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High-flux polarized particle beams are of critical importance for the investigation of spin-dependent processes,
such as in searches of physics beyond the Standard Model, as well as for scrutinizing the structure of solids and
surfaces in material science. Here we demonstrate that kiloampere polarized electron beams can be produced
via laser-wakefield acceleration from a gas target. A simple theoretical model for determining the electron
beam polarization is presented and supported with self-consistent three-dimensional particle-in-cell simulations
that incorporate the spin dynamics. By appropriately choosing the laser and gas parameters, we show that the
depolarization of electrons induced by the laser-wakefield-acceleration process can be as low as 10%. Compared
to currently available sources of polarized electron beams, the flux is increased by four orders of magnitude.

Polarized beams of electrons, photons and positrons are
widely employed in materials science [1] as well as in atomic,
nuclear and particle physics [2| 3] because they allow the in-
vestigation both of the spin dependence of fundamental interac-
tions and of the violation of symmetries such as parity [4]. In
fact, precise measurements of spin-dependent processes enable
searches of physics beyond the Standard Model that can com-
pete with direct searches at high-energy accelerators [5]. In
addition to their intrinsic interest, polarized electron beams can
also be employed to generate polarized beams of photons [6]
and positrons [7] which, in turn, can be employed to address
long-standing problems such as the matter-antimatter asymme-
try in the Universe.

Currently, polarized electron beams are mainly produced
in storage rings via radiative polarization due to the Sokolov-
Ternov effect [8] or by extracting polarized electrons [9] di-
rectly from polarized atoms and polarized photocathodes [10]].
However, the maximal electric current of polarized electron
beams both from storage rings [11, [12] and from photocath-
odes [[13H13] is limited to less than 107! ampere due to their
operational voltages. Other methods based on spin filters [16],
Stern-Gerlach-like beam splitters [17]], and radiative polariza-
tion [[L8] also yield relatively low currents. The low attainable
electric currents noticeably limit experiments with polarized
beams [[1H3] as well as the flux and the brightness of the po-
larized photon and positron beams attainable from polarized
electron beams [6} (7]

Here we put forward a method for generating polarized elec-
tron beams with currents four orders of magnitude larger than
those attainable with currently existing methods. It consists
in the rapid electron polarization of a gas jet via photodisso-
ciation by a circularly-polarized UV laser pulse followed by
electron laser-wakefield acceleration by an optical laser pulse.
An illustration of our scheme is displayed in Fig.[T] A tens fem-
toseconds linearly polarized optical laser pulse with hundreds
mJ energy and low intensity is divided into two pulses with
a beam splitter. One of the two pulses first passes through a
grating pair, where it is stretched to hundreds picoseconds, and
is further divided into two pulses with a second beam splitter.
One picosecond pulse is used to initially align the molecular
bonds before dissociation [19-21]], the other one undergoes fre-
quency quadruplication with a BBO and KBBF crystal, and its

bandwidth is tightened via reflection with several narrow band
coated mirrors [not displayed in Fig.[T(a)]. The generated UV
laser pulse is converted to circular polarization with a quarter-
wave plate and focused to the gas target where it polarizes
electrons along the laser propagation direction via molecular
photodissociation [20-25]. Note that electronically polarized
atomic hydrogen with density up to 10'° cm™ was already ex-
perimentally obtained by employing laser-induced molecular
photodissociation [25]]. The second of the two pulses from the
first beam splitter passes through a controllable delay line and
reaches the previously generated electronically polarized gas
target to drive wakefield acceleration [see Fig.[I{a)]. The de-
lay between the polarizing UV laser pulse and the optical laser
pulse driving wakefield acceleration must be much smaller than
~ 1 ns, i.e., the time needed to the hyperfine coupling to transfer
polarization from electrons to nuclei [20]. According to the
shock-front injection method [26], the electron density n(x) is
tailored along the laser propagation direction x [see Fig.[I[b)].
This allows to control the local plasma period (wavelength)
Tp(x) = 2m+\/egmje?n(x) [4,(x) = cTp(x)] along the laser prop-
agation direction such that only the electrons in the downramp
of the density, i.e. in the region between x; and x, of Fig.[T[b),
are injected and accelerated into the wake wave [26]. Here &
is the vacuum permittivity, m and —e are the electron mass and
charge, respectively.

The initial electronic polarization (IEP) of the gas target
Py depends on the employed molecular species. In particular,
hydrogen halides were used to generate dense electronically po-
larized hydrogen and deuterium atoms [20}25]. In this case, the
presence of other species than hydrogen implies that, although
the IEP of hydrogen can reach 100% [20], the global IEP of the
generated plasma is less than unity. However, as it will be clear
in the following, only optical laser pulses with intensity of the
order of 10'® W/cm? drive laser-wakefield acceleration without
significant electron beam depolarization. Hence, for halogen
atoms only the outer shell electrons have appreciable probabil-
ity to be extracted and accelerated [27, 28]]. By considering HF
molecules, six paired electrons in the outer-shell of fluorine
may be extracted and accelerated by the optical driver laser
pulse, which results into an IEP Py ~ 25%. Higher IEP is ex-
pected by employing molecular hydrogen. However, single pho-
ton dissociation of molecular hydrogen occurs at wavelength



< 100 nm [29], which has not yet been realized experimentally
but may be attained via laser-plasma techniques [30].

In the following, we investigate electron injection and accel-
eration in the case of an initially fully electronically polarized
plasma with spin directed along the driver laser propagation di-
rection x. In fact, a partially polarized gas is a mixture of a fully
polarized fraction P and of an unpolarized fraction (1 —Py) [9].
Since the unpolarized fraction remains unpolarized, the final
electron beam polarization (EBP) from a partially polarized
gas is Pg, = PoP, where P is the final EBP of an initially fully
polarized plasma. Depolarization of an initially polarized tar-
get occurs due to the electromagnetic field inhomogeneities in
the wake of the driving laser pulse. In particular, the spin of
injected off-axis electrons precesses differently depending on
the electron position, and mainly according to the structure of
the azimuthal magnetic field in the wake wave [31H33]] [see
Fig.[T(c)]. As it will be clear below, the IEP is preserved in the
weakly-nonlinear wakefield acceleration regime [34H39], with
most of the injected electrons moving predominantly along the
laser propagation direction and originating from the region near
the laser propagation axis.

The electron beam dynamics is investigated with fully three-
dimensional particle-in-cell (PIC) simulations with the code
EPOCH [40]. In addition to the electron position (x, y,z) and
velocity (vx, vy, 0;), we implemented in the code the electron
spin dynamics [41]. Following Ehrenfest’s theorem [42], a
vector § = (P|o|P) with |s| = 1 is used to describe the spin
of an electron in a quasiclassical state, where ¢ denotes the
normalized two-component spinor and o~ are the Pauli matrices
[43]. In general, the EBP is defined as the statistical average
over all electrons of the beam P = lZfV s;/N |, where N is the
total number of electrons of the beam. The spin of an electron
in an electric E and magnetic B field precesses according to
the Thomas-Bargmann-Michel-Telegdi equation ds/df = (Qr +
Q.) X s with

1 1
o, =S(-B-—2 xE|, (1a)
m\y v+1c2
v v v
Qa:an[B_mc_z(v‘B)_gXE , (1b)

where a. ~ 1.16 x 1072 is the anomalous magnetic moment
of the electron. Note that electrostatic Coulomb collisions
do not affect the electron spin, such that depolarization via
collisions can only occur due to spin-orbit and spin-spin inter-
action [44} 45]. Indeed, for 10'® cm™ spin polarized hydrogen
density obtained from hydrogen halide molecular dissociation,
a collisional polarization lifetime larger than 1 ns was demon-
strated [25]], which is much longer than the electron injection
and acceleration time of approximately 1.1 ps considered here
(see below). Also, Stern-Gerlach and radiation reaction forces
are negligible at the low intensities and copropagating geometry
considered here 41}, 146].

In our PIC simulations we have chosen laser and plasma
parameters similar to those already obtained in experiments
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FIG. 1. (a) Schematic layout. The femtosecond/picosencond optical
laser (brown/gray stripe) and the UV laser (purple stripe). BS: beam
splitter, DL: delay line, DM: dichroic mirror, GP: grating pair, BBO
and KBBF crystals, 1/4: quarter-wave plate. (b) The longitudinal
plasma density profile n(x). A density bump centered at x, is followed
by a uniform density plasma for x > x,. The purple cylinder near
the plasma density peak indicates the electrons of the injection vol-
ume, the brown ellipsoid the optical laser pulse driving the wakefield.
(c) Illustration of the wake wave with its azimuthal magnetic field
B,. Dashed black lines represent two possible trajectories of off-axis
electrons, the dotted black arrows show the precession of their spin,
s is the initial spin.

with shock-front injection [26), 47H49]]. The plasma density
profile is shown in Fig. [T{b). A density bump centered at
x1 = 504 with peak density n; = 4 x 1073, is followed by a
plateau beginning at x, = 604 and having uniform density n, =
1073n,, where n, = gomw?/e® is the critical plasma density,
A =0.8um, 7 = A/c, and w = 2x/t are the laser wavelength,
period, and frequency, respectively. At ¢ = 0 a laser pulse
linearly polarized along the y-axis and propagating along the
positive x-axis enters the simulation box from x = 0 with
focus located at x;. The laser pulse has Gaussian envelope
ap exp[—(t — x/c — 2T1)2/Tl2 - rz/wé], where wg = 104, T; =
87, ap = eEy/mwc is the normalized laser field amplitude,
and Ej is the maximal laser field. A moving window was
employed, with 1501(x) X 60A(y) x 604A(z) computational box
and 3000(x) x 450(y) x 450(z) grid points.

Figure 2] reports the evolution of the distribution of trapped
electrons for a laser pulse with gy = 1 as a function of the
radial coordinate r [Fig. |Zka)], of the relativistic factor y =
1/3/1 = 2/c2 [Fig.[2lb)]. of the z [Fig. [2fc)] and x [Fig. {d)]
components of the electron spin s. In addition, the dotted light-
blue lines in Fig. 2] display the evolution of three electrons with
initial coordinate yo = (1,2, 3)A. The evolution is divided into
four stages. Stage I correspondstot < #; = x1/c+2T; = 667, i.e.
the time before the laser pulse peak reaches the injection vol-
ume, which is located near the maximum of the density bump
x1. In fact, after the local plasma wavelength A4,(x) reaches
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FIG. 2. Injected electron distributions as a function of time in a weakly
nonlinear wake driven by an optical laser pulse with ay = 1. (a) Radial
coordinate, (b) relativistic factor, (c) the z component of the spin,
(d) the x component of the spin. The dotted light-blue lines represent
the evolution of three electrons with initial coordinate yy = (1,2, 3)A.
The solid black line shows the evolution of the statistical average of
the reported quantity (Y), where Y = (r/4,7,s;, s,) in panels (a)-(d),
respectively. The colorbar displays the scale of dN/dY.

its minimum A, (x1), the density downramp leads to the expan-
sion of the wake with a decrease of the wake phase velocity,
which results into electron injection in the wakefield [26]. The
injection region ends before the uniform density plasma at x,
i.e. when the local plasma wavelength reaches 1,(x;). In our
simulations, we trace all and only the electrons that remain
in the accelerating phase of the wake. The initial region of
trapped electrons constitutes the injection volume with a radius
Rinj o< wy [48]].

Stage II begins at 7, where the electrons of the injection
volume undergo a transient acceleration phase due both to the
laser and to the wake-wave fields, as shown in Figs. [2(a)-(b).
This transient phase lasts approximately one plasma period cor-
responding to the local density at x;,i.e. 1 = f; +7,(x1) = 827.
During this stage the electrons of the injection volume move
along the density downramp with mildly relativistic velocity.
Note that at #j the laser pulse peak is at c(t;; — 27) = 664, i.e.
well inside the uniform plasma that starts at x, = 604, and that
the oscillatory dynamics driven by the laser and the wake field
tends to restore the initial momentum and spin of electrons (see
Figs. Eka)-(d) at f11). Also, note that the linearly polarized laser
pulse has its magnetic field directed along z, such that it does
not directly affect s,. Hence, the spreading of the s, distribution

for t > 11 is determined by the azimuthal magnetic field of the
wake wave [see Figs. [2(c)].

Stage III starts at #;;, where electron trapping with acceler-
ation and focusing inside the wakefield occurs, as shown in
Figs.[2[a)-(b). The simultaneous processes of acceleration and
focusing become manifest in the decrease of the radius (r)
of the volume of the injected electrons [see Fig.[2(a)] and in
the increase of the electron beam relativistic factor (y) [see
Fig. 2[b)], respectively. Here brackets denote the statistical
average over the electrons of the injection volume. Simulations
indicate that the focusing time, i.e. the time needed by the
electrons of the injection volume to focus to the wake axis,
is approximately 27,(x;), which implies that stage III ends at
fr =ty + 27,(x2) = 1457 (see Fig.[Z[). Note that electron spin
spreading occurs predominantly during stage III, i.e. between
tin and fyy1, such that one can estimate the electron beam de-
polarization from the duration of stage III and from the spin
precession frequency during this stage (see below).

During stage IV (¢ > 111), the energy of the electron beam
increases steadily, whereas the spin distribution and beam po-
larization remain stable [see Fig. Ekc)—(d)]. Three factors de-
termine the stability of the EBP during stage IV. First, the
constantly increasing relativistic factor y significantly reduces
the precession frequency [see Eq. (Ta)]. Second, our simula-
tions show that for ¢ > #py trapped electrons are predominantly
focused and confined around the wakefield axis within a region
of radius smaller than A [see Fig. Eka)]. This results into a
suppressed precession frequency since transverse fields around
the axis are relatively weak [see Eq. (Z) below]. Third, trapped
electrons oscillate around the axis of the wakefield while accel-
erated [see the dotted light-blue lines in Fig.[2(a)], which results
into a change of the direction of Qt o« B, at each crossing of the
axis. Thus, ds/dr oscillates around zero, while (ds/dz) averages
out to zero.

In order to evaluate the electron beam depolarization, we
estimate the electron precession frequency during stage III. Re-
calling that |Q,| < |Qr| and taking the limit of slowly varying
frequency |dQr/dz| < |Qq|?, at the end of stage III the x com-
ponent of the spin of an electron initially directed along the
X axis is s, ~ cos [ fn ?” dt|QT(t)|]. The precession frequency
|Q1(7)| decreases steadily from its maximum at #;;, where the
injected electrons have y ~ 1 and a relatively large r, which
implies a larger B,(r) (see Eq. @) below), to nearly zero at
tmr (see the black curve of Fig. d) for t > ty). For sim-
plicity, in our analytical estimate we assume a linear decrease
of |Qr(t)| from Qr(t1,r) = eBy(r)/(2m) at tyy to zero at iy
for all the electrons of the injection volume, which implies
sy(r) = cos [|Qr(t, r)|(tur — tn)/2]. For ag < 1, the quasistatic
azimuthal magnetic field in the wake is [31}132]:

472 2 2 2
By(r) = anir exp( 4; )[1 - 4nCC2 > (5 - 122 )] ,
e w; wy n(x)w w; wy
@)
where % ~ sin*(wTVn(x)/n)/[4(1 — n(x;)/n.)?]. Owing to
the cylindrical symmetry of By, the spin of electrons with
symmetric trajectories with respect to the wakefield axis precess




symmetrically but in opposite direction in the plane orthogonal
to By, as sketched in Fig. [T(c). This symmetric precession
implies a symmetric spin spreading with (s;) = (s,) = O [see
Fig. 2J¢)] together with a decrease of (s,) [see Fig.[2(d)]. The
EBP is therefore obtained by integrating s, (r) over the electrons
of the cylindrical injection volume:

2 Rinj
P={(s)= _2f sx(r)rdr. 3)
0

inj

In order to carry our the integration in Eq. (3)), an estimate
of Riyj is needed. Our simulations indicate that, even though
Riyj weakly depends on the laser intensity, the injection volume
radius is roughly Riy; ~ wo/2 (see below).

Figure [3| displays the radial distribution of the injected elec-
trons dN/dr and the radius of the injection volume [Fig. a)],
the s, distribution and the EBP from PIC simulations (black
circles) and from the analytical estimation with Egs. (Z)-(3)
[light blue curve in Fig. [3(b)], the electric current I carried
by the beam [Fig. 3[c)], and the electron energy spectrum
&EAN/AE [Fig. d)], where & is the electron kinetic energy,
at t = 4007 as functions of laser amplitude ay. In particular,
Fig. [3[a) shows that the linear increase in the number of in-
jected particles around the axis is followed by a sharp decrease
of dN/dr around the injection radius Ry ~ wo/2 [see Fig. Eka)].
Note that the number of electrons injected in the beam increases
with increasing ag, which is also manifest in the increase of
the electric current carried by the beam [see Fig. EKC)]. How-
ever, the azimuthal magnetic field increases rapidly with a, [see
Eq. @)1, such that an increase in g results also into stronger
depolarization [see Fig. [3(b)].

Figure [3] shows that in the weakly nonlinear wakefield
regime electron beams carrying currents of the order of one
kiloampere and retaining the IEP of the plasma can be pro-
duced. The final EBP and current from 3D PIC simula-
tions with ap = (1, 1.1, 1.2) are (90.6%, 73.9%, 53.5%) and
(0.31, 0.59, 0.90) kA, respectively. The difference between the
PIC simulation results and the prediction shown in Fig. 3[b)
for ap > 1.4 is ascribed to the limited validity of Eq. () for
ap significantly larger than unity [32]. After the acceleration
in the shock-front injector, which occurs within hundreds of
micrometers [26] 47-49], the accelerator stage can be further
extended to obtain GeV beams via multiacceleration-stage tech-
niques powered by the same [50] or different [51]] laser pulses.
In fact, further acceleration of already ultrarelativistic polarized
electron beams weakly alters the EBP [52].
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FIG. 3. (a) Radial distribution of the electrons of the injection volume
as a function of ay. The solid black line corresponds to the radius of
injection volume defined as the value of r at which dN/dr drops to half
its maximum. (b) EBP at r = 4007 as a function of ay. The light-blue
line corresponds to the estimation with Eqs. @)-(3) and Riy; = wo/2.
The black circles report the EBP obtained from 3D PIC simulations.
(c) Electric current longitudinal distribution at # = 4007. The black
circles correspond to the peak of the current. (d) Energy spectra of
the generated electron beam at t = 4007 driven by optical laser pulses
withap =1, 1.1, and 1.2.
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