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In-situ generation of a high-energy, high-current, spin-polarized electron beam is an outstanding
scientific challenge to the development of plasma-based accelerators for high-energy colliders. In
this Letter we show how such a spin-polarized relativistic beam can be produced by ionization
injection of electrons of certain atoms with a circularly polarized laser field into a beam-driven plasma
wakefield accelerator, providing a much desired one-stop solution to this challenge. Using time-
dependent Schrdinger equation (TDSE) simulations, we show the propensity rule of spin-dependent
ionization of xenon atoms can be reversed in the strong-field multi-photon regime compared with
the non-adiabatic tunneling regime, leading to high total spin-polarization. Furthermore, three-
dimensional particle-in-cell (PIC) simulations are incorporated with TDSE simulations, providing
start-to-end simulations of spin-dependent strong-field ionization of xenon atoms and subsequent
trapping, acceleration, and preservation of electron spin-polarization in lithium plasma. We show the
generation of a high-current (0.8kA), ultra-low-normalized-emittance (~37nm), and high-energy
(2.7 GeV) electron beam within just 11 cm distance, with up to ~ 31% net spin polarization. Higher
current, energy, and net spin-polarization beams are possible by optimizing this concept, thus solving

a long-standing problem facing the development of plasma accelerators.

In high-energy lepton colliders, collisions between spin-
polarized electron and positron beams are preferred [].
Spin-polarized relativistic particles are chiral and there-
fore ideally suited for selectively enhancing or suppressing
specific reaction channels and thereby better character-
izing the quantum numbers and chiral couplings of the
new particles. To enable science at the ever-increasing
energy frontier of elementary particle physics while simul-
taneously shrinking the size and cost of future colliders,
development of advanced accelerator technologies is con-
sidered essential. While plasma-based accelerator (PBA)
schemes have made impressive progress in the past three
decades, a concept for in-situ generation of spin-polarized
beams has thus far proven elusive. The most common
spin-polarized electron sources are based on photoemis-
sion from a Gallium Arsenide (GaAs) cathode [2]. Spin-
polarized positron beams may be obtained from pair pro-
duction by polarized bremsstrahlung photons, the latter
produced by passing a spin-polarized relativistic electron
beam through a high-Z target [3]. Unfortunately, none
of the above methods can generate ultra-short (few mi-
crons long) and precisely (fs) synchronized spin-polarized
electron beams necessary for injection into PBAs.

The only previous proposal for producing spin-
polarized electron beams from PBA [4HT7] involves inject-
ing spin-polarized electrons into a wake excited by a mod-
erate intensity laser pulse or a moderate charged electron
beam in a density down-ramp. However, this proposal is
a two-step scheme. The first step requires the generation
of spin-polarized electrons outside of the PBA set-up by

employing a complicated combination (involving multi-
ple lasers) of molecular alignment, photodissociation and
photoionization of hydrogen halides [8 ©]. Even though
the spin polarization of the hydrogen atoms can be high,
the overall net spin polarization of electrons ionized from
both hydrogen and halide atoms is expected to be low
[5]. The second step involves the injection of these spin-
polarized electrons crossing the strong electromagnetic
fields of the plasma wake. To avoid severe spin depo-
larization due to these strong electromagnetic fields, the
wakefield should be moderately strong, which limits both
the accelerating gradient and charge of the injected elec-
trons.

In the one-step solution we propose here, the genera-
tion and subsequent acceleration of spin-polarized elec-
trons is integrated within the wake itself. Using a combi-
nation of TDSE [I0HI2] and 3D-PIC [I3HI5] simulations,
we show that spin-polarized electrons can be produced
in-situ directly inside a beam-driven plasma wakefield
accelerator and rapidly accelerated to multi GeV ener-
gies by the wakefield without significant depolarization.
Electrons are injected and simultaneously spin-polarized
via ionization of the outermost p-orbital of a selected no-
ble gas (no need for pre-alignment) using a circularly po-
larized laser [16]. The mitigation of depolarization is an-
other benefit of laser-induced ionization injection [17} [18]:
the electrons can be produced inside the wake close to
the wake axis, where the transverse magnetic and elec-
tric fields of the wake are near zero [19], minimizing both
the beam emittance and depolarization due to spin pre-



cession. A third advantage of our scheme is that the
wake can be in the highly nonlinear or bubble regime
where electrons are rapidly accelerated to ¢ minimizing
the emittance growth and accelerating the electrons at
higher gradients.

The proposed experimental layout of our scheme is
shown in Supplementary Materials. A relativistic drive
electron beam traverses a column of gas containing a mix-
ture of lithium (Li) and xenon (Xe) atoms. The ioniza-
tion potentials of the 2s electron of Li atoms and the out-
ermost 5p° electron of Xe atoms are 5.4 eV and 12.13 eV,
respectively. The electron beam fully ionizes Li atoms
and produces the wake while keeping Xe atoms union-
ized. If the driving electron beam is ultra-relativistic
(v > 1) and sufficiently dense (n, > np, kpo,. < 1),
the 2s electrons of the Li atoms are ionized during the
risetime of the beam current and blown out by the trans-
verse electric field of the beam to form a bubble-like wake
cavity [19, 20] that contains only the Li ions and the
neutral Xe atoms. Now an appropriately delayed circu-
larly polarized ultra-short laser pulse copropagating with
the electron beam is focused at the entrance of the Li
plasma to strong-field ionize the 5p% electron of the Xe
atoms, producing spin-polarized electron beam close to
the center (both transversely and longitudinally) of the
first bucket of the wake. The injected electrons are sub-
sequently trapped by the wake potential and accelerated
to ~2.7GeV energy in ~ 11 cm without significant depo-
larization.

It is known that strong field ionization rate of a fixed
orbital in circularly polarized fields depends on the sense
of electron rotation (i.e. the magnetic quantum num-
ber m;) in the initial state [2IH23]. Based on this phe-
nomenon and spin-orbit interaction in the ionic core,
spin-polarized electrons can be produced by strong-field
ionization [16]. Here we use Xe atoms as an example, but
there are many other possibilities. Xe has six p-electrons
in its outermost shell, with m; =1, = 0, £1. Strong-field
ionization from the p° orbital (m; = 0) in circularly po-
larized laser fields is negligible in the strongfield regime
[22 23]. Consider first ionization from the p™ orbital (co-
rotating with the laser field) into the two lowest states of
Xe™, 2P3/2 and 2P1/2, see the left half of the ionization
pathways in Fig.a). Removal of a spin-up p* electron
(s, = 1/2, 1, = 1) would create a hole with j, = +3/2
and could only generate the ion in the state 2Ps /2. Re-
moval of a spin-down p* electron (s, = —1/2, 1, = 1)
would create a hole with j, = +1/2 and can generate the
ion both in the 2P3/2 and 2P1/2 states, with the Clebsch-
Gordan coefficients squared splitting the two pathways
as 1/3 for P35 and 2/3 for 2Py /5. Repeating the same
analysis for the p~ electron (right half of ionization path-
ways in Fig.a)), one obtains the following expressions
for the ionization rates W3 and W, of spin-up and spin-
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FIG. 1:  (a) Schematic of spin-dependent photoionization

showing possible ionization pathways from Xe to Xet. (b)
TDSE simulation results of the multi-photon ionization pho-
toelectron spectra for the final ionic state, Xe+(2P3/2) or
Xe™ (2P1/2), the energy and the initial quantum number
my = %1 of the photoelectron, for 10 fs (FWHM), A = 260 nm
laser pulse with peak intensity I = 2.5 x 10*? W/cmz. (c,d)
Log-log plot of the simulated ionization rates and yields of
spin-up and spin-down electrons as a function of laser peak in-
tensity of a 260 nm, 10 fs (FWHM), circularly polarized laser.
(e) Spin polarization as a function of peak laser intensity with-
out and with focal-volume averaging.

down electrons [16]:

2 1

Wi=Wape + 5 Wiy +5 Wi, (1)
2 1

W= Wy + 5 Wipe + 5 Wy (2)

where W%er, W%p,7 W%ph and W%p, denote ionization
rates of a pT electron into the 2Pg /2 state, a p~ electron
into the 2P3/2 state, a pt electron into the 2P1/2 state,
and a p~ electron into the 2P, /2 state, respectively. Net
spin polarization arises under two conditions: (i) either
pT ionization dominates p~ or vice versa and (ii) one of
the two ionic states is more likely to be populated.

In the adiabatic tunneling regime of strong-field ion-
ization (Keldysh parameter [24] vk < 1), the ionization
rates of p™ and p~ electrons are the same and ioniza-
tion is not spin-selective. In the non-adiabatic tunnel-
ing regime (yx ~ 1) [25], the p~ electrons are more
likely to be ionized [22] 23| 26 27], and the popula-
tion of Xe+(2P1/2) is suppressed due to its higher ion-
ization potential ( I, (*Py/5) = 13.44eV compared to
I, (2P3/2) = 12.13eV), satisfying both conditions for gen-
erating spin-polarized electrons. Both the m;-dependent
ionization rates and the resulting spin polarization have
been experimentally verified [26H30]. However, the ob-
served spin polarization generated by ionization of Xe at
800 nm and 400 nm changes sign both between the two



ionization channels and across the photoelectron spec-
trum [16], 28H30], reducing the net spin polarization upon
integrating over all photoelectron energies and both ionic
states.

Theory and simulations show that propensity rules for
ionization can be reversed in the multi-photon regime
(vk > 1) [BIH33]. From our TDSE simulations, ion-
ization of Xe by the third harmonic (A=260 nm) of a
Ti:Sapphire laser is strongly dominated by the removal
of a pT electron at all laser intensities, until saturation,
and for all photoelectron energies, with ionization into
XeT (P /5) strongly suppressed (Fig.b)), which leads
to high total spin-polarization. We have performed simu-
lations for a range of intensities from 3.5x 101 W/cm? to
6.3x 1013 VV/cmz7 by solving the TDSE for each intensity
for four ionization pathways: 2]0 , ;er, gp , and %p’,
and calculated the corresponding spin-up and spin-down
electron ionization rates and yields (Fig.[[[c,d)) accord-
ing to Eq. . The net spin-polarization with integra-
tion over temporal and spatial intensity distribution, all
photoelectron energies, and final ionic states (see Supple-
mentary Material of Ref. [34]) is shown in Fig.[T{e). For
the laser intensity we used in the following PIC simula-
tions (I = 2.5 x 1013 W/cm?), the net spin-polarization
reached 32% after focal-volume averaging.

We have incorporated the spin-dependent ionization
results into our wakefield acceleration simulations. By
tightly focusing a 260 nm circularly polarized laser pulse
at the appropriate position in the wake bubble where
the longitudinal and transverse electric fields are zero
(Fig.[2[a)), electrons with a net spin polarization are gen-
erated and injected into the wakefield. The trapping con-
dition is given by [I8] AV = ¥ — U,y < —1, where
v = 6(%0‘32) is the normalized pseudo potential of the
wake, and Wy,;; is the pseudo potential at the position
where the electron is born (injected). The pseudo poten-
tial is maximum at the center of the bubble and minimum
close to the rear. For this reason, we choose to inject elec-
trons where Uy,;; is maximum so that the injected elec-
trons are most easily trapped by the wake (Fig.[2(a,b))

Previous studies have shown that spin dynamics due to
the Stern-Gerlach force, the Sokolov-Ternov effect (spin
flip), and radiation reaction force are negligible in our
case [4HT]. Therefore, only spin precession needs to be
considered. We have implemented the spin precession
module into the 3D-PIC code OSIRIS [I3], [14] following
the Thomas-Bargmann-Michel-Telegdi (T-BMT) equa-
tion [35]

ds/dt =Q x s (3)

WhereQ (1B_mcﬁXE)+ae%[B_mcﬁ(v B)
Y x E] . Here, E, B are the electric and magnetic field,

(&
v is the electron velocity, ¥ = ——L— is the relativistic
’ V1-v?/c?

factor, and a. ~ 1.16 x 1073 is the anomalous magnetic
moment of the electron.
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FIG. 2: (a),(b) Two snapshots show the charge density distri-

bution of driving electron beam (grey), beam ionized Li elec-
trons (green), laser ionized Xe electrons (brown), and wake-
field ionized Xe electrons (blue) at (a) z = 210 um (end of ion-
ization injection) and (b) z = 425 um (after being trapped).
The dashed lines in (b) show the on-axis wake pseudo po-
tential. The wakefield ionized Xe electrons (blue) are only
generated at the tail of the bubble and cannot be trapped by
the wake. (c),(d) The spin vector density distribution of Xe
electrons ionized by the UV laser at the same moment of (a)
and (b).

As shown in Fig.[2[c) and (d), the spin vector distribu-
tion is at first concentrated around the top and bottom
points of s, = +1 with a very small spread when the
Xe electrons are photoionized (Fig.[2[c)), caused by the
spread of the ionizing laser wavevectors at different ion-
ization positions. In our case, this initial spread of the
spin vector is within 1°, which is negligible compared to
the spread due to spin precession induced by the wake-
field at later times (Fig.2(d))

Figure[3|describes start-to-end simulations incorporat-
ing both the TDSE and PIC components. The whole
simulation consists of two stages: the injection and trap-
ping stage (0-0.74 mm) and acceleration stage (0.74-
110 mm). The injection and trapping stage was simu-
lated using the OSIRIS code [I3] [14] with high tempo-
ral resolution and the acceleration stage was simulated
using the QPAD code [I5] [36] with lower temporal res-
olution. The density profiles of Xe and Li gases are
shown in Fig.(a). The Xe gas column, with a density of
nxe = 8.7 x 1017 cm ™3, is 420 ym long. The exact length
of the Xe region is not important as long as Xe is not
ionized by the electron beam. The Li gas, with a density
of ni; = 8.7 x 100 cm ™3, extends across the whole inter-
action region and provides background plasma electrons
when ionized by the drive electron beam. The driving



beam electron energy is 10 GeV with a Gaussian profile
no = GyteTes —exp(— 4oz — ), where N = 4.11x10°
(658 pC), and o, = 0, = 11.4 um are the transverse and
longitudinal beam sizes, respectively. Such a beam has
a maximum electric field of 16 GV /m, which is far larger
than that required to fully ionize the Li atoms, but not
the Xe atoms. It forms the plasma and blows out the
plasma electrons to create the wake cavity. The 260 nm
ionization laser is delayed by 148fs (44.5 ym) from the
peak current position of the drive electron beam. The
laser pulse has Gaussian envelope with pulse duration
(FWHM) of 30fs and focal spot size of wy = 1.5 um.
The peak laser intensity is 2.5 x 1013 W /cm? (the same
intensity as in Fig.[[{b)) to make a tradeoff between net
spin polarization and ionization yield. At this peak laser
intensity, the 5p® (outermost) electron of Xe is partially
ionized (~ 32% at focus) while the 5p° (second) electron
of Xe is not ionized at all (< 1076).

Evolution of injected beam parameters including
charge, peak current, normalized emittance, and spin
vector distribution as a function of propagation distance
in the plasma are shown in Fig.[3(b)-(e). All photoion-
ized electrons with charge of 3pC (Fig.[B[b) left axis) are
injected, trapped and accelerated to 2.7 GeV (Fig.c))
within 11cm to give a peak current of I = 0.8kA
(Fig.[3|(b) right red axis) and normalized transverse emit-
tance of €, = 36.6nm (Fig.[3(b) right green axis). This
emittance compares favorably with the brightest beams
available today [37]. The spin vector evolutions in the x
and z directions are shown in Fig.[3(d) and (e), respec-
tively. The spin spread in z (or y) direction is symmetric
so that (s;) ~ 0 (or (s,) =~ 0) as shown in Fig.d).
Therefore, the net spin polarization P = P, = (s,)
only depends on the spin distribution in the z direction.
The spin depolarization mainly occurs during the first
500 pm distance as electrons are injected into the wake
until they become ultra-relativistic (7 ~ 10). Thereafter
the spin polarization remains constant within the statis-
tical sampling error. The final averaged spin polariza-
tion is (s.) = 30.7% (Fig.Be)), corresponding to 96%
of the initial spin polarization at birth. This result is
comparable to the first-generation GaAs polarized elec-
tron sources, that are most commonly used in conven-
tional rf accelerators. The reason why depolarization is
small in our case is that the injected electrons are always
close to the axis of the wake so that the transverse mag-
netic and electric fields they feel are close to zero. In
a nonlinear wake bucket, the transverse magnetic field
B, scales linearly with distance from the center of the
wake (By o r) [19]. From Eq. (3), the spin precession
frequency Q ~ —eB,/m~y when v ~ 1. Therefore, if the
electrons are close to the axis (r = 0), the spin precession
frequency 2 ~ 0. In addition, once the electron energy is
increased to ultra-relativistic level (v > 1) by the longi-
tudinal wakefield, the spin precession effect is negligible
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FIG. 3: (a) The density profiles of the Xe and Li gases used

in the simulations. (b) Evolution of beam charge (left blue
axis), peak current (right red axis) and normalized emittance
€n (right green axis). (c) Evolution of Lorentz factor 7. The
dashed line presents mean energy (v). d, Evolution of spin
vector in the x direction: s,. The dashed line represents (s,).
e, Evolution of spin vector in the z direction: s,. The top
box plots the s, distribution in the range of 0.8 and 1. The
central box plots (s.) (net spin polarization) in the range of
0.2 and 0.4. The bottom box plots the s, distribution in
the range of —1 and —0.8. The long vertical dashed black
line marks the focal position (z = 0.18 mm) of the ionization
laser. The plots in the range of 0.74-2.5 mm and 2.5-110 mm
are shown in two temporal scales to clearly present the whole
evolution dynamics but the actual simulation was run with
one temporal resolution in the whole acceleration stage.

[].

We have investigated how the variation of injected
beam charge (by either varying the Xe density or the spot
size of the ionization laser) affects the final spin polariza-
tion of the injected electrons. The parameter scanning
results are summarized in Fig.a). The spin polariza-
tion drops slowly and linearly with the increase of the
beam charge. This indicates that the space charge force
is the probable cause of spin depolarization in our case,
which is confirmed by analyzing the tracks of the ion-
ized electrons (see Supplementary Material for details,
which includes Ref. [38]). Considering practical issues in
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1.5 pum, 2pum, and 2.5 um while keeping the Xe density of
8.7 x 10" ecm™3. (b) Spin polarization (left) and normalized
emittance (right) after propagation distance of 0.74 mm v.s.
laser transverse displacement in x direction.

experiments, we have investigated how the laser trans-
verse offset relative to the drive electron beam affects
the spin polarization and normalized emittance as shown
in Fig.(b). The spin polarization is essentially not af-
fected by the transverse displacement in +3 pum range.
The normalized emittance in x direction grows with the
laser offset in x direction and the normalized emittance in
y direction remains almost the same. These emittances
are within values envisioned for future plasma-based col-
liders. Another possible issue in experiments might be
the synchronization between the drive electron beam and
the ionizing laser pulse. To make sure the ionized elec-
trons are trapped by the wake (meet the trapping con-
dition A® < —1), the relative timing jitter should be
within +80fs in our simulation case. This requirement
can be further relaxed if using higher drive beam charge
and lower plasma density.

Here we have used a single collinearly (to the elec-
tron beam) propagating laser pulse for ionizing the Xe
atoms. To obtain even lower emittance (<10 nm) beams,
one could use two transverse [39] or longitudinal [40] col-
liding laser pulses instead. We also note that the beam
charge, peak current, and the maximum spin polariza-
tion observed here are not limited by theory. The first
two can be increased by optimizing the ionizing laser pa-
rameters, drive beam parameters, and the beam loading
within the wake. The latter may be increased by using
electrons in the d or f orbitals instead of p orbitals for
instance by using Yb III [41l [42]. A modified version
of this scheme may also be useful for generating a spin-
polarized electron beam in a laser wakefield accelerator
(LWFA) [43].
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