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Chapter 1

Overview of Muography

Muography is an imaging technique that exploits the penetrating nature of cosmic muons
to probe the internal structure of large and dense objects. These cosmic muons are pro-
duced as cosmic rays interact with the atmosphere of the Earth. Cosmic rays consist of
a steady influx of high-energy particles originating from outer space. This phenomenon
was first identified in 1912 by an Austrian physicist named Victor Hess. Hess con-
ducted pioneering experiments by ascending to an impressive altitude of 5,300 meters
in a hydrogen-filled balloon. At this elevation, he carefully measured the rate of ion-
isation in the atmosphere, discovering that it significantly increased compared to sea
level. Notably, Hess found that this elevated rate of ionisation remained consistent, nei-
ther declining during the night nor during solar eclipses. His observations led him to
conclude that the ionising radiation he detected was entering the Earth’s atmosphere
from above, a discovery he named cosmic rays |1]. These findings laid the groundwork
for understanding cosmic radiation and its interactions with the atmosphere of the Earth.

In 1955, E.P. George made history by being the first to utilise cosmic-ray muons to
inspect large structures. He measured the thickness of the rock situated above an ice
tunnel in Australia [2]. In that same year, another application of cosmic-ray muons
was introduced, proving that muons arriving horizontally along the Earth can probe the
inner structure of a volcanic mountain [3]. Later, in 1970, a wider audience learned
about the possibility of probing the content of large structures using cosmic muons due
to Nobel Prize winner Luis W. Alvarez’s investigation of Chephren’s pyramid at Giza [4].

The use of muography has grown over the past decade. This rise in popularity is, for the
most part, due to its broad range of applications across many different fields, including
volcanology, archaeology, civil engineering, and nuclear waste monitoring, underground
mapping, etc [5].

This chapter offers an overview of muon radiography. Section delved into cosmic
rays, while Section provides a detailed look at the production and characteristics of
cosmic muons. Section outlines the fundamental principles of muon radiography as
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they relate to volcanology. Finally, Section highlights the various types of detectors
commonly used in muography.

1.1 Physics of Cosmic rays

1.1.1 Primary cosmic-rays

The Earth is constantly bombarded by particles and nuclei from various astrophysical
sources. These rays of particles are mainly composed of protons, with a smaller propor-
tion of helium nuclei, while the rest includes heavier nuclei, extending up to iron. Such
particles are also known as primary cosmic-rays, which are characterised by their high
energy range from several hundreds of MeV to 10'2 GeV. Figure illustrates the broad
energy spectrum of cosmic-rays reaching the Earth from space.

The flux of cosmic rays as a function of energy can be represented by a power law,
expressed as I(E) o< E~“. In this equation, I stands for the number of particles arriv-
ing per unit of time, area, and solid angle, while E represents the kinetic energy. The
parameter « is referred to as the spectral index [7].

As Figure shows, the spectrum deviates from the expected power law. At the lowest
energies (< 30 GeV) up to O(10% GeV), the so-called "knee”, the spectrum follows a
power law with spectral index a ~ 2.7. For energies O(10° GeV) to O(10° GeV), the
spectrum decreases with a spectral index a ~ 3.1. The second spectral break, the sec-
ond knee, is observed at an energy ~ 10° GeV, where the spectrum steepens (a ~ 3.3).
Measurements of the composition of CR in the region between the first and second knee
indicate a shift in composition from predominantly protons to heavier elements. Near
the second knee, the composition of CR consists mainly of irmﬂ nucleil8].

Finally, the spectrum reaches a third break, the ankle, at an energy of ~ 10'° GeV.
Cosmic-rays above 10'Y GeV are called ultra-high energy cosmic rays and go on until
a cut-off point is reached. The region between the second knee and the ankle is poorly
understood. Presumably, the decrease refers to a transition between galactic and extra-
galactic sources [§]. Above the cut-off energy, the CR consists again mainly of protons.
Protons at such high energies can interact with the photons of the cosmic microwave
background (CMB) via the A resonance. This interaction is called the GZK effect.
Heavier elements at these energies may also interact with the CMB, which causes them
to photodisintegrateﬂ It is unknown whether the GZK effect is the only influence on the
cut-off energy at the end of the spectrum. It is also possible that the limit with which a
source can accelerate cosmic-rays can be a second influence. Detection of so-called GZK
neutrinos would unambiguously prove the existence of the GZK effect. [9] [10]

1Star fusion can only produce elements up to iron. After a star’s death, the produced elements are
ejected from the core into the interstellar medium. Here they can be accelerated to become the CR,
detected on Earth

2Phenomenon where the constituent nucleons are ripped apart 19].
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Energies and rates of the cosmic-ray particles
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Figure 1.1: Measurements from different cosmic-ray experiments producing the cosmic-
ray flux spectrum extending over 10 orders of magnitude [6].

1.1.2 Interactions in the Atmosphere and Secondary particles

Primary cosmic-ray particles reach the atmosphere of the Earth and interact with elec-
trons and nuclei of atoms present in the air. The nuclear reactions caused by these
interactions generate a cascade of processes leading to a shower of secondary particles,
also called an Extended Air Shower (EAS). The air shower has three main components,



CHAPTER 1. OVERVIEW OF MUOGRAPHY 4

namely, a hadronic component, an electromagnetic component and a muonic component,
illustrated in Figure
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Figure 1.2: Ilustration of the interaction between primary cosmic-rays with the atmo-
sphere of the Earth, creating a cascade of secondary particles which is comprised of
hadronic, electromagnetic and muonic components .

The initial interaction between cosmic rays and atmospheric particles generates a variety
of secondary hadrons, with the primary ones being pions (7%, 7, 7°) and kaons (K,
K?). These secondary particles are essential in creating a hadronic cascade. As they
continue to collide with nuclei in the atmosphere, they produce an even greater array
of hadronic particles, including protons, neutrons, and additional types of mesons. This
intricate network of interactions forms the foundational hadronic component of the par-
ticle shower. The neutral pions (7°) decay almost instantaneously into two high-energy
photons, which are critical for initiating the electromagnetic component of the shower.
These photons subsequently interact with atmospheric atoms through processes such
as pair production and bremsstrahlung, resulting in cascading emissions of electrons,
positrons, and additional photons. The electromagnetic shower caused by these inter-
actions is marked by the emission of Cherenkov radiation and fluorescence, phenomena
that specialised observatories can effectively detect and analyse.
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Among the secondary particles, charged pions (7" and 7—) are particularly signifi-
cant as they predominantly undergo a decay process into muons (u*, ©~) and muon
neutrinos (V:_, vy ). This decay typically occurs at lengths that allow the muons to
travel far before being absorbed by matter, thanks to their relatively long lifetimes (2
us) and weak interactions with surrounding particles. This characteristic enables many
muons to reach ground-based detection instruments or traverse large thicknesses of rock,

concrete, or other dense materials.

As the cascade propagates further through the atmosphere, the energy of the individual
particles gradually decreases since the energy of the original particle initiating the shower
gets more and more distributed across more secondary particles. The evolution of the
cascade is governed by statistical models known as the cascade equations, which describe
the decay and interaction probabilities. The calculation of these probabilities depends
not only on the particle energy, altitude and zenith angle, 6, but also on the atmospheric
depth, X (in gem™2) that a certain particle traverses. The atmospheric depth is defined
as the integral of the height of the atmospheric density above the observational level,

—h
h, and for an isothermal atmospheric model, can be approximated as X = e "o, where
ho ~ 8.4 km is the atmospheric scale height.

Most secondary hadrons produced in the cascade are unstable and can decay as they
travel through the atmosphere. The decay probability of a secondary particle depends on
its mass, lifetime, momentum and the density of the medium. Because of energy losses
and decays of the secondary particles, the total particle flux in the atmosphere increases
with atmospheric depth until a maximum is reached at 100 gcm ™2 corresponding to an
altitude of approximately 20 km. After this point, the so-called Pfotzer maximum, the
production of secondary particles maximises, and the particle flux dies down [7]. More-
over, the secondary cosmic-ray particles are categorised into two components based on
their penetrating power. Firstly, the soft component is composed of electrons and low-
energy muons since they get absorbed within a few centimetres of lead. Next, the hard
component has a larger penetrating power, being able to reach sea-level, and contains
high-energy hadrons and muons. Even though the contribution of both components
varies with the altitude, the hard component, which is primarily made up of cosmic-ray
muons, dominates at sea level, as shown in Figure[1.3

A more thorough analysis of cosmic muons, their creation, interactions with matter,
and the physical principles that make them perfect probes for muographic applications,
like imaging the interior structure of Mount Vesuvius, is given in the section that follows.
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Figure 1.3: Vertical fluxes of cosmic rays in the atmosphere with energy greater than 1
GeV.

1.2 Cosmic Muons and Their Properties

1.2.1 Production and Characteristics

Muons are charged leptons with spin 1/2, charge —1 and a mass of 105.6 MeV/c?, which
is about ~ 200 times the mass of electrons. While muons can also be produced in particle
accelerators, the muons used in muography applications originate from the atmosphere.
Cosmic muons are produced as secondary particles when charged pions and kaons, most
abundantly present in the EAS decay, via the following processes,

T = i+ V() (1.1)
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K =+ v,(1). (1.2)

Muons are the most abundant secondary particles at sea level, as shown in Figure
despite their relatively short mean lifetime, 7, of ~ 2.2us. Due to relativistic
time dilation, the observed lifetime of cosmic muons is increased by the Lorentz factor
v =1/y/1- 32 = /1+ (p/m,)?, where 3 = v/c represents the relativistic speed and
m,, is the rest mass of a muon. For example, a muon with a momentum of 4 GeV
experiences a Lorentz factor of about 20, increasing its lifetime enough such that it can
travel around 24 km before decaying. Muons can easily reach sea level without decaying
since their production mostly occurs at the Pfotzer maximum. [12] Furthermore, the
primary sources of background in cosmic muon-based imaging are protons, electrons,
and positrons, which likewise reach sea level without decaying. Because of their strong
interaction with matter, they either dissipate or lose their energy more quickly than
muons. Protons, in contrast to muons, are involved in nuclear interactions, and the en-
ergy loss from bremsstrahlung depends on 1/m?, meaning that muons lose about 40,000
times less energy than electrons and positrons. The muon flux at sea level is therefore at
least two orders of magnitude greater than any other charged particle and is predicted to
be about 1 muon per second per cm?, making it far higher than the overall background
flux. [7]

Absorption of cosmic muons as they pass through a Volume of Interest (VOI) is the
basis of many muography experiments. During these experiments, the free-sky muon
flux is used to determine the attenuation caused by the VOI. Therefore, it is crucial
that the flux can be precisely modelled to prevent biases and added uncertainties in the
density extraction process. The Gaisser model describes the differential flux of muons
at sea level as a function of their energy and the zenith angle [13]:

—-2.7
ANy oy E, 1 L 0054 13
: . 2. a. 1.1E, cos@ 1.1E,, cosf |’ .
B, dS GeVi-em®-s-st |1+ S 1+ oGy

This module is most valid under these two conditions:

e 0 < 70°, Earth’s curvature does not influence muon paths

e muon decay is neglibible (E > 100/cos(f) GeV).

In muography experiments, where imaging of large volumes becomes important, the
relevant muon trajectories are near-horizontal. This shortcoming of the model can be
overcome by modifying the Gassier model such that larger zenith angles are included.
The correction to the model includes a parameterisation of the zenith angle, taking the
curvature of the Earth into account:

o (cos )2 + P2 + Py(cos0)Fs + Py(cos 0)Fs
cos 0 =
1+ P2+ P+ Py

, Where Py, P, P3, Py are P5 are 0.102573, 0.06828, 0.958633, 0.0407253, and 0.817285,
respectively [13]. An extra term is also added to the E~27 factor, which becomes
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negligible when the muon energy increases. The modified Gaisser model, now valid for
larger zenith angles and lower energies, takes the following form:

E 3.64 GeV —27 1 0.054
,(0,F)=0.14- < L [1"‘ . 129}) X 1.1E, cos 6~ T.1E,, cos 0%
GeV E, (cos 0*) 1+ % 1+ 856‘(22\(/14)

1.2.2 Muon Energy loss in matter

When a charged particle travels through matter, it loses its energy and is deflected from
its incident direction. These two effects are caused by inelastic collisions with atomic
electrons in the traversed matter and elastic scattering from nuclei. Cosmic muons can
penetrate large distances of the order O(100m), with minimal energy loss and negligible
electromagnetic cascade production. This makes them suitable for imaging large VOI,
such as volcanoes. Furthermore, the energy loss and scattering bring valuable informa-
tion about the traversed material.

The mean energy loss per unit path length for muons is given by

dE
— =a(F)+b(E) - E, 1.5
= a(B) + b(B) (15)
where the first term, a(F), corresponds to the contribution of the ionisation and atomic
excitation processes. For lower energies (< 100GeV, these processes can be described by
the Bethe-Bloch relation:

dE o4 1|1 2mec? B2 Winax 9 0By

2

where K = 0.3071MeVg/cm? is a proportionality coéfficient, z the electric charge of
the particle, Z/A the ratio between the atomic number and the atomic mass of the
traversed medium, [ is the mean excitation energy, m. is the electron rest mass, W40
is the maximum energy that is transferred in a single collision and §(57) represents a
correction factor for the density.

The second term in Equation b(E), corresponds to the contribution of radiative
processes like bremsstrahlung processes, pair production and nuclear interactions. This
term slowly varies with energy and becomes asymptotically constant at higher muon
energies, where its contribution becomes more significant. However, for many muogra-
phy applications, the muons of interest generally have lower energies and as such, this
contribution is minimal [14].

Practically in muography, the observed muon flux through an object measured by a
muon detector is compared to the so-called ”free-sky” flux. This comparison gives the
probability for a muon to be absorbed by the traversed material along a certain line-of-
sight, the so-called "muon transmission”. This is the main idea behind absorption-based
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muography. The muon transmission can be interpreted in terms of the opacity, defined
as the integrated density along the line of sight and is usually expressed in units ”meters
water equivalent” (mwe): Imwe = 100g/em?. The average energy loss of a muon is
approximately 0.2 GeV/mwe. [15]

1.2.3 Multiple Coulomb Scattering

Our current understanding of an atom was shaped in part by the Rutherford gold-
foil experiment in 1911, which demonstrated how charged particles travelling through
a medium are deflected from their path as a result of Coulomb interactions with the
electric field around nuclei. The probability of the angular deflection A6 for a single
scattering follows Rutherford’s scattering law,

1

PA9) o Sian2)

(1.7)
However, in many muography applications, muons undergo a large number of scatterings
(> 20) and experience a minimal energy loss. Therefore, the net deflection angle as a
function of the thickness can be treated statistically. According to the Central Limit
Theorem, the actual distribution is approximately given by a Gaussian. 98% of the
actual distribution can be accurately represented, with a zero mean value and standard
deviation across a wide range of Z given by[16):

13.6 MeV z 22
= ./ — [140.00381n [ —— 1.8
70 Bep  \ Xo [ - ! (XoﬁQ)} ’ (18)

where p is the muon momentum in MeV/c, z is the absolute electric muon charge (equal
to 1), Be is the muon velocity, z is the total path length through the material, and Xy
is the radiation length of the material, empirically given by

716.4 g/cm? - A
Z(Z +1)In(286/VZ)’

0~ (1.9)

where Z and A are the atomic number and mass of the material, respectively.

From Equations|1.8/and it is clear that the Root Mean Square (RMS) of the scatter-
ing angle depend on the atomic number Z, making multiple Coulomb scattering sensitive
to the composition of the traversed material. This principle forms the basis of scattering-
based muography (SM). This type of imaging requires detecting muons before and after
passing through an object to reconstruct its internal structure and identify areas with
different atomic compositions. Therefore, SM requires installing detectors on both sides
of the object to measure the diffusion angle. This requirement limits the size of the
objects that can be imaged to a scale of approximately 1 to 10 meters.

In contrast, there are no restrictions on absorption-based imaging, allowing for the imag-
ing of very large objects, such as volcanoes, using this technique. Therefore, the next
section will give a more elaborate explanation of absorption muography.
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1.3 Basic Principles of Muon Radiography

1.3.1 Absorption Muography

The absorption-based muography technique, AM, creates radiographic images by mea-
suring the absorption rate, or transmission, as the muons pass through a volume of
interest (VOI). This technique makes it possible to estimate the mean density along the
path length of the traversed material for VOI, where the topographical information is
known. In reverse, this technique can reveal possible density anomalies such as cavities,
showing as an excess in flux, or high-density deposits revealed by a deficit of muon flux.

The concept of AM is similar to X-ray imaging, popularly used for medical purposes,
but with some key differences. X-ray imaging uses tunable artificially produced X-rays,
in contrast with the naturally occurring multi-directional muon flux for AM. In addition,
muons can survive travelling through hundreds of meters of rock or other dense objects
due to their hard penetrating nature, as opposed to X-rays, which can only survive a few
meters. These properties of muons make them suitable for imaging large-scale structures
like volcanoes or pyramids. A typical AM experiment measures the incoming muon flux
as a function of the direction given by the zenith angle, 8§ and azimuthal angle, ¢. The
number of detected muons, IV, by the muon detector can be described by Equation
with the differential flux ®,, known in a certain angular direction.

Ny = thge | Ser(®) [ / D,(Q E) dE] dqQ, (1.10)

where theq represents the total data acquisition time,  is the solid angle with dQ =
sin(f)df¢ the element of the solid angle, Seg(Q2) is the effective surface-area of the
telescope in the direction €, e(F, Q) denotes the global efficiency.

The effective surface area Seg(€2) depends on the total sensitive area of the detector, S,
and a geometrical factor g(€2). Seg(€2) gives an estimation of the fraction of the total
sensitive area involved in detecting the cosmic muons that come from 2. The global
efficiency is made up of three different quantities:

1 Trigger efficiency denotes how often the detector correctly identifies and records in-
coming muons;

2 Data-acquisition efficiency indicates the success of recording trigger events;

3 Analysis efficiency represents how well the real muon events survive data-analysis
filters and cuts.

The number of muons that are observed depends on the traversed opacity, X, via the
integration extreme in Equation Fin. This value represents the lower energy limit
of the cosmic muons needed to create a signal in the detector after travelling through
the VOI. It is defined as the sum of two different energy values, Efr‘l’i%k, the minimum
energy muons need to survive crossing the opacity X, and F!  the minimum energy

min’?



CHAPTER 1. OVERVIEW OF MUOGRAPHY 11

needed to be detected.

Besides the flux measurements from VOI, AM experiments also need measurements
of calibration flux or Free-sky flux. Given the differential free-sky flux, the number of
muons, Ngg, can again be described by Equation In this case, Fiin = Efn‘ifl since
the calibration measurements are done by taking data pointing the detector towards the
open sky, i.e. E'%% = 0. These measurements must be done under the same conditions
as the flux measurements from VOI. This ensures that the geometrical factor g and
trigger efficiency €i¢ are equal for both modes. To evaluate the mass distribution of an
object, the transmission, 7'(6, ¢), defined as the effective ratio between the measured and
the calibration flux, is used instead of the individual flux measurements. This ensures

the cancellation of detector effects. The transmission is calculated as follows:
. N(/LOI(Ha (]5)
b
Nyg(0,9)
where C is a calculable constant that involves the data-acquisition times for both flux
measurements and the efficiencies:

Tines(0,¢) = C (1.11)

VOI VOI

C = €DAC * €cuts . lrs (1 12)
FS L FS o = :
DAC cuts VOI

To interpret the data in terms of material density, the expected transmission Texp (6, ¢; p)
must be computed. This depends on a muon flux model and the opacity of the material,
often requiring Monte Carlo simulations, especially for complex geometries like volca-
noes. The relative transmission, R((6, ¢; p) is then defined as:

Tmes(e) qb)
Texp(0, 03 p)

This ratio is expected to be 1 if cosmic muons cross a void or a region without any
density anomalies. A cavity or a less dense region in the material is encountered for
R > 1, while R < 1 suggests a denser region in the material.

Though AM primarily provides 2D projections, combining measurements from multiple
viewpoints enables 3d density reconstructions. This involves solving an inverse problem
by voxelizing the VOI and iteratively adjusting densities to fit the transmission data,
using methods such as least-squares minimisation or Bayesian regularisation.

R(0,6;p) = (1.13)

1.4 Detectors for Muon Radiography

In order to reconstruct trajectories and deduce the internal structure of a volume of
interest (VOI), muon radiography depends on the detection of cosmic-ray muons with
sufficient spatial and angular resolution. Numerous detector technologies have been
created and used over time; each has advantages and disadvantages based on the ap-
plication. The three primary types of detectors used in muography—mnuclear emulsion
detectors, scintillation detectors, and gaseous detectors—are summarised in this section.
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1.4.1 Nuclear Emulsion Detectors

Nuclear emulsion detectors are one of the first detectors used as a particle tracking
device. The principle of this detector type is similar to that of photography. The de-
tector consists of a plastic or glass substrate coated with silver halide crystals mixed
with gelatin. As a muon passes through, it produces ionisation, which sensitises the
crystals along its path. After chemical development, this becomes visible as a track of
silver grains. The main advantages include compactness, transportability, high spatial
resolution (O(1-10 pm)), and the fact that it works without any power supply. However,
the detector loses efficiency when exposed to high temperatures, and because all events
are reconstructed together on film, the data analysis can only be done at the end of the
data-taking. In addition, there is no time information available, such that no dynamical
monitoring of the structure can be done. A final drawback is that the track reconstruc-
tion is time-consuming and requires precise scanning using automated microscopes and
sophisticated image processing software [16][17].

1.4.2 Scintillation Detectors

Scintillation detectors are used in various absorption muography applications. The main
principle is that the detector responds by emitting light after interacting with the cosmic
muons passing through. This light is collected, converted into electrons and amplified by
photomultiplier tubes (PMTs) or, more recently, Silicon photomultipliers (SiPMs). Of-
ten, the scintillator bars are coupled with WLS fibres that absorb the primary light and
re-emit photons at more suitable wavelengths for the photomultipliers. Typically, these
detectors consist of two or more planes with two layers of orthogonal scintillator bars,
making it possible to reconstruct the muon tracks in two independent projections.The
resolution and sensitivity of the detectors are determined by the shape (rectangular, tri-
angular, ...) and dimension. In recent years, SiPMs have become more commonly used
due to their robustness, relatively low cost and applicability in harsh or logistically chal-
lenging environments. The main drawback for SiPMs is their temperature dependence:
temperature variations affect the breakdown voltage, which in turn impacts gain, dark
count rate, and reverse current [7] [15].

1.4.3 Gaseous Detectors

Gaseous detectors, such as drift chambers, resistive plate chambers (RPCs), and Mi-
cromegas, utilise ionisation produced by muons in a gas medium to detect their passage.
The ionised electrons are then drifted under an electric field and collected on anode wires
or pads, allowing for the reconstruction of the particle’s trajectory.

These detectors are capable of covering large areas at a relatively low cost while pro-
viding good spatial resolution, typically ranging from hundreds of micrometres to a few
millimetres. They are also designed to operate at high rates and are widely used in
particle physics experiments, which has spurred their technical advancement and ac-
cessibility. In the field of muography, gaseous detectors are especially beneficial for
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applications that demand high angular precision or for the development of large-area
tracking systems. However, their complexity, along with the necessity for stable gas sys-
tems and high-voltage supplies, can pose challenges for field deployment when compared
to scintillator-based systems[16] [15].
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