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Introduction

In recent years, the application of muon radiography has gained considerable
traction across various elds due to its non-invasive and highly e ective imaging
capabilities. Originating from the study of cosmic rays, muon radiography lever-
ages naturally occurring muons generated in the upper atmosphere to penetrate
dense materials. This imaging technique has proven to be particularly advan-
tageous in contexts where conventional methods struggle due to environmental
constraints or the need for non-destructive analysis. Building on this premise, this
thesis explores and advances the implementation of muon radiography, applying
it to both industrial and geological settings.

This doctoral research focuses on two primary objectives. The rst is the de-
velopment and deployment of a scintillating bar detector system for the BLEMAB
project. BLEMAB (Blast Furnace Stack Density Estimation through Muon Ab-
sorption Measurements) represents a signi cant advancement in the use of muon
radiography for real-time monitoring of density variations in blast furnaces. The
thesis delves into the design, construction, and installation of this innovative de-
tector, specially engineered to endure the harsh conditions within an industrial
setting. Through muon absorption, the detector enables precise density mapping,
a capability that holds the potential to revolutionize blast furnace management by
o0 ering insights into internal processes that were previously di cult to observe.

The second objective centers on applying Al-based diagnostic systems to muon
radiography applications for monitoring of geological structures. By focusing on
tailing dams and underground mining environments, this thesis demonstrates that
the use o machine learning techniques, combined with muon radiography, can lead
to promising results in high-density environments where traditional methods may
fall short. Through the detection of water in Itration in tailing dams and the seg-
mentation of underground cavities in mining applications, this research employs
muon transmission data coupled with advanced machine learning algorithms, such
as Random Forest and UNet, to enhance imaging accuracy and segmentation.
Given the need for a large amount of data to train the aforementioned models
and the limited availability of databases with muographic measurements, a funda-
mental part of this thesis was the development of software capable of replicating
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a muographic measurement in a short time. The work addresses critical issues
of structural integrity and environmental safety, o ering a framework for early
detection of potential hazards.

In both industrial and geological settings, the thesis aims to contribute with
innovative methodologies and practical solutions, expanding the scope of muon
imaging and establishing it as a critical tool for structural and environmental
monitoring.

This thesis work is organized as following. Chapter 1 introduces the prin-
ciples of cosmic rays and muon interactions with matter, providing the founda-
tional knowledge for understanding muon radiography. Chapter 2 discusses the
BLEMAB project, outlining the design and capabilities of the scintillating bar
detectors developed for blast furnace monitoring. Chapter 3 and 4 addresses the
challenges of muon radiography in geological structures, illustrating the novel use
of Al and machine learning for water in ltration detection and cavity mapping in
mines. Lastly, Chapter 5 summarizes the contributions of this research, presents
conclusions, and suggests directions for future exploration in the eld of muon
radiography.



Chapter 1

Cosmic rays and the muon
radiography tecnigue

Primary Cosmic rays consist of highly energetic elementary particles and nuclei,
which show a sharply declining power spectrum ranging from a few MeV to 0
eV per particle. Direct measurements of primary cosmic rays can be conducted
using space or balloon experiments at energy levels where the ux is signi cant,
as show in Figure 1.1. The interactions of primary cosmic rays within the atmo-
sphere generate a ux of secondary elementary particles (secondary cosmic rays),
detectable in the atmosphere, on the Earth's surface and underground. Hereafter
we will detail the two types and see how the latter can be used in practical ap-
plications, like muon radiography. This technique uses secondary cosmic rays, in
particular the muons generated by the interactions of primary cosmic rays with
the nuclei of the atmosphere, as an imaging tool.

1.1 Cosmic rays

Cosmic rays are a stream of highly energetic particles originating from outer
space that constantly bombard the Earth. These particles are primarily composed
of protons, but also include heavier atomic nuclei and a small fraction of electrons
and positrons. The study of cosmic rays is crucial for understanding a wide range
of astrophysical phenomena, from the processes occurring in distant galaxies to
the fundamental mechanisms of particle interactions [2].

The discovery of cosmic rays dates back to the early 20th century. In 1912, the
Austrian physicist Victor Hess conducted a series of balloon ights to measure
ionizing radiation levels in the atmosphere. He found that the radiation intensity
increased with altitude, leading to the conclusion that a signi cant portion of
this radiation originated from outer space. Indeed, as explained, primary cosmic
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6 COSMIC RAYS AND THE MUON RADIOGRAPHY TECNIQUE

Figure 1.1: Primary cosmic ray spectrum as a function of the energy. The blue
dashed line represents the cosmic rays ux using the scale units shown on the left
vertical axis. Below energies 10 eV primary cosmic rays are measured directly
with detectors placed in satellites and balloons. At higher energies indirect mea-
surements done by ground-based arrays of detectors are used. The right vertical
axis shows the atmosphere layers, their heights and the corresponding air pressure

[1].

rays originate outside the Earth's atmosphere, while secondary cosmic rays are
produced by interactions of primary cosmic rays with the Earth's atmosphere.

1.1.1 Primary spectra

Primary cosmic rays, are composed of approximately 98% nucleons, in the form
of protons, helium and other nuclei, stripped of all their orbital electrons. The re-
maining 2% is composed of leptons. The majority of these particles originate from
star-like sources. The components of antiproton, positron and other nuclei (such
as lithium, beryllium and boron) are thought to originate from the interaction of
the primary cosmic ray particle with interstellar gas. A small fraction of antipro-
ton and positron may be primary, although this is a topic of current interest [2].

A small component of this primary cosmic rays is generated by the sun, but most
of these cosmic rays comes from the solar system. Incoming charged patrticles are
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in uenced by the solar wind, which decelerates and partially blocks lower energy
galactic cosmic rays from entering the inner solar system [2]. There is a notable
anticorrelation between solar activity, which follows an alternating eleven-year cy-
cle, and the intensity of cosmic rays with rigidities below approximately 10 GV
[2]. Additionally, the geomagnetic eld impacts lower-energy cosmic rays, as they
must penetrate this eld to reach the top of the atmosphere. Consequently, the
intensity of any component of cosmic radiation in the GeV range varies depending
on both location and time.

The spectra of the components of the cosmic radiation can be describe by parti-
cles per unit rigidity. Propagation (and probably also acceleration) through cosmic
magnetic elds depends on gyroradius or magnetic rigidity, R, which is the gyro-
radius . multiplied by the magnetic eld strength B:

R=-—=r.B: 11

o= h (1.1
Figure 1.2 shows the major nuclear components for kinetic energies greater than
0.22 GeV/nucleus.

1.1.2 Cosmic rays in the atmosphere

When primary cosmic rays enter the Earth's atmosphere they interact with
atoms and molecules, especially oxygen and nitrogen, trough strong interaction
and electromagnetic processes (like pair production). The collision produces a cas-
cade of lighter particles (secondary cosmic rays) including X-rays and neutrons,
mesons (such as pions and kaons), electrons and muons. If su ciently energetic,
hadrons will themselves initiate new hadronic interactions building up a hadron
cascade, which for energetic events constitutes the core of a shower. However,
unstable particles such as pions, kaons and other particles are subject to decay.
Dueto avery shortlife ( o 8:4 10 7 s) neutral pions ( °) decay almost instantly
in to a pair of photons. The latter can produce electron-positron pairs which sub-
sequently undergo bremsstrahlung. Eventually, these repetitive processes build up
an electromagnetic shower in the atmosphere.

Charged pions () have a mean life at rest of about 2:6 10 ® s and decay
via the processes:

into muons and neutrinos.
The charged kaonsK ) are strange mesons and have a mean life of about 12 ns.
They also mostly decay (with a branching ratio of 64%) as:
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Figure 1.2: The energy spectrum of cosmic rays, spanning from 100 MeV td 10
GeV, is presented in the form of a graph, with the x-axis representing the kinetic
energy per nucleus in GeV and the y-axis representing the ux of nuclei of a given
energy per nucleus. [2]. The inset shows the H/He ratio as a function of rigidity.

K*1 *+

K I + -

Other short lived particles have decay processes that lead to the formation of
pions which in turn decay as described above.

Figure 1.3 shows the vertical uxes of the major cosmic-ray components in the
atmosphere. As we can see from this image, muons are the most abundant particle
at ground level.
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Figure 1.3: Vertical uxes of cosmic rays in the atmosphere with £1GeV esti-
mated from the nucleon ux [2]. The points show measurements of negative muons
with E >1GeV.

1.1.3 Muon ux to the ground

The muon belongs to the lepton family and has a mass of 106 Me¥/(about
200 times that of the electron). It is an unstable particle and has a mean life of
about 2.2 s, the second longest among unstable particles after the neutron. Being
the lightest charged particle after the electron, the muon can almost exclusively
decay according to the process:

! e + _e + 1
and its positive antiparticle decays according to
+ | e+ +

e+_!
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Figure 1.4: The spectrum of muons at sea level for= 75 is indicated by the
empty diamonds while the other markers refer to the muon spectrum for = 0.

The average energy of muons increases as the zenith angle of origin increases. The
y-axis is multiplied by p*’ to compress the spectra [2].

Muons are produced at a height of about 10-15 km in the atmosphere and lose
about 2 GeV of energy through ionization before reaching the ground. Their energy
and angular distribution at the ground re ects a convolution of the production
spectrum, energy loss in the atmosphere, and decay. The energy spectrum is
almost at below 1 GeV, gradually steepening to re ect the primary spectrum in
the 10-100 GeV range. The integral intensity of vertical muons above 1 GeV/c
at sea level is approximately 70n 2s *sr ! [2]. The overall angular distribution
of muons at ground as a function of zenith angle is proportional cog , which is
characteristic of muons with E 3 GeV. At lower energy, the angular distribution
becomes increasingly steep, while at higher energy, it attens, approaching a sec
distribution.

Figure 1.4 shows the muon energy spectrum at sea level for two angles. At
large angles, low-energy muons decay before reaching the surface and high-energy
pions decay before they interact, thus the average muon energy increases. An
approximate extrapolation formula, which is valid when muon decay is negligible
(E > 100/cos GeV) and the curvature of the Earth can be neglected & 70),
is given by [2]:

, (
dN 0:14E 27 1 0.054
dE d sz s sr GeV 1+ 1:1 E cos + 1+ 1:1 E cos (1'2)
115 GeV 850 GeV

where the two components represent the contributions from pions and charged
kaons. Equation 1.2 disregards a minor contribution from charm and heavier a-



1.1 COSMIC RAYS 11

Figure 1.5: Muon charge ratio as a function of the muon momentum [4].

vors, which becomes signi cant only at extremely high energies [2]. The muon
charge ratio re ects the prevalence of * over andK* overK in the forward
fragmentation region of interactions initiated by protons, The higher abundance
of protons, both free and bound within nuclei, compared to neutrons in the pri-
mary beam [cf. [3]] has signi cant implications. This imbalance in uences the
dynamics of nuclear reactions and the production of secondary particles, as the
interaction properties of protons can di er substantially from those of neutrons.
Such di erences are particularly relevant in applications like modeling cosmic-ray
bombardment e ects or in radiation analyses, where the predominance of protons
can largely determine the overall behavior of the system under study. Figure 1.5
illustrates the muon charge ratio as a function of momentum for several experi-
ments. It can be observed that the ratio is consistently greater than one, indicating
a prevalence of positive muons relative to negative muons. This nding is consis-
tent with the observation that the majority of primary cosmic rays are protons.

1.1.4 Muon ux underground

Only muons and neutrinos can penetrate signi cant depths underground. Muons
dissipate their energy through ionization and radiative processes. These aspects
will be further discussed in subsequent sections. The total energy loss of muons
can be expressed as a function of the material traversed:
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)

E R a bbrems bpair bnucl b
[GeV] [km.w.e.] [MeV g ! cm?] { 10 & g! cm? [

10 0.05 2.17 0.70  0.70 050 1.90
100 0.41 2.44 1.10 153 041 3.04
1000 2.45 2.68 144 207 041 3.92
10000 6.09 2.93 162 227 046 4.35

Table 1.1: Average muon range R and energy loss parameters calculated for stan-
dard rock. Range is given in km-water-equivalent, or 0y cm 2 [2].

dE
—— = a(E)+ b(E)E; (2.3)
dx
where E is the total energy, a(E) is the electronic stopping power (ionization
loss), andb(E) is due to radiative processesbremsstrahlung pair production, and
photonuclear interaction:

b borems + bpair + bnucl:

This will be clari ed in more detail in the next sections. The quantity a=b
(approximately 500 GeV in standard rock) de nes a critical energy below which
continuous ionization loss becomes more signi cant than radiative losses.

Table 1.1 shows a and b values for standard rock as a function of muon energy.
The second column of the table shows the muon range in standard rock (A = 22,
Z =11, =2.65gcm 3). These parameters are highly sensitive to the chemical
composition of the rock, which needs evaluation for each location. This aspect is
crucial to consider during a muographic study. When conducting simulations for
the targeted area, an average density representing the entire region is typically se-
lected. Since part of this project involves developing a neural network for anomaly
detection within mines, choosing the correct density becomes fundamental for suc-
cessful training. The underground muon intensity can be estimated based on the
muon intensity in the atmosphere and their rate of energy loss.

Figure 1.6 depicts the vertical muon intensity versus rock depth. The at
section of the curve arises from muons locally produced by charged-current inter-
actions of . The inset shows the vertical intensity curve for water and ice. It
is not as steep as the one for rock because of the lower muon energy loss in wa-
ter [2]. Therefore, Figure 1.6 provides insights into the feasibility of underground
muographic measurements. For example, we can consider the reference detector
of the Muon Radiography Group of Florence, MIMA (which will be discussed in
detail in the following chapter), shaped like a cube measuring 50 x 50 x 50 tm
Aiming to conduct muon radiography at the national laboratories of Gran Sasso
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Figure 1.6: Vertical muon intensity vs depth (1 km.w.e.= 18 g cm 2 of standard
rock). The points come from some experiments [2]. The shaded area at large
depths represents neutrino-induced muons of energy above 2 GeV. The upper
line is for horizontal neutrino-induced muons, the lower one for vertically upward
muons. Darker shading shows the muon ux measured by the SuperKamiokande
experiment.

(located under 1400 m of rock) using this detector, we would observe a muon only
every 3 months. This makes such measurements practically impossible.

1.2 Physical processes used in muon radiography

After the discussion of the origin of the muons used in muon radiography and
their ux on and beneath the ground, we will now discuss how these particles
interact with matter. In fact, a fundamental part of a muographic measurement
involves simulations of the environment to be investigated. Therefore, it is essen-
tial to understand how muons, depending on their energy, interact with matter, in
order to have highly accurate simulation models.

Muons lose energy through scattering with the nuclei of the material they pass
through. This energy loss is described by the quantity callestopping power Due
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to their high mass, muons undergo relatively low energy loss per unit distance
traveled compared to electrons. This allows muons to penetrate large thicknesses
of material, making them particularly useful in applications such as muon ra-
diography. Another e ect of muon interaction with matter is multiple Coulomb
scattering, which describes the de ection of the muon's trajectory as it passes
through a material.

Based on these two types of interactions, two muon imaging techniques can be
de ned: muon transmission radiography (also known as muon absorption radiog-
raphy) and muon scattering tomography (often referred to as muon tomography).
The rst technique exploits the variation in muon ux depending on the type and
density of the material traversed, while the second relies on the de ection of muon
trajectories due to multiple Coulomb scattering within the material. In the muon
radiography group of Florence, the muon transmission radiography technique is
employed.

1.2.1 Muon interaction with matter

The mean stopping power for high-energy muons in a material can be described
by formula 1.3.

The quantity called critical energy E ) is de ned as the energy at which
radiative and ionization losses are equal, and can be found by solvikg. =
a(E.)=HE.). Below E. ionization losses dominate, and abov& . radiative
e ects dominate. The dependence dE . on atomic numberZ is shown in Figure
1.7. The critical energy is higher for gases than for solids or liquids of the same
atomic number due to a reduction in the density e ect and the associated reduction
in ionization losses.

In muon radiography most of the muons that interact with the environments
that we want to investigate, have an energy below oE ., for this reason the
dominant contribution of the Eq. 1.3 isa(E).

Figure 1.8 shows the stopping power, de ned as the energy loss per unit of
crossed opacity, for a positive muon in copper. Tha parameter of equation 1.3
is given by the Bethe-Bloch formula [2]:

d_E
dx

1 2meC2 2 ZWmax 2 )
5 In = 50 14

Z1

wherel is the mean excitation energyWnmax is the maximum possible energy
transfer to an electron in a single collision given by

2m.@ 2 2

Whax = ;
M 142 m =M +(me=M)?2
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Figure 1.7: Muon critical energy for di erent chemical elements, de ned as the
energy at which radiative and ionization energy loss rates are equal. The ts
shown are for solids and liquids (solid line) and gases (dashed line). [2].

Figure 1.8: Stopping power of a positive muon in copper as a function of its
momentum. Solid curve indicate the total stopping power. The vertical bands
delimit the regions where di erent approximations have been used [2].
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N is the Avogadro number,r, is the classical electron radiusme is the mass of
the electron,z, ¢ andM are the charge, velocity and the mass of incident particle,
Z and A are the atomic number and mass number of the absorbed ands the
correction factor for the density e ect. The stopping power function are charac-
terized by a rather large minimum zone whose position ranges from = 3.0 to
3.5 for Z ranging from 7 to 100. Most relativistic cosmic ray particles have stop-
ping power close to the minimum. The continuous-slowing-down-approximation
(CSDA) range X (E), of a muon with initial energy E,, is given by the inverse of
equation 1.3 -

E
X(E) = [a(E9) + (E9YETY ldE® (1.5)
Eo
Another process that is important to muon radiography is scattering in the
matter. A charged particle passing through some material is de ected by many
small-angle scattering. For a muon, most of this de ection is due to Coulomb scat-
tering from nuclei, and hence the e ect is called multiple Coulomb scattering. For
many small-angle scatters, the net scattering and displacement distributions are
Gaussian by the central limit theorem. De ning ¢ as the characteristic scattering
angle, we have
1

0= [E)rlrz:\?le = p_é gr;?asce; (1-6)

where 0. represents the root-mean-square (rms) scattering angle when the de-
ection is projected onto a given plane, and 5. is the rms scattering angle
considering the full three-dimensional (space) distribution. In other words, while
<pace describes the overall angular deviation in 3D,ji%. corresponds to the com-
ponent of this deviation observable in a two-dimensional projection, as illustrated
in Figure 1.9. This relation arises from the assumption of isotropic scattering in
the transverse directions.
It is su cient for many applications to use a Gaussian approximation for the

central 98% of the projected angular distribution, with an rms width given by

Lynch and Dahl [2]:

r
136 MeV X xz2

= — - — 1+0:038 In
cp z Xo Xo 2

0 2.7)

Where p are the momentum of the incident particle, andk=Xg is the thickness
of the scattering medium in radiation lengths. As we can see the scattering angle
depends on the material and the momentum of the incoming patrticle.

In the following subsections the two main techniques used in muography will
be explained.
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Figure 1.9: Schematic representation of the quantities used to describe multiple

Coulomb scattering. The diagram de nes the projected (planar) scattering angle,
olane» and the space scattering angle gis.., highlighting the relation o= 2, =

pl—i s o Where ¢ is the characteristic scattering angle. The gure also illustrates

space!

the path of the incoming particle and the geometric components associated with
the cumulative small-angle deviations due to scattering [2].

1.2.2 Scattering technique

Muon scattering technique uses two detectors, placed upstream and down-
stream of the object to be investigated. Scattering exploits the de ection of muons
in matter due to multiple coulomb scattering (MCS). The scattering angle distribu-
tion (Eq. 1.7) of a muon of momentum p projected in a plane can be approximated
by a Gaussian with mean 0 and width:

_ 136 MeV r L
where X is the radiation length (which depends on the atomic numbez of
the material) and L is the thickness of the material crossed by the particle. Mea-
suring the deviation angles allows for the reconstruction of information about the

radiation length of an unknown material. The de ection of muons is particularly
relevant for low-momentum muons. In fact, muons with greater momentum will
result in a smaller r.m.s. Therefore, identifying the minimum momentum plays a
fundamental role. It must be noted that the momentum of an individual particle is
in general unknown, but it can be substituted by a xed value computed from the
average valuenl=p’i of the 1=p? distribution. The simplest reconstruction method

is based on the single scattering approximation (SSA), which assumes that the
scattering of any individual muon is concentrated in a single point. This point co-
incides with the point of closest approach (POCA) of the straight lines (in space)
measured by the two detectors. A map of the material linear scattering density

(1.8)
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(LSD) can be obtained by assigning to the POCA reconstructed for th€" muon a
weight proportional to 2, where ; is the measured projected scattering angle.
The method is computationally very fast and works well for cases where an object
has a much higher LSD than the rest of the volume. However, it tends to fail
in the presence of multiple scattering centers. To improve spatial resolution and
provide a more accurate density reconstruction, advanced statistical techniques
such as the Maximum Likelihood Expectation Maximisation (MLEM) algorithm
can be used. MLEM iteratively re nes the estimation of the target's density dis-
tribution by maximizing the likelihood function of the measured scattering angles.
This method is particularly e ective in handling complex geometries and multiple
scattering sources, as it enhances the separation of di erent materials within the
scanned volume [5]. Scatter tomography allows the direct reconstruction of the
target's density and atomic number by measuring the de ection of muons passing
through it. Examples of this technique can be found in [6] and [7].

1.2.3 Transmission technique

To gain insight into the fundamental principles of muography, we may consider
the schematic representation illustrated in Figure 1.10. By placing a detector below
an environment to be investigated and plotting the number of muons observed as
a function of position on a histogram, it becomes evident that a greater number of
these will be detected in the presence of a cavity than in the presence of a dense
body. This is due to the fact that, as previously described, a portion of the muons
stops inside the dense body and decays. The remaining muons are de ected, and
only the most energetic components reach the detector.

Muon transmission radiography uses only one detector placed downstream of
the object to be investigated (i.e. mines or pyramids), comparing the ux of
muons in clear sky (or in jargon called free-sky measurement) con guration with
the ux of muons coming from the object of the study. This technique is based
on the energy loss (and the eventual decay) of the muons when they interact with
matter. The relationship between muon momentum and average crossed opacity
can be found in Ref. [8] and, it will be discussed in detail in the next section.

We refer to the reference system shown in Figure 1.11, for all future discussions
and the presentation of the results, where the anglerepresents the zenith angle,
the angle' represents the azimuth angle, an@ represents the elevation, that is,
the complementary of the zenith angle.

Fixed a certain angular direction (;' ) and a certain opacity X (;' ) =
L

o (;") di), the expected value of the ux transmitted through the target
can be estimated as the integral fronpy,, to in nity of the di erential ux in that
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Figure 1.10: The following schematic example illustrates the principle of muon
radiography. The histogram illustrates the relationship between the Number of
muons detected by a detector positioned in the environment under investigation
and their location.

direction [9]: Z
1

transmitted — d( ;' p )dp: (1.9)
Pmin

The methodology employed to generate a two-dimensional image of the inner
structure of the target consists of three steps. The rst step involves observing
the number of counts in the presence of the targetNiarge: ( ;' )). The number of
muons in each direction depends on the structure of the target, the direction of
observation, and the detector's e ciency. The e ect of the latter can be reduced
by performing the second step, which is the counting measurement of the free-sky
(Nfree sky(;" ). This measurement involves detecting the counts in the free-
sky with the same detector orientation as the target measurement. In fact, since
the measurements are conducted with the same detector when we take the ratio
between the two counts, the common terms relating to the e ciency of the detector
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Figure 1.11: A cartoon like example of sistems of reference used in muography.
The angle is the Zenith angle, the anglé is the azimuth angle, ande is the
elevation angle.

cancel out. Therefore, we obtain the measured transmission:

target  _ Narget (5" ) tfree sky . (1.10)

T a(3' )= - '
measured » free sky Nfree sky( ) Larget

where iaget aNd  fee sky are the muon ux in the presence of the target and the
free sky. Since the detector for the two measurements is the same and therefore
the e ciency is the same, the formula can be written as a ratio of counts weighted
by the acquisition time. tuger @and tree sky are the acquisition times in the
target con guration and free-sky con guration, respectively. The times are taken
into account as weighting factors. Indeed, a free sky measurement is typically
conducted for less time than a measurement in the presence of the object under
investigation.

The third step involves comparing the measured transmission with an expected
transmission. The expected transmission can be obtained from simulations dis-
posing of an accurate model that reproduces the di erential ux of cosmic rays
on the Earth's surface and the known geometry of the target [3]. By varying the
density of the target in the simulation, a certain number of simulated transmis-
sionsTeypeced( ;'; ) @re obtained. Then, the relative transmission is obtained by
taking the ratio of the measured transmission to the simulated transmission:

Tmeasured( ; I )
= X 1.11
) Texpected( ; '; ) ( )

« la
Trelative ( ')
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Since the transmission is inversely proportional to the density, when the latter
is greater than one, it indicates the presence of a region where the density is lower
compared to the simulated density. Conversely, when the transmission is less than
one, it indicates a denser region.

By further varying the density in the simulation and matching the values of
density until the relative transmission is equal to one, a density map of the studied
area can be obtained. For more details and examples of typical plots please refer
to [10].

1.3 Fast simulation for the muon transmission
technique

A fundamental part of muon radiography is the simulation of the environment
to be investigated. This simulation is vital when training a predictive model, as
in the case of this work. In fact, what we want is to have a fast simulation (so
that we can create many images in a short time) that is as faithful as possible
to the environment we want to investigate. The simulation must contain: the
known structure of the target (geometry), a realistic model of cosmic ray ux on
the ground (generator) and a description of the interaction between muons and
matter. To reach these goals we purposley designed a C/C++ code integrating all
these parts into a single framework.

1.3.1 Simulation geometry

The simulation geometry must accurately replicate the known structure of the
target to identify any anomalies relative to this known structure. The required
accuracy of the target geometry also depends on the size of the anomalies being
searched for. In general, the precision must be higher than the dimension of the
anomalies we want to investigate. The target geometry can be generated through:

1. 3D design software (such as AutoCAD [11));

2. point cloud acquisition (Laser-Scanner, LIDAR, digital photogrammetry (drone),
GPS).

For relatively small targets such as blast furnaces, architectural structures, and
dams, the rst method is generally used since the dimensions of the various com-
ponents are known by design. For targets such as hills or mountains, a geometry
acquired using the techniques described in the second method is employed, as the
surfaces can be irregular and discontinuous, making them di cult to realistically
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reproduce with 3D design software. In some cases, it is possible to use both meth-
ods to obtain a unique and precise geometry of the known exterior and interior of
the target. We will address each part in the following paragraphs.

1.3.2 The muon ux generator

In all simulations conducted for this study, the model of the cosmic muon's
di erential ux at ground level, integrated into a Monte-Carlo generator [12] and
[13], is based on data collected using the magnetic spectrometer ADAMO [14]
[15], and data from DEIS [16]. ADAMO's data were gathered in Sesto Fiorentino,
Florence, Italy, at coordinates Lat. 4416° N, Long. 1126° W, 71 m above sea
level. We opted to utilize these data due to their proximity to our measurement
location in central Italy and their inclusion of muons with low momentum, essential
for free-sky simulations. ADAMO's magnetic spectrometer studied momentum in
the range (Q1 < p < 130) GeV/c and zenith angles (0< < 80). Azimuth
angle dependence was not examined. For zenith angles (80 < 90), DEIS
data from Tel Aviv, Israel, at Lat. 32 4°N, Long. 3446°E, 5 m above sea level,
were selected, covering a momentum range (¥Q < 104) GeV/c.

Figure 1.12 (a) shows the di erential ux ( ;p) derived from ADAMO data,
The di erential ux of particles on the ground as a function of their momentum
is shown, for di erent ranges of zenith angles. Each of these factors is scaled by
gradually decreasing powers of 10. In the last range 7€ < 80, distinguishable
contributions from low-energy electrons can be seen for momentum values below
1 GeVlc.

Thes low-energy electrons could introduce a background in muographic mea-
surements that is absent in target measurements, potentially causing systematic
errors when comparing target and free-sky measurements.

To facilitate simulations, it is necessary to establish a parameterized function
describing the di erential ux derived from these data as a function ofpand . A
suitable function for parameterizing the data is the function proposed by M.Guan
et al. [17], obtained starting from the function proposed by T.K. Gaisser [18] and
adjusted for Earth's curvature. The used function is:

n #
— =014 — 1+ _—""— *
1:1E cos 1:1E cos
dE GeV E co® 1+ *Tmeev 1+ “5s00ev
(1.12)

where a and b are the free parameters of the t that assume the following
values (after t): a=3:69 0.021 andb=1:368 0:003 and
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Figure 1.12: in (a) the ADAMO data acquired in various ranges of zenithal angles
0 < < 80 [14]. In (b) the two-dimensional t on the data of ADAMO and
DEIS [12][16] are shown.

S

cos = (cos )2+ P2+ Py(cos )Ps + Py(cos )Ps
1+ P2+ Py+ Py ’
wherePy; P,; P3; P, and Ps are de ned in [17]. Figure 1.12 (b) shows the two-
dimensional tting result as a function of (;p). The tting process focused on
momentum values exceeding 1 GeV/c to reduce contributions from low-momentum
electrons. Once parameterized in this manner, the integrated muon ux, in the
" direction can be derived for any speci ed minimum momentunp:*
Z,
(= (p)dp (1.13)
p

The ADAMO data can be tted using the relation 1.12, incorporating a term to
account for the electron contribution (p) = p ¢, where . represents the spectral
index of electrons.

1.3.3 Range-based simulation

As mentioned above, it is essential to develop high-speed simulation software
because training a neural network to detect anomalies requires generating a sig-
ni cant volume of images (approximately 20k), and using simulation tools such as
Geant4 [19] would require an impractical amount of time to generate these images
within a reasonable time frame for the size of the object under study, thereby mak-
ing the process infeasible. This method allows for the development of a constant-
density simulation of the Temperino Mine in about ten minutes, whereas using
software like Geant4 would take several days, if not an entire week, to generate a
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simulation. In Chapter 4, we will present a technique we developed to obtain ex-
pected transmission maps with variable density. This allowed us to generate more
than 20,000 di erent images in just three days. Consequently, within the Florence
muography team a faster simulation software has been devised to optimize simu-
lation time for certain applications. Leveraging the range-momentum conversion
tables available in [20], a simulation can be constructed based on muon energy
loss in materials. These tables rely on the CSDA hypothesis outlined in section
1.2.1. This type of simulation excludes the multiple scattering e ect, making it
less realistic compared to Geant4 simulations. To illustrate the process, consider
the example of a standard rock in Figure 1.13 (a), where we observe the variation
in muon range in a material with opacity de ne as: X = [, as a function of
momentum p. Understanding the geometry of the target and the distance a muon
must travel through matter to reach the detectorl( ;' ), allows us to determine the
minimum momentum pni, required for a muon to traverse the known thickness of
the rock. This relationship generally varies with di erent materials, as illustrated

in Figure 1.13 (b). However, for a target composed of homogeneous material with
a given density —, the inversion of the X (p) relationship enables conversion of
the target's opacity distribution X (;' ) into a distribution of minimum momen-
tum (pmin [X(;" )]) that each muon must possess to reach the detector for every
observation direction.

The simulated transmission is computed in a similar manner to actual mea-
surements (Equation 1.10), comparing target and free-sky simulations based on
the ux parameterized using ADAMO and DEIS data.

Z 1
[ X' )]= apamo (5 p )dp (1.14)

Prmin

For determining pmin , @sSuming a homogeneous target is adequate in scenarios
like hills and mines where the material composition remains consistent. However,
in cases such as glaciers, earth dams, blast furnaces, or architectural structures,
this approximation becomes unreliable due to signi cant variations in material
density across layers. Here, evaluating the minimum momentumy,, requires
accounting for distinct material layers, achieved by converting each layer's opacity
to its equivalent water opacity X,,. For instance, if there arei layers with opacity
Xi, each is transfolgmed intoXy,, and the total minimum momentum would be
pmin (met ) = pmin ( i Xwi)-

In free-sky simulations, the minimum momentum chosen for calculating the
integral ux (equation 1.14) is 133 MeV/c, determined in [21].

It would be more correct to add in equation 1.14 the survival probability of the
muon Ps(X; p°) in the stretch of material at opacity X with initial momentum p’
and therefore consider:
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