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IMAGING MUOGRAPHY



Muography =  absorption/scattering tomography

The particles (e.g. muons) generated in the atmosphere, lose 
energy and are scattered along their trajectories across 
matter (electromagnetic interactions with the charges inside 
the medium) according to the medium’s density (𝜌) and 
chemical composition (Z/A). 

2. Tracking detector

1. Incident muons flux

3. Inverse problem methods



1. THE PROBES



<

2. THE TRACKERS

Scintillators

Emulsions MicromegasRPC



3a. IMAGING METHODS

Détecteur Reconstruction
Images 



PHYSICS-CONSTRAINT INVERSE METHODS

Different types of interaction 
between muons and matter: 
trajectories with and without 
scattering (green and blue lines), 
stopping trajectories (red line).



  

➧ Proof of concept
➧ Water tank level monitoring
➧ Barometric effects corrections

➧ Geomagnetic effects etc
➧ Application to the Sudden 
Stratospheric Warming (SSW) 
observation

3b. MONITORING METHODS             
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1. “radio”-like structural imaging & monitoring
2. “scanner”-like structural imaging & monitoring
3. joined analysis with geotechnics
4. static underground imaging (+atmosphere physics)
5. dynamic underground imaging

6. borehole applications

Field muography use cases 



Muography = transmission/scattering imaging technique→ sensitive to (scattering) density + Z/A

Geosciences 
Archaelogy Industrial controls 

 Volcanology
 Geology
 Hydrology
 Atmosphere physics
 CR physics
 ...

 Pyramids
 Tumulus
 Anthropic structures
 Ruins
 ...

 Non invasive controls
 Nuclear cycle production
 Civil engineering
 Tunnel boring machines
 Prospection & mining
 ...

Muography use cases overview



Volcanoes

La Soufrière de 
Guadeloupe

Mayon

Etna

Snaefellsjökull



3 active volcanoes (N to S): 

The Soufrière Hills, Montserrat : magmatic 
eruption since, pyroclastic jets, risks of dome 
collapse, magmatic explosion etc. Activity 
decrease since a few months.

La Soufrière, Guadeloupe : 
phreatic eruption risks, flank destabilization 

 Montagne Pelée, Martinique : 
no sign of activity at the moment, the most 
important natural catastrophe in France 
(1910)

The Lesser Antilles



La Soufrière hydrothermal systems
• Volcano hydrothermal systems are at the core of 

unpredictable volcanic hazards

• Complex interplay between internal and external forcing

• Classical geophysics provide limited information on 
spatio-temporal dynamics

• Need for techniques that can track in space and time the 
internal state of the system to constrain numerical 
models



  

Imaging & monitoring 

The largest muons station in the world (6 detectors running)



  

Global analysis of muon and seismic monitoring

Abrupt changes of hydrothermal activity in a lava dome detected by combined seismic and muon monitoring : Le Gonidec, J.-Y. et al. Scientific Reports 2019  

Sismo-muon joint monitoring 
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3-D gravi-muon joint inversion

Inversion Forward 
problem

3D density model

average density
+ gravity data 

Smoothing
Damping

Matrix 
scaling



(R
os

as
-C

ar
ba

ja
l e

t a
l.,

 2
01

6,
 2

01
7)

Horizontal slices of density and electrical conductivity models



MUODIM       

May 11th, 2022

From cosmos to the center of the earth : muography basics 
and applications

T.AVGITAS1, S.BARSOTTI3, G.BJÖRNSSON4, J.BJÖRNSSON5, B.CARLUS1,2, A.CHEVALIER2 , 
A.COHU1, J.-C.IANIGRO1,2, J. MARTEAU1,2, J.-L.MONTORIO1, C.MÜLLER6, C.PICHOL-THIEVEND2 

1 – INSTITUT DE PHYSIQUE DES 2 INFINIS DE LYON (IP2I), UNIVERSITÉ LYON-1, CNRS-IN2P3 (UMR5822)
2 – MUODIM, 31 RUE SAINT-MAXIMIN, 69003 LYON

3 – IMO, REYKJAVIK
4 – WARM ARCTIC, SKJOLBRAUT 22, IS-200 KOPAVOGUR, ICELAND

5 – SNAEFELLS NATIONAL PARK
6 – HTTPS://CAROLMULLER.FR/ 

LIDENBROCK & SNAEFELLSJOKULL

J. MARTEAU1,2  (MARTEAU@IN2P3.FR & JACQUES.MARTEAU@MUODIM.COM)

mailto:marteau@in2p3.fr
mailto:jacques.marteau@muodim.com


First lights

open sky

tomographic mode



Second run



Geotechnics 

Blast furnace

Nuclear evaporator

TBM

Silos



Confidentiel

MUODIM      

Application to Blast Furnaces

https://arxiv.org/abs/2301.04354 

https://arxiv.org/abs/2301.04354


Underground labs List of the 2012-2015 runs

PP RRQQ

niche RR - run 5niche QQ - run 4

niche PP - run 2niche PP - run 1 niche QQ - run 3

MUON TOMOGRAPHY ACQUISITIONS :

Muon – gravimetry 
joined analysis

Muon detector @ URL

Muon detector @ LSBB



The Mont-Terri lab
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Joint gravi-muon analysis 



The LSBB facility



Archaeology

L.Alvarez paper

Great pyramids

Greek tumulus

ArchéMuons



Discovery of a big void in Khufu’s Pyramid by 
observation of cosmic-ray muons

 
(388 | Nature | VOL 552 | 21/28 DECEMBER 2017)

The ScanPyramids project



MUon Tomography AND Innovative Investigation 
Solutions MUTANDIIS

T.Avgitas, J.-C.Ianigro, J.Marteau, B.Tauzin, S.Durand, J.Rodet
marteau@in2p3.fr  

Inter Instituts
IN2P3 / INSHSPost-Doc : T.Avgitas

Palais du Miroir, Musée Gallo-Romain, Rhône, France

Joined analysis of an archaelogical site with
Innovative investigation techniques : 
- Distributed Acoustic Sensing (DAS) 
- Muography 

Characterization of the near surface zone :
- archaelogical structures
- hydrology dynamics

mailto:marteau@in2p3.fr


Vienne &
St-Romain 
en Gal



Palais du Miroir – 
Overground



Palais du Miroir – 
Underground



Muography

DAS



Atmospheric & 
hydrogeological effects

Muon rates

Atm. Pressure

Temperature

How soil water retention affects the measurement



GeoRadar & ERT
Depth 0.9 m

Depth 2.3 m Depth 2.8 m

GeoRadar, ERT, Seismics & Gravimetry



Wind
Earthquakes
Storms
Geomagnetic Fields
Cosmic Rays
Soil & Atmosphere
     density fluctuation

Gravitational Waves antenna ?



Investigate correlations: muon rates vs interferometer sensitivity 
(DAQ : 19 days)

POC experiment during Virgo O3 run

Results: 
- Correlation between muon 
rates and GW detector,
- Muons monitor atmospheric 
phenomena,
- Atmosphere impacts sensitivity



Cosmic Rays – Direct Interaction with Mirrors

Visualization for muons:
can be extended to 
hadrons (pions, protons, 
neutrons), electrons/positrons

1. 2
.

3.

GW signals are of the present class 
of sensitivities are 10-18, 10-19 m 

Difficulties: 
- Rare events
- The detector needs to be placed beneath the mirror (we were barely let 
inside the building)
Solution: Long term study between Extensive Air Showers (EAS) and 
interferometer response



Interacting with 
particles ?

•   The question of particles interacting with the mirror 
still open...

•  Cosmic muons may be a powerful tool for atmospheric 
phenomena monitoring which provide remote access to 
atmospheric changes at large distances.

•  Muon hodoscopes can be used as monitoring tools of 
large-scale atmospheric mass movements like 
thunderstorms and other important Newtonian Noise 
sources.

•  Large surface particle detectors (~10-100 m2) useful to : 
 VETO the Extensive Air Showers 
 Constrain the atmospheric models in a global 

approach 
 “Muography” the geology and its dynamics 

•  Robust, simple and low-cost technology required : 
large-scale scintillator detectors are easy to produce and 
operate.

Hodoscope signal from Hurricane 100 km far from Uragan

Average lateral and longitudinal 
shower profiles for vertical, proton-
induced showers at 1019 eV.
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