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Muon radiography is an imaging technique that allows to create 2D or 3D images of the internal density distribution of the object
under study (target) through transmission measurements of cosmic muons. The detectors used are charged particle trackers.

ü Various fields of 
application: 
archaeological, 
geological, civil
engineering and nuclear
safety, industrial field, 
monitoring of large 
structures

ü Non-invasive technique
ü Possibility of installing the detectors in small and 

difficult to access places

Muon radiography technique Search for low density anomalies within an archaeological site
ü mapping of cavities in the areas

ü possibility of finding unknown cavities

ü important from an archaeological point of view
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Report of the PhD project activity (second year)
Muon radiography technique
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2. Freesky measure 3. Simulation in the case of 
absence of anomalies
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Muon radiography: imaging methodology

2D target density map, three steps are required:
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For a stereoscopic vision it is possible to 
install the detectors in several points:

3D target density map

Point 1
Point 2
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target

anomaly

The number of muons is measured in a given acquisition time t as a function of the observation angles 34(), +). It depends on 
the density and shape of the target, the flux of cosmic muons on the ground and detector acceptance and efficiency.

Report of the PhD project activity (second year)

• Triangulation technique

• Backprojection technique: estimate the 
distance to the anomaly using data acquired
from a single measure (applicable only under 
some conditions).
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Muon radiography at Palazzone Necropolis (PG)
Report of the PhD project activity (second year)

The necropolis (of Etruscan era) is an archaeological site containing about 200 tombs, the largest
and best known is the Hypogeum of the Volumni. The necropolis is partly visited by tourists.

The aim of the PhD project is the imaging of a zone of the archaeological area «Necropoli del Palazzone» (Perugia) using the 
muon radiography technique for the search of unknown tombs

RA6
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Muon radiography at Palazzone Necropolis (PG)
Report of the PhD project activity (second year)

Ruined Tomb

interior and 

exit

The necropolis (of Etruscan era) is an archaeological site containing about 200 tombs, the largest

and best known is the Hypogeum of the Volumni. The necropolis is partly visited by tourists.

Volumni’s tomb

tombs

Interesting area for 

muographic measurements:

-is not open to the tourist

route

-is not fully inspected

-possibility of the existence

of other tombs

The aim of the PhD project is the imaging of a zone of the archaeological area «Necropoli del Palazzone» (Perugia) using the 
muon radiography technique for the search of unknown tombs

Volumni’s
Hypogeum

entrance, 
ticket office

warehouse

antiquarium

«Ruined tomb»

colombarium

RA6

Volumni complex

part of the archaeological site accessible to visitors

Satellite top view

Interesting area for muographic measurements

entrance

colombarium
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Choice of installation point and preliminary simulation
Report of the PhD project activity (second year)

Main requirements related to the flux of cosmic rays:

• the installation point must be lower in altitude than the area to be 

observed;

• the elevation angles under which the area of interest is viewed

must be as high as possible

Preliminary simulationsChoice of installation point

Installation point:

Inside the warehouse

the «Ruined tomb» 

represents, being

known, the test cavity

point detector

Ruined tomb

Drone point cloud
N

• Fictitious volume 

that reproduces the 

dimensions of the 

«ruined tomb»

Geometry:

• Drone point cloud

for the hill;

The tomb is seen at 20 

degrees of elevation. 

Transmission with 

tomb is greater than

~25%.

• Simulation1 with tomb àtransmission1 with tomb (T1)

• Simulation2 without tomb àtransmission2 without tomb (T2)
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Installation

Installation: 13/05/2022,  Disinstallation: 20/07/2022
Azimuth: perpendicular to the warehouse wall àazimuth 37.2°, Elevation: 20 °

20 °

MIMA 
tracker

Top view from the drone

Installation 
point projected
onto the 
surface

N

37.2°
Ruined tomb

pointin
g dire

cti
on

Installation tunnel

Report of the PhD project activity (second year)

Top view Colombarium



MIMA tracker for muographic measurement and detector monitoring
Report of the PhD project activity (second year)

MIMA (Muon Imaging for Mining and Archaeology)

module X-Y

Cubic dimension (50x50x50) cm3

based on a rotating platform.

Module X-Y 
simplified scheme

Material: Triangular
section plastic scintillator
(4x2x40) cm. 

Tot: 58 days of data acquisition (subtracting dead times)
Detector monitoring

!
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• Acceptance: about ±65°;
• Spatial resolution 1.6mm, angular resolution 6.7mrad;
• weight about 60 kg;
• Power consumption 30W

Date-time Date-time

Date-time Date-time

SiPM
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Screenshot of the computer screen used for monitoring in Florence

I developed a software that can monitor online the status of the detector

MIMA tracker for muographic measurement and detector monitoring
Report of the PhD project activity (second year)

Lab at INFN-FI
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Freesky measurement
Report of the PhD project activity (second year)

Due to the presence of hills and distant reliefs in the area of the Palazzone, it was decided to make the measurement of free 
sky at 20° elevation at the INFN in Florence where the horizon is more free.

The detector was installed on the roof
Elevation: 20°

10

the presence of reliefs on 
the left is visible

Zoom

reliefs

A new freesky measurement is underway
pointing south where there are no 
mountains

Tot: 38 days of data acquisition having subtracted the dead 
times (from 25/07/2022 to 09/09/2022)

Muon counts

freesky / freesky_flippedmountains

W



Muon counts: target and freesky configuration

Target MIMA – 2022 
Palazzone
Elevation 20°

58 days of data acquisition
Muon counts

!"#$%&'#(), +)

Target configuration 20 °

freesky configuration

Muon counts

!"-%''./0(), +)

freesky MIMA – 2022 
INFN-FI
Elevation 20°

measure in progress, currently 45 days

20 °

Report of the PhD project activity (second year)
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Muon transmission
Report of the PhD project activity (second year)
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,-_4133$56
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Considerations:

• Known voids are located around areas with higher transmission

• The measured transmissions increases to the right 
consistently with the decrease in the thickness of the 
hill

Detector acceptance

downhill

The dependence on the conformation of the hill remains àcomparison with simulations to find unknown cavities

Profile
Ruined
tomb

Known cavities
(tombs, burrows)

Measured transmission

Known
cavities

Ruined
Tomb

Colombarium



MIMA

Colours=acceptan
ce cone of the 
detector

MIMA+Palazzone Area

!"#$%&" = 1.9 g/cm3

Simulated Transmission -homogeneous target
T

Custom software

Report of the PhD project activity (second year)
Simulated Transmission

Φ,-./ 0, 2, ! = 3

4567(9)

;

<=>=?@ 0, 2, A BA

Simulated transmission

C,-./ 0, 2, ! =
Φ,-./_"#$%&" 0, 2, !

Φ,-./_E$&&,FG 0, 2, !

−I(0, 2) = ∫! K, 0, 2 L BK opacity along the line-of-sight

−<=>=?@ differential flux of ADAMO (INFN FI) magnetic spectrometer

Drone 20x20 cm (warehouse)+DTM 1mx1m (Palazzone’s
Hill+ hill on the background)

Geometry:

1000

1000

Ø Redo a simulation with a larger clipped DTM

top view

lateral view
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−A.-M(I), the minimum energy that a muon must have to 
reach the detector assuming a uniform density

Grey=DTM

Palazzone 

Area
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Simulated
transmission

Measured
transmission

T

-the known voids are in a higher relative transmission zone, but:
• but there are high transmission arcs that look like artifacts
• there are red zones that correspond to the angular directions in which the 

columbarium is located

possible misalignments between measurement-simulation or not perfect geometry of 
the hill in the simulation

Profile Ruined
tomb

Known cavities
(tombs, cavities)

+$&, -, / = +0&#12$&3 -, /, !
+1402,#"&3 -, /, !

Colombarium
angular directions

Report of the PhD project activity (second year)
Relative Transmission
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Report of the PhD project activity (second year)
Density map

We have the same artifact of the relative trasmisision in the density

map

Issues:

Possible explanations:

• Misalignment of the MIMA position between measurement and 

simulation

• We don’t have a good enough description of the hill in the 

simulation

• the geometry in the simulation is misaligned with respect to the 

actual development of the hill

g/cm3

How can we solve:

Ø try to have a description of the known geometry (detector position, conformation of the hill without trees, tomb in 

ruins) more detailed

Density angular distribution Considerations:

The average density values are compatible with the material densities

of the Palazzone hill 1.8-2.1 g/cm3
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Report of the PhD project activity (second year)
laser scanner campaign

Ø a laser scanner campaign was carried out during the disinstallation useful for:
• geolocate MIMA with greater precision (including MIMA in the point cloud),
• have a geolocated point cloud of the ruined tomb,
• control cloud to verify the correctness of the dtm clouds used for simulation

Laser scanner and point cloud drone: 
thanks to Tommaso Beni and Luca 
Lombardi (UNIFI) Department of 
Earth Sciences

Ruined tomb
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Report of the PhD project activity (second year)
Next steps

Ø Do the simulations with the new geo-referenced MIMA point with laser scanner + integrate the 
geometry with the hill laser scanner and with a larger DTM for the background

Ø Recreate the density map and identify low density signals

Ø Complete the measurement of freesky

Ø Re-update the maps with all the statistics of the freesky

Ø Study the simulation-measurement misalignment
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Report of the PhD project activity (second year)
Educational Activities - List

Courses followed:

I semester:
• Introduction to Space Physics – Ph.D in Physics UNIPG, Prof 

Nicola Tomassetti [1.5 CFU]

II semester:
• Calorimetric techniques at high energies–Ph.D in Physics

UNIFI, Prof. Eugenio Berti [3CFU]

Schools:

• Otranto School: «XXXIII International Seminar of Nuclear
and Subnuclear Physics-Francesco Romano», 3-10 June
2022

Conference participation:

• International Conference – EGU General Assembly 2022 
(23–27 May 2022):

Presentation, D.Borselli et al.: «Identification and three-
dimensional localization of cavities at the Temperino mine 
(Tuscany-Italy) with the muon imaging technique» 

Divulgation events:

• International Cosmic Day 22 November 2021:
-Laboratory activities with high school students
-Presentation(online): «Muon radiography as an imaging tool»

• ScienzEstate 2022 (16-17 June), Campus Sesto Fiorentino:
-Laboratory activities
-Presentation: «Introduction to Cosmic Rays»

• Bonechi et al. Blemab European project: muon imaging
technique applied to blast fournace, 2022 JINST 17 C04031

Publications:

• D.Borselli et al., The BLEMAB European project: Muon
radiography as an imaging tool in the industrial field, Il 
Nuovo Cimento C, Issue 6, Article 201, 11/08/2022

• S.Gonzi et al. Imaging of the Inner Zone of Blast Furnaces
Using MuonRadiography: The BLEMAB Project, Journal of 
Advanced Instrumentation in Science, vol. 2022, May 2022.
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• G.Baccani et al., The MIMA project. Design, construction and 
performances of a compact hodoscope for muon radiography
applications in the context of archaeology and geophysical
prospections, JINST volume 13 (2018), P11001 

Under Review:

• D.Borselli et.al., Three-dimensional muon imaging of 
cavities inside the Temperino mine (Italy), Sci. Rep. 

• T.Beni et al., Transmission-based muography for ore bodies 
prospecting: a case study from a skarn complex in Italy, 
Natural Resources Research, Springer

Report of the PhD project activity (second year)
Educational Activities - List
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Introduzione
Raggi cosmici e muografia

PDG

Al livello del mare arrivano in 
media 70 muoni m-2s-1sr-1 in 
direzione verticale

• hanno una vita media di circa 2.2      µs
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I muoni:

sono le particelle cariche più 
abbondanti al suolo

il flusso non è isotropo ma diminuisce 
all’aumentare dell’ angolo zenitale come

e si sposta ad energie superioricos

2
✓
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1.2 Flusso di muoni a terra 5
1.1 Caratteristiche dei raggi cosmici 3

Figura 1.2: Schematizzazione della produzione di uno sciame come con-
seguenza dell’interazione di un protone altamente energetico con un nucleo
atomico nell’alta atmosfera. Nell’immagine sono mostrati vari processi che
danno luogo a sciami composti da particelle diverse, come la componente
muonica, adronica ed elettromagnetica.

I fotoni prodotti da questo decadimento possono interagire producendo una
coppia elettrone-positrone, che può generare fotoni per bremsstrahlung, che a
loro volta possono produrre un’altra coppia; questo meccanismo, che dà luo-
go ad uno sciame elettromagnetico, continua fino a che l’energia dei fotoni
non scende sotto la soglia di produzione di coppie, pari a 1.022 MeV.
In figura 1.2 è riportato un esempio di sciame prodotto dall’interazione di un
protone di alta energia con un nucleo dell’atmosfera terrestre e vengono vi-
sualizzate separatamente la componente di elettroni e fotoni, quella adronica
e quella muonica.

I pioni carichi decadono con vita media dell’ordine di 10�8 s in un muone
e un neutrino:

⇡

+ ! µ

+ + ⌫

µ

⇡

� ! µ

� + ⌫

µ

.

I muoni vengono prodotti dal decadimento dei pioni e di altri mesoni carichi
(ad esempio il K

+ decade nel 63.55% dei casi in µ

+ +⌫

µ

) nell’alta atmosfera,
in media intorno a 15 km di quota, e riescono facilmente a raggiungere la su-
perficie della Terra e perfino a penetrare al suo interno; sono i muoni, insieme
a neutrini, elettroni e fotoni, che costituiscono la componente secondaria dei
raggi cosmici.

(a)

6 CAPITOLO 1. RAGGI COSMICI E FLUSSO DI MUONI A TERRA

Figura 1.2: Flusso verticale dei raggi cosmici in atmosfera con E > 1 GeV
stimato dal flusso teorico di nucleoni [5]. I punti mostrano le misure
corrispondenti a muoni negativi con E

µ

> 1 GeV.

dell’atmosfera (tipicamente a 15 km dal livello del mare) e perdono circa
2 GeV prima di arrivare al suolo. La loro energia e distribuzione angolare
rispecchia la convoluzione dello spettro di produzione, la perdita di energia
in atmosfera e il loro decadimento. Per esempio i muoni con energia di
2.4 GeV hanno una lunghezza di decadimento di circa 15 km in accordo con
la dilatazione temporale prevista dalla teoria della relatività ristretta (che
si riduce a 8.7 km a causa delle perdite di energia). Grazie a questo feno-
meno una frazione consistente dei muoni prodotti nell’alta atmosfera riesce
a raggiungere la superficie terrestre prima di decadere, ed è così possibile
rilevarli al suolo.

L’energia media di un muone a terra è ⇡ 4 GeV. Lo spettro in energia è
sostanzialmente piatto sotto 1 GeV e aumenta gradualmente di pendenza tra
10 e 100 GeV riflettendo l’andamento dello spettro dei raggi cosmici primari
riportato in figura 1.1. Per energie maggiori di ✏

�

(energia critica dei pioni)
lo spettro diminuisce ulteriormente perché i pioni tendono ad interagire
nell’atmosfera prima di decadere [5]. Nella distribuzione dello spettro si
hanno comunque code che arrivano fino ai TeV. L’intensità integrale dei
muoni con impulso sopra 1 GeV/c al livello del mare è ⇡ 70 m�2 s�1 sr�1.

(b)

Figura 1.2: in (a) si trova lo schema delle componenti di uno sciame nel suo sviluppo in atmosfera, in (b)
l’andamento del flusso di varie particelle secondarie prodotte in uno sciame in funzione dell’altitudine [8].
Si osserva che i muoni costituiscono la maggiore componente carica al livello del mare.

loro volta in:
1) ⇡

0 ! � + � ⌧ ⇠ 10�18
s

2) ⇡

± ! µ

± + ⌫

µ

(⌫
µ

) ⌧ ⇠ 10�8
s .

Nel primo caso, se i raggi gamma hanno energia sufficiente (E � 1.022 MeV/c2) possono
produrre per via elettromagnetica una coppia elettrone e

� positrone e

+ che a sua volta
per bremsstrahlung1 può produrre fotoni. Il processo continua a cascata finché c’è ener-
gia sufficiente dando vita ad uno sciame elettromagnetico che nei casi particolarmente
energetici arriva sino a terra.

Nel secondo caso vengono prodotti i muoni, particelle con massa m

µ

= 106MeV/c e
vita media ⌧ ⇠ 2.2µs. I muoni sono a loro volta particelle instabili e possono decadere
in:

µ

� ! e + ⌫

e

+ ⌫

µ

µ

+ ! e

+ + ⌫

e

+ ⌫

µ

1Il bremmstrahlung è il processo per il quale una particella carica emette fotoni quando accelera o decelera ad opera di un campo
elettromagnetico esterno generato, ad esempio, da un altro nucleo.

-

• hanno una massa di circa 
105 MeV/c2 (circa 200 me)

Particelle altamente penetranti 

muoni con energie del TeV
possono attraversare km di 
roccia
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