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IMAGING METHODS
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INVERSE PROBLEMS

MLEM: Maximum Likelihood Expectation Maximisation

POCA 3D: Point of Closest-Approach
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MONITORING METHODS
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3. joined analysis with geotechnics
4. static underground imaging (+atmosphere physics) _
5. dynamic underground imaging =
6. borehole applications

1. “radio”-like structural imaging & monitoring =
2. “scanner’-like structural imaging & monitoring F I e I d m u Og rap hy u Se Cases
lln--‘- 1




Muography = transmissionl/scattering imaging technique - sensitive to (scattering) density + Z/A

Geosciences

Volcanology
Geology

Hydrology
Atmosphere physics
CR physics

Archaelogy

Pyramids

Tumulus

Anthropic structures
Ruins

Industrial controls

Non invasive controls
Nuclear cycle production
Civil engineering

Tunnel boring machines
Prospection & mining
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La Soufriere 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

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

models
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La Soufriere “muon station”
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Imaging & monitoring

Savane sad-ouest
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The largest muons station in the world (6 detectors running)




Sismo-muon joint monitoring
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Global analysis of muon and seismic monitoring
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3-D gravi-muon joint inversion
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Horizontal slices of density and electrical conductivity models
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Detector mounting and assembly




First lights
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Second run




Nuclear evaporator

Geotechnics
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Measurements Principles & Density anomaly detection
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The ScanPyramids project

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

l:;“g_ New void 0.40 < tand, <0.70 |
E

(388 | Nature | VOL 552 | 21/28 DECEMBER 2017) .
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The Apollonia tumulus

Challenges :

Looking for an object with similar density as the surrounding
materials r~2.3 gr/cm? for dirt and 2.5 gr/cm? 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 !
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https://www.univearths.fr/fr/2018/07/18/excursion-experimentale-des-geoparticules-a-apollonia/

e Muon Tomography in controlled/conﬁned environment

s * Combine/Compare results with geophysical surveys:
v ERT
v Gravimetry
: v Seismometry
]
l Prospect of archaeologlcal dlscovery in the “Palais du Miroir”
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MC simulati_o_n
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o events with hits: 1526250

. ol Events with 2 fold Coincidences: 273770
B ?-fold Coincidences with muon: 272918
2-fold Coincidences From Muons: 173913

Preliminary Finding Shows
2-fold Coincidence are
64% actual muons

| 36% Muon + other particle
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rays,

ref. Luxium
Solutions

203 cm X 63 cm X5 mm
charged particles, cosmic

Detection: Alphas, betas,
Muons, protons
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"= Gold Event Rates:
(1) 12.8 * 10-3 Hz
(2) 8.1*10"-3Hz
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Overburden Thickness Calculation
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MUON TOMOGRAPHY ACQUISITIONS :

[ \iuon — gravimetry Muon detector @ LSBB
;i Joined analysis



The Mont-Terri lab
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Profil parallele a la galerie

Bruit de fond décorrélé dans la niche PP : 1.7 x 1077 /s
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Joint gravi-muon analysis
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The LSBB facility
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Ehe New dlork Times
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How Do You See Inside a Volcano?
Try a Storm of Cosmic Particles.

Muography, a technique used to peer inside nuclear reactors and
Egyptian pyramids, could help map the innards of the world's
most hazardous volcanoes,
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