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High power lasers and particle acceleration 

I will better focus on proton beams 

The upcoming INFN I-LUCE high-power laser 
facility with some example of future perspectives
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Outline



lasers and particle 
acceleration?
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The main ingredients for radiation productions

A laser 
High power (TW - PW) 
Short pulse duration (ps - fs) 
Intensity > 1016 W/cm2 

A Target:  
Thin/thick solid/liquid/gassous 

… 

Other useful things 
High contrast laser 
High quality target fabrication 
High quality wave front-end 
…..                               
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Curtesy of Gerard Morou Ecole Polytechnique  (F)
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The main ingredients for radiation productions

A laser 
           High power (TW - PW) 
           Short pulse duration (ps - fs) 

Intensity > 1016 W/cm2 

A Target:  
thin/thick solid/liquid/gassous … 

Other useful things 
         High contrast laser 
         High quality target fabrication 
         High quality wave front-end 

 …. [ many other laser and target 
parameters]                               

•Multi species production: g, e-, p, 
ions 
• Emax ~ 10 TV/m  
•Short distance (~µm) 
Proton characteristics 
High energy: up to ~ 100 MeV  
Pulse duration ≈ 10s fs - 100s ps 
ppb ≈ 108-1011 
Broad energy spectra (100%) 
Wide angular divergence  (≈ 10°-20°)

Laser-solid target interaction for  protons, ions acceleration
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Laser-solid target interaction for  protons, ions acceleration

7.8 GeV have been reached at the BELLA 
(Berkeley Lab) in 2019 using two lasers

Laser Wake Field Acceleration (LWFA) for electrons
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Laser plasma ion-acceleration 
current facilities

Imax~ 1021 W/cm2
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The basic ingredients: an high-power, short-pulse laser 
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The basic ingredients: an high-power, short-pulse laser 

South Korea
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2020 world lasers facilities

From ICUIL (International Committee on Ultra-High Intensity Lasers) 
https://www.icuil.org/

102 facilities (approx > 1TW) 
Not looking to the specific 

application



Let’s concentrate on 
ion acceleration 
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Laser plasma ion-acceleration 
principal motivation

CyclotronLINAC Synchrotron
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Laser plasma ion-acceleration 
physical picture

Energy Gain: 100 MeV/um (in a plasma medium)!!!

Role of the ponderomotive force on 
electrons energy gain 

In an oscillating, quasi-monochromatic electromagnetic field 
described by a vector potential a(r,t), the relativistic 
ponderomotive force is given by: 

fp = − mec2 ▽ (1 + < a >2 )

fp =
dps

dt
= − mc2 ∇γ
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Maximum proton energy 
experimental scaling laws (TNSA)

 E ~ IL1/2 

The scaling of proton energies in ultrashort pulse laser 
plasma acceleration  

K Zeil et al 2010 New J. Phys. 12 045015

I ∝
Ep

τAIntensity  
W/cm^2

proton 
energy

spot 
surface on 
targetpulse 

lenght
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Vulcan laser at the Rutherford Appleton 
Laboratory (UK)

Pulses of p-polarised, 1.053 μm-wavelength

Pulse duration τ = (0.9 ± 0.1) ps (FWHM) 
Energy after the plasma mirror: (210 ± 40) J

Intensity = ~ 1020Wcm-2

Target: thin planar plastic foil with 
thickness in the range 10 nm-1.5 um

2018
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Laser-driven ion acceleration mechanisms: 
laser intensity vs target density

Curtesy of S Bulanov



I-LUCE at INFN-LNS
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Goal: realisation of a new European laser 
facility for new beams, new physics and new 

Users

INFN Laser indUCEd  
radiation production
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Goal: realisation of a new European laser 
facility for new beams, new physics and new 

Users

INFN Laser indUCEd  
radiation production

0.8 M€ 

DemonstraEon of a micro-acceleraEon system for 
laser-driven proton beams

BCT
Breast Cancer 

Therapy

2.0 M€ 

OImizzazione nella selezione di 
fasci di protoni per applicazioni 
mediche

7.9 M€ WP3 High-Power lasers 
Infrastructure 
Laser system and interacEon chambers 
Electrons and ion acceleraEon

Roma TV, LNF, Pisa CNR, LNS 
15 M€

1.3 M€ 

Electron acceleraEon for convenEonal and ultra high 
dose rate beams nell’accelerazione di eleYroni e UHDR

Advanced technologies for Human 
Centred Medicine

23 IsEtuE; Spoke 4: Caserta, Pavia, INFN 
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I-LUCE layout

Laser area
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I-LUCE layout

Laser area

Control and 
Users’ area
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I-LUCE layout

Laser area

Control and 
Users’ area

Interaction room 1:

protons, ions, 

electrons, neutrons 
accelerations
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I-LUCE layout

Laser area

Control and 
Users’ area

Interaction room 1:

protons, ions, 

electrons, neutrons 
accelerations

Interaction room 
2: nuclear, 

fusion, warm 
dense matter, 

stopping power 
studies
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I-LUCE layout

Laser area

Control and 
Users’ area

Interaction room 1:

protons, ions, 

electrons, neutrons 
accelerations

Interaction room 
2: nuclear, 

fusion, warm 
dense matter, 

stopping power 
studies

Conventional 
ion beams  

4 - 60 AMeV
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I-LUCE layout

Laser system
Utility room

Optical compressor
Interaction chamber 
I: 
protons, ions, 
electrons, neutrons 
production In-air irradiation 

station

Interaction chamber II: 
Warm Dense Matter, 
nuclear physics, 
conventional beam-
plasma interaction, etc.

Conventional ions:  
from TANDEM and 
Cyclotron
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I-LUCE layout

Laser system
Utility room

Optical compressor
Interaction chamber 
I: 
protons, ions, 
electrons, neutrons 
production In-air irradiation 

station

Interaction chamber II: 
Warm Dense Matter, 
nuclear physics, 
conventional beam-
plasma interaction, etc.

Conventional ions:  
from TANDEM and 
Cyclotron

Additional experimental end-
stations  
are in discussion (e.g.cultural 
heritage measurements, 
neutrons, radioisotopes)
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I-LUCE first phase

Two interaction chambers 
1) Interaction Chamber n.1: Radiation production (protons/ions, electrons, 

neutrons, gamma, etc.) 
• One in-air irradiation station for multidisciplinary studies 

2) Interaction Chamber n.2: Warm Dense Matter studies (WDM) 
• Nuclear physics in plasma 
• Interaction of conventional ion beams with laser-generated plasma 
• Nuclear physics fusion studies in plasma  
• …… 

Two working modalities 
1) Low power: 50 TW/23fs/10Hz 
2) High power: 350 TW/23fs/1Hz Upgrade from 350 TW to 500 TW 

(0.5 M€)



Pablo Cirrone, PhD - pablo.cirrone@lns.infn.it

21

I-LUCE first phase

Two interaction chambers 
1) Interaction Chamber n.1: Radiation production (protons/ions, electrons, 
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• One in-air irradiation station for multidisciplinary studies 

2) Interaction Chamber n.2: Warm Dense Matter studies (WDM) 
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• Interaction of conventional ion beams with laser-generated plasma 
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(0.5 M€)

EUAPS 
I-LUCE @ LNS
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Low power modality: 50 TW

Laser Power ≥ 50 TW

Energy per pulse ≥ 1 J

Pulse duraEon ≤ 23 fs

Focusing surface 36 µm2

Max power density (at the target) 1.21⋅1020

I*𝝀2 7.72⋅1019

Contrast raEo @100 ps (ASE) > 1010

RepeEEon rate ≥ 10 Hz

Protons Ions

Max energy 4 MeV

ParEcle per pulse (at 2 MeV) 1011 MeV-1 Sr-1

Energy spread 100%

Beam divergency (max) ±20°

Eletrons
Max energy 0.1 GeV
ParEcles per pulse 109

Beam divergency (max) ± 20 mad

Neutrons

Max energy TBD
ParEcles per pulse
Energy spread
Beam divergency

Gamma X-beams

Synchrotron radiaEon of the 
electrons inside the plasma or 
breemsstrahlung
Energy up to 20 MeV

Beam divergency DirecEonality  in the 
beam propabgaEon 
direcEon

Fusion studies,  
nuclear studies,  
radioisotopes production, 
….. 
Acting on the compression  
procedure, the pulse 
duration can  
be increased up to 1/10 ps: 
==> 2.78⋅1018 W/cm2 

        2.78⋅1017 W/cm2 

==> i𝝀2 = 1.77﹒1018 

           i𝝀2 = 1.77﹒1017

Longer plasma expansion times: 
— Decay studies 
— Stopping powers studies 
— WDM characterisation

Power densities can be improved 
reducing the focusing spot: 
— shorter focusing parabola 
— but issues related to the: target 
degree, back reflection, …
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High-power modality: 350 TW

Laser Power 350 TW

Energy per pulse >7 J

Pulse duraEon ≤ 25 fs

Focusing surface 36 µm2  or beYer

Max power density (at the target) 8.82⋅1020

I*𝝀2 5.64⋅1020

Contrast raEo @100 ps (ASE) > 1010

RepeEEon rate 1 Hz

Protons 
Ions

Max energy 50 MeV

ParEcle per pulse (at 30 
MeV)

1011 MeV-1 Sr-1

Energy spread 100%

Beam divergency (max) ±20°

Eletrons
Max energy 3 GeV
ParEcles per pulse 109

Beam divergency (max) ± 20 mad

Neutrons

Max energy 20 MeV
ParEcles per pulse 1010

Energy spread 100
Beam divergency Isotropic

Gamma X-
beams

Synchrotron radiaEon of 
the electrons inside the 
plasma or 
Energy up to 80 MeV
Beam divergency DirecEonality  in 

the beam 
ropabgaEon 

Protons spectra from A. Higginson et 
al. “Near-100 MeV protons via a laser-
driven transparency-enhanced hybrid 

acceleration scheme”, NATURE 
COMMUNICATIONS | (2018) 9:724 

pC
/G

eV

GeV

Electrons spectra from X. Wang et al. 
“Quasi-monoenergetic laser-plasma 

acceleration of electrons to 2 GeV”, 
NATURE COMMUNICATIONS, 4:1988 2018 DOI: 

10.1038/ncomms2988 

Neutrons spectra from A.Yogo et al. 
“Single shot radiography by a bright 

source of laser-driven thermal 
neutrons and x-rays", Applied 

Physics Express 14, 106001 (2021) 

Gamma spectra from M. M. Günther et al 
“Forward-looking insights in laser-

generated ultraintense γ-ray and neutron 
sources for nuclear application and 

science” NATURE COMMUNICATIONS | (2022) 
13:170 
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I-LUCE current status

Control area 
under 

construction
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I-LUCE current status
Laser tender concluded 
Contract to be signed

Control area 
under 

construction

Tender for the 
experimental just 

concluded
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I-LUCE current status
Laser tender concluded 
Contract to be signed

Control area 
under 

construction

Tender for the 
experimental just 

concluded
Tender for the interaction 
chamber just concluded



Physics cases at I-LUCE
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An high power laser: 8J/23fs/1Hz 

A plasma generated by the laser: 

Temperature: 2 eV - 200 eV 

Density: 1025 m-3 

Ion beams in a wide Z range and energy  

up to 70 AMeV

26

What we will have at disposal?



Pablo Cirrone, PhD - pablo.cirrone@lns.infn.it

Use of ions/electrons beams for radiobiology studies 

….for radioisotope production  

… for hydrogen production  

….for cultural heritage applications 

… for inertial confinement studies

27

Medical and interdisciplinary applications

ELIMED/LIMAIA beamline th ELI-Beamlies facility (CZ)
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Nuclear astrophysics
The AsFiN laser collaboration:  

A.Bonasera, G.L. Guardo, M. La Cognata, L. Lamia, D. 

Lattuada,  A.A. Oliva, R.G. Pizzone, G.G. Rapisarda,  

S. Romano, D. Santonocito, A. Tumino

THE COULOMB EXPLOSION PARADIGMA 
 
The interaction of ultra-short laser pulses with an expanding gas 
mixture at controlled temperature and pressure inside a vacuum 
chamber causes the formation of plasmas with multi-keV 
temperature. These energies overlap with the typical 
temperatures of stellar environments where thermonuclear 
reactions occur, thus making this paradigm a perfect scenario for 
nuclear astrophysics research.  
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Nuclear astrophysics: dd fusion

This method will open the way 
for a new approach to study 
nuclear astrophysics reactions 
such as: 

-deuterium- deuterium 

-deuterium-3He  

-proton-lithium  

-proton-boron  

-12C-12C  

-16O-16O  

-and much more…. 
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Stopping powers in plasma

Stopping power of ions in plasma is a process of 
fundamental importance in many applications: 

• Inertial Confinement Fusion  

• Astrophysics and Nuclear Astrophysics 

• High-energy Density Physics 

• Plasma strippers 

• Solid State Physics 
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Stopping powers in plasma
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Nuclear physics mid-term plan

Chapter 6.2 Laser applications

Radioisotopes

Nuclear reaction 
schemes

Positrons generation

Protons and electrons 
generation

Hydrogen generation

Stopping power in plasma
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Take-to-home message
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Take-to-home message

New radiation beams, complementary to the 
existing ones  

New basic physics and multidisciplinary studies (also 
complementary to other apparata in realisation, i.e 
PANDORA) 

A new European facility with unique features



Thanks to everyone 

December 18, 2023




