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Light Detection And Ranging
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http://forsys.cfr.washington.edu/JFESPO06/lidar technology.htm

Muography: how, why


http://www.dot.state.oh.us/Divisions/Engineering/CaddMapping/RemoteSensingandMapping/Pages/LiDAR-Basics.aspx
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LRC \\Muons: ld card
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Muography: how, why

Lifetime
- probability in exp(-1/T)

p
m

- decay length: I(p)=

mass=105.7 MeV
T0 =2.197 us

T1=70/J1-v2/c2

E=750 MeV -> dilatation factor 10
E=10 GeV -> dilatation factor 100

..6km @ 1 GeV

@ Particle Data Book
http://pdg.Ibl.gov/
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LR:M) Muons for free in the atmospheric showers

N

R - #h~35km ™ @ g-10%ev

— 1Q0
_10¢ NO=I18%  No o m)=03%  N(u)=1.7%

N(y) = 18%
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| Atmospheric muons
PO\, P

Very broad radiation source

Very penetrant radiation
! /
hundr s of
ers or

//

detector km

&
<

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

standard rock: = 10 GeV | 100 GeV 1 TeV 10 TeV
A=22, Z=11,
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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,
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Early muographic attempts: Alvarez 1970

L8N -

Fig. 6 (left). The equipment in place in the Belzoni Chamber under the pyramid
Fig. 7 (right). The detection apparatus containing the spark chambers,

C. Carloganu 19.07.2016 Muography: how, why

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
apparatus. (¢) Data corrected for pyramid structure as well as geometrical acceptance.
(d) Same as (¢) but with simulated chamber, as in Fig. 12.




M'M) Muon ener
gy loss
PN,

http://pdg.lbl.gov/2015/reviews/rpp2015-rev-passage-particles-matter.pdf
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http://pdg.lbl.gov/2015/reviews/rpp2015-rev-passage-particles-matter.pdf

M'-M) Muon deflection
PN

pdg.Ibl.gov/2015/reviews/rpp2015-rev-passage-particles-matter.pdf

13.6 MeV
0o = Z\/a;/XO [1 + 0.038 ln(a:/XO)]
Bep
-« X[2————
T * ‘P‘ *
N e
* ) eplantr.
/
1 Na
X_O = 4(17‘27 Lrad - f(Z)] @L;ad} ’
Element Z Lyad L,rad
H 1 5.31 6.144
He 9 4.79 5.621
Li 3 4.74 5.805
Be 4 4.71 5.924

Others >4 In(184.15 Z-1/3) In(1194 Z—2/3)
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LK

K Two exploitable interactions

TRANSMISSION SCATTERING

| = lof(p) S = f(Z)
DENSITY ATOMIC NUMBER
= 3D image

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

= small to medium targets

= high position resolution, large area
detectors

= 2D image
= applicable to very large targets
= relies on incident flux knowledge

C. Carloganu 19.07.2016 Muography: how, why



M
LK'M) Diffusion muography: very active research field

1
1
" concrete
H Fe
081 - Energy & Environment New Nuclear Regulation & Safety Nuclear Policies Corporate Uranium &
| - Pb
08 [N Muon data confirms fuel melt at Fukushima Daiichi 1
04}t
a1 23 March 2015
02 Initial results from using a muon detection system at the damaged Related Stori
ories
n Fukushima Daiichi unit 1 in Japan appear to confirm that most of
ol . | | the fuel has melted and dropped from its original position within « Looking inside
0 20 40 60 80 120 140 the core, Tokyo Electric Power Company (Tepco) announced. Fukushima
diffuse density (mrad*mrad/cm) Daiichi unit 1
, « Cosmic rays to
. . o pinpoint
1 - L=< Fukushima cores
— I ,f e » Fukushima fuel
/ tsolation melt confirmed
I . . :{‘I - Dhessity dengh inage Condeaser tank
f hased on doegn drwasg
Fuel Pool
2w e WNA Links
}" Wall of Rescter
8| Rasctor grassers = Fukushima
vessel and Daiichi 1
: r T 1 : shuckding wall (RPV) ) )
mjecd Primary contanment vessel (PCV) = The Situation at
— . 1 —— Results obtained from the muon detector on the northwest side of the reactor buliding Fukushima
=, SR S (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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M|M

) Transmission muography in a nutshell ...

#Oz: vertical
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M - | |
IK'M) Physics case: volcano structure imaging

Various hazards with different physical causes and magnitudes

* phreato-magmatic explosion

* phreatic explosion (release of thermal energy contained in the hydrothermal
reservoirs)

* |andslide and flank collapse (may be triggered by internal overpressure,
earthquake)

Hazard level depends on present-day state of the volcano

Degree of alteration (mechanical integrity)
* Volume of reservoirs (stored energy)

e Internal changes (liquid/vapor transition)
« Channels and conduits

Structure imaging plays a leading role in hazard prediction
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MY Physi - imagi
._ ysics case: why structure imaging
IO
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"

) Physics case: monitoring eruptions?

C. Carloganu
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Figure 5 | Time sequential muographic animation. The plots show the angular distribution of 1 (68% CL) upper limit of the average density along the
muon path. The frame rate is 10 FPM. The data were not taken during 20-22 June due to a blackout. Horizontally adjacent two bins were packed
in order 10 achieve higher and more accurate statistics. The elevation and horizontal distances at the centre of the cone are shown.

NATURE COMMUNICATIONS 53381 DOL: 10.1038/ncomms4381 | www.nature.com/naturecommunications 7

©Tanaka 2014
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KN,

Physics case: volcano structure imaging

Structure imaging plays a leading role in hazard prediction

e Electrical conductivity : resistivity
e Seismic waves velocity + coda waves : elasticity
o Gravimetry and muography : density
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M . . . N
' Geophys. methods for volcano imaging: electrical resistivity

_M)
| \ Vulcano, Stromboli (lles Eoliennes; Italie)

_ Finizola et ql., GRL (2006, 2009); Revil et al., JGR (2008)
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M'M) Electrical resistivit om
y of Puy de Dome
LK\

- Portal et al, EGU 2016-8549,
summit
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Seismic and electrical tomography rely on curved paths

Erreur rms 6.8%

Computed with Res2DInv (Loke, 2011) non-linear inverse problem
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IE""&Geophys. methods for volcano imaging: micro—gravime‘try

- 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

Portal et al, JVGR, 2016

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

LN
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IEM&Mi(:ro—gravimetry of Puy de Déme

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 19.07.2016 Muography: how, why



/Q\ TOMUVOL, IAVCEI 2013
ToMuWol

400 m
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Preliminary

Linear opacity to atmospheric muons

Density contrast
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M

MY Inverse problem : muon flux
PN

Atmospheric muons

Detector

|l
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Fluxes of Cosmic Rays

«— (1 particle per m*~second)
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C. Carloganu 19.07.2016 Muography: how, why



M _ _
MY Systematics: atmospheric flux

]

|

—e— Atmosphere Mass Density
—&— Temperature

7t o uE,) (~ 100%) . < '/" o
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7 . . v
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M'R Systematics: atmospheric flux

Cecchini & Spurio

1500 http://www.geosci-instrum-method-data-syst.net/1/185/2012/gi-1-185-2012.pdf

_- 1000Gey/c

-
-
-
-
-
-
-
-
-
- -
-

100 GeV/c

1,00

Ratioto the vertical flux

0,10

0,01 .
1 0,8 0,6 0,4 0,2 0
cos(zenith angle)
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"Iy Inverse problem : muon propagation

\ Cosmic muons

Detector

|l

[ plee,Bydr = F(T(a,B8))
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Mass stopping power [MeV cm?/g]
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M)  Systematics: muon propagation : energy losses

N,

N N
Rayonnement de freinage Création de paires de leptons
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KN,

.10

Systematics: muon propagation : energy losses
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Above TeV, energy losses dominated by stochastic processes
Muon scattering rather low, but dependent on the muon energy
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M) Systematics: muon propagation : energy losses
PO,

Detector

“

------- >B Monte Carlo methOdS"""""""Médi'a';l'"""".
987 GeVle I

Cosmic muons

— ~ 1 TeV muons
g 005 | on 3 m Fe
No(@) = [@,(E,)dE, S 0.06 -
E,=~1GeV = Mean
© Q. 0.04 977 GeV/e
Fumo 0.02 ] F
Eptmin x fp(raaaﬁ)dr
R(a,p) 0.00 oo
950 960 970 980 990 1000
Final momentum p [GeV/c]
N/Ng (0,B) | =—=> |p(r,0,B) dr/]dr
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do m 274 4 ONE)

— =a(2Z e’re> (———V+1/2) ()

dv brems, nucl M/.L 3 3 4
. __1dB|  _Na [ do

pair, nucl — E dx air. mucl — A 0 dy
1 dE Z 2E /M

bair elec — T T 1 = — . K — 0. —6 2
pair, el Ede| e A (0 073 In (1 +gZ2/3E/Mu) 031) x 10™°cm?®/g
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M L .
MY Transmission muography in a nutshell ... |- ;

K

#Oz: vertical
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#Oz: vertical

M . . .
IiK'&Transmmsmn muography in a nutshell ... . 5

.-
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M'M) Crosscheck for a uniform volcano with p=
p=1.8g9/cm3
PN,

rock depth (km)

25

PRELIMINARY L ..

e The bias is negligible, ~ 10-20 mg/cm”,
£ except close to the rock border, where the
g transmitted and free sky flux mix.

515 e Few degrees farther from the border the
statistical uncertainties are below
3
Yo 20 30 40 50 ~ 100 mg/cm®.
azimuth (deg)
kernel bias (mg/cm?) standard deviation (mg/cm®)
25 150 25 250
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‘ 200
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= = I 150
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= 3 100
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M

IiK'&Crossc:heck for a non-uniform volcano

density anomaly (g/cm”)

0.4

,5320 02 o The bias is mostly the difference between
<15 the true and blurred images of density. It is
S 0.0 below 100 mg/cm?® beneath a few degrees
e from the border.
"5 e The statistical uncertainties are comparable
0. .1 W ,, tothe uniform case, 50-100 mg/cm?>.
0 10 20 30 40 50

azimuth (deg)

o kernel bias (mg/cm”) standard deviation (mg/cm?)
£20
I
215
o

0 0

: 10 20 30 40 50 : 10 30 1
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