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What are the materials analysis techniques used in cultural heritage studies?

Particle Induced X-ray
Emission (PIXE)

Electrons

*  MeV protons — X-rays

X-rays, y-rays, n
i 4 e 0-10s pm, homogeneous

Detector

and stratigraphic

* |ow-Z elements

X-Ray Fluorescence (XRF)

spectroscopy

Activation Analysis (PAA,
NAA) and Radiography

*  Neutrons, MeV photons
— y-rays

* keV photons — x-rays

* 10s pm, homogeneous samples,
elemental mapping

B hollow

B cifferent
material

* Homogeneous, bulk

different
material

* high-Z elements

J
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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Why laser-plasma sources can be interesting for the analysis of artworks?

Particle accelerators Neutron / y-ray sources

Portable X-ray tubes

 Different conventional
sources for speciﬁc
techniq ues

Laser-plasma accelerators are potentially
compact and multi-purpose.

M. Passoni, et al. PPCF, 62(1), (2019): 014022.
Verma, Hem Raj. Atomic and nuclear analytical methods. Springer, 2007.
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To this aim, several aspects must be investigated...

m-thick Laser-plasma physics
pm-thi
Super-intense ultra- target

short laser pulse

e-, protons, hv Source

Targetry characterization

Feasibility of
real-case studies

Detection

& g

Production of advanced targets with Theoretical and experimental Development of diagnostics of laser- Assessment of applications like

deposition techniques investigation of laser-plasma driven proton beams artworks characterization
interaction
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Advanced targets with deposition techniques: solid foils Spin coating of soap Metallic target

layer on glass deposition

um-thick * Control target properties Tune the energy
Super-intense ultra- target (thickness, composition, etc.) of TNSA ions
short laser pulse
5 * Shot-to-shot stability crucial Not ensured by '
¥ for applications commercial targets J
| i . .. . Soap removal Target ﬁshing on
g Developed strategy for metallic target deposntion via .
! In water

. the holder
Magnetron Sputtering C

0.05 - 5 pm thicknesses, negligible uncertainty
« ALTiCy,..

F. Mirani, et al. Physical Review Applied 24.1(2025): 014017.
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Advanced targets with deposition techniques: solid foils Spin coating of soap Metallic target

layer on glass deposition

| um-thick Cor\trol target prol:.>e.rt|es Tune the energy
Super-intense ultra- target (thickness, composition, etc.) of TNSA ions
short laser pulse
5 * Shot-to-shot stability crucial Not ensured by
| for applications commercial targets
| = : L S | Target fishi
“"“ Developed strategy for metallic target deposition via ogp remova arget TEHING on
g ) in water the holder
113 Magnetron Sputtering (
* 0.05 - 5 pm thicknesses, negligible uncertainty
« ALTiCy,..
* Tested (@ ‘I/_H,U\fﬂgo and l)»»’ eli Beamlines
2 pm AI Commercial Target 2 pm Al Deposited Target 1e6 Number O'F PI’OtOI’\S Maximum Energy
107 107 :
L !
_ _ 25 - .
_}ﬂ TN .}g — [ ] ®
2 " 2 = |
S 1051 5 10° 1 §1-5 = =207 e
e} 3 N Kol | = *
s e S g ° 15 - .
81071 I' : 8 1071 e | 5 : %
Z |’ \1 Z z 104 ] ele
© ©
10! A 101! 4 i 031 S i = i i
10 20 10 20 Commercial Deposited Commercial Deposited
Energy [MeV] Energy [MeV]
F. Mirani, et al. Physical Review Applied 24.1(2025): 014017. A. Maffini, et al. PPCF 68 (2025): 035007.
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Advanced targets with deposition techniques: Double Layer Targets (DLT)

* Control target properties Tune the energy

Double-layer target ) -
| (thickness, composition, etc.) of TNSA ions

g Deposition of a |ow-density nanostructured |ayer n
front of the solid foil to increase laser absorption.

0.06 06 60 60 600 P[mg/em3]
I .
|

Gases Near- Solids

critical

| Prencipe, et al. New Journal of Physics 23.9 (2021): 093015. A. Maffini, et al. PPCF 68 (2025): 035007.
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Advanced targets with deposition techniques: Double Layer Targets (DLT)

* Control target properties Tune the energy * Pulsed-Laser Deposition (PLD) allows to
(thickness, composition, etc.) of TNSA ions control the morphology (foams, tree-
like,...), density and composition of the

Double-layer target

g Deposition of a |ow-density nanostructured |ayer in nanostructure.
front of the solid foil to increase laser absorption.

(A

Bulk value

10 um

o B A SR 1A e e e

10 pm

¢ o ciirir o Sl e

006 06 60 60 600 P[mg/lcm3]

. ————

Gases Near- Solids
critical ~1-10
mg/cm3
| Prencipe, et al. New Journal of Physics 23.9 (2021): 093015. A. Maffini, et al. PPCF 68 (2025): 035007.
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|nvestigation of laser interaction with near-critical DLT

* Laser interaction with low-density nanostructured materials is complex Theoretical investigation should include the real structure.

! Development of a diffusion-limited

cluster-cluster aggregation code to

growth synthetic nanostructures.

Synthetic foam Real foam

e

A Maffini, et al. PPCF 68 (2025): 035007.
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|nvestigation of laser interaction with near-critical DLT

* Laser interaction with low-density nanostructured materials is complex Theoretical investigation should include the real structure.
=| Development of a diffusion-limited 3D PIC simulations ( Smilei) and WarpX) to interpret and reproduce enhanced-
cluster-cluster aggregation code to TNSA experimental data.

growth synthetic nanostructures.

Realistic PIC vs Experimental proton spectra

1011
_ e BT, PIC
] O BT, RCF
10
= 10 E m DLT, PIC
v 3
‘C ] @ DLT, RCF
2 10° E
2 1
o ]
w 108 -
O 1
% ]
10’ 1
105 1) 1 1 1

0 5 10 15 20 25 30

Synthetic foam Real foam
M ‘ - Energy [MeV]

5 o Ry

DLTs increase the energy and number of protons — Mitigate laser requirements in
view of practical applications!

‘ . A. Maffini, et al. Frontiers in Physics 11 (2023):1223023.
A. Maffini, et al. PPCF 68 (2025): 035007. |. Prencipe, et al. New Journal of Physics 23.9 (2021): 093015.
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Focusing on laser-driven PIXE and XRF...what has already been done and what are our goal?

Few theoretical studies and proof—of—principle
Done experiments with simple materials

* Reference-free quantitative and stratigraphic analysis in
vacuum

M. Passoni, et al. Scientific reports 9.1, (2019): 1-11.
F. Mirani, et al. Science advances 7.3, (2021): eabc8660.

*  Combined laser-driven PIXE - XRF in vacuum
P. Puyuelo-Valdes, et al. Scientific reports 11.1, (2021): 1-10.
M. Barberio, et al. Scientific reports 9.1, (2019): 1-9.

* Quantitative laser-driven PIXE in-air
with standards

M. Salvadori, et al. Physical Review Applied 21.6,
(2024): 064020.
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Focusing on laser-driven PIXE and XRF...what has already been done and what are our goal?

Few theoretical studies and proof—of—princip|e Investigate quantitative PIXE-XRF in-air on cultural heritage materials
Done experiments with simple materials > with a |aser—p|asma source
* Reference-free quantitative and stratigraphic analysis in e Access to ')»”) eli MAIA beamline through 5t User call
vacuum
M. Passoni, et al. Scientific reports 9.1, (2019): 1-11. 1 CCD

F. Mirani, et al. Science Advances 7.3, (2021): eabc8660. camera

*  Combined laser-driven PIXE - XRF in vacuum
P. Puyuelo-Valdes, et al. Scientific reports 11.1, (2021): 1-10.
M. Barberio, et al. Scientific reports 9.1, (2019): 1-9.

* Quantitative laser-driven PIXE in-air
with standards

M. Salvadori, et al. Physical Review Applied 21.6,
(2024): 064020.

Exit Sample

window

) eli

L3-HAPLS laser
(10J, 27 s, ~1.8 pm spot, Cu target I'Vg//
~102' W/em?)

~100s of shots per sample

[ @ ~0.05 - 0.1 Hz

K. Ambrogioni, et al. Under review (@ Science Advances (2026).
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Exploit an application-oriented proton spectrometer developed with il RAYLAB

il Materials analysis requires precise knowledge of the source. Magnetic system for proton beam characterization and irradiation.

1013
( \ I-Q-l Spetrometer
. L, — TP
€ RCF

Photodiodes J

Arrays : : 1012
Modulated stopper :- .
deposited with 0.5 MV - E’l 10
Magnetron Sputtering ’ ¥ 5
‘ / Z 1010

g-
&

Deflected

protons

108

Controllable

. Elettropermanent E [MeV]

B-field
t to tune th ¢
r;'afgi:; (8 -u8e4 T)e © ©® ® *  Agreement with the shape
o 2 of proton spectrum from
® @ @, e Thomson Parabola.

Laser-driven ,

Pin-hole

Sample

NV EEANNIA T /]

source
F. Mirani, et al. Physica
Review Applied 24.1

|
/
(2025): 014017.

F. Gatti, et al. IEEE Transactions on Instrumentation and Measurement (2024). K. Ambrogioni, et al. Under review (@ Science Advances (2026).
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Characterization of protons and X-rays emitted by the |aser-p|asma source

Irradiation of a PMMA & GEANT4 simulation to estimate
sample and detection of 1.3x10° Cu-X-rays per laser shot
backscattered photons. on sample.
Proton spectrum Backscattered X-ray spectrum
@ Protons @ source, 2° divergence ] 1 Data Back-scattered Cu
== Protons on sample ] .
1 — Fit
| —— CCD case ' b L
. e A AU LEG
- T Background A “H‘ ‘L,.lfxl i 1
2 10° 5 y v |
i Proton spectrum measured 5 ‘ g w A" . ‘
(@ source with spectrometer. T u | L
> 10° 4 € ..1 B |
"ZJ 3 107 i A Il A
[ | Il
' ‘ ~\ f .' v ‘,v:
104 :- [
& GEANT4 simulation to estimate
4x10° protons per shot on 103 ' . : . ; :
| 0 5 10 15 20 25 4 6 8 10 12 14
sample. Energy [MeV] Energy [keV]

K. Ambrogioni, et al. Under review (@ Science Advances (2026).
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Quantitative laser-driven PIXE-XRF analysis: procedure to get elemental concentrations

Measured X-ray Spectrum fit and

spectrum comparison with

‘ theoretical yields
e M ¢ (5]

iterations

Eval theoretical
yields and ratios

,' Include PIXE theoretical description in the
XRF PyMca workflow
* High accuracy in considering ' Guess the
atomic physics and matrix effects. Incident proton and composition
. | X-ray spectra 0 0 o o [ [
e Standard in conventional DEOOOCOEEE
quantitative XREF.

V.A. Solé, et al. Spectrochimica Acta Part B: Atomic Spectroscopy 62.1(2007): 63-68.
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Quantitative laser-driven PIXE-XRF analysis of reference and medieval bronze

Reference bronze Concentrations
102 3
Cuy EEE Data ] m Certified
— Fit ] Report
102 - —— Scattering ] Retrieved
y —— CCD case 101_;
S —— Background | 1
-g Sn Diffraction E'
= L peaks T 100+
£ qp2{ A o R ]
S ‘ o=
10_1 _E I
- 66/7)6 101 T T T T T T : T T
Cu t:;rget e’h@/ 2 4 6 8 10 12 14 Sn Cu Zn Pb Fe Mn
7 Energy [keV] Element
Medieval bronze Concentrations
. . 102 S
g, Analize spectra and get elemental concentrations Culy = Dato Retrieved XRF
10° 4 — Fit Retrieved LD-PIXRF
—— Scattering
. gt = = CCD case 1074 —
Include PIXE theoretical description £ —— Backaround -
5 Ca g - I —
in the XRF PyMca workflow £ £
: ‘@ E 100 -
. 5
o
. . IS) =
* Test with reference material €
1071+ n
. Analysis of a medieval bronze -
S'n Clu Zln P'b ﬁl\s Fle
Energy [keV] Element

K. Ambrogioni, et al. Under review @ Science Advances (2026).
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Qualitative analysis of Celtic ceramic with laser-driven PIXE-XRF and conventional XRF

h | | g |nvestigate the current limits of the technique through comparison

with conventional XRF on a challenging case study

*  Main elements (down to ~0.1%) identified with laser-driven

PIXE-XRF

Exit

window

Ceramic

Trace low-Z and high—Z elements not recognized...improvements

! are needed
HAPLS
- Conventional XRF Laser-driven PIXE-XRF
et K Pe "~ Data e o Data
— Fit / — Fit
106 4 —— Background

—— Scattering
CCD case

z )
S < K Background
* Incollaboration with XRAYLabat ¢ e "
& , 102 4
(q Consiglio STIYIO o 2 2 -
Nazionale S C = c
delle Ricerche p BATRIVONIO CULTURALE 3 3
© O

in Catania (Francesco Paolo
Romano)

Y ¥ ; ! . 101 1 Ll Ll 1
25 50 75 100 125 150 175 20.0 2 A 6 8 10 12 14

Energy [keV] Energy [keV]

K. Ambrogioni, et al. Under review @ Science Advances (2026).

POLITECNICO

MILANO 1863 Francesco Mirani



Qualitative analysis of Celtic ceramic with laser-driven PIXE-XRF and conventional XRF

This ceramic case—study Is part of a broader analysis ona |arge set samples with different techniques.

e Raman spectroscopy * |n collaboration with @Cozgg |§pC'S"TUTOD

delle Ricerche PATRIN\ON\O CULTURALE

* Conventional and Differential PIXE o5 )»)” el]

Ceniro Nacional de Aceleradores Na:mnu\ de Acelerodores

 Rutherford Backscattering spectroscopy

* Energy Dispersive * X-ray computed
X-ray Spectroscopy Thomography Scan * p-XRF * Laser-driven PIXE-XRF
~ : o S S ] Fe Data
/ — Fit
—— Scattering
—— CCD case

Background

102 4
Iron u-XRF map 1

Counts [arb. units]

10'

Counts [arb. units]

10

250 um
———

i Energy [keV]
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What’s next?...Optimization of laser-driven PIXE-XRF setup for cultural heritage analysis

I.Lh T IVARSS * Mitigate low-energy X-ray attenuation in air — He flux between sample and
7 : CCD camera

* Test alternative CCD cameras with higher detection efﬁciency in the
energy region of interest

Ceramic

L3_
HAPLS
- Laser-driven PIXE-XRF
Cut#rget oy
Simulated background
107"
o A fraction of high energy electrons g g
from the laser-plasma source deposit =~ g
energy in the CCD — Shielding \g m
. (=] =
Improvement ;‘f é
o Verified with @GEA’ST4 Monte E‘
Carlo simulations <
10_3 1 1 1 1 1
25 50 75 100 125
E [keV] Energy [keV]

K. Ambrogioni, et al. Under review (@ Science Advances (2026).
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What’s next?...Test complementary laser-driven PIXE configurations like full-field

CCD

screen

fj@
&)

Laser-driven
protons

Fe elemental distribution

1.0 . Preliminary study
0.8 performed with Monte
_ 06 2 Carlo simulations
£ €3G
£ Ju §
< " 6 Geant4
S
0.2 *  Very simple composition.
0.0
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Map the distribution of the elements on the surface
of archeological samples from Prague museum.

* Polycapillary between sample and CCD to filter

X-rays not orthogonal to the surface.

Experimental campaign @ ELI Beamlines in collaboration with the))»») ew':i
team with the ELIMED beam line scheduled in May 2026 within the

framework of the 6° user call.




Final remarks and conclusions

@ Deposited foils and Double Layer Targets

reduces shot-to-shot uncertainty.

107
] CCD
S 10°
_E' camera
L
S10°4 |
=z
© e’(,e(
10!

10 20
Energy [MeV]

) eli

ELIMAIA

Exit window

Counts [arb. units]

dN/dE [1/MeV]

Compact system for proton
detection and sample irradiation.
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10° 4

o 102 3

N [ Data E maw Certified

— Fit Report

—— Scattering Retrieved
Zn —— CCD case 10" 3
—— Background ]
Sn  Diffraction % ]

aks

pe £ 1003
B 1
10715

2 4 6 8 10 12 14

Sn Cu Zn Pb Fe Mn

Energy [ke
9y [keV] Element

Sample

@ Protons @ source, 2° divergence
== Protons on sample

Successful inclusion of PIXE
physics in PyMca.

5 10 15 20 25
Energy [MeV]
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..details can be found in the following articles:
F. Mirani, et al. Communications Physics 4.1 (2021):185.
F. Mirani, et al. Science advances 7.3 (2021): eabc8660.
A. Maffini, et al. Frontiers in Physics 11 (2023): 1223023.
F. Gatti, et al. IEEE Transactions on Instrumentation and Measurement (2024).
D. Orecchia, et al. Small Structures 5.6 (2024): 2300560.
F. Mirani, et al. Physical Review Applied 241 (2025): 014017.
A. Maffini, et al. PPCF (2025).
M. Galbiati, et al. Submitted to Scientific Reports (2025).
K. Ambrogioni, et al. Under review (@ Science Advances (2026).

Thank you for the attention!

francesco.mirani@polimi.it

WWW.ensure.polimi.it
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