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Muography = pg-ray imaging technique : absorption / scattering — sensitive to g (opacity)
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Absorption | 0 Tomography

Muon flux emerging from the target +=+ opacity (amount of matter)
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1. “radio™like structural imaging & monitoring M T h

2. “scanner’-like structural imaging & monitoring @] @ m O m o g ra p y

3. joined analysis with geotechnics -
4. static underground imaging (+atmosphere physics) e

5. dynamic underground imaging 5
6. borehole applications
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Muon detector @ Soufriere

A field detector
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Detector scheme

A simple tracking++ device using scintillators, emulsions, micro-megas, RPC's...°>




® 2007 : technical evaluation started (BQR Univ.Paris / IPGP)

® 2008 : first collaborations
Mayon v ANR Domoscan (INSU) including a small muography part
(Phlllppmes) . v IPNL-IPGP-OSUR (IN2P3/INSU) collaboration started

® 2009 : first installation in Mont-Terri underground lab
® 2010 (and 2012): exploration of Etna South crater

® 2010 - 2014: 1* experiments on the Soufriére de Guadeloupe
v1 telescope / 3 different sites explored
v t.0.f. background subtraction (TDC vernier in FPGA)

® 2013 : experiment in Tournemire underground lab (IRSN)

® 2014 ... : from R&D to volcano monitoring (risks analysis)

v 1 detector installed on the Mayon volcano (Philippines)

| v ANR Diaphane retained in 2014

v 6 muon detectors installed (May '15, Aug. '16, March 17)
v muon-gravimetry coupling,

v 3D imaging

v hydrothermal system continuous monitoring

v ANR Megamu funded in 2020

® 2015 : underground tunnel scanned in Lyon (Cx-Rousse) i

® 2016 : archaeology and industrial applications:
v ARCHEé project for greek tumulus scanning
v AREVA-NEEDS funding : borehole applications

('\gm;-g?lrar;\d) : B , SRS S ® 2017 ... : “industrialization” process initiated

_’ ' - - , v ORANO nuclear plant monitoring

o ARV j - 3 v ArcelorMittal funding for blast furnace study
& - ' v LSBB hydro-thermal monitoring

® 2018 : TBM first round completed

® 2019 : startup launched : www.muonsight.eu ~ Borehole


http://www.muonsight.eu/

Wonitoring capabilities — [ & | sensitivity

Water level monitoring of a water tower tank
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» time resolution . - )
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Sudden Stratospheric Warming + hydro-geological global analysis



Volcanology : | ===c Antilles
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Imnzging & monitoring
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Irnziging & monitoring
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The volcano is under cautious surveillance as a
regain of activity has been noticed in the fumes
(Allard et al. 2014) and in the sources
(Villemant et al. 2014).

Principal component analysis allows to isolate
regions in the volcano with similar time
behaviors.

The various active zones are clearly correlated
with the observations on the surface. They are
correlated in time with the appearance of the
new vent at the summit.

The observed fluctuations in zone 1 correspond
to vaporization of 40 mwe in only 3 months.
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3-D oned inversion of muon & gravity data
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Altitude:1372 m
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Joined monitoring :
muon flux variations in region determined by seismic noise

* Density changes are expected as a result of fluid content variations
* These variations are related to meteoric and magmatic mass input, and/or phase transitions
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Long-term density variations from continuous muon measurements
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Continuous muon measurements with 2 muon detectors
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Coherent variations found with PCA analysis
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cieological layers
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'ear surface geophysics
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Blast furnace

Geotechnics & archaeolog

Average Density (g/cm3)
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Archaelogy : Apollonia tumulus
(IP21, APC, LAPP, labex UnivEarth, AUTh)




Tumulus & muon-mobile




A massive “Macedonian-type” tumulus

> i CHALLENGES OF THE GEOPHYSICAL SURVEYS ON
Tumulus in Apollonia North Greece TUMULL

Diameter 100 m; Height 24 m. The biggest in Greece?
The material of the tumulus might be highly inhomogeneous (a
fact that renders difficult the data interpretation). In some cases,
stratification of the tumulus infill material has been observed.

e
L
e

G. Tsokas et al. (2015)

« What kind of information can the Muon tomography provide to non-destructive tumulus survey ?




Analysis and simulation

Apparent density

» Data / MC comparison (LAPP + T.Avgitas) sof ' | 1’ -~
* Electrons ol 3

* Acceptance effects - <

* Role of the CR generators o 707 =

* fwd/bkw tracks comparisons etc S a0l .

'E 90 | g

= >

100 + =

3

110 + ()

160 170 180 190 200 210 220
Relative Azimuth angle (°)

n_pm_upen

T Trrr ! T 7T I Trrr I T T 7T Ellll‘ie!ﬁ l”?z,‘q
Mean 0.078
h_mult_ ¢l 0 RMS 129
M TR e e e i e mT JJ-L—U Underflow
| I s [T 1 Overflow
Il!hh | i Integral 1.672e+0
Chuautlons 1 _
Inand | =
10°'H 3 ]
— -|- :
1024 + ]
[ L ]
1w . | 3
- -] i | ri] | ]
5 0 10 20 30 40

¢ (relative to detector axis) _



#0

, Conclusions HEP | AGU | EGU conferences

iP:2i. AEIA interest

“Muographers” network
European Muon Network (ITN)
ANR funds

MITI projects

Muography = a perfect field for collaborative interdisciplinary projects :

Archaelogy Industrial controls

Geosciences

CR physics Tunnel boring machines

Prospection & mining

* Volcanology

: Segloﬁy . Tumulus  Non invasive controls

) Aty ro Oﬁy s . Anthronic structures * Nuclear cycle production
* Atmosphere physics ) Ruinsp uctu « Civil engineering
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