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High-energy, high-flux collimated proton beams with high repetition rates are critical for applications
such as proton therapy, proton radiography, high-energy-density matter generation, and compact
particle accelerators. However, achieving proton beam collimation has typically relied on complex and
expensive target fabrication or precise control of auxiliary laser pulses, which poses significant
limitations for high-repetition applications. Here, we demonstrate an all-optical method for collimated
proton acceleration using a single femtosecond Laguerre-Gaussian (LG) laser with an intensity
exceeding 10%° W/cm? irradiating a simple planar target. Compared to conventional Gaussian laser-
driven schemes, the maximum proton energy is enhanced by 60% (reaching ~35 MeV) and beam
divergence is much reduced. Particle-in-cell simulations reveal that a plasma jet is initially focused by
the hollow electric sheath field of the LG laser, then electrons in the jet are further collimated by self-
generated magnetic fields. This process amplifies the charge-separation electric field between
electrons and ions, leading to increased proton energy in the longitudinal direction and improved
collimation in the transverse direction. This single-LG-laser-driven collimation mechanism offers a
promising pathway for high-repetition, high-quality proton beam generation, with broad potential
applications including proton therapy and fast ignition in inertial confinement fusion.

With the advancement of ultra-intense ultrashort laser technologies, laser
intensities have surpassed the previous record of 10> W/cm’® . Research on
the resulting energetic ion beams driven by such intense lasers is gaining
momentum owing to the distinctive characteristics of such beams, including
ultrashort durations, high current densities, and low emittances®™. These
beam properties can be leveraged in various applications, such as beam
cancer therapy’”, proton imaging®, neutron production™"’, generation of
warm dense matter'!, “fast ignition” of inertial confinement fusion
targets'>", and injectors for ion accelerators™. One crucial requirement for
many of these applications is the reduction of beam divergence to enhance
the beam brilliance and energy. However, achieving this goal proved chal-
lenging prior to 2000 because ions accelerated to energies of the order of
million electron volts exhibit isotropic behavior when intense lasers are
irradiated on thick solid foils"*™"/, gas jets'*"’, and submicrometric clusters™.
In 2000, three experimental groups reported the generation of proton beams
with energies of the order of several million electron volts on the rear side of
thin solid foils irradiated with high-intensity lasers” . This mechanism,

known as the target normal sheath acceleration (TNSA)™, is considered the
most robust method for proton acceleration in experiments involving high
intensity lasers. Despite the low emittance and alignment along the target
normal observed in the TNSA, proton beams with divergences >10°*****
were obtained in previous experiments. As a result, these particle sources are
unsuitable for ion accelerator applications.

Various approaches have been explored to address beam collimation.
One method involves constructing a target surface with shallow grooves™*,
hemispherical ~shapes'*****, hemicylindrical ~shapes”, and cone
geometries™ to concentrate a proton beam behind the target. Additionally,
auxiliary guiding cones” ™, along with rectangular and cylindrical
geometries”, hollow-core microspheres™, and helical wires” have been
proposed to be attached to the rear of a thin target. These structures induce
an electrical lens effect, thereby enhancing the beam-focusing properties. In
addition to these micro-target configurations, conventional accelerator
techniques involving pairs of quadrupole magnets™ ™, large-acceptance
pulsed solenoids***’, and radio frequency electric fields” have been
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employed for energy selection or transport of laser-accelerated protons.
Furthermore, proton beams can be focused using electric fields generated
within a tiny cylinder* or solenoid” by a second laser through a cascade
acceleration mechanism. However, many of these methods rely on expen-
sive and complex assembled targets'"”*****>"* or entail critical spatial
collineation and time synchronization requirements for cascade accelera-
tion mechanisms*****’, thus limiting the development of high-repetition
proton sources and their application in laboratory settings.

Recently, relativistic femtosecond Laguerre-Gaussian (LG) lasers have
been proposed through simulations”™’ and experimentally realized™*,
offering a potential solution for particle collimation®*********, The donut-
shaped laser intensity profile of an LG laser can concentrate electrons or ions
along the beam axis - a unique and promising phenomenon for realizing
high-repetition collimated proton acceleration. Although these ideas have
been extensively researched theoretically, they have not yet been validated
experimentally.

In this study, a relativistic LG laser with an intensity of 10*° W/cm’ was
generated using a large size reflective phase plate and used to collimate and
accelerate protons at the one-petawatt (1 PW) beam line in the Shanghai
Superintense Ultrafast Laser Facility (SULF). A collimated proton beam was
generated using an all-optical method and verified using three-dimensional
(3D) particle-in-cell (PIC) simulations. These simulations confirm the
feasibility of our approach as well as elucidate the intricate electromagnetic
field dynamics in the vortex laser, which drives the generation of the colli-
mated energetic proton beam. Our experimental results provide a novel
pathway for generating high-repetition tightly collimated proton beams in
laboratory settings, with profound implications for general applications,
including proton radiography, fast ignition of fusion targets, biomedicine,
and production of warm dense matter.

Results

Target normal sheath field acceleration experiment driven by
LG lasers

In the experiments, a reflective phase plate, with 32 steps at an angle of 45°
relative to the direction of laser incidence, was positioned before an off-axis
parabolic mirror (OAP) [see Fig. 1a]. In our setup, the mixing modes are
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Fig. 1 | Experimental setup. a The incident Gaussian laser passes through the phase
plate to generate LG laser, which is then focused on the target by an off-axis parabolic
mirror. The proton mass is detected by the RCF and IP. b Design of the reflective 32-
step phase plate. ¢ Measured spectrum after the final amplifier. The central
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generated that are dominated by the LG;;IO mode, and each step’s depth was
designed to be ~17.5 nm (AD = A, sin 45°/32; here, Ay = 800 nm represents
the central laser wavelength) [see Fig. 1c]. The dimensions of the high-
reflectivity phase plate were 230 x 170 mm’. A traditional Gaussian laser
with a diameter of 150 mm, energy ~15], and laser duration ~28 fs is
irradiated on the phase plate to generate LG mode laser based on the inner
product |(L1,P|T|L100)|2 of the transfer function T'=exp [-il(27nA)/(NAo)],
where uy, is the arbitrary normalized LG mode amplitude at the laser waist, A
is the laser frequency, A, is the central laser frequency, and N is the step
number of the phase plate®. It should be noted that ~20% of the energy will
be lost for the LGIZ,::I0 mode used in this paper®. Our phase plate is capable of
operating at higher energy levels and with higher repetition rates, as a
dielectric film is applied over the reflective phase plate, allowing it to
function similarly to a traditional plane mirror in PW laser facilities.

The LG laser focal spot focused by an f/4 OAP is hollow with inner and
outer radii of ~0.6 and 4.7 pm, respectively [see Fig. 1d]. The energy con-
centration of the LG laser in terms of the full width at half maximum
(FWHM) of the focal spot is ~30%. Hence, the laser intensity
I =2.8 x 10°W/cm” can be calculated. Correspondingly, the dimension-
less amplitude peak of the LG laser was a; G = 11.4. In contrast, the Gaussian
laser produces a dot structured focal spot with a radius of ~2.6 um (FWHM)
[see Fig. le], resulting in an intensity of I = 8.8 x 10° W/cm’ (ag = 20). Both
the Gaussian and LG lasers deliver the same power (~560 TW). The laser is
incident on the 4 pm-thick Al target at an angle of 30° relative to the target
normal direction in both the cases. The RCF stack was placed 8 cm behind
the target to capture proton images. A Thomson parabola positioned 43 cm
from the target is employed to detect the ion spectra.

The proton beam distributions and spectra generated by the Gaussian
and LG lasers on the 4 pm Al foils are compared in Fig. 2. In Fig. 2a, f, the
1.9 MeV proton images on the RCF are nearly identical in both the Gaussian
and LG laser cases. For the 3.7 MeV and 6 MeV proton beams, hollow
structures are observed in the Gaussian and LG laser cases. This phenom-
enon is believed to result from the heating of the target’s rear by the laser
front”. Protons with lower energy, located at the far outer edges of the sheath
density distribution, are accelerated at smaller angles, causing them to
accumulate in a hollow pattern on the front layers of the RCF stack®.
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wavelength of the laser is Ao = 800 nm, and the laser bandwidth is A1 = 60 nm. The
intensity distributions of the laser focal spot of the (d) LG and (e) Gaussian lasers.
The intensity profile across the laser center is marked by red lines (TP: Thomson
parabola; IP: image plate; RCF: radiation chromic film).
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Fig. 2 | Experimental result. Proton imaging on RCFs driven by (a—e) a Gaussian laser and (f-j) a LG laser in the case of 4 ym films. k Divergence of the 11.7 MeV proton
beam for (e) Gaussian and (j) LG lasers along the dashed line in (e) and (j). 1 Proton energy spectra obtained from IP plated driven by (m) LG and (n) G laser.

However, a darker dot becomes apparent for higher proton energies
(=6 MeV in Fig. 2h-j), indicating that the LG laser exhibits better collima-
tion of higher-energy proton beams toward the target normal direction. The
main reason is that high-energy particles can be more effectively collimated
by the self-generated magnetic fields in LG laser interactions, which are
closely related to the net current of the plasma jet. In contrast, the proton
beam spreads over a large area with a radius of ~5 cm on the RCFs in the
Gaussian laser case, corresponding to a divergence of >10° in Fig. 2c-e,
which is typically observed in the previous TNSA experiments.

An analysis of the proton distribution is described in the “Methods”
and shown in Fig. 2k reveals that the proton divergence decreases to ~ 2° for
LG laser, which is much reduced compared with the Gaussian case. In
addition, ~20% protons lie within the divergence of 2°, much different from
the Gaussian case, where the protons are almost uniformly distributed on
the RCF (see Fig. S2).

Notably, the maximum proton energy (Ey,.x) driven by the LG laser
pulses surpasses that of the Gaussian case, as shown in Fig. 21, where E;,.x
increases from 22 MeV to 35MeV (a nearly 60% increase). This means
35MeV proton energy driven by the LG laser with an intensity of
2.8 x 10” W/cm’ (~570 TW), which is higher than that driven by Gaussian
lasers at the same laser power in our laboratory, which indicates that LG
lasers may have abilities to further increase the maximum proton energy on
the other PW laser facilities in the future™. Furthermore, the number of
protons generated by LG lasers is generally higher than that produced by
Gaussian lasers, as shown in Fig. 21. The hollow sheath field created by the
LG laser’s unique intensity distribution concentrates the proton beam at the
center, contrasting sharply with the dispersive acceleration observed with
Gaussian lasers. This enhancement in both the energy and quantity of
protons, along with a reduction in beam divergence, will be advantageous
for various high-precision proton applications.

Notably, all these comparisons pertain to straightforward plane targets
driven by a single laser. While protons can be collimated to some degree by
structured targets'*****~*** or multi laser systems*****, these approaches
may be expensive or intricate for achieving high repetition rates with current
petawatt laser systems. The intense femtosecond LG laser proposed in this
study offers a practical solution for achieving collimated proton acceleration
using simple plane targets and is thus promising for applications that require
high-repetition beam source rates across various fields. In addition, we
repeated our results with data from more than five shots for each thickness
of the foils to ensure the accuracy and reliability of our findings. Additional
experiments with foil thicknesses of 1.2 and 2.5 um confirmed the similar
acceleration mechanism discussed in our paper (see Fig. 2). In the future, we
plan to conduct further experiments with additional laser and target
parameters.

Simulation results of proton acceleration

A distinct hollow target was generated by the hollow pre-pulse of the LG
laser, which was significantly different from that of the Gaussian laser [see
Fig. 3b]. Furthermore, the front surface was more significantly displaced
toward the rear of the target by the Gaussian laser than by the LG laser. This
is attributed to the higher intensity of the Gaussian laser in both simulations
and experiments. These expanded target distributions were then incorpo-
rated into the PIC simulations to investigate the interactions between the
main pulse and plasma.

Figure 4 shows the proton-collimated acceleration induced by the LG
lasers. Upon laser interaction with the front surface of the target at £ ~ 30 T, a
fraction of electrons accelerates toward the rear of the target [see Fig. 4a and
g|, establishing a charge-separation electric field between the hot electrons
and ions [see Fig. 40]. This process leads to the ionization of vapor or
pollutants at the rear surface, generating a proton layer via the sheath electric
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Fig. 4 | PIC Simulations. Density distributions of (a—c), (g—1) electrons and (d—f) (j—1)
proton layers driven by Gaussian lasers and LG lasers at t =60 T, 120 T, and 240 T,
respectively. Magnetic field distributions at ¢ = 180 T driven by (m) LG and (n) Gaussian

laser, the proton trajectories are shown in the respective insets. Electric field distributions
are plot at t =60 T for (0) LG and (p) Gaussian lasers. q Electron trajectories in the
magnetic field in the calculation.

field. These protons experience further acceleration in the direction normal
to the target, which is known as the TNSA mechanism.

For LG lasers, the back surface of the target is initially curved inward
due to the prepulse of the LG laser, which leads to the inward acceleration
of the electron beam at the onset of the Target Normal Sheath Accel-
eration (TNSA) process [see Fig. 40]. This curvature enhances the charge
separation field between the electrons and ions and directs it along the
axis, which may contribute to higher proton acceleration and reduced
beam divergence in the initial TNSA stage, as shown in Fig. 4h, k.
Notably, particle dispersion, which typically occurs beyond the focusing
position in the absence of additional confining forces, is averted because
of the significant predominance of electrons over protons in the jet. This
results in a negative current that generates a magnetic tunnel around the
jet, confining the electrons within it [see Fig. 4m]. Here, electrons at an
angle 0 relative to the axial (x) direction can bend inward and be confined
within a magnetic field tunnel if the collimation condition rg > 7, (1-cos6)
is satisfied. 7, = ym.v./(qB) is the electron Larmor radius, y = (1-v?/¢*)™"
is the relativistic factor, v, is the electron velocity, m, is the electron mass,
and g is the electron charge. For instance, electrons with v, =0.8c and
0=5° are collimated within the plasma jet under such a collimation

condition [see Fig. 4q]. In this way, the confined electron within the
plasma jet maintains a high and collimated charge separation field [see
Supplementary Fig. 3], which, in turn, more efficiently accelerates pro-
tons during the subsequent stages of TNSA. Ultimately, both collimation
and the maximum energy of the proton beam can be further enhanced in
our LG laser case, which is significantly different from the dispersion
movement of protons driven by Gaussian lasers.

It should be noted that the target thickness needs to be moderate for
certain laser parameters to ensure that the hollow plasma structure can form
at the back surface of the target for the above accelerating mechanism. In the
case of ultrathin foils, the laser can penetrate the foil, leading to the
destruction of the hollow back surface. On the other hand, with ultrathick
foils, the target expansion driven by the prepulse cannot reach the backside
of the target, resulting in a flat back surface and consequently diminishing
the accelerating mechanism proposed in this paper.

In addition, protons are dispersed at a wider angle in Fig. 4d—f, which is
attributed to the Gaussian-like plasma target driven by traditional Gaussian
lasers. This reduces the strength of the sheath field in the Gaussian laser case
[see Fig. 4p], producing a lower maximum energy of the proton beam than
that in the LG laser case, which is consistent with the experimental results
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[see Fig. 21]. Previously, an ultrahigh-contrast laser was proposed to
maintain to maintain a flat back surface of the target, thus mitigating the
beam divergence and increasing the beam maximum energy to some extent.
However, further increasing the maximum energy of the proton beam
requires an ultrathin target, and laser contrast remains problematic.
Moreover, the issue of prepulse has become exacerbated with advancements
in laser energy, particularly with the recent emergence of 10PW laser set-
tings. Despite efforts to manage the contrast, the pre-pulse continues to
degrade the back surface of the target for thin targets. Fortunately, this
challenge can be overcome by employing intense LG lasers, where the
hollow laser intensity generates a focusing sheath field, enhancing the TNSA
mechanism.

Conclusion

The experimental results demonstrated successful realization of collimated
proton acceleration driven by LG lasers. Compared with traditional Gaus-
sian lasers, this approach yields a 60% increase in the maximum proton
energy and a five-fold reduction in divergence (~2°). PIC simulations and
theoretical calculations indicate that the hollow sheath field initially con-
centrates the plasma with a negative current at the back surface of the target,
which is further collimated by self-generated magnetic fields. This
enhancement of the traditional TNSA is promising for various applications,
such as proton therapy, imaging, and fast ignition in the inertial confined
fusion. However, although this study marks the beginning of inaugural
experiments on collimated particle beams propelled by LG lasers, there
remains room for improvement. For instance, continuous phase plates,
which can refine the hollow focal spot of LG lasers, thus producing highly
collimated accelerated beams, can be employed in future experiments.

Methods

FLASH simulation

To account for prepulse effects in the experiments, we used the hydro-
dynamic code FLASH” to simulate the expansion of the Al target following
interactions with picosecond (ps) and nanosecond (ns) prepulses (see
Fig. 3). The results were then used as initial conditions for particle-in-cell
(PIC) simulations. FLASH employs the Euler equations to solve hydro-
dynamic equations by integrating laser energy deposition, radiation trans-
port, and electron thermal conduction. The laser ray-tracing method, along
with the inverse-bremsstrahlung deposition mechanism, was applied in the
simulation”". For electron thermal conduction, the classical Spitzer-Harm
model is utilized””. The program approximates the radiative transfer
equation and the electron energy equation using the multigroup diffusion
approximation. Coefficients not provided by FLASH are generated in tab-
ular form using the MPQEOS code’, while mean opacity coefficients are
computed using the SNOP code™.

The size of the FLASH simulation area was 60 um (x) x 60 pm (y) and
consisting of 1000 x 1000 cells. Initially, the front surface of the target is
positioned at y = 60 um (parallel to the x axis) with a thickness of 4 um and
an initial density of 2.7 g/cm’. The beam cross-sectional function initially
characterizes the power distribution of the rays within the LG laser beam.
The transverse intensity distribution of Gaussian laser focal spot is described
by a weighting function, w = exp[-(r/R,)””], where 0 < r < 8 um is the radius
region of the focal spot, R, = 3.3 um is the decay radius, and y= 1.1 is the
Gaussian super exponent. Consequently, the diameter of the Gaussian focal
spot is 52 um (FWHM), like the experimental setup in Fig. le. Subse-
quently, two Gaussian expressions are combined to depict the energy dis-
tribution of the LG laser. Each Gaussian focal spot has a radius of 5 um, and
the separation between the centers of these two Gaussian shapes is 6 um (see
Fig. 1d). The 2-ns prepulse is incident on the Al target at a 30° angle relative
to the target normal direction (see Fig. 3b).

PIC simulation

In the three-dimensional (3D) PIC simulations (EPOCH code’), the laser
propagated from the left boundary of the simulation box in the +x direction,
irradiating the target at an angle of 30°. The linearly polarized LG laser

amplitude a; g = 11.4 and Gaussian laser amplitude (ag = 20) were set in the
simulation to match those used in the experimental setup shown in Fig. 1.
Both the lasers had a duration of 28 fs. The amplitudes of the LG and
Gaussian lasers can be expressed as:

a),(LG‘f)> = a6(~ 1P XL (X) exp(~X /2)g(x — ct) cos(hx — wt +1p+ 0), (1)
a,(G) = ag exp(—X/2)g(x — ct) cos(kx — wt + 6), 2)

where the laser is polarized along y-axis and p =0 and /=1 are the radial
mode number and topological charge, respectively. The variable
X = (+/2r/w)% where r is the radial component in cylindrical coordinates,
the beam waist sizes for LG and Gaussian laser are wig, =3 pm and
Wwgy = 2.5 um, respectively. LIZ, (X) is a generalized Laguerre polynomial. The
time profile g(x - ct) = sin’[n(x - ¢)/T] is defined within a pulse duration
T =28 fs in the x direction. ¢ is azimuth angle and 0 1s laser initial phase, w is
the laser frequency, k = 277/ is the wave number, and the laser wavelength
isA=0.8 um.

The expanded Al target is positioned obliquely at x=0pm and is
coated with a proton layer 0.3 um thick, where the proton density equal to
the electron density (1, = . = 1n.). To be simple, we input the half dis-
tribution of the FLASH targets with the center axis (x =50 pm in Fig. 3b)
into the 3D simulations, which is symmetrically rotated around the target
normal direction to form a Gaussian and hollow plasma in Fig. 4. For
computational efficiency, the maximum electron density in the Al layer was
set to n, = 35 1., whereas the density distributions for the other components
(ne < 35 1) in the longitudinal direction retained the characteristics shown
in Fig. 3b. Here, the Al foil was assumed to be averagely ionized into Al'*
ions. The proton layer extended along the density profile at the back of the
target in the case of the Gaussian laser, as shown in Fig. 3b. The size of the
simulation box was 100 (x) x60(y) x60 (z)um, with a grid of
2000 x 1200 x 1200 cells, each filled with five electrons and five ions, for
accurate representation and computational efficiency.

Analysis of RCFs

We describe the analyzing progress for the data on RCFs. Firstly, one-
dimensional spectrum deconvolution approach is introduced. Here, we
ignore the spatial distribution of particles in three dimensions and consider
only the distribution of particle numbers in the z-direction, where the z-
direction corresponds to ion energy (E). Essentially, we are solving for the
relationship between dN/dE and E, which has been researched by Scholl-
meier et al.”.

Secondly, the processing of dose information is introduced. The color
information is read from the red channel of a 16-bit image. After removing
the RCF background, the color information is converted to OD values.
These OD values are then converted to dose information using calibration
data from the literature (see Supplementary Fig. 1). Since high resolution is
not required, we combine 10 x 10 pixels into one pixel. The processing
procedure is illustrated in the following example figures.

For processing the high-intensity region of the collimation beam, two
methods are employed: one method involves identifying the maximum
value point and selecting the envelope of the region where the values are a
certain proportion of the peak value; the other method involves selecting a
circle of a determined size and position that includes the high-intensity
region. The former is used to analyze dose concentration, while the latter is
used for spectrum deconvolution.

Thirdly, the processing of the response function on RCF is introduced.
For the response function R(E), we use SRIM for simulation. SRIM is a
computational software that simulates the interaction of ions with matter. It
uses the Monte Carlo simulation method to track the motion of incident
particles, yielding the expected values of various physical quantities and their
corresponding statistical errors. Here, we use the PySrim data library in
Python to uniformly sample incident ion energies in the range of
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1.0-15.0 MeV at intervals of 0.02 MeV. This results in the response func-
tions for 14 layers of RCF, as shown in the following figure.

Fourthly, processing of exponential form function spectrum assump-
tion is introduced. Assumm% the spectrum is in exponential form
f(E)= dE,that isf(E) = G = pexp(— % T) Noandf = % 7 are unknown.
Based on the data on RCF we solved prev10usly, the Newton least squares
method is used for iterative solving, with the maximum number of iterations
set to 30.

Finally, the proton spectra from RCFs are presented in Supplemen-
tary Fig. 2.

Data availability
The data that support the findings of this study are available from the
corresponding authors on reasonable request.
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