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Target Normal Sheath Acceleration:
the most consolidated laser-driven ion acceleration scheme
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Features of TNSA accelerated ions Challenges
Short particle bunches (~ps) Enhancing ion cut-off energy
High currents (~kA) Improving beam quality
Low transverse emittance (<10-2 mm-mrad) Boosting conversion efficiency
Broad energy spectrum (~100% energy spread) Increasing stability
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Proton energy is enhanced
in the presence of a controlled pre-plasma generated by a fs pre-pulse

Experimental setup™
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Multidimensional PIC simulations:
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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

L, = 5.07 pum L, =0.13 pum
Time = 0.00 [ ps] Time = 0.00 [ ps|]
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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

Longitudinal electric field

Electron kinetic energy
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L; =0.13 pm
Time = 0.00 [ ps|]
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A standing wave in the underdense plasma improves

the laser-to-electron energy conversion efficiency

Longitudinal electric field

Electron kinetic energy
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Electrons undergo stochastic motion in the standing wave
favouring a more efficient heating mechanism

L = 5.07 pm L= 0.13 pm
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Simulation results confirm
that a controlled pre-plasma enhances the cutoff energy

Proton cut-off energy vs

Electron distribution
pre-plasma scale length

Proton angular distribution
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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

L = 5.07 um L =0.13 um
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Three-dimensional PIC simulations
show quantitative agreement with experimental results

3D PIC simulations modelling the interaction between the main pulse and a 10 pm Al target
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Simulations indicate that in the absence of pre-pulse
a very short scale length pre-plasma (L; ~ 0.1 pm) is generated by the ps pedestal of the laser pulse.
L. A. Gizzi, E. Boella et al,, Scientific Reports | I, 13728 (2021). E. Boella | GoLP seminar | July 15th, 2022
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TNSA as a reliable ion source for a novel
Laser-hybrid Accelerator for Radiobiological Applications

In-vitro end station ,
Capture and energy selection

/Target room

: : Laser room
Fixed-field alternating

gradient accelerator

NV Lh
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/, \ Laser-hybrid Accelerator for
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In-vivo end
station

G. Aymar et al, Frontiers in Physics 8, 567738 (2020) E. Boella | GoLP seminar | July 15th,2022
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lon focussing is obtained using innovative Gabor lenses

Solenoid coils Advantages
00000%000000000

Provides focusing in both planes simultaneously
Operates continuously
Cost effective solution

I
&-‘ Highly tunable
beam
Alternative
DC solenoids

Electrodes
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Nearly all 15 MeV protons are transmitted
through the first three Gabor lenses

i Gabor lens -

Proton spectrum from 3D PIC simulations
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At the end of the line, proton beam is circular and very collimated

| Gabor | Capture Beam shaping and extraction
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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

|2 MeV protons |5 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
'”Sta"ta'[‘aetzus dose | 0x 109 Gyls 1.8 x 10° Gy/s 3.8 x 108 Gy/s 9.7 x 108 Gyls
Average dose rate 71 Gyls 128 Gyl/s 156 Gy/s 730 Gy/s
Conventional therapy: ~ 2 Gy/min Conventional therapy: > | cm diameter
Flash regime: > 40 Gy/s Mini beams: < | mm diameter
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Summary

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
onversion 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.

| RARA 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.
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Laser contrast is higher than 10-6
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