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Outline
I

We will discuss only protons/ions acceleration
Mechanisms and tools

Typical configurations for particles acceleration and scaling laws

Perspectives
Example of irradiation station/facilities
New radiation sources
Applications in the field of the Inertial Fusion
The I-LUCE facility @ INFN-LNS
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Ingredients

5
TW/PW class lasers

Usually Ti:sa
mJ - tens of J
20ts to 30 fs
Good profile

Good contrast

Focused on a target

Usually solid/

The process occurs in
vacuum

Pablo Cirrone, PhD - pablo.cirrone@Ins.infn.it
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Brutal forces and less elegant
then laser Wakeftield

Based on “charge
separation”

Thot = Upond = 1 MeV X (112/1019 W p,Inz/cnlz)l/2



Laser-plama lon acceleration: a compact solution g1 LUCE { INFN
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Conventional ion acceleration

LHC @ CERN
- circular tunnel (27 km long!!!)

- superconductive electromagnets
- proton energy (per beam): 6.5 TeV

E-field max = few 10 M V /meter (Breakdown)
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Laser-plasma acceleration
No breakdown limit

10 - 100 GV/m
0.1-10 um
< >

Target

Hot e
current

e sheath
(TNSA)

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)



The basic ingredients
|
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The basic ingredients
| |

Nonlinear QED: Ese*A.=2m,?

1 029—10_: Avy: gain bandwidth Electroweak
Zettawatt Laser Z4v:-g9aint , Era
o: transition cross-section
- v Quark Era
An hlg h power (TW) > Laser Intensity Limit: | = 2 4 24

per cm?2 of [aser medium

Laser-driven ion acceleration How Much Pressure Dges a PW Laser Ex'b

from plastic target

1 PW/1um spot size
corresponds to 10° w/cm?

Time: 2 [fs

That is the equivalent of the
pressure of 10 million Eiffel
Towers on the tip of your

finger!!

carbon energy [AleV; eon proton energy |MeV/nucleon|
(X0)} 0.1 1 10 0.1 1 10 100

A target (usually a solid target)
um - nm range
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The basic ingredients: an high-power, short-pulse laser

Initial short pulse A pair of gratings disperses

the spectrum and stretches

/\_ . the pulse by a factor
of a thousand

Short-pulse oscillator

The pulse is now long l

and low-power, safe

for amplification

B -

High-energy pulse after amplification "

Power amplifiers

- J L

Resulting high-energy,
ultrashort pulse

A second pair of gratings
reverses the dispersion of the
first pair and recompresses the pulse.
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The basic ingredients: an high-power, short-pulse laser

Center for Relativistic Laser Science

Explore the interaction between ultra-intense light and matter

South Korea

OPCPA Stretcher » Oscillator "' /’( !

-~

- Y. ‘,’

100 TW Amp. 8=

Initial short pulse

B

Short-pulse oscillator

| s AY. |\ j
The pulse is now long \ ‘ -

-

and low-power, safe ¢ 'y — ) N
for amplification ‘ X R g v .
- ‘ “t R ‘ “ f‘ ..
& 4 PW Amp.

/g 1
Power ampli 4 PW Beamline “‘"
4

A second pair of gratings
reverses the dispersion of the

first pair and recompresses the puI_
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MVA

Laser: High Intensity

Target: Near Critical Density slab

lon Energy: hundreds of MeV to GeV

RPA & CE Wie
Laser: High Intensity ’.‘
Target: Thin solid density foils '

lon Energy: hundreds of Mew o

Ra W, W pi

E
J .
s | E
a4 =
8%
| o
E c TNSA

- i Laser: Low Intensity
@ 106 o™, 7 ' Target: Thick solid density foils
- 0 2\ Target Normal lon Energy: ~100 MeV
PR Sheath Acceleration
\‘3 6Q6Q n.n, E,
ﬁ _\\y,,_

Surface density n, 1,
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Laser-plama lon acceleration:
P ¢ e (INFN
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IL (Laser intensity) = 1021 W/cm?

Direct laser interaction
eE 124 = 10" V/m
eB=FE/c=3*105T
® P.q=I1/c=3*1010J/cm3 = 300 Gbar

Laser-plasma interaction

T 1019 -3
‘Debye Length: —— (1, =24um- |“te_. M| — ~pum!
1MeV N, ,
= — lzmion ﬂZno
Acceleration time: y |r= |72 = 0.24 ps 1’30—1’;’ = ~ ps!
hot
L. T MV
Electric Field: = |7= 2’ ~ = ~ TV/m!
e D ,um
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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
oroduce a strong electric field able to accelerate ions
until the neutrality is again reached.

Pablo Cirrone, PhD - pablo.cirrone@Ins.infn.it
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Observation of fast ions in a laser plasma

Yu. A. Zakharenkov, O. N. Krokhin, G. V. Sklizkov, and
A. S. Shikanov

P. N. Lebedev Physics Institute, USSR Academy of Sciences
(Submitted March 18, 1977)
Pis’ma Zh. Eksp. Teor. Fiz. 25, No. 9, 415418 (5 May 1977)

Experiments on heating of spherical targets wth the high-power *“Kal’mar” laser
installation revealed a group of fast ions with energyf] 0.5 MeV. [The possible
generation mechanisms are discussed.

PACS numbers: 52.50.Jm, 52.25.Lp

The appearance of a group of fast ions that carry away an appreciable frac-
tion of the energy absorbed by the plasma has been reported repeatedly in
recent years, {11 These ions were registered with the aid of time-of-flight cor-
puscular methods having a small angular aperture and in which the plasma is
investigated during the later stages of the dispersal.

In our experiment, using high-speed multiframe interferometry, ! we ob-
served generation of fast ions in a plasma produced with the 9-channel laser
setup “Kal’mar” and by irradiating sohd and hollow targets of glass (SiO,) of
~100 u diameter. At a light=heam diameter ~ 150 nthe target region and at

an energy E; =~ 150 J, thefflux densn:y was ¢ ~ 10 W/cm?,J3)

Pablo Cirrone, PhD - pablo.cirrone@Ins.infn.it
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Betfore 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:
® |sotropic ion emission

e |ow brilliance

In 2000

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

e Particles on the back side of the target

e Much more collimated

Clark, E. L., et al., 2000a, Phys. Rev. Lett. 84, 670.
Maksimchuk, A., S. Gu, K. Flippo, D. Umstadter, and V.Y.

Snavely, R. A., et al_’ 2000’ Phys. Rev. Lett. 85, 2945 . Bychenkov, 2000, Phys. Rev. Lett. 84, 4108.

Pablo Cirrone, PhD - pablo.cirrone@Ins.infn.it
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Proton Spectra

Proton spectrum from the rear side of a 100

> 10000 (&) L

?_ 1000 2 um solid target irradiated by a 423 J,

a - < 0.5 ps pulse at normal incidence,

g 100 100 g corresponding to an intensity

g 10 10 8 of 3*1020 W/cmz2,
2 1 ( ! 1 ® |heintegrated energy of protons indicates
< 01 0.1 & a conversion efficiency of 10% for protons
z = above 10 MeV.

10 20 30 40 50 60
Proton Energy (MeV)

: Las:er Number of Max proton
LI 5/ rotons energy [MeV]
Snavely, R. A., et al., 2000, Phys. Cm'2] P gy
Rev. Lett. 85, 2945.
Maksimonuketal 3*E18 > 1E9 1.5
Clark et al., 2000 5E+19 1E+12 18

Pablo Cirrone, PhD - pablo.cirrone@Ins.infn.it Snavely et al., 2000 3E+20 2E+13 58
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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

With “long” nano-second laser
orotons/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

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



Introduction CEiiuce @'

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

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

The characteristics of the forward

poroton emission in the new experiments,
such as the high degree of collimation
and laminarity of the beam, were

much more impressive

Pablo Cirrone, PhD - pablo.cirrone@Ins.infn.it
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s
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 Clark, E. L., et al., 2000a, Phys. Rev. Lett. 84, 670.

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

These experiments were performed at the Lawrence
Livermore Petawatt tacility

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

The TNSA (Target Normal Sheet Acceleration) mechanism
was proposed

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

Pablo Cirrone, PhD - pablo.cirrone@Ins.infn.it
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Brietly, TNSA is driven by the space-charge tield generated at
the rear surtace 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.

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



TNSA: a robust and experimentally well-

established mechanism

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

(a) (b)

Target foil ~ 5-50 um

Hot electrons

Expanding
pre-plasma

Lo}

Critical

E.(r,z,t)

(C) (d) ®lon @Electron
» B °
Y- : o
‘o2 a ® ©
\-., o e Q g /o’ = el ©
Slaio B . . .
< o @ o @
e © £ ° © o ®
2 - 5 @® ® O L4
/ ’ 0 ® @ °
/ / o o

density Random
| (W/em?) ,
101 s ApEnsE Directed plasma
— ‘ expansion
102 > time
TNSA mechanism TNSA feat
: . eatures
a) Typical Laser Intensity (1018-1020\W/cm?2) .
a) Protons/ions are accelerated along the target

b) Accelerated Relativistic Electrons (multi

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.

MeV) traverse the thin target (0.1+100 mm).

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

normal

b) lons 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)




TNSA scaling law
o

"1 LUCE

Scaling of the maximum proton energy:

(I- 29" upto I-4%=3-10"" W cm=2 um?

I-1%is called “Irradiance”

A laser wavelength

[ is laser intensity as Watts on cm?

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 12 dependence, and the steeper one to a scaling proportional to |

S
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Borghesi, M., et al., 2008, Plasma Phys. Controlled Fusion 50, 124040.
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Behind TNSA Ee (NN
E

ls not only the maximum proton energy an important parameter

't 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 specitic

applications.

These issues motivate the search for other ion acceleration

mechanisms
Radiation pressure acceleration
Collisionless shock acceleration

Break-out afterburner

Pablo Cirrone, PhD - pablo.cirrone@Ins.infn.it
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Ingredients

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

e focused in atarget 1017 - 1022 \W/cm?

e 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
m,w? A

_ e 102l =30 2
nc—4ﬂ62 = 1.1-10"cm (,um>

Pablo Cirrone, PhD - pablo.cirrone@Ins.infn.it
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Plasma frequency

4nn e”

m

Laser frequency

27c
w=—-

A

Linear refractive index of the plasma

Pablo Cirrone, PhD - pablo.cirrone@Ins.infn.it
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Linear refractive index of the plasma

a)z Bourdier, A., 2020, “Calculation of the refractive index for
p ne plane waves propagating in ionized gas” Results in Physics 18,
n = _ — 1 _ 103250.
C

e when ne > n. 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)

e All the laser plasma interaction occurs in the case of
“underdense” regions ne < n. or at the “near critical”
region (Ne = n¢)

 The condition ne = n¢is equivalent to w, = W

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



The ponderomotive force Eiuce @\'
"

Before the accelerating phenomena become evident laser-
electrons interactions where treated as plane waves interaction

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

Short pulse lasers tend to violate these conditions:

e tight focusing create strong radial intensity gradients over

a tew wavelengths
e ==> 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

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



The ponderomotive force Eiuce @\'

General definition

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

't causes the particle to move towards the area of the
weaker tield strength, rather than oscillating around an
initial point as happens in a homogeneous field.

2
F o=—° V(Y
P dmw?

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



The ponderomotive force and laser penetration @ INFN
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In an oscillating, quasi-monochromatic electromagnetic tield described
by a vector potential a(r,t), the relativistic ponderomotive force is given

by:

fy=—me>V /(1 +<a>?)
Action of the ponderomotive force on a solid target

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

e 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

AJiIsuap uoJ}o9|d ay} jo ajoy
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The hot electrons iz GNAA
-

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

€p=m602<\/1+ag/2—1> .

Hot electrons are important because

Role in laser-driven photo nuclear physics

This is called the

Fast ignition of fusion target |
Ponderomotive energy

Protons/ions acceleration

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



Hot electrons transport in solid matter @ INFN
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't is of extreme importance especially in the field of Inertial

: : Freeman, R. R., D. Batani, S. Baton, M. Key, and R. Stephens, 2006,
Conflnement FUSIOH processes Fusion Sci. Technol. 49, 297. [http://www.new.ans.org/pubs/

journals/fst/a 1150]
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, =—env, ~enc~ 48102 Acm™

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

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



Summarising the TNSA e (INFN

Istituto Nazionale di Fisica Nucleare

Conversion efficiency from laser energy to

hot electrons is not perfect but can reach
69% in some configuration

A .
I>1 018 W /sz expanding ion beam
n; /
N __ Nk
= E,(1,2,t) nO - 9
(1% c’L‘Lnr(z)kB Thot
1~ 102 W/em? laser
L z
n=12x10""1",
hot electrons
hock front
~ nc shoc! on EZ
Fig. 1: Target normal sheath acceleration. A thin target foil with thickness d = 5-50 pm is irradiated by an =
intense laser pulse. The laser prepulse creates a preplasma on the target’s front side. The main pulse interacts with
the plasma and accelerates megaelectronvolt electrons, mainly in the forward direction. The electrons propagate magnetic field %
through the target, where collisions with the background material can increase the divergence of the electron Eﬁ;‘:iﬂz:fnd
current. The electrons leave the rear side, resulting in a dense sheath. An electric field due to charge separation is filamentation
created. The field is of the order of the laser electric field (~ TV /m), and ionizes atoms at the surface. The ions
are then accelerated in this sheath field, pointing in the target normal direction. taseh 0
magnetic
reconnection
scattering
dominated
10 - 20 pm > 20 pm
Published by CERN in the Proceedings of the CAS-CERN Accelerator School: Plasma Wake Acceleration, Geneva,
Switzerland, 23-29 November 2014, edited by B. Holzer, CERN-2016-001 (CERN, Geneva, 2016) Fig. 2: Schematic of laser-generated fast-electron transport. The laser (shown in red) impinges on a preplasma

with exponential density profile from the left side. The light pressure leads to profile steepening, depicted in the
Ion Acceleration—Target Normal Sheath Acceleration* graph at the top of the figure. An ablation plasma creates an inward-travelling shockwave that heats, ionizes,
and compresses the target. Fast electrons are created by the laser, propagating into the dense plasma towards the
target’s rear side. The high electron current jg, can lead to filamentation and magnetic field generation (shown
M. Roth and M. Schollmeier by the light red- and blue-coloured areas), as well as driving a return current jr;. The global magnetic field tends
Institute for Nuclear Physics, Technische Universitdt Darmstadt, Darmstadt, Germany to pinch the fast-electron current. Electrons propagating in the dense solid matter interact with the background
material by binary collisions. This leads to a spatial broadening of the electron distribution, which becomes the
major effect for longer distances. At the rear side, the electrons form a sheath and build up an electrostatic field E,

Pablo Cirrone, PhD - pa blo.cirrone@Ins.infn.it (grey line in graph). This can lead to refluxing (recirculation) of the electrons, heating the target even further.
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Back to the 2000

Proton energy spectrum from the rear side of

Lawrence Livermore Laboratory a 100 um solid target irradiated by a 423 J,
Proton Spectra 0.5 ps pulse at normal incidence,

> 10000 @) " corresponding to an intensity of 3E20 W/cm?2.
= 1000 3

g:_ - § The integrated

@ 100 100 “ energy of protons indicates a conversion

S 10 10 3 efficiency of * 10% for protons above 10 MeV.
a =
- 1 ( 1
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Snavely et al, "“Intense High-Energy
Proton Beams from Petawatt-Laser
Irradiation of Solids” PRL, 85,2945
(2000)
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Characteristics of the laser-driven protons - Luce ( INFN

Energy spectra

B 1012 — PET (exp.)
Boltzman-like (from zero to a given cut-off) 35 -
% 1011- ---- PET-535 (sim.)
=
100% energy spread for a pure-TNSA T
=
10°

Selection procedures are adopted

Angular divergency
30°/40° degree (FWHM)

Temporal features

108 - 107 selected 20 ns - 200 ns bunches
1Hz-10Hz- .....
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Proton energy scaling with short-pulse drivers

a 12 B T T T T | T T T T T T T T T | (I) T Neleiyl (Izloloé)l _I i’{lﬁ& ISOI T’I‘WI T T T T I—
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—~ - ¢ < Choi (2011) — LiFSA 100 TW ]
T - E<E,, B Zeil (2012) — DRACO 150 TW .
~ Q) [1 Margarone (2012) — LiFSA 100 TW
Aot = \ ® Ogura (2012) — J—KAREN 200 TW —
" - \1 \ » Kim (2013) — PULSER 1 PW -
> - \ « Green (2014) — GEMINI 200 TW :
) - X A Zeil (2014) — DRACO 150 TW i

= 10 \ Margarone (2015) — PULSER 1 |
, 107 0 NN M Passoni (2016) — PULSER 1 PW =
- - VNI X Seimetz (2016) — I3M 3 TW =
O B \ \ \ \ § ~ 1
-+ B \ k*\ = = - - - o N
g 1095_ \ @D\ N2 \\\ —‘ﬁ_*‘“b—z
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- 8 \ NS -
\g 107 = \ N - — _ =
- S AN = 0
L X \ @ _
107 | | | I | | | | | | ‘
0 10 20 30 40
€ (MeV)

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) = NpO exp(-E/Tp) (with E < Eco, the cut-off energy) of the high-energy tail of
experimentally measured spectra.
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ARTICLE

Near-100 MeV protons via a laser-driven

transparency-enhanced hybrid acceleration
scheme

A. Higginson1, R.J. Gray1, M. King1, R.J. Dance!, S.D.R. Williamson', N.M.H. Butler!, R. Wilson', R. Capdessusﬂ,
C. Armstrong1'2, J.S. Green?, S.J. Hawkes'2, P. Martin3, W.Q. Wei4, S.R. Mirfayzi 3 X.H. Yuan® S. Kar?3,
M. Borghesi3, R.J. Clarke?, D. Neely'? & P. McKenna® '

2018

T . '] Vulcan laser at the Rutherford Appleton
FTD 10 Laboratory (UK)

o

11

g_’ 10 Intensity = ~ E20Wcm-2

)

g 10'° Pulses of p-polarised, 1.053 um-wavelength
g 10° Pulse duration T = (0.9 +0.1) ps (FWHM)
al

F——————————— Energy after the plasma mirror: (210 £40) J
O 20 40 60 80 100
Energy (MeV) Target: thin planar plastic foil with
thickness in the range 10 nm-1.5 um
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Interaction enhancement ¢ wce (INFN

Istituto Nazionale di Fisica Nucleare

nanostructures — 10" — PET (exp.)
— ---- PET (sim.)
2 o ..  reresem| Margarone, PRL (2012)

....... oedet. 2 B Margarone, PRAB (2015)
11 . -
g 10°) Giuffrida, PRAB (2017)
©
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INEN i Perspectives:

Istituto Nazionale di Fisica Nucleare

Eiuce

Multidisciplinary applications

of laser-driven ion sources




Word facilities Luce (CINFN

Istituto Nazionale di Fisica Nucleare

2009 ULTRAHIGH INTENSITY LASER FACILITIES [ Ml LLC

2009: 19 facilites

UNeb  ypich

| |
|

i

< — o T https://www.icuil.org/index.ph
/// AN % ps:// cuil.org/index.php
B g N\

SLAC

csu
UAlb
UNev \
LBNL \\
LLNL ‘\>

UCLA ok COLA
LANL cfl UTex creot TIF/R SloM
CESTA RRCAT
PMil 3 :
W The International Committee
on Ultra-High Intensity Lasers
Intermaticanl Committee on Ultrahigh Iatensity Lasers | |7 S e e SRy :::-v" ;’; e e 2 e : e ~— :: ——
= T —_— [T i — A o e NAARGR| |SI acansand (oo B e e e et Lauvots
SR RS | [ SRESDLESRNTT BRI Siileeeewes D | R SSSTRNIRTS e e
o e e tamtre' s e e S o e Stenx | Ly e rrpc ] e Ol Ay o,

2020 ULTRAHIGH INTENSITY LASER FACILITIES | wzorM! € EYHCZpy
il | HILASE

csu UNEd - ypicn
UAIb

UNev \ \ (
LBNL,
LLNL-NIF \
LLNL-JLF

S 3
s iy IAGNGAT ==
SLAC /‘Y [ o 7
uela | | \ f \CREOL HUJ SWJTU /\
UCh iU uTex AFRL BARC] \\ SIOM / \

2020: 90 facilities e

JIHT IAP_XCELS IHCE
TU CoRelS uepy

PeK RIKEN

S O\
PNLI VNIIEF VNIITF 1op
KQALS

LFRC

|
RRCAT

TR

§i
T

ii;‘!iﬂ;:!!ﬂ‘i!‘!'i‘;i
s

ii}fﬁﬂ’!ﬂi”[‘ﬂ
SEREIIETTATE} LVREESEY

RTEREE
;u;q

l

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



Applications Eivce (NN

Istituto Nazionale di Fisica Nucleare

Diagnosis of intense interaction phenomena by Proton Radiography
2 Nuclear Reactions initiated by Laser-Driven lons (PET, fast and brilliant
neutron source for radiography, ICF tast ignition with protons, proton-

boron fusion, ...)

\4

Studies of ion stopping power in plasmas

L\

Innovative approaches to (“FLASH") Radiobiology and Hadrontherapy

\4

Radiation chemistry (pulsed radiolysis of water, management of

nuclear wastes, medical therapy)

\4

Mimicking space radiation for testing electronics/detectors

2 Archeology (PIXE, DPAA)

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



Proton radiography/detflectometry @ INFN
m Proton deflections Interaction: from fs to ns

Proton
target

Applied to the investigation of a broad range of

Istituto Nazionale di Fisica Nucleare

2-D magnified projection

rovide a map of pulses, intensities from 107° i .
Fe?lectric and r:agnetic to 10" Wem2 of 3-D objects
fields in the
Interaction region laser pulses

detector Beam divergence
mesh
Laser .
| > 109 Wem-2 H

_~ : 5
Projection
____________ Magnification

~ps temporal resolution
~ um spatial resolution

phenomena: ultrafast charge dynamics, plasma Multiframe capability
channelling, e.m. solitons, collisionless shock
waves, self-generated magnetic fields... 14
Mesh (Proton
Deflectomet i
e meracton Curtesy of Prof Marco
2 W [ Borghesi (QUB)
. oton beam |Q
4—:,—>4—L—>
Proton Pb’:t"" _
ri am Pc
@ 25, t(ps) 11ps

FIG. 13. Proton probing of the expanding sheath at the rear surface of a laser-irradiated target. (a) Setup for the experiment. A proton beam
is used as a transverse probe of the sheath. (b)—(g) Temporal series of images produced by the deflection of probe protons in the fields, in a
time-of-flight arrangement. The probing times are relative to the peak of the interaction. (h) A deflectometry image where a mesh is placed
between the probe and the sheath plasma for a quantitative measure of proton deflections. From Romagnani er al., 2005.



Laser-based radiotherapy applications @ INFN
)

Reduced cost/shielding
« Laser transport rather than ion transport
(vast reduction in radiation shielding)

* Reduced size of gantry

Flexibility/modularity

« Controlling output energy and spectrum

« Possibility of varying accelerated
species

» Spectral shaping for direct “painting”

of tumor region (no degrader needed)

Novel therapeutic/diagnostic options

* Mixed fields: ions, X-rays, electrons,
neutrons

* In-situ diagnosis (PET, X-rays)

Radiobiological advantages

« Short pulse radiation might reduce
damage to healthy tissues

* Increase in RBE (relative biological
effectiveness)?

|
E ' o Beam transport system
- k;'» 3 ;; g q &q .
e | P q
\ g X »&
{‘ P -

)
pe
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Radiobiology Huce CINFN
'

Radiation physics | Radiation chemistry Radiation biology
| | | I | | | | Remarks:
10 1022 10° 10% 103 1 103 10° v' Laser-driven ions are emitted at the source
sec  sec  sec sec  sec sec sec  sec within a time AT< ps resulting in dose
*lonization *Radical *DNA *Repair deposition in 100s ps - ns pulses
*Excitation formation PHRs *Replication v Dose rates > 10° Gy/s can be achieved
*Dielectric formation «Cell death . =Y :
mutations radiotherapy)
*Cancer
*Heritable
mutations
Motivations:
Possible effects proposed in literature: » Development of a methodology and
- Spatio-temporal overlap of independent demonstration of viability at ultra-high
tracks causing collective effects and dog,e r_ate . o
enhancing LET (hence RBE) » Validation of Iaser-d_nven sources in view
- Local depletion of oxygen causing a 5 gf future th?rapelutlc use coiby
reduction in cell radiosensitivity (healthy rovision o ar_1 a-terne-]tlve, e)_(l e
tissues) source for radiobiological studies

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



Radiobiology
_—

K. Zeil et al., Appl. Phys. B (2013)

100 =
= reference protons
® |aser protons
2
c 10F
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E
‘©
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= 1 ;
@ Multi-shot :
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INFN

Istituto Nazionale di Fisica Nucleare

Eiuce

Recent results with C-ions (courtesy of M. Borghesi)

Carbon: LET~ 200 KeV/pm
Proton: LET~ 5 KeV/pm

carbon proton carbon proton
0.5h 24 h
100.00 - -©-10 MeV Protons
=&-225 KVp X-rays
80.00 1 —+—5 MeV/n Carbon ions
‘S
o
L oo
- .S 60.00 }
% OE
(©
h E
S 2 40.00 }
N
20.00 +
0.00 } . . f '
0 5 10 15 20 25

Time post-irradiation ( hrs)



Example of irradiation
facilities

DRACQO - Dresden (D)
ILIL - Pisa ()

ELI-Beamlines, Dolni Brezani (CZ2)
I-LUCE facility, Catania (I)

INFN

Istituto Nazionale di Fisica Nucleare

| LUCE




What is done what is needed @E (INFN
48

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

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



Facility I: DRACO, Dresden (D) ituce ((INFN

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.

ESA: Energy selection aperture: protons
of higher energies have larger beam diameters because of the rising

Istituto Nazionale di Fisica Nucleare

ARTICLES nature,
https://doi.org/10.1038/541567-022-01520-3 phySlCS

"’ Check for updates

OPEN
Tumour irradiation in mice with a laser-accelerated

proton beam

Florian Kroll ©'%, Florian-Emanuel Brack®"?, Constantin Bernert®'?, Stefan Bock®’,

Elisabeth Bodenstein?, Kerstin Briichner?3, Thomas E. Cowan®'?, Lennart Gaus©®'?, René Gebhardt,
Uwe Helbig', Leonhard Karsch'?, Thomas Kluge ®’, Stephan Kraft®', Mechthild Krause ©®'34567,
Elisabeth Lessmann', Umar Masood®’, Sebastian Meister®’, Josefine Metzkes-Ng®', Alexej Nossula’,
Jorg Pawelke ©'3, Jens Pietzsch®'2 Thomas Piischel ©', Marvin Reimold ®'2, Martin Rehwald ©'?,
Christian Richter ©"3#456, Hans-Peter Schlenvoigt ©, Ulrich Schramm®'2, Marvin E. P. Umlandt©®'?,
Tim Ziegler©®'?, Karl Zeil®" and Elke Beyreuther®'?

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

focal length of the solenoid lens with increasing particle energy
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Facility Il: ILIL Pisa ¢ e (INFX

Istituto Nazionale di Fisica Nucleare

NEW HAP LASER
DEV. LAB

MAIN AMPLIFIER ROOM

i e |

from front-end

CONTROL
RoToTYt LASER FRONT END

1—{ PUMP#4 10 TW, 10 Hz

o
=3

¢ Joidwy ssedniniy

NEW
HIGH DOSE
UNDERGROUND
BUNKER

POWER

AMPLIFIER
Figure 1. Schematic view of the ILIL-PW facility at INO, including the main amplifier room, Up to 240 TW SHIELDED TARGET

the shielded target area, and the laser-driven light ions acceleration (L3IA) dedicated line. AREA FOR

OAP: Off-Axis Parabolic. PARTICLE
PRE-CLINICAL
ACCELERATION STUDIES

NEW BEAMLINE for

LASER CAPABILITIES:

©240 TW, Ti:Sa, up to 5 Hz, 27 fs;

o1kHz, >20 mJ, Ti:Sa + OPA

¢100 Hz, >1J, TiSA (procurement in progress)

Nuclear Instruments and Methods in
Physics Research Section A:

ELSEVIER

Accelerators, Spectrometers, Detectors
and Associated Equipment
Thomson parabola spectrum S a— T T e T Volume 909, 12 November 2018, Pages 160-163

= oo Nyt | -
< k\/’ \ﬁ\ 0.015 % . . .
2 RaaN|e=m g Light Ion Accelerating Line (L3IA):
S i i S
g o001} : \'\ : joo1 & .
E =N - Test experiment at ILIL-PW

Flat Al target (10 um) § . 0.005 ;
= 0.0001 \;,’\,H ?L-\ S L.A. Gizzi ?® O =, F. Baffigi ? F. Brandi ?, G. Bussolino * b G. Cristoforetti 2,

N\‘v\;m\' o A. Fazzi ¢, L. Fulgentini ?, D. Giove 9, P. Koester 2, L. Labate ? ?, G. Maero €,
et et s 8T D. Palla , M. Romé ¢, P. Tomassini °
Proton energy (MeV) * T T
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Facility II: ILIL Pisa e (N

Intense Laser Irradiation Laboratory, CNR (I)
https://ilil.ino.cnr.it/

400 mJ/30 s/14 TW Ti:Sa Laser

7-8*1017 W/cm?

cut-off energy of up to ~3.5 MeV.

Six permanent magnets quadrupoles

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

Istituto Nazionale di Fisica Nucleare

iriricd applied -
sciences @\Py

Article
A Few MeV Laser-Plasma Accelerated Proton Beam in Air

Collimated Using Compact Permanent Quadrupole Magnets

Fernando Brandi *{, Luca Labate **, Daniele Palla ', Sanjeev Kumar "4, Lorenzo Fulgentini ’,

Petra Koester !, Federica Baffigi !, Massimo Chiari 3(7, Daniele Panetta ("’ and Leonida Antonio Gizzi 12

a) Normalized n. of Particles Final Average Energy
2 Time-of-Flight
2
°
~N
- b)
o 20+
Final Energy (MeV)
19 1
18 4
>
5 > Ly 1.42
o 2 @ "
s 2 <16+ \
s ™ E__]
L =15 \2.03
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Figure 2. Proton beam characteristics at 1 cm after Kapton windows. (a) Proton particles distribution and final energy at
various initial energy ranges calculated over an area of 40 mm x 40 mm centred on the MBL axis at position (20 mm, 20 mm);
the highlighted numbers represents the values on the MBL axis; (b) graph of the ToF as function of the initial proton energy,
with final energy also indicated.



~acility I1l: ELIMED at ELI-Beamlines, @ INFN
Dolni Brezani (CZ) di ' /

beamlines
m D Margarone, GAP Cirrone,
“ELIMAIA: A Laser-Driven lon Accelerator for

Multidisciplinary Applications”, Quantum
Beam Sci. 2 (2018) 8

D»»)) Itituto Nazionale di Fisica Nucleare

ELIMAIA experimental area

30J / 30fS lg&‘;}’,ﬁ‘;”"’“’”
Protons are emitted from metallic/plastic foils um thickness i’

cut-off energy of up to ~40 MeV. \4

ELI Multidisciplinary Applications of laser-lon Acceleration

ELIMAIA: A Laser-Driven lon
Accelerator for Multidisciplinary
Applications

Volume 2 « ksswe 2 | June 2018

Dosimetry &
_ Transport irradiation
transport—— ENnergy selection & Focusing

Laser Acceleration _  Collection &

| G leli 0,

Pablo Cirrone, PhD - pablo.cirrone@Ins.infn.it Curtesy of Dr Daniele Margarone and Lorenzo Giuffrida (ELI-Beamlines (CZ)



ELIMAIA commissioning started!

-acility 1ll: ELIMED at ELI-Beamlines,
Dolni Brezani (CZ)

L3-HAPLS laser system @ ELIMAIA

Energy
Laser spot
Pulse duration

Laser intensity

TP raw data

TOF spectrum

18

TOF spectrum

1,6
Target Al 6 um

14
124
2 10]
o
2 084
s
0,6
044
0,24

0,04

Time (ns)

10J

~2*2 um

<30 fs

>>2e21 W/cm?2

Proton spectra

1E11 @different contrast levels

1E10 4

dN/JE/dQ [(MeVsr) 1]

1E9 4

Energy [MeV]
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Eiuce

INFN

Istituto Nazionale di Fisica Nucleare

Curtesy of Dr Daniele Margarone and Lorenzo Giuffrida

(ELI-Beamlines (C2)

Pointing stability

-5 'Intensity within FWHM: 3.5e+21 W/cm2+3.2%
_4 -Energy within FWHM: 34.34+0.94% i 3
FWHM: 2.16+£0.06 x 1.4+0.05 ;zm
2 ~ ] 25 2
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beamlines

Basic commissioning
Laser energy 0.3%

Laser intensity @ FWHM J0&:3/
3-96%

_ 1‘2%
Proton flux >3 MeV 5.3%
Pointing Stability <<2,7 yrad

Fluctuation of the main experimental parameters

Single shot series
9.95+0.025J
(1.3940.01)*1021 W/cm2

3.05740.121 MeV

14.48+0.17 MeV

6.071010+0.32109 sr-1

(RMS



-acility 1ll: ELIMED at ELI-Beamlines ,
’ LUCE INFN
Dolni Brezani (CZ) @

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

d ;»»» Curtesy of Dr Daniele Margarone and
] beamlines Lorenzo Giuffrida (ELI-Beamlines (C2)
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-acility [Hl: ELIMED at ELI-Beamlines
’ LUCE INFN
Dolni Brezani (CZ) @

vacuum - air ML) g
interface & 1

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

d ;»»» Curtesy of Dr Daniele Margarone and
] beamlines Lorenzo Giuffrida (ELI-Beamlines (C2)
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Facility 1ll: ELIMED at ELI-Beamlines, ¢ ucE (INFN

Dolni Brezani (CZ)
s
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NOTE: the beam have to be transported in air for
the majority of the applications !

d. ,»»)) Curtesy of Dr Daniele Margarone and
] beamlines Lorenzo Giuffrida (ELI-Beamlines (C2)
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-acility [Hl: ELIMED at ELI-Beamlines

’ LUCE INFN
Dolni Brezani (CZ) ¢ Luce C
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NOTE: the beam have to be transported in air for
the majority of the applications !
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] beamlines Lorenzo Giuffrida (ELI-Beamlines (C2)
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-acility [Hl: ELIMED at ELI-Beamlines

’ LUCE INFN
Dolni Brezani (CZ) ¢ Luce C
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Facility IV: I-LUCE, Catania (I) CE e (INFN

Istituto Nazionale di Fisica Nucleare
Two laser lines 4L°P¢ SéMHRACE

45 TW, >1J/<241s/10Hz 7*10'7 W/cm?

Protons, lons, electron Ao,
320 TW, >7J/<24fs/1Hz 1*102' W/cm? accelerations Anthem

Utility
Interaction room
chamber I:

protons, ions,
electrons,
neutrons
production

~Interaction chamber II:

Optical
compressor ions:

In-airtirradiation
station
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The role of the target thickness ¢Gtuce ((INFN
)

The laser penetration depends also on the target thickness
when it becomes close or small then one wavelength

't exist a relation between the target thickness and the laser

amplitude for which we can reach the transparency
threshold:

e
ayn =T =¢
0 nl/l

l is the target thickness
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The hot electrons: heating models ¢Guce ((INFN
s

The most tamous is the capacitor model

In this model, electrons are dragged out of the 6

surface of a perfect conductor by an oscillating 51

"capacitor tield,” extending on the vacuum side af

Electrons are considered to be "absorbed” when, N 3| \»
after having performed about half of an oscillatiol 2t (((f«%%
on the vacuum side, they reenter the target, there ;! %}ﬁ??%
delivering their energy, which is of the orderofth o |, | | ({% |
oscillation energy in the external tield. 04 _Of/x >0

d*& {_w%é: —eE;/m, (xo+ £>0),
d twixg — eEg/m, (xg+ & <0).
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Hot electrons transport in solid matter @ INFN
)

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 tield 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
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lon acceleration mechanisms ¢@iuce (INFN
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lon acceleration mechanisms e (INFR
e

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)

Target

Hot e
current

: g Return
~ current e’ sheath

(TNSA)
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Rear sy rfa ce acce ‘ eration @ 'NFN
63

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 tield Es normal to the rear
surface

ek, ~ —
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
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Debye length and acceleration effects @ INFN
)

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
[-2% =10°W/ecm™um?
Th = 2.6 MeV
np =8 1020 cm-3
Ap=4.2-10"cm
E ~6-10"%cm™!

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 @ INFN
)

The energy acquired by a test-ion crossing the
sheath is

e. = ZeE L = 7T,

==> jons reach MeV scale energy
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TNSA modelling E e (INFN

Istituto Nazionale di Fisica Nucleare

s 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=—-Vg;

Vg = 47te<ne — Z Z]n])
J

with the sum running over each species of ions, having density nand charge Z.

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 Ciuee (e

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

— el T,
n, = npe“"

This tormulation 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 E e (INFN

Istituto Nazionale di Fisica Nucleare

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

Intensities rising above E19

| . W/cm?2 - electron acceleration
Thin layers of Ponderomotive

! Target Normal to MeV energies
| _ 9
contaminants © eC"O’_‘ Sheath Acceleration
acceleration

Preplasma

Plasma
expansion

Thin foils allow electrons to reach
the rear of the target and
E~TV/m establish a field.

E‘I,ectron sheath

lons Protons (from contaminants) have
beam features contrary to lower
energy, isotropic emission

> previously observed from the
front.

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

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

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

Laser pulse intense enough to Iionise
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

n, density becomes lower the
Ne At rear: critical density
N ThO - (I}\'Z)O'E) 9
hot[~ | X MW
P=_\enhﬁz = _enoexp(_k_) Ne = N (WL) — 7L
D 47’(’62

Ne > Nc ==> Plasma opacity (or overdense)
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Complex acceleration scenario

E(0) - KT, _ JnhKTh
elrp &0

Typical values are:
Ab™~ 1 um
Th ~ MeV

n; %
n At rear:

”hOt—\ 0= o> = —en, exp(—%) EQO) = 11:_66"; ~TV/m
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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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On the theoretical side e (N

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)

Einstein, A., 1905, Ann. Phys. (Berlin) 322, 891.

Even it 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.
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lon acceleration E e (INFN

Istituto Nazionale di Fisica Nucleare

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 eftects

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

— nonlinearity in the wave equations

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