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Non-destructive material analysis in cultural heritage
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Characteristic 
X-rays

X-ray Detector

Electrostatic accelerators

Particle-induced X-ray emission (PIXE)

X-ray fluorescence (XRF)

• Low background for PIXE
• Portable configurations for 

XRF
• Quantification of the 

concentrations
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J.-C. Dran et al., Nuclear Instruments and 
Methods in Physics B, 7:15 (2004)
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Laser-driven ion sources for material analysis

F. Mirani et al., Science Advances, 7:3 (2021)
M. Salvadori et al., Physical Review Applied, 21: 064020 (2024) 

M. Passoni et al., Scientific Reports, 9:9202 (2019) 
P. Puyuelo-Valdes et al., Scientific Reports, 11:9998 (2021) 

Few proofs of principle:

Electrons

X-rays

Characteristic 
X-rays

Spatially dispersed 
X-ray Detector

High-intensity 
(>1018 W/cm2) 
laser pulse

Thin (~0.1-10 μm) 
solid foil

2
M. Passoni et al., Physical Review Letters, 
101:11 (2008)
J. Yu et al., Physics of Plasmas, 6:4 (1999) 

• Compact acceleration 
scheme

• Multipurpose source
• Possibility of quantitative 

analyses
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• Potentially transportable
• PIXE, XRF or their 

combination (PIXRF) with 
one source

• Possibility of quantitative 
analyses

Why laser-driven ion sources for cultural heritage?
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Protons

X-rays

What’s missing?
• Test the technique on 

cultural heritage relevant 
materials

• Tools for quantitative 
analysis of PIXRF spectra

• Compact systems for in-air
irradiation

• Development of high-
repetition-rate for high 
fluxes

F. Mirani et al., Science Advances, 7:3 (2021)
M. Salvadori et al., Physical Review Applied, 
21: 064020 (2024) 

P. Puyuelo-Valdes et al., Scientific Reports, 
11:9998 (2021) 

Laser-driven Particle-Induced X-ray-
induced Fluorescence (PIXRF)

keV

MeV
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Goals and setup of the experimental campaign at ELIMAIA

X-rays

Kapton 
window

Protons,

X-rays

Andor© CCD 
camera

Magnetic spectrometer

Chamber wall

Ions, e
lectrons, 

X-rays

Target

L3-HAPLS laser
(~10 J, 27 fs, ~1.8 μm) 
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Our goals:

• Development and test of a compact configuration for 
both in-air irradiation and source characterisation

• Irradiation of cultural heritage
relevant bronzes and ceramics
with laser-driven sources

• Development of tools for quantitative analyses 
with laser-driven PIXRF

D. Margarone et al., Quantum Beam Science, 2,2 (2018) 
F. Gatti et al., IEEE Transaction on Instrumentation and 
Measurement, 1,12 (2024) 

~ 100s of laser shot per sample

~ 0.05-0.1 Hz
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Proton and X-ray emission characterisation
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Proton spectrum Proton spot on sample
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• simulation to estimate protons on sample

4.0x106 protons per laser shot on sample

1.3x105 Cu-X-rays per laser shot on sample

Back-scattering from PMMA 

Protons, 

X-rays, 

electrons

Proton spectrometer

Andor© CCD 
PMMA

Magnet

• simulation to estimate X-ray back-scattering
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1 V. A. Solé et al., Spectrochim. Acta B, 62/1, 63-68 (2007) 

PyMca1
iterations

PyMca-based software for elemental concentrations

Calculation of theoretical 
yields and ratios

Guess the 
composition

Cu

Ti

PIXRF spectrum fit and 
comparison with 
theoretical yields

Incident proton and X-
ray spectra

Measured X-ray 
spectrum

Modified PyMca workflow
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Why PyMca?
Open-source

Standard in conventional quantitative XRF

High accuracy in considering atomic physics 
and matrix effects

Tested with spectra      
from  

simulations
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PIXRF on a reference quaternary bronze

Ar

Cu
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Sn
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Mn

Diffraction 
peaks
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PIXRF spectrum Retrieved concentrations

Protons,

X-rays, 

electrons

Proton spectrometer

Andor© CCD 

Reference bronze

Magnet

35 mT

Test of custom PyMca on 
experimental data

Estimation of detection limits

Calculation of geometrical 
correction factors

Detection of low 
concentration

elements

Increase of 
background below 

7 keV



Kevin Ambrogioni51st EPS Conference on Plasma Physics 

09/07/2025

PIXRF on a medieval bronze fragment
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PIXRF spectrum XRF spectrum Retrieved concentrations

Protons,

X-rays, 

electrons

Proton spectrometer

Andor© CCD 

Medieval bronze

Magnet

35 mT Test of PIXRF 
quantification
with unknown 
cultural heritage 
bronzes

Comparable results 
with conventional 
quantitative XRF
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PIXRF on a I-III century ceramic-pot fragment

0 cm 1 2 3
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PIXRF spectrum μXRF spectrum Ceramic-pot fragment (I-III century)

Protons,

X-rays, 

electrons

Proton spectrometer

Andor© CCD 

Celtic ceramic

Magnet

35 mT
Test of 
PIXRF on 
ceramic
materials

Detection of low 
concentration 

elements (~0.1%)

Si and Al matrix, 
trace elements 

undetected
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What about trace elements?
Electron spectrum from PIC Energy deposited on CCD
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PIXRF spectrum

and  

simulations to 
find cause of
background

Electrons impinging 
on CCD screen

• Mitigation of background source 

• Use of He flux to reduce in-air attenuation 
below 3 keV

• Use of alternative CCDs with higher 
efficiency above 10 keV
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Conclusions and future developments
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Development of 
compact irradiation and 
source characterisation 

setup based on a 
magnetic spectrometer

Development of a 
robust tool for 

reference-free PIXRF 
quantification based on 

PyMca

First laser-driven PIXRF 
on cultural-heritage

relevant materials

Assessment of key steps 
for experimental setup 

optimization

Reduction of
background source 

through optimisation of 
the setup

Work at higher 
repetition rate (~1 Hz)

Use of table-top 10s-
of-TW-class lasers

Engineered targets to 
increase laser-plasma 

acceleration 
performance
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