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INVERSE PROBLEMS



  

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

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

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



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



La Soufrière “muon station” 

Mini-telescope dedicated 
to fault study 

North 
telescope

‘‘Air-muon’’



  

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 



(R
os

as
-C

ar
ba

ja
l e

t a
l.,

 2
01

7)

3-D gravi-muon joint inversion

Inversion Forward 
problem

3D density model

average density
+ gravity data 

Smoothing
Damping

Matrix 
scaling
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Horizontal slices of density and electrical conductivity models
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Detector mounting and assembly

??



First lights

open sky

tomographic mode



Second run



Geotechnics 

Blast furnace

Nuclear evaporator

TBM

Silos



Confidentiel
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Application to Tunnel Boring machines
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Measurements Principles & Density anomaly detection



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



Challenges :

• Looking for an object with similar density as the surrounding 
materials r~2.3 gr/cm3 for dirt and 2.5 gr/cm3 for marble !

• If any monument, it must be at the horizon level. Very low 
number of muons, wait a LONG time !

• Muons must cross a lot of dirt. Need high energy muons, 
their number is even less !

https://www.univearths.fr/fr/2018/07/18/excursion-experimentale-des-geoparticules-a-apollonia/ 

The Apollonia tumulus

https://www.univearths.fr/fr/2018/07/18/excursion-experimentale-des-geoparticules-a-apollonia/


ArchéMuons

• Muon Tomography in controlled/confined environment

• Combine/Compare results with geophysical surveys:
✔ ERT
✔ Gravimetry
✔ Seismometry

• Prospect of archaeological discovery in the “Palais du Miroir”



Vienne &
St-Romain 
en Gal



Palais du Miroir – 
Overground



Palais du Miroir – 
Underground



MC simulation

No Cuts

Energy Depostition>0.6 MeV

Preliminary Finding Shows
2-fold Coincidence are
64% actual muons
36% Muon + other particle



Detector development

Saint-Gobain 
Crystals

BC-416
203 cm X 63 cm X 5 mm

Detection: Alphas, betas, 
charged particles, cosmic rays,
Muons, protons

Large Area & Economy

ref. Luxium 
Solutions



Track Reconstruction from charge deposit

Charge cut:
Extreme plane channels: 30 ADC
Middle plane channels: 25 ADC

• Events that did not give charge on 
the fibers that are closest to the 
borders for the extreme panels.

• Events that gave one pair of (x,y) 
hits for the middle detector

• Exclude events that have position 
error = 0. This means that the 
multiplicity for the extreme panels 
is above 1. 

Gold Event Rates: 
(1) 12.8 * 10^-3 Hz
(2) 8.1 * 10^-3 Hz
(3) 4.5 * 10^-3 Hz
(4) 8.4 * 10^-3 Hz  



Overburden Thickness Calculation

<Rate> = 0.3326 ± 0.0005 s^-1

Height (a) = 362.9 ± 0.9 cm

Height (b) = 358.4 ± 0.9 cm

(1)

(2)

Detector Efficiency Calculation
Theoretical Rates:
(1) - 4.120 s^-1
(2) - 3.175 s^-1
Experimental Rates:
(1) – 0.637 ± 0.0021 s^-1
(2) – 0.480 ± 0.0027 s^-1

Efficiency:
(3) - 0.1546 ± 0.0005
(4) - 0.1512 ± 0.0009

<Efficiency>: 0.1524 ± 0.0004

Overburden Characterization Curves
Two Geometries for the overburden.
(a) Rectangular &
(b) Rectangular with Semispherical Cavity

The material is Standard Rock
The step for the curve points is 10 cm 

Experimental rate inside the Cavity
1st Run:  0.3381 ± 0.0007 s^-1
2nd Run: 0.3384 ± 0.0009 s^-1
3rd Run:  0.3209 ± 0.0008 s^-1 

<Height> = 360.7 ± 0.6 cm

Rate = 2.182 ± 0.003 s^-1Divide by 
efficiency



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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The LSBB facility
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