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Particle Physics: Benefits to SocietyParticle Physics: Benefits to SocietyParticle Physics: Benefits to SocietyParticle Physics: Benefits to Society

Medicine
•Cancer therapy with x-rays, protons, neutrons, heavy ions
•Medical diagnostics e.g. PET

Accelerators - Sciences
•Synchrotron radiation facilities
•Biomedicine, drug development
•Protein structure analysis, materials science, archeology,…

Computing
•World Wide Web
•GRID computing

Geophysics – particle/nuclear techniques e.g. NaI(Tl)

Security – monitoring nuclear waste, reactors, smuggling…

Power transmission with superconducting cables

22

Power transmission with superconducting cables

Thanks to Fermilab.



MuonMuon Tomography:Tomography:
“C S ” f O“C S ” f O

Medical Imaging

“CAT Scans” for the Earth and Large Objects“CAT Scans” for the Earth and Large Objects

Muon Geotomography
CAT Scan

g p y

Muon Tomography for Security Applications



Cosmic Rays
7

Star Collapse  gamma ray burst

7Nature accelerates cosmic rays 10  LHC!xBlack Holes
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MuonsMuons: “Who ordered that?”: “Who ordered that?”
I I  R biI.I. Rabi
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Cosmic Ray Cosmic Ray MuonsMuons
High energy protons impinging on the upper High energy protons impinging on the upper 
atmosphere produce pions (kaons) which decay to 
muons and neutrinos.
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High energy muons 
can penetrate the 
atmosphere and go 
deep into the earth.



How do How do muonsmuons survive the trip?survive the trip?
6M Lif i 2 2 10 ("2 2 i d ")6Muon Lifetime:   2.2 10 ("2.2 micro-seconds")x s 

Distance = velocity x time100
8 6               < c 3 10 2.210 660mx x s m

s
 km

Einstein’s theory of Special Relativity:
• The speed of light is constant
• Space and time  depend on an observer’s state of motion

Consequence:  Moving clocks run slow.

From our point of view, the moving muon
lasts much longer than if it were at  rest. 
For the muons we’re interested in at
1 TeV the “time dilation” factor is 10 000!

77

1 TeV the time dilation  factor is 10,000!



Cosmic Ray Muons at Sea Level
2 2High energy  muon flux :    1/cm / min. (70/m /s/sr )

(High Energy 1 GeV) Steradian
U it f lid l
sr 

(Mean Energy = 4 GeV)

 10 2Neutrinos from the sun: 10 / /cm s

Unit of solid angle
Sphere=4 sr

Cosmic Ray Muon Intensity vs. Momentum (GeV/c)
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Underground Physics Labs: Going Deep to Avoid Muons! 

Flux vs. depth

Flux

Sudbury, ON
Canada’s 
SNOLAB
Underground
Research Lab

99Depth (Meters Water Equivalent)
(from Hime et al. 2005)



CR Muon Intensity Underground
Muon flux is attenuated byV ti l I t it

2

Muon flux is attenuated by 
passage though the earth :  
70 / / / (surface)m s sr 

Vertical Intensity

2

70 / / / (surface)
0.01/ / / (400 m  rock)

m s sr
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
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Muons lose energy 
in materials SNOLAB



principally by 
ionization:

Ed
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in standard rock

d
dx
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E. V. Bugaev et al.,PRD 58 054001 (1998)

~ 2.7 /rock g cc



Angular Variation of the Cosmic Ray Spectrum
0 5 t 45o1 at 0o

Angular distribution   at ground level

~ for E ~ 32cos    GeV
0.25 at 60o

0.5 at 45o1 at 0

cos 

Intensity vs. Depth Underground

3
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MuonMuon ScatteringScattering
“Multiple Coulomb Scattering”“Multiple Coulomb Scattering”

High energy muons undergo minimal scattering –High energy muons undergo minimal scattering 
travel in ~straight lines
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Cosmic Ray TomographyCosmic Ray TomographyCosmic Ray TomographyCosmic Ray Tomography
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Luis Alvarez
1965

Cosmic ray muons used to 
search for chambers at Giza1965 search for chambers at Giza.

Khufu’s Great Pyramid

L.W. Alvarez et al., Science 167 (1970) 832.    Photo Source: www.touregypt.net/featurestories/secretchambers1.htm by Alan Winston



“Super-K” Muon TomographyKamioka Mountain
Lab

100 m contours – constant density

Google Earth

Lab 
Depth 
~ 2750 
m.w.e.

Kamioka zinc mine (Japan)Kamioka zinc mine (Japan)

. G. Learned, 25th ICRC, DuJrban So. Africa  (1997).



Soudan2 Muon TomographySoudan2 Muon Tomography
S  Kasahara  University of Minnesota Ph D thesis (1997)

Soudan, Minn. Iron mine.
Depth: 2000 m.w.e (700 m rock)

S. Kasahara, University of Minnesota Ph.D thesis (1997).

East

East

West

WestEast West

Uniform density; a good approximation.
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3
A v e ra g e  ro c k  d e n s ity  

~ 2 .8  g /c m 
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Practical Applications of

Muon Geotomography 

“CT S i f th E th d ”

•Studying volcanoes

“CT Scanning of the Earth and more”

•Exploring for Underground Minerals

High density ores like zinc  nickel  copper  U )High density ores like zinc, nickel, copper, U…)

•Ore delineation
•Reserves assessment/appraisal
Mi  d l•Mine development

•Developed mine (brown field) applications
•Green field – bore hole application

1717



Eruption of Mt. Vesuvius in AD 79 Pompeii

Karl Brullov - The Last Day of Pompeii
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Active Volcanoes 

Mt. Etna – near Catania, Sicily
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Muon Tomography at an Active Volcano

Nagamine et al.
(1995, 2003)

U d h i t l iUsed horizontal cosmic ray 
muons to look for magma 
chambers at the top of Tskuba 
volcano.

Marteau et al. 2012

2020



Gravity

Monitoring, Studying Volcanoes

Muon Tomography

Resistivity

2121

C. Cargolanu LPC Clermont-Ferrand



Exploration Geophysics Imaging Exploration Geophysics Imaging 
TechniquesTechniques

Ai b  El t ti  I d ti  St diAirborne Electromagnetic Induction Studies

Groundwater
salinization and
resource studyy
in oil well and
gas pipeline
area

Arctic E-M Induction Studies
Jamin Cristall – Geophysicist 
Cameco  (UBC Physics/Engineering Arctic E M Induction Studies Ca eco (U C ys cs/ g ee g
Graduate 2002)
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Exploration Geophysics Imaging Exploration Geophysics Imaging 
TechniquesTechniques

 Seismology  
G it Hit i Gravity
 Magnetic methods
 Electric methods

Resistivity  IP  potentials  radar

Hit-or-miss
Core Drilling

Resistivity, IP, potentials, radar

…

Muon Geotomography?
2323



Geological Tomography and Exploration with 
Cosmic Raysy

Attenuation of Cosmic Rays:  Due to an 
additional high density object there is a deficit 
of cosmic ray muons in certain directions

Greenfield configurationBrownfield Configuration

of cosmic ray muons in certain directions.

Sensors

SensorsSensors



Measure muon intensity                total “depth”

Muon Intensity vs  DepthMuon Intensity vs. Depth

2525
to surfaceMeasure ( , , )  mass ( , , )i iN z z    



Simulations and AnalysisSimulations and Analysis
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MuonMuon Tracking DetectorsTracking Detectors

2828



Proof-of-principle test at the Price Mine 
(Strathcona Park) Vancouver Island, British Columbia

P iPrice
VMS
Deposit

• Readily accessible site not currently active for mining
Shallow horizontal access below deposit Shallow, horizontal access below deposit 

 Rail and power lines throughout tunnel
 Highly cooperative and enthusiastic industry partner



Price Mine DepositPrice Mine Deposit
Deposit, average rho~3.2 g/cm3

Uniform rock rho~2 7 g/cm3Uniform rock, rho~2.7 g/cm

LIDAR Image



Field Test of Muon 
Geotomography

Underground 
Mineral Mineral 
Deposit--
as determined 
from drill data 
model.

1/14/20131/14/2013 AAPS PRPAAPS PRP 3131



Top View of Deposit Extra DepthTop View of Deposit Extra Depth

7 scintillator locations
10 emulsion locations



Tracker: “Minerva” Scintillators

1 m2 Active Area



Topography (LiDAR)- Muon Data Comparison

Colors:
LIDARLIDAR

Lines: 
Muon dataMuon data

1/14/20131/14/2013 3434



Inversion of Simulated data

Simulation: Data in 3D from InversionSimulation: Data in 3D from Inversion

1/14/20131/14/2013 3535



Inversion of Experimental data

Experiment: Data in 3D from InversionExperiment: Data in 3D from Inversion

3636Background densities (2.7 g/cc) + 0.15 g/cc subtracted to reduce noise



Density Distribution within Ore Body

3737



Comparison of Drill Data, Simulations Comparison of Drill Data, Simulations 
d E i l Dd E i l Dand Experimental Dataand Experimental Data

Simulation Experiment

3838



Future Development: Borehole Future Development: Borehole 
InstrumentsInstruments

3939



MuonMuon GeotomographyGeotomography::
Summary and ConclusionsSummary and Conclusions

• Muon tomography is a spinoff from Particle Physicsg p y p y
Studying the magma chambers of active volcanoes.
A new tool for geophysical Mineral Exploration

Other possible applications:
•Monitoring carbon sequestrationo o g a bo s qu s a o
•Monitoring water seepage
•Identifying voids
•Archeology
•Monitoring Nuclear waste and reactors
Scanning for contraband nuclear materials•Scanning for contraband nuclear materials

•A successful field trial has been performed. 
Muon geotomography imaged a known massive sulfide deposit in a complex 
geological environment. Inverted 3D density images of the deposit are 
similar to a model derived from drill data.
Limitations arise from inversion ambiguities, access locations, and 
statistics

4040

statistics.

• Borehole detectors are being developed
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