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Abstract

Laser generated plasmas from target normal sheath acceleration produce energetic ions from the rear side of the target due
to the formation of a high directive electric field. Fast electrons are ejected from the rear side of the target and a successive
Coulomb explosion is driven by the fast electrons generating a high electric field of double layer. The ion acceleration is
mainly controlled by the laser intensity and by the square of the laser wavelength. Literature reports that at intensities of the
order of 1018 W/cm2 and at wavelengths of about 1 μm the ion energy is of the order of 5 MeV/nucleon. The use of
advanced targets realized with the aim to reduce the surface reflection, to increase the laser absorption coefficient and,
with an optimal thickness, to increase the electric field of the double layer, permits to enhance the ion energy
acceleration, so that the energy of 5.0 MeV per charge state can be reached at about 1016 W/cm2, as it will be
presented and discussed.
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1. INTRODUCTION

Target normal sheath acceleration (TNSA) method can be
employed to generate high ion acceleration from thin films
irradiated by pulsed lasers at intensities higher than 1015

W/cm2. The energy of the ions driven by the high electric
field developed in the rear-side of the thin irradiated targets
is proportional to the laser intensity and to the square of
the laser wavelength (Hegelich et al., 2006). Values above
10 MeV/nucleon can be obtained at laser intensities above
1018 W/cm2 using infrared wavelengths and thin films
(Spencer et al., 2001; Margarone et al., 2012). Not only
are the laser intensity and the laser wavelength essential par-
ameters to obtain high ion acceleration, but also the
irradiation conditions and the target composition and geome-
try represent two other important aspects to be optimized in
order to enhance the ion acceleration processes.
Laser irradiations are essential because the laser focaliza-

tion with respect to the target surface, the use of pre-pulse,
the influence of the pulse contrast or the use of polarized
laser light represents, for example, some key parameters to
control linear and non-linear phenomena producing plasma
(Torrisi et al., 2008; McKenna et al., 2006). Self-focusing,

pre-plasma, and p-polarized light, for example, can be em-
ployed to enhance the laser energy transferred to the target
and consequently to enhance the forward ion acceleration
from TNSA experiments.

Target composition and geometry are also essentials to
control the composition and the characteristics of the pro-
duced plasma. Metals are strong absorbent of the laser
light and may produce high electron density, but show high
reflectivity and low proton emission; on the contrary, poly-
mers are low absorbent of the laser light, which produce
low electron density, but show high proton emission yield.
Thus, in order to produce high energetic proton beams, it is
necessary to use composed targets containing both metals
and polymers, for example, in order to enhance the proton
emission in terms of kinetic energy and yield.

“Advanced” targets can be prepared in order to reduce the
laser light component not released to the thin target, due to
reflections, scattering, and transmitted laser light, increasing
the component of the absorbed laser light, which is respon-
sible of the plasma production and of the high electric field
driving the ion acceleration. Special morphological surfaces
and complex compositions, such as foam, porous and rough-
ness surfaces, and the use of embedded nano-structures in the
target producing high absorption effects at specific wave-
lengths, can be employed to enhance the laser absorption
in the thin target. Such surfaces reduce strongly the reflection
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coefficient and the use of nano-structures, such as metallic
nano-spheres, increases the absorption coefficient due to res-
onant absorption effects such as the surface plasmon resonant
process (Giulietti & Gizzi, 1998; Dombi et al., 2009), and in-
creases also the plasma electron density.
The use of these special targets permit to enhance signifi-

cantly the ion energy acceleration process, as it will be pre-
sented and discussed in this article.

2. EXPERIMENTAL SET-UP

Experiments were performed at PALS Laboratory in Prague
using a Iodine laser operating at 1315 nm wavelength, 700 J
maximum pulse energy, 300 ps pulse duration, 70 μm laser
spot on the target surface, with a maximum intensity of
about 1016 W/cm2, operating in single pulse. The target
holder is movable with an accuracy of ±1 micron in the x,
y, and z directions. The scattering chamber operates with a
vacuum of 2 × 10−5 mbar.
Different investigated advanced targets were based on the

use of polymers and metals. Polymers, based on polyethy-
lene and polyvinyl alcohol (PVA), contain nano-structures
of Fe2O3, TiH2, carbon nano-tubes and metal nano-spheres
(Ag and Au spheres with 50–100 nm in diameter). The
nano-structures were embedded using concentrations of the
order of 1% in weight. Targets were prepared using the
spin coating deposition method. Metals were used with
different atomic numbers, from Al to Au, and different thick-
ness, from 1 to 40 microns. Some thin metallic films, of the
order of 100 nm in thickness, were deposited in vacuum by
electron beam on thin polymeric mylar films (0.5–10 μm in
thickness). The targets are planar and their total thickness
ranges between 0.5 to 40 μm.
The metal nano-spheres of Ag and Au were obtained by

laser ablation in liquid solution using a pulsed Nd:Yag
laser at 1064 nm, 3 ns pulse duration, 109 W/cm2 intensity
operating at 10 Hz repetition rate. The used concentrations
were of 1–5 mg/15 ml solution. The surface treatments to
modify the surface roughness were obtained with different
techniques, such as sandblasting, ion sputtering, acid
attack, and pulse laser deposition of thin films.
In order to control the laser focal position (FP) with respect

to the target surface, a micrometric optical alignment and an
X-ray streak camera were employed. The optical alignment
of the target uses a theodolite, magnification lens, and x, y,
z in vacuum motorized micrometers. The streak camera
observes the target from the top using a 50 μm pin-hole
and records the plasma emitted in backward direction. It is
employed with an exposition time of 2 ns and a resolution
time of 30 ps; on the axial plane normal to the target its
spatial range is 500 micron. Streak camera detects photons
approximately from 100 eV up to 10 keV.
The energy, the yield, and the angular distribution of the

ions emitted in the forward direction from the produced
plasma were measured using Thomson parabola spec-
trometer (TPS), ion collector rings (ICR), SiC detectors

and thin absorber films covering track detectors (CR39).
ICR and SiC are employed in time-of-flight (TOF) approach
using fast storage oscilloscopes (20 GS/s) (Cutroneo et al.,
2012). Such detectors were placed mainly in the forward di-
rection, i.e., behind the thin irradiated target. TPS spectra
were acquired with a magnetic field of 0.06 T and an electri-
cal field of 1.4 kV/cm; the distance between the electric de-
flection plates and the multi-channel-plates was 16.5 cm.
TPS was placed at 0° along the normal to the target direction
and the other detectors at different distances from the target
(0.6–1.6 m) and at different angles (<60°) with respect to
the normal to the target direction.
TPS deflects the ions transmitted through a 100 μm pin-

hole at 1 m distant from the target and uses a multi-
channel-plate coupled to a phosphorus screen and to a

Fig. 1. Scheme of the experimental set-up.
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charge-coupled device camera to record the ion parabolas
(Cutroneo et al., 2012). SiC has a surface of 4 mm2 and gen-
erally is placed at a distance of 60 cm from the target.
Figure 1 shows a scheme of the employed experimental

set-up. The TPS parabola recognition and the evaluation of
the maximum ion energy was obtained using a simulation
program based on Opera 3D-Tosca and MathLab code,
taking in consideration the charge-to-mass ratios and the
values and the real geometry of the used magnetic and elec-
tric deflection fields (Opera 3D Tosca Code, 2013).

3. RESULTS

Figure 2 shows a typical TPS spectrum of ions emitted irra-
diating a polyvinylalcohol (PVA) film, 10 micron in thick-
ness, with embedded pure nano-particles of Au 50–100 nm
in diameter and 1% in weight concentration. The spectrum
is obtained irradiating the target at ~0° incidence angle
with 500 J pulse energy with FP=−100 μm. It shows the
lower parabola due to the protons deflection and a lot of
dense parabolas due to C, O, and Au ions at different

Fig. 2. (Color online) Typical forward (0°) TPS spectrum of Au nano-particles embedded in PVA, 10 μm in thickness, irradiated at 500 J
(a) and parabolas recognition study using the Opera 3D-Tosca and MathLab code simulation (b).
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charge states coming from the polymeric resin and from the
metallic embedded nano-particles. Some parabolas are
coincident due to the same charge-to-mass ratio, such as
C6+ and O8+ having the same ratio 1/2. The nearest points
of the protons parabola to the zero circle of the undeflected
photon radiations are due to the higher energetic protons.
Simulations indicate that such proton energy is about
4.0 MeV and that the maximum energy of the other ion
species is approximately 4.0 MeV per charge state. The para-
bola recognition performed with Tosca code permits to ident-
ify the parabola due to protons, the six parabolas due to the
six charge states of C, the eight charge states of O and Au
ions, from Au1+ up to a charge state of about Au66+.
This maximum charge state represents a characteristic of

the obtained plasma, due to the maximum ionization poten-
tial represented by the Au66+ ions corresponding to 7.91 keV
(Zschornack et al., 1986). Because no higher charge states of
Au ions are detected, it is possible to assume that the maxi-
mum electron energy is about 8 keV. Moreover, by assuming
the electron energy distribution to be a Boltzmann-like
shape, the average electron energy, �E, can be assumed to
approach about 1/3 of the maximum energy, i.e., it should
be about 2.67 keV. Thus, as a first approximation, the poss-
ible equivalent electron temperature of the plasma should
be about:

kTe = 2
3
�E = 1.8 keV. (1)

Figure 3a shows a typical SiC detector-TOF spectrum ob-
tained in the same experimental conditions of TPS spectrum
acquisition reported in Figure 2. The spectrum reports, in
order of increasing time, the fast photo-peak, the electrons
(or Bremsstrahlung) signal, the protons peak, and the large
and slower peak due to the convolution of different detected
ions emitted from plasma, of which carbons are the faster.
The SiC is placed at 30° angle with respect to the target
normal direction and its distance from the target is 60 cm,
thus the initial proton peak at 20 ns corresponds to protons
at a maximum kinetic energy of 4.7 MeV. This result, in
agreement with the 4.0 MeV protons obtained by TPS
measurements, demonstrates that SiC detector is more sensi-
tive to the high energy of protons with respect to TPS, con-
firming that semiconductors give a signal proportional to the
ion energy (Cutroneo et al., 2012). For comparison, Figure 3b
shows a typical spectrum of a similar target without the Au
nano-structures irradiated in the same experimental con-
ditions. In this case, it is possible to observe a protons
peak shifted to about 65 ns which corresponds to a kinetic
energy of about 630 keV.
Figure 4a shows a typical ICR spectrum relative to the

signal acquired in the forward direction at 0° and at a target
distance of 103 cm placed in front of the TPS. This spectrum
is acquired using a laser pulse of 600 J, a FP=−100 μm and
8 micron Al absorber film placed in front of the ICR detector
so that the photo-peak is reduced, heavy ions are absorbed

and only energetic protons can be transmitted and detected
with a high signal-to-noise ratio. The Al film absorbs the vis-
ible light, protons up to 600 keV, C ions up to 9 MeV, O ions
up to 12 MeV, and Au ions up to 35 MeV, thus its use in
front of the ICR detectors permits a well separation of pro-
tons with respect to other ions. The TOF spectrum shows
the fast photo-peak due to X-ray detection followed by a
peak due to protons detection. The faster protons have a
TOF of 33 ns which corresponds to a kinetic energy of
5.0 MeV. This result confirms the measurements of high
proton energy performed with TPS and SiC detectors.
CR39 track detectors were placed 150 micron behind the

Al absorber in order to detect only energetic protons, with
a kinetic energy higher than 4.3 MeV, well separated from
heavy ions. Figure 4b shows a photo of the optical
microscopy of a typical CR39 film detector after the chemi-
cal etching for protons track detection. This result confirms
that protons with energy higher than 4.3 MeV are emitted
from the used advanced thin targets irradiated at PALS.
Reproducible measurements were performed using the

same experimental conditions of laser irradiation and

Fig. 3. Typical forward (30°) SiC-TOF spectra at 60 cm distance of Au
nano-particles embedded in PVA, 10 μm in thickness, irradiated at 500 J
(a) and of PVA polymer target without nano-particles irradiated in the
same experimental conditions (b).
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different prepared advanced targets. Such investigations have
indicated that the laser focal position, to maximize the ion ac-
celeration, is crucial, otherwise the maximum ion accelera-
tion decreases. The control of this parameter was obtained
using the streak camera X-ray images giving the shape, the
dimension, the target surface distance from the plasma core
and the temperature gradient of the produced plasma. A typi-
cal charge-coupled device image of the X-ray generation in
the backward direction for a focal position of -100 μm
from the target surface is reported in Figure 5a for the
irradiation of pure PVA without nano-particles and in
Figure 5b for the irradiation of the PVA with embedded Au
nano-particles. The comparison of the two images indicates
that the backward plasma in the first case (Fig. 5a) is near
absent, due to the laser light well transmitted by the thin
target. In the second case (Fig. 5b), in presence of metallic
Au nano-structures, the laser is well absorbed and the
plasma is produced in the backward direction, as observed
trough the higher density and clear colors of the plume
X-ray image. The two photos have a horizontal scale relative
to time duration of 1 ns and a vertical scale relative to a
spatial range of ±100 microns. The zero time scale corre-
sponds to the laser shot pulse; the zero distance scale corre-
sponds to the target position. The plasma duration is of about
400 ps, i.e., comparable with the laser pulse duration and this

Fig. 4. Typical ICR spectrum relative to the signal acquired in forward di-
rection at 0° and 103 cm distance from the target (a) and CR39 track detec-
tors photo placed behind 150 micron Al absorber after the chemical etching
for proton track detection (b).

Fig. 5. (Color online) X-ray streak camera image of plasma produced in
backward direction during the 500 J, FP=−100 μm laser irradiation of
pure PVA (a) and of PVA with Au nano-structures (b).

Fig. 6. Comparison between the law scale plot by Spencer et al. (2001) and
our measurements obtained using “advanced” targets irradiated at 1016 W/
cm2 laser intensity.
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maximum size in the backward direction is about 30 microns.
Plasma starts at 100 micron distance from the target surface.
Similar results of proton acceleration at about 5.0 MeV

maximum kinetic energy were obtained with Ag nano-
spheres embedded in PVA with a total target thickness of
10 microns and with Au nano-spheres embedded in15
micron PVA thickness, with absorbed hydrogen, was treated
with sandblasting to obtain an average roughness of about 10
microns.

4. DISCUSSION

The measurements presented in this article demonstrated
that, using thin foils composed by PVA resin containing met-
allic low concentration Au nano-structures, energetic
non-equilibrium plasma is generated in the forward direction.
The equivalent electron temperature should be of the order of
1.8 keV. For protons, assuming to be in near local thermal
equilibrium (kTe≈ kTi), and the thermal velocity is about:

vT =
�����
3kT
mp

√
= 7.2 × 105 m/s. (2)

Such result is in agreement with the X-ray streak camera
image that doesn’t show significant lateral expansion. As-
suming the lateral plasma expansion to be about 3 μm, the
expansion velocity in the 400 ps is 7.5 × 105 m/s.
The plasma protons expansion velocity in vacuum can be

calculated by the equation:

vK =
�����
γkT
mp

√
= 5.4 × 105 m/s, (3)

where γ is the adiabatic coefficient and mp is the proton mass.
The Coulomb interactions contribute to the ion velocity more
than one order of magnitude with respect to the thermal inter-
actions, in fact its value for 5 MeV protons is:

vC =
����
2E
mp

√
= 3.1 × 107 m/s. (4)

Ions are accelerated up to about 5.0 MeV per charge state
along the direction normal to the target surface, demonstrating
that the mechanism of TNSA occurs also in a regime of the
order of 1016 W/cm2 laser intensity using a pulse duration
of about 300 ps, in contradiction to many other articles indicat-
ing a validity for intensities above 1018W/cm2 (Spencer et al.,
2001; Badziak et al., 2005). This mechanism was verified also
by TPS measurements of energetic electrons, obtained using
an inverse electric field and a weak magnetic deflection
field of only 50 G. Fast electrons with a parabola point from
2 MeV up to 8 MeV kinetic energy were measured.
The maximum ion acceleration was obtained only with

target thickness of about 10–15 microns, flat surfaces, laser

pulse energy of 500–600 J, 1315 nm wavelength, and a
laser focal position of -100 micron, i.e., with a focal position
in front of the target surface, at 100 micron distance. This last
requirement may induce self-focusing effect with spot de-
creasing on the target and consequent increase of the laser in-
tensity. The target thickness is optimized to produce the
maximum acceleration field, in fact decreasing or increasing
the target thickness the acceleration effect is reduced, prob-
ably due to an electron density reduction. Lower thicknesses
decrease the plasma electron density due to the lower number
of involved nano-structures; higher thickness may increase
the electron scattering decreasing the electron density along
the normal direction, in agreement with previously measure-
ments (Fucsh et al., 2006; Torrisi et al., 2013).
Thus, observing the literature data reporting the trend of

the ion acceleration value as a function of the Iλ2 parameter,
our measurements demonstrate that nonlinear effects induced
by “advanced” targets can ensue the increasing of about two
orders of magnitude the expected acceleration values.
Figure 6 shows the law scale plot by Spencer et al. (2001)
and, for comparison, our measurements, obtained by varying
the laser pulse energy between 550 and 600 J, the focal pos-
ition between 0 and −100 μm and using “advanced targets”
with thickness ranging between 10 and 15 micron. The
comparison indicates that the use of special advanced high
absorbent targets increases the ion acceleration of about
one order of magnitude, i.e., to values normally expected
only using fs lasers at intensity higher than 1018 W/cm2.
The maximum proton energy is reported as a function of
the Iλ2 parameter; data from Tan et al. (1984) are denoted
by circles, Beg et al. (1997) by triangles, and Clark and Al
(2000) by diamonds.

5. CONCLUSIONS

The ion acceleration process in TNSA conditions depends
not only on the laser intensity and wavelength, and not
only on the irradiation conditions, such as the distance of
laser focalization from the target surface, which is crucial,
but also on the target composition and geometry. Advanced
targets based on the surface treatment to decrease the reflec-
tion coefficient, on the use of embedded nano-structures en-
hancing the absorption coefficient and on the use of optimal
thickness of the target, permit to increase the ion acceleration
up to about one order of magnitude with respect to the
planned values of literature data.
The obtainment of high energetic ions from laser-

generated plasmas represents only one step of the goal that
would like to obtain about mono-energetic ions, high emis-
sion yields and selected ion specie emission.
Work is in progress to use polarized laser light at special

incidence angles, in order to induce resonant absorption ef-
fects and increase the driving ion acceleration, and on the
target geometry, using not flat surfaces, in order to increase
the ion emission directivity decreasing the beam emittance
of the accelerated ions.
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