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Report of the PhD project ac/vity (first year)
The aim of the project

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

Measurement site: Palazzone NecropolisMuon radiography is an imaging technique that allows to
create two-dimensional or three-dimensional images of the
internal density of the object under study (target) through
measurements of cosmic muons absorption. The detectors used
are charged particle trackers.

Tracker

pyramid

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

ü Non-invasive 
technique

ü Possibility of installing
the detectors in small 
and difficult to access
places Volumni’s tomb

Etruscan necropolis
III sec. a.C.- I sec .d.C.

The necropolis consists of nearly two hundred
chamber tombs, the largest and best known is
the Hypogeum of the Volumni

MIMA Tracker (INFN-FI)

tombs

2

(50 x 50 x 50) cm3
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tracker

1. Target measure

target Taget di 
densità
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2. Freesky measure 3. Simulation in the case of 
absence of anomalies
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Muon radiography: Target imaging methodology

2D target density map, three steps are required:

-./01(), +) =
34_6789:6
34_;8::0<=

>
?;8::0<=
?6789:6

34@ABCD@(), +) 34EBDDFGH(), +)

-0/.1(), +, J̅)

Varying J̅ ), + : -./01 ), + = -0/.1(), +, J̅)

For a stereoscopic vision it is possible to 
install the detectors in several points:

3D target density map

Point 1
Point 2

µ
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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 acCvity (first year)

• Triangulation technique

• Backprojec<on technique: es<mate the 
distance to the anomaly using data acquired
from a single measure (applicable only under 
some condi<ons).
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Palazzone Necropolis inspec1on and choice of the installa1on point
Report of the PhD project activity (first year)

On 25th August 2021 an inspec1on was carried out in the archaeological site to 
define the area to be studied and possible installa1on points of the detector.
Par3cipa3on of physicists, archaeologists and geologists.

Search for installation points in the area 

Main requirements related to the flux of cosmic
rays:
• the installa3on point must be lower in al3tude

than the area to be observed
• the eleva3on angles under which the area 

of interest is viewed must be as high as possible

Some possible
installation
points

Drone points cloud

ruined
tomb

1: ruined tomb
2: columbarium
3: warehouse
4,6: tombsA B

C

113

Fig. 78. Perugia, necropoli del palazzone, planimetria generale. 

P E R U G I A

An3quarium

Volumni’s tomb

ruined
tomb

some tombs warehouse

plan of the known tombsN

Antiquarium

warehouse

photo from drone

Area 

Area 

ruined
tomb

entrance Ruined
Tomb

entrance interior and 
exit

Definition of the measurement area: 
areas where there may be unknown tomb
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Report of the PhD project ac/vity (first year)
Preliminary simulation- geometry

To study the feasibility of the measures, the signal of the ruined tomb observed from the installation point of the warehouse
was sought.

Steps of the simulation
Fixed the posi6on of the detector within the geometry, the 
simula6on predicts:
1. the calcula6on of opacity !(#, %) = ∫) *, #, % + ,*

where #, % polar angles, ) *, #, % is the average density
along depth *,

2. the minimum energy that a muon must have to reach the 
detector assuming a uniform density -./0(!),

3. the integral flux of muons arriving at the detector based
on the differen6al flux model of cosmic rays to earth
obtained with data from the ADAMO magne6c
spectrometer (INFN-FI)

Φ2/.3 #, %, ) = 4
5678(9)

:

;<=<>? #, %, - ,-

4. The simulated transmission of muons

@2/.3 #, %, ) =
Φ2/.3_BCDEFB #, %, )
Φ2/.3_GDFFHIJ #, %, )

Geometry of the simulation
A fic66ous volume (12x24x4 m)  that reproduces the dimensions of the 
«ruined tomb» has been inserted.  

~24°

56m

25.5m

point detector

warehouse

Ruined tomb enter

exit

Drone point cloud

the top of the tomb is at ~24 ° of eleva6on

DEM 5x5 m

Drone point
cloud

N

*trees have been par6ally cleared from the point cloud
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Preliminary simula9on- results
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Shape of the hill
behind the area

Simulation output with point detector

Shape drone 
surface

More detailed simulation is required
by including the hills behind (new 
more detailed DEM), in order to be 
able to locate any lower tombs.

2D material thickness map-Drone point Cloud

!+,-"#$% = ./012 30456789
./012 3045:246789

§ each bin is a direction: 
(azimut[deg], elevation[deg])

§ North directionàazimut=0°
§ the detector points North

Interpretation of the maps:

It is evaluated both in the case of the absence of a 
tomb (uniform case) and in the case in which there is
the ruined tomb.

depth(m)

T T

Trel

Evaluation of depth and opacity

Opacity is calculated by taking a density of 2.7g/cm3

Evaluation of the transmission through the target

Shape drone 
surface Shape drone 

surface

Transmission with tomb is greater
than ~25%.

Shape drone 
surface
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Report of the PhD project ac>vity (first year)
Preliminary simulation- results
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Elevation detector 45°
Azimut detector 30°

!$&' =
!"#$%&"

!)*+,_.*"/0,"_"0+1

Simula>ons scaled with a real freesky measure
to evaluate Transmission with statistical errors

Input:
• !)*+, with tomb and witout tomb
• Two freesky sets, 2#345,7~14days

!"#$%&" =
9:;<=>:
9?<>>@ABC

=
D:;<=>:_@EFG

H?<>>@ABI
:;JKI

H?<>>@ABC
:;JKC

With tomb
Without tomb

Errors:
LM"#$%&" =

D:;<=>:_@EFG
";JKI

NO$&&)PQ5 , but,  

LM"#$%&"< N"#$%&" / 2#345 = !"#$%&"_)*+,_NO$&&)PQ5 / 2#345

an uncertainty Δ is added tc: (LM"#$%&")7 + Δ7 = N"#$%&" / 2#345

The histogram is filled with values distributed as a Gaussian

With tomb

Without tomb

2#34~14days

Each bin contains the counts of 
muons in a direction
(azimut[deg],elevation[deg]) Evaluation of expected Transmission after 14 days

Evaluation of Relative Transmission after 14 days

aKer 14 days the 
tomb is visible
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Report of the PhD project activity (first year)
Future PhD perspectives

Installation of the detector at
the archaeological site

Data analysis

identification of new cavities

• applica4on of 
backprojec4on technique,

• application
backprojection
technique,

• comparison with the 
real position

• installing the detector at
another location

redefinition of the area of interest

113

Fig. 78. Perugia, necropoli del palazzone, planimetria generale. 

P E R U G I A

An4quarium

Volumni’s tomb

ruined
tomb

some tombs

warehouse

N

(March 2022) in the position A

identification of ruined tomb
(reference anomaly) ✓

other areas
of interest

✗

More detailed simulations
• 1x1 m dem of the Umbria region
• drone point cloud without trees

Optimization of software for 
the 3d reconstruction of 

anomalies

three-dimensional
reconstruction using the 
triangulation technique
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Report of the PhD project activity (first year)
Ac6vi6es related to the PhD project – So;ware Development

Optimization of  three-dimensional reconstruction software for anomalies
Applica5on to data acquired in 2019 at the Temperino mine (Tuscany), from a single point of view (data are acquired with MIMA)
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Installa5on tunnel

anomaly

using backprojec6on technique
(image focusing technique)

a cavity: an anomaly that has a 

density lower than that expected

on the basis of the rock and 

ground conformation of 

installation site ! < 2.4 g/cm3
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3D reconstruction
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Report of the PhD project ac/vity (first year)

Activities related to the phd project - Hardware

Assembly of a new tracker

• I became familiar with the MIMA muon tracker acquisition
system, and with "low level" data analysis

MIMA tracker
(Muon Imaging for Mining and Archaeolog)

X axis
Y axis

X plane
Y plane

MIMONE consisting of 3 modules XY of 32 bars (2x4x60 cm) of 
triangular scintillator for each plane. 

SiPM

Flat cables

electronic
boards
(being
tested)

MIMA in 
assembling

modulo X-Y

Figure 6: (Left) The WLS approach chosen by, for example, MU-RAY [81]. (Right) Large SiPM approach used
by MIMA [82].

As a third example, Fig.5 (bottom) shows a configuration of bars with a right-angled triangular section.
This solution, first adopted at the Fermi National Accelerator Laboratory (USA), has been used for the MU-
RAY [81], MURAVES [37] and MIMA [82] muography detectors. In this case, incident particles always cross
two adjacent bars and the reconstruction of the particle impact coordinate takes advantage of the di↵erent
amplitudes of signals produced in the two bars, roughly proportional to the track length in each scintillator.
A simple Centre of Gravity (CoG) algorithm readily achieves a significant increase in resolution, better than
that obtained with the second configuration layout (using the same number of readout channels), and with a
Gaussian residual distribution. Unfortunately, the layout also a↵ects significantly the weight and therefore the
portability of the detector: for a given surface and number of readout channels, the second and third layouts
weigh respectively 1.5 and 2 times more than the first.

Two detection planes are required for a tracking module with X and Y information. Multiple modules,
placed parallel to each other, define a full three dimensional particle tracker. If at least N � 2 tracking planes
can be used, the resulting configuration not only mitigates possible backgrounds from spurious coincidence (see
Sec. 6.1) but also has the capability of monitoring each plane detection e�ciency.

Whatever the geometry, the scintillation photons emitted along the particle trajectory can be collected either
through a light guide or through a wavelength shifter fibre (WLS) often encapsulated in the scintillator bar
itself [81], or with SiPMs (or PMs) directly coupled to the scintillator bars. The WLS solution allows the use
of very small (1 mm2) SiPMs, thus lowering the costs of the FE electronics. On the other hand, large area
(9� 16 mm2) SiPMs are now readily available at a price only a factor 5� 10 times more than the smaller ones.
Using these large area photo-sensors coupled directly to the scintillator (e.g. Ref. [82] with triangular section
bars) increases the number of collected photons, with a corresponding increase in the signal to noise ratio and
in the achievable spatial resolution. In addition, there is no need to machine the scintillator bars for the WLS
inclusion. The design choices for two muography telescopes are illustrated in Fig. 6.

A drawback of SiPMs is a marked temperature dependence of the breakdown voltage (typically 20 �
30mV/�C), which consequently a↵ects gain, dark count rate and reverse current. Temperature conditions must
be accurately and continuously monitored and the operating voltage changed accordingly. MURAVES [32] has
implemented a thermo-electric (Peltier) cooling/heating module with an active controller capable of maintaining
a constant temperature on the SiPMs, even in the presence of ±10�C external variations. The power budget
increase is of the order of 10 Watts for a 1 m2 detection layer equipped with 64 SiPMs and two cooling/heating
modules. A greater temperature compensation range (up to ±20�C) can be obtained, simply increasing the
power budget.

Plastic scintillators can also be shaped as thin fibres with square or circular section with typical transverse size
of 1 mm2 [100], greatly improving the spatial resolution at the cost of a much larger number of readout channels.
Scintillating fibre planes are used in SM [91], coupled to multi-anode photo-multipliers (MAPMT) capable of
reading out whole bundle of fibres with the necessary amplification. Such a system has been developed and
commercialised for nuclear waste management by Lynkeos Technology for use at the Sellafield storage site [91].

A particularly interesting development, that it is currently pursued by various groups, is the production of
a fully functional independent muographic borehole detector system (e.g. [101, 58]). New design configurations
have been developed to maximize the angular acceptance of the detection systems [102], a must given the
small radius of these detectors. In fact, borehole detectors have to meet stringent requirements in terms of
compactness, ruggedness, impermeability, and performance in di↵erent environmental conditions. Ancillary
equipment must also include some way of determining the detector orientation once inside the borehole. These
detectors, although still in the development phase, could open up new application opportunities in mining and
geotechnical surveys.

12

40 cm

triangular secTon (2x4 cm) 
scinTllator

SiPM (Silicon
Photomultiplier) 

• spa/al resolu/on 1.5mm
• angular resolu/on 0.3 °;
• cube (50 x 50 x 50) cm3;

Single module:
22 scintillators bar

MIMA
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Report of the PhD project activity (first year)
Educa8onal Ac8vi8es - List

Courses and exams taken Seminars followed

I semester:

• Introduc8on to Effec8ve Field Theory (EFT I), Prof. BuFazzo
• Effec8ve Gauge Theory in Spintronics (EFT II), Prof Tatara – Exam
• Effec8ve Field Theory studies at LHC (EFT III), Prof. Govoni
• Probability and uncertain8es of measurement, Prof. D’Agos8ni –Exam
• Nanosystems and advanced material I, Prof. Postorino
• Nanosystem and advanced material II, Prof.ssa Pedio – Exam
• Nanosystem and advanced material III, Prof. GarlaU/Chiesa

II semester:

• Teaching and Learning Physics at University, Prof. Organtini – Exam
• Introduction to Atmospheric Physics, Climate and Copernicus Data 

Store, Prof.ssa Cerlini –Exam
• Multimessanger Astrophysics, Prof. Padovani/Punturo/Greco 
• Physics at LHC, Prof. Gallinaro - Exam

• PerAPS2021- A fast pre-clinical PET insert, Prof. Gunther Dissertori
• PerAPS2021 – A new force to understand the origin of par8cle

masses: searching for clues on how to go beyond the Standard 
Model, Prof. Gino Isidori

• PerAPS2021 - Neutrons for Magne8sm in Spin Chain Materials, 
Prof.ssa Béatrice Grenier

• PerAPS2021 -The black hole guide to the quantum theories of 
gravity, Prof. Roberto Emparan

• Le acque della Luna: immaginazione, realtà e scienza (webinar)
• Upgrade of the CMS tracker for LHC at CERN, Prof. Duccio Abbaneo
• INFN- A new paradigm for muon collider based on electron-photon

collisions, Dr. Luca Serafini
• PHP2021: Misura di raggi cosmici nello spazio: progeU, prospeUve 

future e aUvità in corso, Dr. MaFeo Duran8
• PHP2021: Nuove prospeUve per l’astrofisica gamma al TeV, Stefano 

Germani



Dile%a Borselli 25/10/21 12

Report of the PhD project ac/vity (first year)
Educational Activities - List

Other Ac/vi/es followed:

• Formazione trasversale per dottorandi Edizione dicembre 
2020 (19 ore) – UNIPG

• Laboratorio di astrofisica multimessaggera, Prof. Greco
• Workshop: First MODE Workshop on Differentiable

Programming (6-8 September 2021)

Conference participation:

• CommunicaVon at SIF NaVonal Congress 2021
Title: The BLEMAB European Project: muon
radiography as an imaging tool in the industrial field

Publications:

• G.Baccani et al., The MIMA project. Design, construc?on and 
performances of a compact hodoscope for muon radiography
applica?ons in the context of archaeology and geophysical
prospec?ons, JINST volume 13 (2018), P11001 

Papers in preparation

Collabora/on mee/ngs:

• Muographic study of the Temperino mine: application of an 
innovative algorithm for identification and reconstruction of 
cavities in three dimensions

• I actively contribute to the meetings of the 
INFN FI muography group (monthly)

(topic of my master's thesis)

• Bonechi et al. Blemab European project: muon imaging
technique applied to blast fournace, (available on arXiv, 
Submi%ed to JINST 22/10/2021)
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Thanks for the attention


