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We present experimental studies on ion acceleration using an 800-nm circularly polarized laser pulsewith a
peak intensity of 6.9 × 1019 W=cm2 interacting with an overdense plasma that is produced by a laser prepulse
ionizing an initially ultrathin plastic foil. The proton spectra exhibit spectral peaks at energies up to 9MeVwith
energy spreads of 30% and fluxes as high as 3 × 1012 protons=MeV=sr. Two-dimensional particle-in-cell
simulations reveal that collisionless shocks are efficiently launched by circularly polarized lasers in exploded
plasmas, resulting in the acceleration of quasimonoenergetic proton beams. Furthermore, this scheme predicts
the generation of quasimonoenergetic proton beams with peak energies of approximately 150 MeV using
current laser technology, representing a significant step toward applications such as proton therapy.
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Laser-driven ion acceleration [1,2] is attracting wide-
spread interest because of the prospects of realizing compact
and affordable ion sources for many exciting applications [3]
including cancer therapy, proton radiography, and inertial
confinement fusion.Many of these applications require high-
energy ion beams with narrow energy spread as well as high
flux. Up until now, the relatively well-understood mecha-
nism of laser-driven ion acceleration is target normal sheath
acceleration (TNSA), which typically produces broad expo-
nential energy spectra with a maximum proton energy of
85 MeV [4]. The possibility of generating quasimonoener-
getic ion beams with the TNSA regime has been demon-
strated by applying a small hydrogen-rich dot on the rear
surface [5] or by resistive heating to remove contaminants
[6]; however, ion energies are limited to a fewmegaelectron-
volts with fluxes of approximately 1010 ions=MeV=sr.
Regarding applications, not only narrow energy spread but
also high flux is important. Spectral selection from a TNSA
exponential spectrum can cut out a narrow peak rather than
enhance the particle flux. Compared to TNSA, the radiation
pressure acceleration (RPA) process is known to have the
potential to accelerate monoenergetic ion beams [7–10],
where the whole laser-irradiated volume of an ultrathin solid
target is propelled in unison by the radiation pressure in the
“light-sail”model [11]. However, experimental evidence for
RPA [12,13] is scant because of the extreme laser conditions
required, such as ultrahigh laser contrast.
Recently, shock ion acceleration [14–19] has been pro-

posed as an alternative method for the acceleration of high-
quality ion beams. When an overdense target is irradiated by
a laser pulse, ions are compressed to form a density spike,
which in turn launches electrostatic shocks [20,21]. These
shocks can reflect upstream ions and yield ion beams with

monoenergetic peaks as the shockMach number exceeds the
critical value (>1.5). Another scheme of shock acceleration
is based on the nonlinear threshold phenomenon of ion
reflection from the front of the laser pulse, which can be
applied for producing high-density quasimonoenergetic
protons by focusing two counterpropagating laser pulses
of relativistic intensities onto ultrathin nanolayers [22]. In
recent experiments, themechanism of shock acceleration has
been demonstrated using CO2 laser pulses of 10 μm in
wavelength interacting with high-density gas jets [23–25].
By using the circularly polarized (CP) laser, Palmer et al.
reported 1-MeV protons with a 4% energy spread and a flux
of 4 × 1011 protons=MeV=sr [23], where the hole-boring
acceleration (HBA) is dominated and the shock is driven by
the radiation pressure.When the linearly polarized (LP) laser
is used, Haberberger et al. reported 20 MeV protons with a
1% energy spread and a flux of about 107 protons=MeV=sr
[25], where the collisionless shock acceleration (CSA)
becomes dominated and the shock is driven by the thermal
pressure. Another route of shock ion acceleration has also
been discovered by employing exploded targets and intense
femtosecond laser pulses with a wavelength of 800 nm
[16,26,27]. Here, overdense plasmas suitable for shock
acceleration are produced by low-intensity lasers or pre-
pulses heating and ionizing ultrathin solid targets. This
method facilitates the enhancement of ion energy as femto-
second lasers can provide higher intensities than CO2 lasers.
Experimental data indicating signatures of the shock ion
acceleration driven by short-wavelength lasers have been
reported [26–28], but no sharp energy peak has been
observed.
In this study, we experimentally demonstrate the

generation of quasimonoenergetic proton beams by using
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800-nm, CP laser pulses interacting with exploded targets.
A proton beam with an energy of 9 MeV, energy spread of
30%, and high flux of 3 × 1012 protons=MeV=sr is gen-
erated. Two-dimensional (2D) particle-in-cell (PIC) simu-
lations matching the experimental parameters reproduce the
observed proton spectra and demonstrate that collisionless
shocks are efficiently launched by CP lasers in overdense
plasmas and facilitate the acceleration of narrow-energy-
spread proton beams. Furthermore, this scheme predicts the
generation of protons with peak energies of approximately
150 MeVusing current laser technology. To be noted, when
a LP laser is used, the proton spectrum almost monoton-
ically decays, while the spectral peak is apparent only when
viewing it in logarithmic coordinates [26].
The experiments were carried out using a Ti:sapphire

chirped pulse amplification laser system [29], delivering an
on-target energy of 13 J. The laser pulse with a full-width at
half-maximum (FWHM) duration of 55 fs and central
wavelength of 800 nm was focused by an f=4 off-axis
parabolic mirror onto a flat polyvinyl-formal target with a
thickness of 40 nm at an angle of incidence of 26°. A peak
intensity of 6.9 × 1019 W=cm2 is achieved with a focal spot
diameter (FWHM) of 14 μm (containing about 45% laser
energy). A mica crystal as a quarter-wave plate is used to
change the laser from a linear to circular polarization. The
peak normalized vector potential of the laser pulse is
a0 ¼ 5.6 and 4 for the linear and circular polarization,
respectively. The high-contrast laser with a contrast ratio of
about 1011 at 60 ps before the main pulse peak was
achieved through noncollinear optical parametric amplifi-
cation and second-harmonic generation processes [30,31].
Here, the plasma mirror is not introduced into the laser
beam path; thus, the laser prepulse is sufficiently intense to
induce the premature ionization and expansion of the
targets, especially nanometer-thick ultrathin foils.
A schematic of the experimental setup is shown in

Fig. 1(a). Radiochromic film stacks are positioned 7 cm
behind the rear of the target to record the ion-beam
divergence. To detect the spectra of the forward-propagating
ions, a Thomson parabola (TP) spectrometer is placed 46 cm
(solid angle ∼9.2 × 10−9 sr) away from the target along the
normal direction. Ion traces are recorded by BAS-TR image
plates (IPs) attached to the back side of the TP spectrometer
[31]. In addition, a magnetic electron spectrometer (ES)
equipped with BAS-SR IPs is positioned at an angle of 16°
with respect to the target normal direction to measure the
electron spectra.
In Figs. 1(b)–1(c), we present the raw IP data of the TP

spectrometer and ES from 40-nm plastic foils irradiated by
the CP and LP laser pulses with a peak intensity of
6.9 × 1019 W=cm2. An isolated quasimonoenergetic fea-
ture of protons located in the 4.5 to 14 MeV energy region
is observed for the CP laser, whereas for the LP laser, the
signal intensity of protons possesses no distinct fluctuation
in the 4.5 to 10 MeV energy region. The corresponding

proton spectra are plotted in Fig. 2(a). A monotonically
decaying spectrum with a cutoff energy of 10 MeV is
obtained for the LP laser. In contrast, when the laser
beam is changed to a circular polarization, the proton
spectrum exhibits a well-defined spectral peak at 9 MeV
with an energy spread (FWHM) of 30% and flux of
3 × 1012 protons=MeV=sr. This flux is at least two orders
of magnitude greater than the previously reported results
from the TNSA mechanism [5]. The conversion efficiency
from laser to protons within a peak energy interval of 6 to
12 MeV is estimated at about 1% (assuming a beam with
divergence half-angle of 3°), which is much higher than that
obtained with the HBA and CSA regime driven by CO2

lasers [23–25]. The carbon spectra for both CP and LP
cases exponentially decay (see the Supplemental Material
[31] for more information). The maximum energy of the
carbon ions for the CP case is 1.7 MeV=nucleon, which is
much smaller than the lower threshold of the spectral peak
of protons (about 5 MeV). This scenario is contrary to our
previous results because of the use of different laser and
target parameters [26]. Figure 2(b) shows the processed
electron spectra. It can be clearly seen that the CP laser
results in a reduction of electron heating, which is con-
sistent with the simulation, as will be explained later.
The spectral peak of the protons is repeatedly observed

for the CP laser. The proton spectra of the three different
laser shots with lower intensities of 2.7 × 1019, 3.6 × 1019,
and 5.5 × 1019 W=cm2 are presented in Fig. 2(c). All these
spectra exhibit spectral peaks, but the peak energies vary

(a)

(c)(b)

FIG. 1. (a) Schematic of the experimental setup. Image plate
data of Thomson parabola and electron spectrometer obtained
from 40-nm plastic foils irradiated by (b) CP and (c) LP laser
pulses with a peak intensity of 6.9 × 1019 W=cm2.
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between 5 and 7 MeV. The peak proton energy decreases
with the decrease in laser intensity, which is shown more
clearly in Fig. 2(d). This trend agrees with the simulated
results, indicating that the shock velocity decreases when
reducing the laser intensity. The vertical bars in Fig. 2(d)
represent the FWHM energy spread of each shot, with a
minimum of 20% at 5.4 MeV. Note that the proton flux has
no significant change even when the laser intensity is
reduced to 2.7 × 1019 W=cm2.
To understand the experimental results, 2D PIC simu-

lations were performed to elucidate the mechanism of ion
acceleration. A Gaussian laser pulse with a FWHM
duration of 55 fs and FWHM focal spot diameter of
14 μm was used, resulting in a0 ¼ 4 for the CP laser
and a0 ¼ 5.6 for the LP laser. The size of the simulation
box was 200 and 160 μm in the longitudinal (x) and
transverse (y) dimensions, respectively, divided into
10 000 × 8000 cells. Each cell was filled with 20 particles.
The interaction of the laser prepulse with an initial plastic
foil was simulated using one-dimensional hydrodynamic
code [33,34]. The following formula, which adequately
approximates the hydrocalculation, was used to model
the density profile of the expanding plasma [34]:
neðxÞ ¼ 2ne;max=f1 þ exp½ð2ςθðςÞ=lbÞ − ð2ςθð−ςÞ=lfÞ�g.
Here, ς ¼ x − 0.5l0 and θðxÞ is the step function. The
parameters ne;max, lb, lf, and l0 represent the peak plasma
density, back and front scale lengths of the density ramps,
and initial foil thickness, respectively. An overdense plasma

with ne;max ¼ 4nc and lb ¼ lf ¼ 2 μm is obtained from the
expansion of the initially rectangular target with l0 ¼
40 nm and n0 ¼ 360nc, where nc is the critical density
for 800-nm lasers. In the 2D PIC simulations, a density
maximum is located at x ¼ 100 μm, where the main laser is
focused at an angle of incidence of 26°. The number ratio
of C6þ ions and protons in the overdense plasma is 1:2,
with a peak proton density np;max ¼ 1nc. In the following,
the simulation times are given relative to t ¼ 0 when the
laser pulse reaches the position of peak plasma density
(x ¼ 100 μm).
In Fig. 3(a), the calculated proton spectra at 377 fs are

compared for the CP (red line) and LP (blue line) lasers,
which are obtained with a 1 μm average over y centered at
y ¼ 0. The LP case exhibits a broad energy spectrum,
whereas the CP case yields a spectral peak, which agrees
well with the experimental result [Fig. 2(a)]. In the
simulation, the quasimonoenergetic proton beam is accel-
erated to 12 MeV with an energy spread of 20%. This
proton beam originates from the reflection of the expanding
protons in the upstream plasma, as shown in Fig. 3(c), and
gains a velocity equal to twice the shock velocity minus the

(c) (d)

(a) (b)

FIG. 2. Processed energy spectra of (a) protons and (b)
electrons in the case of CP (red, light red lines) and LP (black,
gray lines) laser pulses with a peak intensity of 6.9 ×
1019 W=cm2 irradiating 40-nm plastic foils. (c) Details of proton
spectra on three different laser shots for CP laser with intensities
of 2.7 × 1019 (yellow line), 3.6 × 1019 (green line), and 5.5 ×
1019 W=cm2 (blue line). (d) Experimental (red squares) and
simulated (blue circles) results of the peak energy of quasimo-
noenergetic protons as a function of laser intensity, where the
vertical bars represent the FWHM energy spread of each shot.

(a) (b)

(c) (d)

(e) (f)

FIG. 3. Simulation results from CP laser of a0 ¼ 4 and LP laser
of a0 ¼ 5.6 interacting with overdense plasmas of ne;max ¼ 4nc.
(a) Proton spectra for CP (red line) and LP (blue line) cases at
377 fs after the start of laser-plasma interaction. (b) Evolution of
the Mach number (red, light red squares) with average electron
temperature (black, gray triangles) in the upstream. The black
dashed line represents the beginning of shock formation. (c)–(d)
Corresponding proton phase spaces at 377 fs. (e)–(f) Longi-
tudinal electric field Ex (red, light red lines) and transversely
averaged proton density (black, gray lines) at two different times,
163 and 297 fs.
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expanding velocity, thus proving the electrostatic shock
being the dominant acceleration force. Here, the red dashed
line represents the shock front. Shock ion acceleration
driven by the CP lasers can also be verified by measuring
the Mach number, given by M ¼ vs=cs ∼ 1.6 [Fig. 3(b)],
where vs is the shock velocity in the upstream frame, cs ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ZkTe=mi

p

is the ion sound speed, kTe is the electron
temperature, and Z and mi are the charge number and ion
mass, respectively. This value satisfies the estimation of the
Mach number of electrostatic shocks M > 1.5 from
Ref. [21]. For the CP case, the carbon ions are not reflected
like the protons because of the smaller charge-to-mass
ratio, leading to the monotonically decreasing spectrum
which is consistent with the experimental result [31]. The
maximum carbon velocity is much smaller than the peak
velocity of the reflected protons, indicating that the accel-
eration of the quasimonoenergetic protons is not associated
with the carbon acceleration. When the LP laser is used,
these typical features of shock acceleration, including
velocity doubling in phase space and a high Mach number,
cannot be observed [Figs. 3(b) and 3(d)].
The striking difference of acceleration dynamics for the

CP and LP lasers can be directly inferred by analyzing the
electron temperature, plasma density, and longitudinal
electric field, as observed in our simulations (Fig. 3). In
the CP case, the protons are strongly compressed by the
ponderomotive force of the CP laser. Therefore, a proton
density spike with a high electrostatic potential energy is
generated similar to a piston [Fig. 3(e)]. Meanwhile, the
plasma electrons are inevitably heated up due to the oblique
incidence of the pulse. The electron temperature in the
upstream reaches the maximum at the end of the laser-
plasma interaction (t ¼ 110 fs) and then decreases with the
expansion of the plasma [Fig. 3(b)]. These electrons
facilitate to launch the (thermal-pressure driven) collision-
less shock wave, which can propagate in the exploded
plasma for a long time even without the driving laser pulse
[Fig. 3(e)]. As the potential energy of the shock is higher
than the kinetic energy of the ions in the upstream, the
Mach number of the shock reaches the critical value and
reflection of the protons occurs at 163 fs. For the LP
laser, the above scenario changes drastically. As shown in
Fig. 3(b), the electrons are heavily heated at higher
temperatures than that of the CP laser. Accordingly, these
energetic electrons can easily escape from the density spike
and the electric field is significantly reduced, resulting in a
weak compression of proton density [Fig. 3(f)]. Though the
LP case also yields a density spike, the potential is too weak
to reflect protons with high sound speeds. Figure 3(f)
indicates that the structure of the density spike and bipolar
electric field disappears at 297 fs, revealing that the
acceleration is dominated by the sheath field.
Compared with the (radiation-pressure driven) HBA and

(thermal-pressure driven) CSA mechanisms demonstrated
with CO2 lasers, shock ion acceleration driven by an 800-nm

CP laser pulse at oblique incidence has some different
features. On the one hand, reflection of the protons occurs
after complete leaving of the laser pulse. This is a different
feature from theHBA regime,where the protons are reflected
during the laser-plasma interaction. On the other hand,
considering that the time interval between the end of the
laser-plasma interaction and reflection of the protons is short
(53 fs) and especially the density profile of the exploded
plasma is exponentially decaying, the shock structure can
propagate in the plasma without significant momentum loss.
As a consequence, the final shock velocity is closely
associated with the initial piston velocity. This is different
from the conventionalCSAregime,where shock formation is
not related to the laser piston action and for the case of
Ref. [25] the final shock velocity is an order of magnitude
higher than the initial pistonvelocity. Furthermore, the use of
the oblique incidence of the laser leads to electron heating,
which in turn induces the thermal pressure and finally
contributes to formation of the collisionless shock wave.
These results indicate that the use of the CP laser and oblique
incidence of the pulse in our experiments lead to a hybrid
regime between the HBA and CSA process where both the
radiation and thermal pressures play an important role in the
shock formation and proton acceleration.
Further simulations usingCP laserswith a smaller a0 were

performed, and all proton spectra exhibited spectral peaks
(not shown here). When a0 was reduced from 3.6 to 2.5, the
peak proton energydropped from10 to 4MeV.This variation
in energy agrees with the observed result in the experiment
[Fig. 2(d)]. To evaluate the potential of shock acceleration in
the exploded targets to achieve higher proton energies, we
employed aCP laser with a larger a0. As the laser intensity a0
increases to 28 (3.5 × 1021 W=cm2) and the peak plasma
density ne;max is increased to 16nc, a quasimonoenergetic
proton beam of approximately 150 MeV can be reached, as
shown in Fig. 4, which approaches the requirement of proton
therapy. It should be noted that 800-nm lasers of a0 ¼ 28 are

FIG. 4. Simulated proton spectrum obtained from CP laser with
a0 of 28 interacting with an exploded plasma of a peak density
ne;max ¼ 16nc. The plasma density profile is identical to that in
the a0 ¼ 4 case. The inset represents the corresponding proton
phase space.
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achievable given the current developments in laser technol-
ogy. In view of the very high flux discussed above, this
scheme represents an important step for developing high-
flux, high-energy, andmonoenergetic ion sources. To realize
the accurate prediction of higher-energy protons at higher
intensity, the experimental conditions should be further
optimized (see the Supplemental Material [31] for more
information).
In conclusion, we present experimental studies on the ion

acceleration from exploded nanofoils irradiated by 800-nm
CP lasers, producing quasimonoenergetic proton beams
with peak energies up to 9 MeV and high fluxes of
3 × 1012 protons=MeV=sr. 2D PIC simulations reveal that
these protons are dominantly accelerated by collisionless
shocks, which are efficiently launched by CP lasers. The
high-quality proton beams obtained here are urgently
required for some medical applications such as proton
therapy of skin or eye tumors. Furthermore, this scheme
predicts the generation of 150-MeV quasimonoenergetic
protons using current laser technology. These results mark
a significant step toward future developments in laser-
plasma ion accelerators for applications such as cancer
therapy that require high-flux ion beams.
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