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The possibility of enhancing the emission of the ions accelerated in the interaction of a high intensity

ultra-short (<100 fs) laser pulse with a thin target (<10k0), via surface plasma wave excitation is

investigated. Two-dimensional particle-in-cell simulations are performed for laser intensities ranging

from 1019 to 1020 Wcm�2lm2. The surface wave is resonantly excited by the laser via the coupling

with a modulation at the target surface. In the cases where the surface wave is excited, we find an

enhancement of the maximum ion energy of a factor �2 compared to the cases where the target

surface is flat. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4802989]

I. INTRODUCTION

During the past decade, with the rapid development of the

laser technology, ion acceleration has received extensive atten-

tion in the area of laser-plasma interaction. This has been

motivated by the discovery of multi-MeV protons in three

experiments performed independently in the year 2000,1–3

where an ultra intense laser pulse Ik2
0 > 1018 Wcm�2lm2 was

impinging on metallic targets. The protons are present as

contaminants on the target surface and are accelerated by the

sheath field generated near the target surface due to charge

separation, according to the Target Normal Sheat Acceleration

(TNSA) model.4,5 The characteristics of the ion emission at

the rear (unirradiated) side of the target attracted more atten-

tion due to the high degree of collimation, which is suitable

for applications requiring highly localized energy deposition

in dense matter, such as proton therapy6–9 and laser fusion.10

However, the energy required for such applications is

>65 MeV (the latter is the approximative value required for

the treatment of eye tumours by proton therapy), while the

energy that is obtained in experiments is just few tens of

MeV.8 For example, in Refs. 2 and 3, proton beams up to

45 MeV were measured focusing a laser beam of 100 J onto

thin foil targets of few tens microns thickness, with a duration

in the ps range while in Ref. 9 10 MeV protons are obtained

using a laser beam of 0.6 J having duration 30 fs. Longer

pulses can deliver higher energies, accelerating a larger num-

ber of protons with a greater cut off energy compared to

shorter pulses. However, for applications, the repetition rate

has to be considered, which is higher for shorter pulses: a

pulse in the ps range has a typical repetition rate of one shot

every 20 min while for the 30 fs pulse in Ref. 9, the repetition

rate was 10 Hz. For this reason, we are interested in the possi-

bility of increasing the proton energy in the regime of the short

laser pulses, enhancing the conversion of the laser energy into

energetic proton beams.

We present here a numerical study of the enhanced pro-

ton acceleration using structured targets which in particular

allow the excitation of surface plasma waves (SPWs).11–16

Surface waves are supported by a stepwise profile, propagate

along the plasma-vacuum interface and are characterized by a

localized, high frequency, resonant electric field. In a prece-

dent work,17 we have shown the possibility of resonant exci-

tation of SPW by ultrashort high intensity laser pulse

(½1015 � 1020�Wcm�2lm2) in an overdense (xpe > x0, with

xpe the plasma frequency, x0 the laser frequency and

ne ¼ 25� 100nc, with ne the electron density and nc the criti-

cal density) pre-structured plasma. A dramatic increase of

both the laser absorption (up to 80%) and the electron energy

was observed, which can be associated with the characteris-

tics of the resonant field.

In this paper, we wish to investigate in detail the process

of ion acceleration for high intensity short laser pulses

(½1019 � 1020�Wcm�2lm2), which correspond to the most

common intensity regime for proton acceleration experiments.

As the dependence on laser intensity and the target thickness

was found to play an important role on the maximum ion

energy,18–21 we will analyze here the influence of these two

parameters in the presence of surface wave excitation.

II. PIC SIMULATIONS

Two-dimensional Particle-In-Cell (PIC), simulations

were performed by using the code EMI2D.22 An overdense

plasma with ne ¼ 25nc is considered here with a steep density

gradient along the x direction of the (x,y) simulation plane.

The plasma is initially described by a Maxwellian distribution

with an electron temperature Te ¼ 1 keV (thermal velocity

vth ¼ 0:044c) and an ion temperature Ti ¼ Te=10 (here,

mi=me ¼ 1836, where mi and me are the ion and electron

mass). The charge of the ions was Z¼ 1. The grid size was

�x � 5kD and �y � 4kD (therefore, it depends on the initial

plasma density taken in the simulation), where kD ¼ vth=xpe

is the Debye length and the number of particles per cell was

NP ¼ 100. The incoming laser beam is P-polarized as it is the

only possible polarization for the surface plasma wave excita-

tion so that the laser electric field is in the (x,y) simulation

plane. The laser has angular frequency x0 and wavelength k0

and is characterized by a temporal Gaussian shape corre-

sponding to a pulse duration of sL ¼ 240x�1
0 (FWHM,

’ 127 ð k0

lm
Þ fs). In a first set of simulations (Secs. III and IV),

we consider a uniform pulse profile along y. In Sec. V, we
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will consider the case of a Gaussian transverse profile and

show that the SPW induced enhancement of the ion energy is

conserved. Different laser intensities have been studied from

1019 to 1020 Wcm�2lm2.

As it is well known the surface wave can be associated

with an electric field of the form: ESPWðxÞeiðxt�kyÞ, with

ESPWðxÞ¼ ESPWð0Þ�½Hð�xÞexpðx=LEÞþHðxÞexpð�x=LEplÞ�.
Here, HðxÞ denotes the Heaviside step function, x ¼ 0 corre-

sponds to the position of the plasma-vacuum interface, and

LE and LEpl are the evanescence lengths of the surface wave

in vacuum and inside the plasma, respectively, given by

LE¼1=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2�x2=c2

p
and LEpl¼LE=ðx2

pe=x
2�1Þ. The full

form of the field can be found in Ref. 23. As the phase veloc-

ity of a surface wave is lower than the light velocity, to sat-

isfy the phase matching conditions we have considered a

plasma surface having a periodic shape along the y direction

such that k¼k0ðsinhþk0=amÞ, where k0¼x0=c is the laser

field wave vector, am denotes the surface density period, and

h is the laser incidence angle. The dispersion relation of the

surface plasma wave in the limit of low temperature

vth=c�1, as it is our case at the beginning of the interaction,

takes the form k2c2=x2¼ðx2�x2
peÞ=ð2x2�x2

peÞ. The

phase matching conditions combined with the surface

wave dispersion relation lead to the resonance condition,

in terms of plasma and laser parameters, sinðhÞþk0=am

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1�ne=ncÞ=ð2�ne=ncÞ

p
’1, where the last equality is

valid for ne=nc�1. In the following, we have taken an inci-

dence angle of h¼30o with a modulation periodicity of 2k0

so that the surface wave dispersion relation is satisfied. The

modulation depth, d, was equal to k0 (from the dip to the

tip). In the simulations, the box size is 6k0 along the y direc-

tion and 76k0 along the x direction and there is a vacuum

length of 38k0 in front of the target, which allows spatial

expansion of particles and minimizes edge effects. The

thickness of the targets considered varies between h¼3:5k0

and 8k0. In order to compare the effects of the SPW excita-

tion with a standard target, each simulation was comple-

mented with simulations having the same characteristics but

a flat plasma-vacuum interface.

III. ELECTRON HEATING IN PRESENCE OF A SPW

In high intensity short pulse laser-overdense plasma

interaction, the electromagnetic energy is transferred to the

plasma via electron heating, which occurs during the inter-

action due to different collisionless mechanisms,24 such as

sheath inverse bremsstrahlung,25 ~J � ~B heating,26 vacuum

heating,27 and anomalous skin-layer heating.28 In particu-

lar, very energetic electrons are generated,29 which are

referred as hot electrons, i.e., electron having energy much

higher than the thermal energy. Ions are then accelerated by

the sheath field, which is set up by the hot electrons that are

expanding towards the vacuum, according to the TNSA

model.4,5 In presence of a surface wave excited at the

vacuum-plasma interface, the mechanism of electron heat-

ing changes, as discussed in Ref. 17, as the component of

the electric field perpendicular to the surface is amplified

and the field is more localized. Thus, in order to describe

the effects of SPW excitation on the acceleration of ions,

we have to consider first the characteristics of electron heat-

ing. We start presenting the electron energy distribution

function for a reference case: a laminar target having thick-

ness h ¼ 3:5k0, at the laser intensity Ik2
0¼ 1019 Wcm�2lm2.

As we will see in the following, this case represents the

best setup for the enhancement of the electron heating via

SPW excitation in our configuration. The electron energy

spectra are shown in Fig. 1 for the case where the SPW is

excited and for the flat target, at the time t¼ 500x0
�1,

which corresponds approximatively to the time at which the

SPW field reaches its maximum amplitude.

As a consequence of SPW excitation, we observe an

enhancement of the electron heating: the number and energy

of the hot electron is increased compared to the case of a flat

target where no SPW is excited. In Fig. 1, we observe two

different populations of electrons: “cold” electrons, which

have gained less energy during the interaction and “hot”

electrons, which have been efficiently heated and have

gained a considerable amount of energy. Part of the energy

absorbed from the laser when the SPW is excited is con-

verted to “hot” electrons flowing parallel to the front surface

of the plasma17 and does not participate to the bulk heating.

However, the majority of the “hot” electrons crosses the tar-

get toward the rear surface. The two populations, “hot” and

“cold” electrons, are associated to two quasi-exponential

slopes observed in the spectra, in the low and high energy

range. Thus, assuming4,30 that the electrons have a distribu-

tion function of the form neðEÞ � expð�E=kBTeÞ, we can

derive the electron temperature for the two populations and

define Tcold and Thot. In the following, we will use these two

parameters as well as the maximum energy Emax to describe

the electron spectra.

Comparing the hot electron temperatures in Table I, we

find that in the case where the surface wave is excited

Thot and the maximum electron energy Emax are increased

up to a factor �4 and �2, respectively. For example, for

Ik2
0 ¼ 1019 Wcm�2lm2, Thot increases from 600 MeV to

2.3 MeV and Emax increases from 7 MeV to 14 MeV.

Moreover, the percentage of electrons heated the high energy

FIG. 1. Electron energy spectra for the flat target (in blue) (no SPW excita-

tion) and the grating target (in red) case for Ik2
0 ¼ 1019 Wcm�2lm2, at

t ¼ 500x0
�1. The target thickness is h ¼ 3:5k0. n0 is the total electron den-

sity integrated over the energy.
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range is increased: for Ik2
0 ¼ 1019 Wcm�2lm2 and h ¼ 3:5k0,

the electrons having energy greater than 1MeV are 5% of the

total when the SPW is excited and 1% for the flat target.

For the highest laser intensity value (Ik2
0 ¼ 1020

Wcm�2lm2), the hot electron temperature and maximum

energy observed when the SPW is present tend to saturate

and become closer to the values for the flat target: for

h ¼ 3:5k0, Emax only increases from 45 MeV to 52 MeV

when the surface wave is excited and Thot increases of a factor

<2. Nevertheless, the percentage of electrons having energies

greater than 1 MeV is still significantly increased when the

surface wave is excited, as observed for the lower intensities.

We interpret the lessening of the increase in hot electron tem-

perature and maximum energy at the highest intensity as

related to the fact that we are approaching the limit of the

ultrarelativistic regime (a0�1), where the ultrarelativistic

similarity theory may apply,31 inducing a change of regime at

the considered density. Moreover, relativistic detuning or

plasma expansion (discussed in Sec. IV) reducing the local

density can affect the resonance condition. However, all these

effects should be considerably limited at higher densities.17

For thin laminar targets, the number and temperature of

the hot electrons depend also on the target thickness. The hot

electrons can recirculate inside the target:18–21 electrons

accelerated inside the plasma reach the rear (unirradiated)

side of the target, where a Debye sheath has formed that

reflects them back towards the front (irradiated). If we

reduce the target thickness, a larger number of electrons will

have the possibility to interact with the driving field at the

irradiated side and further increase their energy. For our ref-

erence case of thickness, 3:5k0 relativistic electron will do a

full tour and go back to the irradiated surface in roughly

25 fs, thus with our choice of pulse duration they can see the

laser and, in the case when it is excited, the SPW field more

than once. As we will show, although this effect is present

also in the case of the flat target, it is considerably more effi-

cient when the SPW is excited.

In Fig. 2, we can observe the spectra corresponding to

three target thickness values, for Ik2
0 ¼ 1019 Wcm�2lm2:

3:5k0; 8k0 and the limit case of a semi-infinite target. The

latter is reproduced performing a simulation where the elec-

trons reaching the right side of the target are cooled in a

buffer and re-enter the plasma at the thermal speed, thus

they can not recirculate. We observe that the number of

electrons that are accelerated in the high-energy range

decreases as we increase the target thickness and the worst

case is that of the semi-infinite target. Also the hot electron

temperature decreases: we have Thot;s�inf ¼ 1:9 MeV for the

semi-infinite case and Thot;8k0
¼ 2:1 MeV. We notice that

also at Ik2
0 ¼ 1020 Wcm�2lm2, the production of hot elec-

trons is increased when the target thickness decreases de-

spite the fact that the maximum electron energy Emax does

not change. Thus, we may infer that the recirculation tends

to raise the number of hot electrons more than their maxi-

mum energy.

As hot electron temperature and density are the parame-

ters which determine the TNSA field,4,5 their enhancement is

of great importance in the process of ion acceleration, as we

will discuss in Sec. IV.

IV. ION ACCELERATION

In the following, we focus both for laminar and grating

targets on the acceleration of ions at the unirradiated side, in

the direction perpendicular to the surface. If we assume that

the ion acceleration at the rear side is driven by the hot elec-

tron population, we can estimate the characteristic time sh at

which the electrons transfer their energy to the ions.32 The

latter is given by sh ¼ hffiffiffiffiffiffiffiffiffiffiffiffi
4Thot=mi

p , which is ’ 230x0
�1 for the

case having h ¼ 3:5k0 (respectively, ’ 520x0
�1 for

h ¼ 8k0) at Ik2
0 ¼ 1019 Wcm�2lm2. Thus, we will report the

ion energies, in Table II, for t ¼ 1000x0
�1, which is at least

one sh after the time at which the laser intensity reaches its

maximum on the target.

When the surface wave is excited the energy of the

ions is significantly increased: for example, at Ik2
0 ¼ 1019

Wcm�2lm2, the cut-off energy of the ions increases from

TABLE I. Electron energy and percentage of electrons having energy

>1 MeV as a function of the laser intensity, at t ¼ 500x0
�1 for h ¼ 3:5k0

and h ¼ 8k0. Two targets type are considered: one having modulated surface

such to resonantly excite the SPW (res) and one having flat surface (flat).

a0 ¼ eE0

mecx.

Target h Ik2
0 a0 Tcold Thot Emax %hot

type k0 Wcm�2lm2 … keV MeV MeV nhot=ntot

res 3.5 1019 2.72 54 2.3 14 5%

flat 3.5 1019 2.72 38 0.6 7 1%

res 8 1019 2.72 54 2.1 13.5 3%

flat 8 1019 2.72 36 0.6 6 0.6%

res 3.5 5� 1019 6.1 350 3.5 48 23%

flat 3.5 5� 1019 6.1 320 1.6 27 12%

res 3.5 1020 8.6 500 4.7 52 38%

flat 3.5 1020 8.6 500 2.9 45 11%

res 8 1020 8.6 450 3.9 52 17%

flat 8 1020 8.6 450 2.9 44 11%

FIG. 2. Electron spectra for the laminar targets having different thickness,

h ¼ 3:5k0; 8k0 and the semi-infinite target, taken at time t ¼ 500x�1
0 for

Ik2
0 ¼ 1019 Wcm�2lm2ða0 ¼ 2:72Þ; ne ¼ 25nc; d ¼ k0, when the SPW is

excited. n0 is the total electron density integrated over the energy.
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6 MeV to 11 MeV for a target thickness of 8k0 and from

8 MeV to 14 MeV for a target thickness of 3:5k0. For the

highest laser intensity and h ¼ 3:5k0 value, the maximum ion

energy is 50 MeV at t ¼ 1000x0
�1. The number of ions

accelerated in the high energy range is also increased as

shown in Fig. 3, which reproduces the ion density distribution

as a function of energy at Ik2
0 ¼ 1019 Wcm�2lm2 for the flat

target and when the SPW is excited, for h ¼ 3:5k0. In the last

column of Table II are given, for each case, the percentage of

ions accelerated at the unirradiated target having energy

greater than 1 MeV, calculated considering the ion phase

space extending from the position of the rear surface xrear to

the right boundary of the simulation box. The latter is given

with the purpose of comparing the ion energy distributions of

the flat and grating targets for a given laser intensity and target

thickness. When the surface wave is excited, the percentage

of ions in the MeV range increases from 18% to 40% of the

total number of ions accelerated at the rear surface. We

observe that the ion energy is higher for the thinner target,

both for the grating and flat target and that, when the surface

wave is excited the maximum ion energy is increased up to a

factor n ’ 1:8. This enhancement factor is close to the maxi-

mum enhancement that was found for the electron energy,

when a surface wave is excited compared to the flat target,

consistent with the idea that the ion energy increases as an

effect of the enhancement of the TNSA field. The reduction

of the ion energy with the target thickness, instead, can be

interpreted as an effect of hot electrons recirculation,18–21

which gives a contribution to the TNSA field, increasing the

density of hot electrons at the surface.

For Ik2
0 ¼ 1020 Wcm�2lm2, the ion energy for the flat

target becomes closer to the values observed when the SPW

is present, coherently with the hot electron parameters found

at this laser intensity, which were discussed in Sec. III.

However, the hot electrons are not the only population to con-

sider in the generation of the TNSA field: also the cold elec-

trons play an important role as their temperature determines

the expansion of the bulk plasma.32 The time scale for the

expansion of a plasma foil of thickness h is given by the

“disassembly time” td ¼ h
2cs

,5,32 where cs ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Tcold=mi

p
,

which is ’ 1450x�1
0 at Ik2

0 ¼ 1019 Wcm�2lm2 and ’ 450x�1
0

at Ik2
0 ¼ 1020 Wcm�2lm2, for h¼ 3:5k0. This means that for

Ik2
0 ¼ 1020 Wcm�2lm2, the target expansion is much faster

than for Ik2
0 ¼ 1019 Wcm�2lm2, as it is shown also from the

ion density profiles in Fig. 4. The rapid expansion may mod-

ify the scale length of the plasma at the unirradiated surface,

reducing the strength of the accelerating field.

To summarize, we find a significant enhancement of ion

acceleration via the excitation of a surface wave on a grating

target and we can determine the optimal laser intensity range

for the maximum efficiency of the process.

V. THE GAUSSIAN PULSE

In this section, we will examine the effect of the finite

transversal size of the laser pulse envelope, by approximat-

ing its y profile with a Gaussian function. In this case, we

expect that, far from the laser spot, the electron heating grad-

ually loses its efficiency, due to the decrease of the laser

TABLE II. Cut-off ion energy as a function of the laser intensity at

t ¼ 1000x0
�1 for h ¼ 3:5k0 and h ¼ 8k0. Two targets type are considered:

one having modulated surface such to resonantly excite the SPW (res) and

one having flat surface (flat). a0 ¼ eE0

mecx.

Target Ik2
0 a0 h Eion % >MeV

type Wcm�2lm2 � k0 MeV ni;>MeV=ni;rear

res 1019 2.72 3.5 14 40%

flat 1019 2.72 3.5 8 18%

res 1019 2.72 8 11 36%

flat 1019 2.72 8 6.1 18%

res 5� 1019 6.1 3.5 35 62%

flat 5� 1019 6.1 3.5 25 44%

res 1020 8.6 3.5 50 67%

flat 1020 8.6 3.5 42 60%

res 1020 8.6 8 42 80%

flat 1020 8.6 8 37 59%

FIG. 3. Density distribution of the ions accelerated at the rear surface

(obtained considering the ions in the space between the rear target surface at

x ¼ 262k�1
0 and the right edge of the simulation box, at x ¼ 480k�1

0 ) as a

function of energy, for the flat target and when the SPW is excited at time

t ¼ 1000x�1
0 : h ¼ 3:5k0; Ik2

0 ¼ 1019 Wcm�2lm2ða0 ¼ 2:72Þ; ne ¼ 25nc;
d ¼ k0. n0 is the ion density integrated over the energy.

FIG. 4. Density profile of the ions as a function of x at y ¼ 22k�1
0

for Ik2
0 ¼ 1019Wcm�2lm2 and Ik2

0 ¼ 1020Wcm�2lm2 at t ¼ 500x�1
0 .

h ¼ 3:5k0, ne ¼ 25nc, and d ¼ k0.
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intensity on the target surface. Moreover, for small spot sizes

as commonly used, we expect the non homogeneity of the

laser intensity along y to affect electron recirculation.

Namely, the electrons which are accelerated inside the target

in the directions non-perpendicular to the target may not

come back at the focal spot after the reflection at the rear

side. The pulse will be focused on the center of the target

surface, with a focal spot (intended as the FWHM of the

Gaussian) of 10k0, and will have the same temporal depend-

ence as in the previous sections. This focal spot size corre-

sponds to the typical transverse size of the pulse in the

experiments where the interaction of a laser with a laminar

target is studied.3,33,34 In the simulation, we have used a

thickness of 3:5k0 and density ne ¼ 25nc, with a modulation

at the surface of periodicity am ¼ 2k0 and depth d ¼ k0. The

pulse is incident at the resonance angle h ¼ 30	. As the pulse

is no more periodic in the y direction, we used a simulation

box size of 110k0 ’ 691k�1
0 along y, in order to avoid

unwanted effects from the boundaries (which have periodic

conditions along y), while the total box size will be 480k�1
0

along x.

In order to give an overview of the simulation set-up, in

Fig. 5, we show the x component of the electric field, for the

Gaussian pulse. If we consider the focal spot area, the sur-

face wave field observed in the simulation is practically iden-

tical to the one observed in the case of a uniform laser

profile, as we observe in Fig. 6. The basic characteristics of

SPW excitation and electron heating (discussed in a previous

publication17) are not modified by the different laser shape if

we consider the focal spot area. However, as we expected,

the hot electron production is limited to the focal spot area

and their temperature is lower: Thot;Gaussian ¼ 1:4 MeV

(instead of 2:3 MeV in the case of a uniform pulse profile)

and Emax;Gaussian ¼ 11 MeV (instead of 14 MeV in the case of

a uniform pulse profile) at t ¼ 500x�1
0 . Therefore, the TNSA

field whose strength depends on the electron temperature is

lower and the final ion energy is reduced: at t ¼ 1000x�1
0 ,

we have a maximum ion energy of 7:1 MeV, i.e., a half of

the value obtained for an uniform laser intensity on the sur-

face. The ions are accelerated, both at the rear and at the

front sides, around the focal spot position in y, which corre-

sponds to the maximum hot electron density at the surface.

Fig. 7 shows the normalized ion momentum (px=mic) distri-

bution as a function of y, for t ¼ 500x�1
0 , in which we can

FIG. 5. Electric field Ex at t ¼ 390x�1
0 for the Gaussian pulse, Ik2

0 ¼ 1019

Wcm�2lm2 (a0 ¼ 2:72), d ¼ k0; ne ¼ 25nc, semi-infinite target when the

SPW is excited by a Gaussian laser pulse. The plasma starts at x ¼ 240k�1
0 ,

the pulse focus is at y ’ 345:5k�1
0 , and the focal spot size is 10k0 ’ 63k�1

0 .

FIG. 6. x component of the SPW and exciting laser field in the xy plane (in

each figure, the vacuum is on the left and the plasma on the right, the

modulated surface being at x ¼ 240k�1
0 ), at its maximum amplitude

(tEmax ¼ 492x�1
0 ) for the Gaussian pulse shape (left) and the uniform y

profile (right), Ik2
0 ¼ 1019Wcm�2lm2. The field is in units of E0, and the

lengths are in units of k�1
0 .

FIG. 7. Ion phase space ðy; pxÞ for the laminar target of thickness h ¼ 3:5k0

when SPW is excited by a Gaussian laser pulse; Ik2
0 ¼ 1019Wcm�2lm2

(a0 ¼ 2:72), ne ¼ 25nc, t ¼ 500x�1
0 , and d ¼ k0. Ni is the ion number at a

given position.
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observe a peak around y ’ 345:5k�1
0 , where the hot electron

density is higher. The non homogeneity of the hot electron

density at the rear surface tends also to increase the angular

spread of the ions about the direction normal to the surface,

which rises from 2	 to 7	 compared with the case of uniform

laser intensity.

Nevertheless, the same ion energy reduction and angular

spread increase is observed also for a plane laminar target

when the laser pulse has a Gaussian envelope: if we consider

a simulation having the same laser and target parameters as

the ones described above, but flat target surface, the maxi-

mum energy of the ions emitted at the unirradiated side is

4 MeV. This means that, when the SPW is excited, the maxi-

mum ion energy is increased of the same factor ’ 1:8 (com-

pared to a plane target) that is found in the case where the

laser has uniform intensity in the transverse direction. We

may conclude that the finite transverse size is not expected

to affect the enhancement factor due to the surface wave

field and our simulations predict the possibility to increase

the maximum energy of laser accelerated ions of a factor

’1:8 in the intensity range that we have analysed. Moreover,

as we find that the decrease of the ion energy for the case of

the Gaussian pulse is mainly due to the reduction of electron

recirculation, we do not expect such a discrepancy for target

thickness greater than �sLc.

VI. CONCLUSIONS

We have studied, via PIC simulation, the effects of

SPW excitation on laser accelerated ions for an overdense

plasma (ne ¼ 25nc) in the intensity range Ik2
0 ¼ 1019 � 1020

Wcm�2lm2. Two different target thicknesses of 3:5k0 and

8k0 were considered. We have found that, in the case where a

SPW is resonantly excited at the surface of the target, the max-

imum ion energy is increased up to a factor ’ 1:8 with respect

to the case of a flat target where no SPW is excited. The

thinner target gives the higher ion energy. As previously

observed,18–21 grating targets thinner than 3:5k0 can be used to

further increase the ion energy via enhancing electron recircu-

lation, keeping in mind that the reducing of the target thickness

is limited here by the needed modulation depth and experimen-

tal constraints in the elaboration of such grating. Optimisation

of the depth of the modulation in order to improve the laser

grating coupling38 may also be a way to increase the ion

energy and will be explored in a future publication.

The variation of the maximum ion energy versus laser

intensity has been also investigated and an optimal intensity

range of Ik2
0 ¼ 1019 � 5� 1019 Wcm�2lm2, which allows

the efficient increase of the maximum ion energy via SPW

excitation has been defined. Finally, comparing the case

where the pulse has a Gaussian transverse profile with the

case where the laser intensity is uniform on the target sur-

face, we found that the ion cut off energy is increased by the

same factor (’ 1:8) in the two cases.

Thus, we may conclude that surface plasma wave exci-

tation via intense laser-grating interaction is a promising

tool to increase the energy of the accelerated particles for

applications such as ion acceleration for hadron-ther-

apy.6,7,9,21,35 This study opens new perspectives on the

possibility of efficient coupling between laser and struc-

tured plasmas at relativistic intensity. The idea of using

structured surfaces in order to take advantage of SPW exci-

tation, already widely used at low intensity,36 can now be

extended to laser-plasma interaction at high intensity,

thanks to the plasma mirror technique,37 which allows to

preserve the surface shape. To improve the ion energy, the

perpendicular spot size of the laser should be increased or a

super Gaussian for the focal spot could be used as suggested

by comparison with the plane wave results. We also

observed that during all the pulse duration in our simula-

tion, the grating keeps its shape, so the possibility of taking

longer pulse could be tested in the future.
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