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A new scheme of ion acceleration by crossing two ultraintense laser pulses in a near-critical
relativistically transparent plasma is proposed. One laser, acting as a trigger, preaccelerates background
ions in its radial direction via the laser-driven shock. Another crossed laser drives a comoving snowplow
field which traps some of the preaccelerated ions and then efficiently accelerates them to high energies up
to a few giga-electron-volts. The final output ion beam is collimated and quasimonoenergetic due to a
momentum-selection mechanism. Particle-in-cell simulations and theoretical analysis show that the scheme

is feasible and robust.
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A laser pulse propagating in plasma excites a comoving
charge-separation field which enables effective trapped
acceleration of charged particles [1]. Electrons in the
laser-driven plasma wakefield have been accelerated to
7.8 GeV in 20 centimeters [2], showing promising prospects
of laser electron acceleration. On the other hand, the positive
part of the charge-separation field, which is usually referred
as the snowplow field [3.,4], is suitable for accelerating ions
[3-9]. Currently, the laser intensity available in laboratories
has already exceeded 10*> W/cm? [10-16]. Such a strong
laser is capable of driving a snowplow field in near-critical
relativistically transparent (NCRT) plasma with the strength
greater than one teravolt per centimeter. lons trapped in it
can be accelerated to energies of multi-giga-electron-volts in
tens of microns.

Similar to that in electron wakefield acceleration, how
ions are trapped in the snowplow field is crucial to the
acceleration process. Various schemes have been proposed
in dealing with the trapping issue. Most of them put forward
specific requirements on target configurations. Protons can
be trapped when the plasma is mainly composed of heavy
ions [3.4,17]. By adding a combined thin foil [18-21] or a
microdroplet [22], ions in it can be preaccelerated and then
trapped. Self-trapping of background ions happens at the
boundary of the plasma when the plasma density is in a
proper range [6,7,9]. However, as far as we know, it is still a
challenge to produce a well-controlled well-designed near-
critical density plasma target with the state-of-the-art target
preparing technologies. New schemes with relaxed target
requirements remain desirable.

With the advance of high-power lasers, two or multiple
intense or ultraintense laser pulses are becoming available
in more and more laboratories. This will bring new
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opportunities for various purposes, ranging from strong
field photon-photon collision [23,24], to high-energy laser
electron acceleration [25], and all-optical radiation
sources [26-28]. Here, we show that the trapped accel-
eration of ions can be feasibly realized by simply crossing
two ultraintense laser pulses in a NCRT plasma. An
illustrative plot of the present scheme is shown in
Fig. 1. One laser, we call it the trigger laser, is irradiated
on the plasma from bottom and excites a shock, preaccel-
erating some of the background ions along the laser radial
direction. Another laser, the driving laser, is irradiated
from left and drives a comoving snowplow field which
traps some of the preaccelerated ions. The fast moving
snowplow field is stabilized by the background ions of the
plasma and therefore can propagate for a relatively long
distance, making it promising for accelerating ions to high
energy. This may provide experimentalists an alternative
to make trade-offs between the requirement of special
designed targets and that of an additional setup of laser
pulses.

We demonstrate the scheme with the help of two-dimen-
sional (2D) particle-in-cell simulations by using EPOCH
[29,30]. For simplicity, we use uniform hydrogen plasma and
circularly polarized (CP) laser pulses with Gaussian enve-
lopes in both space and time. The scheme also works for
multi-ion-species plasma and linearly polarized (LP) lasers
[31]. We first consider a case that both the driving laser and
the trigger laser have the same parameters including peak
laser intensity I, = I, = 2.7 x 10°> W/cm? (laser ampli-
tude a; = a, = 100, the subscripts ; and , are for the driving
laser and trigger laser, respectively), wavelength 4; = 1 pm,
spot size 6; = 0, = 4 pm, and duration 33.3 fs. The plasma
is uniformly distributed in the area —20 pm < x < 50 pm

© 2022 American Physical Society
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FIG. 1. Schematic plot. Two ultraintense laser pulses are
crossed in a near-critical relativistically transparent plasma.
One of them, the trigger laser (from bottom), preaccelerates
background ions in its radial direction. Another one, the driving
laser (from left), drives a snowplow field which traps and further
accelerates some of the preaccelerated ions to high energy.

and —17 pm <y < 17pm. We choose a relatively low
plasma density n, = 4n, so that there is no self-trapping
of background ions in the laser-driven snowplow field,
where n, = m,w? ¢,/ e is the critical plasma density, w; =
27c/A; the laser frequency, ¢, the vacuum permittivity, m,
and e the mass and charge of electron, respectively, and ¢ the
speed of light in vacuum. The simulation box ranges from
—25 pm to 75 pm in the x direction and from —20 pm to
20 pm in the y direction. The trigger laser is from the bottom
along the axis of x = 0 and focusedony = —17 pm at 83 fs,
while the driving one is from the left along y = 0 and focused
on x = —20 pm at 133 fs. Both of the lasers drive plasma
channels [Fig. 2(a)]. Ions initially off the channel axis
experience shock acceleration in the radial direction which
has attracted both theoretical and experimental interest since
decades ago (e.g., [33-37]). At 180 fs, ions with momenta
about 0.5m;c along the x direction have been observed
around the right side of the trigger laser [Fig. 2(b)], where m;
denotes the ion mass. Meanwhile, the front edge of the
driving laser contacts the left side of the trigger laser. Later, at
280 fs, with the driving laser penetrating the channel of the
trigger laser [Fig. 2(c)], some of the preaccelerated ions are
caught by the snowplow field of the driving laser, experi-
encing a further trapped acceleration [Fig. 2(d)].
Eventually, a high density ion beam appears in the
vacuum region at the rear side of the target, as is seen
in Fig. 3(a). The most dense part, which is above 0.1n,
[Fig. 3(b)], is along the propagating axis y = 0. All the
accelerated ions fly forward within a divergence angle about
25 degrees [0.45 rad, Fig. 3(c)] while the majority (also the
most energetic ones) are within 10 degrees with a spectrum
peak at about 2 GeV and an energy spread of about
500 MeV [Fig. 3(d)]. The peak energy and the beam quality
are comparable to those in thin-foil radiation pressure
acceleration regime which is believed to be promising in
producing high-energy high-quality ion beams. For exam-
ple, in Ref. [38], ion beams with peak energy up to
1.35 GeV, relative energy spread down to 15% and

u/u

(syun “qre) “dpTp/N P

u/u

-10 0 10 20
z (pm)

(syrun -qre) “dpTp/N P

FIG. 2. Snapshots obtained from a 2D simulation by crossing
two laser pulses in plasma. (a),(c) Ion density n;/n. and (b),(d)
the phase space (x — p,) of ions along the axis of y = 0 (arbitrary
unit) at different moments, (a),(b) 180 fs and (c),(d) 280 fs. The
inset in (d) is a close-up of the accelerating bucket and the green
dashed lines are predicted by Egs. (2) and (3). The overlapping
delay between the two laser pulses is 60 fs.

maximum divergence angle of about 10 degrees are
observed in simulations with a similar laser energy.
However, the beam quality in the thin foil radiation pressure
acceleration regime can be significantly affected by the
profile of the laser intensity. This makes it challenging to
achieve high-quality ion beams in practical experiments
(see, e.g., Ref. [39]). The beam quality in our scheme is
more robust to the laser profiles.

We focus on the acceleration near the axis of the driving
laser (y ~ 0) and within the accelerating bucket (E, > 0).
During the acceleration process, the propagating velocity
of the laser front edge v, varies slow in comparing with
the variation of the ion velocities. This allows us to use
a quasistationary approximation and introduce a one-
dimension Hamiltonian [3,40], H (&, p,) = y;m;c* — VpDy—
JaiE (£)dé, where &= x—uvpt—&, & is a constant,
p, denotes the momentum of ions in the x direction,

and y;~ /1 + (p,/m;c)* the Lorentz factor of ions.

Since the charge of the trapped ions is insignificant in
comparing with that of the background ions, the electric
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FIG. 3. The output ion beam at 467 fs obtained from the

simulation in Fig. 2. (a) The density distribution (#;/n,.) in space
and (b) the line out at the axis y = 0. (c¢) The angular-energy
distribution of ions, the angular distribution in the inset, and
(d) the energy spectrum for ions within the divergence angle
10 degrees (arbitrary units).

field E, is mainly coupled with the background ions
via quasistatic fluid equations [9,41], (v, —v;)dp,/dE
=q;E,, dE,/d=q;ny/€y, wWhere p,=y,m;vy, y,=
V14 (pp/mic)®, v, and  ny, = eng/[q;(1 = v,/ vp)]
denote the velocity and density of the background ions,
respectively. Then the integral in the Hamiltonian can be
expressed as [ ¢,E,(£)dé = y,m;(c* — vsvy,) + C, where
C is an integral constant. By introducing H = (H — C)/
m;c*, = v/c, and p = p/m;c, we have

H(E po) =y/1+ Py = Prbe = lrp(&) = Brbp(&)]. (1)

Under the nonrelativistic condition (y, ~ 1), p,,(¢) can be
solved analytically [41],

L Pr =

Pb = Pbmax _TfE,%’ (2)
7 2<1_[~)b x/ﬂ)
Ex:11/3_){1—/f;13f’ (3)

with 7 =1+ + 201 = P/ B, 1= 303/ vy,
E, = qE./muvw;, w;=\/qieng/mieg, and P pax =

Pp(E = 0) is the maximum of p,. The phase trajectory of
the background ions corresponds to H = 0 and touches the
ground (p, = 0) at & = &;. The accelerating bucket is in the
range of 0 <& <&y where & = (vp/w;)[1 = 2Ppmax/

(361)1\/2Ppmax/Ps- The electric field peaks at & = &, as

Eymax = \/2Pb.max/Ps- By comparing with the simulation
shown in Fig. 2 in which the left boundary of the accelerating

ot 3
] Pout

Sk
- Pin

0 20 40 60
z (pm)

FIG. 4. The trajectories of six trapped ions (colored solid
curves) and one untrapped ion (blue dashed curve) in (a) phase
space (& — p,) (see text) and (b) real space (x — y) tracked in the
simulation in Fig. 2. The gray dotted curves in (a) depict the
phase portrait of the Hamiltonian [Eq. (1)], the black dash-dotted
and the black dotted curves are for the separatrix (H = —0.16)
and the background ions (H = 0), respectively.

bucket is at about x =19 pm at 280 fs, we have
&o = —47.5 pm. By making use of the observed values f; =
0.79 and Py, yax = 0.37 the theoretical predictions of p;, and
E, are plotted in Fig. 2(d). They fit the simulation data
roughly.

The Hamiltonian system contains a stable point (§ = &,
P = Dy) and an unstable point (£ = 0, p, = py), as is seen

in Fig. 4(a), where p,=y.f; and y;, =1/ 1—ﬂj2£.
A trapping region around the stable point is delimited
by a separatrix which corresponds to the Hamiltonian

value H* = 1/7¢ + BrPomax — /1 + Pjmax- The separa-

trix determines the minimum required incoming momentum
P =ripr(H +1) = \/ﬂ% + H*(H* +2)] and the cor-
responding maximum achievable output
Pow = V3IBA(H + 1)+ \ B3 + M (' +2)]. When the
snowplow field is strong enough so that pj . — Dy,
one has H* — 0 and p; = 0. This is the case that the
separatrix coincides with the phase trajectory of the back-
ground ions. This corresponds to the threshold condition
of self-trapping beyond which ions at rest can be trapped
and accelerated [9]. As a contrast, in our simulation, the
separatrix with H* = —0.16 is distinct from and higher than
the trajectory of the background ions [Fig. 4(a)]. Only
preaccelerated ions with incoming momenta larger than
pi, = 0.24 can be trapped. This results in a momentum
selection mechanism which ensures a quasimonoenergetic
and collimated output ion beam.

momentum
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FIG. 5. (a) and (c) Maximum ion momentum along the axis of

y = 0 in the preacceleration stage (p,) and (b),(d) maximum final
output ion energy (&,,) versus (a),(b) peak intensity of trigger
laser (/,) for different trigger laser spot sizes, case A, o, = 4 pm
(black circles) and case B, o, =2 pm (blue crosses), and those
versus (¢),(d) plasma density n, for different laser intensities, case
C,1,=1,=27x10* W/cm? (black circles) and case D, I, =
I, = 10*> W/cm? (blue crosses). Other parameters are the same
as those used in Fig. 2. The dashed curves in (a),(c) and (b),(d) are
theoretical predictions Eqs. (5) and (4), respectively.

Six trapped ions and one untrapped ion are tracked in the
simulation. The trapped ions came from diverse initial
positions [Fig. 4(b)] but are strongly calibrated later to a
mainly forward track. The calibration appears to be caused
by the radial charge-separation field generated by the
driving laser. The ions are first preaccelerated from rest
to momenta of ~0.5m;c with the decrease of £ until £ ~ 10.
The trapped acceleration happens when £ < 1.8 and the
final output momenta are ~3m;c. Although separated in
space in the radial direction, the trapped ions merge in
the phase space and flow along the phase trajectories of the
Hamiltonian system roughly [Fig. 4(a)]. In contrast, the
untrapped ion (initially at x = 23 pm, y = 0) flows along
the phase trajectory of the background ions (H = 0) and
cannot be accelerated.

In simulations we have found that the peak energy of the
ion beam remains similar even if the trigger laser is advanced
or delayed by 20 fs. This is mainly due to the feature that the
shock acceleration ends quickly so that the preaccelerated
ions can wait for the snowplow field of the driving laser for a
relatively long time period with almost unchanged veloc-
ities. This is practically important for experimental realiza-
tion since an inaccuracy of the overlapping delay is usually
inevitable, especially when two individual lasers are used.
We have also found that the peak ion energy is almost the
same by varying the focusing point of the driving laser from
the boundary of the simulation box (x = —25 pm) to the
crossing point (x = 0) along the axis of y = 0. Furthermore,

the calibration of the direction of preaccelerated ions during
the trapping process allows for a variation of the included
angle between the two crossed lasers in a proper range.
These features make the scheme proposed here practical and
feasible.

In order to have a comprehensive understanding of the
scheme, different laser plasma conditions have been
considered in Fig. 5. Since the preacceleration stage
driven by the trigger laser shock plays a crucial role,
we plot not only the final output ion energy (€,,) but also
the preaccelerated momentum (p,) as functions of laser
plasma parameters. The former can be calculated from the
Hamiltonian system as

gout/””ic2 = y?[}/s(l +/}%) - zﬁsﬁf] -1, (4)

as long as pj < p, <ps is satisfied [42], where
¥ = \/1 + p2. The latter can be estimated as [34],

ps~ (2q;m,/em;)V?(1,/1.37 x 101 W/cm?)/4, (5)

which meets the simulation data roughly, especially
when the scheme works [Figs. 5(a) and 5(c)] [44].
The laser front edge velocity can be modeled as [45]
pr= 1/7/1+27%ny/(fayn,), where f is introduced to
account for the laser self-focusing effect. The theoretical
prediction of &£ fits the simulation data of the maximum
ion energy approximately by using f = 1.35 [Figs. 5(b) and
5(d)]. The scheme works even when I, is as low as 1.4 x
10" W/cm? [Figs. 5(a) and 5(b), case A], which corre-
sponds to laser energy only a few percent of that of the
driving pulse, indicating that the two-laser scheme can be
implemented by modifying the one-laser self-trapping
scheme without significantly increasing the energy cost
of the entire laser system. The trigger laser energy can be
further reduced by focusing the laser to a smaller spot size
o, = 2 pm (case B) [46]. For the given lasers, the scheme
works when the plasma density is high enough that
ps > pi,, but becomes inefficient when the density is so
high that p is close to py. This determines an optimal range
of plasma density which is 2 < ny/n. <7 for I, =1, =
2.7 x 10> W/cm? [Fig. 5(d), case C] and 3 < ng/n, < 6
for I, =1, = 10> W/cm? [case D]. Interestingly, self-
trapping acceleration of background ions survives even
with the presence of the trigger laser, resulting in efficient
acceleration when the two-laser scheme is inefficient
(ng/n. = 10 for case C and ny/n, >8 for case D).
Nevertheless, for a given driving laser, the maximum
achievable ion energy via the two-laser scheme is higher
than that via the self-trapping acceleration since v, increases
with the decrease of ng. This is more pronounced when
using LP lasers [31].

In summary, we have proposed a new scheme to
generate high energy high quality ion beams by crossing
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two ultraintense laser pulses in a NCRT plasma. It
combines the shock acceleration of ions in laser radial
direction and the trapped acceleration in laser-driven
snowplow field. It extends the plasma density range used
for laser ion acceleration in the NCRT regime. It requires
bulk plasma targets with thickness larger than tens of
microns and ultraintense laser pulses with duration longer
than tens of femtoseconds, similar to that in the self-
trapping acceleration regime in NCRT plasma. The two
laser pulses can be produced either from two individual
lasers directly or from one laser by inserting a beam
splitter, e.g., a D-shaped mirror, into the beam line. The
laser plasma interaction configuration can be implemented
with feasible designs [31]. The ion dynamics observed in
simulations is well described by an analytical model,
indicating that the mechanism is simple and further
investigation and optimization are possible. This Letter
shows the potential of applying two or multiple ultra-
intense laser pulses in ion acceleration which may be of
great interest as such laser systems are becoming available.
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