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Abstract. Micrometric thin targets have been irradiated in vacuum in TNSA (Target Normal
Sheath Acceleration) configuration at PALS Laboratory in Prague by using 10'® W/cm® laser
intensity, 1315 nm wavelength, 300 ps pulse duration and different laser beam energies and
focal positions. The plasmas produced were characterized by using ion collectors,
semiconductor SiC detectors, X-ray streak camera and Thomson parabola spectrometer. Time
of flight techniques, time resolved imaging and ion deflection spectrometry were used to
characterize the laser-generated non-equilibrium plasma and the electric field driving ion
acceleration developed at the rear side of the target. The maximum ion acceleration can be
obtained for optimal film thickness depending on the laser energy and on the kind of irradiated
targets. Special targets containing nanostructures, showing high absorption and low reflective
coefficients, induce resonant absorption effects enhancing the electric acceleration field. The
maximum Kkinetic energy measured for proton ions was above 5.0 MeV and the ion
distributions can be fitted with Coulomb-Boltzmann shifted functions.

1. Introduction

The properties of the non-equilibrium plasma generated by pulsed laser-matter interaction in vacuum,
using high laser intensities and TNSA (Target Normal Sheath Acceleration) configuration, depend
strongly on three key parameters: the laser properties, irradiation conditions and target structure. The
main laser properties are the intensity, wavelength, pulse duration and polarization direction [1]. The
irradiation conditions are characterized by the laser spot dimensions, focal position of the laser with
respect to the target surface, pressure in the vacuum irradiation chamber, use of prepulse or presence
of gas leak, etc. [2]. Not less important is the role of the target structure because its material, thickness,
geometry, and microscopic structure influence significantly the plasma composition, its temperature
and density, and the number of fast electrons. All that plays a substantial role at optimising the ion
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acceleration, through reduction of reflection effects, increase of absorption, and induction of resonant
absorption of electromagnetic waves [3].

Advanced targets enhancing the absorption coefficient permit to transfer more energy from the
laser light to the target and to the plasma and, consequently, to develop a strong ion acceleration field
at the rear side of a thin target. At the laser intensity of 10'® W/cm® the ponderomotive energy
transferred to electrons from the electromagnetic wave is sufficiently high for the electrons to cross the
thin target and produce TNSA effect, as it will be presented and discussed.

2. Experimental set-up

The experiments were carried out with the use of the PALS laser in Prague with laser pulse duration of
300 ps and fundamental wavelength of 1.3 um, and of a very fast and sophisticated plasma diagnostics
permitting detailed analysis of the accelerated ions [4]. The plasma was generated by the laser beam
focused to a focal spot 70 um in diameter on different planar solid targets mounted on a suitable
holder. Thin targets with thickness from 0.1 um up to 50 um were employed, such as metals of
different atomic numbers, polymers and ceramics, and advanced targets containing nanostructures.
Generally, the laser beam was directed perpendicularly to the target surface with a laser pulse energy
E. ~ 100 J + 600 J using different focal positions (FP) with respect to the target surface, from +500 um
(focus inside the target) up to -500 um (focus in front of the target). Vacuum in the experimental
chamber was at a level of 5 x 10 Torr.
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Figure 1. Schematic of the experimental set-up.

lon collectors (IC) and ring ion collectors (RIC) with four different sectors using thin Al
absorber films were employed to reduce the background coming from photons, electrons and ions and
to separate protons from heavier ions. SiC detectors with 100 um depletion layer Schottky barrier were
employed in time-of-flight (TOF) configuration to detect energetic ions [5]. A Ni,Si surface
metallization is employed; it absorbs protons with an energy lower than 50 keV and Al ions with an
energy lower than 350 keV. The SiC depletion layer depth permits to detect very well protons up to a
maximum energy of about 10 MeV and Al ions with energy above 100 MeV. An X-ray streak camera
(SC), with 2 ns exposition time and 30 ps time resolution, mounted in a side view, was employed for
the FP distance evaluation. Details on the streak camera used are given in literature [6]. A Thomson
parabola spectrometer (TPS) was employed as a fast measuring tool for analysis of the magnetically
and electrically deflected ions in dependence on their mass-to-charge ratio. The spectrometer
exploited a multi-channel plate coupled to a phosphorous screen and a CCD camera. The detected
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parabolas were identified by using a simulation program based on Opera 3D-Tosca taking in account
the real dimension of the spectrometer and real values of the magnetic and electric field considering
also their edge effects. Details on the IC, SiC, streak camera and Thomson parabola spectrometer
employed in this experiment are given in previous papers [5-7].

The detectors were placed at different angles with respect to the target surface, both in backward
and in forward directions, in order to study the ion emission in different irradiation conditions.
A typical scheme of the experimental set-up, for irradiation at 0° incidence angle and TNSA approach,
is shown in Fig. 1.
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Figure 2. TPS spectra of fast electrons (a) and Al ions (b) and
corresponding simulations (c, d).

3. Results

In order to confirm that the electrons emitted from a thin target in forward direction are responsible for
the double layer creation and ion acceleration, TPS and SiC detectors were placed at 0° to monitor the
electrons generated during the laser-matter interaction.

Fig. 2 shows two typical sets of parabolas obtained for 1 um Al target irradiation in TNSA
conditions at 170 J laser pulse energy and —100 um FP distance, for electrons (a) and ions (b), and the
corresponding simulated parabolas (line simulations overlapped to the experimental data) for electrons
(c) and ions (d), respectively. The electrons were analysed by using electric deflectors charged to 2,8
kV, and a very weak magnetic field of only 50 G. The comparison of the experimental parabola (a)
and the simulation one (c) shows that the electrons from 7 MeV up to 2 MeV are detected. Such high-
energy electrons accelerated in the forward direction along the normal to the target surface are
responsible for the electric field developed in a double layer at the rear side of a thin TNSA target.
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The TPS ion diagnostics was performed using a 1.4 kV/cm electric and 0.06 T magnetic fields.
The TPS spectrum for ions (b) for the case of the 1 um Al film target shows protons and all the 13
charge states of aluminum. The recognition of the ion species, charge state and energy was based on
the simulation data. In this case the maximum proton energy was about 3.3 MeV and the Al ion energy
of about 3 MeV/charge state, in agreement with the values obtained from direct ion detection by SiC
detectors.
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Figure 3. Typical SiC TOF signals for ion detection in forward (a) and in
backward (b) directions.

Fig. 3 shows two typical examples of SiC signals for radiation detection in the forward (a) and
backward (b) directions. The signals are acquired during the laser irradiation at 170 J pulse energy and
-100 um FP of 1 um Al TNSA target. They show a photopeak, a ns-scale electron signals and slower
ion peaks of which the faster ones are due to the protons. The measured spectra demonstrate that a
high electron yield emission occurs both in the forward and backward directions. The kinetic energies
of the detected electrons are in the range 1 keV-100 keV. The maximum proton energies in the
forward and backward directions are 3.5 MeV and about 1.8 MeV, respectively.

The use of advanced targets with a structure that permits to decrease the surface reflectivity, to
increase the absorption radiation and to induce resonant absorption effects, and the use of special
target geometries may enhance the laser energy transferred to the plasma and increase the electric field
of ion drive acceleration developed on the rear side of the TNSA target.

The surface roughness, porous structures, metal/polymer multilayer and polymer containing
nanostructures were investigated at various laser energies, focal positions and target thicknesses in
order to reach the maximum ion acceleration in forward direction.

Measurements have indicated that an increase in the proton energy of the order of 20-30% can
be obtained by changing the reflectivity and absorption coefficient of thin films [3]. An increase of the
order of 30% in energy and yield has been obtained also by using metallic nanometric structures
(carbon nanotubes, Cu, Ag and Au nanoparticles) embedded in thin polymeric films (PE, acrylic
resins). These nanostructures induce surface plasmon resonance absorption of the incident radiation,
enhancing thus the final plasma temperature and density [8]. For the laser intensity of 10'° W/cm? the
flat target thickness is crucial for obtaining the maximum proton energy and it must be optimised to
reach the maximum ion acceleration, according to literature [9, 10].

Fig. 4 shows a comparison of the SiC TOF signal (a) and the corresponding spectrum of TPS
parabolas (b) indicating that protons are accelerated in forward direction up to 4.5-MeV for an
advanced 10-um Al target irradiated at a pulse energy of 600 J. This high ion acceleration has been
achieved by using special target irradiation conditions.

The Al target surface was treated with sandblasting using micrometric powder grain size
accelerated at 100 m/s launched against the Al surface in order to generate high roughness, responsible
of the reflectivity decreasing of the irradiation laser light. The target thickness was chosen as optimal



Plasma Physics by Laser and Applications 2013 Conference (PPLA2013) IOP Publishing
Journal of Physics: Conference Series 508 (2014) 012002 doi:10.1088/1742-6596/508/1/012002

for flat targets in order to maximize the proton acceleration in TNSA conditions using the
experimental conditions above described.
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Figure 4. SiC signal (a) and TPS parabola spectrum (b) indicating a maximum
proton energy of 4.5 MeV.

As seen in Fig. 5a, at 10 um target thickness the proton energy reaches the maximum value. If
the target is too thin or thick the electron density of plasma decreases. Moreover the protons loose
energy in thick plasmas and their final energy decreases. The results illustrated by Fig. 4 were
obtained for the focal position of — 150 um in front of the target surface, at which the conditions for
beam self-focusing are fulfilled. The self-focusing is due to the pre-plasma formation with high
refraction index in front of the target surface, which results in reduction of the laser spot dimension on
the target surface to values of the order of a single wavelength and in substantial enhancement of the
irradiation laser intensity [2].
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Figure 5. Maximum proton energy vs. Al thickness for flat targets irradiated a t
600 J and FP = -150m (a) and angular distribution of ions emitted in forward
direction (b).

The angular distribution measurements of emitted ions performed with IC, SiC and X-ray streak
camera demonstrated that under the condition of optimal thickness the forward emission occurs
mainly along the normal to the target surface and that the ion stream in the forward direction is
narrower than in the backward one. Fig. 5b shows a typical ion angular distribution of the ions emitted
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in forward direction when laser irradiates a mylar foil in TNSA conditions, 6 um in thickness, covered
by 200 nm of Au, by using 473 J pulse energy with -100 um laser beam focal position. The proton and
Au ion emission occurs along the normal to the target surface with a maximum angular aperture of
about + 30°.

4. Discussions and conclusions

The measurements reported in this article, performed by using the PALS facility, demonstrated that
TNSA approach using 600 J laser pulse energy permits to accelerate ions in forward direction to high
kinetic energies. Fast electrons of the order of 10 MeV were detected and their yield increased when
using targets made of heavy metallic elements. These electrons are responsible for the high electric
field driving ion acceleration. Less energetic electrons are also ejected from the target, together with
the ion emission, as witnessed by SiC detectors.

About 4.5 MeV of energy per ion charge state can be obtained when irradiating thin Al targets
prepared in such a way that reflectivity and absorption effects are enhanced. Thus, although the same
laser and irradiation conditions were employed, significant improvement of the ion acceleration has
been achieved in the last years by optimising the target composition, structure and geometry. With
thick targets, for example, it was not possible to achieve more that 1 MeV per charge state still several
years ago [11].

Target structure optimization plays an important role because it permits to enhance the laser
energy transfer to the plasma and to increase the ion acceleration driving electric field developed in the
double layers at the rear side of a thin target. Further improvements could be achieved by using
polarized laser beams that permit to enhance absorption effects. When using Au nanospheres
embedded in polymer, for example, the maximum proton energy was increased up to 5.0 MeV, as
reported in forthcoming publication [12]. Also the advanced plasma diagnostics plays an important
role at ion acceleration studies. SiC detectors and Thomson parabola spectrometry proved to be very
useful in the measurements of the kinetic ion energy, charge state, angular distribution and at
evaluation of the maximum electric field driving the ion acceleration.

Of course, in order to increase significantly the ion acceleration it is necessary to increase the
laser intensity I, and the laser wavelength A, because the acceleration field is proportional to the
parameter IA* [13]. Nowadays ion acceleration of the order of 50 MeV/charge state can be obtained in
the large laser facilities using PW fs lasers, at intensities exceeding 10*° W/cm®. However also in these
cases the target optimization as for its geometry, composition and structure plays an important role at
attempting to increase further the ion energy, yield and directivity.
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