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Laser-driven particle sources: an unconventional particle acceleration scheme

Sample

Super-intense pulse

" - -

Laser parameters: QUARK 30 TW, Thales Group ELI-NP laser, 10 PW (Romania)

v High powers ~10 TW - 10 PW
Ultra-short durations ~ 10 fs
Repetition rate ~ 103 - 10s Hz

Small areas focal spot ~1-100 pmz
Intensity ~ 108 — 1022 W/em?

v
v
v
v

H. Daido, et al. Rep. Prog. Phys., 75(5), (2012): 056401. A. Macchi, et al. Rev. Mod. Phys., 85(2), (2013): 751.
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Laser-driven particle acceleration from solid targets

* Target Normal Sheath Acceleration (TNSA) — Super-intense ultra-short laser pulse + Micrometric thick foil

pm-thick o

o Formation of plasma — Particle acceleration driven by
Soli Olls

Super-intense charge separation.

ultra-short laser

|

pulse

Hot electron
cloud

A. Macchi, et al. Rev. Mod. Phys., 85(2), (2013): 751.
O. N. Rosmej, et al. PPCF 62.11 (2020): 115024.
|. Prencipe, et al. PPCF, 58(3), (2016): 034019.
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Laser-driven particle acceleration from solid targets

* Target Normal Sheath Acceleration (TNSA) — Super-intense ultra-short laser pulse + Micrometric thick foil

P"l‘j?i?lk * Particles emitted in short bunches ( £ ns time duration)
SOl OllS

* Huge accelerating field gradients: MV/pm

Super—intense
ultra-short laser

v
»
] 3
1
i
.
1
.3

pulse *  Broad energy spectra (~ exponential)

*  Maximum energy ~ 1-10s MeV

v" Electron spectrum: v" Proton spectrum:
10°F
3 bare Al
Hot electron —1E+10 0
cloud > S 10°E
Accelerated b o f
jons > e
1E+09- %)
s ' E 10°¢
g S |
'5 1E+08; 102 L
2 10 ym Ti :
b o) 101 Wem2 L
. 1 L | L
A. Macchi, et al. Rev. Mod. Phys., 85(2), (2013): 751. e~ o5 % 40 B0 80 75 20 8 1o 10 0 25 30

O. N. Rosmej, et al. PPCF 62.11 (2020): 115024.
|. Prencipe, et al. PPCF, 58(3), (2016): 034019.
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Laser-driven particle acceleration from solid targets

* Enhanced Target Normal Sheath Acceleration — Advanced near-critical double-layer targets (DLTs)

Near-critical pm-thick *  Low density (~ mg/cm?), near-critical material to

Super-intense layer <olid foils .
ultra-short laser enhance laser absorption

pulse

lﬁ Increase the energy and number of the particles

v' Electron spectrum: v" Proton spectrum:

bare Al
— 12 um foam

-—
m
3

—
o

5 5 10t
Hotter electron P o ——— 8 um foam
cloud Accelerated L —
ions o 1E+094; foam + 10 ym Au -g 10°L
=, 101 Wem?2 S
g 3
‘5 1E+08: ' iﬂ%% 102k
Z 10 umTi b F
o 10'® Wem2 £
| . 1E 07 T T T T T T T T T 101 L . L L L
A oo ot P, 52,00 N T e e
. . mosme|, et al. . : .
] E [MeV] Energy (MeV)

|. Prencipe, et al. PPCF, 58(3), (2016): 034019.
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What are the elemental characterization techniques we can carry out with particles?

Particle Induced X-ray
Emission (PIXE)

nly (PAA)

* MeV protons — X-rays

X-rays, y-rays, n

Detector

* 0-10s pm, homogeneous
and stratigraphic

Activation Analysis (PAA,
NAA) and Radiography

Energy Dispersive X-ray
Spectroscopy (EDX)

* Neutrons, MeV photons
—> y-rays

e keVe-— X-rays
M hollow

. different
materi.

* Several ym, homogeneous,
small samples

different
material

* Homogeneous, bulk

Verma, Hem Raj. Atomic and nuclear analytical methods. Springer, 2007. P.A. Mando, et al. Nucl. Instrum. Methods Phys. Res. B: Beam Interact. Mater. At. 239.1-2 (2005): 71-76.
E. H. Lehmann, J. Archaeol. Sci. Rep. 19 (2018): 397-404. J. Salomon, et al. Nucl. Instrum. Methods Phys. Res. B: Beam Interact. Mater. At. 266.10 (2008): 2273-2278.
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What are the particle sources we can exploit?

R A Large and expensive particle accelerators providing
¥ N monoenergetic particles.

: : Improvements required in term of:

N 'Y
'.'i Compactness @ Cheapness |J.'T Energy tunability (flexibility)

Exploit laser accelerators!
(Compact and multi-purpose)

i ERC-2022-PoC No. 101069171

C PANTANI

M. Passoni, et al. PPCF, 62(1), (2019): 014022.
Verma, Hem Raj. Atomic and nuclear analytical methods. Springer, 2007.
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Goal and methods

‘0/" |nvestigate applicability of laser-accelerators to elemental characterization for cultural heritage (and others).

og Exploit through theoretical & experimental methods:

v' Laser-driven source: v' Particle propagation in v Campaigns in laser facilities
models, Particle-In-Cell matter: Monte Carlo

CLPU Madn
M. Passoni,, et al. PPCF, 62(1), (2019): 014022.
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Laser-driven PIXE and EDX proof-of-principle experiment @ CLPU

e 200 TW laser 2x1020 W/cm?2) and single layer target

* Proton energies up to ~ 6 MeV — Suitable for PIXE

@ EDX setup — Sample irradiation with both e- & protons

Energy [keV]
4 5 6 7 8 9 10 11

Slit (2 mm) TCikEl e

¢ exp. data

* First test with Cu
sample and CCD

energy calibration

counts/shot
®

I Proton
I Electron
[ X-ray

150 200 250 300 350 400
Andor CCD Pixel value [cts]
Screen

F. Mirani, et al., Sci. Adv., 7.3, (2021): eabc8660.
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Laser-driven PIXE and EDX proof-of-principle experiment @ CLPU

* Bi-layer sample (Cr layer + Cu substrate)

i' TR £ | Ll Produced with DCMS
l l»} "‘ { | 11| (controlled thickness and
iR | er | composition)

‘[\

Substrate

Slit (2 mm) , 16

- Fitted spectrum

i o Form the peak energies:
¢ Exper. points

Cu-kB

counts/shot
o

Al foil

N

41 1
(10 pm) ® Elements are
correctly recognlzed
I Proton Y35 & 7 8 9§ 10 1 D«
[ Electron Andor CCD Energy [keV]
[ X-ray

Screen

F. Mirani, et al., Sci. Adv., 7.3, (2021): eabc8660.
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Laser-driven PIXE and EDX proof-of-principle experiment @ CLPU

* Removal of the electrons
with dipole magnet

Al foil
(10 pm)

[ Proton Andor CCD
I Electron Screen
[ X-ray

POLITECNICO
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@ PIXE setup — Sample irradiation only with protons

@ Cr |ayer thickness reconstruction — First laser-driven
PIXE quantitative analysis measurement

Dedicated software to process laser-driven PIXE
spectra)

F. Mirani, et al., Sci. Adv., 7.3, (2021): eabc8660.



Numerical study of laser-driven PIXE feasibility for the analysis of artworks

? How do we make the PIXE suitable for the analysis of artworks (compact and flexible)?

@ Exploit Double Layer Targets to reduce the laser requirements!

@ 20 TW laser;

- DLT target;

Laser-driven proton

source (PIC)

¥ | Simulations of real-case scenarios of
=

laser-driven PIXE experiments.

rﬁg@ﬁ 3D Particle-In-Cell
@ GEANT4 Monte Carlo

-2.0e+00

E [MeV]

M. Passoni, et al. Sci. Rep. 9.1, (2019): 9202.
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Numerical study of laser-driven PIXE feasibility for the analysis of artworks

104

Dedicated software to process X-ray spectra and retrieve the sample composition. 107

£

i

lﬁ Applied to the “synthetic” X-ray spectra from the Monte Carlo.

\|JI\

0 2 4 6 8 10 12 14 16 18

EX-ray [keV]
. Homogeneous sample . Complex structured samples (Medieval brooch and Renaissance painting) :
(Roman sword-scabbard):
Ag Lead white
100 100 100
i N t'ReadI — Retrieved =
etrieve | |
T Real g
_ < 75 =~ 75
X 10 o E
g I 7z, 5
5 S 50 L g 50
g 2 WY g
§ 1t 8 ‘ .,':,..-i"-‘ 8
F n - v
i @ 25 g 25
= b3 Retrieved =
Real
0 | 1 | | 0 | | | I
Fe Cu Zn Sn Pb 0 3 6 9 12 15 0 3 6 9 12 15
Element Areal density [mgfcmzl Areal density [rngfcmz]

Smit, et al. Nucl. Instrum. Methods Phys. Res. B: Beam Interact. Mater. At. 239.1-2, (2005): 27-34.
Smit, et al. Nucl. Instrum. Methods Phys. Res. B: Beam Interact. Mater. At. 266.10, (2008): 2329-2333.

POLITECNICO

? L. De Viguerie, et al. Analytical chemistry 81.19, (2009): 7960-7966.
/. M. Passoni, et al. Sci. Rep. 9.1, (2019): 9202.
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Numerical study of laser-driven PAA feasibility

@ Development of a scheme to perform laser-driven Photon Activation Analysis

1. Super-intense laser interacting with near-critical

material (3D PIC)

@ 200 TW laser (8x102° W/cm?)

. Near-critical |ayer

12
10 —— Electrons (PIC)
<7 1010
>
v
=
w108 .
T v Hot t. Super-intense * ’
= ot e- generation laser pulse A
106 with Emax =110 MeV Near-critical
layer

10 30 50 70 90 110
Energy [MeV]

F. Mirani, et al. Commun Phys 4.1, (2021): 1-13
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Numerical study of laser-driven PAA feasibility

@ Development of a scheme to perform laser-driven Photon Activation Analysis

2. Hot e- interaction with mm-thick W converter —
Bremsstrahlung photons generation (Monte Carlo

@UKA )

W-converter

*  W-converter thickness = 2.6 mm

12]
10 —— Electrons (PIC)
—— Photons (MC)
_I: 1010_
g v Broad angular distribution
o 108 S -int
'g. v Energy up to 100 MeV uper-intense
= laser pulse | By
10°1 Near-critical

|ayer Bremsstrahlung

10 30 50 70 90 110 hotons
Energy [MeV] P

F. Mirani, et al. Commun Phys 4.1, (2021): 1-13
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Numerical study of laser-driven PAA feasibility

@ Exploit laser-driven photon source for the PAA and comparison with conventional electron accelerators

Calibration
Sample material

3. Sample and comparative material irradiation (Monte

Carlo : GuKA )

* Photonuclear reaction cross sections:

180 I I T
Mo-100 (y,n)

160 - Cu-65 (y,n)

140 - mmm Co-59 (y,n)

120 + —
Q9 100 - -
£
= 80

60

40

20 Super-intense

0 laser pulse
5 10 15 20 25 30 35 Near-critical -
Ey [MeV] layer Bremsstrahlung

photons

F. Mirani, et al. Commun Phys 4.1, (2021): 1-13
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Numerical study of laser-driven PAA feasibility

@ Exploit laser-driven photon source for the PAA and comparison with conventional electron accelerators

Calibration

3. Sample and comparative material irradiation — Delayed .
material

emission of characteristic y-rays (Monte Carlo

Sample

105{ iPb icu

1034, !
My |
101 4

10—1 -

—— 12 hours cooling

105 Fe Na N
103 ! :
10*

1071+

Peak

intensities

—— 1 week cooling

dN,/dE/Q._ [1/MeV/nC]

-

e 3

10°1 iCa Super-intense R 3

103 4
101
10—1 '

laser pulse Characteristic

Near-critical y-rays

layer

—— 1 month cooling

0.4 0.6 0.8 1.0 1.2 1.4
E [MeV]

Bremsstrahlung
photons

F. Mirani, et al. Commun Phys 4.1, (2021): 1-13
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Numerical study of laser-driven PAA feasibility

@ Exploit laser-driven photon source for the PAA and comparison with conventional electron accelerators

: . . brat
3. Retrieve the elemental composition of a cm-thick Calibration

: Sample material
homogeneous sample (South-Levantine bronze
sculpture).

(] Sample
40 1 Bl Retrieved
B I

Comparison

Concentration [%]

with the 21
calibration .
Super-intense
1 laser pulse Characteristic
Near-critical y-rays
| layer Bremsstrahlung
Cu Na Fe Pb Ni Ca photons
Elements
B. Maroti, et al. J. Radioanal. Nucl. Chem. 312.2 (2017): 367-375.

F. Mirani, et al. Commun Phys 4.1, (2021): 1-13
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Numerical study of laser-driven FNRR feasibility

@ Exploit laser-driven neutron source to perForm radiography of |arge samples.

‘ : S * Monte Carlo & GEANT4 results:
1. Super-intense laser interacting with Double-Layer s

Target (model from literature). v" Proton spectra: v" Neutron spectra:
2. Accelerated protons interaction with cm-thick converter T [Mev)

— (p, n) reactions — fast neutron generation.

neutrons

cm-thick Be
converter

. 0
Double- : ‘ | | g b E, [Melt/(; 60 3
Layer Target [ B g N = cu
N < 0.61 0 Broad spectrum up to 10s MeV.
/.) . ] 0 >10% n/cm?/s at =2 3 m distance for a, > 15 (= 250 TW)
Super-intense laser 00 v o 0 :
pulse (100s TW) E, [MeV]

Mirani, F., et al. Under review at Phys. Rev. Appl.
A. Pazzaglia, et al. Commun Phys 3.1, (2020): 1-13.
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Numerical study of laser-driven FNRR feasibility

@ Exploit laser-driven neutron source to perform radiography of large samples. 0 Elemental imaging of O, C, N and H.

10 . Sample: Transmission:
= E= 'H(n, tot) 06
E 8 == '2C(n, tot) '
P 1 *N(n, tot) 51 ~
Rs} 6 =3 '%0(n, tot) 05§
& °s
@ 4 € o 8
% © £
o 2 0.4 &
L. m
] =
0 s
2 4 6 8 10 (C,H,). s
Energy [MeV] :
Oxygen: Carbon:
“ . &5 5 &
position g £
1 - 3, 4 =2
g neUtr sensitive ToF g 8
cm-thick Be 3 5
. n-detector %3 :
converter 10s cm thick . ,
(] T
= =
sample T, 13
g 5
[ )
€0 0
- . . . N|tro en: Hy dro en:
Double 3. Irradiation of large samples with 1-10 )

Layer Target ¥; "‘

o
[e2]

Projected Mass Thickness [g/cm?]

~

MeV neutron pulses.

protons

w
o
(o)}

N
o
N

4. Detection of transmitted neutrons for 1 min.

o
N

Projected Mass Thickness [g/cm?]
=

Super-intense laser irradiation at 5 Hz.
pulse (100s TW)

[ L1

Mirani, F., et al. Under review at Phys. Rev. Appl.
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Conclusions and perspectives

& Laser accelerators are promising sources for the

characterization of artworks.

Compact lasers and advanced targets to achieve
A the requirements for materials characterization
techniques.

g Feasibility of a multi-purpose acceleration

system for cultural heritage studies. M. Passoni, et al. Scientific reports 9.1, (2019): 1-11.
M. Passoni, et al. Plasma Physics and Controlled Fusion 62.1, (2019): 014022.

What next? F. Mirani, et al. Communications Physics 4, 185 (2021).
F. Mirani, et al. Science advances 7.3, (2021): eabc8660.
W Optimization O'F the Proo'F-o'F-Principle Setups. M. Barberio, et al. Scientific reports 71, (2017): 1-8.

M. Barberio, et al. Science advances 5.6, (2019): eaar6228.

New experiments of laser-driven particle acceleration, M. Barberio, et al. Scientific reports 9.1, (2019): 1-9.

PIXE, EDX’ PAA and FNRR also with samples A. Morabito, et al. Laser and Particle Beams 37.4, (2019): 354-363.
relevant for cultural heritage M. Zimmer, et al. In EPJ Web of Conferences (Vol. 231, p. 01006). (2020). EDP Sciences.

P. Puyuelo-Valdes, et al. Scientific reports 11.1, (2021): 1-10.
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