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Abstract

In this study, ion acceleration from thin planar diamond-like carbon (DLC) and polystyrene (PS) foils irradiated by
ultraintense (a0= 200) and ultrashort (15 fs) laser pulses is investigated numerically. The effects of target composition
and thickness on the acceleration of protons and carbon ions are reported by 1D3V particle-in-cell simulation code and
compared with the analytical models of ion acceleration. In the analytical formalism, the acceleration criterion of ions
with different charge-to-mass ratio (q/m) is obtained. This criterion is related to the potential difference through the
electrostatic shock distortion and its velocity. According to this result, charged particles with large q/m ratio have a
good chance to accelerate in front of the electrostatic shock field. It is shown that mono-energetic proton bunch with
energies >1.5 GeV is produced by 20 nm DLC foil supported by 10 nm hydrogen layer. Finally nanometer PS foil is
examined and 2.33 Gev protons with ∼1.5% energy spread are obtained for 50 nm thickness.
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1. INTRODUCTION

Laser-driven ion acceleration in laser–solid interaction is a
complicated process and depends on many parameters.
This process has different stages such as ionization, forma-
tion of initial preplasma, absorption of laser pulse energy,
acceleration of the electrons and evolution of the plasma,
induced field creation in plasma, and finally ion propaga-
tion during and after the acceleration. Basically, the ion
acceleration process during the laser and foil interaction
can be explained by different regimes, the most important
of which are target normal sheath acceleration (TNSA),
shock wave acceleration, radiation pressure acceleration
(RPA), and break-out after burner regimes (Daido et al.,
2012; Haberberger et al., 2012; Fuchs et al., 2006;
Macchi et al., 2013).
Many applications of mono-energetic ion beams with low

emittance, such as medical applications, fast ignition in
fusion researches, nuclear physics studies, and novel radiation
sources are proposed for cheap laser-driven ion acceleration
scheme (Borghesi et al., 2006; 2008; Flippo et al., 2007).

However, based on our limited recognition ability, there
are some complexities in the determination of dynamical pa-
rameters of acceleration and determination of the dominant
acceleration regime is difficult. Different acceleration re-
gimes can act simultaneously or in different stages, but
there is no specified boundary between them. In a real exper-
iment or simulation, any model can explain all the relevant
features, but we can find one model to describe some of
the significant properties.

Themaximum ion energy, the energy spectrum, the angular
distribution, and gain coefficient are some of the properties
that can be investigated based on laser intensity, pulse dura-
tion, thickness, and target composition in different regimes.
In addition to the mentioned effective factors, laser contrast,
alignment, and the quality of focused laser beam can cause
transformation or even stop the process of ion acceleration.
Nevertheless, based on available models they can explain
the features of ion beams that are observed experimentally
by recognition of the effect of the laser parameters and target.

For increasing the peak particle energy, gain coefficient,
and improvement of energy spectrum, numerical mecha-
nisms by the particle-in-cell (PIC) codes have been exten-
sively studied. Most studies are in the RPA regime which,
unlike the TNSA, transmits the laser energy with high gain
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to the most of the target ions. In RPA the femtosecond laser
pulse with linear polarization and the intensity greater than
1021 W/cm2 accelerate the nanometer foils with the mecha-
nism named “Laser piston” or “Light sail”. RPA in lower in-
tensities takes place with circular polarization. The
occurrence of this process is the need to high contrast of
the laser as well as focusing and high intensity of it
(>1022 W/cm2 for the light sail mechanism) (Fourkal
et al., 2009; Schlegel et al., 2009; d’Humières et al., 2013).
The propagation of plasma ions with the energy a little

more than 1 Mev by radiation of Ps laser pulse on the solid
target was shown by Fews in a fast ignition fusion research
(Fews et al., 1994). After experimental efforts, laser-driven
proton beam with peak energy of 55 Mev was observed in
2000 (Snavely et al., 2000). Actually, in most of the pro-
posed acceleration mechanisms, electrons are the energy
transformation intermediate with ions by pondermotive
force and other different absorption mechanisms. Electrostat-
ic field induced by charge separation can reach to tens of
TV/mwhich its magnitude is six times greater than tradition-
al RF accelerator. These fields allow particles to accelerate up
to a few hundred MeV during a few μm lengths. The mea-
sured current beams in these accelerators are in the range
of kA or more with transverse spread less than 10−3 mm/
mrad (Sagisaka et al., 2009). Acceleration of protons and
heavy ions from two layer foils were investigated by some
authors (Eliasson et al., 2009; Wang et al., 2013; Eliezer
et al., 2014).
Recently another research group accomplished experimen-

tal results on the proton and carbon ions acceleration form ul-
trathin polymer films or diamond-like carbon (DLC) thin
foils down to 5.3 nm thicknesses and laser intensity of
order of 6 × 1019 W/cm2 (Henig et al., 2009). They finally
obtained the quasi-mono-energy spectrum characteristic for
different kinds of ions. Their simulation results admitted
their experimental part and proposed RPA as the dominant
acceleration mechanism in the mentioned laser intensity
range.
In this paper, optimum condition for the generation of

mono-energetic proton beams from different target combina-
tions are examined by numerical 1D3V PIC simulation. Dif-
ferent target compositions are examined such as, pure DLC,
DLC foil with hydrogen impurity, DLC foil supported by hy-
drogen layer, and polystyrene (PS) layer. We describe the ac-
celeration mechanism in the two consequent steps. In the first
step, electrostatic shock wave accelerates background ions
from the bulk of the foil and in the second step acceleration
of electrons and ions are continued by the radiation pressure
mechanism. In Section 2, new analytical formalism is ex-
plained for acceleration of ions, by reflection from electro-
static shock wave. In this section, acceleration criteria of
ions with different charge-to-mass ratio (q/m) are investigat-
ed in terms of electrostatic shock amplitude, depth, and ve-
locity. In Section 3, numerical results for ion acceleration
for different target structures are reported. Concluding re-
marks are presented in Section 4.

2. ACCELERATION CRITERIA FROM SHOCK
WAVE

In the interaction of intense laser pulse with the overdense
plasma, electrostatic shock wave is propagated through the
foil. This high amplitude electrostatic shock accelerates back-
ground ions which are reflected from the electrostatic field of
the shock wave. This electrostatic shock wave approximately,
has a triangle like (saw tooth) shape with amplitude E0 and
thickness D which is moving with relativistic velocity. How-
ever, for simplicity, we consider rectangular (step-like) elec-
trostatic perturbation with the half of the triangle height E0/2
(Fig. 1). This electrostatic shock moves forward with the ve-
locity βs= vs/c and affects the charged particles in the
plasma interior. The velocity of the relativistic shock wave
is as follows (Zhang et al., 2007):

vs =
− a2

nimi
+

������������������
a2

nimi

( )2

+ 4a2

nimi

√

2
, (1)

in which a= eA/mecω is dimensionless laser pulse vector
potential amplitude, mi (=mi/me) is normalized ion mass
and ni (= ni/nc) is normalized ion number density to the
laser critical density. We follow dynamics of an ion with
the charge q0 and mass mi which locates in front of the
shock wave in the laboratory frame. We will show two differ-
ent scenarios that may have occurred for the ions according to
its charge-to-mass ratio and electrostatic shock amplitude,
thickness, and velocity. In the first situation, the particle is re-
flected from the electrostatic shock wave and speeds up for-
ward, whereas in the second one, the particle passes through
the electrostatic potential and left behind with a small accel-
eration (Fig. 1).
The relativistic equation of motion of the ion in the electro-

static shock field is:

F = dP

dt
= d(miγv)

dt
= q0E0/2, (2)

in which γ = 1�����������
1− v2/c2

√ is the relativistic factor of the ion.

Fig. 1. Ion dynamics in saw tooth (triangle-like) electrostatic shockwavewith
the height E0 and thickness D moves with velocity βS= vs/c, and its approx-
imated step function with amplitude E0/2.
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For simplicity we assume step-like electrostatic shock with
high E0/2 (Fig. 1a). By the integration of this equation, fol-
lowing relations are obtained for the ion velocity and
position,

V = c2t�����������
c2t2 + A2

√ , X =
�����������
c2t2 + A2

√
− A, (3)

where A= 2mic
2/zeE0, and z is the ionization degree of ion.

It is assumed that the front side of the electrostatic potential is
at origin in t= 0, and ion initial conditions are V(0)= 0 and
X(0)= 0.
Based on the above equations, the particle reflection

condition of the electrostatic shock is calculated with
the assumption that the particle orbit does not collide
with the rear surface of the electrostatic potential at x=
vst−D:

1− 1
γs

<
ze

2mic2
(E0D), (4)

where γs =
1�������

1− β2s

√ . It is obvious from this condition,

the electrostatic potential difference of shock field (area
under the electrostatic shock field curve, E0D/2) and
shock propagation velocity, play main roles in the reflec-
tion of the ion with the charge-to-mass ratio ze/mi. By
accounting the dimensionless quantities for electrostatic
field and ion mass as:

m̃ = mi

me
· · · , · · · Ẽ = eE

mecω
· · · , · · · D̃ = Dω

c
. (5)

Eventually we will have the following criterion for ion
reflection:
Lower limit of D̃Ẽ:

D̃Ẽ >
(
1− 1

γs

) 2m̃
z
. (6)

According to this condition, the boundaries for D̃Ẽ in terms
of the relativistic factor of electrostatic shock wave are drawn
in Figure 2, for protons (red curve) and carbon ions (blue
curve).Transverse axis is the electrostatic potential difference
through the shock, which belongs to its strength, and longi-
tudinal axis γs shows its velocity.
In Figure 2, the red boundary defines the acceleration

region for protons and blue line indicates the acceleration
region for C+6 ions. Under the red line, charged particle ac-
celeration does not occur while above the blue line both pro-
tons and carbon ions can accelerate. Colored area between
the two curves indicates an exclusive acceleration region
for protons. Green curve in this figure shows electrostatic
shock characteristics from simulation results of part 3 in Sec-
tion 3. Thus, according to this curve in the initial stage of the
laser–foil interaction, only protons are accelerated while the
carbon ions are left behind.

Accelerated charged particles by the electrostatic shock

are released from the shock field at the time t1 = 4βSγ
2
S

zm̃Ẽ
. Ac-

cording to Eq. (1), their relativistic factor at reflection from
the shock field will be:

γ =
�����������
1+ 4β2sγ

4
s

√
. (7)

This relativistic factor is equivalent to the particle reflection
with the backward velocity βs in the moving frame of the
shock. In the non-relativistic limit, Eq. (7) gives the value
β= 2βs for the reflection velocity in the laboratory frame
(Macchi et al., 2005).

3. NUMERICAL SIMULATION RESULTS AND
DISCUSSION

By the early expansions or appearance of instabilities like
Rayleigh-Taylor, possibly energy does not transfer to the
ions completely. So, the study of the shape, structure, and
type of used material for preventing the occurrence of such
difficulties can increase the quality of the ion beam. For
this purpose, we initially find out the optimum thickness of
the pure DLC layer for the production of C6+ ions via
1D3V dimension PIC simulation. Then, by adding a thin hy-
drogen layer with an appropriate thickness at the back of the
carbon layer, we attempt to prevent Rayleigh–Taylor instabil-
ity (Pegoraro & Bulanov, 2007) and to produce mono-
energetic protons with high quality. To continue, soft DLC
layer (ta-c:H) with 5% hydrogen and 2.7 g/cm3 density is
used for optimization of proton acceleration (Schlegel

Fig. 2. Reflection criteria of protons (red curve) and carbon ions (blue
curve) in terms of the normalized electrostatic shock potential difference
and its relativistic factor. Green curve is the electrostatic shock characteristic
dynamics from the simulation results of Section 3.

Optimization of laser acceleration of protons from mixed structure nanotarget 341

https://doi.org/10.1017/S0263034615000129 Published online by Cambridge University Press

https://doi.org/10.1017/S0263034615000129


et al., 2009). Finally, we examine nanometer PS (C8H8)
polymer layer as a target. Laser pulse used in our simulation
is a right circularly polarized with the intensity of order of
1023 W/cm2 or (a0= 200, dimensionless amplitude) and
its wavelength is 1 μm. Pulse full-width at half-maximum
(FWHM) is 4.5 μm, which results in pulse duration of
τFWHM= 15 fs. In the following sections, we present the sim-
ulation results for these target structures.

3.1. Determination of Optimum Thickness of Pure DLC
Layer

At the first step, we investigate the interaction of the above-
mentioned laser pulse with a nanometer layer of pure DLC
(ta-c) with the density of 3.5 g/cm3 (Saitoh, 2012). So, we
will have the amount of n0i= 1.7 × 1023 cm−3 for initial
ion density. We suppose all the carbon ions are completely
ionized in the interaction with prepulse; then the whole
target will be ionized completely and electron density is
n0e= zn0i and the plasma frequency is ωp= 5.7 × 1016 s−1.
This plasma layer is overdense for our selected laser frequen-
cy (ωl= 1.88 × 1015 s−1) with normalized density ≈1000.
Moreover, with consideration of plasma frequency the skin
depth of laser on target is lskin= c/ωp≈ 5.3 nm. These cal-
culations accomplished on simulation box with 72,000
cells and the dimensionless length is L̃ = 7200 (eight times
larger than pulse length). Pulse center is located in
L̃ = 1800 and the plasma begins from L̃ = 3600. There are
four carbon ions and 24 electrons in each cell.
For achieving high-energy mono-energetic bunch of C6+

ion, we considered different plasma layer thicknesses LC=
20, 25, 30, 25, 40 nm. Considering the pulse intensity and
foil thicknesses, the acceleration happens in the RPA
regime. Simulation results, especially energy spectrum,
after passing time t̃ = 36, 000, were investigated to determi-
nate the optimum thickness. This is the estimated reflection
time of peak pulse from the initial edge of the plasma.
As it is obvious from Figure 3, ions gain maximum energy

when the target layer thickness is 25 nm. According to

energy distribution function, 37.5% of ions accelerated up
to 9.8 GeV (817 MeV/nucleon) in 25 nm thickness. This
is compatible with the optimum thickness proposed by
the analytical equation Lopt= nca0λL/2πne= 31.2 nm in
(Snavely et al., 2000).
Figure 4 shows the energy spread of ions and the percent-

age of accelerated particles of carbon ions in different thick-
nesses. The 30 nm thickness of carbon layer has the
minimum amount of energy spread and 54.6% of all the par-
ticles are accelerated.

3.2. DLC Foil with Additional Hydrogen Layer

In this section, by considering a DLC layer with the same
density ρc= 3.5 g/cm3, ρH= o.6 g/cm3 subject to the inci-
dence of a pulse and a hydrogen layer behind it, we try the
maximum amount of energy transfers to protons. This hydro-
gen layer could be due to the hydrocarbon impurity on the
target surface. In the accomplished investigations on the
DLC layer surfaces after production, the hydrogen bond
with shallow carbon was seen. The thickness of this
hydrogen layer and their penetration are measurable. In the
first step, to find out the optimum hydrogen level of
density and thickness in comparison with the DLC layer,
we consider three different thicknesses for hydrogen layer
LH/LC= 0.5, 1, 1.5. We consider the effect of these param-
eters on the hydrogen energy spectrum in the RPA regime
(Figure 5).
Also for the DLC layer we consider four different thick-

nesses LC= 10, 20, 30, 40 nm, so that the ratio of hydrogen
layer thickness to the carbon layer thickness is ξ= 0.3, 0.5,
0.7 for each LC. In this section, we extend simulation time to
t̃ = 36, 000 until the end of the acceleration mechanism and
achieving the final energy of ions; so we increased the sim-
ulation box length up to L̃ = 36, 000, about 40 times over
the laser pulse duration (Fig. 6).
According to the above figure, for the 20 nm DLC layer

and 10 nm hydrogen layer thicknesses, protons gain the max-
imum amount of energy. Now we investigate the proton
beam quality for all of the states of LC= 20 nm according

Fig. 4. Energy bandwidth and ion acceleration ratio versus target
thickness.

Fig. 3. Maximum energy of carbon ions versus target thickness.
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to the bandwidth of the energy spectrum and the percentage
of accelerated particles. The results show that in the ratio of
optimum thickness 0.5, energy bandwidth is 1.78%, but
only 36.3% of protons accelerated. By incrementing the
thickness ratio of the hydrogen layer up to 14 nm, the per-
centage of accelerated particles will enhance to 94.4%
(Fig. 7).

In Figure 8, phase space figure is drawn for target elements
at the end of acceleration route. The compression of the
proton bunch (red points) shows mono-energetic accelerated
protons.

3.3. Mixed Target of DLC foil with Hydrogen Impurity

There are different kinds of DLC foils with the ability of pro-
duction in nm range thicknesses. One kind is hard DLC
(ta-C:H) layer and another is a soft DLC layer (a-C:H) or
semi-polymer carbon which has hydrogen in its structure.
In this section, we want to simulate the pulse interaction
with these kinds of foils and tried to produce mono-energetic,
high-quality, and high-energy proton beams. First, a laser
pulse incidents on the nm DLC layer with 5% hydrogen
and 2.7 g/cm3. The laser pulse characteristic is similar to
the previous sections (1023 W/cm2 intensity or non-
dimension laser amplitude a0= 200.1 μm wavelength,
pulse spread or FWHM is 4.5 μm and pulse duration of
τFWHM= 15 fs). Hence, according to density relation for
complex targets ρ= nCmC+ nHmH, where mC and mH are
molar mass of carbon and hydrogen, respectively, if we con-
sider the ratio nC/nH= 19, we will have n0i= 1.42 ×
1023 cm−3 for the initial ion density. By the complete ioniza-
tion of carbon atoms (Z= 6) electron density is n0e= znC+
nH and the electron plasma frequency ωp= 5.1 × 1016 S−1.
This is more than the laser frequency that is the sign of
having an overdense complex plasma beam. Thus, we have
got ne/nc≈ 729. Also, laser skin depth on the target layer
is lskin= c/ωp≈ 6 nm. This simulation was done in box with
L̃ = 36, 000 lengths (40 times pulse length) with 306,000
cells. The pulse center was x̃ = 1530 and the beginning of
the plasma was in x̃ = 3060 and eight protons and 152
carbon ions were considered in each cell.

To find a mono-energetic proton bunch with high-energy,
plasma beam thicknesses were considered as Lp= 20, 30,
40, 50 nm. In this section, we continue the simulation process
until the acceleration mechanism is completed (t̃ = 36, 000).
The optimum thickness 30 nm is achieved from simulation re-
sults (Fig. 9).

Fig. 6. Maximum proton energy based on different layer thickness.

Fig. 5. The schematic view of two layer target, DLCwith hydrogen impurity
and PS layer.

Fig. 7. Energy bandwidth and protons acceleration ratio versus layers thick-
ness ratio.

Fig. 8. Phase space of electrons (black), protons (red), and C6+ ions (blue).
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After the interaction, laser pulse passed the 20 nm thick-
ness target and the full reflection from the 30 nm layer was
done after 6Δt̃, from 40 nm layer after 4.5 and from 50 nm
layer after 4Δt̃. As figure 9 shows from 30 nm layer we
will have protons with higher energies about 1.37 Gev. The
main peak of the spectrum from the 30 nm layer includes
41.2% of protons with 1% relative spread of energy (Fig. 10).
The main peak of the spectrum from the 30 nm layer that

has the least divergence angle and the thin energy spectrum
include 41.2% of protons and gains the maximum energy.
The green curve in Figure 1 is obtained from the simula-

tion results of the interaction of laser and foil with the above-
mentioned parameters. This curve depicts the electrostatic
shock characteristics (amplitude, thickness, and velocity) at
the times 15.68, 39.21, 70.58, and 78.43 fs, respectively.
At the first step of the interaction, the electrostatic shock
swept the foil. At this time interval, the electrostatic shock
mostly fulfills acceleration conditions for the protons, but
C+6 ions do not take part in the acceleration. Therefore,
mostly protons are accelerated and carbon ions cannot accel-
erate in this initial stage. In continuation, the foil will be
swept by the laser pulse, while the large amounts of carbon
ions remain behind the laser pulse and most of the electrons
and protons keep their acceleration stage in front of the laser
pulse in the RPA regime (Fig. 8).

3.4. PS Layer

Polymer layers are suitable candidates as targets for proton
acceleration from nanometer foils. Few nanometer foils of
polymer materials were constructed and illuminated by ultra-
high laser pulses for the generation of high-quality mono-
energetic proton beams. In the last part of this section, we ex-
amine nanometer PS (C8H8) polymer layer as a target.
Figure 11 shows the maximum proton energy as a function
of PS thickness.
In the optimum thickness 50 nm, 84% of protons in the in-

teraction zone are accelerated up to 2.33 GeV with 1.46%
energy spread.

4. CONCLUSIONS

In this paper, optimum acceleration conditions of the acceler-
ation of protons from an additional layer of hydrogen or hy-
drogen impurity on the DLC foil are obtained from 1D3V
PIC simulation code. Additionally proton acceleration from
lower density PS layer (C8H8) with inherent 50% hydrogen
atoms is investigated and compared with DLC results.
Our results show that the thin film of DLC can be a suit-

able place for energy transportation to the lighter ions, in-
cluding protons. In the best situation, by selecting the
20 nm for DLC and 10 nm thickness for hydrogen layer,

Fig. 9. (a) Maximum proton energy. (b) Proton spectrum in different thicknesses.

Fig. 11. Maximum proton energy as a function of PS layer.

Fig. 10. Proton divergence angle and energy bandwidth.
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protons can be accelerated up to 1.56 GeV. However, using a
30 nm thickness complex foil with hydrogen as impurity of
DLC, protons gain a little less energy with an amount of
1.36 GeV in comparison with the two layers, while more pro-
tons can accelerate and their energy spread and divergence
are appropriate (Table 1).
It is clear that the 50 nm PS layer with the lowest density

1 g/cm3, is also suitable candidate for high-energy, high-
quality mono-energetic proton beam with 2.33 GeV energy
by a 15 fs ultrahigh intensity (a0= 200, dimensionless am-
plitude) laser pulse.
In the analytical section, by a new analytical formalism,

we introduce acceleration of charged particles and compare
acceleration criteria for protons and C+6 ions. In this formal-
ism acceleration criterion in the initial step of interaction of
intense laser pulse with foil is investigated. This criterion is
obtained by introducing reflection conditions for the charged
particles by different charge-to-mass ratio (q/m), from the
laser-induced electrostatic shock. Our analytical formalism
indicates that charged particles with high charge-to-mass
ratio have bigger chance to accelerate by the reflection
from the electrostatic shock field. The boundaries of the ac-
celeration regions for protons and C+6 ions are shown in
Figure 2 in terms of electrostatic shock field characteristics.
Simulation results show (green curve in Fig. 1) that in the
early time of the interaction, protons fulfill acceleration crite-
rion, but most C+6 ions have not had enough time to accel-
erate due to their lower amount of q/m respect to protons
and then remain behind the electrostatic shock.
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