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Polarized proton acceleration in ultraintense laser interaction with near-critical-density plasmas
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The production of polarized proton beams with multi-GeV energies in ultraintense laser interaction with
targets is studied with three-dimensional particle-in-cell simulations. A near-critical density plasma target with
prepolarized proton and tritium ions is considered for the proton acceleration. The prepolarized protons are
initially accelerated by laser radiation pressure before injection and further acceleration in a bubblelike wakefield.
The temporal dynamics of proton polarization is tracked via the Thomas-Bargmann-Michel-Telegdi equation and
it is found that the proton polarization state can be altered by both the laser field and the magnetic component
of the wakefield. The dependence of the proton acceleration and polarization on the ratio of the ion species is
determined and it is found that the protons can be efficiently accelerated as long as their relative fraction is less
than 20%, in which case the bubble size is large enough for the protons to obtain sufficient energy to overcome
the bubble injection threshold.
DOI: 10.1103/PhysRevE.104.015216

I. INTRODUCTION

With the development of laser technology, especially
chirped pulse amplification [1], remarkable progress has been
achieved in the field of laser-plasma acceleration [2,3]. Long
after laser-driven wakefield acceleration (LWFA) was first
proposed by Tajima and Dawson [4], electron beams with
quasimonoenergetic peaks up to 7.8 GeV were generated using a peak laser power of 850 TW interacting with a 20-cm
capillary charge waveguide in [5]. The maximum energy
for laser-driven ion acceleration is around 85 MeV, via a
high-energy laser incident on micrometer-thick plastic targets
[6]. Protons near 100 MeV have been obtained through a
hybrid scheme of radiation pressure and sheath acceleration
[7]. These plasma-based accelerators have prompted a new
class of diagnostic techniques different from those common
to traditional accelerators [8]. In order to effectively utilize
and develop laser plasma acceleration, many characteristics
of particle beams, e.g., energy spread, charge, pulse duration,
and emittance, have been steadily improved. However, the polarization of particles has rarely been studied in plasma-based
acceleration [9].
Polarization is defined as the collective spin state of a
particle beam. It is commonly employed in nuclear physics
[10], high-energy physics [11], and material physics [12]. For
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laser-driven accelerators, there are two approaches leading
to polarized particle beams: a de novo polarization buildup
from an unpolarized target in the interaction with laser and
polarization preservation of prealigned spins during the acceleration. In the first instance, the spin polarization of an
ultrarelativistic electron beam has been investigated through
colliding with an intense laser pulse in the quantum radiationdominated regime [13]. A possible way to produce highly
polarized positron beams was also proposed via interaction
of an ultrarelativistic electron beam with counterpropagating
two-color intense laser pulses [14]. For a prepolarized target,
it has been demonstrated recently that nuclear and electron
spin-polarized H and D densities of at least 1019 cm−3 with
10-ns lifetimes can be produced by photodissociation of HBr
and DI with circularly polarized UV light pulses [15]. Using
this kind of prepolarized target, Wen et al. demonstrated that
kiloampere polarized electron beams can be produced through
LWFA in the bubble regime [16]. Furthermore, a vortex laser
interacting with prepolarized plasma was proposed to produce
energetic electrons with high polarization and beam charge
[17].
Because the proton is 1836 times heavier than the electron or positron, it is much more difficult to align the
spins of protons via laser-solid interaction, as demonstrated
by Büscher and co-workers [18–20]. For this reason, acceleration of polarized proton beams has been investigated
usually using a prepolarized target composed of two different ion species close to the critical density for a Ti:sapphire
laser. By irradiating prepolarized monatomic gases from
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photodissociated hydrogen halide molecules with a petawatt
laser, proton beams with nearly 100 MeV energy and 80%
polarization via magnetic vortex acceleration mechanism [21]
were predicted. In order to obtain several-GeV protons from
near-critical plasma targets, wakefield acceleration offers a
good option. The work of Shen et al. showed that the protons can be trapped and accelerated efficiently in the bubble
regime, where the plasma consists of a small proportion of
protons and a large proportion of heavier tritium ions [22]. It
should be noted that the density ratio of protons and heavier
ions is different in the two above studies. In addition, the
protons need to be preaccelerated to a sufficient energy in
order to be injected into the wakefield. In the work of Liu
et al. it was shown that protons preaccelerated by the radiation
pressure acceleration in a thin solid foil could be captured by
the LWFA in an underdense gas [23].
In this paper, preacceleration of protons via direct laser
acceleration with an ultraintense circularly polarized laser is
proposed. This initial stage is followed by proton acceleration
in a wakefield, where the polarization dynamics is also examined in detail. Finally, the influence of the proton-to-ion ratio
on the acceleration and polarization is investigated.

FIG. 1. Schematic of laser prepolarized plasma interaction. The
polarization direction of particles is denoted by red arrows and is
aligned with the propagation direction of the laser. The plasma is
composed of electrons (e− ), protons (H + ), and tritium ions (T + ).

our study based on the prior work of Ref. [29]. The simulation geometry is shown in Fig. 1, where the initial electron,
proton, and tritium densities are 1.5×1021 , 1.0×1020 , and
1.4×1021 cm−3 , respectively. The plasma density is uniform
and the vacuum length at the left edge is 15λ. The proton-totritium density ratio is 1:14. The target is initially prepolarized
in the x direction [16], as depicted by the red arrows in Fig. 1.
Benchmarking the TBMT equation

II. SIMULATION METHOD

A series of simulations was performed to study the polarization dynamics during the acceleration of prepolarized
protons with a modified version of the three-dimensional
particle-in-cell (PIC) code EPOCH [24]. A laser pulse with λ =
0.8 μm wavelength and clockwise polarization is propagated
in the x direction with a focused transverse Gaussian profile.
The spot size is w0 = 10λ and the pulse duration is τ =
20 fs.√The normalized laser amplitude is a0 = eE0 /me ωc =
316/ 2, corresponding to a laser intensity I0 = 2.14×1023
W/cm2 , as adopted in Ref. [22], where e and me are the
electron mass and charge, respectively. The simulation mesh
resolution is dx = 0.031 25λ and dy = dz = 0.5λ in the longitudinal and transverse directions, respectively. There are
four macroparticles per species per cell. The moving window
simulation box is 50λ×90λ×90λ with open boundary conditions in each direction. The proton polarization is defined
by its spin vector s, which has an absolute value of 1 and
a direction calculated from the Thomas-Bargmann-MichelTelegdi (TBMT) equation ds/dt = −×s [25,26],
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where m and q are the proton mass and charge, respectively,
a p = 0.5(g p − 2)  1.79 is the dimensionless anomalous
magnetic moment of the proton, γ is the Lorentz factor of the
proton velocity, c is the light speed in vacuum, B is the magnetic field, and E is the electric field in the laboratory frame.
Equation (1) can be evaluated using an adapted version of the
standard Boris operator splitting method commonly used for
the momentum integration in PIC codes [27,28]. Although the
particle spin can in principle be altered by the Stern-Gerlach
and Sokolov-Ternov effects, these have been neglected in

The TBMT equation was previously analyzed in detail in
Ref. [25], which discussed two analytical solutions: the Wien
filter and uniform magnetic field. The Wien filter case is a uniform magnetic field plus an orthogonal electric field such that
the net Lorentz force vanishes: E + β×B = 0. The velocity
β is orthogonal to both the electric and magnetic fields. Here
the acceleration of the particle β̇ = 0 and the spin precession
vector is given by
g pq
g pq
(B − β × E) = 2 B.
(2)
=
mc
γ mc
The particle moves in a straight line, but the spin precesses
around the magnetic field. In the case of a uniform vertical
magnetic field with no electric field, the gyrofrequency for
horizontal circular motion is
q
ωrev =
B,
(3)
γ mc
whereas the spin precession frequency is


q
1
=
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The EPOCH particle integrator including the TBMT equation was verified using the two above cases. To do that, a
bunch of protons with uniform energy γ and density n p =
1.74×1015 cm−3 was used, where the electromagnetic field
generated by the proton beam can be ignored so that all
the protons followed similar trajectories. Periodic boundaries were used and the grid resolution was dx = 0.02λ and
dy = dz = 0.05λ, where λ = 0.8 μm.
In the case of the Wien filter, the magnetic field B = Bz k
and the electric field E = Ey j = βx Bz j, where the proton propagates in the x direction with β = βx i, and i, j, and k are
the unit vectors in the x, y, and z directions, respectively. In
this case, the proton orbit is a line in the x direction, while
the proton spin rotates in the XY plane with Eq. (2). When
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intense accelerating field, the motion of protons cannot be
ignored and some protons may be captured by the wakefield.
A. Proton trapping and acceleration

FIG. 2. Benchmark results for (a) the Wien filter case showing
the evolution of angle of spin rotation for protons of different energies γ 2 = 2 (blue solid line), γ 2 = 3 (green dashed line), and γ 2 = 4
(red dotted line) and (b) the uniform vertical magnetic field case
with Bz = 106 T, showing the history of the angle of orbit (blue
solid line) and spin (green dashed line) rotation for protons with
γ = 2. The angles of spin and motion rotation are obtained from
φ = tan−1 (sy /sx ) and θ = tan−1 (py /px ). The initial spin and velocity
were both in the x direction.

Bz = 106 T, the proton spin rotation period is
Ts = 2π /

 23.5γ 2

(in femtoseconds), in agreement with the numerical time histories of φ = tan−1 (sy /sx ) in Fig. 2(a). In the case of uniform
magnetic field B = Bz k, the proton orbit is a circle in the
XY plane with frequency given by Eq. (3) and the proton
spin also located at the XY plane according to Eq. (4). When
Bz = 106 T and γ = 2, the periods of motion and spin are
Trev = 131 fs and Ts = 28.62 fs respectively, also borne out
by the simulation results in Fig. 2(b).
III. RESULTS AND DISCUSSION

An intense laser pulse injected into an underdense plasma
can result in a blowout state in which the electrons are expelled by the laser while the ions remain immobile. Owing
to the charge separation field, the electrons return to the axis
forming a positively charged bubble, which has a phase velocity equal to the group velocity of the driver laser. Increasing
the plasma density to near-critical density results in a lower
bubble velocity and an enhancement of the electromagnetic
field in the bubble. Because of its longer exposure to a more

As shown in Fig. 3(a), the electron bubble is formed at
100 fs and some electrons are injected into the tail of the
bubble. There are also some protons distributed near the
driving laser at the head of the bubble. The proton density
forms a vortex microstructure. The rotation direction is
the same as
√ the laser polarization. For the laser amplitude
a0 = 316/ 2, the quiver velocity of protons would be
v p /c = a0 /1836 = 0.172, which means that the protons will
move significantly in the laser field. During the first stage
of preacceleration, the proton motion is therefore directly
affected by the ultraintense laser field.
This can be demonstrated by examining the dependence
of the resultant kinetic energy distribution on the laser polarization in the first stage. Figures 3(b) and 3(c) show the
distribution of proton density at same time with counterclockwise and linear polarization, respectively. Compared with the
case of clockwise polarization, the vortex structure follows
the laser polarization such that the microstructure is imprinted
directly by the laser. When the laser is linearly polarized,
the proton density takes on a multilayer form instead. These
features are also reflected in the distribution of proton kinetic
energy Ek (x), as shown in Fig. 3(d) for the clockwise polarized laser. Here the proton energy has a periodic variation
with the laser wavelength, another strong indication that the
protons are directly modulated by the laser.
At later times, the protons with kinetic energy Ek > 4 GeV
are still located in the acceleration regime with Ex > 0, as
shown in Fig. 3(e). This means that the high-energy protons
are able to catch up with the electron bubble and continue to
gain energy in the wakefield. To track the acceleration dynamics further, nearly 2000 protons are selected with Ek > 4 GeV
at 400 fs. Their positions at 100 fs are shown as white dots in
Fig. 3(d); their subsequent positions relative to the longitudinal electric field profile at later times are displayed in Fig. 3(f).
At 200 fs, these protons (orange dots) are still located within
the accelerating region of the wakefield with Ex > 0, although
they undergo some slippage before regaining some ground
between 200 and 400 fs. In other words, the protons are
trapped in the wakefield at nearly 400 fs and are subsequently
accelerated continuously. On the other hand, their transverse
position increases with time, implying that the bunch experiences a defocusing radial field, as shown in Fig. 5(d).
B. Effect of laser polarization on energy gain

A further series of simulations shows that the protons
always slip out from the bubble regime and cannot be further accelerated if a linearly polarized (LP) laser with the
same energy is used. For plasma waveguides, a circularly
polarized (CP) laser is found to produce a higher electron
temperature than a LP laser [30]. For electron acceleration in
the laser-driven wakefield, it is found that using a CP laser
can decrease the self-injection threshold in the nonpreformed
plasma, compared to the case with a LP laser [31]. In a typical
underdense plasma, the bubble size is nearly the same in the
LP and CP cases. However, the situation is quite different
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FIG. 3. Distribution of proton and electron densities at 100 fs in cases with different laser polarization: (a) clockwise polarization,
(b) counterclockwise polarization, and (c) linear polarization. (d) Spatial distribution of proton kinetic energy Ek > 0.1 GeV along x at 100 fs.
(e) Distribution of Ex at 400 fs. Protons with kinetic energy higher than 4 GeV are denoted by green dots. (f) Position of selected protons
[denoted by white dots in (d)] at different times in the bubble frame, where vb is the bubble velocity. The distribution of the longitudinal field
√
on the axis at 120 fs is shown as a blue solid line. The black dashed line shows the longitudinal field Ex = 0. The laser intensity is a0 = 316/ 2
and the initial electron density is ne0 = 1.5×1021 cm−3 . The proton and tritium densities are n p0 = 1.0×1020 cm−3 and nT 0 = 1.4×1021 cm−3 ,
respectively.

for a near-critical-density plasma, in which it has been found
that proton acceleration in the wakefield is more effective
for a CP laser driver. For a LP laser pulse with the same
energy, the longitudinal electric field Ex (x) at 120 fs is already
obviously different from that produced by a CP laser, as shown
in Fig. 4(a). The bubble size is smaller and the longitudinal
field Ex is weaker in the case of the LP laser. As a result,
the protons gain higher energy with a CP laser, as shown in
Fig. 4(b), enabling them to be injected into the wakefield.
Another difference is shown in Fig. 4(c), which gives the
energy phase space at 100 fs for the LP laser, clearly revealing
a periodic structure at half the laser wavelength owning to the
oscillating term of ponderomotive force [32].
C. Proton spin dynamics and polarization preservation

The original motivation of this study was to analyze the
time evolution of the proton spin. The polarization of selected
protons was investigated first. The distribution of the proton
spin component sx at 100 fs is plotted in Fig. 5(a). At this time,
the sx values do not change significantly, remaining close to
their initial value of sx = 1. Meanwhile, the spins exhibit a
periodic structure at the laser wavelength. The corresponding
proton positions and a map of Ey (Bz ) are shown in Fig. 5(c)
[Fig. 5(e)]. The protons are located in the laser field near the
axis, where the Ey and Bz of the wakefield could be ignored.

Here the laser electric field is approximately 1014 V/m, as
shown in Fig. 5(c), with the corresponding magnetic field
nearly 106 T. At 100 fs, the kinetic energy of the proton
q
is not very large γ  1. From Eq. (1),  mc
(a p + γ1 )B =
2.67×1013 Hz, where the cycle of rotation is nearly 23 fs,
implying that the polarization of the proton beam could also
be affected by the laser field directly. This means that the
spin of the proton should also be considered, although there
are many works focusing on the spin motion of electrons
(or positrons) in ultraintense laser fields [9,33,34].
By contrast, later on at 400 fs [in Fig. 5(b)], the polarization
distribution of sx ranges from −1 to 1; in particular, the spin
goes negative for trailing protons. At this time, these protons
have slipped backward and are mainly distributed in the field
generated by the cavity wakefield. In the bubble regime as
presented in Fig. 5(d), the transverse field usually focuses
electrons, but defocuses for positively charged particles, for
example, positrons and protons. The transverse size of a proton bunch will therefore increase in time. Here it can be seen
that the transverse extent of the proton bunch has increased,
especially its rear portion, as shown in Fig. 5(f). These are
located at the sheath of the bubble, where Bz is larger and
the polarization rotates faster. Here the maximum Bz is nearly
0.2×106 T, so the rotation period is only 100 fs for protons
with γ  1. For trapped protons located near the laser axis,
this period will be longer, resulting in less spin rotation.
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FIG. 6. (a) Polarization P (green solid line) and sx  (black
dashed line) of selected particles together with the average (purple
dotted line) and maximum energies (red solid line), (b) energy spectrum at 800 fs, (c) distribution of P with energy, and (d) distribution
of sx  with energy.

FIG. 4. (a) Distribution of Ex with x at 120 fs in two cases: a
circularly polarized laser (blue solid line) and a linearly polarized
laser (green dashed line). (b) History of maximum energy for protons. (c) Distribution of energy with x at 100 fs for the case with a
linearly polarized laser. The other simulation parameters are the same
as those in Fig. 3(a).

FIG. 5. Distribution of sx with x for selected protons, as shown as
Fig. 3(f), at different times: (a) 100 fs and (b) 400 fs. Their positions
are denoted by green dots in (c)–(f). Also shown are the distribution
of Ey at the respondence times (c) 100 fs and (d) 400 fs and the
distribution of Bz at the respondence times (e) 100 fs and (f) 400 fs.

 The polarization of particle beams is defined as P =
sx 2 + sy 2 + sz 2 , where si  is the average value in each
direction. For the beam comprising the previously selected
particles, this parameter is shown in Fig. 6(a). The maximum
and average energies are also displayed here as the red solid
and purple dotted lines, respectively. The maximum energy is
nearly 8 GeV and the average energy is 6.5 GeV at 400 fs.
Over time, the protons are accelerated while the value of sx 
decreases, as denoted by the black dashed line. It should be
noted that the polarization P  |sx | increases after 300 fs
according to this definition.
After protons become trapped in the wakefield, they are
accelerated continuously, yielding a final energy spectrum of
all protons at 800 fs shown in Fig. 6(b). The corresponding distributions of P and sx  are given in Figs. 6(c) and
6(d), respectively. Although the maximum energy is nearly
18.12 GeV, this is recorded by a single simulation particle,
which means that si  = si and its polarization P is always 1,
as shown in Fig. 6(c). In order to study the polarization with
meaningful statistics, it is necessary to use sx  instead of P,
where sy  and sz  are nearly zero owing to the azimuthal
symmetry of the wake magnetic field. As revealed in Fig. 6(d),
the sx  becomes negative, which causes the protons’ polarization to change rapidly via this acceleration mechanism.
The number of protons with Ek > 4 GeV is nearly 0.22 nC.
Here Ek > 4 GeV is used to isolate those protons which have
undergone acceleration in the wakefield. In this case, the average energy is 7.65 GeV, the polarization is P = 0.44, and
the value of sx  is −0.42. This result means that the depolarization of proton beams cannot be ignored in the present
acceleration scheme, especially for the prepolarized uniform
dense plasma. In addition, the polarization of protons may be
conserved much better by overcoming the transverse defocusing effect.
D. Effects of radiation reaction and mass ratio

Although the radiation reaction (RR) effect for electrons
is expected to become important for a0  100 [35], further
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FIG. 7. (a) Longitudinal electric field at 120 fs and (b) history
of the maximum proton energy for three cases: hydrogen-tritium
plasma without the radiation reaction effect (blue solid line),
hydrogen-tritium plasma with the RR effect (red dashed line), and
hydrogen-deuterium plasma without the RR effect (purple dotted
line). The electron density and other laser parameters are the same
as those in Fig. 3(a). (c) History of the distance from protons with
maximum Ek to the position with Ex = 0 in cases with different
ratios. (d) Distribution of Ex at 400 fs for the case with the ratio 1:4.
The protons with Ek > 3 GeV are shown as green dots.

simulations including QED effects show that both proton
acceleration and polarization processes do not change significantly in our case, and the results presented here do not
include generally QED effects. To verify this assumption,
Fig. 7(a) shows a comparison with and without RR, and it
is found that the effect is indeed relatively modest. Even with
RR included, protons gain similar energies at the initial stage
(before 400 fs), as shown in Fig. 7(b). Once protons have been
captured by the wakefield, they go on to gain slightly more
energy with RR included than without.
In this work, the heavier ions of a gas target are chosen
as tritium, as in the work of Shen et al. [22], where the
charge-to-mass ratio is Z/A = 1/3. When the heavier ions are
changed to deuterium, the Z/A is 1/2, similar to the average
charge-to-mass ratio for most fully ionized gases. Figure 7(a)
plots the distribution of Ex at 120 fs for these charge-to-mass
ratios, showing that the bubble radius, defined as the distance
from the head of the bubble to its center (Ex = 0), is larger
for smaller Z/A. The time history of maximum kinetic energy
in Fig. 7(b) suggests the protons can be accelerated to higher
energy in the case of tritium.
E. Dependence on relative proton concentration

The proton dynamics can be easily influenced by the relative proportion of hydrogen to tritium, as shown in Fig. 7(c).
Here the position of Ex = 0 is denoted by a blue dashed line.
The proton positions with maximum Ek for different ratios are
shown by different colored lines. A position below zero means
that the protons slip out from the acceleration region and can
no longer be accelerated by the wakefield. This phenomenon
occurs for the proton fraction above 20%, a case illustrated in
Fig. 7(d), where the protons with energy higher than 3 GeV at
400 fs are located in the Ex < 0 region of the wakefield and
thus they cannot be accelerated further.

FIG. 8. (a) Distribution of Ex with x for different ratios. (b) Longitudinal
radius of Ex and the velocity of bubble, where γb =

1/ 1 − (vb /c)2 . (c) Average energy of protons with kinetic energy
higher than 4 GeV and their polarization P.

The Ex (x) profiles at 120 fs are shown in Fig. 8(a) for
different ion ratios. In the case of electron acceleration in the
bubble regime, the ion or proton is always considered immobile, as denoted by the black dashed line. For near-critical
densities, the ion motion cannot be ignored. Here we can see
that the Ex profile is clearly altered by the ion composition,
especially its slope Ex / x. With an increasing proportion
of tritium, the distribution of Ex approaches the fixed ion case.
The bubble radius is defined as the distance from the head of
the bubble to its center, where Ex = 0 (blue dashed line). This
parameter increases with the amount of tritium, whereas the
velocity of the bubble decreases, as shown in Fig. 8(b). After
being preaccelerated directly by the laser at the head of the
bubble, it takes longer for protons to slip back to the center
of the bubble with a larger radius, where the proportion of
protons is smaller. This helps the proton obtain enough energy
to catch up to the wakefield. Although our study has been
restricted to hydrogen-tritium mixtures, our results should
be equally applicable to HCl gas targets, where the density
ratio of the proton and electron is 1:18. The density ratio of
the proton and electron is more convenient, considering the
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species of ion has been changed and the motion of heavier
ions, either tritium or chlorine, can be ignored.
Finally, we have studied the dependence of the average energy and polarization on the ion ratio [Fig. 8(c)]. Although the
average Ek of protons with Ek > 4 GeV increases with a lower
proton fraction, their polarization decreases. This difference
in polarization can be accounted for by transverse defocusing
of protons in the bubble regime, which on average could be
exposed to a more intense magnetic field.

PHYSICAL REVIEW E 104, 015216 (2021)

in the gas have a strong influence on the proton acceleration
in this regime. The radius and the velocity of the accelerating
field structure depend critically on the ion ratio. For sufficiently large ratios, a polarized proton beam can be trapped
by the wakefield and accelerated to multi-GeV energies.
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