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Abstract
fs pulsed lasers at an intensity of the order of 1018 W/cm2, with a contrast of 10−5,

were employed to irradiate thin foils to study the target-normal-sheath-acceleration

(TNSA) regime. The forward ion acceleration was investigated using 1/11 μm thick-

ness foils composed of a metallic sheet on which a thin reduced graphene oxide film

with 10 nm thickness was deposited by single or both faces. The forward-accelerated

ions were detected using SiC semiconductors connected in time-of-flight config-

uration. The use of intense and long pre-pulse generating the low contrast does

not permit to accelerate protons above 1 MeV because it produces a pre-plasma

destroying the foil, and the successive main laser pulse interacts with the expanding

plasma and not with the overdense solid surface. Experimental results demon-

strated that the maximum proton energies of about 700 keV and of 4.2 MeV carbon

ions and higher were obtained under the condition of the optimal acceleration

procedure. The measurements of ion energy and charge states confirm that the

acceleration per charge state is measurable from the proton energy, confirming

the Coulomb–Boltzmann-shifted theoretical model. However, heavy ions cannot be

accelerated due to their mass and low velocity, which does not permit them to be sub-

jected to the fast and high developed electric field driving the light-ion acceleration.

The ion acceleration can be optimized based on the laser focal positioning and on

the foil thickness, composition, and structure, as it will be presented and discussed.
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1 INTRODUCTION

The ion acceleration of protons and carbon ions is of special interest to be employed in different fields, such as in

microelectronics, chemistry, nuclear physics, and radiotherapy.[1–3]

Literature reports that the target-normal-sheath-acceleration (TNSA) ion acceleration using fs lasers confers kinetic energy

to protons higher than 1–10 MeV employing the proper laser parameters and irradiation conditions and using adapt target

composition and geometry.[4,5]

Kaluza et al.[6] have demonstrated that a proton acceleration of 3 MeV can be obtained using 150 fs pulses at 1019 W/cm2

intensity irradiating an Al foil with an optimal thickness of 2 μm and an amplified spontaneous emission (ASE) at a pre-pulse
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duration of 0.5 ns. It was also demonstrated by Ceccotti et al.[7] that 5 MeV protons can be obtained using 65 fs pulses at

5× 1018 W/cm2, with a contrast of 10−6 and p-polarization, irradiating a mylar foil with an optimal thickness of 100 nm. Torrisi

et al.[8] have recently demonstrated that it is possible to accelerate protons to 3 MeV energy by using fs laser at high contrast

and advanced targets based on reduced grapheme oxide foils covered with Au films.

Moreover, the possibility to accelerate protons above 10 MeV using 2× 1018 W/cm2 intensity, 500 fs pulse duration, and

ultra-high-contrast pulses with a contrast level higher than 10−10 was demonstrated by Khaghani et al.,[9] irradiating structured

Cu micro-pillar arrays standing on a micrometric Ag planar film.

The obtained high proton acceleration was recorded under particular experimental conditions of the laser focal position and

of the focal spot diameter, using p-polarized laser pulse at a suitable incidence angle, in order to induce longitudinal plasma

waves, perfect planar surface, and high adhesion of the target to a suitable holder, avoiding target deformation during the laser

ablation. In addition, in order to use high electron plasma density, advanced targets based on high electrical and thermal conduc-

tivity and special resonant absorbent nanostructures have been used, such as those based on thin gold foils, nanoparticles, and

nanorods.[10]

In all cited literature, the high proton acceleration is obtained using a high contrast of the laser pulse, that is using the main

peak anticipated by a very low pre-pulse (low in energy and duration). The use of high contrast level permits to induce high

laser intensity interaction with solid matter, transferring of high photon energy to electrons at the solid density and generation

of high electric fields driving the forward ion acceleration in the rear side of the target. The use of low contrast level, instead,

means to use a high-energy pre-pulse able to destroy the solid target generating a pre-plasma and the interaction of the main laser

pulse with this pre-plasma, which can be characterized by high or low electron density. This pre-plasma may develop a different

interaction of the transmitted laser to the overcritical target density. The electric field driving the forward ion acceleration

decreases when the laser contrast is very low and the pre-pulse is so intense to induce target vapourization. Sometimes, the

electric field-accelerating ions may increase if the pre-plasma is not so dense, laser can be self-focused at the wavelength size

in the high refraction index of the pre-plasma and the main laser pulse intensity of the solid target increases.[11]

The use of high laser intensity having high contrast, of nano-structured foils with a composition enhancing the laser absorp-

tion, of the p-polarized laser promoting plasma wave resonant absorption, and the choice of the optimal conditions of the laser

focusing and target thickness permit to enhance the electron density transmitted to the rear side of the thin foils.[12] Under

such conditions, the forward ion acceleration produced in the TNSA regime is promoted by a quasi-static high electric field E,

developed in the rear side of the target having a duration comparable with the laser pulse (tens of fs), driving the forward ion

acceleration shown by the relation[13,14]:

𝐸 =
√

𝑘𝐵𝑇 𝑛𝑒

𝜀0

, (1)

where kB is the Boltzmann constant, T is the plasma temperature, ne is the electron density, and 𝜀0 is the vacuum permittivity.

The optimal conditions are chosen in order to maximize the electric field of the ion acceleration.

The use of high energetic and prolonged pre-pulse (low contrast conditions) can be responsible for a dense pre-plasma

generation and of an interaction of the main laser pulse with a low-density plasma, decreasing the electron density and producing

a lower electric field driving the ion acceleration, as will be demonstrated in this article.

In addition, in the presence of a not reproducible laser pulse, it is possible that a double main pulse, separated by ps
times, can be generated. The presence of double main laser pulse at low contrast irradiating a thin structured foil may

induce two stage acceleration processes, producing plasma in which self-focusing and shockwave effects can lead to much

higher conversion efficiency and increase of the accelerated proton energy, as occurred during the experiments reported by

Markey et al.[15]

In order to enhance the ion acceleration, advanced targets based on heavy metals were employed to increase the electron den-

sity, ne, of the produced non-equilibrium plasma. Their surface was covered with a thin film of reduced graphene oxide (rGO),

10 nm in thickness, a material showing high electrical and thermal conductivity, low reflectivity, low density, high transmis-

sion to the used laser wavelength (800 nm), and high mechanical resistance.[16] Its use, as a front surface coating illuminated

by the laser, may enhance the laser-plasma energy conversion due to the high absorption and low reflectivity of the target to

the incident laser light, which is totally transmitted in the IR region to the below metallic substrate. The rGO film, in fact, has

a black surface reducing significantly the reflection coefficient in the visible and near IR regions. Thus, it enhances the laser

energy absorbed and transmitted to the metallic substrate. Moreover, the material has a good electrical conductivity and low

density, and favours the laser production of surface relativistic electrons, which may cross the carbon-structured target with low

scattering. The hot electron density produced in the back of the irradiated foil enhances increasing the electric field driving the

ion acceleration.
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F I G U R E 1 Experimental set-up (a),

energy resolution of SiC using a three peaks

alpha source (b), photo of the SiC detector (c),

and electron circuit coupling to the fast storage

oscilloscope (d)

The use of the rGO surface layer makes the target more absorbing and better transmitting the pulse to the metallic substrate.

The surface of the irradiated target appears more uniform and less rough using the rGO layer and it is expected an increment of

the number of relativistic coherent electrons accelerated at the target surface.

The rGO superficial film, used as a coating of the metallic substrate foil, permits the acceleration not only of protons but

also of light carbon ions. The rGO structure, which becomes reduced and conductive under the first pre-pulse irradiation,[17]

represents a low-density and thin conductive carbon film capable of enhancing the ion acceleration at low laser contrast. In

previous measurements, in fact, the same laser system was employed to accelerate protons from carbon targets at a maximum

kinetic energy of only 250 keV.[18] In this article, we want to demonstrate that the simple trick of using rGO thin coverage films

may enhance significantly the proton acceleration permitting also the forward acceleration of carbon ions.

To investigate the maximum kinetic proton energy obtainable maintaining the laser contrast low, that is using an ASE

contrast of only 10−5 producing an intense pre-pulse and pre-plasma, it was important to optimize the laser parameters, the

irradiation conditions, and the target properties and thickness. We will demonstrate that under conditions of 800 nm wavelength,

low contrast (10−5), 125 mJ pulse energy, 39 fs pulse duration, and 6 μm rGO target, the obtainable maximum proton energy is

not of the order of 100 keV, as reported in the literature,[18] but it is of the order of 700 keV or more. In addition, we want to

demonstrate that not only protons but also carbon ions are accelerated under TNSA conditions used in the experiment, as will

be presented and discussed.

2 EXPERIMENTAL SET-UP

The measurements were performed with the experimental set-up reported in Figure 1a, using thin foils irradiated in the TNSA

regime. SiC and ion collectors (IC) detectors were placed in the forward and backward directions, at different distances and

angles, and used in the time-of-flight (TOF) configuration. By knowing the flight distance from the target to the detector and

by measuring the time of arriving of the ions, it is possible to measure the faster ion velocities. To this, both a fast storage

oscilloscope (8 GHz frequency band, sample rate 20 GS/s) with a low input impedance (50Ω) and a fast detection electronics

were employed, as already reported in the literature.[19] SiC permits to detect in the same TOF spectrum the faster X-rays, the

relativistic electrons, which interfere with the photon detection enhancing their intensity and time duration, the cold electrons

at energies of the order of 10 keV and the ions, from the faster protons to the slower carbon ions at different charge state.

Figure 1b shows the high-energy resolution of the SiC detectors (0.74% at 5.5 MeV alpha particles), which is comparable

to that of a traditional Si detector, measured using the three peaks alpha sources, as reported in the literature (b).[20] Moreover,
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the figure reports the photo of a typical SiC detector (c) and the electron circuit coupling the acquired signal to the fast storage

oscilloscope using a power supply resistor of 1 MΩ and a coupling capacitance of 100 nF (d).

The SiC detectors show important advantages with respect to Si detectors. Due to their higher energy gap (3.3 eV), SiCs

are blind to the high intensity of visible light developed in plasma. Their leakage current at room temperature is of about

three-order magnitude lower with respect to silicon, permitting to resolve also a minimum amount of radiation energy with

a high signal-to-noise ratio. Their maximum working temperature is of about 1200 ◦C, four times higher with respect to the

silicon and their resistance to the generation of defects is higher with respect to silicon (displacement energy 25 eV, against

15 eV in silicon).[19–21]

SiC detectors have 200 nm thickness Ni2Si Schottky contacts as surface metallization. An Al absorber was added in front of

the detector in some measurements to absorb low-energy heavy ions and to transmit only energetic protons. For example, some

SiC detectors were employed with a thin Al film, 4 μm in thickness, as an absorber placed in front to them to filter different

energetic particles. The 4 μm thickness corresponds to the range of 400 keV protons, thus its use permits to filters protons with

energy higher than 400 keV and to stop carbon ions with kinetic energy lower than 4.5 MeV.

The experimental set-up has used a TW laser (Ti-Sapphire Eclipse laser system) delivering 39 fs pulse duration, 800 nm

wavelength, high pedestal intensity (IASE), 9.5 μm focal spot diameter, 1018 W/cm2 main pulse intensity, and a low contrast of

about 10−5, operating in a single mode and emitting p-polarized radiation.

A curve related to the used laser pulse, showing the pedestal duration and its relative intensity, is shown in Figure 2a. The

pedestal duration is about 10 ps, while the high laser pulse exhibits a duration of 39 fs. The laser is focused by f/3 off-axis

parabolic metal mirror and hits p-polarized onto the target, with an incidence angle selectable between 0◦ and 60◦. Measurements

usually were performed at a main pulse energy EL of 130 mJ, thus the pre-pulse energy being four orders magnitude lower

corresponds to about 13 μJ. This energy reported to the pre-pulse duration and laser spot size 10 μm in diameter produces

a pre-pulse intensity of about 1.7× 1012 W/cm2. This laser intensity is sufficient to produce the target foil disruption and a

high-density plasma formation, so as reported in the literature.[22] Thus, the main laser pulse hits this high-density pre-plasma

and not a solid target. Pre-plasma may produce an undercritical vapour, in which a high refractive index can be generated

and may induce the main pulse to be self-focused on the overcritical target. This phenomenon may produce a lower spot size,

of the order of the laser light wavelength, producing increasing of the laser intensity and consequent enhancement of the ion

acceleration process, as reported in the literature.[23] However, the produced plasma during the 10 ps expands at supersonic

velocity in a vacuum reducing its density, thus, the successive main laser pulse may propagate in this possible undercritical

plasma and enhance the energy released to the plasma particles. Under such conditions, the electron density of the accelerated

relativistic electrons generally decreases together to the electric field driving the forward ion acceleration.

Figure 2b shows a photo of the experimental set-up inside the vacuum chamber with evidence of the X–Y–Z target holder

positioner containing up to 105 targets. The employed targets consist in micrometric foils of gold, tantalum, and nickel with a

thickness within 1 and 11 μm. A thin film of strong adherent rGO grapheme is deposited above these foils by single or both

faces, with a nanometric thickness of 10 nm.

The targets were irradiated from the rGO face to reduce the laser reflection on the surface and to generate from the below

metal the relativistic electrons crossing the target thickness and emerging from the rear side at which protons and carbon ions are

accelerated. The particles are driven by the electric field produced by the charge separation developed in the rear side of the thin

foil, as reported in the previous article.[24] The targets were prepared at Messina University, characterized for optical absorbance

versus wavelength in the visible–near IR regions, for roughness and morphology using a surface profiler (Tencor P10) and a

scanning electron microscope (SEM), respectively. Thickness measurements of the thin foils and of the rGO graphene films were

obtained in Messina University and in CANAM lab, at Nuclear Physics Institute in Rez (Czech Republic), by using Rutherford

Backscattering Spectrometry and Elastic Recoil Detection Analysis with MeVs H+ and He+ beams.[25]

The ion stopping powers, range, and energy loss were calculated using the SRIM simulation code.[26]

A special holder, visible in the photo of Figure 2b, was prepared at Physics Department of Messina University with

cone-shaped holes with 1 mm diameter on which very adherent thin flat foils can be strongly glued. The holder geometry reduces

the target deformation during the first instant of the laser incidence and maintain very flat or concave or convex the target surface.

These geometries of the target modify significantly the ion acceleration and focalization, as reported in the literature.[27]

3 RESULTS

The obtained proton accelerations were recorded under particular experimental conditions of the laser focal position, focal spot

diameter (focus was changed and was optimized it positioning using 10 μm diameter with uniform intensity), using p-polarized

laser pulse incident orthogonally to the perfect planar surface, using high adhesion of the target to a suitable holder. Many
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F I G U R E 2 Typical laser pulse shape at low contrast used in

the presented experiment (a) and photo of the vacuum chamber

showing the X–Y–Z target holder positioner (b)

SiC-TOF spectra were acquired during TNSA ion acceleration using the proposed metallic substrate covered by a thin rGO

carbon film.

An optimal SiC-TOF spectrum was obtained in such experiments irradiating 2 μm Ta foil covered with 10 nm graphene film

in both sides (front and back), as reported in Figure 3a. The carbon in back permits to accelerate carbon ions together protons.

The target was irradiated with a focal position FP = +100 μm (+ indicates a focal position inside the target surface) in order

to have higher spot size and high density of electrons transmitted to the rear face of the foil. The increment of the spot, in fact,

enhances the number of electrons accelerated by the laser light at the target surface. The spectrum reports the fast and very

high photopeak, with a duration of about 7 ns due to the X-ray emissions from the laser-generated plasma, triggering the TOF

temporal data, followed by a background of fast electrons (hot electrons) and of a slower high and large peak due to the ion

detection at different velocities. The minimum TOF value of the detected electrons signal separated from the photopeak occurs

at about 10 ns, corresponding to a kinetic energy of about 15.6 keV, but it does not exclude the presence of faster electrons

arriving at the detector during the photopeak detection. The minimum TOF value of the detected ions occurs at about 64.5 ns.

Due to the TOF flight distance of 0.745 m, it corresponds to protons at a maximum kinetic energy of 700 keV. The spectrum

shape and time extension up to 350 ns indicates that protons do not represent the only detected ions. At 350 ns, the corresponding

proton energy should be 23 keV. TNSA may accelerate, in fact, light ions but not heavy ones due to their high mass and low

velocity, which does not permit to arrive in time to be subjected to the brief and high electric field acceleration peak during a

time comparable with the laser pulse duration.

A measurement performed using a SiC detector covered with 4 μm Al foil absorber placed at 0◦ was used to acquire a

spectrum of all protons, absorbing those with an energy lower than 400 keV. The Al foil absorbs also the carbon ions with an

energy lower than 4.5 MeV. Thus, the expected spectrum should report only a proton peak due to the protons with an energy

higher than 400 keV and the absence of carbon ions, in agreement with the lower spectrum reported for comparison in the same

Figure 3a (red-coloured spectrum).

The high ion peak yield due to carbon ions indicates maximum carbon kinetic energy of about 4.3 MeV, as a result of the

higher ion charge state acceleration. Assuming the 700 keV proton acceleration to be representative of the ion acceleration

per charge state, it means that the maximum C charge state is 6+, as expected, should be 0.7× 6 = 4.2 MeV and that
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F I G U R E 3 Typical TOF-SiC spectrum of ion acceleration up

to 700 keV in the target-normal-sheath-acceleration regime

irradiating a 2 μm Ta foil (a) and Coulomb–Boltzmann-shifted ion

peak deconvolution for protons and the six charge states of the carbon

ions (b)
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of C1+ at 0.7 MeV, very near to the experimental value of the maximum carbon ions and to the slower carbon peak

position.

This result is in good agreement with the literature, indicating that generally, the ion energy distribution has a Boltzmann-like

shape for the different charge states, and many times, especially at lower laser intensity and using pulses of greater duration, it

follows the Coulomb–Boltzmann-shifted (CBS) function, as reported in the literature.[28] The development of the high electric

field in the rear side of the thin foil accelerates not only protons but also light ions of the target composition. Such ions can have

a high charge state thus they can be accelerated proportionally to their charge state, in agreement with the CBS model. For a

long laser pulse duration, the compositional ion acceleration is demonstrated by many experimental data,[19,28] while for high

laser intensity using fs lasers, this acceleration is detected mainly for light ions and not for heavy ones. The low velocity of heavy

ions, in fact, does not permit to move quickly the ions to be subjected to the electric field developed in the rear side during the

laser pulse duration. In addition, the light-accelerated ions produce a Coulomb shield to the slow ions reducing significantly

their acceleration. Low proton emission, due to the hydrogen contamination, does not shield completely the other ion emission,

and surface carbon ions can also be emitted and accelerated. No presence of the heavy Ta ions was detected in the TOF spectra.

Figure 3b reports the CBS ion deconvolution showing the possible contribution of accelerated protons and six charge states

of carbon. The obtained energies and the potential shift are consistent with the results and the average plasma temperature

calculable using the CBS function is of about 35 keV.

This temperature is not so high, considering that from the TNSA regime it can be evaluated by the relativistic relation:[29–31]

𝑘𝐵𝑇 = 𝑚0 𝑐
2

⎛⎜⎜⎝
√

1 +
𝐼0𝜆

2
𝐿

1.37 × 1018
− 1

⎞⎟⎟⎠ , (2)
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F I G U R E 4 SiC-TOF spectra relative to ion acceleration in the

target-normal-sheath-acceleration regime using 5 μm Au (a) and 10 μm Au

(b) targets

where m0 is the rest electron mass, c the light velocity, I0 the laser intensity (in W/cm2), and 𝜆L the laser light wavelength (in

μm units). The theoretical temperature evaluation in our case is of the order of 100 keV.

Under similar conditions were irradiated thin foils of Au with different thicknesses covered with 10 nm graphene film placed

on the frontal face of laser irradiation.

Figure 4 reports the SiC-TOF spectral comparison obtained detecting the forward radiation emitted by the laser irradiation

of a 5 μm Au foil (a) and a 10 μm Au foil (b), both covered in surfaces with the 10 nm rGO film (front and back).

The SiC-TOF spectrum (Figure 4a) of the rGO/Au (5 μm)/rGO indicates that a maximum forward proton acceleration occurs

at about 97 ns, corresponding to 308 keV for the TOF flight distance of 0.745 m, with a maximum carbon ion energy at about

135 ns, corresponding to 1.88 MeV (six times the proton energy). Thus, the maximum ion acceleration is evaluated to be of

308 keV per charge state. The spectrum reports the fast and very high photopeak, with a duration of about 8.5 ns due to the

detection of X-ray emissions and relativistic electrons from the laser-generated plasma, triggering the TOF temporal data,

followed by a background of fast electrons and of a slower high and large peak due to the ion detection at different velocities.

The SiC-TOF spectrum (Figure 4b) of the rGO/Au (10 μm)/rGO indicates that maximum forward proton acceleration occurs

at about 141 ns, corresponding to a maximum kinetic energy of 145 keV, with a maximum carbon ion energy of about 870 keV

(six times the proton energy). Thus, the maximum ion acceleration is evaluated to be 145 keV per charge state. The minimum

TOF value of the detected electron signal separated from the photopeak occurs at about 11 ns, corresponding to a kinetic energy

of about 12.3 keV, but it does not exclude the presence of faster electrons arriving during the photopeak duration

The mathematical ion deconvolutions of the spectra of Figure 4a,b are reported in Figure 5a,b, respectively. The deconvolu-

tions were performed using the CBS-like function and permit to evaluate not only protons but also the other six carbon charge

state contributions to the detected ions. The single ion distribution is a Boltzmann like, with a cut-off at the maximum value,

and shifted towards high energy increasing the charge state. The fit permits also to evaluate the average potential of the plasma,

which is 230 and 104 kV for the Au foil of 5 and 10 μm, respectively, and the equivalent average plasma temperature, which is

11.4 and 5 keV for the Au foil of 5 and 10 μm, respectively.
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F I G U R E 5 Coulomb–Boltzmann-shifted deconvolutions from

the SiC-TOF spectra relative to protons and carbon ions for 5 μm Au

(a) and 10 μm Au (b) targets
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The low electron temperature can be explained on the basis of the low laser contrast, which uses high pre-pulse energy and

duration to irradiate the solid target before the arrival of the main pulse. The pre-pulse may generate a dense pre-plasma in

which electrons can be accelerated. They can disturb the main laser interacting with the overcritical target and can be partially

absorbed and scattered in the pre-plasma, decreasing the final electron density and temperature.

These results indicate that decreasing the Au foil thickness increases the ion acceleration because it optimized the target

thickness to enhance the electrical field driving the ion acceleration. In fact, measurements performed using 2.0 μm Au foil

covered by the 10 nm rGO give a result similar to that of Ta with a maximum proton acceleration of 750 keV and a maximum

C6+ acceleration of 4.5 MeV.

A further reduction of the Au foil thickness decreases ion acceleration instead of increasing it, a result expected because too

lower thickness decreases the electron density emerging from the rear side reducing the value of the electric field driving ions.

Figure 6a reports the SiC spectrum obtained irradiating a pure very thin Au foil, with 1 μm thickness and a little different laser

condition, thus using not optimized irradiation condition, using FP = +250 μm and without the rGO superficial film deposited

on both the Au foil sides. In this case, only the photopeak appears and no ions were detected at high and low energy. Such a

result indicates that too low foil thickness and the absence of carbon layer in the surface injects too low electrons in the rear

face of the foil producing a low electron density and consequently a low electric field driving the ion acceleration. Probably,

this bad result is due to the high laser light reflectivity of the gold surface and to a not optimal thickness of the target, too low,

in agreement with the literature.[31]

Figure 6b reports another example of plasma characterization obtained using laser irradiation of an 11 μm Ni foil covered

in both faces with 10 nm rGO graphene film, using a focal position FP = +50 μm. The spectrum reports the fast and very

high photopeak, with a duration of about 4.5 ns due to the X-ray emissions from the laser-generated plasma, triggering the

TOF temporal data, followed by a background of fast electrons and of a slower high and large peak due to the ion detection

at different velocities. The minimum TOF value of the detected electrons signal separated from the photopeak occurs at about

7 ns, corresponding to a kinetic energy of about 30.3 keV, but it does not exclude the presence of faster (relativistic) electrons
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F I G U R E 6 SiC-TOF spectrum not optimized for 1 μm Au foil (a) and for

a 11 mm Ni foil covered with 10 nm reduced graphene oxide (b)

arriving at the detector during the photopeak detection. The minimum TOF value of the detected ions occurs at about 75 ns,

which corresponds to protons at a maximum kinetic energy of 500 keV. The high ion peak yield due to carbon ions indicates a

maximum carbon kinetic energy of about 3.0 MeV, as a result of the higher ion charge state acceleration. Assuming the proton

acceleration of 500 keV to be representative of the ion acceleration per charge state, it means that the maximum C charge state

is 6+, and that of C1+ has 0.5 MeV kinetic energy, in good agreement with the literature and with the CBS deconvolution here

not reported for simplicity.

Comparing the results of the SiC spectra using 10 μm Au and 11 μm Ni foils, we can observe that, despite the higher atomic

number of Au, the maximum proton energy is higher in Ni (510 keV) instead of that in Au target (145 keV). Thus, although Au

has a higher electron density with respect to Ni, its high thickness probably increases the electron energy loss and scattering

of the accelerated electrons with respect to Ni decreasing the forward ion acceleration. Thus, for Au foils, obtained results

indicated that the foil thickness of about 10 μm is too thick to produce a good high ion acceleration and that a better acceleration

is obtainable using about 2.0 μm thickness, such as for Ta foil. Measurements on 2 μm Au foil, in fact, have given a maximum

proton energy of 750 keV and an equivalent plasma temperature of 38 keV.

The obtained results can be summarized now and it gives interesting information on the TNSA ion acceleration mechanism

under the conditions of the used laser irradiation, that is using a low laser contrast of only 10−5 with a very high pre-pulse

energy and duration, very lower with respect to the normal conditions, which are five orders of magnitude higher, due to the

main pulse about 1010 times higher with respect to the pre-pulse.

Figure 7a reports the maximum proton acceleration as a function of the foil thickness for the gold target obtained by our

experimental data. The analysis of reported data indicates that the maximum proton energy values is 750 keV obtained using a

2 μm Au foil, covered by 10 nm rGO in both faces. Measurements of proton energy are reproducible and are affected by a mean

error of about 10%, as indicated by the error bars in the plots.

It is possible to observe that the optimal foil thickness for the proton acceleration is 2.0 μm with a focal positioning of

+100 μm. At lower and higher thickness, the proton energy decreases decreasing the electric field driving the ion acceleration

due to the lower electron density transmitted to the rear side. Using 1-μm Au foil, the full-generated electrons from the laser

are too low, and using 5 μm Au foil, the electron energy loss and scattering decrease the transmitted electrons to the rear side

of the target, in both cases decreasing the forward proton energy acceleration, in agreement with the literature.[24,31]
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F I G U R E 7 Maximum proton energy and plasma

temperature versus Au foil thickness (a) and proton energy

versus focal position (b)
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Changing the laser focal point (FP) changes also the laser spot size on the target and consequently the ion acceleration

as a result of different effects. The main of these effects concerns the laser spot size on the target surface, which increases

if the laser light is not focused on the target surface, enhancing the irradiated area and the number of surface accelerated

electrons. Such electrons can be injected in the foil and transferred to the rear side of the foil to contribute to the electric

field driving the ion acceleration. A second studied effect concerns the possibility to use a focal point in front of the target

surface at about 10–100 μm distance (negative FP values), in order to focalize laser on the pre-plasma produced in front of

the target. In general, this operation permits to induce effects of laser self-focusing due to the further laser focalization in the

high refraction index of the pre-plasma vapour. The self-focusing may reduce the spot size to values comparable with the laser

wavelength, enhancing the pulse intensity and consequently the electric field driving the forward ion acceleration, in agreement

with the literature.[11] However, the self-focusing effect, although searched in our experiment by changing micrometrically the

FP distance and recorded by measuring the consequent proton acceleration energy, was not generated with the used set-up.

Figure 7a reports in the right Y axes the equivalent plasma temperature evaluated from the CBS-like function. For the gold

foils, the maximum temperature of 37 keV is found at the higher proton acceleration of 750 keV. The temperature has a value

below that expected using Equation (2), probably for the effect of the high pre-pulse generating a pre-plasma and the main laser

pulse energy loss in this pre-plasma as well as in the solid target.

Figure 7b reports some results obtained by measuring the maximum proton acceleration versus the focal position of the

laser in the case of the 2 μm Ta and Au target irradiation. The plot indicates that the maximum acceleration is obtained using

FP = +100 μm, that is focusing 100 μm inside the target, in agreement with similar measurements performed using a high fs
contrast laser.[8] At this point, the laser intensity decreases of two orders of magnitude lower (1016 W/cm2) due to the higher

spot size on the target, but the number of accelerated electrons from the surface increases of about two orders of magnitude and

the pre-pulse energy decreases to a value at which the solid target is not completely destroyed. Under such conditions, the fs



TORRISI ET AL. 11 of 12

main laser pulse interacts with the overdense target and the pre-pulse effect is minimized. Due to such conditions, the detectors

show a significant increment in the forward ion acceleration, which arrives up to 750 keV for the Au target. Thus, the electron

density of the plasma and the consequent electric field of the ion acceleration increase not only because of an increase in the

irradiated target surface but also because the main pulse hits a solid target at overcritical density.

4 DISCUSSION AND CONCLUSIONS

The pre-pulse plays an important role in the main fs laser interaction with the matter. In order to enhance the ion acceleration, it

should be narrow in time and transport low energy as much as possible. This guarantees that the main fs pulse irradiates a solid

target, accelerating electrons from the target surface and developing a high electric field driving the forward ion acceleration.

When the pre-pulse, instead, has a long time duration and transports high energy, its action produces a disruption of the solid

foil and the formation of a pre-plasma, which is emitted in the backward direction at supersonic velocity in a vacuum. Thus,

the successive arrival of the main fs pulse interacts with this plasma having a density lower than a solid matter and produces a

weak electric field of forward ion acceleration.

In order to obtain high forward ion acceleration (above 1 MeV per charge state), the pre-pulse must be very limited in time

and energy, that is the laser contrast must be high, of the order of 10−(8–10), as reported in the literature.[4,5,29] Instead, the use of

a 10−5 contrast and 10 ps pre-pulse duration indicates that the main pulse will produce only a low proton acceleration, generally

below 1 MeV in energy.

The experiment confirms that the proton acceleration obtainable using a low laser contrast, of about 10−5, generally is below

1 MeV under the used irradiation conditions and with the used target thicknesses and compositions. This result can be obtained

optimizing the target thickness with about 2 μm in thickness and using a focal position positive of about 100 μm inside the target.

In contrast, literature reports that energies above 1 and 10 MeV or higher can be obtained increasing the laser contrast at

about 10−10, as recently obtained in experiments with a very similar laser and targets.[8,32]

However, by changing the shape of the main pulse, using for example a low laser contrast and a double main pulse separated

by a few ps, or using a pedestal pulse intensity comparable with the main laser pulse, or using a negative focal position, focusing

on the pre-pulse zone, may be that higher proton acceleration can be obtained, as that reported in recent literature.[15]

The important result of this contribution concerns the aspect that not only protons are accelerated at low laser contrast but

also carbon ions, excluding the heavier ions. Thus, obtained results indicate that using the presented set-up not only protons but

also other light elements, such as carbon ions, can be accelerated in the TNSA regime, in contrast with the data reported in the

literature.[18].

The results reported in this article are relative to the forward SiC detector placed at 0◦, that is along the normal to the target

surface, and not to the other detectors and higher angles employed during the experiment. This detection method, in fact, is

sufficient to give information on the maximum ion acceleration in the forward direction. Lower proton energies were measured

with the detectors placed at angles within ±30◦ from the normal direction.

Work is in progress in order to compare the results with that obtained using the other detectors, including IC, Thomson

parabola spectrometer, and backward SiC detectors. Preliminary results obtained by the analysis of different detectors confirm

that: (a) the forward ion emission has a narrow angular distribution (less than ±30◦ for protons); (b) the high carbon charge

states have an angular distribution lower than protons (less than ±15◦); and (c) the backward ion acceleration is less energetic

with respect to the forward one, in agreement with the literature.[33]

The measured proton and carbon energies indicated that the charge states are shifted in energy proportionally to the charge

state with energy proportional to that of the proton acceleration. Hence, for protons and carbon ions, it seems that the CBS-like

distribution approach can be applied with success, indicating that their distributions follow a Boltzmann shape, which is shifted

towards higher energy increasing the ion charge state.[28]

The TOF ion spectra indicate the presence of protons and carbon ions from all the experiments and the absence of heavy

metallic ions coming from the metal of the target. The TNSA mechanism is effective to drive the acceleration of the rear surface

of light elements, such as protons and carbon species, and not of the heavy ions, which have high inertia to be accelerated during

the laser pulse duration (a few tens of fs). Their slow velocity does not permit to subject such ions to the fast and high electric

field developed in the rear side of the target foil.
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