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http://forsys.cfr.washington.edu/JFSP06/lidar_technology.htm

LIght Detection And Ranging
Photon imaging

http://www.dot.state.oh.us/Divisions/Engineering/CaddMapping/RemoteSensingandMapping/Pages/LiDAR-Basics.aspx
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Muons: Id card

@Particle Data Book
http://pdg.lbl.gov/

μ+ → e+ + νe + νμ,       μ− → e− + νe + νμ

τμ = 2.197 μs

Lifetime
• probability in exp(-t/τ)

• decay length: l(p)=

mass=105.7 MeV
τ0 = 2.197 μs 

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

… 6 km @ 1 GeV

τ = τ 0 / 1− v2 / c2

tp
m
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Muons for free in the atmospheric showers
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km

hundreds of 
meters or 
more

> km

Very broad radiation source Very penetrant radiation

detector

<Rµ(Eµ)> = ∫0Eµ dEµ / <ΔE/dx> ~ β-1 ln(1+β/α Eµ)

Eµ 10 GeV 100 GeV 1 TeV 10 TeV

Rµ 19m 155m 0.9km 2.3km

standard rock: 
A=22, Z=11,  
ρ=2.65 gcm-3

Atmospheric muons

- <dEµ/dx>  = α (Eµ)  + β (Eµ) Eµ 
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 Early muographic attempts: George, 1955
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 Early muographic attempts: Alvarez 1970
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http://pdg.lbl.gov/2015/reviews/rpp2015-rev-passage-particles-matter.pdf

Muon energy loss

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

Z
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I0 I

I = I0 f(ρ)

TRANSMISSION

t

DENSITY

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

Two exploitable interactions

I0 I

SCATTERING

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 

δ =  f(Ζ)
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Diffusion muography: very active research field
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Iron (Z=26)

MuScat (exp.) 
GEANT4.10 
PuMAS

Gaussian 
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Transmission muography in a nutshell ...

5d=1m

R=1cm

10 mrad
10m

d = 1km

T⇢(�, r(�,⇥)) =
�(�, r(�,⇥))

�0(�)

ρ(α ,β)dr∫ = F(T(α,β))

x

yα β

Oz:	ver-cal
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WHY
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Various hazards with different physical causes and magnitudes 

• phreato-magmatic explosion  
• phreatic explosion (release of thermal energy contained in the hydrothermal 

reservoirs) 
• landslide 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)  
•  Internal changes (liquid/vapor transition)  
•  Channels and conduits

Structure imaging plays a leading role in hazard prediction
 

Physics case: volcano structure imaging
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Structure understanding - key to comprehension 

and prediction

Physics case: why structure imaging
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EUROPE’S TICKING TIME BOMB
@ NATURE,  VOL 143,  12 May 2011
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©Tanaka 2014

Physics case: monitoring eruptions?
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Structure imaging plays a leading role in hazard prediction
 
•  Electrical conductivity : resistivity 
•  Seismic waves velocity + coda waves : elasticity  
•  Gravimetry and muography : density

Physics case: volcano structure imaging
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Vulcano,	Stromboli	(Iles	Eoliennes;	Italie)	
Finizola	et	al.,	GRL	(2006,	2009);	Revil	et	al.,	JGR	(2008)

Geophys. methods for volcano imaging: electrical resistivity

Puy de Dôme
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Erreur rms 7.3%

Erreur rms 6.8%

Anthropic structures

Computed with Res2DInv (Loke, 2011)

Seismic and electrical tomography rely on curved paths 
⇓

non-linear inverse problem

Electrical resistivity of Puy de Dôme
Portal et al,  EGU 2016-8549,
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• 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

GPS and Scintrex CG5 
gravimeter

Summit area gravity stations locationGravity stations location for the total survey

Geophys. methods for volcano imaging: micro-gravimetry

Portal et al, JVGR, 2016
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Inverse problem in gravimetry
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The	Chaîne	des	Puys	volcanic	field

§ The	latest	ac-ve	zone	of	the	French	"Massif	Central"	volcanism

§ Important	ri@ing	episode	->	hemi-graben	forma-on	(Michon	and	Merle,	2001;	Boivin	and	al.,	2004)		

§ Volcanoes	emplaced	on	a	Hercynian	grani-c	basement	along	a	N-10°	direc-on	
		

Figure Boivin and al., 2004

Micro-gravimetry of Puy de Dôme
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Linear opacity to atmospheric muons

TOMUVOL 
Preliminary

Background contamination  
mimics lower opacity

65.8	days	of	data	taking,	0.16	m2	x	0.5	m
Density	contrast

14	days	of	data	taking,	0.66	m2	x	1	m

1

TOMUVOL,  IAVCEI 2013
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Atmospheric	muons

Detector

φ0(Eμ,α,h)

z

Y

X

φ(α,r(α,β))

α β

r(α,β)

Inverse problem : muon flux 



             C. Cârloganu            19.07.2016                                       Muography: how, why              

\

Cosmic Ray fluxes measurements  

!!Overall particle 

spectrum is a power 

law 

!!Power law index is 

close to 3 

!!Spectrum extends to 

1020 eV ! 

~12 decades 

~
3
2
 d

ecad
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EeV

TeV:  LHC energy

dN0

dE0
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Systematics: atmospheric flux
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Systematics: atmospheric flux

http://www.geosci-instrum-method-data-syst.net/1/185/2012/gi-1-185-2012.pdf
Cecchini & Spurio
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Cosmic	muons

Detector

φ0(Eμ,α,h)

z

Y

X

φ(α,r(α,β))

α β

r(α,β)

Inverse problem : muon propagation

T⇢(�, r(�,⇥)) =
�(�, r(�,⇥))

�0(�)

ρ(α ,β)dr∫ = F(T(α,β))
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@Particle Data Book

Muon energy loss
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Systematics: muon propagation : energy losses

Création de paires de leptonsRayonnement de freinage

Interactions
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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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                    muon energy (GeV)

                    muon range (km)

Systematics: muon propagation : energy losses
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Cosmic	muons

Detector

φ0(Eμ,α,h)

z

Y

X

φ(α,r(α,β))

α β

r(α,β)

N/N0	(α,β) ∫ρ(r,α,β) dr / ∫ dr

 Monte Carlo methods

Systematics: muon propagation : energy losses
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Transmission muography in a nutshell ...

5d=1m

R=1cm

10 mrad
10m

d = 1km

T⇢(�, r(�,⇥)) =
�(�, r(�,⇥))

�0(�)

Φ(α ,β)= N(α ,β)
Seff (α ,β)ΔTΔΩ

Seff=Sdetεdetεgeomεillum

ρ(α ,β)dr∫ = F(T(α,β))

x

yα β

Oz:	ver-cal
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Transmission muography in a nutshell ...
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Crosscheck for a uniform volcano with ρ=1.8g/cm3
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Crosscheck for a non-uniform volcano


