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A high-energy, high-yield proton beam with a good homogeneous profile has been generated from a
nanosphere target irradiated by a short (30-fs), intense (7 × 1020 W=cm2) laser pulse. A maximum proton
energy of 30 MeV has been observed with a high proton number of 7 × 1010 in the energy range 5–30MeV.
A homogeneous spatial profile with a uniformity (standard deviation from an average value within 85%
beam area) of 15% is observed with the nanosphere dielectric target. Particle-in-cell simulations show the
enhancement of proton cutoff energy and proton number with the nanosphere target and reveal that the
homogeneous beam profile is related with a broadened angular distribution of hot electrons, which is
initiated by the nanosphere structure. The homogeneous spatial properties obtained with the nanosphere
target will be advantageous in developing laser-driven proton sources for practical applications in which
high-quality beams are required.
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I. INTRODUCTION

In the past decade, great attention has been paid to
laser-driven ion acceleration as an innovative approach
for medical applications, especially cancer therapy [1].
Because of the novel concept, research groups have mostly
focused on the basic performances of laser-accelerated ion
beams, i.e., the increase in the maximum proton or ion
energy using advanced targets, the generation of quasimo-
noenergetic energy spectra, and the search for efficient
acceleration mechanisms. As a result, the production of
60–70-MeV protons [2], quasimonoenergetic features in
the spectrum [3,4], and various acceleration schemes, such
as target normal sheath acceleration (TNSA) [5], radiation-
pressure acceleration (RPA) [6,7], break-out afterburner
[8,9], and hybrid TNSA-RPA [10,11], were reported in the
literature. Despite the fast progress and great potential of
laser-driven ion acceleration, a number of issues including
the increase of proton energy up to a few hundreds of
MeV, high-conversion efficiency, reduced shot-to-shot

fluctuations in the energy spectrum, and improved ion
beam quality are still considered as main topics to be
investigated and resolved in the near future [12].
The use of laser-driven proton sources in practical

applications requires the production of reliable, high-
energy, and high-conversion-efficiency proton beams. As
an effort in this direction, a micron-thick plastic foil target
covered by a nanosphere monolayer was proposed [13],
and its capability of producing ∼10-MeV proton beams
with enhanced conversion efficiency was experimentally
demonstrated by using a 100-TW-class laser at an intensity
of 5 × 1019 W=cm2 [14]. The role of the nanosphere
monolayer was to boost the laser absorption on the
laser-irradiated target surface. The higher absorption
enhanced the hot electron population generated. As a
consequence, the proton beam cutoff energy was increased
by a factor of 1.5 and the number of protons by a factor of
6. The main motivation of our work is to extend the validity
of such an acceleration mechanism at higher laser inten-
sities and also to report the improved homogeneity of the
proton beam spatial profile in order to show its potential use
when higher proton energies (100-MeV level), which are
needed for medical applications (namely, hadron therapy),
are obtained.
In this paper, we report on laser-driven proton accel-

eration using nanosphere targets (similar to the previous
ones in Refs. [14] and [15]) at higher laser intensities (up to
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7 × 1020 W=cm2) confirming the enhancement of the
proton cutoff energy and the increase of the proton number.
The completely new achievement is represented by
the generation of a homogeneous proton beam spatial
profile, which is experimentally observed and considered
as an additional benefit of the use of a nanosphere
insulator target. In fact, irregular proton beam spatial
profiles are common for a dielectric target, and their
origin can be explained by several mechanisms [16]. Our
two-dimensional (2D) particle-in-cell (PIC) simulations
show good agreement with the experimental observations
in terms of proton cutoff energy and proton number
and also provide an interpretation of the origin of the
homogeneous beam spatial profile ascribable to a broad
angular distribution of hot electrons on the front surface
of the nanosphere target. Both experimental and numeri-
cal results show that a micron-thick foil target with a
nanosphere monolayer has a crucial importance of
producing high-energy high-quality proton beams through
laser-matter interaction at higher laser intensities; thus,
the nanosphere target can be used as a proton beam
source for multidisciplinary applications.

II. EXPERIMENTAL SETUP AND DIAGNOSTICS

Our acceleration experiments were performed with the
30-fs, 0.1-Hz-repetition-rate, 1-PW laser operating at the
Center for Relativistic Laser Science (CoReLS), Institute
for Basic Science (IBS) in Korea. The overall output
performance of the petawatt laser is described elsewhere
[17]. A double plasma mirror system was employed to
maintain the temporal contrast ratio (ratio between the
intensity of a main femtosecond pulse and the intensity of a
nanosecond pedestal) as low as 3 × 1011 up to 6 ps before
the main laser pulse. This is a crucial parameter when using
a target with special structures on the front surface which
should be sustained from the preplasma formed by ampli-
fied spontaneous emission and prepulse before the main
laser pulse [18]. On the other hand, the laser energy on
target was reduced by a factor of more than 2 compared to
the output at the exit of the pulse compressor chamber, due
to the presence of a double plasma mirror system which
was used to enhance the laser pulse temporal contrast ratio
on target. The laser pulse was focused with an f=3 off-axis
parabolic (OAP) mirror, and the measured spot size was
∼4 μm at FWHM, yielding a maximum peak intensity of
7 × 1020 W=cm2. Such an intensity value was estimated by
considering a laser pulse energy of ∼30 J at the exit of the
pulse compressor reduced to ∼10 J delivered on target
because of the upstream optical elements (double plasma
mirror, large-aperture half-wave plates, and gold-coated
OAP). Furthermore, a laser energy of 2.5 J (25%) out of
10 J was contained in the 4-μm focal spot. The laser beam
was s-polarized on target.
Two types of targets were used in the experiment:

(i) planar target (PT) consisting of a 700-nm-thick Mylar

foil and (ii) nanosphere target (NST) with an effective
thickness of 720 nm. The latter consisted of a monolayer of
polystyrene spheres (470 nm in diameter) placed on a
double layer substrate (200-nm-thick silicon nitride mem-
brane and 50-nm-thick polyethylene film on the rear side).
Details on the fabrication of target substrates (hydrocarbon
polymeric thin films) using the physical vapor deposition
technique can be found in Ref. [19], and the fabrication of
the nanosphere target is based on the self-assembly at the
water-air interface as described in Ref. [20]. The damage-
threshold fluence of the nanosphere structure has been
estimated to range between 1 and 10 J=cm2 for approxi-
mate nanosecond laser pulses [21]; thus, the nanosphere
structure was operational in our experimental conditions,
in which the prepulse intensity was maintained at
109–1010 W=cm2 when considering the temporal contrast
ratio. The target was inclined by 9° to the laser propagation
direction to avoid the laser pulse retroreflection. The proton
and ion energy spectra were measured by a Thomson
Parabola (TP) spectrometer equipped with a microchannel
plate (MCP) and a 16-bit charge-coupled device (CCD). A
phosphor screen in the MCP was placed 12 cm away from
the output plane of the electric field (25.5 kV=cm) and the
magnetic field gradient (0.4 T=cm) deflection regions. The
image on the phosphor screen was relayed to the CCD
camera for a real-time measurement. A typical TP
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FIG. 1. Typical TP snapshot for a NST target (a); maximum
proton energy vs laser intensity in three different experimental
campaigns at CoReLS-IBS (b); typical proton energy distribu-
tions for PT and NST targets at 7 × 1020 Wcm−2 (c).
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spectrum is shown in Fig. 1(a). The absolute number
calibration for the proton energy spectra was done by
installing striped CR-39 track detectors in front of the
MCP device [22]. A stack of radiochromic film (RCF)
detectors was placed 5 cm behind the target mainly for an
ex situ estimation of the entire proton beam spatial profile
and divergence in different proton energy ranges [23].
The parasitic dose contribution by high-energy protons in
a certain RCF layer was corrected by a post-data-analysis
process using predetermined weighting coefficients
obtained from the proton Bragg curves simulated in
the stopping and range of ions in matter.

III. RESULTS AND DISCUSSIONS

As demonstrated in previous papers [14,15], both the
proton cutoff energy and the number of protons further
increased with nanosphere targets at higher intensities.
Figure 1(b) shows the proton cutoff energy as a function
of laser intensity on the target. The experimental data
referring to three different campaigns at different laser
intensities of about 5×1019, 3×1020, and 7 × 1020 W=cm2,
respectively, are summarized. The maximum proton energy
roughly scales with the square root of the laser intensity,
which is considered as the typical scaling law in the TNSA
regime. The maximum proton energy for the nanosphere
target is roughly 1.5 times higher than for the planar one in
the whole laser intensity range.
Figure 1(c) shows proton energy spectra for PT and NST

targets recorded with the TP spectrometer. The maximum
cutoff energies (with a corresponding intensity 5 times
higher than the noise standard deviation after background
subtraction) for PT and NST targets are about 24 and
30MeV, respectively. Thus, an increase of about 25% in the
maximum proton energy is achieved with the NST target.
The total proton yield for energies above 5 MeV is also
enhanced from 1.5 × 1010 for PT to 6.9 × 1010 for NST,
resulting in an increase of 350% (a factor of about 4.5) in
the total proton number. If the proton number in the energy
window 13–23 MeV is considered, the enhancement is
more than a factor of 3 for NST compared to PT. The proton
acceleration efficiency, defined by the ratio between the
total proton beam energy [integral of E · fðEÞ, where E is
the proton energy and fðEÞ is the proton energy distribu-
tion] and the laser energy, is also enhanced by a factor of
about 5 (from 0.3% for planar targets to 1.5% for nano-
sphere targets).
The enhancement of the proton cutoff energy and the

proton number are also confirmed by PIC simulations.
The 2D PIC code described in Ref. [24] was employed
for detailed analyses of experimental results. The input
parameters of simulation runs were appropriately adjusted
to circumvent the limitation of the 2D PIC method. In the
simulations, both the planar foil and the nanosphere
target consist of C6þH2

þ plasma with an electron density
(ne) of 3.5 × 1023 cm−3 (200nc), where nc is the critical

electron density. The planar foil target has a thickness
of 750 nm. The nanosphere target consists of a mono-
layer of closely packed nanospheres on the front (laser-
irradiated) side and a 250-nm-thick dielectric substrate
similarly to the real geometry measured through SEM
analyses [20]. Each nanosphere has a diameter of
460 nm. The beam width of the focal spot is set to
1.6 μm (at FWHM). Gaussian distributions in temporal
and spatial profiles are assumed in simulations. A smaller
beam diameter than the experimental one is used to
represent 3D-lateral losses of hot electrons in the
2D-geometry model as discussed in Ref. [14]. The target
is initialized with a steplike density profile. However, a
30-fs prepulse with one-hundredth peak intensity of the
main pulse, which arrives 50 fs prior to the main pulse
interaction (based on spectral phase interferometry for
direct electric-field reconstruction measurements) and
creating a short preplasma on the target, is introduced
in our simulations. Since the diameter of the spheres is
several times smaller than the focal spot size, the result is
not sensitive to the distribution of the nanospheres owing
to the laser focal spot position. In a real 3D geometry, the
electrons traveling on a line parallel to the surface would
experience a spatial periodicity equal to the size of the
sphere only along a limited set of directions [25].
According to their initial acceleration direction, electrons
can cross any vacuum region between any couple of
spheres or can travel along a different path, showing an
even more complicated periodicity of the system.
However, as observed in our first theoretical proposal
[13], the results are not very different when a monolayer
of nanospheres having random diameters in the range
200–800 nm are used compared to nanospheres having a
fixed diameter. Thus, even if multidimensional effects are
more complicated, we expect a similar qualitative differ-
ence between the nanosphere target and the flat foil when
comparing 2D and 3D PIC simulation outputs.
The simulation results for proton energy spectra are

shown in Fig. 2. The energies of accelerated protons at the
end of the simulations (200 fs after laser-target interaction)
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FIG. 2. Proton energy spectra for planar and nanosphere targets
at the end of PIC simulations.
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were compared with the experimental ones. The cutoff
energy agrees relatively well for a planar target, whereas the
proton energy from a nanosphere target is overestimated in
the PIC simulation. The higher cutoff energy in the PIC
simulation (∼23%) can be explained by larger lateral losses
of hot electrons in the experiment (two lateral dimensions
in 3D) due to their larger angular spread at the target front
surface. As already mentioned, only one lateral dimen-
sional loss is considered in our 2D PIC simulations, and we
applied a correction factor based on the decrease of the
laser beam size in the 2D simulations. However, such a
correction is fully applicable only for planar foils, since in
the case of nanosphere targets a focal spot size below 1 μm
(close to the diffraction limit) should have been used. This
was not possible to be set up in our PIC simulations.
Therefore, we applied the same correction to planar and
nanosphere targets. The envisioned proton energy spectrum
with the same nanosphere target at even higher laser
intensity is also plotted in Fig. 2. According to the PIC
simulations, a cutoff energy of 100MeV is expected when a
nanosphere target is irradiated by a laser pulse with an
intensity of 5 × 1021 W=cm2 that is still in agreement with
the square root of the laser intensity scaling law valid in the
TNSA regime.
Figure 3 shows proton beam profiles recorded with RCF

layers at different proton energies. The images in Fig. 3
were obtained by scanning RCFs with three shots accu-
mulated for the NSTand five shots for the PT, and the image
quality was improved with a linear pseudocolor scale. As
for the PT, the proton beam divergence decreases from ∼30°
to ∼20° as the proton energy increases. A significant
decrease to ∼6° in the divergence angle was observed in
a RCF layer located close to the cutoff energy. The same
result can be observed in PIC simulations. As for the
NST, the divergence angle remains constant for all proton
energies (∼25°). Moreover, a ring structure is observed
outside the proton beam profile. Such a ring structure is very
regular and thus can be easily removed with a proper
collimator. It is inferred from PIC simulations that a higher
divergence of protons at a higher energy is related with the
lateral expansion of outermost peak structures (correspond-
ing to a ring structure in the experiment) in the angular
distribution of protons (as discussed below).

Figures 4(a) and 4(b) show the angular spectrum and the
momentum of hot electrons in the phase space for the
planar and the nanosphere targets from PIC simulations.
The difference in angular distribution can be explained by
trajectories of electrons on the front surface of the targets as
shown in Ref. [25], and it agrees well with our previous
numerical results obtained at a lower laser intensity [13].
Hot electrons can be generated when the electric field
associated with the laser pulse, which forces electrons to
oscillate in vacuum, is shielded by the plasma (ionized
target). The shielding of the laser pulse electric field
strongly depends on the morphology of the target front
surface. When this surface consists of multiple curvatures,
such as in the case of a nanosphere target, the electric field
can be shielded in various directions of electron oscilla-
tions, thus leading to a larger number of electrons generated
and to an increase in their temperature, along with a broader
angular distribution.
The electron sheath distribution shortly after the end of

laser-target interaction can be extracted from the PIC
simulations as shown in Figs. 4(c) and 4(d) for both
NST and PT. The shape of the hot electron cloud on the
target rear side (electron sheath distribution) is different due
to the initial angular distribution of hot electrons generated
on the target front side. In fact, after the initial propagation
through the target, the electrons recirculate back and forth
and also propagate towards the target lateral sides. Our
interpretation is that a narrow angular distribution of the
generated hot electrons for a plane target leads to electron
filamentation in the dielectric foil. However, we are not able
to consider such filamentation by numerical simulations,
since PIC simulations have to start with the presence of a
“warm” plasma having some ionization degree since the
very beginning, which is a mandatory assumption due to
numerical constraints.
The most interesting feature in our results is the

homogeneous beam profile obtained with a nanosphere
dielectric target, as already shown in Fig. 3. This homo-
geneous spatial profile is particularly evident when it is
compared to the one obtained with a planar insulator target
where typical irregular features are present. According to
Refs. [16,26], the observation of irregular structures in the
beam profile on RCF is attributed to electron filaments

FIG. 3. Proton beam profile using red color channel for PT and NST targets obtained from the RCF diagnostics.
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developed in insulators. This filamentation is ascribed to
the instability of the ionization front related to the electric
field ionization process [26]. Only a small perturbation
on an underlying smooth hot electron sheath distribution
can lead to inhomogeneity in the spatial profile of the
accelerated protons and typically appears for insulator
layers thicker than 100 nm [16,27]. On the other hand, a
broad (relatively low current density) and homogeneous
angular distribution of hot electrons generated in a nano-
sphere target can mitigate such filamentation, resulting in a
homogeneous proton beam profile.
The difference in spatial proton beam profiles between

planar and nanosphere targets can be partially explained
with the help of PIC simulation results. Figure 5 shows the
proton density distributions about 150 fs after the laser-
target interaction. In the case of a planar foil [Fig. 5(a)], a
narrow peak structure is observed in the expanding proton

front. This narrow ion beammight show irregular structures
in the spatial beam profile (as recorded experimentally by
RCFs) due to filamentation experienced by hot electrons. In
fact, even if the electron filamentation cannot be observed
directly in our PIC simulations (because ionization and
collisions are not included), it is reasonable to assume that
the narrow angular distribution of hot electrons (relatively
high current density) can generate filamentation when
propagating through an insulator target, in agreement with
previous theoretical and experimental findings [16,27,28].
On the other hand, for a nanosphere target [Fig. 5(b)], a
broader proton front profile with two smaller peaks
(corresponding to the ring structure observed experimen-
tally) is shown. This might be ascribed to the absence of
filamentation in the hot electron population when propa-
gating through the insulator target thanks to their broad and
homogeneous spatial distribution.

FIG. 4. (a) Angular distribution of hot electrons with energy higher than 1MeV during laser-target interaction in the forward direction.
(b) Momentum space of hot electrons in the forward direction; electrons moving along the target normal direction have a perpendicular
component of momentum py ¼ 0. (c) Hot electron distribution for a PT; (d) hot electron distribution for a NST.
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IV. CONCLUSIONS

We have extended the validity of the micron-thick nano-
sphere targets to higher intensities (up to 7 × 1020 W=cm2)
by enhancing the cutoff energy and the number of laser-
driven protons with respect to our previous achievements
[14,15]. Besides, we have shown for the first time that a
nanosphere dielectric target could produce a homogeneous
beam profile with a constant divergence angle. In fact,
insulator targets are widely investigated by research groups
working in this field, since they present the main advantage
to allow reducing shot-to-shot fluctuations in the accel-
erated proton beam number compared to metallic foils
where the protons are accelerated from hydrocarbon
impurities on the target rear side, thus leading to large
fluctuations in the proton beam current. On the other hand,
dielectric targets typically show an inhomogeneous spatial
profile due to filamentation effects of the hot electrons
which develop during their propagation through the insu-
lator foil. This is a clear drawback which typically limits the
use of such targets, especially when ultrahigh intensities,
and hence large hot electron current densities, are used.
The homogeneous proton beam profile could be partially

explained by the mitigation of hot electron instabilities due
to an increased transverse momentum component. Thus,
from both our experimental and numerical results, it can be
concluded that homogeneous and high-energy proton
beams having high-conversion efficiency can be attained
by using nanosphere dielectric targets. A continuous effort
to produce homogeneous and high-yield 100-MeV-level
proton beams from a nanosphere insulator target should
be pursued for biomedical applications having a high
societal impact. According to our numerical simulations,
a 100-MeV proton cutoff energy can be achieved at a laser
intensity of about 5 × 1021 W=cm2 by using a focusing
mirror with a shorter focal length and by improving the
reflection efficiency of a plasma mirror. Moreover, a clear
increase of the proton yield (a factor of 2.5 for NST
compared to PT) in an energy range already of interest for
medical applications (73–83 MeV) [29] is achievable.

From a practical point of view, a micron-thick nano-
sphere dielectric target can provide a freestanding, robust,
and easy-to-handle target solution, and the improved spatial
features obtained with a nanosphere target offer additional
benefits in delivering proton beams to a potential user
station for applications (such as radiobiology or future
laser-based hadron therapy) through a beam transport
system using magnetic optics. In fact, the homogeneous
beam profile and its constant divergence angle are crucial
features in designing the whole beam transport section for
applications. In conclusion, due to the increasing demand
of reliable proton beams for multidisciplinary applications,
the use of nanosphere dielectric targets can be considered as
a promising solution to provide high-energy and high-yield
proton beam sources with an improved beam quality in
terms of the spatial profile.
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