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The interaction of a circularly polarized laser pulse with a mixed solid target containing two species of

ions is studied by particle in cell simulations and analytical model. After the interaction tends to be stable,

it is demonstrated that the acceleration is more efficient for the heavier ions than that in plasmas

containing a single kind of heavy ion and the acceleration efficiency is higher when its proportion is lower.

To obtain monoenergetic heavy-ion beams, a sandwich target with a thin mixed ion layer between two

light ion layers and a microstructured target are proposed. The influences of parameters of the laser pulse

and target on ion acceleration are discussed in detail. It is found that, when the target is thick enough, a

cold target is more appropriate for heavy-ion acceleration than a warm target, and the velocity of the

reflected heavy ions is proportional to the laser amplitude.
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I. INTRODUCTION

Ion acceleration in laser-driven plasmas has become a
hot research topic for its wide applications in many fields,
such as cancer therapy and fast ignition of inertial confine-
ment fusion [1]. In the previous studies, various schemes
have been proposed for accelerating protons or heavier
ions to high energies by using the recently available
high-intensity short-pulse lasers. A linearly polarized
(LP) laser pulse is often used because it can heat the
plasmas quickly and the generated hot electrons are neces-
sary for two well-known acceleration mechanisms: the
front shock acceleration [2–6] and target normal sheath
acceleration (TNSA) [7–11]. With the latter method, pro-
tons up to 58 MeV have been obtained with 3�
1020 W cm�2 lasers [12,13]. At the rear surface of the
layered thin foils quasimonoenergetic protons and heavy
ions are produced in both experiment [8,9,14–17] and
theory [18,19]. Quasimonoenergetic proton or ion bunches
with an energy spread of about 20% have been produced
[8,9]. Other promising schemes, such as direct laser-
pressure acceleration [20,21] and plasma wake accelera-
tion [22] are also extensively explored. Recently, ion ac-
celeration by a circularly polarized (CP) laser pulse has
attracted much attention because there is no apparent self-
heating mechanism for plasmas and ions can be acceler-
ated stably by the electrostatic field due to the charge
separation in the front of the target [23–27]. This mecha-

nism is the so-called electrostatic shock acceleration. In the
case of multispecies ion plasmas, protons are especially
accelerated more efficiently due to their highest charge-
mass ratio. For example, in the heavy-ion-dominated plas-
mas [28], protons are accelerated with a higher efficiency
by high-intensity short-pulse CP laser when the heavy-ion
mass is much larger. In the proton-dominated plasmas [6],
with certain parameters, protons can be accelerated up to
twice the shock wave velocity by the LP laser pulse in-
duced electrostatic shock wave, while the heavy ions can-
not be accelerated as efficiently as protons. However, in the
heavy-ion-dominated plasmas, both protons and heavy
ions can be accelerated up to twice the shock wave
velocity.
Recently, we have reported a method for efficient gen-

eration of heavy-ion bunches from a target containing two
species of ions irradiated by a CP laser pulse and mono-
energetic heavy ions observation from a sandwich target
[29]. Here, this work is devoted to an extended investiga-
tion of the acceleration of mixed target. In general, heavy
ions cannot be accelerated as efficiently as protons since
the electric force per unit mass on them (with lower charge-
mass ratio) is smaller. Here, the cold two-species-ion
plasma is irradiated by a normal intense CP laser pulse.
It is found that heavy ions are accelerated more efficiently
in the proton-dominated plasmas compared with those in
the pure-heavy-ion plasmas. The velocity of heavy ions
increases with the rise of the proton proportion. In Sec. II,
the detailed acceleration process of the cold mixed targets
and the influences of parameters of the laser pulse and
target are investigated in detail. The influences of the
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background temperature, target thickness, and laser inten-
sity are discussed in Sec. III. Section IV contains the
summary.

II. ACCELERATION OF COLD MIXED TARGETS

A. Acceleration process with fixed charge-mass ratio

For a target containing two species of ions irradiated by
a laser pulse, the conservations of momentum and energy
yield [25,30]

I=c ¼ ��I=cþ ne1A1=Z1mpvi1vs1

þ ne2A2=Z2mpvi2vs2;

I ¼ �I þ ne1A1=Z1mpvi1
2vs1=2

þ ne2A2=Z2mpvi2
2vs2=2;

(1)

where I and � are the intensity and reflectivity of the laser
pulse, c is the velocity of light in vacuum, mp is the proton

mass, vi1;i2 and vs1;s2 are the velocities of the reflected ions

and the laser induced electrostatic shocks, Z1;2 and A1;2 are

the ion charge and mass number, ne1 � Z1ni1, ni1 and
ne2 � Z2ni2, ni2 are the corresponding electron and ion
densities of each species, respectively. The subscripts 1 and
2 denote the light and heavy-ion species. To see clearly the
influence of larger mass, we first set A1 ¼ Z1 ¼ 1 for
simplification, then ne1 � ni1, m1 ¼ mp; Z2 ¼ 1, A2 ¼
10, then ne2 � ni2, m2 ¼ A2mp. It is convenient to use

dimensionless variables vi1;i2=c ! vi1;i2, vs1;s2=c !
vs1;s2, ni1;i2=nc ! ni1;i2, m1;2=me ! m1;2, where nc is the
critical density and me is the electron mass. Assuming that
all ions are reflected by the electrostatic shock, after nor-
malization, Eq. (1) is rewritten as

ð1þ �Þa2 ¼ 2ni1m1v
2
s1 þ 2ni2m2v

2
s2;

ð1� �Þa2 ¼ 2ni1m1v
3
s1 þ 2ni2m2v

3
s2;

(2)

where the relation vi1;i2 ¼ 2vs1;s2 is used. The normalized

laser amplitude a ¼ eA0=mec
2, where A0 is the vector

potential, and e is the electron charge. Since the accelera-

tion field moves as a constant velocity during the interac-
tion, vs1 ¼ vs2 ¼ vs is set, so that one obtains

v2
s þ v3

s ¼ a2

ni1m1 þ ni2m2

; (3)

where ni1 þ ni2 ¼ ne.
As an example, in the one-dimensional particle in cell

(1D PIC) simulation code VORPAL [31], we consider the
situation that a cold mixed target of initial density ne ¼ 10
is irradiated normally by a CP laser pulse of wavelength
� ¼ 1 �m from the left boundary of the simulation box.
The target occupies a region between x ¼ 64� and x ¼
72� initially. The laser amplitude rises from zero to a ¼ 2
in 5T and then remains constant, where T is the laser
period. The proton mass is mi1 ¼ 1836 and the heavy-ion
mass is mi2 ¼ 10mi1 ¼ 18 360.
In the case of single species plasma, the reflected ion

velocities are vi1 ¼ 0:0295 [25] for mi1 ¼ 1836 and vi1 ¼
0:0094 for mi1 ¼ 18 360, respectively, from the simula-
tions (see Fig. 4), where the velocity is normalized by c.
They both agree well with the analytical results vi ¼ 2us
according to the simple model [5,25,32], which is often
used to evaluate the shock velocity, or the recessing surface

velocity of the single species plasmas as us �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2=ðminiÞ

p
,

where ni is the ion density. The simulation results in the
case of the proton-dominated plasmas with ni1 ¼ 8, ni2 ¼
2, i.e., the density ratio ni1=ni2 ¼ 4 at two instants are
shown in Fig. 1. Here, two different acceleration stages
can be seen. At t ¼ 80T, protons are accelerated efficiently
up to 0.0295 by the electrostatic field while the heavy ions
almost remain immobile due to their larger inertia. Protons
move ahead and separate from the heavy ions. Sub-
sequently, at t ¼ 180T, the heavy ions overtake protons
and the reflected protons and heavy ions tend to move at
the same velocity approximately, i.e., the velocity of heavy
ions increases to 0.018 from 0.0094 and the velocity of
protons decreases to 0.018 from 0.0295. In this stage, the
reflected heavy ions have been accelerated by a much more
partial electrostatic field so that they are accelerated effi-
ciently. On the contrary, the reflected protons are ahead of

FIG. 1. (Color) Phase space of protons (red dots) and heavy ions (green dots) and the electric field distribution (black solid line) for the
proton-dominated plasmas in the case of the density ratio ni1=ni2 ¼ 4 at (a) t ¼ 80T and (b) t ¼ 180T, respectively.
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heavy ions due to their smaller mass so that they have been
accelerated only by a much less partial electrostatic field,
resulting in the decrease of the velocity. Therefore, accord-
ing to the above simulation results, the acceleration process
for a mixed solid target containing two species of ions with
different mass can also be concluded as follows: first,
protons with larger charge-mass ratio tend to move faster
and the heavy ions slower, and then the faster (slower) ions
will be pulled back (pushed forward) by the space-charge-
field redistribution. Finally, the entire system moves to-
gether at the same velocity, so heavy ions are drawn by
light ions indirectly. This process explains why the light
ions are slightly ahead of the heavy ions and the electro-
static field distribution presents a tiny valley between the
two reflected ion fronts in Fig. 1(a) of Ref. [29]. Compared
with the case of Fig. 1 in this paper, this valley is more
obvious due to the relatively more intense laser. The light
and heavy ions have the same final velocities because they
and the accelerating electric field belong to the same self-
consistent electrostatic shock system, whose velocity is
self-consistently determined by the laser and plasma
parameters. In this simulation, the acceleration field is
dominated by a single positive spike which is the
same as that in the single species plasmas case. It moves
at a constant velocity due to the flattop laser profile and
thus the velocities of the both reflected ions are almost the
same.

Figure 2 shows the case of the LP laser pulse, in which
the other parameters are the same as those in Fig. 1.
Compared with the case of the CP laser pulse, the heating
effect is much more obvious. The electrostatic wave is
excited and it is not intense enough to accelerate protons,
or even the heavy ions. At a later time t ¼ 180T as shown
in Fig. 2(b), it is found that three parts of protons are
accelerated. Two parts are at the front of the target, includ-
ing the forward and backward protons. The other is at the
rear, which is the well-known TNSA mechanism. The
interaction result is almost the same as that in the pure
proton plasmas case by a LP laser pulse, but obviously
worse than that in Fig. 1. On the other hand, heavy ions are
accelerated much more inefficiently. Therefore, we con-

clude that the CP laser pulse is very important for the
acceleration of heavy ions in the present mechanism.

B. Influence of charge-mass ratio and heavy ions
proportion on its acceleration

According to Eqs. (1) and (2), the same velocity of the
ions with different charge-mass ratios also can be esti-
mated as

vi

c
� 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nc

ne1A1=Z1 þ ne2A2=Z2

s ffiffiffiffiffiffiffi
me

mp

s
a; (4)

which is reduced to that given in Ref. [25] for a single
species target. We can rewrite Eq. (4) in terms of the ratios
� ¼ ne1=ne2 and � ¼ ðZ1=A1Þ=ðZ2=A2Þ as

vi=c � 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ �ð�� 1Þ

�þ �

s ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Z2

A2

me

mp

nc
ne

s
a; (5)

so that the effect of these ratios on the acceleration effi-
ciency is more clear. For comparison, various combina-
tions of � and � values are used for simulation. The CP
laser amplitude rises from zero to a ¼ 2 in 6T, and then
remains constant. The simulation box is 101� in the x
direction, and the cold target initially occupies the region
between x ¼ 80:5� and x ¼ 82:5�. The initial total elec-
tron density is ne ¼ 5, and the densities of the two ion
species are given by ne1 ¼ ne2 ¼ 0:5ne. The results are
shown in Fig. 3. There is excellent agreement between the
simulation and calculation from Eq. (5), and it is found that
this shock acceleration mechanism exists for a wide pa-
rameter range. Figure 3(a) shows that, in order to raise the
energy of the heavy ions efficiently, its proportion must be
much lower than that of the light ions. On the other hand,
since the ion velocity increases quickly at first and then
saturates slowly to the maximum with the density ratio, the
proportion of heavy ions need not be reduced greatly in
order to obtain a significant energy increase. This point is
important since the number of energetic heavy ions per
bunch should not be too small. For example, for ne1=ne2 ¼
9, or a carbon ion density of 1020 cm�3, the velocity is

FIG. 2. (Color) Phase space of the light (red dots) and heavy ions (green dots) and the electric field distribution (black solid line) for
the proton-dominated plasmas in the case of the density ratio ni1=ni2 ¼ 4 at (a) t ¼ 80T and (b) t ¼ 180T, respectively, for LP laser
pulse.
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0:039c, improved by 3.4.5%with respect to the pure carbon
plasmas case, or 81% of the total kinetic energy increase.
This value is close to the maximum of 41.5% predicted by
Eq. (5), which is based on the steady-state conservation
arguments.

To illustrate the influence of the heavy-ion proportion on
its acceleration, another case with � ¼ 10 is presented.
According to Eq. (3), the velocity profile of the two species
of accelerated ions vi1 ¼ vi2 ¼ vi as a function of the
proton density is shown in Fig. 4, which displays the
good agreement with the simulations when a ¼ 2, ne ¼
10. That is to say, the acceleration effect of the heavy ions
is better with a larger density ratio of the light and heavy
ions. The maximum and minimum velocities correspond to
these in the cases of pure proton and pure-heavy-ion plas-
mas. From the simulations, it is also found that the time for
both species of ions begins to move as the same velocity
grows longer with the rise of proton proportion, which
means that the first stage of proton acceleration becomes
longer. On the other hand, the velocity curves of heavy ions
appear due to its lesser number.

It should be stressed that the results in this paper are
quite different from that of Robinson et al [14] and Klimo

et al [15] who have described a similar mechanism. The
former demonstrated that the acceleration of heavy ions
was not significantly affected with the final energy lower
slightly than those in pure-heavy-ions case and the protons
were badly affected with final energy lower greatly than
those in pure protons case. The latter described simply the
acceleration of a mixed ultrathin target and showed that the
ballistic evolution regime of the target might be efficient
for accelerating the heavy ions. They have concluded that
the acceleration is easier in contrast to the TNSA mecha-
nism. Here, in this paper we present a much more detailed
and clear explanation by using quite different parameters.

C. Improvement of the target and laser pulse

In the above consideration, the laser pulse is flattop and
thus the accelerated ions are monoenergetic. However, in
most practical cases the laser is roughly Gaussian and
plasma density is not a constant in space, so that according
to our model used in Eq. (4), the accelerated ions may not
be monoenergetic. Based on the above consideration, a
simple but effective method is proposed to overcome this
problem. We employ a sandwich target with a thin mixed
layer between two light ion layers, as seen in Fig. 5(a).
With this target structure, the rising edge of the laser pulse
interacts with the front light ion layer and then the follow-
ing most intense part with much shorter duration irradiates
the thin mixed layer, leaving the rest to the back light ion
layer. As the inside mixed layer is very thin, its interaction
time with partial laser pulse is short enough that laser
intensity keeps almost constant, which will lead to a
more monoenergetic heavy-ion bunch.
Here the position and thickness of the thin mixed layer

have great influence on the quality of heavy-ion bunches.
As for Gaussian pulse laser with the intensity peaks in the
beam center, it is better to place the mixed layer in the
appropriate position of the sandwich target in order to
make it interact with only the central part of the laser pulse,
and thus ions will gain peak energy. Moreover, one can
control the interaction time of the thin mixed layer and
laser pulse by changing the mixed layer thickness accord-
ing to the FWHM of Gaussian pulse to gain monoenergetic

FIG. 4. (Color) Profile of the ion velocity v1 as the function of
proton density ni1. The red square denotes the simulation results
and the blue line denotes the analytical results.
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heavy-ion bunches. In a word, main parameters of heavy
ions’ energy spectrum can be regulated. A single thin
mixed foil can not work like this because it will collapse
due to the prepulse of the laser and the rising edge of the
pulse. Moreover, it is more convenient to produce this
sandwich target than a single thin mixed foil. The two
outside layers are made up of light ions to separate the
accelerated heavy ions from the other ions due to their
different charge-mass ratio.

For 1D simulations, the cold sandwich target electron
density is 5nc and the target is from x ¼ 80:5� to x ¼
82:5�, while the simulation box is 101� long. The central
thin layer is a mixture of hydrogen and carbon (� ¼ 2)
with their electron density ratio� ¼ 1. Its thickness is 0:2�
and both the front and back hydrogen layers are 0:9�. The
Gaussian laser pulse is of peak amplitude a ¼ 4 and
FWHM 22T. A comparison of the heavy-ion kinetic en-
ergy spectrum from the sandwich target with that from the
normal mixed target is shown in Fig. 5(b). All figures are
taken at t ¼ 240T when the interaction between the laser
and the target is just over. An obvious improvement with
the sandwich target is that almost all carbon ions are
around peak energy 26 MeV while in the other case they
are nearly averagely distributed. Parameters we chose here
are to guarantee that the mixed layer interacts only with the
center part of Gaussian pulse within a short time, and
therefore heavy ions are well monoenergetic with peak

energy. The thickness of mixed layer is a critical factor
for the acceleration result. If the mixed layer is too thin, the
heavy ions will not be fully accelerated; but if the mixed is
too thick, the monoenergetic quality of the heavy ions is
not perfect though the obtained maximum energy is higher,
as seen in Figs. 5(c) and 5(d). Therefore, the thickness of
the mixed should be controlled well to obtain the possible
high monoenergetic heavy-ion bunch.

D. 3D simulations

However, one may doubt the efficiency of the monoen-
ergetic heavy-ion bunch generation in practice because so
far only the 1D results are presented. In fact, 2D PIC
simulations in Ref. [24] confirm that 2D effects do not
have a qualitative influence on ion bunch formation, but
they do affect energy and beam divergence of ion bunches.
Following the sandwich target way, the transverse dimen-
sion of the inside thin mixed layer is reduced to weaken
these negative effects. Thus, the target is embedded with a
micromixed layer. The following is the 3D PIC simulations
by VORPAL. Here ‘‘1’’ and ‘‘2’’ still note hydrogen and
carbon. The simulation box is 25�� 120�� 120�. The
microstructured target occupies a region of 15�� 17�
(2 �m) in x (longitudinal) and �54�� 54� (108 �m)
in both y and z (transverse) with total electron density of
5nc. The inside mixed layer with � ¼ 1 occupies a region
of 15:4�� 15:435� (35 nm) in the longitudinal direction

ε

ε ε

FIG. 5. (Color) (a) Sandwich target scheme and (b) the heavy-ion energy spectrums from the normal mixed target (red solid) and
sandwich target (blue solid) at t ¼ 240T for a Gaussian laser pulse with peak amplitude a ¼ 4 and FWHM of 22T. The inside central
mixed layer (hydrogen and carbon) is 0:2� thick with � ¼ 1 and the outer two light ion layers (hydrogen) are both 0:9� thick.
(c) Energy spectrum of sandwich target with the inside central mixed layer are 0:1� and (d) 0:4�, respectively.
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and �2:4�� 2:4� (4:8 �m) in the transverse direction.
The rest of the target is made up of light ions. The Gaussian
laser pulse with beam waist radius !0 ¼ 17�, peak ampli-
tude a ¼ 6, and duration of 40T propagates from the left
direction. Figure 6(a) shows the proton (black) and carbon
ion (red) space distribution at t ¼ 30T where protons in the
outer part of the target are eliminated to display the inside
structure. A gauss-like shape of proton front is formed due
to the Gaussian intensity profile in the transverse direction
of the laser front, and all carbon ions have been reflected,
leading to a compact beam with a very small dimension.
Figures 6(b) and 6(c) are the phase space and longitudinal
kinetic energy spectrum at different times, and we clearly
see the following process: the mixed layer is initially
irradiated by the laser front; carbon ions are accelerated
by the electrostatic field; carbon ions are all trapped and
reflected and finally propagate stably, gradually from t ¼
20T to t ¼ 32T. A quasimonoenergetic carbon ion bunch
with about 5% energy divergence and the longitudinal
kinetic energy of Ex � 58 MeV is obtained. The total
carbon ion number of the bunch is about 3:36� 108 (that
is a total charge of 3:23� 10�10 C). Collimation of
the obtained carbon ion bunch is pretty good as seen in
Fig. 6(d), with maximum angle of divergence ��max �
6� 10�3� rad at the transverse rim of the mixed layer.
Therefore, it can be concluded that the 3D effect does not
qualitatively impact ion bunch generation. The transverse

dimension of the micromixed layer can be changed to
control the energy divergence.

III. DISCUSSIONS

A. Effect of electron temperature

Actually, an ice-cold target is usually not easily pre-
pared. In reality, the heating effect always exists. To be
more useful for experimental study, we have discussed the
cases of a warm mixed target. When the target is warm, the
electrostatic shock with partial ion reflection and the rest
transmission will be formed [25,33], which is confirmed
clearly by the results of Figs. 7(b)–7(d) in the cases of
initial density ne ¼ 10, density ratio ni1=ni2 ¼ 4, laser
amplitude a ¼ 2, but different initial electron thermal
velocities. Ions still remain cold. From Fig. 7 we see
that, when the electron temperature is relatively low,
such as the electron thermal velocity vth ¼ 0:02 in
Fig. 7(a), the acceleration field is almost still a single
positive spike except for some splits. The acceleration of
heavy ions and protons is almost the same as that in the
case of the cold target but with a slightly higher velocity,
which agrees with the results of Ref. [25]. However, when
the electron temperature grows higher, the thermal effect
acts obviously compared with the light pressure, and the
electrostatic wave is excited instead of the electrostatic
field. By comparing the distributions of the electrostatic
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field and the ions velocities, we note that protons and heavy
ions are accelerated by different acceleration fields, thus
resulting in different velocities. Two positive spikes are
obvious in Figs. 7(b) and 7(c). As a typical electrostatic
shock, more protons have transmitted the shock front with
the rise of the initial electron temperature and form a
soliton wavelike structure [4,6]. For protons, although the
energy of the reflected part is much higher with the rise of
the initial electron temperature, the number is fewer. For
example, when the initial temperature is high enough, e.g.
vth ¼ 0:2 in Fig. 7(d), almost all protons have been trans-
mitted and have a lower energy. However, for heavy ions,
they are almost all reflected in the first acceleration field.
With a low but finite initial electron temperature, the
reflected velocity is slightly higher than that in the cold
target case. As shown in Figs. 7(a) and 7(b), the velocity
increases to 0.02. But, with the rise of the temperature, the
separation field evolves into an electrostatic wave and the
maximum value of the positive electrostatic field de-
creases, thus resulting in a smaller velocity. But it is still
much more efficient than that in the pure-heavy-ions case.
According to the above results, it is concluded that the low
initial temperature is appropriate for the acceleration of
heavy ions. Therefore, in experimental study, it is neces-
sary to control the plasma temperature.

B. Effects of target thickness and laser intensity

As we have described, there are two stages for a mixed
target, one is for light ions first and the other is subse-
quently for heavy ions. The acceleration process of heavy

ions is almost the same as that of protons, i.e., the velocity
reaches its peak and then remains constant afterward.
However, if the target is thin enough, for example, the
target thickness l ¼ 0:1� in Fig. 8, before the velocity of
heavy ions reaches its maximum, all protons immobile
initially have been accelerated and subsequently are accel-
erated again, just as described in Ref. [25]. Heavy ions
separate integrally from the protons and electrons soon.
The electrostatic field has a nearly rectangular profile and
there is no descending edge for heavy ions, and therefore
all heavy ions are always dispersedly accelerated and

FIG. 8. (Color) Distributions of ion velocities and electrostatic
field for the proton-dominated plasmas in the case of the density
ratio ni1=n2 ¼ 4 when a ¼ 2, ne ¼ 10 with the target thickness
l ¼ 0:1 at t ¼ 150T. The red and green dots represent the proton
and heavy-ion velocities, respectively. The black solid line
shows the electrostatic field.

FIG. 7. (Color) Distributions of ion velocities and electrostatic field for the proton-dominated plasmas in the case of the density ratio
ni1=ni2 ¼ 4 when the initial ne ¼ 10 at t ¼ 180T with different initial electron thermal velocities, namely, (a) vth ¼ 0:02,
(b) vth ¼ 0:04, (c) vth ¼ 0:1, and (d) vth ¼ 0:2. The red and green dots represent the proton and heavy-ion velocities, respectively.
The black solid line shows the electrostatic field.
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cannot be compressed like protons. Protons are accelerated
to a velocity of 0.25 at t ¼ 150T just as described in
Ref. [25] like a cocoon. Here, it should be noted that the
long proton tail becomes shorter due to the rectangle field.
So, in the case of the ultrathin target, the acceleration of
heavy ions is badly affected, but accelerating protons is
much more effective. We also should note that these results
are quite different from that of Ref. [27] which shows that
both ion species are accelerated to a nearly same velocity
with a long tail in the case of ultrathin foil and ultraintense
laser pulse. Here, the target is relatively much thinner.

To see the influence of the laser intensity, we have
studied the case of the laser amplitude a ¼ 20, as shown
in Fig. 9, in which the other parameters are the same as
those in Fig. 1. The two species of ions are reflected to the
same velocity 0.18, ten times of that in the case of the laser
amplitude a ¼ 2, which means that the reflected velocity is
proportional to the laser amplitude, as shown in Fig. 9(a).
The simulation result agrees well with Eq. (4). According
to the above description, one can conclude that the more
intense the laser, the better the acceleration effect of ions.
However, some instability appears and the heavy-ion en-
ergy distribution becomes wider. This scenario is shown in
Fig. 9(b). Then the question of how far one can go with
increasing the laser intensity while preserving the ion beam
quality thus remains open. In the range of normal intensity,
the scaling of ion momentum with the laser intensity is
applicable.

IV. SUMMARY

In summary, when the cold plasmas consisting of two
species of ions are irradiated by a CP laser pulse, there are
two acceleration stages. One is for light ions and the other
for heavy ions. At an early time, the light ions are accel-
erated efficiently by the electrostatic field due to the charge
separation between electrons and light ions while the
heavy ions do not have enough time to respond. At a later
time, when the whole interaction becomes stable, the heavy
ions and light ions are together accelerated by the quasi-

stable electrostatic field and their velocities tend to be
equal. The heavier ion acceleration is more efficient in
the mixed plasmas than in the pure-heavy-ion plasma.
Moreover, the acceleration effect is better when their pro-
portion is lower, which agrees well with the analytical
results and suggests that much more laser energy has
been transferred to heavy ions. It is a new efficient accel-
eration approach of heavy ions though the acceleration of
protons using this scheme is badly affected.
When the laser pulse is not uniform in space and time, a

sandwich microstructured target with a micromixed layer
in it are proposed. Using 3D PIC simulations, a quasimo-
noenergetic heavy-ion bunch is obtained. This method is so
effective and practical that the energy of heavy ions can
easily be raised by nearly 100% (or higher for heavier ions)
under the same laser conditions. By using the microstruc-
tured target, the quality of the heavy-ion beam, including
the energy and space divergence, is improved significantly.
As an estimate, the LULI laser (wavelength �1 �m, in-
tensity �1019 Wcm�2, focal aperture �5–10 �m, and
duration about 300 fs) should be able to generate a carbon
beam with a peak energy of 12 MeVand a total carbon ion
number of �108 while the energy divergence is at 5%.
Moreover, the fraction of carbon ions in the target can be
reduced so that the maximum acceleration energy of
18 MeV can be obtained. The discussion about the influ-
ences of the laser intensity and plasmas background tem-
perature suggests that high laser intensity and low
temperature in a certain range are appropriate for the
acceleration of heavy ions. For the acceleration of protons,
an ultrathin mixed target is much better.
It should be noted that the laser and plasma parameters

used in the simulation are presently easily achievable in the
laboratory, so that these results should be useful for ex-
perimental research on the heavy-ion beam generation.
The velocities of the accelerated ions in the current simu-
lations are relatively low due to the low laser intensity.
Relativistic ions are expected when the laser intensity is
further increased and the percentage of the heavy ions is
optimized.

FIG. 9. (Color) Distributions of ion velocities and electrostatic field (a), and energy spectrum (b) for the proton-dominated plasmas in
the case of the density ratio ni1=n2 ¼ 4 when the initial density ne ¼ 10 and the laser amplitude a ¼ 20 at t ¼ 160T. The red and
green dots represent the proton and heavy-ion velocities, respectively. The black solid line shows the electrostatic field.
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