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a b s t r a c t

An experimental campaign aiming to investigate the ion acceleration mechanisms through laser-matter
interaction in the femtosecond domain has been carried out at the ILIL facility at a laser intensity of up to
2�1019 W/cm2. A Thomson Parabola Spectrometer was used to identify different ion species and mea-
sure the energy spectra and the corresponding temperature parameters. We discuss the dependence of
the protons spectra upon the structural characteristics of the targets (thickness and atomic mass) and the
role of surface versus target bulk during acceleration process.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

Recent developments in laser technology allow high-density
and high-temperature plasmas to be generated by means of laser-
matter interaction, thereby producing and accelerating ion beams
in the tens of MeV energy range [1,2].

Potential applications in different fields are being considered
including proton therapy, fast ignition of inertial confinement
fusion, neutron generation and study of nuclear physics phe-
nomena. It is already understood that the ion production in laser-
produced plasma is related to hot electrons. The commonly
recognized effect responsible for ion acceleration is charge
separation in plasma due to high energy electrons driven by the
ultra-intense laser-target interaction. Protons and heavier ions can
be accelerated, following the initial electron acceleration, to tens
MeV per nucleon via a well-known mechanism, namely target
normal sheath acceleration (TNSA) [3–5]. Fast electrons are
accelerated by an intense laser pulse (IZ1019 W/cm2) at the
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surface of a thin foil in the forward direction. Electrons penetrate
the foil, escape at the rear side of the target inducing a strong
longitudinal electric field which ionizes atoms in the surface layer
and accelerates them in the target normal direction. Typically, this
field accelerates simultaneously several ion species, originated
partly from the bulk target material, but predominantly from
the hydrocarbon contaminant layers present on both sides of the
target foils. Therefore spectrometers with adequate charged spe-
cies discrimination capability allow the energy spectra of indivi-
dual ion species to be detected.

Nowadays there are open questions about the dependence on
target thickness and resistivity [6], and surface or volume con-
tribution. In this context, we carried out a systematic experimental
investigation to identify the role of target properties in TNSA, with
special attention to target thickness and dielectric properties. Here
we present some preliminary experimental findings obtained in
this investigation including results showing contribution of bulk
ions to the acceleration process and dependence of the ion tem-
perature on the target parameters.

We used a full range of ion detector, optical, X-ray [7] and fast
electrons [8] diagnostics to investigate laser-plasma interaction,
fast electron transport and ion acceleration. In this paper we focus
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on the results of ion detection obtained by using a Thomson
Parabola Spectrometer (TPS).

In the TPS ions with different charge-to-mass ratios are sepa-
rated into distinct parabolas. This allows information for each ion
species to be extracted when several ions are generated simulta-
neously in a given solid angle. The working principle, widely
described in literature [9–12], is based on parallel electric and
magnetic fields acting on a highly collimated ion beam propagat-
ing orthogonally to the fields. The Lorentz force splits the different
ion species according to their charge-to-mass ratio and energy.
This yields a series of parabolic traces on the detector, each of
them corresponding to well determined ion species having dif-
ferent charge to mass ratio.
Fig. 2. TPS spectrogram from CD2 target: protons, deuterons and carbons with
different charge states are detected. The yellow curves represent the cuts used in
2. Experimental set-up

The experiments have been performed at the Intense Laser
Irradiation Laboratory (ILIL) in Pisa where a Ti:Sapphire laser
system is operating, which delivers 40 fs – 800 nm pulses with
energy on target up to 450 mJ. The ILIL laser pulse exhibits an ASE
contrast greater than 1010 and a ps contrast of 105 at 1 ps before
the peak pulse. The beam is focused on the target at an angle of
incidence of 15° using an off-axis parabolic mirror; the corre-
sponding maximum intensity on target was up to 2�1019 W/cm2.
The target was mounted on a three-axis translation stage system
at the center of a 640 mm diameter interaction chamber. TPS was
placed normal to the target rear side, housed in a separate vacuum
chamber, operating at a pressure of 10�6 Torr, and differentially
pumped with respect to the main target chamber. Details of TPS
are given elsewhere [13–15]. The ions position is detected using an
imaging system consisting of a micro-channel plate coupled to a
phosphor screen, 75 mm in diameter (MCP-PH), and an EMCCD
camera. Fig. 1 shows a sketch of the experimental setup.

Targets consisting of different materials (metal and plastic) and
thickness were used, with a thickness ranging from 2 mm to 12 mm.
order to reconstruct the spectra for protons and deuterons. (For interpretation of
the references to color in this figure legend, the reader is referred to the web
version of this article.)
3. Data analysis and results

The spectrogram images of EMCCD contain a bright halo, which
constitutes the origin of the parabolic ion traces, due to x-radiation
and neutral particles propagating straight through the electromagnetic
Fig. 1. Sketch of the experimental set-up.
field, and parabolic traces associated to protons and heavier ions
outgoing from the bright region, as shown in Fig. 2.

Procedure to analyze spectrograms consists of different steps.
First step is to crop the image in the parabolas vertex and to overlap
the theoretical parabolas to the spectrogram. Then the energy
spectra of different ion species and charge states are reconstructed
by cutting out the events associated to the parabolas and by using
one of the equations reported in Ref. [16] related to the magnetic or
electric deflections. Fig. 3 shows an example of such reconstruction
for protons emitted during the irradiation of a CD2 target. The
reconstruction by using both the equation related to the magnetic
and electric deflections is an important cross-check to verify all the
Fig. 3. A sample proton spectrum reconstructed by means of magnetic (solid line)
and electric (dotted line) deflections. The trend of the MCP brightness is shown as a
function of the ion's kinetic energy. The spectra are well overlapped.



Fig. 4. Proton temperature obtained as function of target thickness for Al (top) and
CH2 (bottom).

Table 1
Protons and deuterons temperature obtained from CD2 and CD2þAl target.

Temperature [KeV] CD2 CD2þAl

Protons 10275 15278
Deuterons 5373 17.870.9
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TPS alignments; in such condition we checked the profiles by using
both the methods, i.e. by using independently the energy recon-
struction by the electric or magnetic deflection. When the spectra
were observed to assume the same shape this was argued as a
condition of perfect working condition and alignment.

The obtained energy spectra show an exponential like trend,
which has been fitted in first approximation with a Boltzmann-like
distribution; a temperature parameter has been extracted and
related to the shoot conditions.
3.1. Target thickness dependence

Temperature parameters of protons from aluminum (metallic)
and CH2 (plastic) as function of target thickness are shown in
Fig. 4.
From these plots it is possible to observe that the maximum
protons temperature of 217 keV is found for the 6 mm thick Al
target, while a temperature of 205 keV was found for the 12 mm
CH2 target. In both cases the maximum temperature increases up
to an optimum thickness and then falls down with increasing
target thickness.

3.2. Surface vs. bulk dependence

In order to understand if accelerated ions are due to surface
contamination or bulk ions, we compared data from 10 mm CH2

targets with 10 mm CD2 targets as previously studied in [17,18]. In
fact, in the case of CH2 targets accelerated protons may originate
from the target surface as well as from the bulk. In contrast, in the
case of CD2, protons will predominantly come from the surface,
while deuterons may originate only from the bulk.

In a previous work [17] we showed the result of a focal scan in
which protons and deuterons spectra were measured for different
positions of the target foil relative to the laser focal spot. Protons
and deuterons temperatures were found to exhibit opposite
trends, with protons showing a maximum temperature in the best
focus position, while deuterons showing a minimum temperature.

Following this indication, we performed further investigation
using CD2 target coated with an Al layer of about 1 mm on the laser
irradiated side.

Table 1 shows the results of Al coated and uncoated CD2 targets.
As can be noticed, CD2þAl target show a higher proton temperature
while CD2 target exhibit a lower deuterons temperature.

The effect of Al layer on the proton temperature can be justified
by the more efficient generation of hot electrons in Al than in
plastic due to the higher electron density in the interaction region
which can also compensate the increase of target thickness due to
the 1 mm Al layer. Concerning the lower deuteron temperature
observed, the explanation requires further investigation in view of
the fact that the deuterons originate from the bulk of the target
and, therefore, the acceleration process is not fully understood at
this stage. We can speculate that the presence of the additional Al
layer may reduce the effect of direct laser radiation of the CD2

substrate, thus yielding lower deuteron temperature. These
aspects are currently under investigation and will be discussed in a
future publication. However the results need further theoretical
and experimental investigation to be fully understood.

3.3. Atomic or molecular mass dependence

Finally, we show in Fig. 5. the protons temperature dependence
as function of the atomic or molecular mass by using all the data
from the irradiation of CD2, Al and 5 mm thick titanium targets.

A linear dependence on target mass is clearly visible suggesting
in first approximation that targets consisting of heavier materials
will lead to an increases of the proton temperature and, conse-
quently, maximum proton energy.

Of course such preliminary results need further experimental
and theoretical work in order to understand in such contest the
effects for example of the target thickness, the electron transport
and the influence of the boundary experimental conditions (e.g.
pre-pulse effects [19]).



Fig. 5. Linear trend of protons temperature for different target as function of
atomic or molecular mass.
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4. Conclusion

Ion acceleration mechanism in TNSA regime was investigated
by using a Thomson Parabola Spectrometer. Protons spectra were
obtained for different target materials and thicknesses. The higher
proton temperature was found for 6 mm Al and 12 mm CH2.

Surface versus volume contributions to the ion acceleration
have been identified by using a unique target configuration con-
sisting of a thin CD2 foil and comparing it to CH2 targets with the
same thickness. Preliminary results show that protons and deu-
terons temperatures show opposite trend, suggesting different
acceleration process and a complex interplay between surface and
volume acceleration. Moreover, the use of a thin Al layer was
found to be effective in increasing the proton temperature. Finally,
a linear dependence from atomic or molecular mass of the target
was obtained with highest temperature found for titanium target.

Further studies of heavy target material and thickness are in
progress.
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