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¥) Atmospheric muons
LPC
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Very broad radiation source

Very penetrant radiation
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detector km

<Ry(Ep)> = [,* dE, / <AE/dx> ~ B! In(1+B/a E,)

standard rock: Eu 10 GeV |100 GeV 1 TeV 10 TeV
A=22, Z=11,
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M) Two exploitable interactions

LPCZ
TRANSMISSION SCATTERING
L
lo | lo |
| = lof(p) S = f(Z)
DENSITY ATOMIC NUMBER
= 3D image

= necessary to measure each individual
track before and after the target

= high position resolution, large area
detectors

= small to medium targets

= 2D image
= relies on incident flux knowledge
= applicable to very large targets
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M
M :
1K )\, Early muographic attempts: George, 1955
Commonwea!th Engineer, July }, 1955 455

Cosmic Rays
Measure
Overburden
of Tunnel

® Fig. 1—Geiger counter "telescope’”
in operation in the Guthega.
Munyang tunnel. From left are
Dr. George and his assisianis, Mr.
Lehane and Mr. O'Neill

Geiger counter telescope used for mass determination at
Guthega project of Snowy Scheme . . . Equipment described

: By Dr. E. P, George”
: University of Sydney, N.S.W,



Early muographic attempts: Alvarez 1970

Fig. 13. Scatter plots showing the three stages in the combined analytic and visuval
analysis of the data and a plot with a simulated chamber. (a) Simulated “x-ray photo-
graph” of uncorrected data. (b) Data corrected for the geometrical acceptance of the

N ) ) ) ) apparatus. (¢) Data corrected for pyramid structure as well as geometrical acceptance.
Fig. 6 (left). The equipment in place in the Belzoni Chamber under the pyramid . . . .
Fig. 7 (right). The detection apparatus containing the spark chambers, (d) Same as (c) but with simulated chamber, as im Fig. 12.
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CRM Geotomography Technologies”
deteciors have performed excc.edingﬁy well
in the field.

detectors, tomographic imaging and integra
geological data. ‘ b

CRM Geotomography Technologles inc.
4004 Wesbrook Mal
Vancouver, BC Canada VBT 2A3

Contact us by e-mail




First measurement of ice-bedrock interface of
alpine glaciers by cosmic muon radiography

Geophys Res Lett, doi:10.1002/2017GL073599
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M . : :
MY Transmission muography: muons @ integrated density

Detector

2. select the ballistic muons

|l

1. model and monitor the (double differential) atmospheric flux

d)O(EWa/h)
o / Atmosbheric muons

Transmittance & integrated density

Jp(o"ﬁ)d’” =F(T(a,r(a,B) = F IIVV((OOC;IIBB))

3. know and calibrate continuously the detector

4. solve (efficiently and accurately) the direct problem

Build a minimisation procedure that tests a full range of integrated densities / rock
structural models and selects the one compatible with the measurement

C. Carloganu

5.07.2018, Bologna
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M'M) Standard rock approximation & systematic biases

LPC
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Relative error on integrated
density when assuming
propagation in standard rock and

ignoring the chemical composition

30 -
20 :
S Relative error on integrated
5 10 R density when assuming
= joppemebe=e” propagation in dry rock
z 0 2) |
g —10 15 F 100/° _ water content
ot . <
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Clermont Ferrand ...
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Laboratoire de Physique de

" 11,000 years old composite dome in the
Chaine des Puys

I’U\

“Dome characteristics: ~400m high, 1.8
km wide at its base

= Two distinct units:
» two lava pulses
< partial destruction of the first
construction

= Important hydrothermal alteration

6518000 6518500 6519000 6519500 6520000 6520500

First spiky dome

]
Eastern unit

- Collapse scar

. --. Limit of block-and-ash flow and
reworked deposits

(see Miallier et al., IAVCEI 2013
presentation)

South flank of the Puy de Déme
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elevation (deg)

MY What can be theoretically measured..

Exposure = time needed to reach a certain precision on the density measurement
for a given angular resolution and detector size

rock depth (km) (*\pmmo Ap/p = 5% (deg’m>day)

25 4 V PRELIMINARY 1()‘.’
2 10
3" .
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azimuth (deg) measurem

Synthetic model for Puy de Dome and 1 year data with TOMUVOL detector

, reconstructed density( g/cm3)
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true density(g/cm3) reconstructed den31tv( g/cm3)
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D Information from tomographic inversion
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AR Al

Y (km)

Synthetic model of
Puy de Dome

0.5 x 0.5 x 0.5 m3voxels

Gaussian random field

for densities:
op= 100 kg/m3
A=200m

© Anne Barnoud,
EGU2018-12348

/
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muographic viewpoints
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M
M Geophys. methods for volcano imaging: electrical resistivity
PN,

Laboratoire de Physique de

ulcano, Stromboli (lles Eoliennes; Italie)
Finizola et al., GRL (2006, 2009); Revil et al., JGR (2008)
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MY Electrical resistivity of Puy de Déme

Road Mercure temple.
3
= 1400
"
=z
S 1350
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-300 -200 -100 0 100 200 300 B
.---.-.-.- I AEmEm Distance (m) .
Rackaity Anthropic structures

Erreur rms 7.3%

Faible espacement entre Grand espacement entre
les électrodes les électrodes
AMNB ‘ i ‘ 3
£ 1400 ~ o
» g
5
p2 (bas)
-300 -200 -100 0 100 200 300

Distance (m)
ns 20

Rnqu(ump

Seismic and electrical tomography rely on curved paths

Erreur rms 6.8%

Computed with Res2DInv (Loke, 2011) non-linear inverse problem

C. Carloganu 5.07.2018, Bologna
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M
'M) Geophys. methods for volcano imaging: micro—gravime‘try

Laboratoire de Physique de

- Relative gravimeter (February-March, 2012, May, 2012 and March-June, 2013)
- 610 gravity stations, around 2500 gravity measurements
- High resolution differential GPS positioning at the gravimeter tripod center

., average accuracy: 1.6 cm in planimetry and 2.3 cm in altimetry

and Scintrex
gravimeter

006159

0026159

0006159

0088159

694000 _ 696000 698000 700000 696800 697000 697200 697400
Gravity stations location for the total survey Summit area gravity stations location
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M . .
MY Inverse problem in gravimetry
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M
| 'M) Micro-gravimetry of Puy de Dome

Laboratoire de Physique de

The Chaine des Puys volcanic field
“ The latest active zone of the French "Massif Central" volcanism
* Important rifting episode -> hemi-graben formation (Michon and Merle, 2001, Boivin and al., 2004)

“ Volcanoes emplaced on a Hercynian granitic basement along a N-10° direction

Sioule Puy de Déme Limagne fault
valley \

......

Domes plateau

Figure Boivin and al., 2004

C. Carloganu 5.07.2018, Bologna Muography, from dreams to reality



... and the real life complexity

Laboratoire de Physique de

N/No (a,B) | ——=> |p(r,a,8)dr/][dr

7o s calculated from an measured number of muons in a given direction

Measurement = s + Background

Only known after dedicated measurements

and detailed Monte Carlo simulations

Can be calculated beforehand analytically

(approximatelly)

Table 1. Transmitted Flux of Ballistic Atmospheric-Muons Behind Different Rock Thicknesses and the Inverted Density
Through a Muographic Measurement Affected by a Background Flux of 1.94 m~—2 d~! deg~* (the Quadratic Mean of the
MU-RAY and TOMUVOL Measurements Given in Equations (4) and (5))

Integrated Density Elevation Angle Transmitted Flux Integrated Density Bias
(True, mwe) (deg) (m=2d~" deg™?) (measured, mwe) (%)
500 18 3.18 389.7 -22
1000 1 0.83 539.6 -46
2000 3 0.19 498.3 ~75

Ambrosino, F., et al. (2015), Joint measurement of the atmospheric muon flux through the Puy de Déme volcano with plastic scintillators and
Resistive Plate Chambers detectors, J. Geophys. Res. Solid Earth, 120

C. Carloganu 5.07.2018, Bologna Muography, from dreams to reality



Backward Monte Carlo

Laboratoire de Physique de

Generation surface

$(a, r(a B } o - |

Detector

Solution: sample the muons
backwards in time, from the
detector to the atmosphere

W .

Backward Monte Carlo applied to muon transport,
CPC,
https://arxiv.org/abs/17

https://authors.elsevier.com/c/1X8CY20InW2z5

CPU time needed to simulate the

transmitted flux with 1% accuracy
https://arxiv.org/abs/1705.05636

6
10"
— forward detailed
backward detailed
= l()l forward hybrid
2 & backward hybrid
_ - Geantd (10.01) A
= . A
- 9 | ‘1r5
= 1()_ -~ MUNM (vIr5) .
. » o ‘
= P I .
AAAAAAAAAA.“.“AA‘.““““
— )
10

10°% 1072 107" 10 10" 102 10° 10°
path length, s (m)
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M .
M Showa Shinzan Volcano
Nishiyama et al, o
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Laboratoire de Physique de

Detector

l111

CPU time needed to simulate the

transmitted flux with 1% accuracy
https://arxiv.org/abs/1705.05636

Solution: sample the muons
backwards in time, from the
detector to the atmosphere

6
10"
—  forward detailed
backward detailed
l()l forward hybrid
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TOMUVOL Collaboration
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M
JM\) Proof of Principle for Muographic Imaging of Volcanoes

[ w. ~400m high
Site TDF
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e = | £
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- e
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M) TOMUVOL Telescope @ 2013-2017
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CALICE GRPC’s

Avalanche mode: total mean MIP charge 2.6pC, RMS: 1.6pC
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http://arxiv.org/find/physics/1/au:+Bedjidian_M/0/1/0/all/0/1

Muon Tracker : CALICE Electronics

PCB
Milar

Graphite

Verre

Muon
Dulucq, F; de La Taille, C.; Martin-Chassard, G.; Seguin-Moreau, N.; , "HARDROC: Readout chip
for CALICE/EUDET Digital Hadronic Calorimeter," Nuclear Science Symposium Conference
Record (NSS/MIC), 2010 IEEE
|

S

Conf/
Clock

FE
FPGA

HARDROC

\

—» PHY

)
tl

RamFull

Slab
e 64 channels, 16 mm?2
e digital output (3 adjustable thrs)
® low power consumption (1.5 mW/ch)
® |arge gain range
o xtalk <2%
e ajustable gain for each channel

e 8 layers PCB, 800um thick.

e readout by induction (1 cm? pads)



TOMUVOL 2013 - 2015

TDF 2013-2014 campaign: 4-Layer Track Rate

/E
e

CDC 2015-2016 campaign: 4-Layer Track Rate
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Q CDC 2015 Campaign
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Laboratoire de Physique de
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MY Impact of the muon-momentum detection threshold
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M) Two exploitable interactions

LPCZ
TRANSMISSION SCATTERING
L
lo | lo |
| = lof(p) S = f(Z)
DENSITY ATOMIC NUMBER
= 3D image

= necessary to measure each individual
track before and after the target

= high position resolution, large area
detectors

= small to medium targets

= 2D image
= relies on incident flux knowledge
= applicable to very large targets
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) Scattering muography
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K.N. Borozdin, G.E. Hogan, Ch. Morris, W.C. Priedhorsky, A. Saunders, L..J. Schultz,
M.E. Teasdale, “Surveillance: Radiographic imaging with cosmic-ray muons”,
Nature 422,277 (20 March 2003) , doi:10.1038/422277a
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Scattering muography

Laboratoire de Physique de

Energy & Environment New Nuclear Regulation & Safety Nuclear Policies Corporate Uranium &

Muon data confirms fuel melt at Fukushima Daiichi 1

23 March 2015

Initial results from using a muon detection system at the damaged Related Stories
Fukushima Daiichi unit 1 in Japan appear to confirm that most of
the fuel has melted and dropped from its original position within

' = Looking inside
the core, Tokyo Electric Power Company (Tepco) announced.

Fukushima
Dailichi unit 1

= Cosmic rays to
pinpoint
Fukushima cores

= Fukushima fuel

Esodation melt confirmed
Condenser tank

Dessity-length image
based on desagn drawing

Fuel Pool

N ; WNA Links
orth side
Wall of Reactor
Reactor pressure = Fukushima
vessel and Daiichi 1
shiclding wall (RPV)
Primary comtainment vessel (PCV) = The Situation at
Resuits obtained from the muon detector on the northwest side of the reactor buiiding Fukushima

(Image: Tepco)

The company completed installation of the muon detection system on 12

February. Two detectors were installed: one on the northwest side of the Related Links

reactor building and the other on the north side. Since then, data collection

continued until 10 March (a2 period of 26 days). The initial results have now * Tokyo Electric

been analysed. Power Co.
(Tepco)

The detector system was developed by Japan’s High Energy Accelerator

Research Organization (KEK). The system uses the so-called permeation

method to measure the muon data.
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http://mutomweb.pd.infn.it:5210/?page_id=258
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High-energy cosmic rays create showers of particles (Muons) in the
upper atmosphere

Using the Lynkeos Muon Imaging System we are able to
noninvasively scan objects and differentiate between different

materials.

The system is ideal for scanning Intermediate Level Nuclear Waste.
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