
g e r m a n o  b o n o m i

Muons: civi l  appl icat ions

D e p a r t m e n t  o f  M e c h a n i c a l  a n d  I n d u s t r i a l  E n g i n e e r i n g  
U n i v e r s i t y  o f  B r e s c i a

-     m u o n s  
-     r a d i o g r a p h y  ( t r a n s m i s s i o n )  
-     t o m o g r a p h y  ( s c a t t e r i n g )  

-      a l i g n m e n t  m o n i t o r i n g  ( s c a t t e r i n g )  
-     c o n c l u s i o n s



Muons 
cosmic rays from the cosmo
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Cosmic rays

Flux at earth surface: 160 muons/(m2 s)
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Cosmic rays

Primary cosmic rays come from the space,  
mostly originating from the sun

When entering the atmosphere the interact 

with the atoms of which it is composed and 

they generate showers that, according to 

the energy of the primary particle, can have 

an extremely high number of secondary 

particles 

Flux at earth surface: 160 muons/(m2 s)
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Air	  shower	  
from	  a	  NASA	  
image

Cosmic rays
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Air	  shower	  
from	  a	  NASA	  
image

Primary cosmic rays  
99% are hydrogen and 
helium nuclei from the sun

Cosmic rays
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Air	  shower	  
from	  a	  NASA	  
image

Primary cosmic rays  
99% are hydrogen and 
helium nuclei from the sun

Air shower. 
Particle cascade: it 
originates from the 
interaction of the cosmic 
ray with the atmosphere

Cosmic rays
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Air	  shower	  
from	  a	  NASA	  
image

Primary cosmic rays  
99% are hydrogen and 
helium nuclei from the sun

Air shower. 
Particle cascade: it 
originates from the 
interaction of the cosmic 
ray with the atmosphere

Sea-level cosmic rays. 
At sea level most of the 
surviving rays are muons (μ)

Cosmic rays
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Cosmic rays

-[ SOURCE characteristics: 

   - 10000 cosmic rays/(minute m2) hit the ground 

        (600 of them cross our body every minute) 

   - at sea level mostly are muons, with  

     mean energy of 3÷4 GeV  

  - the flux is maximum at the zenith (vertical) and  

    it scales approximately as cos2(θ)
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INTERACTIONS: When they encounter matter they 1) loose energy (they can be slowed down to 

                             rest and absorbed) and 2) they deviate from the original trajectory

Cosmic rays interaction with matter
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➢	  anelastic	  collisions	  	  	  	  	  ⇒	  	  excitation	  or	  ionization	  of	  the	  crossed	  medium	  

➢	  bremsstrahlung	  radiation	  	  ⇒	  	  emission	  of	  photons	  
➢	  production	  of	  electron-‐positron	  couples	  (e-‐,e+)

energy	  loss

INTERACTIONS: When they encounter matter they 1) loose energy (they can be slowed down to 

                             rest and absorbed) and 2) they deviate from the original trajectory

Cosmic rays interaction with matter
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➢	  bremsstrahlung	  radiation	  	  ⇒	  	  emission	  of	  photons	  
➢	  production	  of	  electron-‐positron	  couples	  (e-‐,e+)

energy	  loss

➢	  multiple	  diffusion	  (MCS	  –	  Multiple	  Coulomb	  Scattering)	  

trajectory	  
deviation

INTERACTIONS: When they encounter matter they 1) loose energy (they can be slowed down to 

                             rest and absorbed) and 2) they deviate from the original trajectory

Cosmic rays interaction with matter
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➢	  anelastic	  collisions	  	  	  	  	  ⇒	  	  excitation	  or	  ionization	  of	  the	  crossed	  medium	  

➢	  bremsstrahlung	  radiation	  	  ⇒	  	  emission	  of	  photons	  
➢	  production	  of	  electron-‐positron	  couples	  (e-‐,e+)

energy	  loss

➢	  multiple	  diffusion	  (MCS	  –	  Multiple	  Coulomb	  Scattering)	  

trajectory	  
deviation

INTERACTIONS: When they encounter matter they 1) loose energy (they can be slowed down to 

                             rest and absorbed) and 2) they deviate from the original trajectory

Cosmic rays interaction with matter

Both effects can be used for 
civil applications

“absorption/ 
transmission”

“scattering”



Muons transmission 
radiography
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-[ first idea: 
to use the information on absorption of muons to measure the 
thickness of the material crossed by the muons themselves

Applications (transmission)
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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.

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

Applications (transmission)
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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.

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

Radiography 
✓Measure the number of muons surviving the passage 
through the material: “black & white” images 

Applications (transmission)

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  

[2] L.W. Alvarez et al., “Search for hidden chambers in the pyramids using cosmic rays”, Science 167 (1970) 832.
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Applications (transmission)
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Recently the same technique has been used to inspect the inner part of a vulcano [3]
[3] 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.

Applications (transmission)
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Applications (transmission)
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Applications (Napoli-Firenze)



Bormio - 29 January 2015 53th International Winter Meeting on Nuclear Physics 

Muons: civi l  appl icat ions g e r m a n o  b o n o m i

Applications (Budapest)
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Curiosity (transmission)
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Curiosity (transmission)
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Curiosity (transmission)



Muons scattering 
muon tomography
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-[ NOVEL IDEA: 
exploit the deflection of the cosmic rays to perform a tomography of 
a desired volume (Los Alamos Group [1-3]) 
 

[1] K. R. Borozdin et al., “Radiographic imaging with cosmic ray muons”, Nature 422 (2003) 277. 
[2] W. C. Priedhorsky, “Detection of high-Z objects using multiple scattering of cosmic ray muons”, Rev. Scient. Inst. 74 (2003) 4294 
[3] L. J. Schultz, “Image reconstruction and material Z discrimination via cosmic ray muon radiography”, NIM A 519 (2004) 687.

Muon tomography 
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A working prototype of the dimensions of some tens of centimeters 
has been build and operated. It proved that in principle such technique  
can be used to scan large volumes

Muon tomography 
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-[ NOVEL IDEA: 
exploit the deflection of the cosmic rays to perform a tomography of 
a desired volume (Los Alamos Group [1-3]) 
 

[1] K. R. Borozdin et al., “Radiographic imaging with cosmic ray muons”, Nature 422 (2003) 277. 
[2] W. C. Priedhorsky, “Detection of high-Z objects using multiple scattering of cosmic ray muons”, Rev. Scient. Inst. 74 (2003) 4294 
[3] L. J. Schultz, “Image reconstruction and material Z discrimination via cosmic ray muon radiography”, NIM A 519 (2004) 687.

A working prototype of the dimensions of some tens of centimeters 
has been build and operated. It proved that in principle such technique  
can be used to scan large volumes

First experimental 
demonstration

Muon tomography 
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When they cross matter they are slowed down and they deviate from their original trajectory  
[they can penetrate meters of steel, km of rock] the deviation angle has a Gaussian distribution, with mean value 0 and 
RMS (projected on a plane) depending on: 

multiple 

scattering

Muon tomography 
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When they cross matter they are slowed down and they deviate from their original trajectory  
[they can penetrate meters of steel, km of rock] the deviation angle has a Gaussian distribution, with mean value 0 and 
RMS (projected on a plane) depending on: 

multiple 

scattering
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X
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p = momentum 
Xo = radiation length 
L = material thickness

Xo: the mean distance over which a high-energy  
electron loses 1/e of its energy by bremsstrahlung

   o) the inverse of the muon momentum p  

   o) the √ of the material thickness L 

   o) the inverse of the √of the radiation length Xo (which depends on 1/Z)

Muon tomography 
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Multiple scattering for muons passing 
through 10 cm of various materials RMS of scattering angle

Material Z ρ 

(g/cm3)

Xo/ρ

(cm)

0.3 GeV/c     
σ (mrad)

3 GeV/c     
σ (mrad)

30 GeV/c     
σ (mrad)

Water - 1 36,1 26,3 2,6 0,3
Concrete - 10,7 48,3 4,8 0,5

Iron 26 7,87 1,76 119,2 11,9 1,2
Lead 82 11,34 0,56 211,3 21,1 2,1

Uranium 92 18,97 0,32 279,5 28 2,8

When they cross matter they are slowed down and they deviate from their original trajectory  
[they can penetrate meters of steel, km of rock] the deviation angle has a Gaussian distribution, with mean value 0 and 
RMS (projected on a plane) depending on: 

multiple 

scattering
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p = momentum 
Xo = radiation length 
L = material thickness

Xo: the mean distance over which a high-energy  
electron loses 1/e of its energy by bremsstrahlung

   o) the inverse of the muon momentum p  

   o) the √ of the material thickness L 

   o) the inverse of the √of the radiation length Xo (which depends on 1/Z)

Muon tomography 
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Multiple scattering for muons passing 
through 10 cm of various materials RMS of scattering angle

Material Z ρ 

(g/cm3)

Xo/ρ

(cm)

0.3 GeV/c     
σ (mrad)

3 GeV/c     
σ (mrad)

30 GeV/c     
σ (mrad)

Water - 1 36,1 26,3 2,6 0,3
Concrete - 10,7 48,3 4,8 0,5

Iron 26 7,87 1,76 119,2 11,9 1,2
Lead 82 11,34 0,56 211,3 21,1 2,1

Uranium 92 18,97 0,32 279,5 28 2,8

Potentiality to discriminate high Z materials from low and medium Z

When they cross matter they are slowed down and they deviate from their original trajectory  
[they can penetrate meters of steel, km of rock] the deviation angle has a Gaussian distribution, with mean value 0 and 
RMS (projected on a plane) depending on: 

multiple 

scattering

� ' 1

p

r
L

X
o

p = momentum 
Xo = radiation length 
L = material thickness

Xo: the mean distance over which a high-energy  
electron loses 1/e of its energy by bremsstrahlung

   o) the inverse of the muon momentum p  

   o) the √ of the material thickness L 

   o) the inverse of the √of the radiation length Xo (which depends on 1/Z)

Muon tomography 



Tomography applications 
(almost)-comprehensive list 



Bormio - 29 January 2015 53th International Winter Meeting on Nuclear Physics 

Muons: civi l  appl icat ions g e r m a n o  b o n o m i

http://www.decisionsciencescorp.com

Applications (Decision Sciences)
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http://www.decisionsciencescorp.com

Recently (2013) a commercial spin-off from Los Alamos - Decision sciences 

built a large scale demonstrator (awarded 2.7 million contract with DHS)

Applications (Decision Sciences)
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Applications (Los Alamos)
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Applications (Los Alamos)
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Applications (Los Alamos)
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Applications (Catania)
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Applications (Catania)
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Applications (Catania)
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Nuclear Waste Container monitor

Applications (Glasgow)



Bormio - 29 January 2015 53th International Winter Meeting on Nuclear Physics 

Muons: civi l  appl icat ions g e r m a n o  b o n o m i

Applications (Glasgow)
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Applications (Bristol)
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Applications (Bristol)
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Applications (Bristol)
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Applications (Boulby)



Tomography applications 
a deep look into one of the projects



AQUILA Rithymna Beach , Κρήτη - 27 June 2013 International Conference on applications of nuclear techniques 

Muon scanner to detect radioactive source hidden in scrap metal containers g e r m a n o  b o n om i

Project objectives
Study the feasibility of building a portal to 
monitor the truck containers filled with 
scrap metals entering steel mills foundries 
to detect shielded radioactive source.

The Mu-Steel project (RFCS CT-2010-000033) [mid 2010-end 2012]

Muon tomography technology
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Project objectives
Study the feasibility of building a portal to 
monitor the truck containers filled with 
scrap metals entering steel mills foundries 
to detect shielded radioactive source.

The Mu-Steel project (RFCS CT-2010-000033) [mid 2010-end 2012]

Muon tomography technology

In particular: 

[1] develop a complete design of a portal 

[2] build a detector prototype for the final portal 

[3] develop the 3D tomographic software 

Project goals



AQUILA Rithymna Beach , Κρήτη - 27 June 2013 International Conference on applications of nuclear techniques 

Muon scanner to detect radioactive source hidden in scrap metal containers g e r m a n o  b o n om i

Project objectives
Study the feasibility of building a portal to 
monitor the truck containers filled with 
scrap metals entering steel mills foundries 
to detect shielded radioactive source.

The Mu-Steel project (RFCS CT-2010-000033) [mid 2010-end 2012]

is it possible to detect a 
source shield in 3-10 minutes using 

muon tomography technology? 

Muon tomography technology

In particular: 

[1] develop a complete design of a portal 

[2] build a detector prototype for the final portal 

[3] develop the 3D tomographic software 

Project goals
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Muon tomography - basic principle
two detectors above and below the volume under study to measure the muon trajectory deviation from a straight line
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Minimization of the material between the upper and lower detectors  
- upper detector is held from the top, lower detector from the bottom 
- the floor has been designed in wood

Maximization of the acceptance 
- detectors on 4 sides

Optimization of various 
aspects (i.e. acceptance 
vs cost) can still be made

The Mu-Steel project: [1] portal design

Complete design
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The Mu-Steel project: [2] detector prototype

The detector prototype 
performances have been tested 

inserting it in the LNL muon 
tomography prototype

4 m1 m
0,

5 
m
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The Mu-Steel project: [2] detector prototype

The detector prototype 
performances have been tested 

inserting it in the LNL muon 
tomography prototype

σ = 3.2 mrad
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track angular precision 

σ = 299 μm
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hit precision 
around 90% efficiency 
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The Mu-Steel project: [3] image tomographic reconstruction
Simplest method:  
Single Scattering Approximation (SSA).   
In space: Point of Closest Approach 

(PoCA) of 2 straight lines

detectorμin, θin

detectorμout, θout

It works fine with a  
single scattering point
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The Mu-Steel project: [3] image tomographic reconstruction
Simplest method:  
Single Scattering Approximation (SSA).   
In space: Point of Closest Approach 

(PoCA) of 2 straight lines

detectorμin, θin

detectorμout, θout

It works fine with a  
single scattering point

detectorμin, θin

detectorμout, θout

It fails for several  
scattering centers

It doesn’t use all the  
information coming  

from a sample  
of muons
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... let’s define “scattering density” for a material as:

... for a more efficient approach

� =
1

X
o

Xo = radiation length 
(specific for every element)

The Mu-Steel project: [3] image tomographic reconstruction
Simplest method:  
Single Scattering Approximation (SSA).   
In space: Point of Closest Approach 

(PoCA) of 2 straight lines

detectorμin, θin

detectorμout, θout

It works fine with a  
single scattering point

detectorμin, θin

detectorμout, θout

It fails for several  
scattering centers

It doesn’t use all the  
information coming  

from a sample  
of muons
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... let’s define “scattering density” for a material as:

... for a more efficient approach

� =
1

X
o

Xo = radiation length 
(specific for every element)

The Mu-Steel project: [3] image tomographic reconstruction
Simplest method:  
Single Scattering Approximation (SSA).   
In space: Point of Closest Approach 

(PoCA) of 2 straight lines

detectorμin, θin

detectorμout, θout

It works fine with a  
single scattering point

detectorμin, θin

detectorμout, θout

It fails for several  
scattering centers

It doesn’t use all the  
information coming  

from a sample  
of muons

An iterative optimization algorithm  
(LMIA, List Mode Iterative Algorithm) 

applied to a  
Maximum Log-likelihood function  

can solve the system

unknowns'

detectorμin, θin

detectorμout, θout

The volume can be then 
divided into N cubic voxels 

(the density is assumed 
constant inside a single voxel)

Unknown quantities: λk
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... let’s define “scattering density” for a material as:

... for a more efficient approach

� =
1

X
o

Xo = radiation length 
(specific for every element)

The Mu-Steel project: [3] image tomographic reconstruction
Simplest method:  
Single Scattering Approximation (SSA).   
In space: Point of Closest Approach 

(PoCA) of 2 straight lines

detectorμin, θin

detectorμout, θout

Each single muon gives  
a statistical information  

on the set of voxels it crosses

With a sufficient statistics it is possible to estimate λk for each voxel:  
in other words it is possible to  

reconstruct a 3D “density” image of the volume under study

It works fine with a  
single scattering point

detectorμin, θin

detectorμout, θout

It fails for several  
scattering centers

It doesn’t use all the  
information coming  

from a sample  
of muons

An iterative optimization algorithm  
(LMIA, List Mode Iterative Algorithm) 

applied to a  
Maximum Log-likelihood function  

can solve the system

unknowns'

detectorμin, θin

detectorμout, θout

The volume can be then 
divided into N cubic voxels 

(the density is assumed 
constant inside a single voxel)

Unknown quantities: λk
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The Mu-Steel project: [3] image tomographic reconstruction
“Practical objective”: 

detect 2 (13 cm side cube) or 5 liters (17 cm side cube) source shield in 3-10 minutes

the volume (7 x 3.6 x 3 m3) has been divided in 604800 voxels (5x5x5 cm3) 
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The Mu-Steel project: [3] image tomographic reconstruction

Challenges: 
- great computational effort [I] 
- high noise to signal ratio (some voxel with few muons) [II] 
- there is no information of the muon momentum p [III] 
   [large scattering can be due to both low p muon through low density material  
                                                   or to high p muon through high density material]

“Practical objective”: 
detect 2 (13 cm side cube) or 5 liters (17 cm side cube) source shield in 3-10 minutes

the volume (7 x 3.6 x 3 m3) has been divided in 604800 voxels (5x5x5 cm3) 
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The Mu-Steel project: [3] image tomographic reconstruction

Challenges: 
- great computational effort [I] 
- high noise to signal ratio (some voxel with few muons) [II] 
- there is no information of the muon momentum p [III] 
   [large scattering can be due to both low p muon through low density material  
                                                   or to high p muon through high density material]

“Practical objective”: 
detect 2 (13 cm side cube) or 5 liters (17 cm side cube) source shield in 3-10 minutes

the volume (7 x 3.6 x 3 m3) has been divided in 604800 voxels (5x5x5 cm3) 

[I] Computing optimization 

- Cache alignment 
- Memory optimization 
- Parallel processing 
- GPU testing 
- Application-specific libraries 
- Linear algebra-optimized libraries 
- Faster workstations
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The Mu-Steel project: [3] image tomographic reconstruction

Challenges: 
- great computational effort [I] 
- high noise to signal ratio (some voxel with few muons) [II] 
- there is no information of the muon momentum p [III] 
   [large scattering can be due to both low p muon through low density material  
                                                   or to high p muon through high density material]

“Practical objective”: 
detect 2 (13 cm side cube) or 5 liters (17 cm side cube) source shield in 3-10 minutes

the volume (7 x 3.6 x 3 m3) has been divided in 604800 voxels (5x5x5 cm3) 

[I] Computing optimization 

- Cache alignment 
- Memory optimization 
- Parallel processing 
- GPU testing 
- Application-specific libraries 
- Linear algebra-optimized libraries 
- Faster workstations

[II] Noise to signal ratio 

Post-processing and in-processing 
image filters
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Challenges: 
- great computational effort [I] 
- high noise to signal ratio (some voxel with few muons) [II] 
- there is no information of the muon momentum p [III] 
   [large scattering can be due to both low p muon through low density material  
                                                   or to high p muon through high density material]

“Practical objective”: 
detect 2 (13 cm side cube) or 5 liters (17 cm side cube) source shield in 3-10 minutes

the volume (7 x 3.6 x 3 m3) has been divided in 604800 voxels (5x5x5 cm3) 

[I] Computing optimization 

- Cache alignment 
- Memory optimization 
- Parallel processing 
- GPU testing 
- Application-specific libraries 
- Linear algebra-optimized libraries 
- Faster workstations

[III] Muon momentum 

Muon momentum estimate through 
multiple scattering in detectors

[II] Noise to signal ratio 

Post-processing and in-processing 
image filters



Bormio - 29 January 2015 53th International Winter Meeting on Nuclear Physics 

Muons: civi l  appl icat ions g e r m a n o  b o n o m i

The Mu-Steel project: [3] image tomographic reconstruction

Challenges: 
- great computational effort [I] 
- high noise to signal ratio (some voxel with few muons) [II] 
- there is no information of the muon momentum p [III] 
   [large scattering can be due to both low p muon through low density material  
                                                   or to high p muon through high density material]

“Practical objective”: 
detect 2 (13 cm side cube) or 5 liters (17 cm side cube) source shield in 3-10 minutes

the volume (7 x 3.6 x 3 m3) has been divided in 604800 voxels (5x5x5 cm3) 

[I] Computing optimization 

- Cache alignment 
- Memory optimization 
- Parallel processing 
- GPU testing 
- Application-specific libraries 
- Linear algebra-optimized libraries 
- Faster workstations

[III] Muon momentum 

Muon momentum estimate through 
multiple scattering in detectors

[II] Noise to signal ratio 

Post-processing and in-processing 
image filters

Complete GEANT4 simulation: 
- muon generator 
- full portal 
- truck container with scrap metal 
  (average density ~ 0.5 - 0.7 g/cm3)

In the following, image 
reconstructions will be presented
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(The LNL muon tomography prototype 
a “test bed” for the Monte Carlo and for the  

3D image reconstruction software
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The LNL muon tomography 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)

Padova University Brescia University Genova University

2008
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The LNL muon tomography 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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The LNL muon tomography prototype
For the Mu-Steel project the LNL muon tomography prototype has been used to detect a lead block inserted inside a 
container of scrap metals [realistic conditions]
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The LNL muon tomography prototype
For the Mu-Steel project the LNL muon tomography prototype has been used to detect a lead block inserted inside a 
container of scrap metals [realistic conditions]

Side view 
5 minutes of data taking

3D view 
20 minutes of data taking

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

REAL DATA

REAL DATA
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The LNL muon tomography prototype
For the Mu-Steel project the LNL muon tomography prototype has been used to detect a lead block inserted inside a 
container of scrap metals [realistic conditions]

Side view 
5 minutes of data taking

3D view 
20 minutes of data taking

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

REAL DATA

REAL DATA

The prototype has been modeled and simulated 
using the GEANT4 package.  

The Monte Carlo has been tuned to match the experimental results 

Monte Carlo simulation [corresponding to 5 minutes of data taking]
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The LNL muon tomography prototype 
a “test bed” for the Monte Carlo and for the  

3D image reconstruction software )
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The Mu-Steel project: [3] image tomographic reconstruction

α-trimmed filter

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

cubic 5x5x5 voxels mask 
Gaussian shaped smoothing 

look at neighbourhood of every voxel, discard the most atypical  
elements and calculate the mean value using the rest of them
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The Mu-Steel project: [3] image tomographic reconstruction

α-trimmed filter

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

cubic 5x5x5 voxels mask 
Gaussian shaped smoothing 

look at neighbourhood of every voxel, discard the most atypical  
elements and calculate the mean value using the rest of them

not satisfactory
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The Mu-Steel project: [3] image tomographic reconstruction

using the MC muon momentum

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

� ' 1
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r
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The Mu-Steel project: muon momentum estimate
Multiple scattering in the detector is heavier for low momentum muons
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The Mu-Steel project: muon momentum estimate
Multiple scattering in the detector is heavier for low momentum muons

A rough (but very precious) estimate of the muon momentum can be derived from the  
measurement of the “residuals” (difference between the best “straight line” fit and single hits)
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The Mu-Steel project: muon momentum estimate
Multiple scattering in the detector is heavier for low momentum muons

A rough (but very precious) estimate of the muon momentum can be derived from the  
measurement of the “residuals” (difference between the best “straight line” fit and single hits)

Muons are thus divided in few categories (from low to high momentum) and for each  
of them the average momentum of the range is used in the minimization process



Bormio - 29 January 2015 53th International Winter Meeting on Nuclear Physics 

Muons: civi l  appl icat ions g e r m a n o  b o n o m i

The Mu-Steel project: [3] image tomographic reconstruction

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 [2 liters]  liters source shield (17x17x17 cm3 [13x13x13 cm3]) is 

detected in 4 [7] minutes with 100% efficiency and 0% false alarms
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Project objectives
Study the feasibility of building a system 
able to inspect the inner structure of a blast 
f u r nace (o the rw i se imposs ib l e to 
investigate).  

[tomographic measurements with the LNL 
system of samples extracted from a blust 
furnace, development of the simulation tool 
and of the required 3D reconstruction 
software]

The Mu-Blast project (RFCS CT-2014-00027)

Muon tomography technology

40 m

15 m

Partners 
University of Padova (Italy) 
INFN (Italy) 
Centro Sviluppo Materiali (Italy) 
University of Brescia (Italy) 
Swerea Mefos (Sweeden) 
Luossavaara-Kiirunavaara AB - LKAB (Sweeden)

Budget 
896.123 €

European Commission 
[mid 2014-mid 2016]



Muon-based monitoring systems 
an example
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-[ thickness measurements

-[ muon tomography

-[ muon based monitoring systems

Yet another idea
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--[ use the cosmic rays to monitor the 

alignment of physical part of a given 

structure (tower, pillar, mechanical press, 

etc., etc.)  

original idea of a physicist A. Zenoni and an engineer  
D. Cambiaghi of the University of Brescia that collaborated to 

the construction of the apparatus holder of the FINUDA 

experiment, then “aligned” with cosmic rays 

-[ thickness measurements

-[ muon tomography

-[ muon based monitoring systems

Yet another idea
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--[ use the cosmic rays to monitor the 

alignment of physical part of a given 

structure (tower, pillar, mechanical press, 

etc., etc.)  

original idea of a physicist A. Zenoni and an engineer  
D. Cambiaghi of the University of Brescia that collaborated to 

the construction of the apparatus holder of the FINUDA 

experiment, then “aligned” with cosmic rays 
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-[ thickness measurements

-[ muon tomography

-[ muon based monitoring systems

Yet another idea
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∆x	  [cm] ∆z	  [cm]
-‐8 -‐8 +8+8

The	   “mean”	   of	   the	   distribution	   gives	   the	   relative	   position	   of	  
the	   middle	   detector	   with	   respect	   to	   the	   other	   two.	   Once	  	  
“measured”	   this	   position	   at	   a	   given	   time	   defined	   as	   t	   =	   0	  
[through	  a	  calibration	  campaign]	  it	  is	  the	  possible	  to	  monitor	  it	  
as	  a	  function	  of	  time	  to	  detect	  relative	  displacements
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The	  effects	  that	  “widen”	  the	  distributions	  [and	  make	  the	  measurements	  less	  accurate]	  are:	  
➢	  	  physical	  effects	  [interaction	  of	  muons	  with	  matter]	  
➢	  	  detector	  spatial	  uncertainty

∆x	  [cm] ∆z	  [cm]
-‐8 -‐8 +8+8

The	   “mean”	   of	   the	   distribution	   gives	   the	   relative	   position	   of	  
the	   middle	   detector	   with	   respect	   to	   the	   other	   two.	   Once	  	  
“measured”	   this	   position	   at	   a	   given	   time	   defined	   as	   t	   =	   0	  
[through	  a	  calibration	  campaign]	  it	  is	  the	  possible	  to	  monitor	  it	  
as	  a	  function	  of	  time	  to	  detect	  relative	  displacements
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MONSTER&CO PROJECT (2013-15) 
MONitoraggio di STrutture Edili mediante Raggi Cosmici 
A project financed by the Dipartimento di Ingegneria Meccanica e Industriale, Università di Brescia

Simulation of a specific case

Project objectives
Study the feasibility of using 
comics rays to monitor the 
stability of historical buildings (and 
in general of vertical structures 
such as towers, pillars, etc. etc.)
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15 cm wood roof

Antonietta Donzella

y

z

Basic idea of the project “MONSTER&CO”
the simulation contains: a muon generator, the geometry and the materials of the detectors and 
also the relevant structure of the building (such as the 15 cm wood roof)
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15 cm wood roof

Antonietta Donzella
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z

Basic idea of the project “MONSTER&CO”
the simulation contains: a muon generator, the geometry and the materials of the detectors and 
also the relevant structure of the building (such as the 15 cm wood roof)
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15 cm wood roof

Antonietta Donzella
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Basic idea of the project “MONSTER&CO”
the simulation contains: a muon generator, the geometry and the materials of the detectors and 
also the relevant structure of the building (such as the 15 cm wood roof)
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15 cm wood roof

Antonietta Donzella

Cosmic rays

Pros 
✓natural radiation, continuous  
✓ no artificial source, no radiological risks 
✓muons cross materials such as wooden floors 
with small deviations (with optical system is 
impossible) 
✓ easy measurements with “standard” techniques 
in physics

Cons 
✓ the presence of statistical deviations requires the 
usage of distributions 
✓ the need to accumulate enough statistics and 
thus wait the required time

detector 
telescope

target detector

40 cm 36 cm

10
0 
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µ
P0 Prec
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y

z

P1

P2

P3

y

z

Basic idea of the project “MONSTER&CO”
the simulation contains: a muon generator, the geometry and the materials of the detectors and 
also the relevant structure of the building (such as the 15 cm wood roof)
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Antonietta Donzella

15 cm of wood
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a more refined statistical analysis (a function to fit the data instead of 
using the mean of the distribution) can improve the resolution, if required

Simulation of the “seasonal displacement”
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Features required for a muon detector  
✓ stability, robustness and long life 
✓ simplicity of usage (no HV, no gas) 
✓ low construction cost, low operating cost 
✓ compactness and stand-alone capability 
✓ reasonable spatial resolution  
✓ use of standard techniques

Building a demonstrator detector system
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Features required for a muon detector  
✓ stability, robustness and long life 
✓ simplicity of usage (no HV, no gas) 
✓ low construction cost, low operating cost 
✓ compactness and stand-alone capability 
✓ reasonable spatial resolution  
✓ use of standard techniques

Scintillating fibers 3mm x 3 mm

Silicon Photomultipliers SiPM 
MPPC 3mm x 3mm

Building a demonstrator detector system
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Building a demonstrator detector system



Bormio - 29 January 2015 53th International Winter Meeting on Nuclear Physics 

Muons: civi l  appl icat ions g e r m a n o  b o n o m i

Conclusions
… as in many other fields of physics, the progress in research can generate  
applications for everyday life … 
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Conclusions
… as in many other fields of physics, the progress in research can generate  
applications for everyday life … 

 the technology of nuclear and particle detectors, that has been used  
 for decades in physics research, is now mature for civil applications

specifically detectors for the muons, after a pioneering era  
(Alvarez and the pyramids), are now used in various applications

both “transmission” and “scattering” effects of muons when crossing 
materials are used in various applications  
( inspections of large volumes such as volcanos and blast furnaces, geological inspections, 
monitoring of nuclear waste, detection of “hidden” nuclear materials, monitoring of stabil ity, etc. etc.)
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Conclusions
… as in many other fields of physics, the progress in research can generate  
applications for everyday life … 

 the technology of nuclear and particle detectors, that has been used  
 for decades in physics research, is now mature for civil applications

specifically detectors for the muons, after a pioneering era  
(Alvarez and the pyramids), are now used in various applications

both “transmission” and “scattering” effects of muons when crossing 
materials are used in various applications  
( inspections of large volumes such as volcanos and blast furnaces, geological inspections, 
monitoring of nuclear waste, detection of “hidden” nuclear materials, monitoring of stabil ity, etc. etc.)

many applications are promising, one (Decision Sciences) seems not far 
away from being a “commercial product”, others have demonstrated to 
work, others are in a demonstration stage … let’s wait few more years … 
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Conclusions
… as in many other fields of physics, the progress in research can generate  
applications for everyday life … 

 the technology of nuclear and particle detectors, that has been used  
 for decades in physics research, is now mature for civil applications

specifically detectors for the muons, after a pioneering era  
(Alvarez and the pyramids), are now used in various applications

both “transmission” and “scattering” effects of muons when crossing 
materials are used in various applications  
( inspections of large volumes such as volcanos and blast furnaces, geological inspections, 
monitoring of nuclear waste, detection of “hidden” nuclear materials, monitoring of stabil ity, etc. etc.)

many applications are promising, one (Decision Sciences) seems not far 
away from being a “commercial product”, others have demonstrated to 
work, others are in a demonstration stage … let’s wait few more years … 

Thank you for your attention
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The Mu-Steel project: efficiency vs false alarms
Efficiency/Inefficiency:    How many trucks with a source shield will (not) trigger an alarm?  

False alarms:      How many trucks without a source shield will trigger an alarm?
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Efficiency/Inefficiency:    How many trucks with a source shield will (not) trigger an alarm?  
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Need a lot of statistics (simulations) [one sample = 1.200.000 crossing muons, equivalent to 5 minutes of data taking] 
[100 simulated samples with a source shield] - [100 simulated samples without a source shield]
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The Mu-Steel project: efficiency vs false alarms
Efficiency/Inefficiency:    How many trucks with a source shield will (not) trigger an alarm?  

False alarms:      How many trucks without a source shield will trigger an alarm?

Need a lot of statistics (simulations) [one sample = 1.200.000 crossing muons, equivalent to 5 minutes of data taking] 
[100 simulated samples with a source shield] - [100 simulated samples without a source shield]

SWA curve [undetected ratio]: number of undetected source shield / total number of samples with a source shield
AWS curve [false alarms ratio]: number of “detected” source shield / total number of samples without a source shield
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AWS/SWA curve



Bormio - 29 January 2015 53th International Winter Meeting on Nuclear Physics 

Muons: civi l  appl icat ions g e r m a n o  b o n o m i

The Mu-Steel project: efficiency vs false alarms
Efficiency/Inefficiency:    How many trucks with a source shield will (not) trigger an alarm?  

False alarms:      How many trucks without a source shield will trigger an alarm?

Need a lot of statistics (simulations) [one sample = 1.200.000 crossing muons, equivalent to 5 minutes of data taking] 
[100 simulated samples with a source shield] - [100 simulated samples without a source shield]

SWA curve [undetected ratio]: number of undetected source shield / total number of samples with a source shield
AWS curve [false alarms ratio]: number of “detected” source shield / total number of samples without a source shield

threshold (a.u.)

ra
tio

false alarms

undetected

AWS/SWA curve

when both curves are zero 
it means 100% efficiency  

and 0% false alarms 
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AWS/SWA curve

threshold (a.u.)

ra
tio

 (%
)

5 liters source shield (17x17x17 cm3) is detected in 4 minutes with 100% efficiency and 0% false alarms

The Mu-Steel project: efficiency vs false alarms
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AWS/SWA curve
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5 liters source shield (17x17x17 cm3) is detected in 4 minutes with 100% efficiency and 0% false alarms

The Mu-Steel project: efficiency vs false alarms
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threshold (a.u.)
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)

AWS/SWA curve

2 liters source shield (13x13x13 cm3) is detected in 6-7 minutes with 100% efficiency and 0% false alarms

The Mu-Steel project: efficiency vs false alarms
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AWS/SWA curve

2 liters source shield (13x13x13 cm3) is detected in 6-7 minutes with 100% efficiency and 0% false alarms

The Mu-Steel project: efficiency vs false alarms
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Brescia, Palazzo della Loggia, 1574

Antonietta Donzella

View of the inside of the wooden vaulted root

Details of a joint

Studies reported here have been performed by the  
“Centro di studio e ricerca per la conservazione ed il recupero dei  
beni architettonici ed ambientali” 
Dipartimento di Ingegneria Civile, University of Brescia

Construction of the 
actual roof, 1914

The problem of the Brescia “Palazzo della Loggia”
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Brescia, Palazzo della Loggia, 1574

Antonietta Donzella

View of the inside of the wooden vaulted root

Details of a joint

Studies reported here have been performed by the  
“Centro di studio e ricerca per la conservazione ed il recupero dei  
beni architettonici ed ambientali” 
Dipartimento di Ingegneria Civile, University of Brescia

Construction of the 
actual roof, 1914

The problem of the Brescia “Palazzo della Loggia”



Bormio - 29 January 2015 53th International Winter Meeting on Nuclear Physics 

Muons: civi l  appl icat ions g e r m a n o  b o n o m i

Antonietta Donzella

25 m

The monitoring campaign of the “Palazzo” (1990-2001)
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Antonietta Donzella

Sensors consisted in a couple of 
wires of invar (nickel-iron alloy) and 
steel to compensate for thermic 
variations

Measurement of elongation 
both mechanical and electronic

25 m

The monitoring campaign of the “Palazzo” (1990-2001)
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Antonietta Donzella

Sensors consisted in a couple of 
wires of invar (nickel-iron alloy) and 
steel to compensate for thermic 
variations

Measurement of elongation 
both mechanical and electronic
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The monitoring campaign of the “Palazzo” (1990-2001)
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Reported accidental meltings of radioactive sources

The problem of hidden (orphan) radioactive sources

example of two shielded sources
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Reported accidental meltings of radioactive sources

The problem of hidden (orphan) radioactive sources

example of two shielded sources

Huge environmental and  
economical impact 

- radioactive contamination of  
    workers, buildings, neighborhood, 
    production lines, materials, etc. etc. 

- huge costs for the company 
    disposal of contaminated materials 
    decontamination of environment 
    decontamination of products 
    decontamination of production lines 
    few weeks of production stand-by 
    lost of orders 
    etc. etc.  
    .... many millions (be it in € or in $) 
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Reported accidental meltings of radioactive sources

The problem of hidden (orphan) radioactive sources

Meltings by metal (80% steel)

Meltings by radioactive element  
(mostly Co-60, Cs-137)

example of two shielded sources

Huge environmental and  
economical impact 

- radioactive contamination of  
    workers, buildings, neighborhood, 
    production lines, materials, etc. etc. 

- huge costs for the company 
    disposal of contaminated materials 
    decontamination of environment 
    decontamination of products 
    decontamination of production lines 
    few weeks of production stand-by 
    lost of orders 
    etc. etc.  
    .... many millions (be it in € or in $) 


