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Artworks characterization with conventional particle and radiation sources

Sample

Radiation
Source
(X-ray tubes,
accelerators,
nuclear reactors)
‘4.~'

o
‘.' A

=X

nly (PAA)

IXE)
X)

X-rays, y-rays, n

Detector

Energy Dispersive X-ray

Particle Induced X-ray
Spectroscopy (EDX)

Emission (PIXE)
* keVe-— x-rays

*  MeV protons — X-rays

* Several pm range, homogeneous,

small samples

* ~10 ym range, homogeneous
and stratigraphic

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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Artworks characterization with conventional particle and radiation sources

Sample

Radiation
Source
(X-ray tubes,

accelerators,

nly (PAA)

IXE)
X)

X-rays, y-rays, n

Detector

nuclear reactors)

ALY,

O
‘.' A

=X

Activation Analysis (PAA,
NAA) and Radiography

* Neutrons, MeV photons —
y-rays

X-ray Ray Fluorescence

Spectroscopy (XRF)

W nollow

e keV photons — X—rays
.anf.‘nr;t

* ~10s pm, homogeneous and

large samples in-air * 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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Artworks characterization with conventional particle and radiation sources

Sample

Radiation
nly (PAA)

Source
(X-ray tubes,
accelerators,

nuclear reactors)
2 5,

/‘!@u

',

IXE)

0

X-rays, y-rays, n

Detector

R 2 Large and expensive particle accelerators providing
¥ N monoenergetic particles.

N K Improvements required in term of:

AN
. : Compactness @ Cheapness |l| Energy tunability (flexibility)

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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Artworks characterization with laser-driven particle and radiation sources

Sample

Beam nly (PAA)

manlpulatlon

Detector

e & ( annl @

=)

) X-rays, y-rays, n

..many potential appealing features!

s
m Compactness

@ Cheapness

TlT Energy tunability (flexibility)

(‘1}) Multiple radiation fields — multi-purpose
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Artworks characterization with laser-driven particle and radiation sources:

{:‘\ Theoretical studies of laser-driven

particle acceleration and interaction with

matter (Smilei), GMUKA 6 Geantd ).

M. Galbiati, et al. Front. Phys. 11 (2023): 1117543.
A. Pazzaglia, et al. Commun Phys 3.1(2020):1-13.
A. Formenti, et al. New J. Phys. 22.5 (2020): 053020.
A. Formenti, et al. PPCF 64.4 (2022): 044009.
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(‘\ Pulsed-Laser Deposition (PLD) and
Magnetron Sputtering to produce
advanced materials (e.g. Double-Layer

Ta rgets).

A. Maffini, et al. Phys. Rev. Mater. 3.8 (2019): 083404.
. Prencipe, et al. New J. Phys. 23.9 (2021): 093015.

A. Maffini, et al. Appl. Surf. Sci. (2022):153859.
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Artworks characterization with laser-driven particle and radiation sources:
activities (o0

Sample

nly (PAA)

Detector

©

+

XE)

)

X-rays, y-rays, n

Detector

C*. Development of a commercial,
application-oriented proton
spectrometer in collaboration with

W RAYLABe....

DETECTING INKOVATION

0\ Study applications of laser-driven

particle sources in materials
characterization.

A Maffini, et al. Front. Phys. 11(2023):1223023.

F. Mirani, et al. Commun. Phys. 4.1(2021):1-13.

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

F. Mirani, et al. Phys. Rev. Appl. 19.4 (2023): 044020.

F. Casamichiela. "Study of a novel technique for laser-

driven proton beam diagnostics.” MS Thesis (2019).

F. Gatti, et al. in preparation.
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Laser-driven particle acceleration with solid targets

Single-layer target

Emission of electrons and ions.

1-10 pm foil) |
ons
e 10°-10" protons/shot accelerated (depending on laser and target properties).
* Broad energy spectra (max ~ 1 - 10s MeV).
Superintense laser Electrons e Control target properties (e.g. thickness) — tune the energy.

Fritzler2003
Liao2018
Li2z021
Zhou2021
Fang2016
Nishiuchi2008
Scisciv2014
Xu2019
Geng2018
Prencipe2021
Obst2017
Poole2018
Kar2016
Masood2014
Mackinnon2002
Prasad2011
Allen2004
Soloviev2017
Hey2008
Foord2007
Green2014
Allen2004
Brack2020
Dover2017
Qin2022

1013

1012 _

1.5 pm thick

1011 4

Ny/shot

1010 4

109 = . ———t

10 pm thick

F. Mirani, et al. Phys. Rev. Appl. 19.4 (2023): 044020.
P. L. Poole, et al. New J. Phys. 20.1 (2018): 0130719.
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)]

I I ; Thomson Parabola data w/o PM

© © RCF data 8£ ol

0 © Thomson Parabola data w/ PM [ I i
i Q Thomson Parabola data w/ PM
(averaged) I

(averaged)
= 1D Mora Scaling with a,=16

1072 1077 100
target thickness / ym

M. Passoni, et al. PPCF 62.1 (2019): 014022.




Double-Layer Targets for enhanced particle acceleration

C-foam Substrate

number of accelerated particles. — Meet requirements of demanding applications!

L
Q/_ Carbon foam-based DLT allows a higher laser absorption — Increase the energy and
\

1649 ¢ :
5 =i * Laser selF-Focusmg process:
% : ——foam 4 um
= —foam 12 um
= 1E+8 |
s '*h @
S~
Z 11‘& &
© L
1E+7 L
4 6 8 10 12 14 16 18 20 ) >
=10 pm
Proton energy [MeV]
006 06 60 60 600 o[meglem3] Control of all target properties to tune the energy and increase the
| # shot-to-shot reproducibility — Strategy to entirely produce the DLT.
|
Gases Near- Solids
critical
| Prencipe, et al. PPCF 58.3 (2016): 034019.
A. Maffini, et al. Appl. Surf. Sci. (2022):153859. | Prencipe, et al. New J. Phys. 23.9 (2021): 093015.

POLITECNICO
MILANO 1863

Francesco Mirani




Fully-optimized target production procedure for the experimental campaign

* Deposition of both the Aluminium substrate (50 nm — 6 pm) and carbon-foam Facilities @ PoliMi
to properly control thickness and density.

® [ ) [ ]
. .
o : : High-Power Impulse
® @ ° Magnetron Sputtering
@ ¢ ® ® ° ¢
@ o @
@ 4] o
Spin HiPIMS . . L Free- PLD
T coated ™ substrate _D!ssolutlon_ Fishing e standing ™ C-foam ==
o In water of the .
soap layer deposition i substrate deposition
on wafer m

* Tested in November 2023 (@ CI;P::UEEEQESESDEWith 1 PW Vega-3 laser!

‘PULSADOS

Pulsed-Laser D ition
A. Maffini, et al. EPJ Techniques and Instrumentation 10.1(2023):15. Sed ase ePOS tio
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Development of a spectrometer for proton characterization and applications
@ Pin-hole for @ Magnet to deflect protons

@ Voltage pulse ) proton selection

* Provide the proton — %

spectra online (0.4 -

20 MeV).

* Absolute calibration — ) )
Nun:rk;er of accelerated / ’_\g . A g S @ Multilayer.stopper to
particle. / e, : remove C-ions

. High resolution at low-

medium energy — Most of
protons for characterization of

@ Silicon photodiode array

for proton detection

artworks.

Protons

* Future commercial product ({{ RAYLAB )

oriented toward applications (flexible,
compact and reliable)

* Tested in November 2023 (@ (IQR”\‘QE%;TE%:; with 1 PW Vega-3 laser!
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Overview of laser-driven PIXE experiments

Q Proof-of-principle experiment of laser-driven PIXE
elemental analysis.

X-ray Emission

*  Collect characteristic Y
X-ray spectra. Emission angle (10°) NS

Incidence angle (10°)

High-
power
laser 1

Proton%urce CH sample

RCF

* |dentification of
the elements.

ST e
ENE 1 i
S [ E
5t w *  No damage of samples
% - X0 10 20 30 40 .
E [ Photon energy (keV) relevant in cultural
g heritage field.
T [

o8
i =6
0 5 10 15 20 25 30 35 40

Photon energy (keV)

M. Barberio, et al. Sci. Rep. 7.1 (2017):1-8.
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Overview of laser-driven PIXE experiments

Q Proof-of-principle experiment of laser-driven PIXE 0 Experiment of combined laser-driven PIXE
quantitative analysis & EDXS.

elemental analysis.

*  Collect characteristic

X-ray spectra. Emission angle (10°) -

Incidence angle (10°)

RCF

* |dentification of \ oo
= Al foil

the elements. High- (200 TW, 3, Target Divole maanet (10 1 B
power 30 fs) (6 um) : H Bilayer
laser 1 “ sample
Proton source CH sample B Proton Andor CCD [
B Electron screen
[ [ x-ray
- 9’ g >
3t g2 :
S| : :
51w *  No damage of samples * Retrieve the thickness of
% T X0 10 20 30 40 . . t . th k |
E L Photon energy (keV) relevant n cu|tura| a micrometric IC ayer.
()
Wt heritage field. .
gL 8 * Faster elemental analysis
I fi of thicker samples with
0 5 10 15 20 25 30 35 40 PIXE + EDXS.
Photon energy (keV)
M. Barberio, et al. Sci. Rep, 7102017):1-8. F. Mirani, et al. Sci. Adv. 7.3 (2021): eabc8660.
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Overview of laser-driven PIXE experiments

9

Experiments of combined laser-driven PIXE

quantitative analysis & laser-driven XRF.

Protons: f,(€)
WWN'MX'Rays: IKa/ IKﬁ

. # » Elementi: ¢,
in homogeneous 0o O L Be 500 pm

samples.

* Retrieve concentrations

8 cm

*  Faster analysis of Target

thicker samples with

20 24 26 28

Atomic number Z

PIXE + XRF.
75 cm

X
a—' 80 T
2 [ ]EDX
S 60 - |EEXPIF T
4
[+
5 40
= |Stainless steel |
%’ 20 ¢
i 0 [ HI- I ’—-—L-
w
[2v]
=

P. Pilar, et al. Sci. Rep. 11.1(2021): 1-10.
F. Bowin, et al. New J. Phys. 24.5 (2022): 053018.
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Overview of laser-driven PIXE experiments

Experiments of combined laser-driven PIXE A In the framework of cultural heritage studies,
quantitative analysis & laser-driven XRF. « o' differential PIXE is of particular interest...

25

Protons: f,(€)
WWN'MX'Rays: IKa/ IKﬂ

. # » Elementi: ¢,
in homogeneous o o L Be 500 pm
pir Yxi

20

* Retrieve concentrations

Fe (%)

samples.
8 cm

*  Faster analysis of Tange : R A

thicker samples with | &

PIXE + XRF. 2 -

S/ IJ &:o, o %
75 cm < :
X
a—' 80 T T T
" [ ]EDX
g 60 E -XPIF T 1 80+ 150 20+
4:; N, adao 1 [aePEEERENIY| (T o
_‘53 40 = E 60+ —-— 15
= |Stainless steel | < Jao & =
© opt E S, 40- . o o ] < 10,
i TRl S —
% 0 | | I ’—.—L- 207 : : i e 110 *]
S 20 24 26 28 o i e
2 At . ber 7 00 y el 2 z 0 0oo 05 1.0 ) 15 20 25 30
ore number P Pilar, et al. Sci. Rep. 111 (2021):1-10, h o
F. Boivin, et al. New J. Phys. 24.5 (2022): 053018. /. Smit, et al. Nucl Instrum Methods Phys Res B 266.10 (2008): 2329-2333.
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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 and control proton energy!

. 20 TW laser;

- DLT target;

Laser-driven proton

source (PIC)

¥ | Simulations of real-case scenarios of
=

laser-driven PIXE experiments.

(< 3D Particle-In-Cel

&
: (]
@* G.Eﬁ!:'ﬂ Monte Carlo 2
Z
w
-2.0e+00 DLT E

° 107 L '

0 2 4

e - dgweee |] 4§ —— X-ray 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

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

Guess a
composition ;Na
el s el ] L2 Y
Calculate X-ray intensities
with model
X2
Inimization
7 N\

Measured X-ray
! intensities

POLITECNICO ‘ Francesco Mirani 14

i

Incident proton
spectra

Compare with measured
X-ray intensities

M. Passoni, et al. Sci. Rep. 9.1, (2019): 9202.

MILANO 1863



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

®
il

£=| Dedicated software to process X- ray spectra and retrieve the sample composition.

Guess a Incident proton 10t
it Na spectra
composmon . E P
d

=

(=)
e
o

2
el i e e e L2 2510’ lﬁ
[ 9 [ 9 | | | | [ -;‘103
s o7 Tested with PIC

Calculate X-ray intensities 10° ~ : proton spectra and
i 0 2 4 6 8
with model E [MeV] 3 -
synthetic” X-ray
o spectra from the
7 N\

10 Monte Carlo.

o=||lo= : .

o=||o= Me.asureq X ray S 02|

o=||0= Intensities ©

S 10" |-
Compare with measured « 100 c Lk I beid
X . tensities 0 2 4 6 8 10 12 14 16 18

ray " EX-ray [keV]

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

#Z| Dedicated software to process X-ray spectra and retrieve the sample composition.
T
* Homogeneous sample . Complex structured samples (Medieval brooch and Renaissance painting) :
(Roman sword-scabbard): Ag cu Zn
100 100 100
Retrieved s Retrieved Retrieved
T Real _ Real _ Real
= 75 £ s £ 75
I g 50 S 50| R
i 4 < 2 =
o o 3 5
100 ¢ : 2 25 2 a
E Real M s _LI_|7 2 B g )
Retrieved
[ 0 J l l : II 1 1 1 I | | 1
® 10 o irea, d:nsity[r: ,cmzllz o ° o 3 6 9 12 15 c 3 6 9 12 15
é F & Areal density [mg/cm?] Areal density [mg/cm?2]
% Lead white Fe I HgS
g 100 100 100
S 1 Retrieved s Retrieved
'3_Q' = Real = Real
= 75 - =X 75 & 75 |
Fe Cu Zn Sn Pb E 50 E 50 g 50 |-
Q o o
Element g &) (&)
§ 25 £ 25 g -
= Retrieved s b3 > 2
Real
O | | [ o I ) o : )
M. Passoni, et al. Sci. Rep. 9.1, (2019): 9202. 0 3 6 9 12 15 o 3 6 9 12 15 o 3 6 9 12 15
L. De Viguerie, et al. Ana|ytica| chemistry 81.19, (2009): 7960-7966. Areal density [mg/cm?] Areal density [mg/cm?] Areal density [mg/cm?]
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Proposed differential laser-driven PIXE experiment (@ d'l Beamlines

Sample

X-rays

&
By

Beam
manipulation, Detector
mmnmmm ' selection,... @
ﬂmwl" "

POLITECNICO
MILANO 1863

‘ Francesco Mirani



Proposed differential laser-driven PIXE experiment (@ d'l Beamlines

Sample
Beam
manipulation, Detector
Target selection,... _§ @=_
ﬂjmmmmﬁf Xey: B —
3] -
a Jy SR W

Mass
Concentration
[%]

100

10

8

Areal

e densi

Wl 1 i Varnish [mg/C"t\’;]

Advanced targets and DLTs .»»)) el.l Beamline to tune Spectrometer to support Self-produce multilayer whs HE2

to enhance proton number zwaa  proton energy proton characterization samples an<fl cultural Code for differential PIXE
heritage objects stratigraphic analysis

and energy
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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 (8x1020 W/em?)

. Near-critical |ayer

12

10 —— Electrons (PIC)
271010
>
Q
s
o 108 .
o v . Super-lntense
2 Hot e- generation laser pulse

10°- with Emax =110 MeV Near-critical

|ayer

10 30 50 70 90 110
Energy [MeV]

F. Mirani, et al. Commun Phys 4.1, (2021): 113
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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

* W-converter thickness = 2.6 mm

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

|ayer Bremsstrahlung

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

F. Mirani, et al. Commun Phys 4.1, (2021): 113
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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 GhUKA )

* Photonuclear reaction cross sections:

180 ]

r |
Mo-100 (y,n)
160 - Cu-65 (y,n)
140 - mmmm Co-59 (y,n)

120 .
100 .
80
60
40

20
0

o [mb]

Super-intense

|aserpu|se
5 10 15 20 25 30 35 Near-critical

Ey [MeV] layer Bremsstrahlung
photons

F. Mirani, et al. Commun Phys 4.1, (2021): 113
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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

R
105 e icu
| |
1034, '
ST
101.
1071
—— 12 hours cooling
() I i z
% 105 EFe gNa Ni
§ 103 i Peak
| 101_ » L] . .
S intensities
g 1071
5 T e al
% 1 week cooling : Ll N~ . -V
10% ica Super-intense R 2
03- : . .
1 laser pulse Characteristic
10 Near-critical y-rays
10—1-
—— 1 month cooling layer BremSStrahlung
0.4 0.6 0.8 1.0 1.2 1.4 photons
E [MeV]

F. Mirani, et al. Commun Phys 4.1, (2021): 113
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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

) .. . Calibrati
3. Retrieve the elemental composition of a cm-thick Sarmol albration
) ple material
homogeneous sample (South-Levantine bronze

sculpture).
Bl Sample
401 B Retrieved
< 20

s

= |
—_ 0
R 4
Comparison c

) S 2.
with the 5
. . Q
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): 113
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Numerical study of laser-driven FNRR feasibility

@ Exploit laser-driven neutron source to perform radiography of la rge samples.

e Monte Carlo & GEANT4 results:

1. Super-intense laser interacting with Double-Layer
v Proton spectra: v" Neutron spectra:

Target (model from literature).

2. Accelerated protons interaction with cm-thick converter
— (p, n) reactions — fast neutron generation.

neutrons

cm-thick Be
converter

Double- Lo g o E, [MeV]
Layer Target == cu
Y get 0.9

@ Broad spectrum up to 10s MeV.

: 0.6 1
o © >10° wersatz3md
Super-intense laser 0oL - . - 210% n/cm?/s at 2 3 m distance for ag > 15 (= 250 TW).

lse (100s TW
puise ( > ) Ep MVl Mirani, F., et al. Under review at Phys. Rev. Appl.
A. Pazzaglia, et al. Commun Phys 3.1, (2020): 1-13.

53{':]25&?&0 ‘ Francesco Mirani 19



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
[ .
s 8 1 '2C(n,tot)
= = *N(n, tot) 51 =
9 6 == 150(n, tot) 05 =
g 5
@ 4 £ o
% O £
e 2 04 §
Q =
0 —5-
2 4 6 8 10 (CHY, 03
Energy [MeV] :
Oxygen: Carbon:
. . & 5 5 <
position g g
.. = 4 2
. neutrons sensitive TOF ﬁ §
cm-thick Be : n-detector 33 3 3
. = =
converter 10s cm thick ﬁ 5 ,
[ ]
sample z :
R 1 3
£ g
£o 0 <
_ o o . Nltro en: Hydrogen:
Double 3. lrradiation of |arge samples with 1-10

Layer Target [ '&

o
2]

Projected Mass Thickness [g/cm?]

MeV neutron pulses.

protons

w
o
()]

N
o
N

4. Detection of transmitted neutrons for 1 min.

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

=
o
[hS)

| L]

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

Projected Mass Thickness [glcm?)
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Summary & conclusions

 Laser-driven radiation sources are promising for materials characterization

and in particular for artworks.

> Multiple radiations — multi-purpose (surface,

bulk, stratigraphic analysis and imaging).

* Near-critical Double-Layer Targets are worth of consideration.

» Enhancement of the number and energy of

accelerated particle.

» Energy tunability and selection.

* Laser-driven differential PIXE (most powerful and
ambitious), PAA and FNRR still need an experimental

demonstration!
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