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In order to generate high quality ion beams through a relatively uniform radiation pressure acceleration
(RPA) of a common flat foil, a new scheme is proposed to overcome the curve of the target while being
radiated by a single transversely Gaussian laser. In this scheme, two matched counterpropagating
transversely Gaussian laser pulses, a main pulse and an auxiliary pulse, impinge on the foil target at
the meantime. It is found that in the two-dimensional (2D) particle-in-cell (PIC) simulation, by the restraint
of the auxiliary laser, the curve of the foil can be effectively suppressed. As a result, a high quality
monoenergetic ion beam is generated through an efficient RPA of the foil target. For example, two
counterpropagating transversely circularly polarized Gaussian lasers with normalized amplitudes a1 ¼ 120

and a2 ¼ 30, respectively, impinge on the foil target at the meantime, a 1.3 GeV monoenergetic proton
beam with high collimation is obtained finally. Furthermore, the effects on the ions acceleration with
different parameters of the auxiliary laser are also investigated.
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I. INTRODUCTION

The high quality ion acceleration through the interaction
of the intense laser with plasma has been widely studied in
recent years, which has many significant applications in
diverse fields, such as low-cost tabletop accelerator [1],
hadron therapy of oncological diseases [2] and the fast
ignition in the inertial confinement fusion [3]. Compared
with the traditional particle accelerators, the laser plasma
accelerator has some advantages in the ultrahigh accelerat-
ing gradient, smaller size, and relatively lower cost [4]. For
now, some acceleration mechanisms have been proposed,
for example, electrostatic shock acceleration (ESA) [5–9],
target normal sheath acceleration [10–13], magnetic vortex
acceleration [14–18], and radiation pressure acceleration
(RPA) [19–41], etc. Among these mechanisms, the RPA is
regarded as one of the most promising schemes because
of its high energy conversion efficiency and the excellent
quality of the accelerated ions [19,29,30]. When the
radiation pressure is dominant, the electrons pile up by

the radiation pressure and form the compressed electron
layer. The laser-driven ion acceleration arises from the
charge separation field caused by the ultraintense laser
pushing the compressed electron layer forward [19]. The
ions under this strong charge separation field could be
rapidly accelerated and catch up with the fast-moving
compressed electron layer. The laser pulse would penetrate
into the target, which is regarded as the hole-boring (HB)
stage [31,37]. Until the laser penetrates through the target,
the RPA structure that the compressed electron layer
overlaps the accelerated ion layer as a whole and forms
a quasielectric-neutral structure, which is also called
plasma mirror, detaches from the target and is accelerated
to high energy by continuously reflecting laser, and this
process is called the light-sail stage [35,37].
However, there are also some problems in the RPA

regime, such as the maximum energy limitation of the
accelerated ions [39] and the transverse instability. There
have been many researches about the transverse instability
[22,24–26], and a recent work indicates that the ripples on
the target is induced by the coupling between oscillating
electrons and quasistatic ions [42]. On the other hand, in
the high dimension situation, the amplitude profile of the
normal transversely Gaussian laser has a transverse dis-
tribution, which means a transversely nonuniform radiation
on the foil. Therefore, the common flat foil target is
doomed to curve by the transversely nonuniform accel-
eration. The curved foil would contribute to a rapid foil
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deformation and premature determination of the ion accel-
eration [22,24].
In order to overcome the target curve and improve the

quality of the accelerated ion beam, a series of schemes
have been proposed so far. Some schemes aimed at shaping
the laser pulse to get a steep-front laser [38], or using the
specific combination of different laser modes [24]. Other
schemes tended to construct the specific target structure,
such as the shaped foil target [28], the double layer target
[36], and the mixed multispecies foil target [34]. However,
in these previous schemes, the advanced target fabrication
technology and rigorous laser shaping technology are
indispensable. Therefore, it is a challenge to realize these
schemes in ordinary laboratory conditions. If we can realize
a high quality ion acceleration by using the normal
transversely Gaussian laser and the common flat foil target,
which could be respectively easier obtained in an ordinary
laboratory, the requirement of experiment condition could
be vastly reduced.
For the above consideration, we propose a new scheme

to generate high quality ion beams by using the normal
transversely Gaussian laser and the common flat foil target.
Since the curve of the foil target is attributed to the
nonuniform radiation of the single transversely Gaussian
laser pulse on the foil target, we could add another
counterpropagating transversely Gaussian laser pulse from
the other side of the foil to counteract the nonuniform
radiation on the foil, which may effectively suppress the
target curve and improve the quality of the accelerated ions.
The organization of this paper is as follows. In Sec. II, we

propose our scheme and come up with the corresponding
optimum parameters condition for the auxiliary laser. In
Sec. III, the 2D particle-in-cell (PIC) simulations are
performed to verify our scheme by using the relativistic
electromagnetic PIC code VORPAL [43]. In addition, the
effects of different parameters and the arrival time of the
auxiliary laser are also investigated. At last, the conclusion
is presented in Sec. IV.

II. MODEL AND THEORETICAL ANALYSIS

In order to counteract the nonuniform radiation on a
common flat foil while being radiated by a single trans-
versely Gaussian laser, we add another counterpropagating
transversely Gaussian laser pulse from the other side of the
foil, as shown in Fig. 1. In the schematic diagram, the left
and right lasers are the main and auxiliary pulses, respec-
tively. If the parameters of the auxiliary lasers satisfy an
appropriate condition, the longitudinal component of the
resultant ponderomotive force of these two lasers would
vary so slowly in the transverse direction, and the foil could
be relatively uniformly accelerated, which can effectively
suppress the curve of the foil. A high quality ion beam
can be generated through an efficient RPA of the foil. In
consequence, after given the main laser, the parameters of

the matched auxiliary laser are what we should investigate
in this part.
When a laser impinges on a target, the relativistic

ponderomotive force on the electron can be given by [4,44]

F ¼ −mec2∇γ; ð1Þ

where me and c are the rest electron mass and vacuum
light speed, γ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ a2

p
is the relativistic factor, and

a ¼ eE=meωc represents the normalized laser amplitude,
where −e is the electron charge, E and ω are the electric
field amplitude and frequency of the laser, respectively. In
the ultralaser intensity region, i.e.,

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ a2

p
≈ a while

a ≫ 1, the longitudinal component (x) of the ponder-
omotive force is

Fx ¼ −
mec2

2a
∂a2
∂x : ð2Þ

In consequence, longitudinal component (x) of the
resultant ponderomotive force of these two lasers is

fx ¼ Fmx þ Fax ¼ −
mec2

2am

∂am2

∂x
−
mec2

2aa

∂aa2
∂x ; ð3Þ

where the subscripts m and a represent the main and
auxiliary lasers, respectively.
It is assumed that the main and auxiliary lasers are both

transversely Gaussian, and emit from the front and rear
surfaces of the foil target, respectively. The expressions of
the main and auxiliary lasers are

am ¼ a1 exp½−ð1=2Þðy=r1Þ2�
× expf−ð1=2Þ½ðx − ct − ðx0 − l0=2Þ þ δ1Þ=L1�10g;

ð4Þ

and

flat foil target

auxiliary pulsemain pulse

FIG. 1. Schematic diagram of our scheme that two matched
counterpropagating transversely Gaussian lasers impinge on a flat
foil target.
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aa ¼ a2 exp½−ð1=2Þðy=r2Þ2�
× expf−ð1=2Þ½ðxþ ct − ðx0 þ l0=2Þ − δ2Þ=L2�10g;

ð5Þ

respectively, where a1 and a2 are the normalized ampli-
tudes, r1 and r2 are the waist radiuses, L1 ¼ ct1 and L2 ¼
ct2 are the pulse widths, δ1 and δ2 are the longitudinal laser
envelope factors, respectively. The center of the foil target
is in x ¼ x0 and the target thickness is l0.
At t ¼ 0, the main and auxiliary lasers impinge on the

foil at the meantime. They start respective HB stages at
the front and rear sides of the foil. In each HB process, the
initially rest ions in the compressed electron layer would be
accelerated to twice HB velocity, which is known as the
electrostatic shock acceleration (ESA) [21,23].
In consequence, there emerges two countermoving ion
beams in the target, one is accelerated forward and the other
is accelerated backward. The moment when these two
countermoving ion beams meet in the target interior is
approximately regarded as the moment that the coaction
effect of these two lasers starts to work, which can be
written as

tc ¼
l0

2ðvb1 þ vb2Þ
; ð6Þ

where vb1 and vb2 are the HB velocities of the main and
auxiliary lasers, respectively. It is known that the relativistic
HB velocity vb is [32]

vb
c
¼ Ξ1=2

1þ Ξ1=2 ; ð7Þ

with Ξ ¼ Zmenc
Ampne

a2, where Z and A are the nuclear charge

number and relative atomic mass of the ion, mp is the mass
of the proton, ne is the electron density of the foil target,
and nc ¼ meω

2=4πe2 is the critical density, respectively.
On the other hand, at t ¼ tc, the moment when the

coaction effect of these two lasers starts to work, the
positions of the main and auxiliary laser fronts are x1 ¼
x0 − l0=2þ vb1tc and x2 ¼ x0 þ l0=2 − vb2tc, respectively.
By setting x ¼ x1, t ¼ tc in Eq. (4), x ¼ x2, t ¼ tc in

Eq. (5), substituting Eqs. (4) and (5) into Eq. (3), and letting
a2 ¼ αa1, r2 ¼ ξr1, L2 ¼ ηL1, one can obtain the longi-
tudinal component (x) of resultant ponderomotive force
on the electron layer at the moment when the coaction
effect of these two lasers starts to work as

fx ¼ 5mec2
�
a1
L1

s1 exp½−ð1=2Þðy=r1Þ2�

−
αa1
ηL1

s2 exp½−ð1=2Þðy=ξr1Þ2�
�
; ð8Þ

where s1¼expf−ð1=2Þf½ðc−vb1Þtcþδ1�=L1g10gf½ðc−vb1Þ
tcþδ1�=L1g9, s2¼expf−ð1=2Þf½ðc−vb2Þtc−δ2�=ηL1g10g
f½ðc−vb2Þtc−δ2�=ηL1g9, and α, ξ, η are the scale factors,
respectively. After taking the derivative of Eq. (8) with
respect to y, one can get the transverse variation of the
fpx as

∂fx
∂y ¼ Ks1y exp½−1=2ðy=r1Þ2�

×

�
1 −

αs2ðηÞ
ξ2ηs1

exp½−1=2ðy=r0Þ2�
�
; ð9Þ

where K ¼ 5mec2½a1=ðr12L1Þ�, and r02 ¼ ½ξ2=ð1 − ξ2Þ�r12.
For the purpose of suppressing the curve and realizing an
efficient RPA of the foil, the intensity and the waist radius
of the auxiliary laser should be less than those of the main
laser, i.e., 0 < α < 1 and 0 < ξ < 1. In the meanwhile, in
order to avoid additional disturbance of the auxiliary laser
to the acceleration of the foil, the pulse width of the
auxiliary laser should not be too long, which leads to
0 < η < 1.
If the longitudinal component of the resultant ponder-

omotive force varies so slowly in the transverse direction,
i.e., ∂fx∂y ∼ 0 in Eq. (9), the curve of the foil can be effectively
suppressed. Therefore, the matching condition of these two
lasers can be obtained as

αs2ðηÞ=ðξ2ηs1Þ ∼ 1: ð10Þ
According to the matching condition of Eq. (10), by

giving the parameters of the main laser, one can get the
corresponding parameters of the matched auxiliary laser.
For example, by setting a1 ¼ 120, r1 ¼ 10λ, δ1 ¼
L1 ¼ 8λ, a2 ¼ 30, and δ2 ¼ L2 ¼ 5λ, l0 ¼ 0.4λ, ne ¼
100nc, where λ is the laser wavelength, one can get the
optimum waist radius of the auxiliary laser r2 ¼ ηr1 ¼ 5λ
from the matching condition, which is also verified by the
following PIC simulation in Sec. III.
However, if the parameters of the auxiliary laser can not

satisfy the theoretical optimums, the coaction effect of
these two lasers is what we also should investigate here.
Given the parameters of the main pulse, the transverse
distributions of the longitudinal component of the resultant
ponderomotive force with different intensities a2, waist
radiuses r2, and pulse widths L2 of the auxiliary laser are
presented in Fig. 2. In the single laser situation, the
transverse distribution of the longitudinal component of
the resultant ponderomotive force is apparently exponen-
tial, which leads to a transversely nonuniform acceleration
of the foil. However, by adding another auxiliary laser from
the other side of the foil, the transversely nonuniform
distribution of the longitudinal component of the resultant
ponderomotive force would be apparently counteracted.
In the above discussion, for a1 ¼ 120, r1 ¼ 10λ, δ1¼
L1¼8λ, l0 ¼ 0.4λ, and ne ¼ 100nc, the theoretical optimum

HIGH QUALITY ION ACCELERATION THROUGH … PHYS. REV. ACCEL. BEAMS 21, 021301 (2018)

021301-3



parameters of the auxiliary laser are a2 ¼ 30, r2 ¼ 5λ, and
δ2 ¼ L2 ¼ 5λ. It can be found that in Figs. 2(a) and 2(b),
this set of optimum parameters is also the critical boundary
of two suppression situations. The first one that the trans-
verse distribution of the longitudinal component of result-
ant ponderomotive force shows a concave-up function, is
called oversuppression situation, in which the resultant
acceleration on the center area is lower than that on the
vicinity area. Therefore, a reverse cone-shape RPA struc-
ture would be formed in this situation. The second one that
the transverse distribution of the longitudinal component of
resultant ponderomotive force shows a concave-down
function, is called undersuppression situation, in which
the transversely Gaussian-like distribution of the longi-
tudinal component of resultant ponderomotive force on
the foil still exists. No matter in the oversuppression or
undersuppression situations, the curve of the foil still would
develop in the acceleration process. However, by varying
the pulse width of the auxiliary laser, the differences are
nearly negligible, as seen in Fig. 2(c). In fact, the pulse
width of the auxiliary laser, which determines how long the
suppression effect would keep on, would have some
influence in our scheme, which is also investigated by
PIC simulations and detailed analyses in Sec. III.
It should be noticed that the above theoretical analysis

is based on the condition that we do not take into account
the arrival time deviation of these two lasers, which means
two lasers impinge on the flat foil target simultaneously.

In some way, the arrival time deviation would have an
influence on the quality of the accelerated ions, the
corresponding PIC simulation and detailed analysis are
also presented at the end of Sec. III.

III. SIMULATION AND RESULTS

Basing on the above theoretical analysis, the 2D PIC
simulations are performed to verify our scheme and inves-
tigate the effects of different parameters of the auxiliary laser
on the acceleration. The length of the simulation box is
111μm × 32 μm, and the grid resolution is 0.01 μm. The
main and auxiliary lasers are all transversely circularly
polarized and have the same wavelength λ ¼ 1 μm, which
corresponds to the laser period TL ¼ 3.3 fs. For the two
lasers case, the optimum parameters presented in Sec. II are
used here first, i.e., a1 ¼ 120, a2 ¼ 30, L1 ¼ δ1 ¼ 8λ,
L2 ¼ δ2 ¼ 5λ, r1 ¼ 10λ, and r2 ¼ 5λ. The ultrathin foil
target, which consists of protons and electrons with
ne ¼ 100nc, is located in 22.3 μm < x < 22.7 μm, i.e.,
target thickness l0 ¼ 0.4 μm. In all simulations, the normal-
ized amplitude of the main laser pulse, the target thickness
and initial electron density of the target satisfy the optimum
target thickness relation [29] as

l0
λ
¼ 1

2π

nc
ne

a1: ð11Þ

At t ¼ 0, the main and auxiliary lasers reach the foil target.
On the other hand, a comparison simulation is also performed
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FIG. 2. The transverse distributions of the longitudinal component (x) of the resultant ponderomotive force for different intensities (a),
waist radiuses (b), and pulse widths (c) of the auxiliary laser. For the main laser pulse, normalized amplitude a1 ¼ 120, waist radiuses
r1 ¼ 10λ, and pulse width L1 ¼ 8λ.

WEIJUN ZHOU et al. PHYS. REV. ACCEL. BEAMS 21, 021301 (2018)

021301-4



here, i.e., there is no auxiliary laser in this comparison
simulation, and other simulation parameters are the same
with the two lasers case.
The evolution of the spatial proton density distributions

for the single laser case and two lasers case are presented in
Fig. 3. The left column shows the snapshots of the single
laser case in four specific moments, and the right column is
of the two lasers case. For the single laser case, the target
starts to curve at the beginning of the acceleration, due to
the transversely nonuniform radiation by the main pulse, as
expected in Eq. (2). As the process of the acceleration, the
curve becomes worse, and the transverse instability gradu-
ally emerges on the target in Fig. 3 (a2). Then, the curve
target allows the proton diffusion from the center to the
wings, as shown in Fig. 3 (a3). Even if the proton diffusion
could relieve the transverse instability, it inevitably lead to
the fracture of the target in the meantime. The diffusion of
protons would continue, until the target becomes trans-
parent and the acceleration is terminated. However, for the
two lasers case, it can be found that the target curve is
suppressed effectively at the beginning of the acceleration
in Fig. 3 (b1). The central part of the target is accelerated
uniformly by the collaboration of these two matched lasers.
Even the transverse instability still emerges on the foil, the
flat acceleration structure could also availably restrain the

proton diffusion in the central part, as presented in Fig. 3 (b2)
and (b3). Therefore, the RPA structure could be held together
and accelerated uniformly to high energy.
Similarly, the evolution of the dimensionless spatial laser

intensity distributions for the single laser case and two
lasers case are presented in Fig. 4. The left column shows
the snapshots of the single laser case in four specific
moments, and the right column is of the two lasers case.
In the single laser case, the target is inevitably curved under
the transversely nonuniform radiation. This curve structure,
just like a concave plasma mirror, could focus the laser
toward the axis, and there emerges a ripplelike structure in
the intensity distribution. Hence, such an intensity distri-
bution would reinforce the transverse nonuniform radiation
on the foil and boost the proton diffusion, as seen in
Fig. 4 (a1)–(a4). However, in the two lasers case, the curve
of the foil can be effectively suppressed at the beginning of
the acceleration, and the target can be relatively uniformly
accelerated by these two lasers. On the other hand, such a
flat acceleration structure could also modulate the main
pulse in return. It can be seen that in Fig. 4 (b2)–(b3), the
central part of the main pulse has been modulated into a
flattop profile. Therefore, the longitudinal ponderomotive
force on the foil will vary slowly in the transverse direction,
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FIG. 3. The spatial density distributions (normalized by nc) of
the proton for the single laser case (a1)–(a4) and two lasers case
(b1)–(b4). These snapshots are corresponding to four specific
moments, t ¼ 6TL, t ¼ 16TL, t ¼ 26TL, and t ¼ 42TL.
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and the foil can still be accelerated uniformly by the main
pulse after the auxiliary laser passing through.
The energy spectra and the energy angular distributions

of the protons at t ¼ 42TL for the single laser and two
lasers cases are presented in Fig. 5. The left column is the
results of the single laser case, and the right column is of the
two lasers case. For the single laser case, due to the curved
accelerated RPA structure, the electrons would continually
escape from the center to the wings and take away a part of
the fast protons. Therefore, the quantity of accelerated
protons in the center area is inevitable decreased, as shown
in Fig. 5 (a1). In the meanwhile, the curved foil forms a
natural cone structure, which guides the motion of the
protons and enlarges the angular divergency of the fast
protons, about from −7° to 7°, as shown in Fig. 5 (a2).
However, for the two lasers case, due to the effective
suppression of the target curve and the uniform high
efficient RPA of the foil, a high quality monoenergetic
proton beam is generated finally. It can be seen that in the
Fig. 5 (b1), the energy peak of the accelerated protons is
about 1.3 GeV with the full-width-at-half-maximum
(FWHM) range from 1.2 GeV ∼ 1.4 GeV. The number
of the accelerated protons in the statistical region, −4 μm ≤
y ≤ 4 μm, is around 3.5 × 1012=μm, and the energy con-
version efficiency from laser to these protons is about
20.8%. Furthermore, the accelerated proton beam is of a
high collimation with the angular divergency less than 3°,
as shown in Fig. 5 (b2).
Until now, by the 2D PIC simulation, we have proved

that high quality ion beams can be generated through a
relatively more uniform RPA of the flat foil target by
adding another matched transversely Gaussian auxiliary
laser.

In the following part, we would investigate how these
parameters of the auxiliary laser, e.g., the intensity, waist
radius and pulse width, affect the quality of accelerated
protons in our scheme.
For the intensity effects of the auxiliary laser, four

comparative simulations are performed by varying the
intensity of the auxiliary laser as a2 ¼ 20, 30, 40, and
60 labeled with case (a), (b), (c), and (d), respectively. The
other parameters are the same with the optimum param-
eters. The spatial proton density distributions of these four
cases at t ¼ 42TL are presented in Fig. 6. For case (a), the
longitudinal component of the resultant ponderomotive
force represents a transversely nonuniform distribution,
as shown in Fig. 2(a), the foil is inevitably curved due to the
undersuppression of the auxiliary laser, as seen in Fig. 6(a).
For case (b), by using the optimum parameters, it can be
found that the foil is uniformly accelerated and there
emerges a flat RPA structure in Fig. 6(b). For case (c), it
can be found that in Fig. 6(c), the spatial proton density
distribution presented a reverse cone shape because of
the oversuppression of the auxiliary laser. For case (d),
the transverse distributions of the longitudinal component
of the resultant ponderomotive force on the center area
presented a reverse cone shape, as shown in Fig. 2(a),
which means the longitudinal acceleration on the center
area −5λ < y < 5λ is lower than the vicinity area. In
consequence, the foil is “reverse-drilled” in the acceleration
process, as shown in Fig. 6(d).
For the waist radius effects of the auxiliary laser, four

comparative simulations have been done by varying the
waist radius of the auxiliary laser as r2 ¼ 3λ, 5λ, 8λ,
and 10λ labeled with case (a), (b), (c), and (d), respectively.
The other parameters are the same with the optimum
parameters. The spatial proton density distributions of
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FIG. 5. The energy spectra of the proton in the single laser case
(a1) and two lasers case (b1). The energy angular distributions of
the proton in the single laser case (a2) and two lasers case (b2).
Here, we choose those protons who locate in the region −4 μm ≤
y ≤ 4 μm as the objects of statistics. These snapshots are
corresponding to the moment t ¼ 42TL.
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FIG. 6. The spatial density (normalized by nc) distributions of
the proton with different intensities of the auxiliary laser. The
normalized amplitude of the auxiliary laser a2 ¼ 20 in (a), a2 ¼
30 in (b), a2 ¼ 40 in (c), and a2 ¼ 60 in (d). These snapshots are
corresponding to the moment t ¼ 42TL.
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these four cases at t ¼ 42TL are presented in Fig. 7. For case
(a), as expected in Fig. 2(b), due to the oversuppression on
the foil, the acceleration of the center of the foil is less than
that of the vicinity. Therefore, the deformation of the foil
forms a reverse cone-shape acceleration structure, which
could trap the fast protons in the center region and prevent
them from escaping, as shown in Fig. 7(a). But, after the
electron layer in the vicinity become transparent, the laser
could penetrate through the RPA structure from the trans-
parent region, which would lead to the leak of the light sail
and prematurely terminate the acceleration. For case (b),
r2 ¼ 5λ is the optimum waist radius from the theoretical
analysis results. The nonuniform acceleration distribution on
the foil is effectively counteracted by the auxiliary laser.
In consequence, the foil is uniform accelerated and a nearly
flat RPA structure can be seen in Fig. 7(b). For case (c), also
as expected in Fig. 2(b), due to the undersuppression on the
foil, the auxiliary laser did not completely counteract the
transversely nonuniform radiation of the main laser on
the foil. As a result, the foil is inevitably curved due to
the nonuniform acceleration, as shown in Fig. 7(c). Alike, for
case (d), due to the more inefficient counteracting effect as
presented in Fig. 2(b), the curve of the foil is worse than case
(c), as shown in Fig. 7(d).
For the pulse width effects of the auxiliary laser, four

comparative simulations are also performed by varying the
pulse width of the auxiliary laser as L2 ¼ 3λ, 5λ, 8λ, and
10λ labeled with case (a), (b), (c), and (d), respectively. The
other parameters are the same with the optimum param-
eters. The spatial proton density distributions of these four
cases at t ¼ 42TL are presented in Fig. 8. For case (a) and
case (b), in which the pulse width L2 < L1, under an
appropriate duration of the suppression effect, the flat RPA

structure is still concentrated together, as seen in Figs. 8(a)
and 8(b). However, due to the relatively shorter suppression
duration, the flatness of the RPA structure in case (a) is a
little bit less than that in case (b). But for case (c) and case
(d), in which the pulse width L2 ≥ L1, the accelerated
protons are dispersed and the main RPA structure becomes
indistinct in Figs. 8(c) and 8(d). It can be found that, by
comparing Figs. 8(c) and 8(d), the longer the pulse width of
the auxiliary laser is, the worse the RPA structure becomes.
Therefore, the pulse width of the auxiliary laser would
affect the acceleration of the protons. If the pulse width is
too short, the counteracting effect cannot last long enough,
which leads to an incomplete suppression on the curve of
the foil. On the other hand, if the pulse width is too long, the
auxiliary laser can do damage to the RPA structure by the
additional disturbance to the RPA structure. As we know,
the accelerated protons are continually oscillating in the
RPA field [33], the additional disturbance of the auxiliary
laser may push them out of the RPA potential well and
make them fall behind. According to the simulation results,
the optimum pulse width of the auxiliary laser is η ∼ 5=8.
Up to now, we assumed that the main and auxiliary lasers

reach the foil target at the meantime. If there is an arrival
time deviation of these two lasers, there should be an
influence on the quality of the accelerated ion beam.
For the time deviation effects, four comparative simu-

lations are also done by varying the arrival time of the
auxiliary laser and the other parameters are still the same as
those of the optimum parameters. We have set that the main
laser reaches the foil at t ¼ 0. The auxiliary laser reaches
the foil at t ¼ −4TL, t ¼ −TL, t ¼ 0, and t ¼ 4TL in these
four cases, respectively. The number density angular
distributions of the accelerated protons are presented in

(a)r
2
=3λ

x(λ)

y (
λ)

45 50 55 60
−16

−8

0

8

16

0

20

40

60
(b)r

2
=5λ

x(λ)

y(
λ)

45 50 55 60
−16

−8

0

8

16

0

20

40

60

(c)r
2
=8λ

x(λ)

y(
λ)

45 50 55 60
−16

−8

0

8

16

0

20

40

60
(d)r

2
=10λ

x(λ)

y(
λ)

45 50 55 60
−16

−8

0

8

16

0

20

40

60

FIG. 7. The spatial density (normalized by nc) distributions of
the proton with different waist radiuses of the auxiliary laser. The
waist radius r2 ¼ 3λ in (a), r2 ¼ 5λ in (b), r2 ¼ 8λ in (c), and
r2 ¼ 10λ in (d), respectively. These snapshots are corresponding
to the moment t ¼ 42TL.
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FIG. 8. The spatial density (normalized by nc) distributions of
the proton with different pulse widths of the auxiliary laser. The
pulse width of the auxiliary laser L2 ¼ 3λ in (a), L2 ¼ 5λ in (b),
L2 ¼ 8λ in (c), and L2 ¼ 10λ in (d), respectively. These snap-
shots are corresponding to the moment t ¼ 42TL.
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Fig. 9(a). For the t ¼ −TL and t ¼ 0 cases, the main
and auxiliary lasers reach the foil almost simultaneously.
The counteract effect would work effectively and the
predeformation of the foil can be effectively avoided.
Therefore, the nonuniform acceleration of the foil can be
efficiently counteracted, and the accelerated ion beam
with a highly collimation is obtained finally, as shown in
Fig. 9(a). For the t ¼ −4TL and t ¼ 4TL cases, there is
obvious time deviation between the arrival times of the main
and auxiliary lasers, which lead to a predeformation on the
foil by the relatively earlier arrived pulse. The predeforma-
tion is adverse to the RPA process and would worsen the
collimation of the accelerated ion beam, as seen in Fig. 9(a).
The energy spectra of the accelerated protons with

different arrival times of the auxiliary laser are presented
in Fig. 9(b). For the t ¼ −4TL case, the auxiliary laser
reaches the foil much earlier than the main laser. The
transversely Gaussian auxiliary laser would also cause a
reverse cone-shape curve on the foil. A part of the protons
would be backward accelerated before the main pulse reach
the foil and stay in the low energy region. In consequence,
the quantity of the efficiently accelerated ion is declined,
which leads to a slightly energy up-shift of the energy peak,
as shown in Fig. 9(b). For the t ¼ −TL case, the auxiliary
laser reaches the foil a little bit earlier than the main laser,
and starts the hole-boring process on the foil. Therefore,
the counteracting effect would work as soon as the main
laser reaches the target, and the curve of the foil can be
effectively suppressed in time. As a result, a high quality
and collimation proton beam can be generated finally.
For the t ¼ 0 case, the main and auxiliary lasers reach the
foil at the meantime. But, due to the definite foil thickness,
there would be a hole-boring stage before the counteracting
effect of the auxiliary laser starts to work. As a result, the
foil would be slightly curved and the quality of the
accelerated protons becomes a little bit worse than that of
the t ¼ −TL case, in which the counteracting effect of the
auxiliary laser starts to work just before the predeformation

by the main laser. For the t ¼ 4TL case, the auxiliary laser
reaches the foil after the deformation of the foil. The curve of
the foil cannot be eliminated after the deformation. The fast
protons will continually escape from the wings. Therefore,
the quality of the accelerated proton beam is inevitably
dropped, as seen in Fig. 9(b).

IV. CONCLUSION

In conclusion, for the purpose of generating high quality
ion beams by overcoming the transversely nonuniform
RPA of a common flat foil while been radiated by a single
transversely Gaussian laser, we proposed to add another
matched counterpropagating transversely Gaussian aux-
iliary laser to counteract the transversely nonuniform
radiation on the foil. Considering the longitudinal compo-
nent of the resultant ponderomotive force of these two
lasers should vary slowly in the transverse direction,
the matching condition of these two lasers is obtained.
According to the matching condition, the optimum param-
eters of the auxiliary laser could be obtained after given the
parameters of the main pulse. The corresponding 2D PIC
simulations are performed to verify our scheme. It can be
found that from the 2D PIC simulations, by adding the
matched auxiliary laser from the other side of the foil,
the curve of the foil can be effectively counteracted. Two
counterpropagating transversely circularly polarized (CP)
Gaussian lasers with normalized amplitudes a1 ¼ 120 and
a2 ¼ 30 respectively impinge on the foil target at the
meantime, a 1.3 GeV monoenergetic proton beam with
high collimation is obtained finally. Therefore, an efficient
RPA of a common flat foil can be realized and a high
quality proton beam can be generated finally. By varying
the different parameters of the auxiliary laser, the effects of
different parameters of the auxiliary laser in our scheme are
investigated, and it is found that all the parameters of the
auxiliary laser, including the intensity, the waist radius,
and the pulse width, have influences on the quality of the
accelerated ion beam. In order to generate the high quality
ion beam through our scheme, the parameters of the main
and auxiliary lasers should satisfy the matching condition,
and these two lasers are supposed to impinge on the foil at
the meantime. It should be noted that this paper has been
primarily concerned with a high quality ion acceleration
scheme through the relatively uniform RPA process of a flat
foil target, by suppressing the target curve. The target curve
can also be helpful in some other ion acceleration schemes.
Compared with the previous researches for resolving the
target curve of the RPA, the scheme we proposed, in which
the normal Gaussian lasers and a common flat foil target are
used, could relatively reduce the technology requirement
for the high quality ion acceleration in the RPA experiment.
In consequence, the high quality ion beam can be generated
through this new scheme in a more likely promising way,
which may have many significant applications, i.e., tabletop
accelerator, tumor therapy and inertial confinement fusion.
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FIG. 9. The number density (normalized by the amount of
statistical protons) angular distributions (a) and the energy spectra
(b) of the proton with different arrival times of the auxiliary laser.
In the four comparative simulations, the auxiliary laser pulse
reaches the target at t ¼ −4TL, t ¼ −TL, t ¼ 0, and t ¼ 4TL,
respectively. Here, we choose those protons who locate in the
region −4 μm ≤ y ≤ 4 μm as the objects of statistics. These
snapshots are corresponding to the moment t ¼ 42TL.
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