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Small volumes with large density variations favours scattering

First reported use in 
radiography by E. P. 

George in Australia to 
measure ice thickness 

above a tunnel

George, Commonwealth 
Engineer July 1 (1955) 455

At the Soudan II 
detector in Minnesota 

(located 700m 
underground), the 
Moon shadow is 

imaged using muon 
flux

Cobb et al., Phys. Rev. D 61 
(1999) 092002

Muon radiography 
used by Nobel Prize 

winner Luis W. Alvarez 
to look for hidden 
chambers in the 

Second Pyramid of 
Chephren in Egypt

Alvarez et al., Science 176 
(1970) 832

Los Alamos utilise 
Coulomb scattering of 
muons for the first time 

to identify nuclear 
contraband for border 

security

Borozdin et al., Nature 422 
(2003) 277

Simulation studies 
show the feasibility of 
identifying voids and 
movement of reactor 
core material at the 
stricken Fukushima-

Daiichi plant

Borozdin et al., Phys. Rev. 
Lett. 109 (2012) 152501

Tanaka et al., imaged 
the density profile of 
the 1944 Usa lava 

dome with cosmic-ray 
muon radiography

Tanaka et al., Geo. Res. 
Lett. 34 (2005) 22311

Prototype detector 
system constructed in 
Glasgow for UK legacy 
nuclear waste assay

Clarkson et al., Nucl. Instrum. 
Meth A 745, (2014) 138

Recap of Muography Applications

Large volumes with small density variations favours energy loss
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Why Use Muons?

With X-rays and gammas being standard and successful imaging probes for 
decades, why should we use muons?

Muons are: 

• highly-penetrating particles capable of passing through kilometres of rock 
and even lead shielding (X-rays, gammas etc. cannot)

• relatively long-lived and reach sea-level with a flux of 1 cm-2 min-1

• charged particles that can undergo Coulomb scattering
• easy to detect (they’ve been detected for over 100 years!)
• well understood and can be modelled accurately in computer simulations
• background radiation so are not harmful to the user or the imaged object 

(unlike X-rays, gammas etc.)
• a free resource (they literally fall from the sky!) so no need for expensive 

particle sources



Imaging UK Nuclear Waste Containers
PART 2.1 
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The Glasgow Muon Tomography Project

• Multi-million pound collaboration with industry

• Aim is to assess the feasibility of using cosmic-ray muons 
to inspect the contents of nuclear waste containers that 
cannot be imaged by conventional techniques e.g. X-rays

• Focus is on the identification of any remaining waste 
within a 500 litre waste barrel

• The University of Glasgow’s Nuclear Physics group have 
built a small-scale prototype detector and have 
successfully imaged the contents of a small test barrel

• A large-scale system is now under construction

Simulation Publication - A. Clarkson et al., Nucl. Instrum. Meth. A 745 (2014), 138
Hardware Publication -  A. Clarkson et al., Nucl. Instrum. Meth. A 746 (2014), 64
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Nuclear Power in the UK

• The UK has a rich history 
of nuclear power dating 
back to the world’s first 
commercial plant Calder 
Hall in 1956

• There are 8 operational 
facilities in the UK: 1 
Magnox, 6 AGR, 1 PWR

All images and information courtesy of Nuclear Decommissioning Authority (www.nda.gov.uk) and Sellafield Ltd. (www.sellafieldsites.com)

• Consequence is the generation of low- 
(LLW), intermediate- (ILW) and high-level 
(HLW) waste products

http://www.sellafieldsites.com
http://www.sellafieldsites.com
http://www.sellafieldsites.com
http://www.sellafieldsites.com
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Nuclear Power in the UK

All images and information courtesy of Nuclear Decommissioning Authority (www.nda.gov.uk) and Sellafield Ltd. (www.sellafieldsites.com)

• In order to characterise 
nuclear waste, techniques 
to understand what waste is 
present and the storage are 
essential

• The UK’s waste 
reprocessing is currently 
performed at the Sellafield 
facility in Cumbria

• Development of characterisation 
techniques (such as muography) assist in 
mitigating the risks inherent with long-term 
storage of these materials

http://www.sellafieldsites.com
http://www.sellafieldsites.com
http://www.sellafieldsites.com
http://www.sellafieldsites.com
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A Virtual Tour of Sellafield

Waste & Magnox 
Encapsulation Plants: 

Facility used for processing 
intermediate level waste in a 
'grout' matrix within stainless 

drums prior to long term 
storage. 

Legacy Waste Silos: 
These historic facilities currently 
house Magnox 'swarf' (cladding 

from fuel elements)  

Windscale Advanced 
Gas-Cooled Reactor: 
Ceased operation in 1981.  

Currently being de-commissioned 

Thermal Oxide 
Reprocessing Plant: 

Used for shearing, dissolution and 
retrieval of uranium and plutonium 

components of used oxide fuel from 
both UK and overseas customers. 

All images and information courtesy of Sellafield Ltd. (www.sellafieldsites.com)

http://www.sellafieldsites.com
http://www.sellafieldsites.com


The encapsulated ILW containers 
are stored long-term in product 

stores on the Sellafield site. 
Here, the inside of a product 
store is shown with container 

‘stillages’ stacked.
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Magnox Fuel Elements
Uranium fuel surrounded by a 

magnesium alloy (Magnox) 
cladding (or swarf). Before 

reprocessing, irradiated fuel must 
be stored for at least 180 days in 
ponds to allow short lived fission 

products to decay.

Nuclear Waste Processing

Fuel Rod Cladding Removal Encapsulated Swarf
The cladding is stripped from the 

fuel bar in the Fuel Handling 
Plant.  The fuel is then 

transported to the Magnox 
Reprocessing Plant.

The swarf stripped from the 
fuel rods is Intermediate Level 
Waste (ILW).  Shown is a cross 
section view of ILW which has 

been grouted in cement for 
long term storage.

Long-term Storage of ILW
The ILW is stored in 500-litre 

stainless-steel waste containers
(shown here for a test drum with 

outer section removed)
or in 3m3 boxes.

Encapsulated Waste Stores
The encapsulated ILW is stored 
long-term in one of three product 

stores on the Sellafield site. 

All images and information courtesy of Sellafield Ltd. (www.sellafieldsites.com)

http://www.sellafieldsites.com
http://www.sellafieldsites.com
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The Glasgow Detector System:
How Does It Work?

• The system has four modules detector 
modules: two above and two below the 
object to be imaged

• Each module contains scintillating fibres in 
the x and y directions

• If we identify the x and y fibre hit, their 
crossover point is used as the muon hit point

• From these the incoming and scattered 
vectors are used for imaging
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The Glasgow Detector System:
How Does It Work?

• The system has four modules detector 
modules: two above and two below the 
object to be imaged

• Each module contains scintillating fibres in 
the x and y directions

• If we identify the x and y fibre hit, their 
crossover point is used as the muon hit point

• From these the incoming and scattered 
vectors are used for imaging
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Small-scale prototype detector :
A side-on view of the system with barrel 

10mm horizontal slice 5mm vertical slice

Images will be
shown in the
lecture

Results From The Glasgow Project:
Imaging Lead within a Concrete Barrel

Computer simulation of test barrel
The two innermost detector modules are 
shown with the barrel, lead and uranium 

objects to be imaged
Test barrel inside detector setup:

A stainless-steel, concrete-filled barrel 
containing lead and uranium samples
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Results From The Glasgow Project:
Imaging Uranium within a Concrete Barrel

10mm horizontal slice 5mm vertical slice

Computer simulation of test barrel
The two innermost detector modules are 
shown with the barrel, lead and uranium 

objects to be imaged

Small-scale prototype detector :
A side-on view of the system with barrel 

Test barrel inside detector setup:
A stainless-steel, concrete-filled barrel 
containing lead and uranium samples

Images will be
shown in the
lecture



Applications within Volcanology
PART 2.2 



• There are well-established, reliable ways to warn of impending volcanic 
eruptions (e.g. monitoring seismic activity and SO2 emissions, etc.)

• Pioneering work by Hiroyuki Tanaka at The University of Tokyo revealed the 
potential to use muon radiography to provide additional information

• The magnitude of an impending eruption can be                                         
gauged by determining the size of the throat                                                   
i.e. the size of the magma tube.  The larger the                                          
throat, the larger the eruption

• Monitoring density changes within the volcano                                                 
can also provide information about activity beneath the surface

• Active research projects in Japan, Italy, France...

16

Muon Radiography for Volcanology

magma

muons

muon detectors

throat
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Imaging Mt. Asama using Muon Radiography 

• One of the first successes was the 
experiment at Mt. Asama in Japan

• Two detector systems measure the muon 
flux projected back to the plane defined by 
points A and B

• From the numbers of detected muons originating 
from each point on this plane, the density at that 
point was calculated

• A high-density lava mound (in white box) was 
identified with a low-density chamber below

Okubo et al., Meas. Sci. Technol. 23 (2012)
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Constructed MU-RAY system:
3 XY planes measure the incident 

muon vector

Simulation of the Mu-RAY detector:
The 3 XY planes of the 1m2 system that is 

placed at the base of Vesuvius

Data (6 days) View from the detector

Ambrosino et al., JINST 9 (2014) C02029Anastasio et al., Nucl. Instrum. Meth. A 718 (2013) 134

Imaging Mt. Vesuvius using Muon Radiography 

• Test system built and tested by 
the Instituto Nazionale di 
Fisica Nucleare (INFN) in Italy

• Large-scale system to be built 
soon



After 
eruption

During 
eruption
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Imaging an Erupting Volcano!

Tanaka et al., Nature Communications 5 (2014)

• Last year, Tanaka et al., presented the first results 
taken during an eruption at the Satsuma-Iwojima 
volcano in Japan

• Higher density material (magma) was observed in 
the throat during eruption

magmaair



Cargo Scanning for National Security
PART 2.3 
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Conventional Cargo Scanning

• More than 500 Million containers enter worldwide ports every year

• Demand for civilian safety by the 9/11 Commission requires 100% of 
containers to be scanned in the US.  In particular, detection of Special Nuclear 
Materials (SNMs) such as uranium and plutonium is essential

• Conventionally, gamma and X-ray scans are performed 

• These introduce harmful radiation into the container and have issues with 
shielded material

All images and information courtesy of Varian Medical Services and US Customs and Border Protection

gamma X-ray



• The team at Los Alamos National Laboratory (LANL) 
in the US pioneered the use of muon Coulomb 
scattering to image high-Z materials

• Dedicated to the detection of smuggled nuclear                                      
contraband (e.g. U, Pu, etc.)

• State-of-the-art imaging algorithms and                   
simulations confirmed the potential to                  
identify high-Z material hidden inside                    
cargo
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Muon Tomography for National Security

All images and information courtesy of Decision Sciences (http://www.decisionsciencescorp.com)

uranium

Truck simulation Image

uranium

http://www.decisionsciencescorp.com
http://www.decisionsciencescorp.com
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Freeport (Bahamas) Container Port 
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Decision Sciences System at Freeport

• A Multi-Mode Passive Detection System (MMPDS) has been developed for use 
at ports.  A 40 foot container can be scanned and a 3D image produced in only 
45 seconds

• Provides “accurate and safe scanning while facilitating the flow of commerce”

All images and information courtesy of Decision Sciences (http://www.decisionsciencescorp.com)

http://www.decisionsciencescorp.com
http://www.decisionsciencescorp.com


Imaging the Stricken Fukushima-Daiichi 
Nuclear Reactor

PART 2.4 
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The Fukushima-Daiichi Disaster
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The Fukushima-Daiichi Disaster

• On 11th March 2011, a magnitude 9.0 earthquake 
struck off the coast of Japan triggering a tsunami

• Three of the six nuclear reactors at the Fukushima-
Daiichi plant went into meltdown

• Evacuation and major onsite operation to limit the 
scale of the disaster began immediately

• Now, there’s a large international effort to clean up 
the area and decommission the damaged reactors

• Los Alamos National Laboratory & Decision 
Sciences were awarded a contract by Toshiba to 
inspect the Unit 2 reactor using muon tomography



Reactor illustration and information courtesy of Los Alamos National Laboratory

Borozdin et al., Phys. Rev. Lett., American Physical Society 109 (2012), 152501

• Several scenarios were studied using computer 
simulations including movement of part of the 
core, core melting etc.

• First of these was studied to compare energy 
loss (radiography) and scattering tomography  

Imaging Fukushima Reactors:
Radiography or Tomography?



Miyadera et al., AIP Advances 3 (2013) 052133

Computer simulation of Fukushima reactor:
Detectors of differing dimensions (to fit into the existing 

Unit 2 infrastructure at Fukushima) are simulated in 
similar positions as the initial simulation study from the 

previous slide.

Detailed Scattering Simulation Results

Reactor illustration and information courtesy of Los Alamos National Laboratory

Simulation results for the case of a 50% meltdown in Unit 2 for 
different timescales

10 Days 20 Days 30 Days 60 Days 120 Days 150 Days

Simulation results for the 150 days of data in Unit 2 for different 
core scenarios.  Two pieces of 10cm core placed under core.

core intact 10% melt 30% melt 50% melt 70% melt 100% melt



Luis W. Alvarez & the Search for Hidden Chambers in 
The Great Pyramids of Egypt

PART 2.5 
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and the 

in the 

Search       Hidden Chambers

Great Pyramids

for
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Muon Radiography at the Pyramids of Giza:
The Search for Chephren’s Chamber

• In 1965, Luis W. Alvarez proposed 
to used cosmic-ray muons to 
identify hidden chambers in The 
Second Pyramid of Chephren

• Similar chambers in the Pyramids 
of Sneferu and Cheops had been 
excavated in the 1800s

• Alvarez’s pioneering work with 
particle detectors and cosmic-ray 
physics led him to claim:

Hand-drawn diagram of The Bent Pyramid of Sneferu by Luis W. Alvarez from the original 
Lawrence Radiation Laboratory (University of California) experimental proposal dated 1st March 1965

“[I] can state quite unequivocally, as a 
physicist, that if such chambers exist, they 

can be found by [this] method.” 



33

Hand-drawn diagram of The Great Pyramid of Cheops by Luis W. Alvarez from the original 
Lawrence Radiation Laboratory (University of California) experimental proposal dated 1st March 1965

Muon Radiography at the Pyramids of Giza:
The Search for Chephren’s Chamber

• In 1965, Luis W. Alvarez proposed 
to used cosmic-ray muons to 
identify hidden chambers in The 
Second Pyramid of Chephren

• Similar chambers in the Pyramids 
of Sneferu and Cheops had been 
excavated in the 1800s

• Alvarez’s pioneering work with 
particle detectors and cosmic-ray 
physics led him to claim:

“[I] can state quite unequivocally, as a 
physicist, that if such chambers exist, they 

can be found by [this] method.” 
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Hand-drawn diagram of The Second Pyramid of Chephren by Luis W. Alvarez from the original 
Lawrence Radiation Laboratory (University of California) experimental proposal dated 1st March 1965

Muon Radiography at the Pyramids of Giza:
The Search for Chephren’s Chamber

• In 1965, Luis W. Alvarez proposed 
to used cosmic-ray muons to 
identify hidden chambers in The 
Second Pyramid of Chephren

• Similar chambers in the Pyramids 
of Sneferu and Cheops had been 
excavated in the 1800s

• Alvarez’s pioneering work with 
particle detectors and cosmic-ray 
physics led him to claim:

“[I] can state quite unequivocally, as a 
physicist, that if such chambers exist, they 

can be found by [this] method.” 

X
40m

Most probable location
of a ‘King’s Chamber’
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Muon Radiography at the Pyramids of Giza:
Alvarez’s Experimental Setup

B:  The Belzoni Chamber D:  The Belzoni Entrance
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45o 90o (S) 135o

ϕ →
(N)

135o

90o (E)

45o

(W) θ↓

Alvarez’ Results

N

• Detected cosmic-ray muon flux was projected onto a hemispheric 3o x 3o grid then a polar 
plane

• SImulated angular flux was normalised and subtracted from experimentally observed flux 

• No hidden chambers were identified in the central 19% of the pyramid that was interrogated

“We can say with confidence that no chambers with volumes similar to the four known chambers in Cheops'      
and Sneferu's pyramids exist in the mass of limestone investigated by cosmic ray absorption.”

Images and information sourced from L . W. Alvarez et al., Science 176 (1967) 832
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Alvarez’ Results

With detectors placed 15.5m East and 4m 
North of the pyramid centre, expected and 
observed yields were in agreement

Detection of the 2m thick limestone cap was
achieved using cosmic-ray muon flux

Images and information sourced from L . W. Alvarez et al., Science 176 (1967) 832



Alvarez: Adventures of a Physicist (1987)
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Luis Walter Alvarez
1911-1988

“My father advised me to sit every few months in my reading chair for an entire evening, close 
my eyes and try to think of new problems to solve. I took his advice very seriously and have 
been glad ever since that he did.”



...after a short sabbatical working with 
Enrico Fermi in Chicago on nuclear 
reactors (Chicago Pile-1/Stagg Field 

reactor)

1940 1943-1944

Takes up a job offer from 
Opennheimer to work on 
The Manhattan Project...

1945

Standing in front of The Great 
Artiste on Tinian ahead of the 

bombing of Hiroshima.  Worked on 
detonator mechanisms

Measured the blast effect from 
Little Boy from The Great 

Artiste as it was dropped by the 
Enola Gay

Returned to University of 
California as professor and 

played a key role in the 
development of new 

bubble chambers
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Luis Walter Alvarez
1911-1988

Received his Ph.D. from 
the University of Chicago 

in 1936 under Alfred 
Compton

Alvarez moves to Lawrence 
Berkeley National Laboratory 

to work under Ernest 
Lawrence on pioneering 
cyclotron experiments

Meets Robert 
Opennheimer at APS 
Meeting in San Diego

1933 1936 1938

Nobel Prize for Physics for “for his decisive contributions 
to elementary particle physics, in particular the discovery 

of a large number of resonance states, made possible 
through his development of the technique of using 

hydrogen bubble chamber and data analysis”

1968

Presented with the Medal of 
Science by President Lyndon B. 

Johnson in 1963

Presented with the 
Medal For Merit by 
President Truman

1954

World’s largest proton 
accelerator opened at 

Berkeley - the Bevatron

19631947
Responsible for the design 

and construction of the 
Berkeley 40ft. linear 

accelerator

1966

Muon radiography used by 
 to look for hidden chambers in the 

Second Pyramid of Chephren in Egypt

1969

Postulation of the Alvarez 
Hypothesis with son Walt - 

neutron activation analysis at 
the K-T boundary

1980

Joined MIT in 1940 to work on 
the development of radar and 

GCA (Ground Control Approach) 
for WWII bombing runs

Using his expertise in optics and image 
processing, analysed video footage of the 
Kennedy assassination which disproved 

FBI photo-analysts



Thanks for your attention.  If you have any questions 
about the course or any feedback, please let me know!

THE END 


