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Muography general features
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Different types of interaction
between muons and matter:
trajectories with and without
scattering (green and blue lines),
stopping trajectories (red line).
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Fig 4. PoCA reconstruction algorithm, shown in 2D for simphicity. A muon's stochastic path through an object volume (o). We
micasure scattenng i two planes, and estimate particle momentum. Estimate muon path and identify voxels through which ray passed
(b). Localiee scattering signal to voxel containing PoCA (¢). Define scatiering signal as shown, end nssign signal to the PoCA voxel, 0
1o other candidate vasels (d). Take mean signal in each voxel over all muons (o establish reconstructed seatiering strength.
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Muography use
cases overview

WHAT WOULD YOU LIKE TO TASTE TODAY?
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Upper Chamber
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Wonltoring capabilities — ' & | sensitivity

Water level monitoring of a water tower tank
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Imaging & monitoring
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3-D gravi-muon joint inversion
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Sismo-muon joint monitoring
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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
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MUODIM

Nuclear evaporator

Geotechnics
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Application to Blast Furnaces

Muon

https://arxiv.orglabs/2301.04354

Confidentiel

MUODIM


https://arxiv.org/abs/2301.04354

Application to Tunnel Boring machines
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Archaeoloo

Search for Hidden Chambers
in the Pyramids

The structure of the Second Pyramid of Giza
is determined by cosmic-ray absorption.

Luis . Anderson, F. El Bedwei,

James Burkhard, Ahmed Fakhry, Adib Girgis, Amr Goneid,
Fikhry Hassan, Dennis Iverson, Gerald Lynch, Zenab Miligy,
Ali Hilmy Moussa, Mohammed-Sharkawi, Lauren Yazolino

Palais du miroir :

* georadar + ERT

* DAS (optical fiber seismology)
Great pyramids muography

Run 0-(1000Vents,-100:kept)

Palais du
Apollonia miroir




Overburden Thlckness Calculation L
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Plan de déploiement de fibre
Archeo-DAS 08/06/23-13/06/23
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Laboratoire Souterrain a Bas Bruit
Schance & T
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Muography underground : Mont-Terri (Switzerland), Tournemire, LSBB + urban tunnels (France)
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Woater resource management: The multi-technique approach of the Low Background Noise Underground Research Laboratory of Rustrel, France, and its muon detection projects.
In Muography: Exploring Earth's Subsurface with Elementary Particles. 2021, Geophysical Monograph Series; Olah, L., Tanaka, H., Varga, D., Eds. American Geophysical Union , USA. DOI:10.1002/9781119722748.ch10

_...o
(2] I3
] s

3

(%) abueyo ¢

-100

(95) sbueys Asueg

(24) eBueys 9p



Context : the Huguenot tunnel & the PAUL project

Huguenot

Tunnel

Challenge : qualifying the rock overburden
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2008-2077 : N.Lesparre thesis
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20012-2015 : K. Jourde thesis

Opalinus layer parametrization
NW

z (GRS80) (m)

T

1000

900

800

700

600

G, SE-

500

400+

tunnel axis

®
T

1 1

800

600

400 200
v (in the tunnel p

lane) (m)

-200

-400

gravity anomaly (mGal)

gravity anomaly (mGal)

14
12
10

14
12
10

S N O

underground dataset

1 1 1 1 1 1 1 1 1 1 1

600 500 400 300 200 100 0 -100 -200 -300 -400
y, in the tunnel plane (m)
surface dataset
NW SE |
x

A4

'topogm?
o i

ot \\\*
N—-l“= 22 .
e is.o 7

1 1 1 1 1 1 1 1 1 1 1
600 500 400 300 200 100 0 -100 -200 -300 -400

y, in the tunnel plane (m)

free — air anomaly

Bouguer anomaly, for ppouguer € {2.2, 2.4, 2.6,2.8,3.0} g.cm™
Mont Terri topography

3

1000
950
900

1 850

800
750
700
650
600

1000
950
900

1 850

800
750
700
650
600

(wr) 08SHD ‘z

(1) 08SHD ‘z



Q@ﬂ @D@@ﬂ 5 g K]ourd‘e tﬁe&ig lm[;all sollutiolns for ‘P].)OSt(p'd.)fm.‘np(.?]:o?t(p.ldnl> 0.6

m (a.s.l)
1000

800
600

400

—26.8°,6) (1/(cm?sr.day))

absolute flux 8¢(p

—26.8°,0) (1/(cm?sr.day))

absolute flux o¢(p

site PP
0.5 ‘

0.45

niche PP - run 1

vertical

[
l:l niche PP - run 2

z (GRS80) (m)

-60 -40 -20 0 20 40 60 80
South East zenith angle 6 (°) North West
B S e

site QQ

0.5

0.45 [ [ ] nicheQQ-run3

0.4 r [:] niche QQ - run 4 Y,
0.35 /

z (GRS80) (m)

0.3

0.25

0.15
0.1

0.05

vertical

0

-60 —-40 -20 0 20 40 60 80

South East zenith angle 6 (°) North West
- e

z (GRS80) (m)

NW

Mont Terri

Mont Terri

Coumgengy Thrust

200 8] =200

e tunnel plane (m)

=400

Prost(pld) (g7".cm’)

Poest(pld) (g~".cm?)

d) (g7 '.cm®

1
|
i

Ppost(p

&0

(i1}

40

a0

4]

40

20

&0

G

40

0 F

density marginal probability

Priny
Prarl

Pimestons

- ——
2.8 2.7
23 2.7
kY
l.'\
L3 2.4 2.5 286 2.7

density (g.cm %)



2015-207]

Effective temperature coefficient, ¢ty

Deviation from mean (%)

1

0.

0.

0.

0.

Pearson
correlation coefficient|
r= 0.81

fffff Effective Temperature

——Average Muon Rate

§ —Average Effective Temperature
I I I

01/16 04/16 07/16 10/16 01/17 04/17 07/17 10/17 01/18
Time [mm/yy]

2
i ® DIAPHANE (Present study)
- Daya Bay
11— Double Chooz
B MINOS
| lceCube
8— AMANDA
- » OPERA
B MACRO * Borexino
6 [~ GERDA VD
B © ® OPERA
4— , Yo
0.8t ‘
- 103
o I 1 1 1 1 11 11 { 1 1 1 1 Ll 11 I 1 1 1
10 10? 10°

<E,cos0> [GeV]

Atmospheric physics

Altitude [m]

: Karstic system monitoring + SSW observations

1200 —

H
=
=
g
|

1000 —

900 —

800 —

700 —

600 —

5.2498 52496 52494 52492
6

it 5249 52488 52486 5.2484 52482 5248

Northing [m]

3.61

3.625
3615 352

Easting [m]

2 2.1 22 23 2.4 25
Average density [g/cm?]

2.6

2.7 2.8

+ hydro-geological measurements



1200 —
1100 —

— S/ physics

1000 —

900 —

800 —

Altitude [m]

700 — ot

600 —

3.625

3.62
5.2498 52496 52494 52492 5249 52488 52486 52484 52482 5.248 361 3615

Northing [m] Easting Imi

01-Jan-2017 17-Jan-2017 02-Feb-2017

0 500 1000 0 500 1000 0 500 1000
Potential Vorticity [PVU] Potential Vorticity [PVU] Potential Vorticity [PVU]

» A muon rate

210 220 230 210 220 230 210 220 230
Effective Temperature [K] Effective Temperature [K] Effective Temperature [K]

time

| ] | ’
10/16 01/17 04/17

Tramontini, M. & Rosas-Carbajal, M. & Nussbaum, C. & Gibert, D. & Marteau, J.. (2019). Middle-Atmosphere Dynamics Observed With a Portable Muon Detector.
Earth and Space Science. 6. 10.1029/2019EA000655.



Time distribution within 1 DAQ cycle (= 1 sec) Events time distribution
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Muography @PAUL
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