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Introduction
INFN and Cultural Heritage Net
Non destructiveelementahnalyisisvith W XES:muonicemissiorspectrometry
u-XES:MuonicAtom X-raysSpectrometrgnd prompt gammnauoniccapture

"Whyisthe use of amuonbeanmmoreconvenienfor nondestructivanalyticalechniques?"

Facility and Collaborations

STFCRAL PORT4beamline @ SIS Neutron and Muon Source (UK)
CHNET_TANDEM Optimizationof uXESfor elementahnalysy&0172022)
CHNET_MAXI Optimizationof IsotopicAnalysis (2023026)

Experimental Set-up

New MuonBeamMonitor: ScintillatindibersSiPMHodoscope
New DAQ operFPGA 128Channelsligitizerfrom CAEN-NI
Germaniundetectors array

Scintillatiordetectors

Future perspectives and summary
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ThelNFN Cultural Heritage Network was launched to support the study andpreservation of artistic assets.

INFN

Istituto Nazionale di Fisica Nucleare

s Ben

& Mass Spectrometry

FIXLAB
Mediunla_rgg

Multidisciplinary and international network"

DIGILAB
Web

\A/ph tool for data analyqiq
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The Facility
TheSTFC Rutherford Appleton Laboratory (RAL)in Oxfordshirehosts the ISISNeutron and Muon Source, a
world-leading research facility for physical and life sciences.

The Partnership
CHNet, UNI Milano-Bicocca, UNISS, UNIPVunits, maintains a long-standing andfruitful collaboration with the
ISISMuon Group, (AdrianHillier) contributing to severalresearch projects and supporting numerous PhD
activities.

Current R&D Projects
Thereare two main R&D projectsdedicated to the development of Muon Spectroscopy , -XES.

CHNet-TANDEM élemental analysis) CHNet-MAXI (Isotope Analysis)
15719 february 2026 el 426 120 Firenze RN o 4




CHNet
- INFN A %IS Neutron and ’—J\
Why MUOn andx XES 7 G /q\\\\ Muon Source CSNV INEN

|stitube Harionade di Fisica Muchears

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

Concorde

[vucst

Blar Energetic Particles 2
(Solar Particle Eventsor ~ BN Atsealevel 100 muons /(m?s)

fqronalMass Ejections) | | ' Sy Everysecond, roughly 10 cosmic-ray
muons passthrough our bodies

It is a naturally occurring particle found within cosmic rays!

I‘vill‘!l r{ I]\II \r'.{ III'\I
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detector
- ’ radiation
«characteristic»
< © = © S o © —
Particle beam
sample

* PIXE (Particle-Induced X-ray Emission): uses protons as projectiles to generate X-rays

from the sample.

« PIGE (Particle-Induced -y-ray Emission): is based on the detection of y-rays emitted by
the nuclei of the bombarded atoms, which have energy characteristic of the isotope.

* RBS (Rutherford Backscattering Spectrometry): exploits the elastic scattering of the

beam particles.

* SIMS (Secondary lon Mass Spectrometry): uses jons as projectiles to induce the

ejection of ions from the sample.
« XRF: uses an X-ray source to induce fluorescence of characteristic X-rays.

* PGNAA: uses neutrons to induce the emission of gamma rays from the nucleus.

Y(aaX)Y
PIXE

raggio y

Theemission is driven by the formation of muonic atoms upon the impingement of amuon beam.

3 Fen 2026
1AL
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Thistechniguanvolvessamplesexposureto a collimated muon beam (atthe ISISMuon Source@ RutherfordAppletonLaboratoryand characteristic X-raysand
gammadetection, emittedfollowingthe muon implatation andmuonic atomsformation insidethesample

E = Z*me"
Muonic atom formation step Processes involved " 8n’clh’
Negative muon Nucleus 7 4.#1'39?12??2
O (O Zme’
A Muonic Atom formation : muon implantation E
in atomic muonic orbital P a0t e
m, iy t

Characteristic
muonic X-Rays

A Muonic Cascading process : emission of high

e

lect o .
electron energycharacteristic muonic X-Rays
BT e B b A Natural decay/muon capture by nucleus
pt = et B, with emission
_ Nucleus (Z-1)
W+p—on+vy 7
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This technigueconsistin the sampleexposurdo a collimated muon beam (at the ISIS Muon source@ RutherfordAppleton
Laboratoryandthe detectionof characteristic radiations (X-rays) emittedfollowingthe implantatiohformationof muonic
atomsinsidethetargetandafterthe nucleamuoncapturgprompt gammarays)

‘lﬂﬂﬂﬂ=l —T T

T N'd T 'ﬁ,&upé., 1ZMT MWt Wé Wu
SREFER  wuyusidvT
High energy characteritics X-rays 10 keV to 10 MeV observable from | 6o :& e 'F,,_.;i_u_;igjﬂ
outside the sample - No need of vacuum -> applicable to matrices and %' 1000 x.g §eoe® cak
several shapesand gammarays (isotopic analysis) ; = W PR 00"
o) - "He
5 1w} ¢ e ® -
Applicable to every element from Lito U simultaneous multi-elemental F B e
% g
L _ _ Y 10 o -
Possibility to perform depth profile by changing muon beam | NYATLWt IJé Pu, WxR _
momentum/energy, Site selective, 3D mapping .
9
1I--.'I.I.I.l.l.l..l..l.l.
No sampling/Non-destructive techniques, pratically no activation Lanthanoids
products (if we compare with neutron activation) Periodic Table Groups-

ISOVTOEIC "UIAME MACHINE
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Concentration profile analysis within the material , from the surface to the bulk!

Multilayer sample

'-25 Ll E Ll \J T 1 T T T T T T LJ LJ
O Fe
r ~ =
) ZIn

2 0.75 -
. “beam 2.
0.
Fe

l

Relative Intensity
XRays intensity A.U.

m

x

1

L

26 28 30 32 34 36 38 40 42 44 46 48 50
Muon momentum (MeV/c)

500, m
1000

Cu

Exampleof adepth profile study. Thepenetration depth depends on the incident Muon Beam

beam energy and thematerial density Momentum
Cu ~1lcm Mev/c
Ag~0.8 cm
Fe ~1.1cm
C ~3.8cm

Water ~8.5 cm

Data from: Hillier, A. D et al.Microchemical Journal 125, 203207 (2016

Muon Beam Momentum Scan with multi-layer Sample

" PTFE-C
i PTFE-F
h WAl
=Si
Sn
Fe
ECu
Zn
Ag

ETa

Data from: Clemenza, M. et al., ofRadioanalyticaland Nuclear Chemistry 322 (2019) 13571364

[ \\ oarner 1519 Fem 2026 ISOFTOPIC TIME MACHINE
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Multilayer sample
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s ' . —_—— Bunch distance  Pulse rep. rate:
T \ e 320ns 50 Hz, but after 4 samples, 1 is sent to TS2 —
I i : RS Medium Energy ISIS muon beam ** eVH- Linec
etector O eV “ C ‘Y
— . Scintillating Fibers J:}' X-ray detector
SiPM Modoscope i
j 50 50 i HEP Test Beam
‘ I RIKEN-RAL beam transport bunch width (ns)
i B s Target Station 1
Modified Fast preamplifier [f Muon intensity at RIKEN-RAL 800 MeV
Ge X A : 107 SYNCHROTRON
e X-ray detector ——— Iy T T T T T
J ™N »
L e, 10¢ 4
(Siow Muon) & - itk
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7 iR 3¢ . N
— £ | IS e set up @port4 for uXESISIS STFC

gh Energy Ge X-ray S
etector O ! ey | Ce X-ray detector muon

~ o beam Pt

’ Scintillating Fibers
l SiPM Modoscope

\

Modifed Fast preamplifier
Ce X-ray detector

Ge X-ray detector @port4 Dimensions

0.1-10 Mev GMX20P4Upstream High energy 54.8x49.8 mm

-

GEM-S5020P4B Upstream Low energy 49.5x22.3 mm

GEM20P470-PLDownstream High energy 56.7x39.7 mm

GEM-S5020P4B Downstream Low energy 49.6x22.8 mm

Total active volume 300 cm?3

H-XESis based on the detection of thecharacteristic radiation of the emitting atom, that can be used for material
characterization (0.01 u6 MeV range)

ver 1519 FEB 2026

15119 february 2026 SCI2

ISOTORIC TIME MACIHINE
FEOM EULTUBAL HERIEAGE Y

12ICI Firenze VAT == ey 12
el X

426




Istitube Hamﬂ dl Fitica Nudleare
Calberal Heritage Mebwork

CHNet
. . . . . - ‘// eutron an
Beam Monitor: Hodoscope with scintillating fibers 'NE.H,,N T IS et and .___—J\
‘\\\ CSNVINFN

64 scintillating fibres (section 3 mn¥) read by SiPMs (active area 5x5 ¢h

2 planes of 32 scintillating fibers for X¥ muon mapping

Hedoscope O Qtot distribution

]
3
hoda0
Entries S04
Hodoscope 0 X view vs. Y vie Mean 4.335e+05
<10° Std Dev  1.497e+05
&
£% 70
1 2
4 =
o = Fo5 60
i
E- 20 50
» L
E: 40 N
» 15 ™ 3 1 1 L et
» e 2000 T50)
& u 30 ad o |
-4 10 — R
-4 20
B 5
- 10
0
0 5 10 20 25 30
X Strip number
Hadascapa 0 X widw i Y i . Hodoscope 0 X view vs. Y view
-
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CHNET-TANDEM: CSNV e CHNET R&D (2017-2019): Elemental Analysis

Monitor muon Beam DAQ forHpGe
Hodoscopé&Scintillating Fibers SiPM DT5780 CAEN DualDigitizer Multi Channel Analyzer- Desktop

The DT5780is a compactdesktopsystemintegrating 2 Independent
16k Digital MCA and featuring HV/Preamp capabilities for digital
nuclearSpectroscopyx 100 MSk 16-bit waveformdigitizer (basedon

724seriey

TN 570 D] modhi

Operatingmodes

A AP H A bistogramil6kbuilt at softwarelevel

A @ L i pulséheightandtime stampfor eacheventiOnsresolution
A fiOscilloscopé input andinternalfilters waveforms

ISOFTOPIC TIME MACHINE
TSISSURLLIINAA M
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Energytime spectrum e,y Muon Soure SNV INEN

interaction of n-Ge(n, n') (~700keV) ar —S10 prompt spectrum .
M 510 delayed spectrum
3
LA
12 Y T = E 2 L o
(=
=
1200 + 1 [deco 8
B
511 keVannichilation e*-e- -
1000 * - ] E 1k ]
. 800 {600
3 0
= | S00 600 700 800 900 1000 1100 1200
3 500 Energy (keV)
2 600F
v 1400 of ° T T T T ]
— 510 prompt spectrum
i M S10 delayed spectrum
3
= 20 L] )
< @ 1345keV from 64Ni
e =< @ [ / 55Cu+u>oNi+n+gammal
- 1
% gl 7
. =
' ' . 0 N
0.7 08 09 1.1 1.2 1.3 14 1.5 "
Time (s) %106 E
o
-
1173- 1163 keV fromP2Ni

1100 1200 1300 1400 1500 1600

muon capture reaction Energy (keV)

63Cu + u>%Ni +n + gamma.

s 1518 Fes 2026 I"-IIIIII’H Il\ll MACHINE
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CHNet
: . : 1A N2 18IS Neutron and
Case studies:depth profiles of Gildings 'NGFH,,,,N . Moon S .___—J.\CSNVINFN

12 Gilded A

—
o
1

o
oo
|

e
™
1

Normalised peak area (a.u)
4
1

0.2 4
0.0 T ] T T T T T T r T . . —
150 155 160 165 170 175 18.0 185 19.0 195
Momentum (MeV/c)
i g p— T AT AT
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Mockup Enamel Depth Profile

Air/Al Holder (14.5+0.5um) Copper (1+0.1mm)
| \ Enamel (250+10um) |

1.2

—
(=]
|

e
oo
|

Normalised intensity (a.u)
o o
L AN
1 1

S
[\
1

0.0

Momentum (MeV/c)

o I ISOTOPIC TIME MACHINE
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eritage Metwork

Case studies

o

Bronze artefacts

gy
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CHNetMAXI experimentlevelup:
Lead isotope rati@nalysisfor provenancedetermination

ISOFTOPIC TIME MACHINE
TEOM CULTUBAL HERINAGE Pt
B SUSTAISABLE FUTUES I
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09 . OldCrus
Currently, established techniques 150 T
such as TIMS and ICRMS areall £ i
invasive and destructive ." :ff N .
Sa0 . 2 RiT Chfﬂf o

The analysisIR of the lead mines providesa .@ . OC‘””. o
"fingerprint": the "isotopic correspondence B8 o 182 FYNETRETRE T,
betweenmines and lead isotopescontentin
artefact indicatesthe probable origin of the
materialmanufacturedrom a specificarea

4 isotopes 29%Pb, 207Ph, 29%Ph are

radiogenicprogeny of 238J, 233, 23°Th
SO Is the only primordial " constant' Isotopes

Our goalis to explore the potential of WXES for isotope ratio (IR) analysis

ISOTOPIC TIME MACHINE
o 5T
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Lead Isotope Analysis _ }

Currently, established techniques such as TIMS and ICRMS areall
invasive and destructive .

Quadrupole ICPMS 0.1% - = |
g »
:n_? , ) ﬁpu / /
TIMSprecision sensitivity: 0,01%-0,001% nr I /,.-Lp’“
Sa0 . 6 LURlT |k/éhgiar d
ICPMSMulticollector precision sensitivity: 0,001%T 0,0005% D | 0
206 ph/204Ph

The goalw e dilee to explorethe potentiality for uXES IR analysis(0.01%)

206p b, 207p b, 208pp

ISOFTOPIC TIME MACHINE
TEOM CULTUBAL HERINAGE Pt
B SUSTAISABLE FUTUES AN 21
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Main limitations:

Poor solid angle coverage by the detectors

That is responsible of:

—

Long measurement time: Low sensitivity :
at least 4 to 6 hours to get good Elementswith Subpercent abundance
statistics, a time that increases for are really difficult to detect

low momentum measurements

O s 158 Fen 2026 ISOTOPIC TIME MACHINE
RO EULTUEAL MERINAG I

157119 february 2026 12IClI Firenze 22




|stitube Harionade di Fisica Muchears
Calberal Heritage Mebwork

CHNet
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New setup: a first step CHNET MAXI INEN \}]’\\\ Muon Souco —————W\Zﬂvmm

New DAQ for largdoeam monitor
and for highresolution HpGe 4
standard and 1 Broad Energy

Germanium (BEGe
15719 february 2026 sICl2426  12ICI Firenze & Ty 23
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CHNET_ MAXmethodology
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Irradiate isotopically enriched lead (204, 206, 207, 208) to evaluate each single contribution to all possible figures of merit:

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

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)

. ., Lead Isotopes transition energies (keV)
Decay scheme of muonic lead isotopes
Transition 208Pb 207Pb 206Pb 204Fb
[solope MHPh MGPh 20TPh 08P
Abundance 1.4% 24, 1% 22. 1% »d 4% 2p1n— 18, (L2-K1) 577791 040 578379 £ 044 5787.00 £ 0.41 5796.06 0 41
.-"I f
/ ,."( 2Py — 18, (L3-K1) 5962.77 042 5068.89 +0.44 5972.80 +0.41 5982.12+0.41
‘lllrlll 3d;, — 2py, (M5-L3) 250033 =006 2501.10 £ 0.06 2501.6+0.06 250283 + 006
wal/ 7 f L +p—=n+Vy L} sAlhlucleus
iz Z
E' S With 0, 1 or 2neutron emission
00 % ]
) 1_-“7- 2511 7 I_I_i_@AI-_I]J Orz_lA-Z nucleus
[ _ ! (Tommssten cretey il Lev') O
03Tl 07Tl +— Z- 1 nucleus N-1 X
[ I 1518 Fes 2026 IS0V nEId 'I.']\!.I- MACTIIINE
15119 february 2026 SACI7426 12IClI Firenze N ~I .;O‘T L e 24
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| . INFN /2 |sIS Neutron and ’—;W\X I
EnrichedLead Isotope targets andcancient roman lead — Chet ﬁ»\\\ Muon Source CSN V INFN

"1 g of lead foreach target, with nearly the same geometry 2 cmdiameter and 100-120 um thickness "

ArchPb Pb204 Pb206 Pb207 Pb208

8cm

Enriched2%4Pb: 99.94%72%%Ph, 0.04%2%Pb, 0.01%2°’Pb, 0.01%%2°8Pb

Enriched?%°Pb: <0.02%*Pb, 95.9%2%Ph, 2,76%%°"Pb, 1,34%?%%Pb

Enriched??’Pb: <0.02%%4Pb, 0.6%?%Pb, 97.9%2°"Pb, 1.6 %*°%Pb

Enriched2%8Pb: <0.01%°%Pb, 0.4%?°°Pb, 0.7%?°"Pb, 98.9%%Phb

/ \ i jon targets 50mm x 20mm
re: blue

ArcheoPh Ancient Roman leadused as a "reference"

15119 february 2026 .|C 426 12ICI Firenze I 'H @: i3d.9 25




Itlalult: Harienale di F.Iy.H P.iutftart CSN V I N FN

CHNet
DA INFN /£ 18IS Neutron and M X I
Q — CHMNet ﬁp\\\ Muon Source

NEW DAQ: R5560SE 128 open FPGA form CAEMII 125Msample/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

. ISOVTOEIC "UIAME MACHINE
Lo Ere e FROM EULTURAL HERINAGE P
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RALJuly25: GUI for detectorparameters and oscilloscope

o 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)

e CLLB: 2 ch with PSD
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RALJuly25: Hodoscope

B M Eompdtison before and after gaincorrectiont Cosmic rays
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