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ABSTRACT

The significance of laser-driven polarized beam acceleration has been increasingly recognized in recent years. We propose an efficient method
for generating polarized proton beams from a pre-polarized hydrogen halide gas jet, utilizing magnetic vortex acceleration enhanced by a
laser-driven plasma bubble. When a petawatt laser pulse passes through a pre-polarized gas jet, a bubble-like ultra-nonlinear plasma wave is
formed. As a portion of the particles constituting this wave, background protons are swept by the acceleration field of the bubble and oscillate
significantly along the laser propagation axis. Some of the pre-accelerated protons in the plasma wave are trapped by the acceleration field
at the rear side of the target. This acceleration field is intensified by the transverse expansion of the laser-driven magnetic vortex, resulting
in energetic polarized proton beams. The spin of energetic protons is determined by their precession within the electromagnetic field, which
is described using the Thomas-Bargmann-Michel-Telegdi equation in analytical models and particle-in-cell simulations. Multidimensional
simulations reveal that monoenergetic proton beams with an energy of hundreds of MeV, a beam charge of hundreds of pC, and a beam
polarization of tens of percent can be produced at laser powers of several petawatts. Such laser-driven polarized proton beams have promise
for application in polarized beam colliders, where they can be utilized to investigate particle interactions and to explore the properties of
matter under extreme conditions.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0249082
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I. INTRODUCTION acceleration (TNSA) and radiation pressure acceleration.'” "> An
experimental record of generating 150 MeV proton beams from a
In recent years, high-powered laser facilities have become capa- solid foil has been reported recently.''” Furthermore, ion accel-
ble of delivering ultrashort pulses with an intense laser power eration at high repetition rates naturally occurs in hydrodynamic
surpassing 10 PW"” and a pulse duration of less than 20 fs.”" The flows with near-critical density,®'* where ions can be accelerated
development of PW lasers is geared toward fundamental applica- through various mechanisms such as bubble acceleration (BA),'”*’
tions, including fusion ignition systems and high-energy particle shock acceleration (SA),”"”” and magnetic vortex acceleration
physics.”® Benefiting from these intense laser facilities, highly ener- (MVA).> >
getic beams of electrons, ions, and photons can be produced through Energetic polarized particle beams play a pivotal role in high-
laser—plasma interactions.” Ion acceleration driven by ultra-intense energy physics and nuclear physics. The collision of polarized parti-
lasers in plasmas has been intensively investigated through theoreti- cle beams provides a unique opportunity to study the spin structure
cal models and experimental studies over the past decades.”” Several of hadrons.”” ** Polarized particle beams can be produced in tradi-
efficient acceleration mechanisms in laser-solid interactions have  tional accelerators, but these are expensive and huge. For instance,
been experimentally demonstrated, such as target normal sheath the proton accelerators of the RHIC and JLEIC consist of an ion
Matter Radiat. Extremes 10, 037202 (2025); doi: 10.1063/5.0249082 10, 037202-1
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linac injector with an energy of ~200 MeV and energy boosters with
hundreds of GeV.” " With the rapid development of PW laser
facilities, compact and economical laser plasma accelerators have
come to the rescue. Polarized particles can be generated by radiation
polarization of a laser-accelerated beam™ * or by laser acceleration
in a pre-polarized target.””’* Notably, laser-driven proton accelera-
tion only works with the latter method because of the significantly
larger mass-to-charge ratio of protons compared with electrons.”””
Recently, it has become possible for targets with polarized protons
to be provided by dense polarized atomic hydrogen gas jets.””"’
To date, studies of laser-driven polarized proton acceleration using
these dense gas targets have primarily focused on feasibility veri-
fication, with demonstrations of 100 MeV polarized proton beams
generated with PW lasers via the MVA scheme™"" or boosted SA."’
The BA scheme has been demonstrated to be successful in pro-
ducing GeV polarized proton beams with a 200 PW laser.* The
production of such beams, however, becomes challenging with cur-
rently available laser power, owing to the existence of a self-injection
threshold.”**” Current intense laser facilities provide PW pulses,
while 100 PW lasers are still under construction.”” Considering the
requirements for polarized colliders,”** it is worthwhile to pursue
the goal of increasing the acceleration efficiency of polarized protons
using a PW laser.

To enhance laser-driven ion acceleration in a gas jet, a vari-
ety of useful experimental techniques have been applied, including
tight focusing of PW pulses near the diffraction limit'*" and high-
density gas jet production with a hydrodynamic shock wave excited
by a low-energy laser pulse.”*"’ Propagation of such intense pulses
in dense hydrodynamic jets may excite bubble-like ultra-nonlinear
plasma waves, where the intense oscillation of background ions
becomes a part of the plasma wave. The condition of self-injection
of the background ions in the plasma wave is relatively challeng-
ing for PW lasers. Nevertheless, the background ions in the plasma
wave acquire significant energy, which could be expected to boost
the further injection and acceleration in MV A at the rear side of the
target.

In this paper, we demonstrate the generation of monoener-
getic polarized proton beams with energies in the hundreds of
MeV range from a PW laser in a pre-polarized hydrogen chloride
gas jet within an enhanced MVA. When the intense laser pulse pen-
etrates the target, atoms with pre-polarized nuclei are ionized and
a nonlinear plasma wave is excited by a ponderomotive force. The
motions of background electrons and ions induce strong electro-
magnetic fields in the laser plasma wave. These fields consist of the
charge separation field and a vortex magnetic field, where the pro-
ton energy is enhanced and its spin precesses. Before the laser pulse
leaves the target, protons are accelerated by the laser-driven plasma
wave, in radial and forward directions, respectively. The depen-
dence of proton precession on laser plasma parameters is analyzed.
When the laser pulse leaves the target, the laser-driven magnetic
vortex introduces a stationary electric field at the rear boundary.
Protons from the density down ramp still oscillate longitudinally
in the plasma wave, which may be trapped and further accelerated
in the magnetic-vortex-enhanced stationary acceleration field. Our
particle-in-cell (PIC) simulations indicate that monoenergetic polar-
ized proton beams with energies of several hundred MeV can be
generated using PW lasers.
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Il. SIMULATION SETUP

The driving laser is a tightly focused Gaussian pulse, with a
focal radius wp = 31, a laser amplitude ag = 120, a pulse duration
Tp = 107, and linear polarization along the y axis, where 7=1/c
denotes the laser cycle and A = 800 nm is the laser wavelength. The
corresponding laser power Py = (7 /4) Poagwi /A attains 2.78 PW,
where Py = 4megm?’c® Je* ~ 8.7 GW is the natural relativistic power
unit, with & the vacuum permittivity, and m. and —e the electron
mass and charge. A schematic illustrating the proton acceleration
and spin depolarization in the laser-driven plasma field is presented
in Fig. 1. A PW laser pulse irradiates an HCI gas target contain-
ing pre-polarized hydrogen atoms with relatively high density. The
atoms are ionized rapidly, with the spin of their nuclei conserved.
Such an ultra-intense PW pulse can penetrate into overdense plasma
with density n. < aonc/2," where n, = somea)%/e2 is the plasma crit-
ical density and w; is the laser frequency. A plasma channel is
formed when the laser power exceeds 27%.”"”* The channel radius
depends on the laser power and the plasma density according to
Refs. 24 and 53

Ko (o )" W
A \222VK A n)

Inside the plasma channel, the magnetic field produced by the laser-
driven hot electrons and returned current depends linearly on the
channel radius.” It is therefore estimated as
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This magnetic vortex field reaches 10° T, which results in significant
proton spin precession.

Two-dimensional PIC simulations are performed using the
EPOCH code, which has been extended to include spin effects.”
We use a moving window of size 1801 x 80\ represented by a grid
of 3600 x 1600, with four pseudoparticles per cell for protons, one
pseudoparticle per cell for chlorine nuclei, and four pseudoparti-
cles per cell for electrons. Additionally, a time step according to
the Courant-Friedrichs-Lewy condition with a Courant number

R

Polarized HC1

Vi N
X/ R\ |
Bg /
T T 4
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21 22

FIG. 1. Schematic showing the drive laser irradiating a gas jet of polarized HCI.
A plasma channel is formed behind the laser bubble. Some background protons
are pushed longitudinally by E;, and protons with v, are accelerated radially by
the transverse field in the plasma channel. Meanwhile, the spin of protons pre-
cesses in the magnetic vortex according to Eq. (3). Transverse expansion of the
magnetic vortex enhances the acceleration field at the rear boundary of the target.
The forward-moving protons are trapped and accelerated to several hundred MeV.
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of 0.95 is utilized in the simulations. The laser pulse is designed
to focus onto the left boundary of the gas target at z; = 50A. The
target consists of a uniform plateau of #. = 0.54n. in the region
21 <z < 25, and edges n. exp [~(z - z;)?/d*] on the up-ramp side
z <z and the down-ramp side z > z,, where j=1,2, d = 5}, and
z3 = 2501. The corresponding densities of protons and chloride
ions in the plasma are denoted by n, = nq = n,/18. The target
thickness is the optimized laser depletion length ~ aoTKn./ne.*°
The plasma target consists of electrons and nuclei derived by
dissociation from pre-polarized HCl molecules,”’ with all pro-
tons initially polarized along the axis of laser propagation § = €.
The proton spin precession in the PIC code is described by the
Thomas-Bargmann-Michel-Telegdi (TBMT) equation

B2y [(G+ l)é— Gy v By (G+ L)lz x E] 3)

dt mp y y+1 ¢ y+1)c
where G ~ 1.79 represents the anomalous magnetic moment of the
proton, y is the relativistic Lorentz factor, and my, is the proton mass.
In the nonrelativistic limit v < ¢, the precession frequency is deter-
mined by the first term of Eq. (3), which depends linearly on the
magnetic field. In the magnetic vortex of the laser-driven plasma
channel, we have

Q=(G+1)0e[ 9 M0 1/3(”6)2/3(0 (4)
) mp\2vK A ) \n) ™"

I1l. PROTON DYNAMICS IN GAS JET

When an intense short laser pulse propagates through an
underdense plasma, a laser-driven bubble is formed, with electrons
being completely blown out by the ponderomotive force. Figure 2(a)
shows an electron bubble with positive charges surrounding the
drive laser within the plasma. The density of the positive charges
is p ~ neoe. In the ultra-nonlinear scheme driven by a PW laser, the
electron bubble is adjoined by a relativistic plasma channel with the
same radius. In this adjoined bubble-channel structure, the electric
field is strong enough to accelerate background ions.'””” The simu-
lations are initialized as the intensity peak of the laser pulse reaches
the position z = 0 at time ¢ = 0. Figure 2(a) shows the charge den-
sity distribution at time ¢ = 2507, when the laser front arrives at a
position zf ~ 245). Electrons along the laser propagation axis are
expelled forward to z¢ and radially within the range z¢ — ¢T1 < z < zj,
thereby forming the sheath of the front half of the bubble. Under
the space charge effect, background electrons are drawn back toward
the propagation axis, and they enclose the bubble at z; ~ 220\. Fur-
thermore, Eq. (1) gives the plasma channel radius Ry, ~ 4.764 by
taking the geometrical factor of 2D simulation as K ~ 1/10,°° which
coincides with the density boundary of the plasma channel behind
the bubble in the region z < z;, as shown in Fig. 2(a). As well as
the sheath of the bubble and the plasma channel, a filament com-
posed of dense electrons and ions appears on the propagation axis
at x ~ 0, owing to the motion of ions.”®”” This filament exhibits dis-
tinct characteristics: inside the bubble, it mainly consists of trapped
electrons, owing to the difference in charge-mass ratio between elec-
trons and ions, revealed as a negative charge density; whereas behind
the bubble, the positive charges are dominated by background
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FIG. 2. (a) Snapshot in z-x space of the plasma charge density p (comprising
the charge densities of electrons, protons, and chlorine nuclei) at t = 2507. (b)
Snapshot in z-x space of the longitudinal electric field E; at t = 2507. The solid
green curve depicts the longitudinal electric field along the laser propagation axis
at x =y = 0. (c) Density plot in z-p, space of on-axis protons (with |x| < 2A).
(d)—(f) Density plots in z-x space, z-& space, and z-p, space, respectively, of
energetic protons (with energy larger than &pin = 9.4 MeV) at t = 2507.

ions that are pulled along the propagation axis by the electron
filament.

The charge density distribution results in cylindrically sym-
metric charge separation fields E; and Eg,, corresponding to the
longitudinal electric field of the bubble and the radial electric field
of the plasma channel, respectively. Figure 2(b) shows that the lon-
gitudinal component of the electric field in the plasma bubble has
a large amplitude at the front of the bubble z = z;. The peak field
strength is estimated as®”"’

T Vs aople
Ez,max“ﬁ(l"':)\/ " Eo, (5)

with v; = ¢/\/1 + 7*n./ay being the velocity of the dense electron

layer at the front of the bubble and Ey = mwc/e the unit of electric
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field. In addition to the charge separation and electric field, another
characteristic of an ultra-nonlinear plasma wave is longitudinal
motion of background protons.”**> The momenta of protons on
the propagation axis with r < 2A are shown in Fig. 2(c), where the
maximum momentum is found in the middle of the bubble. Taking
account of Eq. (5), it is found that the protons oscillate in the plasma
wave with maximum momentum®

2 2
T Cc
Pzmax = R(l + ;f) aomeVvr. (6)

A density plot of energetic protons with energy & > 9.4 MeV
in z-x space is shown in Fig. 2(d). There are two groups of ener-
getic protons, on and off the propagation axis, respectively. Density
plots of these energetic protons at t = 2507 in z-& space and in
z-p, space are shown in Figs. 2(e) and 2(f), respectively. The on-
axis group with <2\ in Fig. 2(d) occupies the same region of
the bubble z; < z < z¢. These protons are pushed forward when the
front half of the bubble passes by. Corresponding dense protons
can be found within the bubble region of Figs. 2(e) and 2(f), with
& <20 MeV and P, 2 0.15myc. The momentum given by Eq. (6)
is about 0.16m,c, which is qualitatively consistent with Figs. 2(c)
and 2(f). Here, it should be noted that v max < vg with
Vzmax = P, max/ (ym,c). This indicates that the on-axis group has not
been trapped by the bubble, which is different from the self-injection
case of BA.""" The on-axis protons are accelerated in the bub-
ble, acquiring forward velocity in the front half of the bubble, and
decelerated in the rear half. In addition, the spin of the protons pre-
cesses in the plasma channel according to Egs. (2) and (4), owing to
the presence of the magnetic field. The magnetic vortex at t = 2507
is shown in Fig. 3(a). The distributions of energetic protons with
respect to the longitudinal spin component s; and transverse spin
component s, are shown in Figs. 3(b) and 3(c), respectively. The
distribution of protons with respect to s is symmetric, since the pro-
ton spin precesses in the cylindrically symmetric magnetic vortex.
Owing to the presence of the singularity of the magnetic vortex at

\/ &+ y2 = 0, the spin precession of on-axis BA protons is restricted.
Specifically, the spin distribution of the protons near the bubble
front z - 240\ in Figs. 3(b) and 3(c), where s; — 1 and s, — 0, i.e,,
s— s

Notably, the radial acceleration of background protons in the
bubble channel also seems to occur inside the gas jet. The off-axis
group of protons with x 2 Rg, in Fig. 2(d) is mainly accelerated by
the field Eq, and moves radially in the region z < (zf + z()/2. The
corresponding energy shown in Fig. 2(e) is consistent with the pro-
ton energy accelerated by the strong electrostatic sheath field of
the channel &, = aomc®.””% In other words, the SA protons are
accelerated to a velocity ve, ~ \/2&n/m, during a time duration
ten # 2Ry /ven. This time duration is determined by the laser
intensity and plasma density as

A 2 \/6 wo ne\Y3? my
tr = - —) (== 2 7
" C(Kao) (nZAne) e @

Moreover, the proton spin precesses in the magnetic vortex field
given by Eq. (2). This field is roughly 8FE,/c with the parameters
that we have assumed and is comparable to the field shown in
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FIG. 3. (a) Snapshot in z—x space of the azimuthal magnetic field at t = 2501 /c.
Here, the y component of the magnetic field B, represents the azimuthal magnetic
field B, in the plane y = 0. (b) and (c) Density plots in z-s, space and z-s, space,
respectively, of energetic protons (with energy & > 9.4 MeV) at t = 2501 /c.

Fig. 3(a). Taking the precession frequency to be given by Eq. (4),
the precession angle is then obtained as

/ ) 1/3

Since we are assuming a the PW laser and a near-critical dense
gas jet, the precession angle of the SA protons ® becomes roughly
2 rad. The corresponding longitudinal spin component s, = cos ®
approaches —0.43, in agreement with the minimum of s, in Fig. 3(b).

IV. FIELDS IN THE REAR SIDE OF THE TARGET

When the drive pulse passes through the rear surface of the gas
jet, a stationary acceleration field with magnitude given by Eq. (5)
appears in the region behind the surface z > z,. The charge den-
sity, acceleration field, and azimuthal magnetic field at t = 2707 are
shown in Figs. 4(a)-4(c), respectively. It is found that the bubble
shell expands transversely in the region z > z», which is accompa-
nied by transverse expansion of E; and B,. To show this expansion
along the transverse direction, we set the horizontal axis of the plots
in Fig. 4 along the x direction. It can be seen from Fig. 4(a) that
half of the bubble leaves the flattop density of the gas jet at t = 2707.
The bubble radius expands to 101 at z > z5, in comparison with the
radius Ry, ~ 51 inside the gasjetat z < z,. The acceleration field E; in
Fig. 4(b) has a static lower boundary at z;, while its upper boundary
moves with the laser-driven electron layer. It should be noted that
the acceleration field is maintained at E; 2 Eo, as a result of electric
field enhancement via the gradient of the magnetic vortex:

OE. = O,B,. )

The increment in the electric field at z =270\ is plotted by the
solid green curve in Fig. 4(d). It is consistent qualitatively with the
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FIG. 4. (a)-(c) Snapshots in x-z space of the plasma charge density p, the longitu-
dinal electric field E, and the azimuthal magnetic field By respectively, att = 2707.
The light green and magenta lines in (a) show the trajectories of two tracer protons,
with diamond and square symbols indicating their positions along the respective
trajectory. The solid green diamond and solid magenta square in (a)-(c) indicate
the positions of each proton at t = 2707. (d) Comparison of the electric field incre-
ment in one laser cycle, AE; = Ex|i=p705: — Ex|t=2695: (s0lid green curve), with
the radial gradient of the azimuthal magnetic field, 9B, |,~o = 9xB, (dashed red
curve), at z = 270A.

radial gradient of the magnetic vortex field shown by the dashed red
curve. Proton acceleration in this acceleration field enhanced by the
stationary magnetic vortex is thus called MVA.> The axis of the
magnetic vortex deviates slightly from the initial laser propagation
axis, owing to hydrodynamic instability of the plasma.®

Energy enhancement of protons via MVA is the second stage
of acceleration for the on-axis protons near the rear boundary of the
target. They are accelerated first when they are swept by the accel-
eration field of the bubble, as described by Egs. (5) and (6). The
momentum distribution of the energetic protons along the prop-
agation axis before they leave the gas target is shown at ¢t = 2507
in Fig. 2(f). When the bubble passes the rear boundary at z,, the
pre-accelerated protons in the plasma wave are then trapped by the
stationary field of MVA and accelerated to much higher energies.
When the accelerated protons pass z», the longitudinal momentum
component reaches 0.28myc at t = 2707 and 0.52mpc at t = 2807,
as depicted in Figs. 5(a) and 5(c), respectively. Figures 5(b) and
5(d) present the momentum distributions of energetic protons with
respect to the spread angle 6, = tan"' (p, /p, ), from which it can be
seen that only protons with small spread are accelerated forward.
The accelerated beam comprises protons within a narrow spread
angle, specifically, 0x < 10°.
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FIG. 6. (a) Snapshot of the phase-space distribution of energetic protons at
t = 3207. (b)—(d) Snapshots in x-z space of the plasma charge density p, the
longitudinal electric field E;, and the azimuthal magnetic field By respectively, at
t = 3207. The dashed black lines indicate the position z = 2841 at which the max-
imum energy of protons appears. The corresponding longitudinal electric field and
azimuthal magnetic field at z = 284\ are shown by solid dark green curves in
(c) and (d), respectively. As in Fig. 4, the light green and magenta lines and the
diamond and square symbols in (b) show the trajectories of two tracer protons,
with the solid diamond and square symbols in (b)—(d) indicating their positions at
t = 3207.
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Figure 6(a) reveals that protons are accelerated to 550 MeV by
t = 3207, with the maximum energy appearing at z = 284). These
protons are found along the propagation axis with |x| < Ain Fig. 6(b).
The electron bunch in Fig. 6(b) around the energetic proton beam
corresponds to the electron filament in Figs. 2(a) and 4(a). It also
expands transversely into the region x < 10A, where the magnetic
vortex is evanescent. According Eq. (9), the on-axis acceleration field
E. is weakened when the negative radial gradient of the magnetic
vortex moves radially from the propagation axis, as shown by the
solid green curves in Figs. 6(c) and 6(d).

V. RESULTS AND DISCUSSION

When the energetic protons in the plasma wave are trapped
by the magnetic vortex enhanced acceleration field, a monoener-
getic proton beam can be produced. Energy spectra of protons
from t = 2607 to 4007 are plotted by curves of different colors in
Fig. 7(a). When the laser pulse propagates in the gas jet during
t <2707, the cutoff energy is around 61 MeV, corresponding to
the radially accelerated proton energy due to the plasma channel
& The cutoff energy is almost doubled to 116 MeV at t = 2807.
Although the lower boundary of the MVA field in Figs. 4(b) and
6(c) stays at z», its amplitude decreases significantly when the neg-
ative radial gradient departs radially from the propagation axis, as
illustrated in Figs. 6(c) and 6(d). As a consequence, only a por-
tion of the protons in the plasma wave with higher longitudinal
velocity component p_, shown in Figs. 2(e) and 5(a), are trapped.
As a result, energy peaks are found in the spectra at ¢ > 2807 in
Fig. 7(a). With the continuous acceleration of the trapped beam,
the peak energy reaches 689 MeV at t = 4007. The production of
the energy peak stems from the pre-acceleration of protons within
the bubble, driven by a PW laser with an optimized plasma density.
On the one hand, the effect of BA may diminish in plasmas with
higher density, resulting in an energy spectrum of MV A protons that
lacks a distinct energy peak.”” *” On the other hand, self-focusing of
the laser beam is weakened in plasmas with lower density, and the
reduction of ao in Egs. (5) and (6) decreases the acceleration of the
protons.

The spin polarization of the accelerated proton beam is given
by P = |(s)|, where ( ) indicates the average over all protons in the
beam. In our setup, this polarization is roughly determined by (s.)
when the spin precession of beam protons occurs in the cylindrically
symmetric magnetic vortex B,. The beam polarization is calculated
on the basis of identifying beam protons, i.e., the protons in the
accelerated beam. Since there is no energy peak in the spectra at
t <2807 in Fig. 7(a), beam protons cannot be identified with the
energy spectrum when the laser pulse propagates in the gas jet. Alter-
natively, we identify the proton beam with protons in the peak of
the longitudinal momentum spectrum, with p, > p .. This is reason-
able because, as shown in Fig. 5, both before and after the injection
of MVA, the protons in the accelerated beam have relatively high
p,- A density plot of all energetic protons in p,-s, space at t = 4007
is shown in Fig. 7(b), where the longitudinal momentum spectra
of all protons and the beam protons are shown by solid red and
dashed black curves, respectively. The lower limit of the longitudinal
momentum of the proton beam is given by p,, = 95%p, .,;.» where
P peak = 1.42myc corresponds to the peak value of the momentum
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FIG. 7. (a) Energy spectra of protons at different times during 2607 < t < 4007.
(b) Density plot in s,—p, space of protons at t = 4007, together with the longitudi-
nal momentum spectra of all protons (solid red curve) and beam protons (dashed
black curve). (c) Longitudinal momentum spectra at t = 2607 (black curve) and
2807 (blue curve). The shaded areas indicate the protons corresponding to those
in the final accelerated beam. (d) Longitudinal spin spectrum of beam protons,
dN/ds;, as a function of time. The solid blue curve describes the dependence
of the beam polarization P = |(S)| on time. The cutoff energy of the accelerated
protons is plotted by the solid red curve. The dashed black curve in (a) corre-
sponds to the accelerated beam protons shown by the black dashed curve in (b).
The magenta square and the green diamond in (b) indicated the locations of the
two tracer particles, as in Fig. 4. The magenta and green curves in (d) show the
variations of their respective values of s; with time.

spectrum at ¢ = 4007. The number of beam protons can be calculated
from the momentum spectrum as

~ dN
Pz dpz

Since the number of protons in the accelerated beam remains sta-
ble, one can consider protons with relatively high momentum, with
the same number Ny, as representative of the beam protons through-
out the entire acceleration process. In other words, at times ¢ # 4007,
the lower limit of momentum p,, is determined by Eq. (10) with
No = Not=400, rather than Pz peak- The beam protons at ¢ = 2607 and

dp:. (10)

No =
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FIG. 8. (a) Density plot in &-s, space of protons at t = 5007, together with
the energy spectra of all energetic protons (solid red curve) and the acceler-
ated beam protons (dashed black curve). The magenta square and the green
diamond indicate the locations of the two tracer particles, as in Fig. 4. (b) Lon-
gitudinal momentum spectra of accelerated protons at t = 5007 for density ramp
lengths d = 201 (solid curve) and 501 (dashed curve). (c) Evolution of maximum
energy (red curves) and beam polarization (blue curves) over time for d = 201
(solid curves) and 501 (dashed curves).

2807 are depicted by the shaded areas of the momentum spectra in
Fig. 7(c). This reveals that only a small fraction of protons at the
momentum peak at t = 2607, while still within the target, will be
trapped into the final accelerated beam. The corresponding energy
spectrum of the beam protons is plotted by a dashed black curve in
Figs. 7(a) and 8(a). With the above definition of beam protons, pro-
tons of the same number Ny with p, > p, , are taken into account to
calculate the beam polarization for the whole process of acceleration.
The beam polarization (s;) is thus obtained, with P = 92%, 55%, and
57% at t = 2007, 3007, and 4007, respectively.

The time evolution of beam polarization is shown by the solid
blue curve in Fig. 7(d), where the solid red curve represents the evo-
lution of the cutoff energy of the accelerated proton beam. This
reveals that the protons acquire energy aomc’/2 before t; = 2707,
when the laser pulse propagates in the plasma. As illustrated in
Figs. 2(f) and 3(b), the proton beam consists of protons with rel-
atively high longitudinal momentum. Therefore, the beam retains
a relatively high polarization when the laser propagates inside the
target. It can be seen from Fig. 7(d) that a strong energy increase
and strong depolarization appear in the time interval t; <t <t,
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when the laser passes though the rear boundary of the target and
energetic protons experience MVA. The MVA almost comes to an
end when the energy reaches 495 MeV at t, = 3107. Subsequently,
the acceleration field around the propagation axis becomes weaker,
and the magnetic field almost vanishes, as seen in Figs. 6(c) and
6(d). The protons are accelerated slowly with the residual electron
bunch until t3 = 5007, and the proton beam polarization is sus-
tained after t,. A density plot of protons in &-s; space at t = 5007
is depicted in Fig. 8(a). The solid red curve and the dashed black
curve represent the energy spectra of all protons and the beam
protons, as defined by Eq. (10), respectively. The energy spectrum
reveals an energy peak at 749 MeV, and the beam polarization
is 66%.

To compare the spin dynamics of different protons in the
accelerated beams, we trace two typical protons with the same lon-
gitudinal momentum p, = 1.41mypc but different longitudinal spin
components s, at the momentum peak in Fig. 7(b). These are named
as proton A and B, and their locations are indicated in all the
relevant figures by a green diamond and magenta square, respec-
tively. The corresponding evolutions of their s; are plotted by green
and magenta solid curves in Fig. 7(d), from which it can be seen
that the longitudinal spin component of proton A remains above
94.5% for the whole process, while that of proton B falls below 50%
when t > t,. The different spin dynamics of protons A and B can be
understood from their trajectories, which are plotted by green and
magenta lines in Figs. 4(a) and 6(b). It is found that both of these
originate from the down ramp of the gas jet, with z, Sz <z +d.
More importantly, proton A originates from the propagation axis
of the drive pulse and moves along it. By contrast, proton B origi-
nates from an off-axis location and moves forward with a diverging
angle. When protons A and B are accelerated in almost the same
electric fields, A remains along the propagation axis with zero mag-
netic field, while B experiences a stronger magnetic field beside the
propagation axis, as shown by their locations in Figs. 4(a)-4(c) and
6(b)-6(d). The positions of protons A and B in &-s; spaceat t = 5007
are indicated in Fig. 8(a). One may conclude that protons with
initially smaller deviation from the propagation axis contribute to
the portion of protons with higher polarization in the accelerated
beam.

Longitudinal momentum spectra of accelerated proton beams
at t = 5007 from gas jets with density ramp lengths d = 201 and 50
are shown in Fig. 8(b), where peaks can be seen at p, = 1.32m,c
and 0.91myc¢, respectively. If the beam protons are defined by the
same lower limit of proton momentum p_, = 95%p, . in Fig. 8(b),
one obtains beam polarizations of 67.8% and 38%, respectively.
Figure 8(c) shows the corresponding evolution of the polarization
of the accelerated beams and the cutoff energy for d = 201 and 50A.
Similar characteristics are found as for the case of d = 51 [Fig. 7(¢)]:
the proton beams are intensely accelerated and depolarized when
the laser pulse propagates through the density down-ramp, with the
corresponding time duration for beam acceleration and depolariza-
tion t; — t; depending linearly on d. The cutoff energies in Fig. 8(c)
are 668 and 380 MeV for d = 201 and 501, respectively. It is found
that the proton beam obtained with d = 20\ has similar beam energy
and polarization to the d = 51 case shown in Fig. 7. Therefore, a den-
sity scale length of the gas jet of the order of tens of micrometers is
required within an experimentally realizable gas target with sharp
gradient.”” "’
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FIG. 9. (a) Density plot in &-s; space of protons from the three-dimensional simu-
lation at t = 5007, together with the energy spectrum of all energetic protons (solid
red curve). (b) Density plot in s,-6 space of accelerated protons within the FWHM
of the energy peak in (a). The solid red curve shows the corresponding longitudinal
spin spectrum and the dashed red curve the spectrum of protons within the FWHM
of the energy peak for 6 < 10°.

Following on from the above two-dimensional PIC simula-
tions, to provide further understanding of the acceleration pro-
cess and to verify the practical efficiency of the acceleration
scheme, three-dimensional PIC simulations are conducted using
the extended EPOCH code. The size of the simulation box is
1801 x 24 x 247, with cells of 1800 x 240 x 240 and six pseudopar-
ticles per cell for protons, electrons, and chlorine nuclei. The power
of the driving laser power is increased to 7.7 PW, with a laser ampli-
tude of a9 = 200 and a pulse duration of 87. The plasma density
and the length of the uniform plateau are set as n. = 0.72n, and
z3 — z1 = 2504, respectively. The remaining parameters are identical
to those used in the two-dimensional simulations for Fig. 7.

Figure 9(a) depicts the energy spectrum of the protons from the
three-dimensional simulations at ¢ = 5507, together with the corre-
sponding density plot in &-s, space. An energy peak is observed
at 257 MeV. It is notable that the protons at the energy peak have
a relatively large s;. The beam energy is significantly lower than
that predicted by the two-dimensional simulations, owing to the
magnetic vortex-induced acceleration field being reduced in the
three-dimensional scenario, which could be attributable to the effect
of dimension on laser-induced electron heating.”> Nevertheless, pro-
tons are still accelerated to ~20 MeV by the laser-driven bubble
according to Egs. (5) and (6). Their energy is significantly boosted
via MVA at the rear boundary of the target. Additionally, these
polarized proton beams with energy 2200 MeV can be considered
as an alternative injector for polarized colliders.”” '

Figure 9(b) presents a density plot in s,—8 space of protons
within the full width at half maximum (FWHM) of the energy peak,

where 6 = tan™! (\ /p:+ pﬁ / pz) is the spread angle. The correspond-

ing longitudinal spin spectrum is shown by the solid red curve and
indicates a beam polarization of 39.5%. The majority of protons are
within a spread angle 6 < 15°. The density plot reveals that protons
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with smaller 6 have higher s. If protons with 6 < 10° are selected,
then the beam polarization increases to 73.3%. The corresponding
longitudinal spin spectrum of protons with 6 < 10° is shown by the
dashed red curve. The beam polarization increases further to 88.8%
if only protons with 6 < 5° are considered. Therefore, more stringent
requirements for beam polarization can be met by using a smaller
collection angle. The beam charge at the FWHM of the energy peak
is 349 pC. This is reduced to 95.4 and 23.1 pC for collection angles
of 10° and 5°, respectively.

VI. CONCLUSION

Laser-driven ion acceleration in a pre-polarized hydrogen
halide gaseous target is expected to generate energetic spin-polarized
protons economically. When a PW laser passes through a hydrogen
halide gas jet, protons are accelerated by the laser-driven relativistic
channel and wakefield inside the target, as well as by the stationary
electric field at the rear boundary of the target. In particular, longi-
tudinal motion of protons in the plasma wave triggers the injection
of protons into the magnetic-vortex-enhanced acceleration field. In
this study, the acceleration and spin precession of protons have been
analyzed on the basis of the TBMT equation and analytical models
of the laser-driven blowout bubble-channel structure. It has been
found that the magnetic vortex affects the precession of protons in
this structure and at the rear boundary of the target. By analyzing
the proton dynamics and the field structures, the dependence of the
final beam energy and polarization on laser and plasma parameters
has been examined. It has been found that the energy gain is deter-
mined by the pre-acceleration of the protons in the plasma wave and
the post-acceleration out of the target. Compared with our initial
demonstration of energetic polarized proton beam generation,” the
proton pre-acceleration within the plasma wave has been enhanced
using our analytical model,”"*” resulting in a significant increase in
the final energy gain. Results from multidimensional PIC simula-
tions indicate that monoenergetic proton beams with energies in the
several hundred MeV range and a polarization of tens of percent
can be achieved using PW-scale lasers and a pre-polarized gaseous
target. This method can serve as an alternative to a polarized ion
injection linac for use in a polarized collider.”’" Our study has
thus provided a novel approach to high-energy laser-driven polar-
ized proton acceleration, offering a practical proposal for polarized
particle colliders.
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