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Laser wakefield acceleration is paving the way for the next generation of electron accelerators, for their
own sake and as radiation sources. A controllable dual-wake injection scheme is put forward here to
generate an ultrashort triplet electron bunch with high brightness and high polarization, employing a
radially polarized laser as a driver. We find that the dual wakes can be driven by both transverse and
longitudinal components of the laser field in the quasiblowout regime, sustaining the laser-modulated
wakefield which facilitates the subcycle and transversely split injection of the triplet bunch. Polarization of
the triplet bunch can be highly preserved due to the laser-assisted collective spin precession and the
noncanceled transverse spins. In our three-dimensional particle-in-cell simulations, the triplet electron
bunch, with duration about 500 as, six-dimensional brightness exceeding 1014 A=m2=0.1% and
polarization over 80%, can be generated using a few-terawatt laser. Such an electron bunch could play
an essential role in many applications, such as ultrafast imaging, nuclear structure and high-energy physics
studies, and the operation of coherent radiation sources.
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Laser wakefield acceleration (LWFA), especially in the
blowout regime driven by an intense laser pulse, can
accelerate electrons within the focusing and accelerating
phases of a plasma wave (essentially in one quarter of a
plasma wavelength) and can generate high-brightness
femtosecond electron bunches [1–5]. Quality of the wake-
field electron bunch is strongly injection-scheme depen-
dent, and the controllable schemes include field-ionization
injection [6–9], density-gradient injection [10,11], and
magnetic-field controlled injection [12,13]. Highly local-
ized injection can be implemented in order to accelerate
ultrashort electron bunches even at the attosecond scale in
LWFA [14–17]. A femtosecond (or attosecond) electron
bunch with very high brightness underpins ultrafast imag-
ing and microscopy [18–22] and can be used as an injection
beam in a multistage wakefield acceleration setup to
achieve high-quality GeV particle energies [23,24]. Six-
dimensional (6D) brightness, which characterizes the high-
quality wakefield electron bunch [25], can reach about
1015 A=m2=0.1% in experiments [26], and is utilized in the
operation of a free electron laser for injection [27–30], and
in the generation of compact monoenergetic sources of γ
rays and coherent x rays [31–34]. It has also been recently
proposed that the polarized electrons can be generated in a
controllable LWFA scheme [35–40], in which a pre-
polarized gas target can be prepared experimentally,
with densities reaching 1019–1020 cm−3, via ultraviolet

photodissociation of a hydrogen-halogen molecule [41–44].
The polarization can enhance the capacity of a high-
brightness electron bunch for utilization in a range of
applications [45], such as investigating the properties of a
magnetic material [46], nuclear structure studies [47,48],
and the construction of polarized γ-ray sources [33,49,50].
For production of a highly polarized electron bunch in

the plasma wakefield, depolarization must be mitigated.
The characteristic depolarization in a wakefield originates
predominantly from the sheath-current-induced azimuthal
magnetic field during injection [36,40]. Specifically, depo-
larization results from two sources: (i) continuous injection
of the electrons induces disperse precessions of initial spins
due to the evolving wakefield, and (ii) the azimuthally
symmetric distribution of transverse spins results in can-
cellation. Although depolarization from source (i) can be
mitigated by fine control of the driver and plasma param-
eters for the moderately relativistic intensity of wakefield,
the attainable current intensity and brightness are signifi-
cantly limited [36–39,51]. Because of the azimuthal sym-
metry of the sheath current, depolarization from source
(ii) cannot be eliminated in the currently available injection
schemes, to the best of our knowledge. In principle,
spin precession of the sheath electrons in the blowout
regime can be synchronized via ultrashort injection, even at
the attosecond scale, which results in the collective
spin rotation of an electron bunch, thus circumventing
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depolarization from source (i). Nevertheless, the currently
available methods of attosecond injection in the blowout
regime still cause depolarization from source (ii) [14–17].
Still, generation of a high-brightness polarized electron
bunch remains challenging.
In this Letter, we put forward a dual-wake injection

scheme for LWFA, as a result of which an ultrashort
electron bunch with high brightness and high polarization
can be generated. In this scheme, a tightly focused radially
polarized laser (RPL) pulse propagates through a plasma
with the density profile of a near-critical-density peak and a
sharp downward density jump, driving dual wakes in the
quasiblowout wake (QBW) regime [52]; see Fig. 1(a). The
laser-modulated wakefield in the dual wakes induces
oscillatory spin precession of the sheath electrons, whereby
the initial spin directions can be reversed at the end of the
injection stage; see Fig. 1(b). The principal parameters of
laser and plasma density, modeling the laser-assisted spin
precession, are elucidated analytically; see Fig. 1(c). Three-
dimensional (3D) particle-in-cell (PIC) simulations indicate
that the driven dual wakes cause the subcycle injection of
the transversely split triplet bunch, and demonstrate that the
depolarization is significantly mitigated due to the approx-
imately collective spin precession and transverse spins that
survive cancellation; see Figs. 2 and 3. The dynamical
processes associated with the spin precessions are eluci-
dated by carefully tracking the trajectories of individual
electrons in one beam of the triplet bunch; see Fig. 4.
Robust generation of ultrashort electron bunches with high

brightness and high polarization is tested by varying the
transition length of density jump; see Fig. 5.
The blowout regime arises when the laser pulse duration

τL matches the plasma wave period, i.e., when cτL ≲
2

ffiffiffiffiffi
a0

p
=kp [5]. Here, kp ¼ ωp=c, with the plasma frequency

ωp and the speed of light in vacuum c, and a0 is amplitude
of the laser vector potential. Violation of this condition for a
relatively long τL results in the QBW regime in which the
laser pulse overlaps the wake bucket. A tightly focused
RPL pulse has an intense longitudinal electric field EL

x , a
radial electric field EL

r and an azimuthal magnetic field BL
ϕ

[53,54], resembling the configuration of the plasma wake-
field and, thus, can be used to excite the laser-modulated
wakefield in the QBW regime. For a strongly nonlinear
plasma wake, the betatron frequency, ωβ ¼ ωp=

ffiffiffiffiffiffiffi
2γe

p
, with

γe ≃
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ a20=2

p
in the ponderomotive approximation,

characterizes the formation time of a plasma bubble by
half the betatron period τβ ¼ 2π=ωβ [55]. A RPL pulse of
wavelength λ ¼ 0.8 μm, power 10 TW, pulse duration 5T0

and a spot size of w0 ¼ 4λ, has τβ=2 in the range ≃8T0 to
5T0, which corresponds to a density range of ne ¼ 0.02nc
to 0.05nc. Here, T0 ¼ λ=c, and nc is the critical density.
In a feasible setup, the plasma density profile can be

initialized with a near-critical density peak and a sharp
downward density jump to realize the controllable injection
of high-quality electron bunches, which can be prepared
experimentally by triggering a shock front in a supersonic
gas jet [56–58]. This density profile can be modeled by an
analytical function with the combination of a Γ distribution
function and an asymmetric double sigmoidal function
[59], where the density jump can be characterized by the
transition length Xs and the density ratio n2=n1 and
parametrized according to the kinetic theory of gases
[60]; see left panel of Fig. 1(a). Thus, under the conditions
of the QBW regime and tight focusing of RPL pulse, the
dual wakes can be driven in this density profile with a
EL
r -driven donut wake and a EL

x -driven nonclosed wake;
see right panel of Fig. 1(a). The sheath electrons ride on the
laser phases in the injection region of the dual wakes and
get modulated by both the longitudinal and transverse laser
fields, with a λ=4 overlap. The longitudinal trapping
condition in the RPL-driven QBW is modified due to
the superposed laser vector potential and described
by variation of the pseudopotential Δψ ≤

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ β2⊥

p
=γb−

1þ ΔψL, where ΔψL ¼ evb=mec2½AL
x ðrfÞ − AL

x ðriÞ�, in
which EL

x ¼ −∂AL
x =∂t, and ri and rf, respectively, are

the initial and final radial positions of a sheath electron
[13]. Here, me and e are the electron mass and charge,
respectively. A sheath electron should be injected into the
acceleration phase of EL

x in order for it to copropagate with
the laser, which implies that the sheath electrons experience
integer numbers of laser cycles between AL

x ðrfÞ and AL
x ðriÞ,

and undergo subcycle injection.

FIG. 1. (a) Plasma density profile with a transition length Xs
between n1 and n2, with the Rayleigh length xR of a RPL pulse
also labeled. The schematic dual-wake plasma bubble is over-
lapped by the analytical laser intensity ðEL

x Þ2 þ ðEL
r Þ2 used in the

simulations. (b) Sketch of the spin precession of an electron
inside a plasma bubble. (c) Top: ratio of spin precision frequency
ΩT and betatron frequency ωβ vs ne, for different laser spot sizes.
Bottom: spin precession vs time in laser field (sx;L), wakefield
(sx;W), and superposed field (sx).
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In what follows, al ¼ ω=ωp, unless explicitly stated, and
the electric and magnetic fields are normalized by
e=ðmecωÞ and e=ðmeωÞ, respectively, with ω the laser
frequency. By analogy to the donut wake driven by a
Laguerre-Gaussian laser [61], components of the sphe-
rical bubble field are EW

r ¼ kpðr − rmÞ=4al, BW
ϕ ¼

−kpðr − rmÞ=4al, and EW
x ¼ kpðx − rb − vbtÞ=2al, where

rm ≃ w0=
ffiffiffi
2

p
, rb ≃ 2

ffiffiffiffiffiffi
a⊥

p
, with a transverse laser vector

potential a⊥ and a bubble velocity vb. For a bubble sheath
electron with spin vector s ¼ ðsr; sϕ; sxÞ in cylindrical
coordinates, irrespective of the Sokolov-Ternov effect
(∼ms scale in our model) [59] and the negligible Stern-
Gerlach force in LWFA [62], the spin precession can be
described by the Thomas-Bargmann-Michel-Telegdi
(TBMT) equation [63] ds=dt ¼ Ω × s ¼ ðΩT þΩaÞ × s,
where Ωa ¼ a½B − ðγe=γe þ 1Þβðβ × BÞ − β × E�, with
the anomalous magnetic moment of the electron
a ≈ 1.16 × 10−3, and ΩT ¼ ðB=γeÞ − ð1=ðγe þ 1ÞÞβ × E.
Recall that jΩaj ≪ jΩT j, ΩI

T ≃ BW
ϕ ϕ̂=γe dominates the spin

precession of a wakefield electron during the injection
stage, and ΩII

T ≃ ðBW
ϕ − EW

r Þϕ̂=γe ¼ −FW;⊥ϕ̂=γe domi-
nates during the acceleration stage [35,36,40]. In the
laser-modulated wakefield, the spin precession of a sheath
electron is also influenced by BL

ϕ and displays oscillatory
precession in each optical cycle. Qualitatively, BW

ϕ causes
the net precession and BL

ϕ causes the change of precession
direction at the end of the injection stage, resulting in the
laser-assisted spin precession of a sheath electron and
reversal of the spin vector; see in Fig. 1(b).
The laser-assisted spin precession can be elucidated by

resorting to the TBMT equation, using the spherical bubble
fields. Variation of the ratio jΩT j=ωβ with the plasma
density, for different values ofw0, is shown in Fig. 1(c), top.
Note that jΩT j can be comparable to the betatron frequency
ωβ in the bubble wakefield. The critical jΩT j=ωβ ¼ 1

means that the spin precession and betatron oscillation
are synchronous, causing s to reverse direction as a sheath
electron slips back to the bottom of the bubble, and the
depolarization increases linearly with density. To distin-
guish this from the case of the wakefield [35,36,40], the
laser-assisted precession frequencies are denoted by Ω0I

T ≃
ðBL

ϕ þ BW
ϕ Þϕ̂=γe and Ω0II

T ≃ ðFW;⊥ þ FL;⊥Þϕ̂=γe, corre-
sponding to the injection and acceleration stages, respec-
tively, of the laser-modulated wakefield, with
FL;⊥ ¼ EL

r − BL
ϕ resulting from employing the RPL fields

beyond the paraxial approximation. Calculations, employ-
ing sx ¼ cos ðjΩ0I

T jτβ=2Þ, indicate that the net precession,

FIG. 3. (a) Transverse and longitudinal density distributions of
injected electron bunches at a propagation time t ¼ 160T0, and
the laser’s longitudinal electric field EL

x is mapped on the
propagation plane. (b) Phase-space distribution of one beam of
the triplet bunch [shown inside a dotted ellipse in (a)] with the
energy spectrum and current distribution. (c) Temporal evolution
of polarization for the triplet bunch (PT ) and one of its component
beams (PT1).

FIG. 2. Snapshot at a propagation time t ¼ 52T0 of the plasma
density ne (gray) with (a) the transverse electric fields Ey and
(b) the longitudinal electric field Ex, superimposed upon it. The
injection region is indicated within a dashed rectangle and
structure of the wakes is indicated by solid and dashed lines.
(c) 3D plasma density with the projection of injected electrons on
the y–z plane. Transverse distributions of normalized current
density Jx and longitudinal velocity βx are sliced at the dash-lined
position of (a). (d) Sheath electrons with the spin directions
(green arrows) before and after injection.
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from sx ¼ 1 to sx ≃ 0 at 15T0, may be obtained from BW
ϕ ,

whereas the upward precession direction (from sx ¼ −1 to
sx ¼ 1 and vice versa) is due to the focused phase of BL

ϕ;
see Fig. 1(c), bottom. After t ¼ 15T0, sx precesses at Ω0II

T
with a downward precession direction due to the laser-
phase-locked injection into the defocused field with neg-
ative FL;⊥ þ FW;⊥.
In order to visualize the polarized acceleration in the

dual-wake injection scheme, 3D PIC simulations have been
carried out using EPOCH and incorporating the TBMT
equations [64,65]. In each case, a moving window along
the x direction is used, with a 25λðxÞ × 25λðyÞ × 25λðzÞ
simulation box divided into 640 × 160 × 160 cells. The
explicit truncated series expressions modeling the fields of
a focused RPL pulse are used [53], initialized with 10 TW
power, w0 ¼ 3 μm and τL ¼ 10 fs. With Xs ¼ 6 μm
and n2=n1 ¼ 0.66, the dual wakes sustaining the laser-
modulated wakefield are driven near the focal plane (at
x ¼ 30 μm); see Figs. 2(a) and 2(b). FL;⊥ drives the donut
wake bucket (solid lines) with closed outer-sheath density
and almost merged inner-sheath density, and the intense EL

x
sweeps over the inner-sheath density and drives the out-
ward nonclosed sheath density (solid-dashed lines) due to
the near-axis defocusing field [59]. The annular sheath
electrons are accelerated and split into the Clover-like
distribution transversely due to the transversely structured
current density; see Fig. 2(c). The inner-sheath current Jx;in
senses the transversely nonuniform longitudinal field Ex at
the bottom of the donut wake [Fig. 2(b)], leading to the
deformed transverse distribution of the nonclosed sheath
current Jx;non. The current Jx;non intersects with the outer-
sheath current Jx;out, which weakens Jx in the crossing
sectors. As a result, pseudopotential ψ of the wakefield
exhibits transverse asymmetry, according to Poisson’s
equation −∇2⊥ψ ¼ ðρ − JxÞ, with a transversely structured
current source Jx, which gives rise to (the transversely
asymmetric) EW

x [2,59]. Consequently, the Clover-like
sheath electrons are injected with the subcycle duration
and transversely split beams, which constitutes the “dual-
wake injection.” Furthermore, because of the approximate
match between ωβ and Ω0I

T , spins of the injected electrons
possess a collective precession orientation toward sx ¼ −1;
see Fig. 2(d). Statistical polarization of the electrons is

P ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s̄2x þ s̄2y þ s̄2z

q
, with s̄x;y;z the components averaged

over the particle number.
The injected Clover-like sheath electrons undergo direct

laser acceleration by EL
x and get transversely modulated

into the three beams making up the “triplet bunch”; see
Fig. 3(a). Because of the laser spot defocusing beyond the
focal plane, an opening angle δθ ≃ 0.135 rad is associated
with the triplet bunch, leading to the completely isolated
beams of that bunch (see details in Fig. 7 of [59]). The
corresponding phase-space distribution of one beam of the
triplet bunch is shown in Fig. 3(b). The quasimonoenergetic

attosecond bunch has a pulse duration of ∼T0=4, a
normalized transverse emittance of εn;yðzÞ ≃ 0.02ð0.03Þ
mmmrad, and a peak current of ∼38 kA. Evolution of
polarization of the triplet bunch is distinguished from that
of one of its component beams; see Fig. 3(c). PT comes
essentially from the averaged longitudinal spin component
s̄x, due to cancellation of the transverse spin component sr.
PT drops to zero, followed by a one-period oscillation,
before rising to the final stable 50%, during which spin
vectors of the injected electrons successively undergo full
reversal within a time of about τβ=2; as explained in the
caption of Fig. 4. On the other hand, PT1 is highly
preserved during the entire evolution, due to the approx-
imately collective precession with the nonvanishing polari-
zation from sr.
The subcycle injection and laser-assisted spin precession

in the laser-modulated wakefield can both be clarified by
tracking the trajectories of sheath electrons. The fields
sensed by the electrons in the injection region exhibit
overlap of λ=2 focusing phase and λ=4 acceleration phase;
see the insets of Fig. 4(a). The corresponding trajectories

FIG. 4. (a) Trajectories of the randomly selected sheath
electrons from the injection region in Fig. 2(a), color coded by
the longitudinal velocities. Insets: Snapshot of the tracked
electrons at 52T0, color coded by the sensed longitudinal and
transverse fields. (b) Left axis: precession of sx of an injected
electron color coded by its transient magnetic field Bϕ. Right
axis: temporal evolution of cos θs (green-solid line) and ΩT;ϕ

(green-dashed line). (c) Precession of the spin components of
electrons in one beam of the triplet bunch, color coded by the
transient precession frequency. The averaged spin components
are represented by black-solid lines.
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indicate that the sheath electrons slip to the center of the
wake bucket at t1, and the injection occurs between t2 and
t3. During the injection, only the sheath electrons located
by laser acceleration phase are injected and get modulated
into an attosecond bunch with ∼T0=4 duration; see tra-
jectories after t3 in Fig. 4(a). The injected electrons
maintain polarization during the injection stage. The
direction of ΩTðtÞ will be expressed in terms of cos θs,
where θs is the angle it makes with the initial ΩTðt0Þ. In
addition, jΩT j approximately equals its azimuthal compo-
nent ΩT;ϕ by recalling the azimuthal vectors Ω0I

T and Ω0II
T

(see details in Fig. 4 of [59]). Temporal evolution of the
spin-precession frequency, shown in Fig. 4(b), has been
obtained from investigating the dynamics of a randomly
chosen electron in the triplet bunch. The square-wave-like
variation of cos θs is consistent with the oscillating ΩT;ϕ,
which confirms the azimuthal nature ofΩT . Beginning with
the symmetric oscillation before t1, ΩT;ϕ exhibits asym-
metric oscillations between t1 and t2, due to the rising
wakefield BW

ϕ , which leads to the net precession from sx ¼
1 to sx ≃ 0 within 5T0. As explained, in principle, in
Fig. 1(c), the precession direction of the electron is upward
before t2 and is reversed again towards sx ¼ −1 after the
injection, resulting in high polarization. Because of the
similar jΩT j for each electron during the injection stage, sx
and sr of them possess almost the same precession before
t2, which leads to the collective rotation of spin vectors and
the nondeteriorating PT1; see Fig. 4(c). Planar motion of the
sheath electrons indicates that there is almost no precession
along the azimuthal direction before injection, while the
precession of sϕ occurs during laser modulation of the
electrons after injection.
Robustness of the dual-wake injection scheme can be

examined by changing parameters of the sharp downward
density jump. With the theoretical estimates (see details in
Fig. 5 of [59]), Xs and n2=n1 can, respectively, be
approximated as (2, 3, 4, 5, 6) μm, and (0.4, 0.51, 0.56,
0.6, 0.66), for the sake of parametrizing the density profile
in Fig. 1(a). For values of Xs smaller than the plasma

wavelength λp1 (≃4.3 μm at n1), the shock-front injection,
which leads to injection of the density peak of the wake
bucket driven at n1 into the adjacent wake bucket driven at
n2 [57], leads to the injected bunch with length of ∼λ=2. As
Xs increases beyond λp1, the relatively gentle density
gradient generates the attosecond bunch of length λ=4;
see Fig. 5(a). The 6D brightness B6D;n increases up to
∼4 × 1014 A=m2=0.1% as Xs > 3 μm where the density-
gradient injection leads to the narrower energy spectra [59].
This is close to the maximum ∼1015 A=m2=0.1%, obtained
by state-of-the-art LWFA and linac bunches [25,26]. PT
and PT1 are almost independent of Xs, because spin
precession of the sheath electrons mainly occurs during
the wake formation time τβ=2, which undergoes minor
changes due to slight variations in Xs; see Fig. 5(b).
With currently available laser technology, a femtosecond

RPL pulse with peak power exceeding 85 GW is attainable
in experiments [66,67]. Terawatt-power beams seem fea-
sible via the technology of optical parametric amplification
[68]. So, the potential exists for such a system to be used to
experimentally realize our dual-wake injection scheme in a
RPL-driven QBW regime.
In conclusion, generation of the ultrashort triplet electron

bunch with high brightness and high polarization has been
investigated in the dual-wake injection scheme for LWFA.
In this scheme, the laser-modulated wakefield in a donut
QBW leads to the subcycle and the transversely split
injection of the triplet electron bunch. High polarization
of the triplet electron bunch can be preserved due to the
laser-assisted spin precession and noncanceled transverse
spins. Our 3D PIC simulations demonstrate robust gen-
eration of the ultrashort electron bunches with brightness
over 1014 A=m2=0.1% and polarization exceeding 80%.
Such an electron bunch is advantageous as a source of
polarized γ-rays and in applications in ultrafast imaging,
nuclear physics and high-energy physics studies.
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