semiclassically via
our developed fully spin-resolved Monte Carlo method. The
interaction schematic is shown in Fig. 1. A hollow electron
beam working as a wake driver propagates into a low-density
plasma and excites nonlinear wakefields (bubbles). Behind it,
another copropagating seed electron beam collides with an
ultraintense linearly polarized (LP) bichromatic laser pulse
to emit abundant LP γ photons via nonlinear Compton scat-
tering, which could further decay into transversely polarized
pairs through the nonlinear BW process [see Fig. 1(b)] due
to asymmetric pair production and polarization probabilities
in the laser positive and negative half cycles. We underline
that it is necessary to take the polarization of intermediate γ

photons into account. Otherwise, the yield and polarization
of positrons will be remarkably overestimated (see Fig. 2).
During the collision of the laser and seed beam, the wake
structure driven by the driver beam is first destroyed [see
Fig. 1(b)] and then gradually self-recovers downstream of
the laser-seed beam collision point [see Fig. 1(c)]. Some of
the created high-energy polarized positrons can be trapped in
the recovered wakefields and then accelerated by the wake-
fields [see Fig. 1(c)]. In our simulations over 70% positrons
are finally injected into the wake and get further accelerated to
an average energy beyond 1.2 GeV in 1 mm, with an average
polarization exceeding 30%. The partial polarization of the
positrons within the full width at half maximum (FWHM)

FIG. 2. Evolutions of the total positron number NTot.
+ inside the

first bubble (black dotted), captured positron number inside the
focusing region NCap.

+ (black solid), and average polarization of cap-
tured positrons S+ (blue solid) by considering the polarization of
intermediate γ photons, respectively. The blue dashed-dotted curve
(S

No
+ ) indicates the average polarization of captured positrons for

the case of artificially neglecting the polarization of intermediate
γ photons. (b) Average energy of captured positrons ε+ (red circles)
and its linear profit (black dashed) vs the interaction time t , respec-
tively, with an acceleration gradient G ≈ 3.58 GV/cm. (c) Energy
spectra of captured positrons dN+/dε+ [at the instant of completing
the pair creation ti = 40T1 (black dashed-dotted) and at the end of
the simulation t f = 1000T1 (black solid)] and S+ at t f (blue solid)
vs the positron energy ε+, respectively. (d) Normalized angular dis-
tributions of positrons at ti (black dashed-dotted) and t f (black solid),
and S+ at t f (blue solid) vs the transverse angular divergence of the
positrons θ+ = arctan(p+,x/p+,z ), respectively. The initial parame-
ters of the laser pulse, electron beams, and plasma are given in the
text.
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FIG. 3. (a) Analytical value of S+ with respect to χγ and ε+/εγ ; see the analytical expression in the SM [43]. (b) χ+ vs t . (c) [(d)] Focusing
fields Wx = Ex − By felt by positrons normalized by E0,1 = 2πm/λ1e (red-black gradients) and positron density contours log10(n+/np,0 ) (cyan-
blue gradients) with respect to the comoving frame variable ξ = z − t and x. The green curve represents the longitudinal distribution of Wx

[with x = xwake + dx and t = 100T1 (t = 1000T1), where the bubble axis is at xwake ≈ −0.03λ1 (xwake ≈ −0.34λ1)]. Ex and By are transverse
components of the wakefields, respectively. (e) [(f)] Distribution of the positron number (log10 N+) with respect to p+,x and x. The blue
line represents Wx at ξ = 3.5λ1 vs x at t = 100T1 (t = 1000T1). (g) [(h)] Distributions of background electron density np/np,0 (white-blue
gradients) and contours of seed electron density log10(ns/np,0 ) (white-magnet gradients) with respect to ξ and x. The green curve represents
the longitudinal electric field Ez at x = xwake + dx vs ξ at t = 100T1 (t = 1000T1). (i) [(j)] Distributions of S+ with respect to p+,z and x. The
blue curve represents Ez at ξ = 3.5λ1 vs x, at t = 100T1 (t = 1000T1). Other parameters are the same with those in Fig. 2.

of the energy spectrum can exceed 70% [see Fig. 2(c)]. The
effectiveness of our proposed scheme has been proved for
a large range of electron and plasma parameters by three-
dimensional (3D) particle-in-cell (PIC) simulations [see more
details in the Supplemental Material (SM) [43]]. The de-
tailed injection and acceleration processes are discussed in the
following.

We develop a Monte Carlo algorithm and implement it in
the two-dimensional (2D) and 3D QED PIC code (bench-
marked by the EPOCH code [44]) to describe the creation
and polarization of the pairs quantum mechanically by using
spin-resolved probabilities of nonlinear BW pair production
[43], which are derived from the QED operator method [45]
in the local constant field approximation (valid at the in-
variant laser field parameter a0 = |e|E0/mω � 1) [23,46–
48]. To efficiently generate γ photons and pairs requires
the nonlinear QED parameters χe ≡ |e|

√
−(Fμv pv

e )2/m3 � 1
(for electrons) and χγ ≡ |e|

√
−(Fμvkv

γ )2/m3 � 1 (for γ pho-
tons) [23,46]. Here, Fμv is the field tensor, pv

e and kv
γ the

4-momenta of the electron and γ photon, respectively, e and
m the electron charge and mass, respectively, and E0 and ω

the laser amplitude and frequency, respectively. Relativistic
units with c = h̄ = 1 are used throughout. The simulations of
spin-resolved electron (positron) dynamics and photon emis-

sion and polarization follow the semiclassical algorithms in
Refs. [30,49,50]. See more details of our simulation method
in the SM [43].

We carry out 2D simulations to illustrate our scheme, and
3D simulations are only employed to test high-dimensional
effects due to computational limitations. The simulation pa-
rameters of the laser pulse, electron beams, and plasma
are summarized as follows. A tightly focused LP Gaussian
bichromatic laser pulse propagates along the −z′ direc-
tion with θL = 105◦ and polarizes in the x′-z′ plane, with
wavelengths λ1 = 1 μm (period T1) and λ2 = 0.5 μm, pulse
durations τ1 = τ2 = 6T1, focal radii w1 = w2 = 2 μm, and
peak amplitudes a1 = 4a2 ≈ 67 (corresponding to peak in-
tensities I1 = 4I2 ≈ 6.15 × 1021 W/cm2). An unpolarized
elliptical seed beam propagates along the +z direction, with
an average energy εs,0 = 4 GeV, major axis Lmaj = 7 μm, and
minor axis Lmin = 2 μm. A hollow driver beam is initially
placed at the entrance of the plasma, with an average energy
εd,0 = 1 GeV, outer radius wout = 3 μm, inner radius win =
1.5 μm, and length Lh = 9 μm. The density, energy spread,
and angular divergence of the two electron beams are ns,0 =
nd,0 = 0.1nc with a Gaussian distribution (the critical density
nc = 1.1 × 1021 cm−3 with respect to the laser pulse with a
wavelength of λ1), �εs,0/εs,0 = �εd,0/εd,0 = 0.1, and �θs =

L022028-3



WEI-YUAN LIU et al. PHYSICAL REVIEW RESEARCH 4, L022028 (2022)

FIG. 4. (a)–(d) Variations of NCap.
+ (black square), S+ (blue trian-

gle), and ε+ (red circle) of captured positrons at t f with respect to
θL , w1 (w1 = w2 with a fixed laser energy), d , and win, respectively.
Other parameters are the same with those in Fig. 2.

�θd = 0.1 mrad, respectively. Here, the delay distance of the
two electron beams is d = 0 μm [other cases with different
d are given in Fig. 4(c)]. More parameter scans for the driver
beam size and other effects are shown in Fig. 4. The density
of the background plasma (composed of H+ and electrons)
is np,0 = 0.01nc. Note that the efficient excitation of a wake-
field with central focusing fields for the positrons requires
the driver beam to satisfy win/σx � 3 and kpσz � 2 [38,51],
where σx and σz are the transverse and longitudinal sizes of the
driver beam and kp = 2π/λp with λp = √

πm/np,0e2. Here,
we use win/σx = 3 and kpσz ≈ 1.8, and the simulation domain
is 60λ1(x) × 80λ1(z) with grid resolutions dx = dz = λ1/50.
The main results of the positron trapping, acceleration, and
polarization in 2D simulations are shown in Figs. 2 and 3 (cor-
responding 3D simulation results are given in the SM [43]).
The pair production process is completed at a distance of
ti ≈ 40T1, where the bubble has not yet fully recovered,
and nearly 4 × 106 positrons are created with a yield ratio
N+/Ns ≈ 0.4% (corresponding to a density of n+ ∼ 10−4nc)
and an average polarization (mainly along the magnetic
field direction y) S+ ≈ 33.52% [see Fig. 2(a)]. As we men-
tioned before, if the polarization of intermediate γ photons
is artificially neglected as usual, S+ will be considerably
overestimated by exceeding 68% [see the blue dashed-dotted
line in Fig. 2(a), S

No
+ ≈ 53.5% at t f ]. Therefore we include

these effects in our simulations and the analytical calcu-
lation of positron polarization is shown in Fig. 3(a). The
polarization degree is inversely proportional to the positron
energy, which affects the final polarization distribution of the
accelerated positrons [see Fig. 2(c)]. Since in our case the
QED parameter of the positron χ+ ∝ awakeγ+[1 − cos(θL )] 

1 [see Fig. 3(b)], the radiative depolarization effect is very
weak, where awake represents the invariant field parameter
and γ+ the Lorentz factor of the positron. The depolariza-

tion effect derived from the spin procession in the wakefield,
mainly governed by the Thomas-Bargmann-Michel-Telegdi
equation [52–54] (the Sokolov-Ternov effect and the Stern-
Gerlach force are ignorable [55,56]), is also quite weak
[9,57]. Consequently, the final positron polarization distribu-
tion mainly depends on the initial pair creation process and the
conditions for the positron selection during the trapping and
continuous acceleration processes. The last two processes rely
on the wakefield structure. The positrons inherit transverse
momenta p+,x from the seed electrons via intermediate γ

photons. During acceleration, the positrons with large p+,x

may escape from the central focusing region and are then
expelled out of the bubble by the outer defocusing trans-
verse field. The positrons with low p+,x can be continuously
trapped in the acceleration phase [see Figs. 3(c)–3(f)]. Finally
at t f = 1000T1 about 74.12% positrons are accelerated with
an average energy increase of about 350 MeV in a distance
�1 mm, reaching ε+ ≈ 1.24 GeV [see Fig. 2(b)], and the
acceleration gradient is G ≈ 3.53 GV/cm [see Figs. 3(g)
and 3(h)]. This gradient is about two orders of magnitude
higher than that in Ref. [38], where a plasma with lower
density is required for easier injection. Positrons are acceler-
ated with only slight depolarization [see Fig. 2(a)], leading to
the final average polarization of S+ ≈ 31.77%. In the period
of 200T1 � t � 1000T1 some high-energy positrons with low
polarization gradually escape from the focusing region [see
Fig. 3(j)], therefore, the polarization increases a little. At t f the
positron polarization distribution around the peak area of the
energy spectrum within the FWHM declines approximately
from 70% to 15%. Such a distribution provides a possible way
to further increase the polarization by the energy-selection
technique [58].

Besides the trapping ratio and polarization degree, the
energy spread and divergence are also important factors for
future applications. In Fig. 2(c), we find that the relative en-
ergy spread of the positrons decreases by about 26% after the
wake acceleration compared to the instant of the pair creation
ti, while the absolute energy spread does not increase during
the acceleration, because the seed beam not only “provides”
the pairs but also flattens the local acceleration field [see
Figs. 3(g)–3(j)] assuring uniform acceleration and avoiding
energy dispersion. The angular divergence of the positron
beam is also improved by the focusing field to �θ+ ≈ 20
mrad, which is about 50% lower than that at ti [see Fig. 2(d)—
the polarization is nearly uniform (S+ ≈ 32.67%) within the
FWHM labeled by the two dashed purple lines]. One can
see that there is an asymmetric angular distribution at t f in
Fig. 2(d). This is induced by the unbalanced plasma perturba-
tions [indicated in Figs. 3(d) and 3(f)], originating from the
laser incidence from one side.

Finally, we study the impact of the initial parameters on
the trapping, acceleration, and polarization of the positrons
in Fig. 4 (see more details in the SM [43] as well). As the
collision angle θL increases from 95◦ to 125◦ (see the interac-
tion scenario in Fig. 1), the probabilities of photon emission
and pair production (determined by χe ∝ a0γe[1 − cos(θL )]
and χγ ∝ a0kγ [1 − cos(θL )], respectively) are both enhanced,
thus NCap.

+ increases. At the same time the average en-
ergy decreases due to ε+ ∝ ∑

εγ /NCap.
+ ∝ ∑

εs,0/NCap.
+ . S+
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decreases as well since the asymmetry of the spin-resolved
pair production probabilities in the laser positive and nega-
tive half cycles is weakened and the radiative depolarization
effect is enhanced [see Fig. 4(a)]. As the laser focal radius
w1(w2) increases with a fixed laser energy J , the laser peak
amplitude a0 ∝ √

J/w1 and NCap.
+ ∝ a2

0 ∝ J/w2
1 decrease, and

accordingly, S+ and ε+ are both enhanced [see Fig. 4(b)].
As the distance between the seed and driver beams d rises
up, more low-energy positrons with high polarization can-
not enter the focusing region to be steadily accelerated (i.e.,
NCap.

+ and S+ both decrease), and the enhancement of the
acceleration field by the seed beam [indicated in Figs. 3(g)
and 3(h)] is weakened (i.e., ε+ decreases) [see Fig. 4(c)].
Thus, the condition of d � λp/2 should be satisfied. As the
inner radius of the driver beam win increases (more feasible
in experiments), more plasma electrons converge into the
hollow region to create a larger transverse size of the focus-
ing region [38,43], therefore, more positrons can be trapped
and the depolarization effect induced by the escape of high-
polarization positrons is weakened (i.e., S+ increases) [see
Fig. 4(d) and more details in the SM [43]]. We underline
that in our scheme the positrons are transversely polarized
and can be used to investigate specific triple gauge couplings
and W -physics, and to test the validity of the standard model
and for the discovery of “new physics” [59]. Furthermore, an

arbitrary spin orientation can be realized through a proper spin
rotator [7].

In conclusion, utilizing both advantages of the laser-driven
QED process and plasma wakefield acceleration we have pro-
posed a compact scheme for positron polarization, trapping,
and acceleration. Dense GeV positron beams with a spin po-
larization up to 70% and improved beam quality compared
with the scheme of a single laser-electron collision can be
achieved, in which the polarization of intermediate γ photons
in the nonlinear BW process must be considered. This scheme
has the potential for testing QED physics with upcoming
10-PW lasers, where the obtained polarized positron beam can
be applied to investigate the structural properties of the mate-
rial [60] and determine the nucleon structure [61]. By using
multistaged wakefield acceleration with currently achievable
laser facilities, this scheme also provides a possible way to
generate highly polarized positron beams with hundreds of
GeV energy for future compact research and application plat-
forms of high-energy and particle physics.
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