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Improvement of energy-conversion efficiency from laser to proton beam is demonstrated by particle simu-
lations in a laser-foil interaction. When an intense short-pulse laser illuminates the thin-foil target, the foil
electrons are accelerated around the target by the ponderomotive force. The hot electrons generate a strong
electric field, which accelerates the foil protons, and the proton beam is generated. In this paper a multihole
thin-foil target is proposed in order to increase the energy-conversion efficiency from laser to protons. The
multiholes transpiercing the foil target help to enhance the laser-proton energy-conversion efficiency signifi-
cantly. Particle-in-cell 2.5-dimensional �x, y, vx, vy, vz� simulations present that the total laser-proton energy-
conversion efficiency becomes 9.3% for the multihole target, though the energy-conversion efficiency is 1.5%
for a plain thin-foil target. The maximum proton energy is 10.0 MeV for the multihole target and is 3.14 MeV
for the plain target. The transpiercing multihole target serves as a new method to increase the energy-
conversion efficiency from laser to ions.
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I. INTRODUCTION

In recent research, a laser intensity of I�1020 W /cm2 has
been achieved by the development of laser technology. Ion
beams are useful for basic particle physics. In fact, ion beams
are used for medical therapy, controlled nuclear fusion, high-
energy sources, and so on �1–11�. The energy of ions that are
accelerated in an interaction between an intense laser pulse
and a thin foil target is at the MeV level. Ion acceleration in
a laser-foil interaction is expected to be a further method of
ion acceleration �12–26�. One of the problems in laser-ion
acceleration is the energy-conversion efficiency from the la-
ser to the ions; the energy-conversion efficiency is low in
actual experiments.

When an intense short-pulse laser illuminates a thin foil,
electrons in the foil obtain energy from the laser and oscillate
around the thin foil. In a laser-foil interaction, the behavior
of the electrons directly influences the ion dynamics. Some
of the electrons placed at the surface irradiated by the laser
are accelerated. The electrons form a high current and gen-
erate a magnetic field �27,28�. The electrons form a strong
electric field, and the ions are accelerated by the electric
field. The laser gives its energy mainly to the electrons near
the thin-foil surface. The surface reflects a significant part of
the laser energy. The energy-conversion efficiency from the
laser to ions tends to be low. In our study, we employ an
intense short-pulse laser and a double-layer hole target which
consists of hydrogen and aluminum in 2.5-dimensional
particle-in-cell simulations �see Figs. 1�a� and 1�b��. The rea-
son we employ aluminum is in order to prevent target defor-
mation. Aluminum ions are heavier than hydrogen, and the
aluminum supplies more electrons than hydrogen. The maxi-
mum energy of the protons is about a few MeV in a plain
target. In this paper, we perform 2.5-dimensional particle-in-

cell simulations to investigate the improvement of the
energy-conversion efficiency from the laser to protons in a
laser-foil interaction. We demonstrate a significant increase
in the energy-conversion efficiency and the maximum energy
with the multihole target shown in Fig. 1�b�. The holes, tran-
spiercing the foil target, help in increasing the laser energy
absorption by the multihole-foil target electrons �29–33�. We
also demonstrate robustness against laser alignment error for
the multihole target.

II. SIMULATION MODEL

In this paper, we perform 2.5-dimensional �x ,y ,vx ,vy ,vz�
particle-in-cell simulations �34�. Figure 2 shows a concep-
tual diagram of the multihole target. We employ a linear
density gradient of 0.5� to the target at the laser illumination
surface to include a prepulse effect of the laser. The laser
intensity is I=1.0�1020 W /cm2, the laser spot diameter is
4.0�, and the pulse duration is 20 fs. The laser transverse
profile is in the Gaussian distribution. The laser wave length
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FIG. 1. Thin-foil targets: �a� plain and �b� multihole target. An
intense short-pulse laser gives electrons its energy, and the hot elec-
trons are accelerated. The electrons form a strong electric field, and
the protons are accelerated. The target surface reflects the laser. In
the multihole target, the holes transpiercing the target help to en-
hance the laser-proton energy-conversion efficiency.
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is �=1.053 �m. The calculation area is 40� in the longitu-
dinal direction and 30� in the transverse direction. The cal-
culation mesh size is �x=�y=0.02�. The free boundary
condition is employed so that the boundaries do not reflect
particles and waves. About 1.6�106 superparticles are em-
ployed in our simulations. In this research, we employ a
double-layer target which consists of Al and H. The heavy
material Al layer prevents target deformation and supplies
more electrons compared with the H layer. The ionization
degree of the Al layer is 11. The initial Al target peak density
is the solid one �ni=42nc� and the H layer density is flat and
42nc. The initial particle temperatures are 1 keV. Here nc
stands for the critical density. The hole diameter is 0.5� and
the number of holes is 12 in the target. The total energy of
the laser in the simulation is about 3.31�104 J /m. Results
are obtained for both the plain and the multihole target.

III. SIMULATION RESULTS

A. Improvement of energy-conversion
efficiency in the multihole target

First, we demonstrate the improvement of energy-
conversion efficiency from the laser to the protons by the
multihole target �Fig. 1�b��. Figure 3 shows the distributions
of the proton energy versus the longitudinal direction for
both the cases of �a� the plain target and �b� the multihole
target at 500 fs. Figures 3�a� and 3�b� show that the protons
in the multihole target are accelerated in the longitudinal
direction more than those in the plain target. The maximum
energy of the protons is 3.14 MeV in the plain target and

FIG. 3. Distributions of the proton kinetic energy at 500 fs: �a�
plain and �b� multihole target. The proton kinetic energies become
significantly higher in the multihole target.

FIG. 4. Total-energy histories of the protons and electrons in �a�
the plain and �b� the multihole target. The solid and dotted lines are
the histories of the electrons and the protons, respectively.

FIG. 5. Distributions of �a� the hot electrons in the plain target,
�b� the hot-electron density in the plain target, �c� the hot electrons
in the multihole target, and �d� the hot-electron density in the mul-
tihole target at 80 fs. Here the electrons over 0.5 MeV are pre-
sented. The solid lines show the electron density of nc /103 and the
dotted lines show the electron density of nc /104.

FIG. 2. Target structure used in this paper. We employ a double-
layer target which consists of Al and H. The Al layer has a linear
density gradient of 0.5�. The calculation area is 40� in the longi-
tudinal direction and 30� in the transverse direction. There are 12
holes in the multihole target. The hole diameter is 0.5�, and the hole
distance is also 0.5�.
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10.0 MeV in the multihole target. Figure 4 shows the total-
energy histories of the protons and electrons in both cases.
The peak of the laser intensity irradiates the target surface at
about 55 fs, and the total energy of the electrons reaches a
peak at about 60 fs. In Fig. 4, the total energy of the protons
reaches about 5.3�102 J /m in the plain target and 3.1
�103 J /m in the multihole target at 500 fs. The energy-
conversion efficiencies to the protons are 1.5% in the plain
target and 9.3% in the multihole target. Figure 5 shows the
distributions of the hot electrons over 0.5 MeV and the den-
sity contour lines in the x-y space at 80 fs. In the multihole
target the laser gives the electrons its energy efficiently be-
cause of the holes transpiercing the target, and the number
and energy of the hot electrons increase. In Figs. 5�b� and
5�d�, a larger number of hot electrons is distributed around
the target in the multihole than in the plain target. Figure 6
shows the hot-electron energy distributions f in both cases at
80 fs. In Fig. 6, the hot-electron temperature is 0.38 MeV in
the multihole target and 0.30 MeV in the plain target. Figure
7 shows the spatial distributions of the electric fields in the
longitudinal direction �Ex� in both cases. Figure 8 shows the
histories of the maximum values of Ex in both cases. In Fig.
7, the electric fields formed in the multihole target are stron-
ger than those in the plain target, and the maximum value of

the electric field is 13.1 MV /�m for the plain target and
27.5 MV /�m for the multihole target at 60 fs. Figure 9
shows the histories of the accelerated-proton number in both
cases; the protons have energy above 0.1 MeV and are ac-
celerated forward of the target. In Fig. 9 the proton number
in the multihole target at 500 fs reaches about 2.7 times that
in the plain target. In the multihole target, the strong electric
field, which is about twice larger than that of the plain target,
accelerates the protons significantly and contributes to the
increase in the accelerated-proton number. Therefore, the to-
tal proton energy is about six times as much as that in the
plain target. In the specific case employed in this study, the
major contribution to the ion beam generation enhancement
by the microstructured hole target comes from the increase in
the total number of protons accelerated.

We also investigate the effects of changes in the multihole
target thickness on the proton beam generation; the foil
thickness is changed from 0.4� to 0.7�. Figure 10 shows the
total energy of the protons for each case at 500 fs in the plain
and multihole targets. In Fig. 10, for the thinner target the
total proton energy becomes slightly larger in both the plain
and multihole targets. For 0.4�, the maximum proton particle
energy reaches about 11.1 MeV, and the energy-conversion
efficiency from the laser to the protons is 12.0% in the mul-
tihole target. For 0.4�, the target thickness is small compared
with the thickness 0.5� of the density gradient, and therefore
in this case the peak density is n=42nc0.4� /0.5�=33.6nc, in

FIG. 6. Energy spectra of the hot electrons at 80 fs. The solid
line presents the distribution in the plain target and the dotted line in
the multihole target.

( (

FIG. 7. Spatial distributions of the electric field Ex in �a� the
plain and �b� the multihole target at 100, 150, and 200 fs.

FIG. 8. Histories of the maximum value of Ex in the plain and
the multihole target. The solid line is the history in the plain target
and the dotted line that in the multihole target.

FIG. 9. Histories of the total number of protons over 0.1 MeV in
the plain and the multihole target. The solid line shows the history
in the plain target and the dotted line that in the multihole target.
The proton number in the multihole target becomes about 2.7 times
larger than that in the plain target at 500 fs.
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order to keep the same density gradient as in the other cases.
Figure 11 shows the total-energy histories of the protons for
each case in the multihole target. In Fig. 11 the total energy
of the protons increases from about 50 to 200 fs.

B. Robustness of the multihole target
against laser alignment error

It may be difficult to make the laser axis coincide exactly
with the target center line in realistic experiments and actual
use. In this section, we investigate the effect of a change in
the laser illumination point on the multihole target. This sec-
tion presents the simulation results for two patterns �A and B�
of the laser illumination point as shown in Fig. 12. In pattern
A employed in Sec. III A, the laser axis coincides with the
target center line. In pattern B, the laser axis coincides with
the hole center. Figure 13 shows the energy spectra of the
proton kinetic energy over 0.5 MeV for patterns A and B. In
Fig. 13, the spectrum for pattern B coincides with that for
pattern A. The maximum energy of the protons in pattern B
is almost the same as in pattern A, that is, about 9.6 MeV.
The total energy of the protons in pattern B is also almost the
same as in pattern A. Figure 14 shows the divergence angle
distribution of the protons in the transverse direction for both
the patterns. In Fig. 14, the divergence angle distributions
also coincide with each other. Even if the laser axis slides on
the hole target surface, the quality of the proton beam, the
proton maximum energy, the proton total energy, and the
proton divergence distribution do not change seriously. The

simulation results demonstrate the robustness of the hole tar-
get against laser alignment error.

IV. CONCLUSIONS

In this paper, we investigated a significant increase of the
energy-conversion efficiency from the laser to the protons by
a multihole target. The multiholes transpiercing the plain tar-
get help to enhance the energy-conversion efficiency from
laser to protons. The electrons in the multihole target gener-
ate an electric field stronger than that in the plain target, and
the total energy of the protons and the maximum proton ki-
netic energy are significantly higher in the multihole target.
By subwavelength microstructures �32,33�, for example, the
multihole target, clusters, nanotubes, etc., the laser energy
absorption is enhanced. In this paper we employ the micro-
structure of the multiholes to increase the laser energy-
conversion efficiency to protons. In this paper we employed
a normal incidence of the laser to the target surface as shown
in Fig. 2. The oblique incidence of a laser may influence the
laser energy absorption and the ion production �32,33�. Pa-
rameter studies, including the effect of laser incidence on
laser ion generation should be studied in future. We also
demonstrated a robustness of the multihole target against la-
ser alignment error. The multihole target may serve as a ro-
bust target to improve the energy-conversion efficiency from
laser to ions and produce a high-energy proton beam in a
laser-foil interaction.

FIG. 10. Total energy of the protons for the target thickness of
0.4�, 0.5�, 0.6�, and 0.7� at 500 fs. Here the solid line shows the
total proton energy in the plain target and the dotted line shows that
in the multihole target.

FIG. 11. Total-energy histories of the protons for the target
thickness of 0.4�, 0.5�, 0.6�, and 0.7�.

FIG. 12. Robustness of the multihole target against laser align-
ment error. In the laser illumination pattern A the laser illuminates
the center of the target, and in pattern B the center of the hole.

FIG. 13. Spectra of the proton kinetic energy �p ��0.5 MeV� in
patterns A and B. The spectrum in pattern B coincides with that in
pattern A.
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