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Abstract

More than a century after the discovery of cosmic rays, cosmic ray muons have
become a powerful tool in non-invasive imaging, with applications ranging from
ancient structures and volcanoes to nuclear casks and beyond. Their ability to pen-
etrate dense materials enables the imaging of internal structures by measuring the
muon transmission through an object, a technique better known as transmission
muography. The ScIDEP project applies this method to investigate the Pyramid of
Khafre, aiming to generate two- and three-dimensional density maps using scintilla-
tor-based detectors stationed at multiple viewpoints. A key challenge lies in the low
probability of muons traversing the detectors after passing through the pyramid,
resulting in the need for a computationally optimized simulation. Using Geant4
and EcoMug, a simulation was developed to constrain the muon generation to the
detector’s field of view, including the extrapolation of muon trajectories and ener-
gies before entering the pyramid. A custom tracking algorithm based on the Hough
transform and DBSCAN clustering was developed to reconstruct the muon trajecto-
ries from a hit collection, showing sensitivity to parameter tuning and track smear-
ing. Simulations for the free sky, the current pyramid structure, and the pyramid
with a hypothetical void enabled the creation of transmission maps, revealing the
known pyramid features and highlighting the system’s sensitivity to potential hid-
den chambers. While statistical limitations prevent definitive conclusions, results
demonstrate the value of muography for the investigation of archaeological struc-
tures. Future work involves extended simulations, dual-detector configurations for
3D reconstruction, improved modeling of the detector response, and refinement of
the tracking algorithm. The ScIDEP project illustrates the promise of muon imaging
in uncovering ancient construction techniques, through interdisciplinary and inter-
national collaboration.
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General Introduction

Cosmic rays are high-energetic particles that continuously penetrate the Earth’s atmosphere,
originating from both galactic and extragalactic sources. Their existence was first discovered in
1912 by Austrian physicist Hess, who, during a balloon flight, observed an increase in ioniza-
tion rates at higher altitudes compared to sea level. Primary cosmic rays consist predominantly
of protons, with a small portion of heavier nuclei. Upon colliding with atmospheric nuclei,
they initiate complex cascades that produce a variety of secondary particles—called secondary
cosmic rays. At sea level, muons make up approximately 63% of the secondary cosmic rays.
Due to their high velocity and the effect of time dilation predicted by special relativity, these
muons are able to reach the surface of the Earth, despite their short intrinsic lifetime. This
property, combined with their high energy, makes cosmic ray muons highly penetrative, capa-
ble of traversing dense and massive structures on Earth, rendering them ideal candidates for
an imaging technique called muography—a non-invasive technique that exploits cosmic ray
muons to investigate the internal composition of an object. As muons travel through matter,
they will lose energy through a range of interactions. The mean energy loss of a muon per
distance traveled is minimal in a certain energy range comprising the average energy of cos-
mic ray muons. As a result, the mean energy loss rate is primarily dependent on the density
of the traversed matter. Consequently, by measuring the cosmic ray muon flux traversing an
object, it is possible to acquire information about the density of this object. Various models,
ranging from approximate to highly detailed, are used to characterize this flux, and accurate
modeling is crucial for muographic applications. The imaging technique relies on either the
absorption or scattering of muons, the former known as transmission muography and the latter
as muon scattering tomography; where the focus of this thesis lies on the former. Transmission
muography is based on measurements of the opacity, defined as the integrated density along a
certain line of sight, by comparing the number of muons transmitted through a target with the
expected number in the absence of that target. This technique offers a powerful, non-invasive
way to probe the unknown, ranging from geological applications to archaeological structures.
One such application is the Pyramids of Giza in Egypt, monuments that continue to fascinate
both researchers and the public, as the construction of these pyramids is not fully understood
yet. The ScIDEP project aims to contribute to solving this puzzle by using transmission muog-
raphy to investigate the internal structure of the Pyramid of Khafre, the second-largest Pyramid
of Giza. Using scintillator-based tracking detectors placed both inside and outside the pyramid,
the trajectories of incoming muons are reconstructed from recorded hit coordinates across mul-
tiple detector planes. Through the reconstructed muon directions, a transmission map can be
generated by comparing the measured muon flux through the pyramid with that from an un-
obstructed view of the sky. Comparing this measured map with simulations based on a model
of the pyramid’s structure as known today, anomalies may be revealed that deviate from the
expected transmission, indicating the presence of hidden chambers or corridors. Such discov-
eries have the potential to offer new insights into ancient construction techniques and illustrate
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the adaptability of muography to a wide range of research fields.

Chaptercovers the production of cosmic ray muons, as well as their interaction with mat-
ter, and reviews several models of the cosmic ray muon flux. Additionally, the principle of
transmission muography is presented by introducing its core quantity—the muon transmis-
sion—and outlining the different types of muon telescopes. This chapter concludes by illustrat-
ing some archaeological applications that demonstrate the power and versatility of transmission
muography. Next, Chapter provides an overview of the Pyramid of Khafre and highlights
some pioneering efforts in applying muography to the Egyptian pyramids. It also outlines the
objectives of the ScCIDEP project, including details of the detector configuration and the general
simulation pipeline, from muon generation to image reconstruction. The optimized simulation
developed in this thesis is introduced in Chapter (3] where techniques were explored to con-
strain cosmic ray muon generation to an inverted cone comprising the detector’s field of view,
significantly improving computational efficiency. Chapter E] dives into the development of a
novel track reconstruction algorithm, based on existing line detection techniques. The perfor-
mance of this algorithm was evaluated to determine the optimal reconstruction parameters and
to study the influence of noise. Finally, in Chapter the components of the previous chapters
are integrated to reconstruct two-dimensional images of the Pyramid of Khafre. Simulations
were run for both the unobstructed sky and the pyramid model as known today. The resulting
muon tracks were reconstructed to generate a transmission map that highlights the features of
the pyramid. An additional simulation incorporating a hypothetical hidden chamber was con-
ducted to explore the detector’s sensitivity to muon excesses, indicating the presence of hidden
voids. At last, Chapter [6] summarizes the objectives and results of this thesis, and discusses
future steps for continued analysis and development.

The following list outlines the specific contributions of the author:

e In Chapter I developed the optimized simulation framework, building upon an existing
Geant4-based simulation of the ScIDEP project. This included performing subsidiary sim-
ulations to acquire data for the energy and traversed length histograms to enable muon
extrapolation to a hemisphere covering the pyramid, implementing sensitive detectors
with associated hit classes, and data recording improvements.

= In Chapter 4] | developed a custom track reconstruction algorithm. The algorithm was
based on a line detection algorithm developed by Dalitz et al., tailored to the needs of the
ScIDEP project. | evaluated its performance and analyzed the impact of smearing and
additional noise.

e In Chapter I generated the muon hit datasets for all three simulation configurations, as-
sessed the quality of the track reconstruction, produced the resulting transmission images,
and proposed a runtime-based approximation to estimate muon rates.

The generative Al tool ChatGPT was used for the installation of Geant4, and for debugging purposes
of the Geant4 simulation, the Python code, and the Latex code [1].



Chapter 1

Muon Radiography

Muography is an imaging technique based on the attenuation and scattering of cosmic ray
muons as they pass through matter. The origin of primary cosmic rays—and consequently, the
production of cosmic ray muons —is discussed in Section This section also covers models
of the cosmic ray muon ux and their interactions with matter, both of which are fundamental

to muon radiography. The technique can be divided into two categories: transmission muog-
raphy and muon scattering tomography H These methods are explained in Subsection,
where the concept of muon transmission—a key measure for transmission muography—is in-
troduced. To detect cosmic ray muons, specialized muon detectors are employed. Their types
and operating principles are detailed in Subsection Finally, within the context of this the-
sis, which focuses on imaging of the Egyptian pyramids, relevant archaeological applications
of muon radiography are presented in Subsection .

1.1 Cosmic ray muons

1.1.1 Cosmic ray muon production

Cosmic rays (CR) were rst discovered by Austrian physicist V. Hess in 1912 while noticing dur-

ing a balloon ight that the rate of ionization was almost three times higher at 5300 m than at
sea level [2]. Primary cosmic rays are highly energetic particles originating from high-energetic
sources in the Universe, ranging from the Sun to galactic and extra-galactic sources |3,|4]. Su-
pernova remnants are the most probable galactic sources, while active galactic nuclei and pul-
sars are additionally speculated to be extragalactic sources [5, 6, 7]. These primary CRs consists
mainly of protons (90%), with a smaller fraction of heavier nuclei [8]. When entering the Earth's
atmosphere, primary CRs will interact with the atmospheric nuclei via the strong force. These
high-energy collisions will cause the nuclei to break up into their constituents, which will re-
organize into hadrons through a process called hadronization. The products of these hadronic
showers are called secondary cosmic rays. The cascade of these secondary particles resulting
from the primary CR interaction with the atmosphere is called a cosmic ray air shower. A gen-
eral overview of a cosmic ray air shower is shown in Figure 1.1. Mesons are hadrons composed
of an equal number of quarks and antiquarks. The most common mesons in secondary cosmic

IMuon scattering tomography is often abbreviated as muon tomography, although this term is sometimes used
more broadly as an umbrella term. Transmission muography is also referred to as muon radiography or absorption
muography. In this text, the general term muography refers collectively to both techniques.
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rays are charged pions (p* and p ) and kaons (K* and K ). Neutral pions (p%) and kaons
(K°) are also produced in cosmic ray air showers, but these have a signi cantly smaller lifetime
compared to their charged counterparts [9]. These secondary CRs will either interact with atmo-
spheric atoms, causing more hadronic cascades, or will decay without interaction. Secondary
cosmic rays consist mainly of electrons, positrons, muons, and protons [10]. At sea level, muons
make up most of the secondary cosmic rays, with a fraction of 63% [11].

Figure 1.1: Cosmic ray air shower. Figure taken from [12].

A muon mis an elementary particle of the Standard Model, which is classi ed as a lepton
with a charge convention of 1 and spin of 1/2 [13]. The muon can be considered the heavier
“brother” of the electron: with a mass of 105.7 MeV, it is almost 208 times heavier than the
electron. It is an unstable particle with an average lifetime of 2.2 10 © s for a muon at rest.
However, since cosmic ray muons travel at high speed, it is possible to observe these muons
at sea level on Earth, as a result of Einstein's theory of special relativity. If a muon moves at a
velocity v relative to a stationary reference frame, it will perceive the passage of time t in that
reference frame as [14]:

0= e% . (1.1)
1%

Here the speed of light is denoted as c with a constant value of ¢ = 3 10®m's 1[15]. Due
to time dilation (Equation 1.1), cosmic ray muons are able to travel much larger distances com-
pared to muons at rest. Their high mass and velocity allow cosmic-ray muons to penetrate
hundreds of meters through matter without being signi cantly scattered or absorbed [10, 16].
These properties make it a highly penetrating particle capable of traversing large and dense ob-
jects along a straight-line trajectory, and therefore also the ideal probe for radiographic imaging.
Muons eventually decay into an electron, an electron antineutrino, and a muon neutrino via the
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weak interaction [8].

Cosmic ray muons—also called atmospheric muons—are produced in the decay of charged
cosmic ray pions and kaons. For a charged pion, the decay channel with the highest branching
ratio(  100%) is [10]

*

p m+npand p ! m + M, (1.2)

with a pion mean lifetime of approximately 26.03 10 2 s. Charged kaons produce muons
in a similar manner as in Equation 1.2, but here the decay channels have a smaller branching
ratio (63.5%), with a kaon mean lifetime of 12 10 ° s. Neutrinos only interact faintly with
matter, and can in general pass through large amounts of material without being observed.
When traveling through matter, muons will lose energy through electromagnetic interactions,
as will be explained more profoundly in Subsection 1.1.3. The energy loss—more precisely,
the mean energy loss per distance travelled—of charged particles in matter is described by the
Bethe-Bloch formula [17]. For atmospheric muons, the mean energy at sea level is 4 GeV near
zenith angle 0 [11]. As shown on Figure 1.2, between 100 MeV and 100 GeV, the Bethe-Bloch
formula falls to a minimum, making muons in this energy range minimum ionization particles

[3, 10]. As a result, the mean energy loss rate is nearly independent of other properties besides
the density of the traversed matter. Consequently, by measuring the cosmic ray muon ux of
muons traversing an object, it is possible to acquire information about the density of this object.

Figure 1.2: Stopping power for positive muons in copper as a function of their kinetic energy T.
Figure taken from [17].

1.1.2 Cosmic ray muon ux models

Due to the production of secondary cosmic rays, as described in the previous section, the Earth's
atmosphere can be regarded as a natural source of muons. These atmospheric muons are gen-
erated at the top of the atmosphere with different energies and inclinations. Their traveled
distance s can be calculated using their inclination qas

d

s(q) = cosq (1.3)

for a at atmosphere with a thickness d [14]. This means that muons with a larger inclination
will travel a longer distance, thus generally taking a longer time to reach the surface of the
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Earth. Due to the nite lifetime of the muon, a longer travel time corresponds to a lower sur-
vival probability; hence, for muons with a larger inclination, a lower arrival rate is expected.
Moreover, a muon that travels longer distances will have a higher survival rate if its energy is
higher. Thus, the horizontal muon ux is more energetic than the vertical one, but the vertical

ux has a higher average intensity [10]. This is illustrated in Figure 1.3, where the CR muon ux

is shown for different measurements for an inclination of q= 0 and q= 75 . As a consequence
of these two relations, the muon ux measured at Earth's surface is modeled as a function of
the inclination gand energy E of the muon.

Figure 1.3: Cosmic ray muon spectrumatq=0 (, , ,H, ,+)andq= 75 ( ). Theline
plots the result from Equation 1.8 for vertical muons. Figure taken from [5].

Typically, the rate of muons at sea level is around 70 m 2s 1 sr 1 [5]. Most muons are
generated in the atmosphere at altitudes between 26 km and 15 km above sea level with an
average muon energy of around 6 GeV, which drops to an average energy of 4 GeV at sea level
[10]. As mentioned in the previous subsection, muons are observed on Earth as a consequence
of time dilation. Suppose a muon with rest mass mg = 105.7 MeV is produced in the atmosphere
with energy E = 6 GeV, then the relativistic gamma factor is

E 6 GeV
= = = . 1.4
9= @~ 1057Mev_ 208 (1.4)

corresponding to a time dilation of
=g t =568 22nms= 125.0ns, (1.5)

where t is the mean lifetime of a muon at rest. Using the expression of gamma in terms of the
speed of the particle, it can be deduced that the muon has a speed ofv = 0,9998c. Thus, the
distance this muon will travel is s = vt?= 37 km. Taking into account energy losses caused
by interactions with the atmosphere, this decay length decreases to 25 km [10]. As a result, it is
clear that atmospheric muons can reach the Earth's surface.

The cosmic ray muon ux is usually characterized by the symbol F (g, E) and expressed in
units of cm 2s 1sr 1 Gev ![11]. For various applications in fundamental physics, as well
as in muon radiography, it is important to model this muon ux thoroughly. Different models
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have been proposed and can generally be split into three categories: empirical models, analyti-
cal models, and Monte Carlo models [18].

The most popular empirical model is the cosine-power model [5]. The angular distribution
of muons at sea level in function of the zenith angle qis proportional to cos 2 g, for muons with
an energy of E 3 GeV. The ux can thus be modeled as

F(a) = Focos’q. (1.6)

The front term F g is a scaling factor, which corresponds to the vertical muon ux, i.e. for incli-
nation q= 0 . The rst factor cos g can be explained by the probability rate declining when the
muon travels a longer distance, as seen in Equation 1.3. The second factor comes from the fact
that a muon traveling with inclination angle g sees the Earth's surface area scaled by a factor
cosq approximately [14]. This model omits the dependence of the ux on the muon energy.

At higher energies, the angular distribution will atten, while at lower energies it will become
steeper.

Analytical models are based on an empirical model and are usually derived from physical
phenomena [18]. These models take the energy dependence into account, resulting in a more
complete model of the cosmic ray muon ux. This class of models is usually obtained by tting
empirical parametric curves to the measured muon ux at sea level. The parametrization can be
motivated by physics related to the production of the CR muons or can be suggested by seeking
atight t[11]. A famous analytical ux model is the Gaisser model, proposed by physicist T. K.
Gaisser in 1990 [8]. This model has the following form:

0 1
1 B
—_— 9 G
(F (@, E)) gaisser = AGE @1+ Ecosg + 1+ LIEcosg 1.7
ESR EQR

The rst term in the parentheses takes into account the atmospheric muon ux caused by pion
decay, the second term the muon ux caused by kaon decay. The adjustable parameters are
the scale factor Ag, the power index g, and the balance factor Bc—which depends on the ratio
of muons produced by kaons with respect to pions. Parameters ESR and EZR are the critical
energies’ of pions and kaons for a vertical inclination. In theory, these parameters are physical
guantities that should be determined through quantum mechanical calculus. However, some
authors consider ESR and EQR as adjustable parameters when  tting the model to measured

data. Replacing these factors by their calculated values yields:
!

0.14 27 1 0.054
(F (9, E)) aisser = 2 TiE + TiE (1.8)
cme s sr GeV 1+ Sy 1+ 30y
The power index g = 2.7 relates the atmospheric muon ux to the energy spectrum of their

parents, the primary cosmic rays [5]. An important remark is that this model does not take the
curvature of the Earth into account, and moreover, it overestimates the ux for muon energies
below 10 GeV due to muon decay and energy loss becoming more prominent [8]. This overesti-
mation is taken into account in other models, like the Gaisser-Tang model [19]. Other analytical
models have been suggested as well. These are usually modi cations of the Gaisser model, tak-
ing into account certain assumptions about the curvature of the Earth or muon decay. Examples

2The critical energies are the energy thresholds above which pions and kaons interact with the atmosphere before
decaying [10].
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of these are the Guan model, Bugaev model and Reyna-Hebbeker model [20, 21, 22].

The last category of ux models is based on Monte Carlo simulations. Monte Carlo (MC) al-
gorithms are computational algorithms performed to compute numerical calculations of quan-
tities that are too dif cult to solve analytically. These MC algorithms are based on repeated
random sampling of quantities that follow known probability distributions. Examples of these
for the cosmic ray muon ux are CORSIKA, CRY and EcoMug [23, 24, 25]. Depending on how
thorough the model is, it starts by generating the primary cosmic rays and then simulates their
interactions with the atmospheric atoms. Next, the process of the hadronic shower is simulated,
with as a result the decay of secondary cosmic ray particles to atmospheric muons. Lastly, the
procedure of how these muons travel to and reach Earth's surface is simulated. A downside of
the Monte Carlo method is that MC algorithms usually require a longer computational time and
more computational power. However, the approximations of empirical and analytical methods
might result in a less accurate result for the atmospheric muon ux. None of these models is
universally suitable. Thus, the choice for a certain model should be made based on the condi-
tions of the experiment, i.e., ranges of g and E, and required accuracy.

1.1.3 Muon interactions

Muography relies on the interaction of cosmic ray muons with matter. The probability of a
muon traversing a certain volume depends not only on the muon's decay, but also on its inter-
action with the surrounding material. Muons will lose energy through electromagnetic interac-
tions like ionization, atomic excitation, and radiative processes. There are three main radiative
processes for a muon [17]:

» Bremsstrahlung: the de ection of a muon caused by the electric eld of another charged
particle, resulting in the emission of a photon,

« Pair production: the creation of an electron-positron pair,

» Photonuclear interactions: interaction of a high-energy muon with the electric eld of a
nucleus, causing the emission of a virtual photon that consequently is absorbed by the
nucleus.

Each of these processes has a different energy curve, so the dominating process depends on the
energy of the muon. At energies upto E 500 GeV, the ionization and excitation processes
will dominate [26]. Bremsstrahlung is dependent on the mass m of a particle through 1/ m?
[3]. Since muons are approximately 200 times heavier than electrons or positrons, they will lose
signi cantly less energy through Bremsstrahlung.

As mentioned before, the mean energy loss per distance traveled of charged particles in
matter is described by the Bethe-Bloch formula. The contribution of the ionization and radiative
processes to the loss of energy of a muon as it traverses matter can be represented as [17]:

dE = a(E)+ b(E)E. 1.9
dx
Here a(E) is the energy lost through ionization and atomic excitation, and b(E) is the fraction
of energy lost through all radiative processes together. These parameters a(E) and b(E) are a
function of the energy and will vary with the material properties. A table with standard values
for a certain material composition can be consulted from the Particle Data Group [5].
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For muons with an energy ranging from 100 MeV up to 100 GeV, the energy loss rate is
constant at rst order because these muons are minimum ionization particles. The value for the
stopping power in dense materials for a muon energy of a few GeV is around [10]

dE_ 51 MeV g *cm? (1.10)

dx
and less than this in air. This explains the approximately 2 GeV energy loss of muons when
traveling from the atmosphere to sea level. In the energy range where the muon is minimum
ionizing, the mean energy loss rate is proportional to the density of the traversed matter and is
nearly independent of other properties [3]. As a result, the cosmic ray muon ux can be related
to the density of the traversed material. Thus, by measuring the ux of cosmic-ray muons
traversing an object, it is possible to acquire information about the density of this object. The
opacity s of an object is de ned as the density of that object integrated along a certain line of
sight and can be calculated as follows [27]:

4
s(L) = Lr(x)dx, (1.12)

where L corresponds to the thickness of the object along the muon's trajectory, r is the density of
the object and x is the length variable along the muon's trajectory. The measurement of opacity
is at the core of muon radiography, with a schematic overview presented in Figure 1.4.

Figure 1.4: lllustration of the opacity measured through muon radiography. Figure taken from
[27].

1.2 Muography

Muon imaging relies on the detection of cosmic ray muons using a muon telescope, with the
purpose of retrieving a density image of the object of interest. There are two methods of muon
imaging: transmission muography and muon scattering tomography. The rst uses the electro-
magnetic interactions causing absorption of muons through energy loss, while the latter relies
on the principle of Coulomb scattering of muons in the traversed object [3]. Figure 1.5 illustrates
the difference between transmission muography and muon scattering tomography.

1.2.1 Operating principle

Muon radiography was rst used in the last century, with the earliest known application be-
ing in 1955, when the overburden of a tunnel in Australia was measured by implementing a
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Figure 1.5: lllustration showcasing the difference between transmission muography and scat-
tering tomography. Figure taken from [28].

Geiger-Muller counter [29]. With the cosmic-ray muon ux being maximal in the vertical direc-
tion and decreasing for larger zenith angles, the muon telescope is typically placed at a lower
altitude looking at the target in an upward direction [3]. An illustration of a simpli ed setup

for transmission muography is shown in Figure 1.4. The telescope is used to track the trajec-
tories of the incoming muons after traversing the target. For a certain amount of time, muons
are detected and the muon absorption in the object is measured. The total time of data ac-
quisition is such that a suf ciently high number of muons is detected, to ensure a qualitative
image reconstruction. Due to the possibility to reconstruct the muon's trajectory—and thus its
direction—the ux of the muons passing through the object is measured for each direction in
the eld of view. Transmission muography relies on the same principle as X-ray imaging: a
guantity called the transmission is measured when the source particle (a photon in the case of
X-rays) passes through the matter [14]. In function of the zenith angle g and azimuth angle f,
the transmission can be de ned as

N(qf)
No(a.f)

where Ng(q, f ) is the number of muons that are expected without targetand N(q,f ) is the num-
ber of muons that are transmitted through the target [10]. The expected number of muons is
calculated with Monte Carlo simulations or can be acquired by performing free sky data mea-
surements. The latter can either be done by rotating the detector to a point without obstructed
view or—if the former is impossible—by putting the same detector in a different location to ob-
serve free sky [3]. Free sky measurements have the advantage of taking into account the detector
ef ciency [10]. Including the detector ef ciency and the acquisition time of the measurements,
the measured transmission, according to Equation 1.12, becomes:

T(q,f) = (1.12)

Tm(a,f) = Erstes Nm(af) (1.13)

e t Nes(gf)’

where egg is the detector ef ciency for the free sky data acquisition with acquisition time  tgs,
e is the detector ef ciency for the target data acquisition with acquisition time t, Ngg(q,f) is
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the number of muons that were counted without target, and Np,(q,f) is the number of muons
that were transmitted through the target. As a result, the detector acquires a 2D image of the
transmission of the object. This transmission can be related to the density and thickness of the
object.

The interaction processes of a muon traveling through an object are stochastic; for an indi-
vidual muon, it cannot be predicted deterministically if this muon will escape [14]. However,
the average behavior of muons can be described. Suppose the muons have an average energy
E and traverse an object with a uniform density r and thickness d, then the muon transmission
is empirically described as [30]

Te(E,r) = e MENd (1.14)

Here, n(E,r) is the linear attenuation coef cient. This coef cient can be rede ned as nf = rr—“
which is independent of the material, reforming Equation 1.14 as follows:

To(E,r) = e "™ENd (1.15)
When the object has a non-uniform density, the density has to be integrated over:
R
T(E,r) = e ™E (reydx (1.16)

Here, x is a coordinate variable moving along the trajectory of the muon. The integral in this
equation is precisely the opacity as de ned in Equation 1.11, such that the non-uniform trans-
mission can be rewritten as:

TE,r)= e MBS (1.17)

According to Equation 1.17, the transmission is related to the density r and size d of the object
through the opacity s: for a larger opacity—corresponding to a denser material or larger vol-
ume—the transmission will be less. Thus, by measuring the muon transmission of an object, a
2D mapping of the amount of traversed matter of the object can be reconstructed. An important
remark is that this results in a map of the average density in a certain direction. This means that
a low density region without cavities can result in the same image as a high density region with
cavities.

To examine the internal structure of a target object, the measured transmission TpeasuredS
typically compared to the expected transmission Teypected Where the latter is usually predicted
through simulations. This comparison can be quanti ed by the relative transmission, which is
de ned as
TmeasureQQa f )

Tex pecteéq' f) ,

and is equal to unity when no unknown internal structures are present, assuming that the ex-
pected transmission was accurately reproduced [10].

R(q,f) = (1.18)

The second technique of muon imaging, muon scattering tomography (MST), makes use of
Coulomb scattering of muons. When a muon traverses an object and passes suf ciently close
to an atomic nucleus to feel the electromagnetic in uence, it will be scattered in a different
direction [3]. The atomic nuclei have a different atomic number Z depending on the kind of
material of the object; thus, the electromagnetic interaction will differ in strength for different
materials. The larger Z, the stronger the interaction. The principle is to correlate this de ection
of the muon inside the target to the atomic number Z. Domains where this is of interest are
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nuclear waste, nuclear security, and material control, where it is essential to distinguish higher
Z materials from lower Z materials [31]. To detect the de ection of the muons, a detector should
be placed before and after the muon traverses an object. This technique was not investigated in
this thesis, so it will not be elaborated upon. From now on, the general term muographywill be
used to denote transmission muography.

1.2.2 Detectors in muon telescopes

Muon detectors are devices to indirectly detect the presence of a muon: they detect the sec-
ondary particles that are created when a muon passes the detector and interacts with the detec-
tor material. The type of detector that is used for a muography experiment depends on several
factors, like the necessary resolution and the budget [3]. There are three main types of detec-
tors commonly applied in muography: plastic scintillators, gasses, and emulsion Ims. The
core mechanism for each of these is the same: the ionization of atoms due to a muon passing
through.

» Organic scintillator-based detectors rely on the principle of luminescence: when a charged
particle passes through the scintillating material, the atoms get excited, and when the
excited electron falls back to a lower energy state, light is emitted in the form of photons.
These photons are collected and converted into an electronic signal, which is proportional
to the energy deposit of the muon in the scintillator. Organic scintillator-based detectors
can be plastic, crystal, or even liquid. The plastic ones are popular as they are robust,
reliable, and simple to operate [26]. They are most optimal for situations that do not
require a high resolution and are low budget. Another advantage is their exibility to be
produced into all kinds of shapes.

» Gaseous detectors consist of a narrow gas volume. When a muon passes through the gas,
the gas will be ionized, creating electron-ion pairs. To collect these charges, an electric
eld is applied across the gas volume. Considering that some types of gaseous detectors
include an internal ampli cation mechanism, a gas detector generally performs at a better
resolution for a larger area compared to scintillator detectors [3]. On the downside, the
gas will age, resulting in a decrease in the ef ciency, and some gases used nowadays are
ammable and/or polluting for the environment [26]. For gaseous detectors, multiple
types of detectors exist: the Multi-Wire Proportional Chamber (MWPC), drift chambers,
Migromegas detectors, Gas Electron Multipliers (GEM), and Resistive Plate Chambers
(RPC) [16].

» Emulsion Ims are photographic plates with grains of silver halide crystals. When a muon
traverses the plate, it ionizes the crystals along its path, resulting in a migration of elec-
trons from the valence band to the conduction band. This leads to the transformation of
some silver ions (Ag*) into silver atoms (Ag), triggering a chemical change [32]. After
recording the muons for a certain amount of time, the Ims are developed. The angular
resolution is de ned by the grains in the Im, which is typically in the order of milli-
radians, resulting in better performance compared to gaseous and scintillating detectors
[3]. Emulsion Ims don't require a power supply, making them perfect for remote areas.
However, there is no information about the timing, making it impractical to study dynam-
ical systems, and the equipment necessary to develop them is speci ¢ and very complex,
resulting in a limited accessibility.

Other types of detectors are currently being developed, such as semiconductor detectors or
detectors relying on the principle of the Cherenkov effect [26, 33]. There will always be a trade-
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off between the resolution, the cost of construction, maintenance, the dependency on power
sources, accessibility, etc. Since a lot of cosmic-ray muons will never reach the detectors—either
they will be completely absorbed by the target or they will miss the detector—it generally takes

a long time to acquire enough data, ranging from hours to months [3]. This means that the
material needs to remain stable during a long period.

To be able to retrieve information about the trajectory—and thus the direction—of the cosmic-
ray muons, multiple muon detectors have to be combined together. This ensemble of stacked
detectors is also called a muon telescope or hodoscope [3]. A detector part of this ensemble is
called a tracking station if it is able to retrieve a hit coordinate. When a muon passes through a
muon telescope, each tracking station where the muon passes through will record a hit spatial
coordinate. To retrieve the trajectory of the muon, it is usually assumed that the muon follows a
straight trajectory. This assumption is plausible since cosmic-ray muons are highly penetrable,
as already stated in the previous section. Hence, with a minimum of 2 tracking stations, the
muon's trajectory can be determined. The direction of a trajectory can be characterized by the
azimuth angle f and zenith angle q.

1.2.3 Applications

Muography can be applied in numerous elds. One particular eld where it is being imple-
mented is archaeology, considering that muography is a non-invasive technique to image a
structure. This makes it an appealing method to investigate the internal structure of tombs,
tunnels, or other archaeological formations. In this subsection, a few archaeological applica-
tions of muography, ranging from ancient urban settlements in Italy to a Chinese defense wall,
will be described.

In Naples, Italy, muography has become a valuable tool to study the structure of the re-
mains of ancient urban settlements [34]. Mount Echia, an overburden of soft volcanic rock with
a maximum altitude of 60 m in the historical center of Naples, marks the location of the earliest
urban settlement in the area. Founded by the Greek colony Parthenope in 8th century BCE,
it harbors a network of tunnels and chambers, among them the Bourbon Tunnel, excavated in
1853. In 2017, a scienti c team installed an upgraded version of a MU-RAY (scintillator-based)
telescope [35]. After acquiring data for 26 days, preliminary results indicated the presence of
a void. For further investigation, the MU-RAY telescope was relocated to a different location
for an additional data acquisition of 8 days. Furthermore, an additional telescope, a portable
MIMA (scintillator-based) telescope, was installed at a third location, for a total data collection
time of 50 days [36]. After 3D reconstruction of the cavity, it was deduced that the cavity is
around 4 m wide, 3-4 m high and 7 m long.

In 5th century BCE, the development of Parthenope led to the nearby foundation of Neapo-
lis, the ancient city of Naples [34]. Located 10 m below current street level, it contains remains
of buildings, streets, aqueducts and necropolis [37]. Due to the dense population in Naples,
archaeological excavations are not always safe or practical, raising the need for non-invasive
methods like muography. In 2023, two modules of nuclear emulsions were installed in an un-
derground corridor and analyzed independently in Naples and Nagoya, Japan. After com-
paring measured data with simulations, a muon ux excess was revealed that could not be
explained by the known architecture of the underground corridors, as seen in the dashed pink
circled area on Figure 1.6. One of the observed anomalies appeared to be compatible with the
existence of a currently inaccessible burial chamber, with a size of 2-3.5 m.
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