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High power lasers and radiation production

Protons and electrons acceleration: status and perspectives

The upcoming INFN I-LUCE high-power laser facility
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Outline



lasers and radiation 
production: what we need?
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The main ingredients for radiation productions

A pulsed 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
…..                               

Ruby Laser (solid state) – 694 nm, ~1 ms

1960

1985
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The laser: femtosecond and power explained

Surface= 4 𝜇m2

Power pressure = 1015/10-8 cm2 =1023 W/cm2
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Curtesy of Gerard Morou Ecole Polytechnique  (F)
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Laser plasma ion-acceleration
current facilities

Imax~ 1021 W/cm2

Imax~ 1021 W/cm2
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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
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Targets: for ions, electrons, gamma, …

Ions acceleration

Typical values 
are:

λD~ 1 µm 
Th ~ MeV 

Electrons acceleration

See talks by Dr Sahar Arjmand

Ponderomotive force on 
electrons energy gain

𝑓! = −𝑚"𝑐# ▽ (1 +< 𝑎 >#)



Pablo Cirrone, PhD - pablo.cirrone@lns.infn.it
10

So far LPAs have demonstrated the production of high-quality electron 
beams with HEPrelevant parameters, such as relative energy spreads as low 
as ∼ 1% [31, 32], normalized emittances of ∼ 0.1 μm [33, 34], and high 
charge (100s of pC) [35, 36],
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Electrons acceleration
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Courtesy of Massimo Ferrario, INFN-LNF



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

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

Boltzman-like (from zero to a given cut-off)

100% energy spread for a pure-TNSA

Selection procedures are adopted

Angular divergency

30°/40° degree (FWHM)

Temporal features

108 - 109 selected 20 ns - 200 ns bunches

1 Hz - 10 Hz - …..
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Characteristics of the laser-driven protons 

Beam shape at source

70 TW laser

250 TW laser
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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
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Laser-driven ion acceleration mechanisms
laser intensity vs target density

Curtesy of S. Bulanov (ELI-Beamlines)
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DRACO-PW laser systemem (Dresden, D)

Pulses of p-polarised, 1.053 μm-wavelength
Pulse duration τ = 30 fs 
Energy after the plasma mirror: 22.4 J

Intensity = ~ 6.5E21Wcm-2

Target: thin planar plastic foil with thickness 250 nm

Hybrid TNSA 
and RPA mechanisms
• Hole-boring RPA
• Relativistic transparency front RPA
• Collisionless shock acceleration

2024

Energy world record



I-LUCE at INFN-LNS
INFN Laser indUCEd 
radiation production



Cyclotron

Tandem

Exp beamlines Offices

Laser-area
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I-LUCE current status
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December 2024

December 2024

November 2026

July 2026

( )

Two laser outputs
1J+/23fs/45TW

7J+/23fs/320TW
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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€)

EUAPS
I-LUCE @ LNS
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Low power modality: 45 TW

Laser Power ≥ 50 TW

Energy per pulse ≥ 1 J

Pulse duration ≤ 23 fs

Focusing surface 36 µm2

Max power density (at the target) 1.21⋅1020

I*𝝀2 7.72⋅1019

Contrast ratio @100 ps (ASE) > 1010

Repetition rate ≥ 10 Hz

Protons Ions

Max energy 4 MeV

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

Energy spread 100%

Beam divergency (max) ±20°

Eletrons

Max energy 0.1 GeV

Particles per pulse 109

Beam divergency (max) ± 20 mad

Neutrons

Max energy TBD

Particles per pulse

Energy spread

Beam divergency

Gamma X-beams

Synchrotron radiation of the electrons
inside the plasma or breemsstrahlung

Energy up to 20 MeV

Beam divergency Directionality  in the 
beam propabgation 
direction

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: 320 TW

Laser Power 350 TW

Energy per pulse >7 J

Pulse duration ≤ 25 fs

Focusing surface 36 µm2 or better

Max power density (at the target) 8.82⋅1020

I*𝝀2 5.64⋅1020

Contrast ratio @100 ps (ASE) > 1010

Repetition rate 1 Hz

Protons Ions

Max energy 50 MeV

Particle per pulse (at 30
MeV)

1011 MeV-1 Sr-1

Energy spread 100%

Beam divergency (max) ±20°

Eletrons

Max energy 3 GeV

Particles per pulse 109

Beam divergency (max) ± 20 mad

Neutrons

Max energy 20 MeV
Particles per pulse 1010

Energy spread 100

Beam divergency Isotropic

Gamma X-
beams

Synchrotron radiation of the 
electrons inside the plasma 
or breemsstrahlung
Energy up to 80 MeV

Beam divergency Directionality  in the 
beam ropabgation 
direction

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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Protons acceleration up to 15 MeV with solid target (up to 50 MeV) 

Electrons acceleration up to 300 MeV with capillary and gas-jet system

Neutron beam

Irradiations stations for both protons and electrons for medical and 
multidisciplinary applications

Radiobiology

FLASH radiotherapy applications

Material science

Interaction of conventional ion beams with laser-generated plasmas

25

I-LUCE first phase
Available secondary sources – endstation
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Physics cases 
Chapter 6.2 Laser applications

Radioisotopes
Nuclear reaction schemes

Positrons generation

Protons and electrons generationHydrogen generation

Stopping power in plasma

C Agodi et al., Eur. Phys. J. Plus (2023) 138:1038 



December 18, 2023

Thanks for listening 
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The basic ingredients: an high-power, short-pulse laser 

South Korea
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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 room implementation proposal and timeline

Control room and optical laboratory, December 2024

Laser and interaction areas July 2026

Laser system, November 2026
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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

33

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

34

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 
generationHydrogen generation

Stopping power in plasma
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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



Thanks for listening
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Laser-plama Ion acceleration: 
some physical quantities

IL (Laser intensity) = 1021 W/cm2

Direct laser interaction
• E ∽ IL1/2𝜆 = 1014 V/m
• B = E/c = 3*105 T
• Prad = IL/c = 3*1010 J/cm3 = 300 Gbar

Laser-plasma interaction
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Concept of the “coherent acceleration”

The accelerating field on each particle is proportional to the 
number of particles being accelerated 
(Veksler, V., 1957, At. Energ. 2, 525.)

Use of intense laser pulses on a target

In this case the energy transferred to the target produce a 
displacement of a large number of electrons; this produce a 
strong electric field able to accelerate ions until the neutrality 
is again reached.

44

Introduction
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Introduction
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Before the year 2000

Many experiments observed MeV ion emission from laser with thick solid, gas-jet and 
sub micrometric cluster.

Common feature of these experiments:

• isotropic ion emission

• low brilliance

In 2000

Three different experiments independently observed high-intensity, multi MeV 
emission from the high-intensity laser interaction with micrometric-scale targets

• Particles on the back side of the target

• Much more collimated

46

Introduction

Clark, E. L., et al., 2000a, Phys. Rev. Lett. 84, 670.
Maksimchuk, A., S. Gu, K. Flippo, D. Umstadter, and V.Y.
Bychenkov, 2000, Phys. Rev. Lett. 84, 4108.Snavely, R. A., et al., 2000, Phys. Rev. Lett. 85, 2945.
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Introduction

Laser intensity 
[W cm-2]

Number of 
protons

Max proton 
energy [MeV]

Maksimchuk et al., 
2000 3*E18 > 1E9 1.5

Clark et al., 2000 5E+19 1E+12 18

Snavely et al., 2000 3E+20 2E+13 58

Snavely, R. A., et al., 2000, Phys. Rev. 
Lett. 85, 2945.

Proton spectrum from the rear side of a 100 
um solid target irradiated by a 423 J, 
0.5 ps pulse at normal incidence,
corresponding to an intensity 
of 3*1020 W/cm2. 
The integrated energy of protons indicates a 
conversion efficiency of 10% for protons 
above 10 MeV.



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

Emission of protons from metallic targets (not 
containing hydrogen) may sound surprising:

thin layer of water or hydrocarbons normally present on solids 
surface in standard conditions 

48

Introduction

With “long” nano-second laser 
protons/ions emissions were observed 
in the rear part of the target  with a 
broad angular distribution) 

This acceleration was interpreted in terms of 
acceleration during the expansion of the hot laser-
produced plasma at the front laser irradiated side of 
the target
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Emission of protons from metallic targets (not 
containing hydrogen) may sound surprising:

thin layer of water or hydrocarbons normally present on solids 
surface in standard conditions 

49

Introduction

The characteristics of the forward
proton emission in the new experiments, 
such as the high degree of collimation
and laminarity of the beam, were
much more impressive
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A debated started around 2000 related to the physics 
mechanisms of this observed acceleration

Some authors suggested that protons were accelerated on the front 
side of the target and then cross the target reaching the other surface

Other authors in contrast, provided evidence that protons were 
accelerated at the rear side

These experiments were performed at the Lawrence 
Livermore Petawatt facility 

The TNSA (Target Normal Sheet Acceleration) mechanism 
was proposed

50

Introduction

Clark, E. L., et al., 2000a, Phys. Rev. Lett. 84, 670.

Snavely, R. A., et al., 2000, Phys. Rev. Lett. 85, 2945.

Wilks, S. C. et al, 2001, Phys. Plasmas 8, 542.



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

Briefly, TNSA is driven by the space-charge field generated at 
the rear surface of the target by highly energetic electrons 
accelerated at the front surface, crossing the target bulk, 
and attempting to escape in vacuum from the rear side.

Most of the experiments investigating proton acceleration by 
laser interaction with solid targets have been interpreted in 
terms of the TNSA framework

At present it is not guaranteed that the ion energy scaling 
observed so far will be maintained at such extreme 
intensities (E22 W/cm2, today) nor that TNSA will still be 
effective.

51

TNSA
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TNSA: a robust and experimentally well-
established mechanism

Clark, PRL (2000); Maksimchuk, PRL (2000) Snavely, PRL (2000) 

TNSA mechanism
a) Typical Laser Intensity (1018-1020 W/cm2)
b) Accelerated Relativistic Electrons (multi 

MeV) traverse the thin target (0.1÷100 mm).
c) H-ultrathin rear-side layer is ionized by the 

electron beam and protons are generated.
d) Fast electron cloud builds up a quasi-

electrostatic field exceeding ~1 TV/m 
accelerating protons in the forward direction to 
multi-MeV energies.

TNSA features
a) Protons/ions are accelerated along the target normal
b) Ions with the highest charge-to-mass ratio (protons) 

dominate the acceleration, gaining the most energy 
(electric field screening effect)

c) Exponential ion energy distribution (large energy 
spread)
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Scaling of the maximum proton energy:

(𝐼 ⋅ 𝜆") ⁄$ " up to  𝐼 ⋅ 𝜆" = 3 ⋅ 10"% W cm-2 µm2

𝐼 ⋅ 𝜆" is called “Irradiance”

𝜆 laser wavelength

𝐼 is laser intensity as Watts on cm2

53

TNSA scaling law

M Borghesi 2006 et al, Fusion Sci. 
Technol. 49, 412

Maximum proton energy from laser irradiated
solid targets as a function of the laser irradiance and

for three ranges of pulse durations, reporting experiments up to
2008. Two trend lines are overlaid, the shallower one corresponding

to a I1/2 dependence, and the steeper one to a scaling proportional to I

Borghesi, M., et al., 2008, Plasma Phys. Controlled Fusion 50, 124040.
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Is not only the maximum proton energy an important 
parameter

It is also of crucial importance to establish the most relevant 
scaling parameters as well as to improve or optimize beam 
emittance, brilliance, and monoenergeticity for specific 
applications.

These issues motivate the search for other ion acceleration 
mechanisms

Radiation pressure acceleration

Collisionless shock acceleration

Break-out afterburner 

54

Behind TNSA
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Ingredients
Solid target 

High-power (TW/PW), short-pulse (20 fs - 500 fs) laser

• focused in a target 1019 - 1022 W/cm2

• The ponderomotive force and the relativistic transparency caused 
by the laser-matter interaction

What is a solid target?

A solid material where the electron density ne greatly exceeds the so-
called critical or cutoff density nc

𝑛" =
𝑚#𝜔$

4𝜋𝑒$
= 1.1 ⋅ 10$%𝑐𝑚&'(

𝜆
𝜇𝑚

)&%

55

Ion acceleration 
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Plasma frequency

𝜔! =
"#$$%%

&$

Laser frequency

𝜔 =
2𝜋𝑐
𝜆

Linear refractive index of the plasma

𝑛 = 1 −
𝜔($

𝜔$ = 1 −
𝑛#
𝑛"

56

Ion acceleration 
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Linear refractive index of the plasma

𝑛 = 1 −
𝜔&"

𝜔"
= 1 −

𝑛'
𝑛(

• when ne > nc we say that we are in an “overdense” 
condition. In this case n assumes an imaginary valued the 
laser cannot propagate in the medium (plasma  mirroring)

• All the laser plasma interaction occurs in the case of 
“underdense” regions ne < nc or at the “near critical” 
region (ne ≃ nc)

• The condition ne = nc is equivalent to ωp = ω

57

Ion acceleration 

Bourdier, A., 2020, “Calculation of the refractive index for plane 
waves propagating in ionized gas” Results in Physics 18, 103250.
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Before the accelerating phenomena become evident laser-
electrons interactions where treated as plane waves interaction

• Plane waves: radiation whose magnitude is uniform in space 
and slowing varying in time

Short pulse lasers tend to violate these conditions:

• tight focusing create strong radial intensity gradients over a 
few wavelengths

• ==>  non adiabatic treatment is required 

This curious force is heuristically defined as the gradient of the 
time averaged oscillation potential occurring when laser interact 
with a single electron

58

The ponderomotive force
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General definition

In physics, a ponderomotive force is a nonlinear force that a 
charged particle experiences in an inhomogeneous 
oscillating electromagnetic field. 

It causes the particle to move towards the area of the weaker 
field strength, rather than oscillating around an initial point as 
happens in a homogeneous field.

𝐹& =
𝑒"

4𝑚𝜔" 𝛻(𝐸
")

59

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

𝑓( = −𝑚#𝑐$ ▽ (1 +< 𝑎 >$)

Action of the ponderomotive force on a solid target

• For a plane-wave interacting with an overdense target, the fp acts 
more on the electrons (lightest particles) in the inward direction

• A laser pulse of finite width may produce a density depression
around the propagation axis also because of the ponderomotive 
force pushing the electrons in the radial direction. Jointly with the 
relativistic effect and target expansion driven by electron heating, 
this mechanism may lead to a transition to transparency as soon 
as the electron density drops below the cutoff value

60

The ponderomotive force and laser penetration

Role of the electron density
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We said that the laser pulse cannot penetrate into solid targets

But the energy is transported to the intern target mostly by the so called 
“hot” or “fast” electrons that are generated by the laser-matter 
interaction with different mechanisms

The energy of these electrons is of the order of the cycle-averaged 
oscillation energy in the laser electric field

𝜖( = 𝑚#𝑐$( 1 + 𝑎)$/2 − 1)

Hot electrons are important because

Role in laser-driven photo nuclear physics 

Fast ignition of fusion target 

Protons/ions acceleration

61

The hot electrons

This is called the
Ponderomotive energy 

𝑓" =
𝑑𝑝&

𝑑𝑡
= −𝑚𝑐'𝛻𝛾

𝛾 = 1 + 𝑝&'/𝑚'𝑐' + 𝑎(')
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It is of extreme importance especially in the field of Inertial 
Confinement Fusion processes

Most important aspects characterising this regime:

Very high currents

Self-generated fields

Density currents in front of the target associated to the hot 
electrons:
𝐽) = −𝑒𝑛)𝑣) ∼ 𝑒𝑛(𝑐 ≈ 4.8 ⋅ 10$"𝐴𝑐𝑚*"

Corresponding to a current of around 15 MA over a spot of 10 
um radius

62

Hot electrons transport in solid matter

Freeman, R. R., D. Batani, S. Baton, M. Key, and R. Stephens, 2006,
Fusion Sci. Technol. 49, 297. [http://www.new.ans.org/pubs/
journals/fst/a_1150]
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Summarising the TNSA
Conversion efficiency from laser energy to 
hot electrons is not perfect but can reach 
69% in some configuration



Scaling laws and 
interaction 
approaches
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Scaling laws
𝐼 ∝
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Scaling laws
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Back to the 2000
Proton energy spectrum from the rear side of a 
100 um solid target irradiated by a 423 J, 0.5 ps
pulse at normal incidence,
corresponding to an intensity of 3E20 W/cm2. 

The integrated
energy of protons indicates a conversion 
efficiency of ’ 10% for protons above 10 MeV.

Snavely et al, “Intense High-Energy Proton 
Beams from Petawatt-Laser Irradiation of 
Solids” PRL, 85,2945 (2000)

Lawrence Livermore Laboratory
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Energy spectra

Boltzman-like (from zero to a given cut-off)

100% energy spread for a pure-TNSA

Selection procedures are adopted

Angular divergency

30°/40° degree (FWHM)

Temporal features

108 - 109 selected 20 ns - 200 ns bunches

1 Hz - 10 Hz - …..

68

Characteristics of the laser-driven protons 



GAP Cirrone, PhD - pablo.cirrone@lnfn.it

69

Proton energy scaling with short-pulse drivers

Proton energy spectra from experiments using high contrast, sub-100 fs, sub-10 J laser 
pulses and thin solid targets, shown as simple exponential interpolations (dashed lines) Np(E) = 
Np0 exp(−E/Tp) (with E ≤ Eco, the cut-off energy) of the high-energy tail of experimentally 
measured spectra. 
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Interaction enhancement

Curtesy of Prof Marco Borghesi



Perspectives: 
Multidisciplinary 
applications of laser-
driven ion sources
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Word facilities

2009: 19 facilites

2020: 90 facilities

https://www.icuil.org/index.php
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Diagnosis of intense interaction phenomena by Proton Radiography

Nuclear Reactions initiated by Laser-Driven Ions (PET, fast and brilliant 

neutron source for radiography, ICF fast ignition with protons, proton-

boron fusion, …)

Studies of ion stopping power in plasmas

Innovative approaches to (“FLASH”) Radiobiology and Hadrontherapy

Radiation chemistry (pulsed radiolysis of water, management of nuclear 

wastes, medical therapy)

Mimicking space radiation for testing electronics/detectors

Archeology (PIXE, DPAA)

73

Applications
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Proton radiography/deflectometry

Curtesy of Prof Marco 
Borghesi (QUB)
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Laser-based radiotherapy applications 
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Radiobiology
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Radiobiology



Example of irradiation 
facilities  
DRACO - Dresden (D)
ILIL - Pisa (I)
ELI-Beamlines, Dolnì Brezanì (CZ)
I-LUCE facility, Catania (I)
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Done

A beam sufficient energy

A beam with sufficient intensity 

A reliable dosimetric diagnostic, while still room for improvement

What is needed

Increase the monochromaticity 

Increase the current for FLASH schemes (do you know what is FLASH radiotherapy?)

A better control of the beam characteristics ==> laser-target interaction level

Stability and repeatability of the emitted particles

More open access facilities

Status of the art

30 MeV - 60 MeV proton beams

Focused and selected with electromagnets

Coil targets + quadrupoles and/or solenoids 

79

What is done what is needed
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Facility I: DRACO, Dresden (D)

Helmholtz-Zentrum Dresden-Rossendorf D
18 J in 30 fs on the target. 
Protons are emitted from plastic foils of ~220 nm thickness,
cut-off energy of up to ~70 MeV.

Nature Physics | VOL 18 | 316 March 2022 | 316–322 | www.nature.com/naturephysics

ESA: Energy selection aperture: protons
of higher energies have larger beam diameters because of the rising
focal length of the solenoid lens with increasing particle energy
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Facility II: ILIL Pisa (I)

LASER CAPABILITIES:
•240 TW, Ti:Sa, up to 5 Hz, 27 fs;
•1kHz, >20 mJ, Ti:Sa + OPA
•100 Hz, >1J, TiSA (procurement in progress)
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Facility II: ILIL Pisa (I)

Intense Laser Irradiation Laboratory, CNR (I)
https://ilil.ino.cnr.it/
400 mJ/30 fs/14 TW Ti:Sa Laser
7-8*1019 W/cm2

cut-off energy of up to ~3.5 MeV.

Six permanent magnets quadrupoles
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Facility III: ELIMED at ELI-Beamlines, 
Dolnì Brezanì (CZ)

ELIMAIA experimental area
30J / 30fs
Protons are emitted from metallic/plastic foils um thickness
cut-off energy of up to ~40 MeV.

D Margarone, GAP Cirrone, 
“ELIMAIA: A Laser-Driven Ion Accelerator for 
Multidisciplinary Applications”, Quantum Beam 
Sci. 2 (2018) 8

Curtesy of Dr Daniele Margarone and Lorenzo Giuffrida (ELI-Beamlines (CZ)
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Facility III: ELIMED at ELI-Beamlines, 
Dolnì Brezanì (CZ)

ELIMAIA commissioning started!
L3-HAPLS laser system @ ELIMAIA

Energy 10 J

Laser spot ~2*2 µm

Pulse duration <30 fs

Laser intensity >>2e21 W/cm2

Main proton beam features
• Max proton energy ~40 MeV
• Flux above 3 MeV: 8.5e11 /sr
• Flux at 15 MeV (+/- 5%): 2.7e10 /sr
• Flux at 25 MeV (+/- 5%): 9.3e9 /sr

TP raw data

1e-11

1e-10
1e-9

Proton spectra
@different contrast levels

TOF spectrum

Pointing stability

Basic commissioning Fluctuation of the main experimental parameters

Fluctuations Single shot series
Laser energy 0.3% 9.95+0.025 J
Laser intensity @FWHM 0.8% (1.39+0.01)*1021 W/cm2

Thot 3.96% 3.057+0.121 MeV

Photon flux 1%
EpMAX 1.2% 14.48+0.17 MeV

Proton flux >3 MeV 5.3% 6.071010+0.32109 sr-1

Pointing Stability <<2,7 μrad (RMS

Curtesy of Dr Daniele Margarone and Lorenzo Giuffrida 
(ELI-Beamlines (CZ)
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Facility III: ELIMED at ELI-Beamlines, 
Dolnì Brezanì (CZ)

vacuum - air 
interface

Detectors 
support

Multi-gaps 
ionisation 
chamber Faraday cup for 

absolute dosimetry

Samples irradiation 
system

Ion beam

NOTE: the beam have to be transported in air for the 
majority of the applications !

Curtesy of Dr Daniele Margarone and Lorenzo 
Giuffrida (ELI-Beamlines (CZ)
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Facility IV: I-LUCE, Catania 
(I)

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

Two laser lines
45 TW, >1J/<24fs/10Hz  7*1019 W/cm2

320 TW, >7J/<24fs/1Hz  1*1021 W/cm2
Protons, Ions, electron 

accelerations
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Open access beam in different facilities around 
the world

87

Laserlab
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Thanks for listening
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The laser penetration depends also on the target thickness

when it becomes close or small then one wavelength

It exist a relation between the target thickness and the laser 
amplitude for which we can reach the transparency threshold:

𝑎% = 𝜋
𝑛'
𝑛+
𝑙
𝜆 ≡ 𝜉

l is the target thickness

89

The role of the target 
thickness 
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The most famous is the capacitor model

In this model, electrons are dragged out of the 
surface of a perfect conductor by an oscillating 
‘‘capacitor field,’’ extending on the vacuum side

Electrons are considered to be ‘‘absorbed’’ when, 
after having performed about half of an oscillation 
on the vacuum side, they reenter the target, there 
delivering their energy, which is of the order of 
the oscillation energy in the external field.

90

The hot electrons: heating 
models
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Different effects occurs:

The large current generated is locally neutralised by a return 
current

This return current comes from both the free conduction electrons 
in the metals or produced by field and collisional ionization in 
insulators

Filamentation instabilities and dependence on the target 
material have also been extensively studied

Finally, it is noticeable that at least a fraction of hot electrons 
propagates coherently through the target conserving the temporal 
periodicity of the driving force

91

Hot electrons transport in solid matter
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Ion acceleration mechanisms
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There are different acceleration mechanisms

They can occur in different target regions

Rear surface acceleration

Front surface acceleration

TNSA (Target Normal Sheet Acceleration) and RPA (Radiation 
Pressure Acceleration) 
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Ion acceleration mechanisms
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Hot electrons generated on the front side reaches the rear side

These hot electrons attempt to escape in vacuum and the 
charge unbalance create a sheath field Es normal to the rear 
surface 

𝑒𝐸, ∼
𝑇)
𝐿,

Higher is the electron temperature higher is the electric field

Higher is the sheath distance lower is the electric field

Ls is may be roughy estimated as the Debye length of the hot 
electrons

94

Rear surface acceleration
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You already know what a Debye length is?
Electric fields cannot penetrate a magnetic one in a charged “solution” (a plasma) as …

charges produce a screening ==> this screening length is the Debye distance

Typical values
𝐼 ⋅ 𝜆! = 10!"𝑊/𝑐𝑚#!𝜇𝑚!

Th = 2.6 MeV

nh = 8 1020 cm-3

𝜆$ = 4.2 ⋅ 10#%𝑐𝑚
𝐸& ∼ 6 ⋅ 10'"𝑉𝑐𝑚#'

This large field will backhold most of the escaping electrons, ionize 
atoms at the rear surface, and start to accelerate ions.
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Debye length and acceleration effects
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The energy acquired by a test-ion crossing the 
sheath is
𝜖5 = 𝑍𝑒𝐸6𝐿6 = 𝑍𝑇7

==> ions reach MeV scale energy

96

Debye length and acceleration effects



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

Is described by a relatively simple system of equations that can be 
investigated analytically and numerically

We alway assume an electrostatic approximation, so that the 
electric field is
𝐸 = −𝛻𝜙;
𝛻'𝜙 = 4𝜋𝑒(𝑛) − ∑

*
𝑍*𝑛*)

with the sum running over each species of ions, having density nj and charge Zj.

As a consequence of the laser-solid interaction, the electron density 
ne may be described as composed of at least two qualitatively 
distinct populations, which will be labeled cold and hot
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TNSA modelling
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The electron density in the interaction is then divided in:
𝑛' = 𝑛( + 𝑛)

Thermal moments are neglected for the cold population

while density for the hot component is given by a one-temperature Boltzmann 
distribution

𝑛) = 𝑛%𝑒'>/?!

This formulation is good when we have only to take into account 
the presence of self-consistent sheath field

In more complex scenarios, the electron dynamics shall be 
included via either fluid or kinetic equations. 
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TNSA modelling
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Considering this two main categories of TNSA models are 
developed

The static (or quasi-static) models in which it is assumed that the light ions, 
or at least the most energetic ones, are accelerated in the early stage of the 
formation of the sheath, so that the latter may be assumed as stationary.

The dynamic model where the system is described as a neutral plasma in 
which the ions acquire kinetic energy in the course of the sheath evolution

The last case is connected to the classical problem of the 
plasma expansion in vacuum

99

TNSA modelling
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Multi MeV ions acceleration from the “rear” of thin foils was studied 
from 2000

Clark et al, “Measurements of Energetic Proton Transport through Magnetized Plasma from 
Intense Laser Interactions with Solids” PRL, 84 ,670 (2000)

Maksimchuk et al, “Forward Ion Acceleration in Thin Films Driven by a High-Intensity 
Laser” PRL, 84, 4108 (2000)

Snavely et al, “Intense High-Energy Proton Beams from Petawatt-Laser Irradiation of 
Solids” PRL, 85,2945 (2000)

Intensities rising above E19 
W/cm2 – electron acceleration to 
MeV energies

Thin foils allow electrons to reach 
the rear of the target and establish 
a field. 

Protons (from contaminants) have 
beam features contrary to lower 
energy, isotropic  emission 
previously observed from the front.
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Complex acceleration scenario
Laser pulse intense enough to ionise matter
and couples with the fare electrons which
absorb energy and momentum

1. Heating of electrons ==> “sheath”
region where electrons and ions are
accelerated

2. Momentum absorption due to the
ponderomotive force (is the local flow of
the electromagnetic momentum) ==>
radiation pressure on plasma

Target transparency for the e.m. 
wave occurs when plasma density 
becomes lower the critical density

ne > nc ==> Plasma opacity (or overdense)
ne < nc ==> Plasma transparence
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Complex acceleration scenario

Typical values are:
λD~ 1 µm 
Th ~ MeV 
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Complex acceleration scenario: role of the hot electrons

Hot electron temperature as a 
function of irradiance from experiments 

of sub-ps laser-solid interaction. 

The lines give scaling laws derived from 
different models

Gibbon, P., 2005b 
Short Pulse Laser Interaction with Matter

(Imperial College Press, London)
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The interpretation of experiments has revitalized classic and often 
controversial problems of plasma physics:

plasma expansion into vacuum

formation of collisionless sheaths

motion of relativistic moving mirrors, a concept already discussed in the original 
work on special relativity by Einstein (1905) (used for the RPA description)

Even if we try to develop simple models a rich and complex 
dynamics of laser-plasma interaction and ion acceleration, involving 
collective and self-organization effects, is evident.

Unfolding such dynamics requires the use of self-consistent 
electromagnetic (EM), kinetic simulations. To this aim, the particle-
in-cell (PIC) method.

104

On the theoretical side

Einstein, A., 1905, Ann. Phys. (Berlin) 322, 891.
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Relativistic effects produce an increase of the cutoff 
density ==> the critical density is closer to that of a 
solid:

Relativistic self-induced transparency reduces the plasma 
mirroring effects

However laser-plasma interaction mechanisms are 
complicated by many phenomena:

— nonlinearity in the wave equations

— modification of the plasma density profile due to the radiation 
pressure that are described via the ponderometive force

105

Ion acceleration 
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The basic ingredients 

Solid state laser, typically 
Ti:Sapphire 

Spectral range: 700-1000 nm

20 — 100 fs

20 mJ — 5 J

An high power (TW) 
short-pulse laser (20 500 fs)

A target (usually a solid target)
um - nm range 

Curtesy of Gerard Morou Ecole 
Polytechnique  (F)
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TW/PW class lasers

Usually Ti:sa

mJ - tens of J

20 fs to 30 fs

Good profile

Good contrast

Focused on a target

Usually solid/

The process occurs in 
vacuum

107

Ingredients

Brutal forces and less elegant 
then laser Wakefield

Based on “charge 
separation”
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Laser-plama Ion acceleration: a compact solution

Conventional ion acceleration

LHC @ CERN
- circular tunnel (27 km long!!!)
- superconductive electromagnets
- proton energy (per beam): 6.5 TeV

Laser-plasma acceleration
No breakdown limit
10 - 100 GV/m

0.1-10 um

The energy gain for ions in a laser-plasma 
accelerator is of several tens of 
MeV/mm (just few tens of MeV/m in 
conventional accelerators due to breakdown 
effects)
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Financial support 

0.8 M€

Demonstration of a micro-acceleration 
system for laser-driven proton beams

BC
TBreast Cancer 

Therapy
2.0 M€

Ottimizzazione nella selezione 
di fasci di protoni per 
applicazioni mediche

7.9 M€ WP3 High-Power lasers
Infrastructure
Laser system and interaction 
chambers
Electrons and ion acceleration

Roma TV, LNF, Pisa CNR, 
LNS
15 M€

1.3 M€

Electron acceleration for conventional and 
ultra high dose rate beams nell’accelerazione 
di elettroni e UHDR

Advanced 
technologies for 
Human Centred 
Medicine

23 Istituti; Spoke 4: Caserta, Pavia, 
INFN 

GAP Cirrone

S Tudisco

GAP Cirrone, G Cuttone

G Cuttone, GAP Cirrone

See talks by Giacomo Cuttone
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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

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



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

112

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
…..                               

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

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
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:

𝑓& = −𝑚'𝑐" ▽ (1 +< 𝑎 >")

𝑓! =
𝑑𝑝"

𝑑𝑡
= −𝑚𝑐#𝛻𝛾


