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1. Introduction

The acceleration of protons with compact devices is an active
research area since hadron therapy has proved to be more effective
with respect to conventional radiotherapy for a variety of tumours.
The breakdown phenomena limits the maximum electric field of a
conventional RF accelerator to a few tens of MV/m and even
though this limit might be overcome with ad hoc design, no con-
clusive results have been achieved up to now. A promising alterna-
tive is offered by the very high fields which a plasma can sustain.
When a short, high intensity laser pulse hits a thin target, the med-
ium is almost instantaneously ionized and the displacement of
electrons creates electric fields which can reach 1 MV/lm. As a
consequence, in a few tens of microns an energy of 60 MeV, which
is the threshold of interest for the therapy, could be reached. This is
one of the strong motivations for the research on laser acceleration
which has been very active during the last decade [1–3] This
proton energy has been first reached with longer pulses (�1 ps)
whose power exceeds 0.5PW [4] and approached only recently
with a laser pulse power below 0.5 PW and pulse duration of
40 fs [5]. The Ti:Sa lasers with pulse durations of 25 fs and power
up to 1 PW are commercially available and have been installed in
several laboratories worldwide. In Italy at the Frascati INFN
national laboratory, the laser FLAME is available with a nominal
peak power of 220 TW. Taking advantage of this facility, an exper-
iment named LILIA (laser induced light ions acceleration) has been
conceived as an initial experimental and theoretical activity in the
field of proton acceleration. In the initial stage, the experimental
setup has been designed and assembled and first experiments with
thin metal targets to accelerate protons in the target normal sheath
acceleration (TNSA) regime at low intensity 1–3 W/cm2 has been
carried out. The next step would be to increase the intensity up
to 1021 W/cm2 and to develop a transport line to select the beam
in angle and energy, making it suitable for further use such as
injection into a conventional high frequency RF linac. The final goal
of LILIA is to obtain a beam whose quality is comparable with that
obtained by a conventional accelerator in a stable and reproducible
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way. This is of crucial importance for the direct use of the beam or
its injection into an accelerating structure.

2. Scaling laws and PIC simulations

Currently, the most stable and reliable acceleration mechanism
is the so-called TNSA [6], which occurs when solid targets are used
far from the transparency limit. The laser pulses we consider in our
modeling are Gaussian with a longitudinal profile given by
f ðzÞ ¼ cos2ðpz=csÞ, while the time dependence is given by
f ðz� ctÞ and s is the pulse duration. As a consequence the trans-
verse component of the electric field reads

Eðr; z; tÞ ¼ E0w0w�1ðzÞ exp � r2

w2ðzÞ þ iUðr; zÞ
� �

eik0ðz�ctÞ f ðz� ctÞ ð1Þ

wðzÞ ¼ w0 1þ z2

z2
R

� �1
2

ð2Þ

where w0 is the transverse waist of the laser, wðzÞ is the longitudi-
nal profile, ZR ¼ k0w2

0=2 is the Rayleigh length and

/ðr; zÞ ¼ zr2

zRw2ðzÞ � arctan z
zR

� �
is the phase factor. This paraxial approx-

imation is accurate as long as � << 1, where � ¼ w0=zR ¼ k0=ðpw0Þ,
the error being of order �2. Usually the duration FWHM is consid-
ered as sFWHM ¼ 0:364s. The target we consider is a thin metal foil,
that we assume to be instantly ionized by the laser. We consider
also the possibility of having a preplasma created by the precursors
of the main pulse. Its density is typically a function of the distance
from the target, and is usually represented as an exponential ramp.
The pulse penetrates for a short distance of the order of a skin depth
and heats the electrons which diffuse creating an electrostatic field
at the rear surface of the target. In the 1D case the Poisson–Vlasov
equation can be solved and gives for the protons an exponential en-
ergy spectrum [7] with cut-off

dN
dE
¼ N0

E0
exp � E

E0

� �
for E < Emax

dN
dE
¼ 0 for E > Emax ð3Þ

where E0ðMeVÞ10:5a is the average energy (with a being the
dimensionless laser amplitude), EmaxðMeVÞ12a is the maximum en-
ergy and N0 is the total number of protons. Experimental results
and 3D simulations show that the ratio is higher, namely
Emax=E0 � 8, whereas the ratio obtained from 2D simulations is
close to 6. The relation between the dimensionless vector potential
a and the intensity is given by a ¼ 0:68� 10�9I1=2 [W/cm2] for a
Fig. 1. PIC 2D parametric scan done with ALaDyn [10]. Variation with a of the maximu
compare a triple layer target (composed by a 2 lm H layer of foam, n ¼ 2nc , a 0.3 lm Al f
with red squares the Emax and with orange circles E0, with two double layer targets witho
green squares Emax, green circles E0). (For interpretation of the references to color in thi
linearly polarized pulse with k0 ¼ 0:8 lm typical of Ti:Sa lasers.
The most recent experimental results [8] have given Emax slightly
below 20 MeV for a pulse with a peak value a ¼ 22 and
sFWHM ¼ 25, whereas with a longer pulse sFWHM ¼ 40 fs and peak
intensity corresponding to a � 28 the measured value of Emax was
over 40 MeV [5]. The 2D simulations for bare metal target such as
Al of thickness l � 1 lm with a thin layer of contaminants on the
rear side give a scaling Emax � 2a, whereas the presence of a foam
layer considerably increases the maximum energy as shown by
Fig. 1. When the thickness is decreased, the rise of Emax with respect
to a is faster than linear. This is due to a change of regime since the
radiation pressure acceleration effect grows until induced transpar-
ency is reached for pr ¼ a where r ¼ ln=k0nc is the dimensionless
areal density of the target, with n and nc being respectively the plas-
ma density and the corresponding critical density. The optimal
thickness [9] is lopt ¼ k0ð3þ 0:4aÞ�1nc=n and for a realistic target
with l � k0 ¼ 0:8 lm it is about 30 nm. This empirical law was
nicely confirmed by our 2D simulations, done with our Particle In
Cell (PIC) ALaDyn code[10].

From some preliminary simulations, the effect of a preplasma
seems similar to the one induced by a foam with quasi-critical den-
sity. Different profiles have been considered in our studies. Several
2D simulations for a bare target of thickness between 0.3 lm and
1 lm confirm that the scaling is EmaxðMeVÞ � 2a, whereas for tar-
gets where a foam layer or a preplasma is present on the upstream
layer EmaxðMeVÞ � 3a. For the bare foil, in the same thickness range,
3D simulations results suggest EmaxðMeVÞ � 1:5a. The maximum
energy depends also on the incidence angle a and incidence at
45� allows at least 20% more energy to be gained with respect to
normal incidence. Assuming this law for the experiment in Frascati
with I ¼ 1� 4� 1019 W/cm2 we find Emax in a range from 3 to
6 MeV. As shown below, this value is compatible with our experi-
mental observations.

A usable ion/proton beam must have a definite energy E with a
small spread DE, a sufficient number of protons DN, a small angular
spread and emittance. The generation of a monochromatic beam
directly by the laser pulse is currently a challenge because of the
large energy distribution and divergence: indeed with a suitable
transport line one can select an energy slice of the desired spread
DE. What really matters is the number of protons in this slice.
The number DN of protons in the selected slice depends on the
chosen energy E and its spread DE. Close to the maximum energy,
the number of protons is very low. A reasonable compromise may
be found at a value of energy of E ¼ Emax=2.
m energy Emax and proton temperature E0 for a laser pulse with sFWHM ¼ 25 fs. We
oil with n ¼ 60nc and a 0.06 lm H layer of contaminants with n ¼ 9nc), representing
ut foam of thicknesses 0.3 lm (blue squares Emax, cyan circles E0) and 0.8 lm (dark

s figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Sketch of the LILIA mechanical setup.
Recent 3D PIC simulations with parameters close to the exper-
iment described in [5] with a ¼ 30 corresponding to a peak inten-
sity I ¼ 2� 1021 W/cm2 for a laser pulse duration of 40 fs have
given a maximum energy of 55 MeV and an average energy
hEi = 10 MeV. In that case it was proved that after an initial angle
selection at 50 mrad and energy selection at 30 MeV with a sole-
noid, over 108 protons could be obtained with a rather narrow
peak. After injection into a high field linac, the final number of
60 MeV protons was calculated to be close to 107 just at the thresh-
old of interest for therapy.

3. The LILIA experiment

LILIA (Laser Induced Light Ions Acceleration) is an experiment of
light ions acceleration trough laser interaction with thin metal tar-
gets to be done at the FLAME facility in Frascati. LILIA, in particular,
is finalized to study, design and verify a scheme which foresees the
production, the characterization and the transport of a proton
beam toward a stage of post acceleration. The FLAME high power
laser system has been recently fully commissioned [11]. It is based
upon a Ti:Sa, chirped pulse amplification (CPA) laser able to deliver
up to 220 TW laser pulses, 25 fs long, with a 10 Hz repetition rate
at the fundamental wavelength of 800 nm. The system features a
high contrast ratio (>1010) and has a fully remotely controlled
operation mode. In the typical current experimental conditions,
the laser pulse is actually focused at peak intensities exceeding
1019 W/cm2. In this configuration, according to the performed
numerical simulations, we expect a proton beam with maximum
energy of a few MeV and total intensities up to 1010–1012 pro-
tons/shot. These values are modest compared to the present state
of art for 100 TW class lasers, due to the currently used focusing
optics (F/10). A reconfiguration of the focusing optics is already
planned that will soon deliver a 5 times more intensity. An addi-
tional increase of up to a factor of 2 will come from the phase front
correction. Ultimately, the focusing configuration for LILIA will use
an F/2 focal length OA Parabola capable of giving a waist �2.5 lm
with a corresponding intensity of I � 1021 W/cm2). In this case, we
estimate that we might select a bunch at E ¼ 30 MeV with a
narrow spread DE of the order of 1% and still have a reasonable
number of protons (107 – 108). This will open a very interesting
perspective for applications such as hadron therapy in connection
with a post-acceleration stage in order to reach energies up and be-
yond 100 MeV.

At this stage, attention was given to the initial tests and to the
development of diagnostic techniques and to the laser-target
optimization.

The LILIA experiment has been designed to be housed in the
interaction chamber available at the exit of the laser compressor
in the FLAME target area. The layout of the first phase of the exper-
iment is shown in Fig. 2.

Preliminary tests with the beam on target have been recently
carried out. During these tests energy was limited to approxi-
mately 2 J giving a laser intensity on target just below 1019 W/
cm2. Nevertheless we have obtained the first experimental
evidence of proton acceleration.
Fig. 3. Impressed EBT3
The EBT3 radiochromic detectors were arranged in a stack of
5 elements and each one has been modified removing the front
polyester layer of 120 microns. In this way, the protons could
interact directly with the sensitive material of the first detector
and all the other 4 sensitive layers are separated only by the
remaining 120 micron polyester layer. This makes the stack more
sensitive to low energy particles. Moreover the stack was
shielded by a 6 lm thick aluminum foil in order to protect it
from the laser and other optical emission during the laser
interaction.

Fig. 3 shows the pictures of an EBT3 stack impressed by protons
emitted from a 3 lm Al target with a 1.5 J laser shot. We may see
that the emitted protons have impressed only the first element.

Using the proton range–energy correlation [12] we can derive a
lower limit for the maximum energy of the emitted protons of at
least 1.6 MeV. This energy value is related to a number of protons
which release at least a dose of few cGy, being this the sensitivity
threshold of the radio-chromic films used. This result is confirmed
by measurements performed using CR39 instead of radiochromic
films, in the same experimental conditions. Fig. 4 shows different
pictures of the impressed CR39, taken at 0.5 mm steps from the
centre of the interaction.

The core of the proton-CR39 interaction is saturated and the
only information we can derive is given by the range-energy rela-
tion. Nevertheless far from the saturated region we can observe the
presence of single resolved tracks. The microscopic analysis of
these tracks after etching gives information on the particle species
and their energy, resulting in the spectral distribution of Fig. 5,
which extends up to 5 MeV. These energetic protons, considering
the distance target-detector and the emission angle are most likely
scattered on the target holder.

We plan in the near future to perform a parametric study of the
correlation of the maximum TNSA accelerated proton energy, with
respect to the following parameters:

� Laser pulse intensity (in the range 1018–5 1019 W/cm2).
� Laser pulse energy (in the range 0.1–5 J).
� Laser pulse length (in the range 25 fs – 1 ps).
� Metallic target thickness (in the range 1–3 l).
radio-chromic film.
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Fig. 4. Pictures of the impressed CR-39 taken from the same frame at steps of
0.5 mm. The CR39 film, also shielded to stop debris, shows a damaged black region
in correspondence of the collimated emitted particles and the evidence of scattered
protons in the surrounding area.

Fig. 5. Proton energy spectra as derived from the CR39 analysis.

Fig. 7. Top: transport line with one solenoid and two collimators, the first one for
angle selection and the second one for energy selection. Bottom: transport line with
four permanent magnetic quadrupoles and two collimators.
3. Beam focusing and transport

The problem to immediate focus the emitted protons in order to
obtain a useful beam and to transport it from the interaction
region toward external measurement area or post-acceleration
facilities, has been faced both from numerical computation and
Fig. 6. Left: Proton energy spectra for the triple layer target of thickness lfoil ¼ 0:3 lm (d
first collimator, purple after energy selection operated by the second collimator located o
angle spectrum after energy selection. (For interpretation of the references to color in t
experimental point of view. The inherent large divergence and
the energy spread can make it hard to utilize the full flux of the
proton beam for applications and indeed for further transport
and beam manipulation. The possibility to drive a laser emitted
proton beam using a scheme based on a pulsed solenoid has been
reported in literature [13]. We considered this approach really
interesting and we carried out very preliminary simulation runs
to define the main features of the components involved. At the
same time, we have started an experimental program for the
development of high field solenoid fed by a pulsed power supply
in order to minimize thermal dissipation.

In view of the second phase initially proposed for the LILIA
experiment, we have developed start-to-end simulations of laser
acceleration and transport for two slightly different pulses with
a ¼ 30 and sFWHM ¼ 30 fs and 40 fs, respectively and Al target of
thickness l ¼ 0:3 lm and 0:8 lm, respectively and density
n ¼ 60nc [14,15]. In both cases there is a low density layer
ðn � 2ncÞ of thickness 2 lm on the upstream side. The contami-
nants layer on the downstream side has n ¼ 9nc and thickness
0.06 lm. For the focusing a solenoid with peak magnetic field
B ¼ 10 T was considered in both cases: 4 cm aperture allows to
capture all the beam after selection at h < 50 mrad. A second colli-
mator placed on the focus of the lens for the selected energy allows
to obtain a strongly peaked final spectrum. In Fig. 6 we show the
final energy spectrum with selection energy at 30 MeV where over
108 protons are present in a window of 1 MeV. As a booster accel-
erator we have considered the use of a compact linear accelerator
as the ACLIP one (Linear Compact Accelerator for Protontherapy)
ark red for the initial spectrum, blue after selection at h < 50 mrad imposed by the
n the focal point of the solenoid for the 30 MeV protons). Right: color plot for energy
his figure legend, the reader is referred to the web version of this article.)
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[16–18]. This was conceived as a side coupled linac designed as a
booster for a 30 MeV proton injector working at 3 GHz. Post accel-
eration with ACLIP allows to obtain a strongly monochromatic
bunch at 60 MeV with DE ¼ 0:1 MeV and angular spread below
10 mrad with N �0.5 � 107 protons. Energy selection with a qua-
druplet of quadrupoles produced a similar proton bunch before
and after post-acceleration but the intensity is lower by one order
of magnitude.

In Fig. 7 we show a sketch of the transport line with a solenoid
and a quadruplet of permanent magnetic quadrupoles.

4. Conclusions

Preliminary experiments on proton acceleration in the TNSA re-
gime with solid targets are underway at the FLAME facility of the
INFN National Laboratory in Frascati. At the present maximum
laser intensity of 1019 W/cm2, due to the existing F/10 off-axis
parabola, consistently with numerical simulations, a proton beam
with maximum energy of few MeV has been measured. Our exper-
imental investigation continues with the challenging goal to make
available a laser driven proton test facility to explore acceleration
process control, reproducibility and stability, and post acceleration
techniques. When the laser intensity on target will be upgraded to
I � 1021 W/cm2, our simulations predict that starting from the full
distribution of accelerated protons we might select protons with
E ¼ 30 MeV and a narrow spread DE and still have a reasonable
number of protons (107 – 108). This opens a very interesting per-
spective for applications such as hadron therapy, in connection
with a post-acceleration stage in order to reach energies up to
60 MeV and beyond using another stage such as the linac booster.
Indeed, if a sufficient current intensity can be reached at 30 MeV
with a narrow spread DE=E � 1% and a good beam quality after
transport, energy selection and collimation, the protons bunch
might be post-accelerated after injection in a high field linac, as
the one developed for the INFN ACLIP project (suitable for medical
applications).
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