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Introduction
INFN and Cultural Heritage Net

Non destructiveelementalanalyisiswith u-XES: muonicemissionspectrometry

u-XES: MuonicAtom X-rays Spectrometryand prompt gamma muoniccapture

"Whyis the use of a muonbeammore convenientfor non-destructiveanalyticaltechniques?"

Facility and Collaborations

STFC-RAL PORT4 beamline @ISIS Neutron and Muon Source (UK)

CHNET_TANDEM Optimizationof uXESfor elementalanalysys(2017-2022)

CHNET_MAXI Optimizationof IsotopicAnalysis (2023-2026)

Experimental Set-up

New MuonBeamMonitor: Scintillatingfibers-SiPMHodoscope

New DAQ open-FPGA 128 Channelsdigitizerfrom CAEN-NI

Germaniumdetectors array

Scintillationdetectors 

Future perspectives and summary

Outline
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CHNet: the operational platforms

FIXLAB
Medium-large
scale facilities TL dating

X-ray 
imaging

Mass Spectrometry

Accelerators

X-ray imaging

MOLAB

XRD

XRFThermography
In situ analysis

DIGILAB
Data Storage and fruitionWeb tool for data analysis

Web

The INFN Cultural Heritage Network was launched to support the study and preservationof artistic assets.
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The INFN_CHNetтRAL Collaboration

The Facility
The STFC Rutherford Appleton Laboratory (RAL)in Oxfordshire hosts the ISIS Neutron and Muon Source, a 

world-leadingresearch facility for physical and life sciences.

The Partnership
CHNet, UNI Milano-Bicocca, UNISS, UNIPVunits, maintains a long-standing and fruitful collaboration with the 

ISIS Muon Group, (Adrian Hillier) contributing to several researchprojects and supporting numerous PhD 
activities.

Current R&D Projects
Thereare two main R&D projects dedicated to the development of Muon Spectroscopy -͓XES :

CHNet-TANDEM (elemental analysis ) CHNet-MAXI (Isotope Analysis)
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WhyMuon and ͓ -XES ?

The muon is an elementary subatomic particle (it shares the same properties
as the electron, but with a significantly greatermass 207 times!

It is a naturally occurring particle found within cosmic rays!

At sea level 100 muons /(m2 s)
Everysecond, roughly10 cosmic-ray 

muons pass through our bodies
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-͓XES as Ion BeamAnalysis (IBA)

The emission is driven by the formation of muonic atoms upon the impingement of a muon beam.
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Negative Muons and Muonic Atoms

This techniqueinvolvessamplesexposureto a collimated muon beam (at theISISMuonSource@RutherfordAppletonLaboratory)and characteristicX-rays and

gammadetection, emittedfollowingthe muon implatation andmuonic atomsformation insidethesample.

Muonic atom formation step Processes involved

Negative muon

electron

Nucleus Z

Nucleus (Z-1)

Characteristic
muonic X-Rays

Prompt
Gamma Ray

Å Muonic Atom formation : muon implantation
in atomic muonic orbital

ÅMuonic Cascading process : emission of high 
energycharacteristic muonic X-Rays

Å Natural decay/muon capture by nucleus
with Prompt Gamma Ray emission
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Prompt
Gamma Ray
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Negative Muons and Muonic Atoms

This techniqueconsistin the sampleexposureto a collimated muon beam (at the ISISMuon source@RutherfordAppleton

Laboratory)andthe detectionof characteristic radiations (X-rays) emittedfollowingthe implantation/ formationof muonic

atoms insidethetargetandafterthenuclearmuoncapture(prompt gammarays)

- High energy characteritics X-rays 10 keV to 10 MeV observable from
outside the sample - No need of vacuum -> applicable to matrices and
severalshapesand gamma rays(isotopic analysis) ;

- Applicable to every element from Li to U simultaneous multi -elemental

- Possibility to perform depth profile by changing muon beam
momentum/energy,Siteselective, 3D mapping

- No sampling/Non-destructive techniques, pratically no activation
products (if we compare with neutron activation)

ΝΥЯΤШťĲéШu͈ШxŔ

ΣΜΤΜШťĲéШu͈ШÑő
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Depth profile

Multilayer sample
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Exampleof a depth profile study. The penetration depth depends on the incident
beam energy and the material density

Cu ~1cm
Ag ~0.8 cm
Fe ~1.1cm
C ~3.8 cm 

Water ~8.5 cm 
Data from: Clemenza, M. et al., of Radioanalytical and Nuclear Chemistry 322 (2019) 1357т1363Data from: Hillier, A. D et al., Microchemical Journal 125, 203-207 (2016)

Concentration profile analysis within the material , from the surface to the bulk!



Muon RangeMuon Range

15т19 february2026 12ICI Firenze 

Multilayer sample 

Material Thickness

(mm)

PTFE 1,2

Aluminum 0,25

Silicon 0,3

Tin 0,5

Iron 0,5

Copper 0,8

Zinc 1,0

Silver 0,25

Tantalum 0,25

Gold 0,3

Muon Range Muon Range Muon Range Muon Range

10
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ISIS-STFC Neutron and Muon source
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Set-up ChNet_TANDEM

@port4 Dimensions

GMX20P4 Upstream High energy 54.8x49.8 mm

GEM-S5020P4-B Upstream Low energy 49.5x22.3 mm

GEM20P4-70-PL Downstream High energy 56.7x39.7 mm

GEM-S5020P4-B Downstream Low energy 49.6x22.8 mm

Total active volume 300 cm3 

set up @port4 for uXES ISIS STFC

µ-XES is based on the detection of the characteristic radiation of the emitting atom, that can be used for material 
characterization (0.01 ш 6 MeV range)
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BeamMonitor: Hodoscope with scintillating fibers

64 scintillating fibres (section 3 mm2) read by SiPMs (active area 5x5 cm2).

2 planes of 32 scintillating fibers for X-Y muon mapping

12ICI Firenze 



15т19 february 2026 12ICI Firenze 14

Outline

DT5780 CAEN Dual Digitizer Multi Channel Analyzer - Desktop

The DT5780 is a compactdesktopsystemintegrating 2 Independent

16k Digital MCA and featuring HV/Preampcapabilities for digital

nuclearSpectroscopy. 2x 100MS/s 16-bit waveformdigitizer (basedon

724series)

Operating modes:

Å ñPHAò: histogram16k built at software level

Å ñListò: pulseheightand time stampfor eachevent:10ns resolution

Å ñOscilloscopeò: input and internalfilters waveforms

CHNET-TANDEM: CSNV e CHNET R&D (2017-2019): ElementalAnalysis 

HodoscopeScintillating Fibers SiPM

Monitor muon Beam DAQ for HpGe
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Energy-time spectrum

1173 - 1163 keV from 62Ni 

511 keV annichilation e+-e-

muon capture reaction
63Cu + u-> 62Ni + n + gamma.

interaction of n-Ge(n, n ') (~700keV) 

1345keV from 64Ni 
65Cu+u->64Ni+n+gamma
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Case studies: depth profiles of Gildings
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Depth profile: Mockup enamel Limoges



15т19 february 2026 12ICI Firenze 18



15т19 february 2026 12ICI Firenze 19

Lead Isotope Analysis

CHNet-MAXI experimentlevel-up: 

Lead isotope ratio analysisfor provenancedetermination
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Lead Isotope analysis

4 isotopes: 206Pb, 207Pb, 208Pb are

radiogenicprogenyof 238U, 235U, 232Th

so 204Pb is the only primordial " constant" Isotopes

The analysis IR of the lead mines providesa

"fingerprint": the "isotopic correspondence"

betweenmines and lead isotopescontent in

artefact indicates the probable origin of the

material/manufacturedfrom a specificarea.

Currently, established techniques 
such as TIMS and ICP-MS are all

invasive and destructive ."

Our goal is to explore the potential of µXES for isotope ratio (IR) analysis
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Lead Isotope Analysis

Currently, established techniques such as TIMS and ICP-MS are all
invasive and destructive .

Quadrupole ICPMS 0.1%

TIMS precision sensitivity: 0,01%-0,001%

ICPMS Multicollector precision sensitivity: 0,001% т0,0005%

The goal weôdlike to explore the potentiality for uXES IR analysis(0.01%) 

206Pb, 207Pb, 208Pb 
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Lead Isotope Analysis: major drawback

Long  measurement time:

at least 4 to 6 hours to get good 
statistics, a time that increases for 

low momentum measurements

Main limitations:

Poor solid angle coverage by the detectors

That is responsible of:

Low sensitivity :

Elementswith Sub percent abundance
are really difficult to detect
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New set-up:  a first step CHNET_MAXI

New DAQ for large beam monitor
and for high resolution HpGe4 
standard and 1 Broad Energy 
Germanium (BEGe) 
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CHNET_MAXI: methodology

Irradiate isotopically enriched lead (204, 206, 207, 208) to evaluate each single contribution to all possible figures of merit:

- isomeric "shift" of muon X-rays(about 10 keVenergyshift for 204-208Pbisotopes KaX-raysat 6 MeV)(see ref.)
- prompt gamma reactions following simple muon capture or with neutron emission (see ref.)

By Monte Carlo simulations, sensitivity study of all possible "figures of merit" (from the results obtained with the available
measurement setup, extrapolate those obtainable with a high efficiency HPGearray)

Z ШӛШZ-1A nucleus
With 0, 1 or 2 neutron emission

Z ШӛШZ-1A-1    or Z-1A-2  nucleus
N-1            N-2 
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EnrichedLead Isotope targets and ancient roman lead

Enriched204Pb: 99.94% 204Pb, 0.04% 206Pb, 0.01% 207Pb, 0.01% 208Pb

Enriched206Pb: <0.02% 204Pb, 95.9% 206Pb, 2,76% 207Pb, 1,34% 208Pb

Enriched207Pb: <0.02% 204Pb, 0.6% 206Pb, 97.9% 207Pb, 1.6 % 208Pb

Enriched208Pb: <0.01% 204Pb, 0.4% 206Pb, 0.7% 207Pb, 98.9% 208Pb

ArcheoPb: Ancient Roman lead used as a "reference" 

"1 g of lead for each target, with nearly the same geometry2 cm diameter and 100-120 um thickness ."
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DAQ

NEW DAQ: R5560SE 128 ch open FPGA form CAEN-NI 125 Msample/s (8 ns) with dedicate GUI firmware

The R5560 has 4 sections of 32 ch each

Section 1 : used for hodoscope X

Section 2 : used for hodoscope Y

Section 3 : used for 16 GAGG Array

Section 4 : used for hpGe + psd CLLB



RAL July25: GUI for detector parameters and oscilloscope

The oscilloscope allows us to see the signals involved in 

the acquisition process of all detectors:

Hodoscope: 64 scintillating fibers

GAGG: 16 crystals

HpGe: 6 (9 in october-december 25)

CLLB: 2 ch with PSD 



RAL July25: Hodoscope

љΣΜ9ŸаШcomparison before and after gain correctionњ

љΦΜÉƖњ

Cosmic rays


