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Laser-driven ion sources have the advantages of compact size, high density, and short bunch duration over conven-
tional acceleration. Nevertheless, it remains challenging to simultaneously enhance the yield and-quality of laser-driven
ion beams for applications such as tumor therapy. Here we propose a scheme to address this challenge by using a concave
micro-structured (CMS) target irradiated by multi-petawatt Laguerre—Gaussian (LG) lasers. During the interaction of the
LG laser with the CMS target, a longitudinal charge-separation field with a broad dual-peak structure is excited, and it main-
tains this shape with a large amplitude for dozens of laser cycles. This special distribution can simultaneously accelerate and
converge the ions within the laser spot region. Particle-in-cell simulations demonstrate that, under irradiation by LG lasers
with peak intensities ranging from 102 W/cm? to 1022 W/em?, CMS hydrocarbon targets double the high-energy proton
yield compared to planar finite-sized targets while maintaining high collimation. Typically, a quasi-monoenergetic proton
beam with a peak energy of ~ 72.3 MeV and a divergence angle of less than 10° can be generated using the CMS target.
This work could provide a reference for high-quality ion beam generation with recently available petawatt (PW)-class LG
laser systems.
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1. Introduction

Driven by the rapid development of ultra-intense,
ultrashort-pulse laser technology,!!! focused laser intensi-

2

ties exceeding 10> W/cm? have been achieved in the

y.>"4 The study of MeV-GeV ion beams generated

laborator
by ultra-high-intensity lasers has become a topic of grow-
ing interest.>~”] This stems from the unique characteristics of
laser-driven ion beams, including low transverse emittance, ul-
trashort durations and high current densities,!®”! which offer
significant potential for applications in cancer treatment, 8101
protonimaging, ' fastignition in inertial confinement fusion
(ICF),"*=14l-'and neutron source generation.!!>1%1 One crucial
requirement for many of these applications is the reduction of
beam divergence to enhance beam brilliance and energy.
Since 2000, with advances in laser technology and im-
provements in target fabrication techniques, researchers have
carried out extensive theoretical and experimental work aimed

17-26] These efforts have elu-

at enhancing ion beam quality.!
cidated several crucial physical mechanisms underlying ion
acceleration. When high-intensity lasers irradiate solid tar-
gets, a MeV-range proton beam can be generated along the

target rear normal.l'®23] This mechanism, known as target
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normal sheath acceleration,””) is currently the most exten-
sively studied and relatively stable method in experiments.
However, the ion energy spectrum obtained using this method
is usually broad and continuous, and the proton beam emis-
sion angle is generally large (usually over 10°).1'7-281 Ag a
result, these particle sources are unsuitable for ion acceler-
ator applications. Recently, radiation pressure acceleration
(RPA) using circularly polarized (CP) lasers has emerged as
one of the most promising schemes for obtaining high-energy
monoenergetic ion beams.>*-331 However, various effects in
multidimensional geometries, such as the finite spot size, 34!
transverse expansion,!®! and transverse instabilities3>-36-3]
caused by laser pressure on the dense target, can disrupt the
laser-target matching relationship and terminate RPA. As a
result, the accelerating ion beam undergoes RPA breakdown,
leading to a significant reduction in laser-to-ion conversion ef-
ficiency.

There is a need to develop new methods to improve ion
beam quality for upcoming high-repetition-rate petawatt (PW)
laser systems. Recently, at the Shanghai Ultra-Intense Ultra-
Short Laser Facility (SULF), the intensity of the ultra-intense

vortex laser (Laguerre-Gaussian laser)*%#!1 was increased to
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the order of 3 x 102 W/cm?.1*?! The relativistic Laguerre—
Gaussian (LG) laser, with its intrinsic hollow intensity distri-
bution, is expected to enable proton focusing and collimation
in a simple manner.*? However, the efficient generation of
quasi-monoenergetic proton beams driven by LG-mode lasers
has not been extensively investigated.[*344]

In this paper, we propose a novel method to enhance radi-
ation pressure ion acceleration using multi-petawatt LG lasers
and a concave micro-structured (CMS) target. The target sur-
face is shaped into a parabolic profile, as shown schemati-
cally in Fig. 1. At the beginning of the laser-plasma inter-
action, the conditions for hole-boring radiation pressure ac-
celeration (HB-RPA)!*?! are satisfied because the target thick-
ness increases gradually from the center to the edge, optimally
matching the characteristic donut-like intensity distribution of
the LG vortex mode. This results in the preferential accelera-
tion of most protons within the region of r ~ wg/+/2, forming
a ring-shaped structure that propagates along the laser direc-
tion. Particle-in-cell (PIC) simulations demonstrate that CMS
targets can stably generate quasi-monoenergetic proton beams
and enhance the yield of high-energy protons when driven by
circularly polarized LG lasers with intensities ranging from
102 W/cm? to 10> W/cm?. Additionally, the inward pon-
deromotive force of LG lasers effectively controls the lateral
divergence of high-energy protons. In contrast, a planar finite-
sized target driven by an LG laser typically produces broad
energy spectra with a low yield of high-energy protons.

i
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Fig. 1. Physical model of the interaction between a LG laser and a con-
cave micro-structured target. Here, dj is the depth of the target front
surface, & is the finite radius of the target, and [y is the target thickness at
r= 0. Thus, the target thickness is given by D(r) = d + .

2. Theoretical method

To obtain an ultra-relativistic-intensity LG laser, a spiral
phase plate with a spirally varying thickness should be used.
The vortex laser with ultra-relativistic intensity in the exper-
iment mentioned above is usually obtained by the incoherent
superposition of several low-order LG lasers.[?%46-48] There-
fore, in this paper, we adopted an LG pulse with azimuthal

quantum number / = 1 and radial quantum number p = 0. The

electric field profile of the LG laser is
V2r
E1Go1(r,9,t) = Epeak (Wo exp [— }

xexp[i(l¢ — ot)]é,. )

Here, Epeqx is the peak value of the electric field normalized

§‘\N

[=)1)

to Eg = 27tmec?/(e)), e is the electron charge, m is the elec-
tron mass, and wy is the laser focal spot radius. €. represents
the unit vector of circular polarization. For example, right-
handed circular polarization is denoted by ¢* = (£ — i) /v/2,
while left-handed circular polarization is.denoted by ¢} =
(£419)/v/2. In addition, each photon in the LG laser car-
ries an orbital angular momentum (OAM) of /7. Thus, each
photon carries a total-angular momentum of (/5 1)#4. In this
paper, the angular momentum of the photons is assumed to be
zero, which ensures that the LG laser has an inward pondero-
motive force and does not transfer its angular momentum to
the protons. 47!

Assuming that the LG laser duration is 7, its longitudinal
Gaussian envelope is given by

V2r r? 2

x [cos(@t — @)X+ sin(wr — @)F)]. )

The ponderomotive force Fy, is determined by the gradient
of the squared magnitude of the laser electric field, that is
62 2
FPZ—WWE\ . 3)
The radial ponderomotive force generated by the LG laser is
expressed as follows:

272

e Epea? 2r 21 2r
Fir)= —2% exp( -5 Jexp (-5 ) (1= , (4
() 2me 0*w} P w3 P 72 w3 @)

when r < wy/ \@ the ponderomotive force is inward, whereas
it is outward when r > wo/ﬁ. Thus, in the region r < wo/\@,
the ponderomotive force pushes the electrons forward while si-
multaneously compressing them toward the laser propagation
axis.

Efficient radiation pressure acceleration requires a large
number of ions to be accelerated to a uniform kinetic en-
ergy &, given by & = mic*IT?/[2(IT + 1)]. This condition
can be achieved by keeping the dimensionless parameter IT
constant, 4341 where IT = 2mencag>tc/(ZimimL). Previous

4549501 have demonstrated that high-flux, high-energy

studies|
ion beams can be produced via RPA by tailoring micron-scale
solid targets to match the target’s areal density (n;L) distribu-
tion to the spatial profile of the laser intensity. For this pur-
pose, we designed a concave micro-structured (CMS) target
featuring a parabolic profile, as shown in Fig. 1. Its surface

profile is given by
d =dy(1—r*/2R?). 6)
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Here, dj is the depth of the target front surface, R. is the radius
of curvature, and the finite radius of the target is 7 = ﬁRC.
Thus, the target thickness is D(r) = (do — d) + ly, where  is
the target thickness at r = 0. The corresponding target areal
density, n. x D(r), increases radially from nely to n.D(r =
wo/+/2), matching the hollow distribution of the normalized
laser amplitude ag = |eE(r)/(wmec)|. As a result, this CMS
target allows more ions to be accelerated to the uniform energy
determined by a constant parameter I1.

3. Results and discussion

To achieve efficient ion acceleration using a circularly po-
larized LG laser with a micro-structured target, we carried
out a series of two-dimensional (2D) particle-in-cell (PIC)
simulations using the code EPOCH.P! The CP laser has a
wavelength of A = 1 um and a corresponding laser cycle of
To = A/c. The amplitude profile of the LG laser is deter-
mined by Eq. (2). The normalized amplitude of the CP laser
is ag = [IpA?/(2.74 x 10'$)]'/2. In typical simulations, a 30 fs
laser has an amplitude @ ranging from 10 to 200 and a beam
waist of wg = 8A. The laser wavefront reaches the vacuum-
target interface at x = 10 at + = 0. The target is composed
of carbon ions C®F, protons H*, and electrons e~. The uni-
form plasma density is n, = 200n., where n. = m.®> /(4me>)
is the critical density and @ is the laser angular frequency.
The front surface of the concave micro-structured (CMS) tar-
get is defined by Eq. (5), with a finite radius of /= /2R,
and R. = 5A. In each simulation, a simulation box of dimen-
sions x X y = 704 x 40A is divided into 11200 x 4800 cells,
with 100 macroparticles per cell in the foil region. For com-
parison, a planar target with the same radial size A is irradi-
ated by an LG laser. Its thickness is L, and the corresponding
areal density ne X L is set equal to that of the CMS target, i.e.,
ne X L =ne x D(r). This ensures that the ions can be acceler-
ated to the same energy under the radiation pressure of an LG
laser with the same gg. 03221

Simulation results show that quasi-monoenergetic proton
beams are generated efficiently when LG lasers with intensi-
ties of 1.71 x 10*'-6.16 x 10> W -cm™ interact with CMS
targets. As shown in Fig. 2(a), the CMS target driven by the
LG laser exhibits a laser-to-energetic-proton energy conver-
sion efficiency 1 that increases approximately linearly from
3.1% to 6.8% as the laser amplitude ag rises from 25 to 100.
For ay > 100, the efficiency saturates at around 6.8%. How-
ever, the conversion efficiency n for the planar target is sig-
nificantly lower than that for the CMS target. For example, at
ap = 50, the energy conversion efficiency is 11 ~ 5.1% for the
CMS target, whereas it is only 1] ~ 2.9% for the planar target.
Moreover, for the CMS target driven by the LG laser, the peak
proton energy Epeqx increases from 27 MeV to 430 MeV as ag
rises from 25 to 150, as shown by the black stars in Fig. 2(a).

Concurrently, the proton yield in the quasi-monoenergetic pro-
ton beam also increases substantially, as indicated by the blue
rectangles in Fig. 2(b). In contrast, no quasi-monoenergetic
peak is generated, or the peak is much lower, for planar targets
at ag < 75. Furthermore, the total number of energetic pro-
tons produced by the CMS target is approximately twice that
produced by the planar target over the range 25 < ap < 100.
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Fig. 2. (a) The energy conversion efficiency from the laser to energetic
protons as a function of the laser amplitude ag, where blue stars and or-
ange stars correspond to CMS targets and planar targets, respectively. (b)
The peak energies €yeqx 0f the quasi-monoenergetic proton beams are in-
dicated by black stars and red triangles for CMS targets and planar tar-
gets, respectively. The blue and orange rectangles represent the numbers
of protons in the corresponding quasi-monoenergetic proton beams. The
corresponding parameters for the circularly polarized LG laser and targets
are (ap =25, L=0.08A, dp = 0.14, lp = 0.051); (ap = 50, L = 0.164,
dp =0.22, Iy = 0.091); (ap =75, L =0.194, dy = 0.24, lp = 0.121);
(ap = 100, L = 0.26A, dyp = 0.304, Iy = 0.16A); (ap = 125, L = 0.32A,
dp=0.35A, lp = 0.201); (ap = 150, L =0.381, dp = 0.40A, [p = 0.251).

To further analyze proton acceleration driven by the LG
laser with either a CMS target or a planar target, we show the
distributions of the longitudinal charge-separation field E; and
the electron density in Fig. 3. At the early stage (t = 207p) of
the interaction between the LG laser and the target, as shown
in Figs. 3(a) and 3(b), Ex exhibits an inward, bowl-shaped pro-
file with a large amplitude. The black curve in Fig. 3(e), which
shows the corresponding electric field profile in Fig. 3(a), ex-
hibits two peaks of 7.2Ey around |y| ~ 4.804. This can be
attributed to the hollow intensity distribution of the LG laser,
whose peak intensity occurs at |y| = wo/v/2 =~ 5.564 and
which provides a ponderomotive force described by Eq. (4).
The force is inward when y < wyp/ V2 and outward when
y > wo/V/2. Thus, as shown in Fig. 3(c), the target electrons
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are pushed forward by the longitudinal component of the pon-
deromotive force and simultaneously compressed toward the
laser propagation axis by its inward component in the region
where y < wyp/ V2. As aresult, the induced charge-separation
field exhibits a two-peak structure with a large amplitude.
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Fig. 3. Spatial distributions of the longitudinal electric field Ey and the
electron density n. for a LG laser irradiating a CMS target (a)—(c) and a
planar target (d)—(f). The longitudinal electric field E,, averaged over the
same longitudinal region (the white dotted-line regions in (a) and (d)),
is also plotted as black curves at t = 207, and blue curves at t = 30Ty
in (e) and (f). The normalized laser amplitude is ap = 50, the planar
target thickness is L = 0.16A4, and the CMS target parameters satisfy
do+1p = (0.240.09)A.

Furthermore, the charge-separation field maintains its dis-
tinctive shape with a large amplitude for a longer time in the
CMS target than in the planar target. As shown by the blue
curve in Fig. 3(e), during the propagation of the LG laser
through the CMS target, the peak electric field E, decreases
from 7.2E( to 3.0Ey over 10 laser cycles. However, for the
planar target, the peak Ey drops dramatically to 1.5E, as in-
dicated by the blue curve in Fig. 3(f). In addition, the width
of the region where E, exceeds 4.0E, reaches Ay = 6.7A for
the CMS target, which is twice that for the planar target. This
results from the target design based on Eq. (5), in which the
target thickness increases gradually from D = 0.094 aty =0
to D = 0.224 at y = wo/v/2 = 5.56A. Correspondingly, the
amplitude of the LG laser increases from the center toward
ly] = 5.56A, eventually reaching its peak value of ay = 50.
These matching conditions enhance the ponderomotive com-
pression and forward acceleration of more electrons around
|| = 5.56A, as evidenced by the electron density distributions

in Figs. 3(c) and 3(d). As a result, the increased electron ac-
cumulation forms an arch-shaped profile and sustains the in-
duced charge-separation field E,, which has a broad, dual-peak
structure, for a longer time.

Consequently, the charge-separation field excited in the
CMS target, with its two effective peak regions, can cause a
large number of accelerated protons to accumulate near the re-
gion of high laser intensity where y ~ wo//2, as shown by
the proton density distributions in Figs. 4(a)—4(c). The corre-
sponding phase-space distribution in_Fig. 4(e) indicates that
the longitudinal momentum p, of these simultaneously ac-
celerated and accumulated protons exceeds 0.4mjc under the
hole-boring radiation pressure acceleration mechanism.334
In contrast, for the planar target, only a small number of
protons are accelerated and converge noticeably around the
laser propagation axis (y = 0) because of the charge-separation
field’s narrow profile and low amplitude, as can be seen from
the proton density distributions in Figs. 4(b)-4(d). Thus, the
number of protons with a longitudinal momentum exceeding
0.4m;c in Fig. 4(f) is lower than that for the CMS target.

In addition, Figs. 5(a) and 5(b) compare the divergence
angles of energetic protons. The results show that the quasi-
monoenergetic proton beam produced by the CMS target
has a small divergence angle of about 9.6° within the en-
ergy range of 50-150 MeV, whereas that for the planar tar-

get is about 54.4°. Here, we calculate the proton angle

. 30T, | 307,
: / /
3 04 ot | %4 407,
(e) (f)
0 0¥
10 15 20 25 10 15 20 25
x (pm) x (pm)

Fig. 4. Proton density distributions for a LG laser irradiating a CMS
target (a)—(c) and a planar target (d)—(f). Panels (e) and (f) show the cor-
responding proton phase-space distributions (x—p,). The laser and target
parameters are the same as those in Fig. 3.
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Fig. 5. Number distributions of energetic protons as functions of the di-
vergence angle and energy for the CMS target (a) and the planar target
(b). Panels (c)—(d) show the proton energy spectra for different target
parameters.

(6; = arctan(p,/p.)) and then obtain the count Ng as a func-

tion of O within the energy range of 50-150 MeV. The diver-
gence angle is defined as the full width at half maximum of
the 6 — Ny distribution for each target. Moreover, Fig. 5(d) in-
dicates that the accelerated protons from planar targets of dif-
ferent thicknesses L exhibit broad spectra or a low number of
high-energy protons.[?*3%-3 In contrast, the CMS target sig-
nificantly enhances the yield of energetic protons and produces
a distinct energy peak at 72.3 MeV, as shown in Fig. 5(c) for
(do,lp) = (0.24,0.091) and (0.14,0.134). The correspond-
ing proton energy spread is about 0.58: In addition, for the
same ag, the peak energy of accelerated protons decreases
with increasing areal density, as shown in Fig. 5(c). The
proton peak energy decreases from 72.3 MeV to 47.0 MeV
because of the higher areal density of the CMS targets with
parameters (do,ly) =/(0.24,0.134) and (0.34,0.094) com-
pared with those with parameters (do,lp) = (0.14,0.131) and
(0.214,0.094). This trend can be understood from the expres-
sion for 'the kinetic energy, & = mic*IT?/[2(IT + 1)], where
IT = 2meneay*tc/(ZiminL). 1454
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Fig. 6. Proton density distributions at t+ = 307y for laser amplitudes of ay = 50 (a), ap = 100 (b), and a9 = 150 (c). Panel (d) shows the
corresponding proton energy spectra. The parameters of the circularly polarized LG laser and targets are (ag = 50, do = 0.251, Ip = 0.14);
(ap =100, dy = 0.32A, Iy = 0.201); and (ag = 150, dy = 0.45A, Iy = 0.251). All targets have the same radial size, h ~ wy.

We also perform 3D simulations of an LG laser with nor-
malized amplitudes of ag = 50, 100, and 150 interacting with a
CMS target. The 3D simulations use the same laser pulse and
foil composition as those in the 2D simulations. A simulation
box of 504 x 304 x 304 is used, divided into 2000 x 600 x 600

cells along x, y, and z, respectively. The simulation box moves

along x at the speed of light, with 32 macro-particles per cell
in the foil region. Figures 6(a)-6(c) show that the accelerated
protons converge well and reach a peak density of nyg > 8n,
after the LG laser interacts with the CMS targets for t = 30 7.
The corresponding energy peaks of 73 MeV, 198 MeV, and
313 MeV, as shown in Fig. 6(d), are consistent with the peak
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energies obtained in the 2D simulations shown in Fig. 2(b).
In addition, we use the EPOCH code to investigate the ef-
fects of strong-field quantum electrodynamics (QED) on ra-
diation pressure acceleration (RPA).!5’! The effects on proton
beam quality are negligible.!33%381 For ay = 150, the en-
ergy conversion efficiency from the laser to gamma-ray pho-
tons is about 1.3%. In efficient RPA, electrons move mainly
along the laser propagation direction, resulting in small QED
parameters and weak QED effects.[37-5]

In addition, for the laser intensities of 102°—10%2 W/cm?
considered in our simulations, the influence of laser prepulses
should be considered. At these intensities, a pulse with an
amplified spontaneous emission (ASE) contrast as low as
107! can generate a low-density preplasma in front of a solid

t. [60,61

targe I Therefore, in the 2D PIC simulations, a preplasma

with an exponential density profile and a scale length L is in-

—

Ton energy (meV)
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troduced in front of the CMS target, where L varies from 0.14
to 1A. As shown in Fig. 7(a), distinct peaks emerge in the
proton energy spectra, with the peak energy increasing from
52 MeV to 76 MeV as the preplasma scale length L increases
from 0.34 to 0.5A. However, when L reaches 0.91, the peak
energy shows almost no further increase. The distributions of
energetic protons as functions of the divergence angle and en-
ergy for different scale lengths L are presented in Figs. 7(b)—
7(d). The results show that, with a preplasma scale length
of L =0.34 in front of the CMS target, the yield of high-
energy protons (30-150 MeV) is about 7.1 x 10!, and the
corresponding divergence angle isapproximately 18°. When L
increases to 0.94, the divergence angle grows to about 30°, in-
dicating a deterioration in beam collimation as the preplasma

length increases.
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Fig. 7. (a) Proton energy spectra for different preplasma scale lengths L in front of the CMS target. (b)—(d) Number distributions of energetic
protons as functions of the divergence angle for L =0.14, 0.3, and 0.5A, respectively. The normalized laser amplitude is ap = 50.

4. Conclusion

In summary, we have investigated the generation of quasi-
monoenergetic proton beams using PIC simulations and found
that such beams can be efficiently generated when a concave
micro-structured (CMS) target is irradiated by an LG laser
with an intensity of 1.71 x 102'-6.16 x 102> W/cm?. The
CMS target, with a finite radius of 7 ~ wp and a suitably
concave parabolic surface, maintains the longitudinal charge-
separation field, which has a characteristic inward, bowl-

shaped profile with dual peaks for dozens of laser periods.

The protons are then efficiently accelerated and accumulated
by this electrostatic field. In this way, a quasi-monoenergetic
proton beam with low divergence is generated, and the total
proton number is increased. In contrast, when a planar finite-
size target is used, the generated proton beam has a broader
energy spectrum or deviates from a monoenergetic distribu-
tion, even when the same LG laser is used. It is worth pointing
out that this work could provide a reference for efficient ion ac-
celeration experiments with PW-class laser systems that have

recently become available.
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