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Muon radiography 

Measure the number of muons surviving the passage through the material: same as x-ray radiography

Muon radiography

The first ever civil application of the cosmic rays to inspect large  
volumes dates back to 1955 when the thickness of rock above a

underground tunnel was measured by E. P. George [1]

[1] E. P. George, “Cosmic rays measure overburden of tunnel”, Commonwealth Engineer, (1955), 455.

Basic idea: to use the information on absorption of muons to measure the thickness of 
the material crossed by the muons themselves

3

Another application, much more spectacular, was


realized by the Physics Nobel Price L.W. Alvarez [2] 

that in 1970 made a “radiography” of the Chefren 

pyramyd looking for hidden chambers … finding 

none. In 2017 a similar measurement (but more 

sophisticated) was performed on another pyramid [3] 

[2] L.W. Alvarez et al., “Search for hidden chambers in the pyramids using cosmic rays”, Science 167 (1970) 832.
[3] Morishima, K. et al. Nature http://dx.doi.org/10.1038/nature24647 (2017). 
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4



Workshop su "Prospettive di applicazioni industrial i  sulla Tomografia Muonica" P a d o v a ,  2 4 / 1 1 / 2 0 1 7

Applicazioni, realtà industriali Germano Bonomi

/ 41

Recently the same technique has been used to inspect the inner part of a vulcano 
[1], for geological studies [2], etc.  [the shadow of the moon …]

[1] K. Nagamine et al., “Method of probing inner-structure of geophysical substance with the horizontal cosmic ray muons

                                   and possible application to volcanic eruption prediction”, Nucl. Inst. Meth. A 356 (1995), 585.

[2] L. Oláh et al., “Cosmic Muon Detection for Geophysical Applications”, Advances in High Energy Physics 


Volume 2013, Article ID 560192 

[…. etc ]

Muon radiography
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Gruppo di Napoli/Firenze è impegnato  
in un progetto per lo studio del Vesuvio
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Applications: muon TOMOGRAPHY

- industry  
steel foundries (gate truck controls), steel mill inspections … 

- security/safety  
border and port controls, nuclear waste/spent fuel …

- precision measurements  
material composition, liquid level measurement, building stability ..

9
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Applications: security/safety
Control of containers (ports) and trucks (borders) to detect Special Nuclear Materials [high-Z]

A portal based on drift tube technology is in operation in

Freeport (Bahamas) - Decision Sciences (Los Alamos spin-off)

Another Muon-Portal project is 

active in Catania - Italy

- large area detectors 

  (tens of squared meters)


- good angular resolution 

  (~ 10 mrad)
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Applications: security/safety
Control of spent nuclear fuel (nuclear waste) deposits and of nuclear reactors (Fukushima)

No validated methods to verify the content of spent nuclear fuel storage 
containers without opening. Possible solutions: neutrons or muons

University of Glasgow (scintillating 
fiber tracker), University/INFN  
Padova (drift tubes) and Los Alamos

both absorption (radiography) and multiple 
scattering (tomography) may be useful

11
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Applications: security/safety

A Japanese research group installed a muon detector system at the reactor n. 2 of the Fukushima 
plant to inspect its content

“Los Alamos” is ready to install their own system (waiting for approval) 

- 2 drift tube detectors, each with an active area of ~7 x 7 m2 

-each detector has 6 x-planes and 6 y-planes

-angular resolution of 12 mrad

Control of spent nuclear fuel (nuclear waste) deposits and of nuclear reactors (Fukushima)
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Muon tomography: full scale prototype
The first “large-scale” muon tomography ever built is hosted 

in the INFN-LNL “Laboratori Nazionali di Legnaro” (Padova)

Detector area: 2.5 x 3 m2 

Total volume: 11.5 m3 

CMS spare muon “chamber” detectors

Upper detector 
(incoming direction)

Lower detector 
(outgoing direction)

First results

Nucl. Instr. and Meth. A 604 (2009) 738

Padova University Brescia University Genova University

2008
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Applications: industry
Control of trucks when entering steel foundries to detect hidden radioactive sources that if 

melted (as it happened in many cases around the world) can cause huge environmental and 
economical damages

RFCS CT-2010-000033

mid 2010 
end 2012

3D view

20 minutes of data taking

Great improvements have been obtained in the 3D 
image tomographic reconstruction software

REAL DATA
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some photos 

1 m

4 m0.5 m

Applications: industry
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α-trimmed filter + muon momentum estimate

Monte Carlo simulation5 liters source shield, 5 minutes equivalent muon statistics

cubic 5x5x5 voxels mask 
Gaussian shaped smoothing (σ = 0.5) 

muon momentum in-processing

5 liters [2 liters] source shield (17x17x17 cm3 [13x13x13 cm3]) is detected in 4 [7] 
minutes with 100% efficiency and 0% false alarms [MC estimates]

Applications: industry

16
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Applications: industry
How can we inspect the inner structure of a blast furnace?
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Applications: industry
How can we inspect the inner structure of a blast furnace?

Mu-Blast - RFCS CT-2014-00027

mid 2014- mid 2016

Project output:


-despite the low number of “almost horizontal” muons and the movement of the burden, 
muon tomography imaging of the interior of a BF is possible. The detectors should be 
designed carefully for example to be able to give a rough estimate of the momentum.


model 60 min exposure 10 min exposure
MC simulations 

18
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The conventional and the muon tomography measurements agree 
very well, within errors. The “scattering density” of a material of 
small samples can be measured with a precision of about 10% 
(clearly not competitive with chemical measurement - interesting 
when the sample is not directly accessible)

How can we inspect the inner structure of a blast furnace?

Mu-Blast - RFCS CT-2014-00027

Applications: precision measurement
core-drilled

19
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15 cm wood roof
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Applications: precision measurements
Idea: use the cosmic rays to monitor the alignment of physical  
part of a given structure (tower, pillar, mechanical press, historical buildings etc., etc.) 

MONSTER&CO PROJECT  
(2013-15)

MC simulation studies

designing a small-size prototype  
based on scintillator fibers

20
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Applications: water (liquid) levels
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Muons

COSTI
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Costs: detector costs
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Costs: in the following we will only discuss about the “raw” costs for the detectors 

required to build an application that will use the cosmic rays. All other costs 

(manpower, development, logistics, etc. etc.) are not included.

The cost of a muon detector system depends on the specific application and its 

requirements.  However, the following rough estimates may be illustrative.


Many of the potential products below are have not been developed as off-the-shelf 

products.  The estimates below are rough order of magnitude estimates for products 

produced in reasonable volumes (e.g., tens or hundreds of units), after the product 

development has been completed.  Costs to prototype, demonstrate, develop and 

launch products are significantly more than the cost of a single product.  The 

estimates below are based on volume production of these potential products.
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Costs: detector costs
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1.	 Liquid Level Measurement in Large Tanks (e.g., 10 m high tank)


Requirement: Measure height of liquid with an accuracy in the range of 10 cm over 10 m 

(e.g., 1%) with a liquid of known density.


Rough order of magnitude cost: 10k€


2.	 Portable Muon Radiography Imaging System (1m2, 2 mrad resolution)


Rough order of magnitude cost: 50k€  (scintillator or thick GEM PCB-based detector)


3.	 Portable Muon Scattering Object Scanner (1m2 panels, 2 sides)


Rough order of magnitude cost: 100k€ (scintillator or thick GEM PCB-based detector)
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Costs: detector costs
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4.	 Full Dry Storage Cask Imaging for Verification, Detection of missing bundles


Depends on size, shielding requirements and resolution


Rough order of magnitude cost: 150 – 300 k€


5.	 Truck/container muon portal


a.	 Secondary inspection of target identified by high energy x-ray system


Rough order of magnitude cost: 500 k€


b.	 Primary inspection of cars, minivans, small trucks


Rough order of magnitude cost: 1 M€


c.	 Primary inspection of full truck or containers (10 m detector length)


Rough order of magnitude cost: 2 M€
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Costs: detector costs
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The rules of thumb costs for muon trackers by technology for 1-side can be summarized 

as follow. Costs depend on size, resolution and other requirements related to the 

application.  


In general:


•	 Costs for large systems based on drift tubes, thick GEM or scintillators depend 

primarily on the number of channels required.  Therefor costs scale with:


o	 Sqrt√(Area)


•	 For scintillator or thick GEM type detectors there is another factor for cost.  The 

number of channels required depends on resolution required.  Therefor for these systems 

the cost also scales with:


o	 1 / Resolution
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Muons
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IMPRENDITORIALI  

NEL MONDO
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Realtà imprenditoriali: qualche esempio
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Spin-off di Los-Alamos: finanziamenti pubblici (governativi) per il primo portale 
                                         ora sono sul mercato
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Realtà imprenditoriali: qualche esempio
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Realtà imprenditoriali: qualche esempio
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Realtà imprenditoriali: qualche esempio
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Spin-off del laboratorio canadese TRIUMF
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Realtà imprenditoriali: qualche esempio
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Realtà imprenditoriali: qualche esempio
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Realtà imprenditoriali: qualche esempio
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Realtà imprenditoriali: qualche esempio
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Spin-off (Start-up) dell’Università di Glasgow
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Realtà imprenditoriali: qualche esempio
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Realtà imprenditoriali: qualche esempio
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Realtà imprenditoriali: qualche esempio
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Spin-off dell’Università di Santander



Workshop su "Prospettive di applicazioni industrial i  sulla Tomografia Muonica" P a d o v a ,  2 4 / 1 1 / 2 0 1 7

Applicazioni, realtà industriali Germano Bonomi

/ 41

Realtà imprenditoriali: qualche esempio
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Muons

CONCLUSIONI
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Final remarks
Muon tomography has taken ground as a new technique for civil applications

Cons 
✓ the need to accumulate enough statistics and thus wait the required time


✓ best suited for “vertical” applications


✓ applicable only to “static” or “quasi static” situations

Pros 

✓ natural radiation, continuous 


✓ no artificial source, no radiological risks


✓ muons cross materials [it is possible to see “through” - with optical systems it is not]


✓ measurements with “standard” techniques in physics
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… as in many other fields of physics, the progress in research can 
generate applications for everyday life … 

this field is evolving quickly and there are many possibilities for new 
applications … let’s see what the future (and the muons) hold for us… 

Thank you for your attention

Conclusions

the measurement of the muons at the entrance/exit of a given volume can 
give important insights of the geometry and composition of the content of 
such volume. This technique is generally called Muon Tomography

various applications have been tested and are being now developed:

(inspections of large volumes such as volcanos and blast furnaces, geological inspections, 
monitoring of nuclear waste, detection of “hidden” nuclear materials, monitoring of stability, etc.)

the technology of nuclear and particle detectors, used for apparatuses 
calibrations since decades in physics research (even in LHC experiments) 
are now being used (or starting to be used) in various civil applications
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