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Abstract

Monoenegetic ion beam generation from circularly polarized laser-pulse interaction with a double-layer target is
considered. The front layer consists of heavy-ion plasma, and the rear layer is a small thin coating of light-ion plasma.
Particle-in-cell simulation shows that the multi-dimensional effects in the ion radiation pressure acceleration are
avoided and a highly monoenergetic light-ion beam can be produced. Our simulations reveal that the charge-mass ratio
of heavy ions in the front layer and the thicknesses of both layers can strongly affect the proton energy spectra.
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1. INTRODUCTION

With the rapid advances in laser technology, energetic-ion-
beam production from intense-laser interaction with matter
have attracted much attention because of its compactness
and many potential applications, such as in ion cancer
therapy (Malka et al., 2004; Linz & Alonso, 2007; Yogo
et al., 2009), fast ignition in inertial confinement fusion
(ICF) (Roth et al., 2001), fast-beam injection in conventional
accelerators (Krushelnik et al., 2000), proton radiography
and imaging (Borghesi et al., 2002; Cobble et al., 2002;
Breschi et al., 2004), etc. Most of these applications
require ion beams with small energy spread D1/1. For
example, for cancer therapy, a proton beam with D1/1 �
2% would be needed (Khoroshkov & Minakova, 1998;
Kraft, 2001). However, energetic ion beams obtained in the
experiments usually have large (say 100%) D1/1.

With specially structured targets, quasi-monoenergetic
ion beams with D1/1 � 20% have been achieved using line-
arly polarized (LP) laser pulses (Hegelich et al., 2006;
Schwoerer et al., 2006). Both works were based on the ion
acceleration mechanism target normal sheath acceleration
(TNSA) (Wilks et al., 2001; Esirkepov et al., 2002; Flippo

et al., 2007; Nickles et al., 2007). In TNSA, the hot electrons
are generated by the LP laser pulse at the target front and are
transported through the target to the backside vacuum,
forming a strong electrostatic space-charge sheath field
there. The sheath field is normal to the target rear surface
and can accelerate some of the ions in the latter to high
energy. Recently, with LP laser pulses, Yin et al. (2006,
2007) have shown in the particle-in-cell (PIC) simulations
that monoenergetic ion beams up to GeV are generated due
to laser breakout afterburner (BOA) acceleration mechanism
(Davis & Petrov, 2009).

Using circularly polarized (CP) laser pulses, a new mechan-
ism radiation pressure acceleration (RPA) was considered for
monoenergetic ion beam generation (Macchi et al., 2005;
Kado et al., 2006; Liseikina & Macchi, 2007; Zhang et al.,
2007; Klimo et al., 2008; Robinson et al., 2008; Yan et al.,
2008). Without high-frequency oscillating component of the
v� B force for a CP laser pulse, there is no heating originating
from the hot electron oscillations when it is normally incident
on a target (Macchi et al., 2005). The electrons are pushed
forward steadily and compressed by the light pressure. An
intense electrostatic field is thus formed, which then accelerates
ions inside the target. One-dimensional (1D) simulations show
that fairly monoenergetic ion beams can be generated (Macchi
et al., 2005; Zhang et al., 2007; Klimo et al., 2008; Robinson
et al., 2008). However, in reality higher-dimensional effects

485

Address correspondence and reprint requests to: Anle Lei, Shanghai
Institute of Optics and Fine Mechanics, Chinese Academy of Sciences,
Shanghai 201800, China. E-mail: lal@siom.ac.cn

Laser and Particle Beams (2009), 27, 485–490. Printed in the USA.
Copyright # 2009 Cambridge University Press 0263-0346/09 $20.00
doi:10.1017/S0263034609990218

https://doi.org/10.1017/S0263034609990218 Published online by Cambridge University Press

https://doi.org/10.1017/S0263034609990218


such as hole boring and filamentation (Liseikina & Macchi,
2007; Klimo et al., 2008; Robinson et al., 2008; Yan et al.,
2008) can significantly increase D1/1 and thus reduce the
quality of the ion beam.

In this paper, we show by two-dimensional (2D) PIC simu-
lation that a CP laser pulse of intensity 2.5� 1021 Wcm22 irra-
diating a double-layer (DL) target can produce a highly
localized monoenergetic ion beam of �156 MeV with D1/
1 � 4%. The target is made up of two layers of different
materials. The intense CP laser is normally incident on the
dense front layer of heavy ions. The rear layer is a thin dot of
light ions. The front-layer electrons driven forward in the over-
dense plasma by the laser ponderomotive force form in front of
the pulse a thin highly compressed electron layer. An electron
depletion region (EDR) with very intense space-charge field
is thus created (Macchi et al., 2005). When it propagates to
the rear surface of the front layer of heavy ions, light ions in
the rear layer are then accelerated. With the DL target, the multi-
dimensional effects in the light ion RPA are avoided and a
highly monoenergetic light-ion beam can be produced. The
regime of ion acceleration here is also quite different from
that of the existing TNSA scheme (Schwoerer et al., 2006).

2. BRIEF ARGUMENT

As mentioned above, when a CP laser pulse is normally incident
on the front layer, the electrons there are ponderomotively driven
forward and compressed into a thin electron layer, whose spatial
extent is on the order of the skin depth ls¼ c/vp, where c is the
light speed and vp is the plasma frequency. While the intense
space-charge electrostatic field is formed in front of the laser
increases with time, further numbers of electrons are kicked
into the compression layer until it reaches a maximum when
the electrostatic pressure balances the light pressure. The
optimum thickness of the front target layer can be obtained
when the highest space-charge field is formed just at its rear
surface, and can be written as (Yin et al., 2008)
dopt ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
IL=pc
p

=ene1, where IL is the laser pulse intensity and
nel is the initial electron density for the front layer. This intense
space-charge field then accelerates the light ions in the rear
layer. Since the laser pulse and its ponderomotive force are
spatially nonuniform, which may lead to nonuniformity in the
space-charge field, the thickness d2 of the rear layer is taken to
be close to the skin depth ls and its transverse size is taken to
be smaller than the laser-pulse waist. We define that in the
present scheme, the acceleration phase is separated from the
space-charge-field-establishing phase, so that undesirable
longer-timescale effects such as hole-boring, filamentation, etc.
are avoided and a light-ion beam of high energy and small
energy spread can be obtained.

3. SIMULATION PARAMETERS

To verify the above argument, we have carried out simu-
lations using the 2D PIC code LAPINE (Xu et al., 2002).

A Gaussian CP laser pulse with wavelength l0 ¼ 1 mm
and beam waist radius v0 ¼ 4l0 is normally incident from
the left side. The laser amplitude a ¼ eA/mec

2, where A is
the vector potential, e and me are the electron charge and
mass, respectively, and c is the light speed, rises from zero
to 30 (corresponding to a laser intensity of IL ¼ 2.5 �
1021 Wcm21) in one laser period T0 and remains constant
for 30T0. The simulation box is 60l0 in the laser propagation
(x) direction and 20l0 in the y direction. The front layer
consists of a carbon plasma with an electron density ne1 ¼

10nc, where nc is the critical density, and the rear-layer
consists of protons with an electron density ne2 ¼ nc. The
front layer is at x ¼ 20l0 and has a diameter D1 ¼ 10l0

and thickness d1 ¼ 1l0 (which is near the optimum thickness
dopt). The rear, or proton, layer has a diameter D2 ¼ 1l0

and thickness d2 ¼ 0.05l0 (which is near the skin depth
ls ¼ c/vp) is attached directly to the rear side of the front
layer. That is, the parameters chosen are near that for
optimum ion beam production as estimated above.

4. SIMULATION RESULTS AND DISCUSSION

Figure 1a shows the evolution of the energy spectra of
protons produced by the DL target. One can see that
a highly monoenergetic proton beam of �156 MeV and
D1/1 � 4% is produced by the laser plasma interaction,
and it maintains its monoenergetic characteristics as it
is accelerated, even up to t ¼ 90T0. For comparison,
Figure 1b shows the evolution of the energy spectrum of
the protons produced from a single-layer proton target of
thickness of 1l0 and density of 10nc. We see that in this
case, the proton energy peaks at an early stage (t , 30T0)
with a broad spectrum, and the peak disappears quickly as
the proton beam propagates forward.

The ratio Z1/A1 of the charge number to the atomic mass
of the heavy ions in the front-layer obviously plays a crucial
role in accelerating the much lighter protons in the rear layer.
The evolution of the electrostatic space-charge field estab-
lished by the laser-expelled front-layer electrons is shown
in Figure 2a. We see that the field profile is almost linear
in both its rising and falling segments. For convenience,
one can divide the field into two regions (Macchi et al.,
2005): I and II, as shown in Figure 2b. In region I with the
rising field, the protons have lower velocities and never
pass through the peak of field. On the other hand, in region
II with the falling field, the protons are accelerated and are
compressed. In the DL, the space-charge field established
by the laser displaced front-layer electrons can accelerate
the heavy ions there to a velocity (Macchi et al., 2005) 2n0

where v0=c ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Z1 menc=A1mpne1

p
a, and mp is the proton

mass. In the time t ¼ (d1 þ d2)/2v0 for the heavy ions to
pass through the DL, the protons will obtain a velocity
v1 ¼ ðZ2eE0=2A2 mpÞð(d1 þ ls)=2v0Þ, where E0 ¼ 4pene1d1

is the peak value of the electrostatic field and we have substi-
tuted d2 by ls. Therefore, there can exist three different cases.
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Case 1 for v1 , 2v0; before the light ions are sufficiently
accelerated, the heavy ions pass them, and neutralize much
of the space-charge field, so that the light ions can only
gain little energy. Case 2 for v1 . 2v0; the light ions
always remain in front of the heavy ions, so that they are
accelerated efficiently in the falling segment of the space-
charge field and can achieve high energies with a narrow
spectrum because of the narrow acceleration region due to
the limited thickness (acceleration distance) of the rear
layer. Case 3 for v1 � 2v0; a part of the light ions remains
at low speeds in the region I of the space-charge field.
Others will be in the region II, where they are compressed
and attain high energies with small D1/1, as in Case 2.

In order to see the sensitivity on the charge-to-mass ratio,
we have carried out simulations for different charge states of
the front-layer heavy ions. The rear-layer light ions are still
protons. Figure 3 shows the proton energy spectra, and the
electric field and proton density profiles for the charge
states Z1 ¼ þ4, þ5, and þ6. When Z1 ¼ þ4 corresponding
to Case 2, we see that the accelerated protons have a narrow
energy peak around 150 MeV. From the electric field and

density profiles, one can see that the protons are in front of
the electrostatic field. When Z1 ¼ þ6, corresponding to
Case 1, the protons are behind the electrostatic field and
can only reach a relative low energy of 50 MeV. When
Z1 ¼ þ5, corresponding to Case 3, there are two peaks in
the energy spectrum. From the proton density distribution,
we see that a part of the protons are in the falling region
of the electrostatic field and these protons can be accele-
rated to �150 MeV. The protons in the ascending region
of the space-charge field can only reach 50 MeV. From
the simple model, we can calculate the proton speeds.
For Z1 ¼ þ4, we obtain v1 ¼ 0.399c, which is higher than
2v0 (¼0.256c). For Z1 ¼ þ6, we get v1 ¼ 0.326c, which is
close to 2v0 (¼0.313c). For Z1 ¼ þ5, we have v1 ¼

0.357c, which is also higher than 2v0 (¼0.286c). Thus, the
results obtained from the simple model agree quite well
with that from the simulations. In particular, the charge-to-
mass ratio of the front layer should not be too large; other-
wise the light ions cannot be efficiently accelerated. That
is, the ions in the front layer should be heavy enough to
make sure a low charge-to-mass ratio, for example, using

Fig. 2. (Color online) (a) Evolution of the space-charge field normalized by
mevc/e, where v is the laser circular frequency. The laser and target par-
ameters are the same as for Figure 1a. (b) Sketch of the profile of the electro-
static field (pink dashed line) in the two regions of the simple model.

Fig. 1. (Color online) The proton energy spectra from 2D PIC simulations.
(a) From a double-layer target at near-optimum conditions from the simple
theory. (b) From a simple proton target. The double-layer target consists
of a front carbon (Z1 ¼ þ4) layer and rear proton layer. The laser parameters
are IL ¼ 2.5 � 1021 Wcm22, l0 ¼ 1 mm, and v0 ¼ 4l0. The target par-
ameters are ne1 ¼ 10nc, D1 ¼ 10l0, d1 ¼ 1l0, ne2 ¼ nc, D2 ¼ 1l0, and
d2 ¼ 0.05l0.
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gold ions in experiments instead of the carbon ions in the PIC
simulations.

In each simulation above, the heavy ions in the front-layer
are in one charge state. In an experiment, the heavy ions will
be field ionized to multiple charge states by the accelerating
sheath. In order to see the effect of multiple charge states
on the proton energy spectra, we have carried out the simu-
lation with multiple charge states of the front-layer heavy
ions. In the simulation, the charge states of the front-layer
carbon ions are Z1 ¼ þ4 and þ6. The densities of C4þ

and C6þ ions are 5/4nc and 5/6nc, respectively, which
results in the electron density in the front layer being 10nc.
The other parameters are the same of Figure 3. The proton
energy spectrum is shown in Figure 4, which still shows
monoenergetic characteristics.

We consider now the effect of the thickness of the target
layers. Figure 5a shows that proton acceleration is ineffi-
cient if the thickness d1 of the heavy-ion layer is too small,
since the space-charge field inside the DL cannot reach
a high value. If the heavy-ion layer is too thick, the

Fig. 3. (Color online) Effect of the charge-to-mass ratio. (a) and (b) Z1/A1 ¼ 4/12, (c) and (d) Z1/A1 ¼ 5/12, and (e) and (f) Z1/A1 ¼

6/12. The left column shows the space-charge field (red solid lines) at t ¼ 45T0. The profiles (small blue patches) of the nearly mono-
enegetic proton bunch at the same instant is also shown. The right column shows the proton energy spectra at t ¼ 90T0 (blue solid
lines). The laser parameters and the target structure are the same of Figure 1a except that ne2 ¼ 2nc.
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space-charge field will be partially neutralized by the accel-
erated heavy ions (corresponding to Case 3), and the
protons also cannot gain much energy. Maximum proton
energy is obtained when the front-layer thickness is equal
to the estimated optimum thickness. Our estimate also
shows that the thickness d2 of the rear, or proton, layer
should be close to the skin depth ls, so that all the protons
in the rear layer can be accelerated by the same space-charge
field. If the proton layer is too thick, the protons will be accel-
erated by the space-charge field at different local intensities.
In Figure 5b, one sees that with increase of the proton-layer
thickness, the proton energy spectrum becomes less mono-
energetic. Thus, in order to obtain high quality ion beams,
the rear layer should be sufficiently thin.

5. CONCLUSION

In summary, a scheme of monoenergetic light-ion beam
generation from the interaction of a circularly polarized
laser pulse with a double-layer target is proposed. When
the charge-to-mass ratio of the heavy ions is small and the
conditions d1 � dopt ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
IL=pc
p

=ene1 and d2 � ls ¼ c=vp

are satisfied, a high quality monoenergetic proton beam
can be generated. The 2D PIC simulation results agree
quantitatively with that of a simple model. Our results
should be useful in the design of practical applications of
the monoenergetic light-ion beams generated by laser-target
interaction.
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