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Target Normal Sheath Acceleration:
the most consolidated laser-driven ion acceleration scheme 
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Short particle bunches (~ps) 
High currents (~kA)

Low transverse emittance (<10-2 mm-mrad)
Broad energy spectrum (~100% energy spread)

Enhancing ion cut-off energy
Improving beam quality

Boosting conversion efficiency
Increasing stability

Features of TNSA accelerated ions Challenges



Proton energy is enhanced
in the presence of a controlled pre-plasma generated by a fs pre-pulse
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Figure 1: Schematic experimental setup showing the
octagonal target chamber, the off-axis parabola and
the main diagnostics.

hance TNSA performances, including energy cut-off,
beam divergence, charge, emittance. Target optimi-
sation and engineering, looking at different properties
of surface, geometry and conductivity are becoming
crucial in this effort, with nano-structured targets
emerging as a potential breakthrough in table-top
laser-driven ion sources development[9]. Finally, post
acceleration is being tackled with special attention to
selection, collimation[10] and injection in secondary
acceleration structures, even using miniature target-
driven guiding devices[11].

Here we describe the preliminary results of the
commissioning experiment of a new Line for Laser-
Driven Light Ions Acceleration (L3IA) with the pur-
pose of establishing an outstanding beam-line oper-
ation of a laser-plasma source in Italy taking advan-
tage of the results achieved so far in this field by the
the precursor activity[12] and based upon experimen-
tal campaigns and numerical modeling. The beam-
line will operate in the parameter range of ion ac-
celeration currently being explored by leading Euro-
pean laboratories in this field and will provide an ad-
vanced test facility for the development of laser driven
ion sources. The project includes a complete set of
work-packages, including the interface with the ILIL-
PW facility, the beam line scheme comprising targets,
laser beam focusing, and diagnostic devices dedicated
to both the laser-plasma interaction and the ion beam
detection and characterisation. Numerical modelling
is also included, with the specific tasks of providing
basic predictive simulations for the baseline parame-
ters of the beam line and also allowing investigation of
advanced target and laser configurations. Provision
is also made for specific application cases, including
radiobiological testing and cultural heritage applica-
tions.

Figure 2: (left) Target mount showing the 500 µum
holes array. (right) Detail showing the conical hole
geometry.

2 Experimental set up

The experiment was carried out at the Intense Laser
Irradiation Laboratory using the ILIL-PW Ti:Sa laser
and interaction facility using laser pulse parameters
related to the phase 1 configuration described in
Ref.[13]. Preliminary results obtained using the laser
pulse at the output of the front-end can be found in
Ref.[13]. In the same reference, an overview of the
ILIL-PW facility and a summary of the main laser
parameters are also presented. In the experiment pre-
sented here the pulse duration was 30 fs and the pulse
energy was 3 J on target.

A schematic view of the experimental set up is
given in Fig.(1). The 100 mm diameter beam was
focused by an F/4.5 Off-Axis Parabolic (OAP) mir-
ror with an angle of incidence of 15°. The fo-
cal spot was elliptical, with an average diameter
of 4.4 µm (FWHM) and an intensity in excess
of 1.6⇥ 1020 W/cm2 (a0 = 8.6). The target was
mounted in a remotely controlled motorized support
with a sub-micrometer resolution, capable of XYZ
translation and azimuthal rotation around the verti-
cal axis.

As shown in Fig.(2), the target mount consisted of
a solid steel frame machined to leave access to the
surface of the foil from both sides through a set of
500 µm diameter holes with conical aperture to allow
oblique laser incidence on target. The whole mount
was designed to enable a 100-mm range of positioning
and withstand a load of up to 500 N in all directions
of motion. These specifications ensure that the scan-
ning of targets up to 100 mm ⇥ 100 mm can be ac-
complished, enabling a large number of laser shots to
be fired on a given target before target replacement
is required. In the measurements discussed here the
target consist of a 10 µm Al foil.

Special attention was dedicated, during the exper-
iment, to establish target integrity at the time of ar-
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ILIL, INO-CNR (Italy)

*L. A. Gizzi et al., Nucl. Instruments Methods Phys. Res. 909, 160 (2018)
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Multidimensional PIC simulations:
exploring the role of different pre-plasma scale lengths
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In the case of a long pre-plasma gradient,
the laser undergoes self-focusing and steepening
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In the case of a long pre-plasma gradient,
the laser undergoes self-focusing and steepening
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A standing wave in the underdense plasma improves
the laser-to-electron energy conversion efficiency
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A standing wave in the underdense plasma improves
the laser-to-electron energy conversion efficiency
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Electrons undergo stochastic motion in the standing wave
favouring a more efficient heating mechanism
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Electron trajectories in
phase space
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Simulation results confirm
that a controlled pre-plasma enhances the cutoff energy 
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A strong magnetic field at the back of the target
reduces the proton divergence in the case of long pre-plasma gradients

E. Boella | GoLP seminar | July 15th, 2022

Focusing force

Transverse electric field

Out-of-plane magnetic field

Lg = 5.07 μm Lg = 0.13 μm



Three-dimensional PIC simulations
show quantitative agreement with experimental results
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3D PIC simulations modelling the interaction between the main pulse and a 10 μm Al target 

Simulations indicate that in the absence of pre-pulse
a very short scale length pre-plasma (Lg ~ 0.1 μm) is generated by the ps pedestal of the laser pulse. 

L. A. Gizzi, E. Boella et al., Scientific Reports 11, 13728 (2021).



TNSA as a reliable ion source for a novel
Laser-hybrid Accelerator for Radiobiological Applications
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Laser room

Target room

Capture and energy selection
In-vitro end station

Fixed-field alternating
gradient accelerator

High-energy
in-vitro station

In-vivo end
station

G. Aymar et al., Frontiers in Physics 8, 567738 (2020)



An international multidisciplinary collaboration
for a ground-breaking project
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ASTeC
Daresbury Laboratory
Particle Physics Department
ISIS Neutron and Muon Source



Ion focussing is obtained using innovative Gabor lenses
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T.S. Dascalu | APS April Meeting 2022 | 6

Plasma 𝑬𝒓

Advantages

Provides focusing in both planes simultaneously
Operates continuously
Cost effective solution

Highly tunable

Alternative

DC solenoids



Nearly all 15 MeV protons are transmitted
through the first three Gabor lenses
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At the end of the line, proton beam is circular and very collimated
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At the end of the line, proton beam is circular and very collimated
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At end station, protons have an energy of 15 MeV 
and an energy spread of 2% suitable for radiological applications
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LhARA will allow for exploring ion therapy in the FLASH regime
and ion therapy with mini beams

E. Boella | GoLP seminar | July 15th, 2022

12 MeV protons 15 MeV protons 127 MeV protons 33.4 MeV/u carbon

Dose per pulse 7.1 Gy 12.8 Gy 15.6 Gy 73.0 Gy

Instantaneous dose 
rate

1.0 x 109 Gy/s 1.8 x 109 Gy/s 3.8 x 108 Gy/s 9.7 x 108 Gy/s

Average dose rate 71 Gy/s 128 Gy/s 156 Gy/s 730 Gy/s

Conventional therapy: ~ 2 Gy/min 
Flash regime: > 40 Gy/s

Conventional therapy: > 1 cm diameter
Mini beams: < 1 mm diameter



Summary
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Experimental data show that the proton cutoff energy can be highly enhanced by a micrometer-size 
scale-length pre-plasma, provided that the pre-plasma is generated in a controllable way.

Simulations indicate that the proton energy enhancement is due to a better laser-to-hot electron 
conversion efficiency, which is enabled by the complex laser dynamics in the long plasma gradient.

3D PIC simulations results are in excellent agreement with experimental data.

LhARA will provide a flexible facility that will overcome the dose-rate limitations of present proton 
and ion beam therapy sources, thus enabling radiobiological studies in new regimes. 



Laser contrast is higher than 10-6 
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Figure 3: Cross-correlation curve of the laser pulse.

rival of the main pulse on target which strongly de-
pends on the temporal profile of the laser pulse[14].
A cross-correlation curve of the laser pulse taken with
the Sequoia (Amplitude Technologies) is shown in
Fig.(3). According to this plot, the laser contrast
is greater than 107 up to 10 ps before the peak of the
pulse. A detailed modelling of laser-target interac-
tion with such a laser temporal profile is in progress,
but we can anticipate that with the measured laser
contrast, no major pre-plasma formation occurs, en-
suring bulk target survival at the peak of the pulse.

These circumstances were further confirmed by op-
tical spectroscopy of the light scattered in the specu-
lar direction, collected shot by shot using a F/5 col-
lecting lens placed in vacuum to collimate scattered
light outside the target chamber. Light was than at-
tenuated using neutral filters and rejecting filters at
800 nm and focused on the tip of a fiber coupled to a
spectrometer. This set up enabled detection of second
harmonic emission, 2!L, and (3/2)!L of the incident
laser light scattered in the specular direction. Such
components are associated to the coupling of the laser
light at the critical density and at the quarter critical
density respectively[15].

In fact, the formation of even a very small pre-
plasma before of the arrival of the main pulse can
provide suitable conditions for the growth of stim-
ulated instabilities including the Stimulated Raman
Scattering and the Two Plasmon Decay (see [6] and
references therein). Electron plasma waves at !L/2
generated by the instabilities can couple non-linearly
with incident laser light and give rise to (3/2)!L

emission. This emission is therefore a signature of
the presence of even a small pre-plasma.

Second harmonic emission in the specular direction
is generated by the non-linear interaction of the main

Figure 4: A typical spectrum obtained with the tar-
get placed near the best focus. The second harmonic
component at 400 nm is used to monitor the survival
of the target at the peak of the pulse.

laser pulse at the critical density[16]. Therefore, sec-
ond harmonic emission can be taken as a signature of
the presence of a critical density layer in the plasma
at the time of interaction of the main pulse, a pre-
requisite for the interaction with an over-dense target
and the occurrence of TNSA.

As shown by Fig.(4), in our experiments, in spite
of the increase of the (3/2)!L intensity compared to
previous experimental campaign at 10 TW Ref.[13],
the intensity of the 2!L emission remains always sig-
nificant, indicating that the laser contrast in the best
focus is sufficient to ensure survival of an overdense
target.

3 Results and discussion
A range of diagnostics were used in our experiments
to measure ion acceleration, including radio-chromic
films (GAF), CR39, Thomson Parabola, and Time of
Flight (TOF) diamond detectors. Thomson Parabola
Spectrometer (TPS) and a TOF detector were used
simultaneously so that a cross-comparison of the sig-
nals obtained from the two devices was possible. This
was done in view of a possible use of the diamond de-
tector for on-line direct detection of accelerated ions
during normal operation. A detailed discussion of all
these measurements with different detectors is given
elsewhere[17, 18]. Here, we focus our attention on the
presentation of the preliminary results of TOF and
TPS signals obtained during the currently operating
L3IA phase 1 configuration.

A typical GAF image obtained with a 10 µm thick
Al target is shown in Fig.(5)(left), showing an intense
on-axis spot, surrounded by a broader signal.

Fig.(5)(right) shows the plot of the TOF signal ob-
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