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More than a century of cosmic rays

Early 1900s: hypothesis that there is a
natural baCkgrOund of iOﬂiZing radiation When the device is charged,

that discharges all the electroscopes the sheets move apart.
lonization of the gas leads to a

General belief: mostly radioactive rocks discharge, and the sheets move
towards each other.

1909: Theodor Wulf used Tour Eiffel to
measure this background at different
heights; surprisingly, he reported that it
iIncreases with the altitude. But
measurements were very imprecise

1911-12: Victor Hess improved the
iInstrument and used a balloon to study
the phenomenon between 1000 and
5000 m over sea level
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S.Neddemeyer & C.Anderson, Phys.Rev. 51 (1937) 884

...and almost a century of muons
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Figure 4: Early measurements of energy loss in 0.7-1.5 ecm of Pb. Dots
indicate single particles; circles, shower particles.

(And by the way, who ordered that?)



What is so special about the muon?

One of the 3 charged leptons

Unstable but long-lived (2.2 us)
~200x heavier than electron (105 MeV)

Leptons don't feel the strong nuclear
force — no destructive interaction with
the nuclei in matter

photon

Higgs boson

Electromagnetic interactions depend
inversely on the mass — muons in

matter ionize less, are deflected less,
and shower less than electrons Image source: wikipedia

weak bosons



In short, this is special about the muon:




In short, this is special about the muon:
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And of course neutrinos penetrate even much more, but .
neutrinos are very difficult to detect, while muons very easy



Secondary cosmic rays
In the atmosphere

Primary CRs (mostly protons) entering the atmosphere collide
mostly with Oxygen and Nitrogen, producing a shower of particles

Most CR collisions ~15 km above sea level; atmosphere absorbs
most of the secondaries through nuclear or EM interactions

Most flux of charged secondaries at sea level is muons
Bulk of spectrum O(GeV) — time dilation makes pn long-lived
Rate at sea level: ~100 Hz/m? (~1 p/second through your thumb)
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Counting Rates (counts/min)

Angular distribution
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From J.-W. Lin et al., Measurement of angular
distribution of cosmic-ray muon fluence rate, NIM A

619 (2010) 24

— Large difference in
statistics between vertical
and horizontal telescopes

I,=1,cos" 6

This is an approximation, and n~2 works pretty well;
but it depends on energy, latitude, altitude, depth, ...

Exponent, n
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From Peter Grieder's book
Cosmic rays at Earth, Elsevier 2001

I(8) = 1{0) cos"(8)
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Figure 3.60: Momentum dependence of the exponent, n, of the zenith angu-
lar distribution of muons, I(#, > p) = I{0°, = p) cos™(#) at sea level (Bhat-

tacharyya, 1974b).



Absorption (or transmission) method

Picture from
Maxime Lagrange

 Just like normal radiography, with p instead of X-rays
« Absorption is almost entirely due to energy loss by ionization

» WWe can see the 2D shadow of a large object, with denser
regions absorbing larger fractions of the muon flux

« Observable: opacity, i.e. integral of the density along a line of
sight, measured as ratio of the flux with respect to free sky



Stopping power [MeV cm2/g]

The underlying process

Source: Particle Data Group

Muon momentum
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The underlying process

Source: Particle Data Group
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At typical cosmic energies,
muons loose ~2 MeV/cm in

water (p=1 g/cm®)
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From: S. Barnes et al., Instruments 7 (2023) 13
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Scattering method

I 292
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 Deflection distribution follows Rutherford's law in the tails (single
hard scattering) and is ~ Gaussian in the bulk (multiple scattering)
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http://www.physics.iitm.ac.in/~sercehep2013/track2_Gagan_Mohanty.pdf%20

Where did the muon scatter?

SLP
-== EM

—~.  true muon path

%=+ POCA

From: S. Barnes et al., Instruments 7 (2023) 13

* Most popular method: point of closest approach (POCA)

o |t implicitly assumes there is only one scattering per muon

 But this approximation only holds for thin targets

 Variants include: straight line path (SLP), angle statistic
reconstruction (ASR), expectation maximisation (EM)

14



Absorption vs scattering

Opacity measurement
Sensitive to p

Observable: deficit with
respect to free sky

Intrinsically 2D, can get 3D by

using multiple points of view
No limit on size of target

Detector
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Deflection measurement
Sensitive to Z and p
Observable: RMS of deflection

(can be combined with absorption)
Intrinsically 3D

Size of target limited: must fit 15
between the two detectors



The birth of muography (1955)

Commonwealth Engineer, July 1, 1955 455

Cosmic Rays
Measure
Overburden
of Tunnel

® Fig. 1—Geiger counier “telescope”
in operaton in the Guthega-
Munyang tunnel. From left are
Dr. George and his assistants, Mr,
Lehane and Mr. O'Neill,

Geiger counter telescope used for mass determination at
Guthega project of Snowy Scheme . . . Equipment described

By Dr. E. P. George
University of Sydney, N.S.W.

Used to measure ice thickness above a tunnel in Australia

* No directional information, just a Geiger counter on rails

16
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Fast-forward by 65 years
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Survey of a railway tunnel built in 1862 in the UK
Movable tracker on a rail, 30" at each detector position

Found an unknown void (see arrow), interpreted as a long-
forgotten shaft. Railway authorities then disclosed their

pre-existing concerns of a hidden void in that area ,



First application of muography to
archaeology

Search for hidden chambers in the Chephren’s Pyramid )

832

L.W. Alvarez et al. Science 167



Alvarez's result: no hidden chamber

Spark chamber “muon telescope” Telescope 1n Belzoni chamber
Data Simulation with hidden chamber
N
W+E
S

Data and simulation are correctad
for pyramid structure and

telescope acceptance 9




Fast-forward by ~50 years

Grand Gallery

ScanPyramids
North Face Corcidor

Search for hidden chambers in the Chephren’s Pyramid

L.W. Alvarez et al. Science 167 (1970) 832 Discovery of a .big void in KthU’S Pyramid by
observation of cosmic-ray muons

Morishima et al., Nature 552 (2017) 386

Alvarez chose the wrong pyramid...

20



Morishima et al., Nature 552 (2017) 386

flux

tane,

Khufu's Great Pyramid
(ScanPyramids, 2017)

Nagoya KEK CEA
(emulsions, (scintillators, (MicroMegas,
indoors) indoors) outdoors)

Simulation-corrected i
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Coherent results from 3 very different detectors
(independent analysis) and from different points
of view; position from triangulation.

Evidence for low-p volume, size ~ 30 x 10 x 3 m°
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Khufu's Great Pyramid
(ScanPyramids, 2023)

e Additional data have been
collected since then to
characterise that and other
anomalies in the same pyramid

« Announcementin 2023 of a
corridor-like cavity, 2x2x9 m?®

e Cross-check measurements:
GPR and ultrasounds

e Final confirmation: visual
Inspection via an endoscope

= T — — — - = e
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Pl - e e S o v, R

Discovery by Muography: S. Procureur et al., “Precise characterization of a corridor-shaped structure in Khufu’s

Pyramid by observation of cosmic-ray muons”, Nature Communications 14 (2023) 1144 2

Confirmation by standard methods: M. Elkarmoty et al., “Localization and shape determination of a hidden
corridor in the Great Pyramid of Giza using non-destructive testing”, NDT & E International (2023) 102809



The scattering revolution: 2003

Radiographic imaging with cosmic-ray muons

espite its enormous success, X-ray

radiography' has its limitations: an

inability to penetrate dense objects,
the need for multiple projections to resolve
three-dimensional structure, and health
risks from radiation. Here we show that
natural background muons, which are
generated by cosmic rays and are highly
penetrating, can be used for radiographic
imaging of medium-to-large, dense objects,
without these limitations and with a
reasonably short exposure time. This inex-
pensive and harmless technique may offer a
useful alternative for detecting dense mat-
erials — for example, a block of uranium
concealed inside a truck full of sheep.

Frequency
(arbitary units)

| I

0.1 005 0 0.05 0.1
0 plane (rad)

Experiment

Simulation

Figure 1 Radiographic imaging with muons of a test object (left) and the reconstructed image of its Monte Carlo simulation {right).
The test object is a tungsten cylinder (radius, 5.5 cm; height, 5.7 cm) on a plastic (35 x 60 x 1 cm? plate with two steel support rails.

1-page communication on Nature:
K. Borozdin et al., Nature 422 (2003) 277
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Fast-forward by ~20 years

IAEA TECDOC SERIES

Muon Imaging
Present Status and Emerging Applications

36Kg of Chemical embedded in 100Kg of Explosive Precursor
bottled water embedded in Charcoal

100Kg of Explosive
Precursor embedded in
bottled water

Cargo inspection at borders
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Image from L. Bonechi, R. D'Alessandro, A.G.,

Rev. Phys. 5 (2020) 100038

Portable detectors

 Many archaeology or geoscience use cases where the
optimal location of the detector is hard to access and in
a confined space

« A few groups are developing portable muon telescopes
whose key design considerations include compact size,
light weight and autonomous operation

26



Image from L. Bonechi, R. D'Alessandro, A.G.,

Rev. Phys. 5 (2020) 100038

Portable detectors

 Many archaeology or geoscience use cases where the
optimal location of the detector is hard to access and in
a confined space

« A few groups are developing portable muon telescopes
whose key design considerations include compact size,
light weight and autonomous operation

27



Portable glass-RPC muoscope

| : Superimposed
<— detector layers, at
» 90° of each other

Tubes for gas filling;
only needed once,
then the muoscope

is ready to go

Picture from Samip Basnet

28



Portable glass-RPC muoscope

* Portability * 1° prototype to test feasibility
« Sealed; particular care in making 1 cm strip width, to be reduced later
gas-tight boxes (10™ mbar I/s) « Very close collaboration with
« Small (active area: 16x16 cm®) VUB (Donya Ahmadi & Michael
« Light, robust Tytgat) and prospective synergy
« Versatile: modular geometry with ULB (Gilles De Lentdecker)
under DRD1 umbrella 29

 Cheap and easy to assemble



Performance stability
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From: S. Ikram et al., arXiv:2504.08146 [physics.ins-det], accepted by Journal of Applied Physics
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From: S. Ikram et al., arXiv:2504.08146 [physics.ins-det], accepted by Journal of Applied Physics

cintillators
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ldeas for application
in cultural heritage preservation

ay} Jo uieluno

snge}[:) sayory Jo yaunyo
saoelo) 9aIy |

Collaboration with KIK-IRPA, VUB and UAntwerp; identified some
interesting future targets; started with exploratory simulation study:
AG et al., iScience 28 (2025) 112094

Objective | Absolute p | P vs position | p vs time | Matenal id.
Moisture Important Low resolution High frequency | Not needed
Bulk features | May be useful | Medium resolution Not needed May be useful
[nner cracks Not needed High resolution Low frequency Not needed

32



Water content iIn monuments

24] 42X} o=an w0 Something that we learned through
+
T 22 X e this study: monitoring moisture
2 roroety (water %) in monuments seems
<t 2V —— 25% . . .
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Using a custom backprojection algorithm 33

for coarse 3D imaging



Mount Vesuvius

» Understanding its
composition is very
important for volcanology
and civil protection

* One the most dangerous
volcanoes in the world

 Famous for the eruption that
buried Pompeii and
Herculaneum in 79 C.E.

* >0.5 M residents in its

surrounding Red Zone,
D ) e defined as being at high risk
Vesuvius seen from Popeii's ruins (fom wikipedia) of pyroclastic fallout in case
of a Sub-Plinian eruption

34



The MURAVES project

« MURAVES: MU(on)
RA(diography) of VES(uvius)

« Successor of MU-RAY project
(INFN+INGV, ltaly)

 Consortium of INGV, INFN,
Naples, Florence, FNAL,
UCLouvain and VUB

P T

........ .

INEN ° Current Belgian members:

 CP3: Alice Biolchini, Gabor
Nytrai, AG

 VUB: Yanwen Hong, Michael
Tytgat (+ upcoming: Dora
Geeraerts, Adithyan Rajan)

I UCLouvain




MURAVES telescopes

Probability
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triangular section\coupled to SiPM
* Lead wall, 60 cm thick (recycled from OPERA v experiment),

corresponding to a ~1 GeV cut-off
 Trigger logic: AND of all x and y layers of the 3 stations before s

lead; for each layer, OR of all 64 channels



Measurement strategy
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MURAVES installation

Summit @1281 m~

600 m asl

JH._.IA'-'L';

Four lead walls at fixed positions; the

telescopes alternate in occupying the
free-sky position, such that detector

systematics cancel out (¢" ~ sfs)

#1 Mt. Vesuvius
#2
#3

2]
Free-sky

o
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First MURAVES data

Vesuvius: Free sky:
NERO "
ROSSO
WP 15° WP 15°
From Mariaelena D'Errico's PhD thesis, 2023
Dataset Vesuvius | Free-sky

ROSSO wp 15°C | 51 days | 9.5 days
ROSSO wp 20°C | 40 days | 14.3 days
NERO wp 15°C | 43 days 10 days

NERO wp 20°C | 26 days | 17 days 39




From: Y. Hong et al. (MURAVES),
J. Appl. Phys. 138, 064906 (2025)

Transmission map

Elevation
Y o € -] L
Transmission (VMesuvius f Freesky)

180
Azimuth

Measured transmission map from the ROSSO detector,
with 1143.3 hours of data
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https://doi.org/10.1063/5.0275078

Elevation (deg)

Prospects for resolution vs time

Ay X L=500m | L=1000m | L = 3000 m
Om | 9m & months 3 years 100 years

9 m 26 m | 3 months 1 year 33 years

9 m 130 m | 15 days 2.5 months 6 years

26 m | 130 m | 5 days 1 month 2 years

52 m | 260 m | 2 days 6 days 16 months

Table 1: Exposure times expected to be required to measure the mean density

with a 10 % statistical uncertainty for a set of values of the muon path length
in the rock and of horizontal and vertical space resolutions Ax and Ay.
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https://doi.org/10.48550/arXiv.2202.12000

Cargo inspections

Pictures from: S. Barnes et al., Instruments 7 (2023) 13

- panel with sensors

7

X-ray fan beam
~ ™~ cargo container

* Radiation portals (X and y rays) increasingly used for cargos
» Very fast; very detailed images; but easy to shield

* lonizing radiation implies complications and concerns
e Cosmic muons pass through thick shielding, with no hazard

42



SilentBorder project

 EU project, 2021 to 2025, led by a private
company (GScan, in Estonia) and including
3 national EU border control authorities

e Main goal: a working muon portal prototype
(demonstration took place in June 2025)

» But also methodological studies using MC,
towards the next generation portals

e Qur task in CP3: optimization studies




TomOpfgm

* Framework for end-to-end
detector optimisation

Loops over entire pipeline:

simulation, reconstruction, P

material ID, anomaly search

Enables task- and constraint-
aware design of particle detectors

Enables co-design studies
(hardware and data analysis
parameters optimized at once)

Case studies so far: estimating fill
levels in furnace ladles, and
cargo scanning scenarios within
SilentBorder (which funded M.
Lagrange and Z. Daher)

From:
G.C. Strong et al., Mach. Learn.: Sci. Technol. 5 (2024) 035002
Z. Daher et al., arXiv:2507.10253 [physics.ins-det]
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Magnetic fields

(3) Muon charge identification
I_A—i

AT Sa-oN

-

LJ
(2) Outgoing muon position & direction v
(1) Incoming muon position & direction
mu-PSD: Muon position sensitive detector

Stellarator field, from wikipedia:

H. Basiri et al., J. Adv. Inst. Sci., 1 (2022) 277
T. Kin et al., J. Adv. Inst. Sci., 1 (2023) 297

Deterministic deflection, not stochastic
diffusion (still, complex inversion problem)
Promising use case: in situ monitoring of
magnetic field in nuclear fusion reactors
Particularly stellarators (which are having a
resurgence lately)

Standard methods (based on Hall probes)
rely on model-dependent extrapolations
They become less and less sustainable as
EM fields and neutron backgrounds grow
Particle-based method: small accelerator
shooting heavy ions through the plasma
When fusion reactors will be a reality,
simple methods will not work, and the
best methods will not be simple

This method is of intermediate complexity,
and complementary to standard ones

T. Kin, E. Cortina Gil, A. Giammanco. International Patent Number W0O/2023/031265 45
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All nice and well,
but what are the limitations?
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All nice and well,
but what are the limitations?
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All nice and well,
but what are the limitations?

* \Very long data-taking is needed

 Natural flux is low (~1 p per cm? per minute)
* |n most use cases, traditional methods exist that are faster

 Muography makes sense only if it beats them in some other
aspect (e.g., probes deeper, or less assumption-dependent)

 Even with «~ statistics, blurring by multiple scattering

* Which you can partially correct if you know energy u by ...
« ... but to know it precisely you would need magnets ($$93)

« Very broad energy spectrum, and affected by various
systematics (depends on time, location, temperature, ...)

 Cannot control direction

* |n particular, often unpractical to put detectors underneath!



Another way to image with muons

* Actual question received: "What would you do if
it were possible to create muons artificially?"

A‘
o0

_
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How to make muons

 Typical way: p+A — X+r*, followed by n — pv

Proton Driver Target & Front End Cooling Acceleration Collider
H™ LINAC Accumulator Compressor | Pion Chicane & Muon Phase Charge Bunch Final  Buncher Pre- SC LINAC RLA1,2 RCS1,2,3 &4 3 TeV Collider
Ring Ring Target Absorber Buncher Rotator Separation Merge Cooling accelerator 10 TeV Collider

Cooling A Cooling B

b O
o

H o 1

From: Accettura et al., arXiv:2504.21417 [physics.acc-ph] (ESPP 2025)
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Low energy, high rate:
« Single pion production (Ep>280 MeV): p+p(n) — p+n(p)+x*™"
« Double pion production (Ep>600 MeV): p+p — p+p+r'+n

Paul Scherrer Institute,
Zurich, Switzerland

MuSIC, Osaka, Japan

TRIUMF, Vancouver, Canada J-PARC, Ibaraki, Japan 51



Another way to (=)image with muons

-
Muonic Atom X-ray Emission

Spectroscopy (M-XES) or Muon
Induced X-ray Emission (MIXE)

Conceptually similar to XRF
(photons), PIXE and PIGE

(protons), but MIXE probes
deeper in the material ©w_____ . =

Tiberius

Interior

[ ] Near-surface| ]

Recently used in archaeology
(coins, arrows, etc.)

1€2¥ (2202) 21 198 "|[ddy “|e 1o op|eje) ‘| :wol4

nalised Intensity (arb units)

Not appropriate for bulky
objects, because of X-ray
absorption

Mo

280 100 320 140 30 380 400 420 52
Energy (keV)
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Laser

Ll

Yet another way

Plasma source

@ Converter
% Beam optics

Q Detector
I ﬁ Detector

Object

From Andi Hektor (Mu-Ray Tech), Wigner RCP Seminar, 2025
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https://indico.wigner.hu/event/1725/

aser plasma acceleration

Laser Pulse

Analogy stolen from Kristjan Péder (DESY)
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Another way to make muons

* Bethe-Heitler: e+A — e+y"+A — e+A+p'w

1800 ff B 7 =224 40.50 ps
1,600 Amplitude > 0.084 V 80 1 e Vet o 0
f 7=2.202 + 0.046 ps Offset = 3.21 £ 0.97
1,400 | + F(x)=axexp(-x/1)+b
.I.
1,200 60 1
2 i =
S 1000} ¢ =
Q iy Q i
© oo f " O 40
600 |- iy
i
400 \K 20 -
200 - Detector 1 T T I
....... - e
0 I I I I_ ' o 3 i [_) P o o - - - -T 1 I I ; I I*I II;:l —
2 4 6 8 10 12 14 16 18 0 10 20 30
At (ps)

Event time At [ps]

Recently demonstrated at LPAs in China and USA:
F. Zhang et al., Nature Physics volume 21, pages 1050-1056 (2025)
D. Terzani et al., DOI: Phys. Rev. Accel. Beams 28, 103401 (2025)

(Both teams used the lifetime plot to argue that they see actual muons)
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Dream on!

The technology challenge is to shrink and make cost
effective standard accelerator production of muons

Because of the large mass of muons, accelerators capable of producing
GeV particles are needed to produce muons

Existing facilities are Proposed technology is
typically large compact and mobile

Established accelerator technology for producing muons is very large,
costly and NOT mobile, however laser technology offers a path forward

12

Slide stolen from Todd Ditmire, ELI workshop 2025
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https://indico.eli-laser.eu/event/200/

Collaboration with ELI

» Extreme Light Infrastructure (ELI): high-power
laser infrastructure in 3 Eastern EU countries

 ELI Beamlines, near Prague, specialises in
high-energy femtosecond / petawatt-class
lasers with high repetition

* Also interested in compact (eventually portable)
muon sources for imaging or other purposes

) eli
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First tests
(Donya Ahmadi, VUB & Sumaira lkram, CP3)

At ELI Beamlines in August 2025,
with our portable RPCs
(the same that | showed earlier)




Number of Events

First tests
(Donya Ahmadi, VUB & Sumaira |kram, CP3)

Time Bin Counts of 933 events, 3205 strips fired

 Participated parasitically to two
test beams in May and August

 Demonstrated that our portable
RPCs are able to operate

S e , _
No beam (cosmics) Beam on, no shielding properly (and dO traCk|ng) N
Time Bin Counts of 2?:: events, 23184 strips fired Time Bin Counts of 'L‘Ej‘_“ events, 21903 strips fired S p i te Of th e Ve ry u n fri e n d Iy

environment: significant neutron
background, EM pulses, stray
magnetic fields, etc.

 Now submitting request for long

122 123
Time Bin

eem en faqshetine S ovetions beam time as main users in
e D 2026, aiming at first observation
i (Tracking code: M. Lagrange) Of muon production at ELI
» We expect drastic bkg reduction
T . o by triggering on laser beam
v i e coincidence



Conclusion

M u Og ra p h y iS bOO m i n g Questions on COVID-19 Brain Chéﬁges Dinosaur Swim Debate

Nice spin-off from fundamental SClence NeWS .

research to SOCietaI impaCt MAGAZINE OF THE SOCIETY FOR SCIENCE s APRIL 23,2022 .'

Large potential for new teams to find
some niche where to have impact

Plenty of room for new ideas

One has to be careful, though, to
avoid the "when one has a hammer

everything looks like a nail" effect P a |"“tide \/iSiO )

Laser-driven p sources are likely to o
. . . volcanoes, pyramids and more
be the next revolution in this area s ;




Thanks!

* To you for your attention

* To past and present members of CP3-u team:

 Eduardo Cortina, Pavel Demin, Sophie
Wuyckens, Ishan Darshana, Samip Basnet, Marwa
Moussawi, Raveendrababu Karnam, Vishal Kumar,
Maxime Lagrange, Zahraa Daher, Sumaira lkram,
Alice Biolchini, Hamid Basiri, Gabor Nyitrai

* To several external collaborators, including
some who are here at |IHE:

* Michael Tytgat, Yanwen Hong, Donya Ahmadi
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...and many more applications

Some applications \

) _ Volcanos
Object size e _ _-- rock analysis
A Underground i ScanPyramids --~"
ist gat e : ;
. distances g Underground .- 7 Blind
Building .>" flux measure .-~ ! nuclear reactor
monitoring ge e 4 tomography
" Default L ,,'
. - F # : .
i & iSeastis ; muography
;J f.' ,f
! f I I :
! Defaultin  / : Absorption
1 concrete slab/ ) muography
¥ j /
J 4 A
h ! } Fuel assembly
1 1 !
. Nuclear Fast U £ aiiia,
; waste f' . as . ," Memng metal Scatfermg
' verification ¢ dentification , h
/ ' ‘ scan muography
I e
— | , — - » Difficulty
Metrology: 20Uy’ F LOEeet /
oy detection identification Tomography

- duration of data-taking
luoaraphy Applications - Baptiste Lefevre - 2023/09/21 - ambiguity in the problem solving 12
- detector resolution needed

Slide stolen from B. Lefevre, CEA webinar, 2023 64



ID—E | | T T 1T | | | T T T | | J
- 1 m of rock ~ 3 m water equivalent
i |
—~ = 1 km of rock means a drop of 2
w 108 orders of magnitude in muon flux
L = ]
T B _
5 = 5
5 F E
£ - Plateau: background from up-going neutrinos;
= 10-12 = not relevant here
-“]_14_ | | ||||||| | 1 ||||||| | |
1 10 100

Depth (km water equivalent)
65

Source: Particle Data Group



Combination with
"standard methods"

d Jourde et al. 2015

A p
G" g|-— »

17736 17738 1774 17742 17744 17746
— N (km)
(1) gravimetry acquisition kernel, ¢
\Y R )
FLANE
14}
E 13
w12}
[ [ lll-
Most geoprospectlng met.hods are non-linear T P PR T e ryrar s
inversion problems: solutions wildly degenerate, N (km)
need strong constraints to converge, different (2) tomography acquisition kernel, M

assumptions lead to qualitatively different results
Muography: highly directional, breaks 66

degeneracy of the other methods Formula from Anne Barnoud



Checkerboard test

1500
= 1400
£ 1300
Simulated density § 1200 Red: high density
S 1100 i :
pattern: £ 1000 Blue: low density
“ 900
800 697.0 697.5
X Lambert 93 (km)
1500 . _ , , 1500
1400 e 1400} ..
£ 1300 -‘. 5 £ 1300 ‘
€ 1200} . 5 12007 l - h.-'_-
2 1100 E 5 1100,
@ 1000 = @ 1000
“ 900 | % 900}
8005565 697.0 697.5 698.0 890 56 5 697.0 697.5 698.0
X Lambert 93 (km) X Lambert 93 (km)
Seen from gravimetric inversion Seen from muographic inversion

67

Study from Anne Barnoud



Scintillators

« Solid plastic scintillators, coupled to
photomultipliers
» Strengths:
v Cheap
v Robust
»« Quick signal — can use time-of-flight
to reject backgrounds
* Weaknesses:
~ Poor space resolution

« Photomultipliers response may
depend on temperature (issue if
operating outdoors for months)

lllustration by S.Procureur
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Nuclear emulsions

* Photographic plates

» Strengths:

v Excellent resolution

v No need for power supply
* \Weaknesses:

601Lm

Emulsion layer

1750m

Plastic base
1 60um

Emulsion layer

(ej/\

T

/ \ \

Silver Bromide crystals gelatin layer 3 dimensional track

« Fragile
~ No real-time information
» No background rejection

« Dedicated analysis
infrastructure (scanners)

Some very impactful muography teams 5. -
(e.g.: Bern, Salerno/Naples, Nagoya) T s e
previously belonged to the OPERA v R |
experiment, based on this technique ", 50 micron




Gaseous detectors

* Huge variety of techniques are in
use in muography (drift tubes,
RPC, MWPC, MicroMegas, ...),

with very different complexity, cost,

robustness

« General strengths:
v Very good space resolution

v Quick signal — can use time-of-flight

to reject backgrounds

 General weaknesses:

« Logistics (gas bottles), leakages,
security issues

. Stability

Metallic box

Resistive coatin

Example: RPC, illustration by Sophie
Wuyckens

Mission 1

Gain variations of
CEA/ScanPyramid
MicroMegas detector, with
increasingly complex gain
corrections:

Signal amplitude [ADC]

Signal amplitude [ADC]
o o N n

.. WA
Mission 2

Signal amplitude [ADC]

2000

Mission 3

Readout Chip

>
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Right/left density asymmetry

« Even with such small statistics, we can do a first
measurement of actual interest for volcanologists

* Focusing on the summit (< 1 km thickness)
 Most modeling uncertainties cancel out in the ratio

24— —1600E
= A =
e L —1400 3
022(— o
s [ —12005
o =
weof - layer1, left {10007

u Y 800
18—

Iq 600
16— 400

200

. | I P8
160 165 170 175

L e
195 200
¢ [deg]

DR | . .o, o
180 185 190
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Results (raw)

N events Stat. unc. (%)
Dataset left | right | left | right
Layer 1
ROSSO wp 15°C | 428 | 439 | 0.05 0.05
ROSSO wp 20°C | 346 | 323 | 0.05 0.05
NERO wp 15°C | 231 | 258 | 0.05 0.05
NERO wp 20°C 128 | 258 | 0.07 0.06
Layer 2
ROSSO wp 15°C | 164 | 140 | 0.08 0.08
ROSSO wp 20°C | 106 | 109 | 0.10 0.10
NERO wp 15°C 78 79 0.11 0411
NERO wp 20°C 61 63 0.13 0.13
Layer 3
ROSSO wp 15°C | 61 76 0.12 0.11
ROSSO wp 20°C | 58 63 0.13 013
NERO wp 15°C 47 47 0.14 015
NERO wp 20°C 27 30 0.19 0.18

g

8 88838¢&

These raw numbers are then
normalized by run duration
and by thickness of rock
traversed.

For the latter, we used a
Digital Terrain Model provided

by INGV (data from Vilardo et al.,
Journal of maps, 9(4):635-640, 2013)

=y




Right/left density asymmetry results

These four independent I A —
samples agree within 1 P ‘

“We combine them under . _—]_P
assumption of statistical fab E

independence —

*Indication (1.5c) of density 3
larger on the right than on the :
left at high quota

But relationship inverts at
lower quota

density right /density left

T4 1600
=T
= 1400
S221—
8§ [ 12008
2 —
ool layer 1, left 1000~
5
2
%]
=
@
2
E
D
=
=
o e PR P et o B
160 165 170 176 180 185 190 195 200 5 =
¢ [deg] © o08f
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Historical data

kWh

Power consumption

Consumption

Solar

* Battery

System overview

To Grid

0.0 kWh

Production

322 kWh

From Battery

168 kWh

Consumption

296 kWh

From Grid

0.0 kWh

Consumption

296 kWh

From Solar

127 kWh
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Rate stability

‘HI|III|\II‘III‘IH|IH|

Lo
=]
(=1
(=]

L . . L L I . I . .
3200 3400 3600 3800 4000
un Number

Trigger Rate (Hz)
>

=1
=] II|III‘IH‘HI‘III|III|

|||||||||||||||||||

8500 9000 9500 Run Numﬂ}gpoo

Trigger rate vs run number for NERO (top) and ROSSO (bottom)
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Angels in the pendants of
Notre-Dame aux Riches Claires

« After a devastating fire in 1989, they were thoroughly restored
with iron dowels, mortars and new pieces of stone

 Reparations were not properly documented!

« |n 2020, after the left arm of one of the sculptures fell down,
several new cracks and fractures found on all the four angels

« Important (and currently unfeasible) to assess number and
positions of iron threaded bars/dowels inserted in the '90s

© KIK-IRPA
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Fountain of the Three Graces

 \We have no information about:

* the inner tube system/fountain
system that is probably still present
in the core center of the column

* the breasts of the female figures

* the nozzle in one of the mythological
scenes in the triangular base

© KIK-IRPA
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© KIK-IRPA

Tomb of Lamoral Claudius Franz
von Thurn und Taxis

e The marble structure of the tomb
underneath the sculptures is
deformed due to subsidence

|t would be interesting to visualize
the inner structure of the tomb to
evaluate its condition

* However, dismantling of the
sculptures would be dangerous
for their preservation
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Moisture load measurement

Moisture has large impact on preservation: freeze-thaw
degradation, biological growth, dilation, corrosion, weakening

Reliable measurements from sampling: powder from drilling can
be weighed before/after drying, or used in calcium carbide test

Usually, drilling a hole in a precious artifact is not an option

Indirect measurements are based on electrical resistivity,
electrical capacity and microwave sensors; they probe only
shallow depths (mm - cm) and can be deceiving

Moisture can increase mass by up to ~30% — Ap/p ~40%
Accessible by muography; high spatial precision not crucial
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Coulomb scattering
and cargo inspections

From M. Lagrange's PhD thesis

-

&
80

ov u .-ﬁl'i'-

x

e Simulated example: 1 m?iron
cube In a container

 POCA reconstruction

« 30' data acquisition with a
muon portal




Measuring momentum (at low cost)

Plot from M. Lagrange's thesis

1 Fe: ap, —2.85 LoF 1 Fe: ap =1.11
20F C Al oy =162 0 L Al ox =054
2 15} 1=
s AL g
w0 o
ER 1 2 04
[ [
0.5 f .2
0.0 . 0.0 —= :
0 2 4 G 0 2 4 i
Al [ deg Af e p [GeV deg|
10 4 10° 3 - e 10 - . e
- i:}'ZIF',;IP.I = 30.69% /a' %Zp:l,l;llm —38.21% //
Simulation study, Tmm % = 3 ] 3
. . . = 0w 1w = 10¢
hit resolution, in: E E E
t T 10! T
M. Lagrange & F. g g g
: g £ £
Bury, Particles 8 S ] 08 ] 5 ]
(2025) 43 F ¢ F
1w e 19! // 1014
: 0¥ T 10* T 107
10-1 10" 10! 104 10! 10-1 10" 10! 108 10! 101 10" 10! 10¢ 10!
Predicted momentum [GeV] Predicted momentum [GeV] Predicted momentum [GeV]

Just using DNN

: Transformer
scattering angle
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"* ..‘.-“1 !l! : . L - m !F . '_I..., . -"'l- e i .,T
. '. b : I r k-, ?J ":‘h
113 ! ,- Bl

2= -100mm z=-200mm z=-250mm 2=

300mm z= -350mm 2= - 400mm = -450mm

plastic

ri_ /\ 2=-500 mm

=

detector

= reference level for
image reconstruction ( z=0 )

Unified outputs from
4 plastic detector

5

signals
to CAEN unit

Someone actually thought about

applications to organic material:
D. Mrdja et al., EPL, 116 (2016) 48003
G. Galgoczi et al., JINST 15 (2020) C06014

A cow's femur has been successfully imaged
by muography (complemented with analysis of
secondary gammas and electrons) with ~4
days of data.

But it is difficult to find use cases, for organic
material, where no other method can give
sharper images in less time!

(Laura Longo's suggestion: paleophorensics)



/4@

( DESY. )
oY

State-of-the-art LPAs

Rep rate: ~1 Hzto 1 kHz

Small laser can fire more often! _ 10 SSIEE EE3 -Oﬁ
Laser peak power: ~1 TW to 10 PW E ool ® l
Single stage energy gain: few MeV to <, % R D
B.6 GeV 5 o o r
Relative energy spread: down to 2 -l 5 O O g;:zlt::;] ;r:jge:tlon
0.5% % 02| u § Downramp injection
Peak current: up to few kA 0 E] - ;;?I?;Zg:on
Normalised emittance: sub-micron 10 B Thiswork
Plasma length: from 0.1mm to 30 cm 10° 10' 102 10°

Laser power P (TW)
Stability: down to a few percent

Efficiency: up to 30% laser-to-
electrons

mpa.desy.de

Slide stolen from Kristjan Pdder (DESY), link
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https://indico.eli-laser.eu/event/23/attachments/123/292/Introduction%20to%20Laser-plasma-accelerator-driven%20electron%20sources_K_Poder.pdf

Muons per 100 pC
=
o

500 1000 3000 10000
Electron energy (MeV)

From Andi Hektor
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Density [g/cmd]

Neutrinography

cos () at tangent

1.0 i]].!il.fl ﬂ:.ﬂﬁ ﬂ:.‘.'.ll] I:I..Hl'l H]J.FJIII [IXLY] 10 %
. . I
— peninal density Macmnnlaarihin I == Lroe maws
——= PREM A6 :dp;m.u._ AW | —8— Mean f.24%: 424 kg
o 4 . I —
I
. |
B
e R '|_:'.s 3 4 I
o I
=
e I
= I
= I
= -
E? .
o I
&
I
I
10" 4 1 I
] I
] - -
1 lceCube Preliminary —:‘—
. . . . ] T T T - - -
0.0 0.2 0.4 06 0.8 1.0 0.z 04 0.6 0.8 L0 1.2 .
racdins [ earth radins earth mass [kg] M

From: Alex Wen (lceCube), PoS-ICRC2025-1211, arXiv:2507.09763 [astro-ph.HE]
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