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Resumen

La tomograffa muénica, usualmente conocida en el campo como muograffa (muography, en inglés),
es una técnica capaz de determinar la distribucién de la densidad de la materia, valiéndose de los
datos aportados por los muones que la atraviesan. Es posible aplicarla por medio de la atenuacién
de los muones, pero esta tesis estd enfocada en la muografia de scattering. Esta modalidad hace
uso del scattering multiple que sufren los muones para, mediante la medicién de sus desviaciones,
inferir las propiedades del material atravesado. Por ello, y en comparacién con la modalidad de
absorcion, la muografia de scattering es idénea en aplicaciones sobre objetivos de dimensiones mas

limitadas y que requieren una mayor resolucién.

En la aplicacién de la tomografia mudnica resulta indispensable la comprensién profunda del fun-
cionamiento de los detectores de muones utilizados. Ademds, su correcta calibracién y puesta a
punto son factores de suma importancia. En esta tesis se analiza el diseno de detectores basados en
cdmaras multi-hilo (MWPCs, por sus siglas en inglés), en concreto los desarrollados y construidos
por la empresa Muon Systems. Se explica también el procedimiento utilizado para la reconstrucciéon

de eventos y se estudian las eficiencias y resolucién de los detectores, entre otros aspectos.

Desde la introduccién de la radiografia de muones a principios de la década de 1950, tanto la
absorciéon como la desviacién de los muones se han utilizado para mapear la densidad de estruc-
turas de diferente naturaleza. En esta tesis, se presentan estudios de viabilidad de la deteccién
de objetivos especificos en diversos contextos. Se exponen resultados de experimentos y anélisis
relacionados con el a&mbito de la industria, la ingenieria civil, y la hidrologia. En el desarrollo de
las investigaciones han sido de suma importancia la puesta a punto y calibraciéon de los detectores
de muones, asi como la implementacién y validaciéon de los algoritmos utilizados para reconstruir
las propiedades del material de los objetivos. De esta manera, la tomografia mudnica ha sido de-
sarrollada con el objetivo de resolver nuevas aplicaciones utilizando enfoques eficientes, efectivos,

e innovadores.



Abstract

Muon tomography, usually referred to in the field as muography, is a technique capable of deter-
mining the density distribution of matter using the data provided by the muons passing through it.
It can be applied by means of muon attenuation, but this thesis focuses on scattering muography.
This modality makes use of the multiple scattering of muons to infer the properties of the material
traversed by measuring their deflections. Therefore, compared to absorption, scattering muography

is suitable for applications on targets with more limited dimensions and requiring higher resolution.

In the application of muon tomography, a thorough understanding of the functioning of the muon
detectors used is indispensable. In addition, their correct calibration and tuning are of utmost
importance. In this thesis, the design of detectors based on Multi-Wire Proportional Chambers
(MWPCs), specifically those developed and built by Muon Systems, is analysed. The procedure
used for event reconstruction is also explained, and the efficiencies and resolution of the detectors

are studied, among other aspects.

Since the introduction of muon radiography in the early 1950s, both muon absorption and scatter-
ing have been used to map the density of structures of different nature. In this thesis, feasibility
studies of the detection of specific targets in various contexts are presented. Results of experiments
and analyses related to the fields of industry, civil engineering, and hydrology are presented. In
the development of the investigations, the tuning and calibration of the muon detectors, as well as
the implementation and validation of the algorithms used to reconstruct the material properties
of the targets have been key aspects. Through them, muon tomography has been developed with

the aim of solving new applications using efficient, effective, and innovative approaches.
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Chapter 1

Introduction

Muons are elementary particles created when cosmic rays coming from distant regions of the
universe collide with the upper atmosphere of the Earth. In these collisions, particle showers
are generated and some of them manage to reach the Earth’s surface. Among the particles in-
volved in those processes, muons are those producing a larger flux at sea level, and they can even
penetrate distances close to 1 Km underground. Muons are deviated due to coulomb scattering
and attenuated because of ionisation energy losses when crossing matter. These effects have a
strong dependency on the materials crossed, which, together with their constant flux, and their

penetration power, make them a suitable source to inspect the internal structure of diverse targets.

Muon Tomography, or Muon Radiography, or also simply synthesised as Muography, is the tech-
nique that measures muon deflections and attenuation in order to determine the density distribution
of the crossed materials. It is applied in two modalities: transmission muography, in which muon
absorption is exploited, and scattering muography, where muon deviations are measured to esti-
mate the scattering undergone by the muons. Transmission muography is usually utilized for very
large or ultra-dense targets, while scattering muography is more often used for lower dimension
targets, where a higher resolution is needed. Both techniques are being applied nowadays in dif-
ferent fields, including manufacturing industry, civil engineering, archaeology, vulcanology, nuclear

energy and recently in hydrology problems.

This work is focused in high resolution scattering muography applied to problems existing in man-
ufacturing industry, hydrology and civil engineering. In this project, a gaseous muon detector
based in MWPC (Multi-Wire Proportional Chambers) has been utilised for the exploration of
these applications. The detection system is composed of several sensitive planes. These layers are
conformed by two cathode planes and a plane of equally-separated wires and immersed in a con-
venient gas mixture. When a large voltage difference is applied between the wires and the planes,
a jail-like electric field is formed pointing to the wires. Particles crossing the sensitive layers ionise
the gas, and generate electrons that drift towards the wires producing a detectable signal. This
setup, with the corresponding electronic synchronisation and acquisition system, allows to identify
and reconstruct muon trajectories. This information is interpreted with the help of algorithms to
obtain the final results of the muography, that can be density maps in image format or numerical

estimations of parameters of interest describing the target.

The main objective of this work is to improve the resolution and performance of a complete muon

tomography system by means of hardware commissioning and fine-tuning. The exploration of in-
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Chapter 1. Introduction

novative applications of muography, is also a key aspect of this work. Research related to hardware
and software parts of the muography detector system has been developed, finally applying it to
problems which currently exist in the fields mentioned above. The progress made in the studied

use cases contribute to the process of making muography a useful tool for society.

All the mentioned work is summarised and reported in this thesis, which is divided into 8 chapters:

e Chapter 1: Introduction. This initial chapter, introducing the main ideas of the thesis.

e Chapter 2: Muon tomography. Description of the state-of-the-art of the field of muog-
raphy, beginning with the historical process that yielded to the discovery of cosmic rays and
muons, continuing with the nature of muons as elementary particles and their interaction
with matter, and finishing with muography concepts: its fundamentals, detection technolo-

gies, algorithms, simulation and applications.

e Chapter 3: Commissioning of a MWPC-based muon detection system. Section de-
scribing the detection system used in this doctorate and its commissioning process. Strategies
based on the addition of redundant chambers to improve the final resolution and reconstruc-
tion efficiency of the detector are presented. Finally, the calibration of the system, and the

application of the aforementioned strategies are discussed.

e Chapter 4: Detection of cracks in concrete cylinders using scattering muogra-
phy. Experiments performed to detect cracks in concrete cylinders are presented. Density
estimations are performed within the volume of the cylinders by means of a reconstruction

algorithm implemented specifically for such application.

e Chapter 5: Estimation of the Snow Water Equivalent (SWE), based on the
root-mean-square of scattering angles. In this chapter, research performed about the
estimation of the SWE using scattering muography is summarised. This work represents,
to the best of the authors’ knowledge, the first publication about a SWE-based scattering
muography.

e Chapter 6: Estimation of the liquid steel fill level in a ladle furnace using scat-
tering muography. This chapter proposes an algorithm to determine the fill level of liquid
steel in a ladle furnace. The work is presented in the context of the contribution made to the
TomOpt software, done in collaboration with other partners. Several inference methods and
detector performance loss functions are analysed and proposed for the TomOpt optimisation

algorithm.

e Chapter 7: Conclusions. Explanation of the main conclusions extracted from this PhD

project.

e Chapter 8: Conclusiones. Explicacién de las principales conclusiones extraidas de este

proyecto de doctorado.

16
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Chapter 2

Muon Tomography and its origins

This chapter describes the state of the art of the technology used in this research. It is divided
in three different sections. In the first of them (section 2.1), the process of scientific research that
lead to the discovery of muons is exposed. In the second (section 2.2), the current knowledge about
the nature of muons as elementary particles is described, in addition to the type of interactions
they experience when traversing matter. In the third (section 2.3), the technique that uses muon
measurements to obtain density maps or extract information about a target is discussed. This
technique, as previously mentioned in this document, is usually named Muon Tomography, Muon
Radiography or symply Muography. Regarding the technology necessary for its application, the
existing types of detection systems are enumerated in this third section, with particular emphasis
on the type of detectors used in the studies contained in this thesis, the ones formed of Multi-
Wire Proportional Chambers (MWPC). Moreover, the algorithms that interpret the information
contained in the muon measurements, and representative application cases conducted with the aim

of solving issues in diverse fields, are also presented.

2.1 Discovery of Cosmic Rays and Muons

2.1.1 Measuring the discharge of electroscopes

The first clue of the existence of cosmic radiation was found and reported by Charles-Augustin de
Coulomb around 1785, officer of the French army and member of the Académie des sciences, when
he realised that his electroscope undergone spontaneous discharges in the air [1]. Later, Michael
Faraday addressed the same problem and observed the same effect, even with higher accuracy,
therefore reinforcing Coulomb’s conclusions [2]. Furthermore, in 1879, Crookes discovered that
there was a relation between the velocity of the discharge the electroscopes experimented in the
air, and its pressure. He observed lower discharge velocities when the air pressure was smaller
[3]. Then, it was understood that the cause of the discharge of the electroscopes should be related
with something happening in the air contained within the instrument, something that was causing

ionisation inside the electroscopes. However, the origin of this phenomenon was still a mystery.

Some years later, in 1896, Antoine-Henri Becquerel found natural ionising radiation when he was
researching about phosphorescence [4]. Marie and Pierre Curie continued the exploration in this
emerging field, discovering a generation of natural radiation produced by Polonium and Radium
[5]. The electroscopes were discharged when they were located close to this elements, and therefore,

it seemed that some elements emitted charged particles discharging them.
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Scientists continued researching the peculiar discharge of the electroscopes, and as a consequence,
by 1900, Julius Elster and Hans Geitel suggested that the discharges were caused by penetrating
and ionising agents [6]. These conclusions were extracted after an experiment in which they per-
formed a measurement of the discharges putting a electroscope inside a thick metal box. Even in
that occasion, they measured the same spontaneous discharges in the electroscope. At that time,
Elster and Geitel in Germany, as well as Charles Thomson Rees Wilson in England, managed to
improve the sensitivity of electroscopes using a insulation system based on a closed vessel. This
improvement allowed them to make measurements that quantified the rates of discharge undergone

by the electroscopes.

At this point, the main question that had no answer was whether the radiation was coming from
the already found radioactive elements or it was generated in the atmosphere or in further origins
in the outer space. In 1901, the previously mentioned Scottish physicist Charles Thomson Rees
Wilson, observed the same behaviour in the discharges as Elster and Geitel, and suggested that
the origin of the radiation producing them was possibly extraterrestrial [7]. He measured with
his electroscope inside a tunnel in Scotland, looking for a drop in the radioactivity presumably
produced by the rock over the location of the electroscope. Unfortunately, he could not observe it

due to experimental uncertainties. Thus, he could not prove his extraterrestrial hypothesis.

2.1.2 Balloon flights and other experiments

Between 1900 and 1903, Franz Linke, as a PhD student, performed 12 balloon flights and measured
radioactivity with an electroscope built by Elster and Geitel [8]. He flew up to 5500 metres gather-
ing ionisation measurements. Although the purpose of his thesis was other, he did an exceptional
work which could have solved the doubts about the cause of the spontaneous discharges of the
electroscopes, but his conclusions were wrong. Indeed, he concluded that the source of radioactiv-
ity was terrestrial, confused by the low ionisation rates he observed at heights between 1000 and
3000 metres comparing to the ones at the Earth surface, and not interpreting correctly the intense

ionisation he measured at altitudes around 5500m.

The question was still without answer, and the research continued. In 1909, Theodor Wulf, a
scientist and jesuit priest, designed a more robust electrometer, which could be also more easily
transported. He replaced the gold leaves of the normal electroscopes by two metalised glass strips
in tension. Wulf tested and validated his instrument performing several measurements in different
places of Germany, Holland and Belgium. In his opinion, all the results and validations were con-
sistent with the hypothesis that the ionisation measured by the electroscopes was mainly due to a
generation of radiation in the upper layers of the Earth’s crust. That year and the next one, he
travelled to Paris with the aim of performing measurements in the top of the Eiffel Tower with his
electroscope [9] [10]. He wanted to prove his hypothesis, but the results of the experiments showed
that the decrease of the radiation in the top of the Eiffel tower, at around 300 metres above the
ground level, was smaller than the one predicted by the terrestrial hypothesis. If the radiation
generated in the Earth’s surface was dominant, it should be a significant drop of ionisation at that
height.

During that years, other kind of measurements were made in order to explore the relation between
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Figure 2.1: Original Wulf electroscope used by himself around 1912. *

that mysterious radiation and the altitude at which it was observed: balloon flights. The first
explorer who had this purpose in mind and flew with a balloon to research it, was Karl Bergwitz,
supported by Elster and Geitel, who were his teachers. He gathered dubious and scarce results due
to a damage suffered by the electrometer during his flight in Braunschweig area (Germany), and he
finally concluded that the measurements showed a decrease in the ionisation rate at 1300 metres of
altitude, and although it was not as pronounced as the predictions of the terrestrial hypothesis, he
thought that it was a sufficient evidence to validate the terrestrial origin of the radiation [11]. The
professor Albert Gockel, who worked in the University of Fribourg, also performed several balloon
flights during the same years. He measured the ionisation decreasing up to 2500 metres, but to a
lesser extent than Bergwitz. At higher altitudes he got strange measurements that he related to a
malfunctioning of the electrometer. In any case, he already suspected that there had to be another

source of radiation in addition to that of the earth [12] [13].

Gockel’s thoughts were in agreement with the research made also around 1910 by Domenico Pacini,
an Italian physicist who questioned the terrestrial hypothesis with his experiments. Pacini mea-
sured the radiation in a ship of the Italian Navy, in a location close to the Naval Academy of Livorno
at a distance of 300 metres from the coast, with the intention of moving away from the radiation
emitted by the elements of the Earth’s crust. In that situation, he observed a non-negligible 70%
of the radiation measured on dry land, a result which supported the idea of the existence of an ad-
ditional radiation source [14]. He continued exploring the behaviour of this radiation measuring it
underwater. For that purpose, he used a pioneer technique, enclosing the electroscope in a copper
box. The application of this method represented a remarkable milestone in the history of physics.
Using the mentioned technique, he discovered that when the electroscope was submerged a few
metres in the water, the amount of measured radiation was significantly reduced. He observed
that effect both in the Gulf of Genoa, close to Livorno, and in the Lake of Bracciano. His conclu-
sions were clear, an important proportion of the mysterious radiation was not originated by the
radioactive substances in the upper layers of the Earth’s crust. He rightly thought that the mea-

sured reduction was a proof of the existence of a penetrating radiation coming from the atmosphere.
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2.1.3 Discovery of comic Rays, reactions and further research

Despite the evidences that Wulf, Bergwitz, Goeckel and Pacini gathered, the origin of that pene-
trating radiation was still not clear for the scientific community. In 1911, the Austrian physicist
Victor Franz Hess reviewed the work done by some of the aforementioned researchers and he de-
cided to improve the sealed electrometers they were using to get more precise measurements. In his
first balloon flight, he observed radiation rates not matching the terrestrial hypothesis calculations
and he planned a series of balloon flights to search the physical phenomenon behind the radiation
they were measuring. During 1911 and 1912, he flew up to 9 times, in order to collect enough
data which could explain the mystery. He reached a height of more than 5000 metres in one of his

flights, registering a radiation six times more intense that the one measured at the Earth’s surface.

In 1913, Victor Hess completed the analysis and interpretation of these balloon flight measure-
ments, and published his work, in which he stated, as the main conclusion, that an extremely
penetrating radiation coming from outer space existed [15]. The previous studies of pioneering
researchers should be kept in mind, but Victor Hess is considered the main discoverer of Cosmic
Rays. It also must be mentioned that the term Cosmic Rays was introduced with posterity by the

American physicist Robert Millikan.

From the moment of Hess’ discovery and until the year of his Nobel prize, the data and conclusions
of his research were questioned, although there were also scientists who believed in their truth-
fulness. Bergwitz, Milikan, and two German and one Swiss physicists, Werner Heinrich Gustav
Kolhorster, Erich Rudolf Alexander Regener and Auguste Antoine Piccard had an important role
in that process. Bergwitz stated that temperature fluctuations could cause spurious measurements
of the electrometers [16], while Kolhorster tried to demonstrate that this fact was not decisive in
the research of Victor Hess, performed additional balloon experiments. He even reached an altitude
of 9300 metres, confirming Hess’ results [17] [18]. Millikan also proved that the radiation detected
by Hess was of extraterrestrial origin [19]. However, he was wrong about their composition. Con-
ditioned by religious beliefs, he thought that they were “birth cries of atoms” related to ongoing
creation in the universe, and that they were formed by high-energy photons. In 1932, Arthur Holly
Compton shed light on this issue, leading a cooperative worldwide research which showed that the
intensity of Cosmic Rays was correlated with geomagnetic latitude (latitude effect) [20]. Then,
Compton correctly interpreted that Cosmic Rays were made up of charged particles, instead of

photons, as Millikan stated.

During the same year, Regener, Millikan and Piccard also made great contributions to the atmo-
spheric measurements of the radiation. Erich Regener, a German physicist, used a self-recording
electroscope carried by a balloon to reach the altitude of 26000 metres, and get excellent and
accurate measurements of cosmic-ray ionisation as a function of altitude [21] [22]. He avoided
the temperature effects that significantly affected previous experiments of Millikan enclosing the
electroscope in a plastic container which retained the heat produced by the sun rays and kept
the temperature between +15C°and +37C°. Regener is also known due to its deep underwater
radiation measurements and the discovery of the height of maximum ionisation production in the
atmosphere [23] [24]. During the latter research he collaborated with the scientist Bernhard Gross
[25], and with his student Georg Pfotzer [26]. The altitude where ionisation reaches the maximum
in the atmosphere was named as Pfotzer maximum. Regener was not even mentioned, although
he had been the researcher who led the discovery. The cause probably was the Jewish ancestry of

his wife, that caused them severe problems with the nazi regime.
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In 1932, Millikan also flew a unmanned balloon with an automatic electroscope. He tried to re-
move the temperature effects, like Regener, and improved the design of his electroscope to avoid
them [27]. Auguste Piccard, a physics professor in the Université libre de Bruxelles, made an
additional balloon flight, his second, flying with the Belgian physicist Max Cosyns up to 16000
metres. The data Piccard obtained was in accordance with Reneger’s measurements, and both
overlapped the Hess-Kolhorster curve validating their results. Then it became clear that Hess was
right, his findings were already proven by several scientists using varied, and more developed and

precise technologies.

Finally, in 1936, Victor Franz Hess received the Nobel prize in physics as the discoverer of cosmic
rays. He shared it with the American physicist Carl David Anderson, who under the supervision
of Robert Millikan himself, began to investigate cosmic rays and ended up proving the existence
of the positron, fact that led him to share that prize. Compton nominated Hess, but he could not
have nominated Pacini, since he had died two years before. Compton highlighted the importance
of the discovery and the pioneering measurements and clear conclusions of Hess, who proved and
stated that actually existed an increase of the ionisation related to the atmospheric height and
that its cause was radiation originated out of the Earth. In any case, it should be also noted
that his research was based on work of many other scientists. Some of them have been already
mentioned in this document, together with their remarkable contributions. Elster and Geitel, and
Wulf, developed the electroscopes, Wilson was the first one formulating the hypothesis of cosmic
radiation, Linke, Bergwitz and Gockel contributed with several balloon flight measurements, and
Pacini extracted the same conclusion as Hess, although his proofs were not so evident. On the
other hand, the first world war, and the turbulent political situation of those times made it more
difficult the research, communication, and information exchange between scientists from different

countries.

2.1.4 Discovery of muons

Carl David Anderson, who shared the Nobel prize of 1936 with Victor Hess, was also, together with
Seth Neddermeyer, one of the researchers who collaborated in the discovery of the muon, first ele-
mentary particle discovered that did not belong to conventional atoms. They measured “particles
less massive than the protons, but more penetrating than electrons” [28, 29]. J. C. Street and E.
C. Stevenson later confirmed their existence, by means of an experiment in which they proved that
these particles deflected if a magnetic field is applied to them, forming an intermediate curvature
between the electron and the proton [30]. Anderson and Neddermeyer assumed that those “singly
occurring particles” were not protons, as the ionisation they produced was of different magnitude
and they were more penetrating than what was due to them with their magnetic deflection. They
predicted the existence of a charged particle with an intermediate mass, in between of the masses
of the proton and the electron. What Street and Stevenson did was to measure and photograph
the magnetic deflection of those particles using an apparatus which included a cloud chamber. In
[30] they published photographs of two different tracks measured in that outstanding experiment.
They concluded that one of them corresponded to a proton, and the other one to the new type
of particle. In the detection event corresponding to the new particle, they observed such a high

ionisation density that they could not determine it precisely. Nevertheless, they tried to estimate
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its mass, obtaining a value 130 times bigger than the rest mass of the electron, with an error of
roughly the 25%.

Those experiments would not have been possible without Charles Wilson’s invention, the cloud
chamber, also called Wilson chamber. Wilson has been already mentioned in section 2.1.1 because
of its work with the electroscopes and as the pioneer who first formulated the hypothesis of the
extraterrestrial radiation. In 1927, he received the Nobel prize in physics. He shared it with Arthur
Holly Compton, who received the prize as a result of the Compton effect discovery, and his research

about cosmic and X rays.

At the time of their discovery, the muons were named mesotrons [31]. Beforehand, in 1935, Hideki
Yukawa predicted the existence of mesons (originally called mesotrons), particles which would have
an intermediate mass between of those of the electrons and the protons, and would be responsible
for the strong nuclear force. Since the muons seemed to agree with that prediction, they were
considered mesons. Later, more particles were discovered with similar characteristics and they were
called mesons too. Then, in order to differentiate the muon, it was renamed as p-meson. Finally, it
would be discovered that the muons do not participate in the strong interaction. Therefore, such

nomenclature was abandoned and they were started to be called as nowadays, muons.

2.1.5 East-West effect and absorption anomaly

Bruno Benedetto Rossi, an Italian experimental physicist graduated in the University of Bologna,
was the scientist who, in 1930, made the first prediction of the“East-West effect” [32], that is
to say, the different intensity that should be when comparing the cosmic rays arriving from the
east, and those arriving from the west, due to the magnetic field of the Earth. He also tried to
verify it experimentally, but his attempt was not satisfactory. The next years, other physicist such
as Thomas Johnson [33], Luis Alvarez and Arthur Compton [34], and Rossi himself [35], proved
with experimental data the existence of the effect and observed that the intensity was greater
from the west. This azimuthal asymmetry, indicated that most primaries were positive. After
those initial experimental proofs, over the next decade, the composition of cosmic rays was stud-
ied and it was widely confirmed that the majority of the primary cosmic rays were protons, and

that secondaries which are produced in the atmosphere were mainly electrons, photons and muons.

In 1938, Rossi lost his professorship for political reasons and left Italy, but he did not stop working
in cosmic ray research. Around 1940, physicists and researchers were already exploring the depen-
dence of cosmic radiation intensity on the atmospheric depth, and a decrease in mesotron (term
used to refer to muons at that time, see explanation in section 2.1.4) component when measuring
at smaller heights above sea level was found. Furthermore, this absorption could not be explained
by the energy loss produced in the ionisation of such particles. Scientists found that a layer of
air produces a higher absorption comparing to a shallower layer equivalent in terms of ionisation
losses, composed of denser material. Bruno Rossi interpreted this discovery and hypothesised that
mesotrons may disintegrate in few microseconds. Their short lifetime could explain this absorption
anomaly, introducing a factor which would not be connected to the ionisation losses caused by the
medium traversed by the particles. Therefore, if particles with similar speed propagate through
larger distances, it would be logical to expect a higher absorption due to the propagation time.
On the other hand, when particles propagate short distances in dense medium, it would not be

expected a significant absorption because of lifetime. The time needed to go through these short
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distances by particles is negligible compared to their lifespan. In [36], Rossi theorised about the
dependence of the probability of muon decay on momentum, and experimentally demonstrated it.
He analysed separately two groups of muons, a energetic group (range larger than 311 g/cm?),
and another group of softer muons (range between 196 g/em? and 311 g/em?). He found that
the disintegration of the less energetic muons occurred roughly three times faster, agreeing with
the theoretical calculations considering theory of relativity. His experimental estimation for the

lifetime of muons was of 2.4 microseconds.

Later, in the 1960s, Frisch and Smith measured p-mesons (term used to refer to muons at that
time, see explanation in section 2.1.4) on the top of Mt. Washington (New Hampshire) with the
aim of demonstrating relativistic time dilation. They selected muons with velocities in between
0.9950c¢ and 0.9954, and with the same requirements they measured also muons reaching the sea
level, in Cambridge (Massachusetts). They observed a time dilation factor of 8.8, which was within
the relativistic predictions [37]. In 1977, measurements of time dilation were also performed in
the CERN (Counseil Européen pour la Recherche Nucléaire). Bailey and his team measured high
energy muons (A = 29.33) and obtained estimations for the lifetime of both positive and negative
muons that agreed with special relativity. The estimated lifetime for negative muons was of 2.1948

microseconds [38].

2.2 Nature of cosmic muons and their interaction with mat-

ter

Cosmic muons are created in the interactions between cosmic radiation and the atmosphere. Cos-
mic rays are particles of high energy whose origin is outside the solar system. They are conformed
mostly by protons and helium nuclei, but there are also electrons, carbon, oxygen and iron in very
small proportions. Secondary cosmic rays, on the other hand, are the result of the interaction of
the primary cosmic rays with interstellar gas, and are formed by lithium, beryllium and boron
nuclei. Antiprotons and positrons are also part of secondary cosmic rays, although it is currently
under study whether a small part of them could derive from the primary cosmic rays. This cosmic
radiation reacts with the atoms present in the earth’s atmosphere creating particle cascades, and
muons are one of the types of particles which are present in the cascades. Muons are able to reach
the earth despite its short lifetime. This is due to their propagation speed, close to the speed
of light, which produces relativistic effects, allowing the muons to travel long distances. In fact,
analysing the intensity of the cosmic cascades at the sea level, muons turn out to be the type of
charged particle with the largest presence, although they are typically created at 15 km altitude
and lose about 2 GeV as they pass through the atmosphere towards the Earth’s crust [39].

Regarding the interaction with matter, the reaction of muons is described by two effects: the
loss of energy they undergo when ionising the medium they cross, and the multiple coulomb scat-
tering they suffer due to collisions with nuclei of matter [10]. Muons are charged fundamental
particles similar to electrons, although they have a mass 200 times greater. This implies that
they are unstable and have a life cycle 79 of approximately 2.2 ps [41]. However, due to the
effects of relativity, this time is considerably dilated in the Earth’s reference system and in their

short lifetime muons are able to pass through the atmosphere and even penetrate the Earth’s crust.
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2.2.1 Particle showers in the atmosphere

The radiation which penetrates through the upper atmosphere consists of stable charged particles
and nuclei with long lifetimes, roughly of 108 years. These rays have a nearly isotropic incidence in
the atmosphere for most of the energy spectrum [39]. When the original particles arriving to the
top of the atmosphere, the primary and secondary cosmic radiation, enters into the atmosphere,
it starts to undergone interactions with electrons and nuclei of atoms and molecules which are
present in the air. This is the reason why the nature of cosmic radiation is transformed while it is
propagated through the atmosphere. The particles composing such radiation loss energy through
hadronic and electromagnetic processes [42]. Note that within the framework of the atmosphere,
both primary and secondary cosmic rays are named as primary. Atmospheric secondary radiation
is composed of the new particles created when these radiations of cosmic origin penetrate the at-

mosphere and react with it.

In collisions of atmospheric nuclei (O, N) with cosmic hadrons, where the strong force is present,
additional particle showers are produced, leading to the creation of secondary particles, such as
mesons. Both, the rest of the primaries and the young secondaries, continue to propagate and
interact downwards in the atmosphere. In hadronic collisions, pions (the most numerous) and
kaons are produced, among other particles. This sort of particles can continue interacting or can
decay, depending on their energy and average lifetime. For example, charged pions can decay into

muons and neutrinos:

= ut (2.1)

S VR S 0 (2.2)

Muons and neutrinos easily penetrate through the atmosphere, and as already pointed out, al-
though their short life time, muons are able to reach the sea level thanks to the relativistic time

dilation. However, some of them also decay, producing as a result electrons and more neutrinos:

pt—=et + v +7, (2.3)
woo—=e +U. 4y, (2.4)
The interaction and decay processes described above (consult [42] for more detailed information),

as well as other main phenomena happening in atmospheric cosmic showers are shown in fig. 2.2. A
primary collides with atmospheric nucleus, creating new particles, mainly pions, and kaons. These,

in turn, decay into photons, which generate electron-positron pair production, and also into muon
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and neutrinos. Therefore, three different components are present in the atmospheric particle show-
ers: the hadron component, basically consisting of nucleons, pions, and kaons, the electromagnetic
component, showers composed of gamma rays and electron-positron pairs, and muon component,

which includes neutrino generation and also contributes to electron-positron generation.
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Figure 2.2: Atmospheric particle showers generated by a cosmic ray. The primary collides with

atmospheric nucleous generating hadron, electromagnetic, and muonic components. °

2.2.2 Cosmic muon flux

It is essential to consider and exploit the knowledge about cosmic muon flux on the earth surface
when testing the operation of detectors, or when using them to perform muography measurements.
The expected intensity of muon flux is a useful reference to estimate detector efficiency and de-
tect the presence of background noise. Other parameters describing the muon and background
flux, such as the momentum, help also to manage the presence of noise and to filter it. A good
understanding of cosmic muon flux properties helps designing optimal detector configurations and
algorithms for the different applications of muography, as nowadays it is the only source of all the

muography experiments and applications.

Intensity (I)

For muography experiments using horizontal detectors, the following quantitative approximation

for the muon intensity (I) is widely used [13]:

I = 10000 [mL] (2.5)

2 mun

Where p represents the number of muons. Some research work results [14] [12] specify that at sea

level, the integral intensity of vertical muons above 1GeV/c is of about:
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1
IO ma.s.l, p>1Gev/c — 70 [m} (26)
Although more recent measurements [45] [46] [47] suggest that muon flux is less intense, and that

the integral intensity of vertical muons above 1GeV/¢ is within the range specified below:

1
IO ma.s.l, p>1Gev/c — (5957 63) [m] (27)

Incidence angles (6, ¢) and momentum spectrum

The integral intensity of muons has negligible dependence on azimuth angle ¢, while the zenith
angle  influence is strong, since the thickness of the atmosphere that the particles have to pass
through depends on it [42]. Assuming a flat Earth, the dependence of the muon flux I on zenith
angle 6 can be represented by the following equation:

I(0) = Io cos™ *(6) (2.8)

where n is a function of muon momenta, and Iy the vertical muon intensity. Generalising the
expression for a characteristic muon energy of 3GeV, a relation of cos?(#) between I(6) and Iy is
obtained [43]. Since the assumption of a flat Earth is taken to develop the eq. (2.8) it works well
for small zenith angles, but is not accurate for large angles. In those cases, mathematical models
considering curved Earth surface should be applied to calculate the muon flux as a function of

zenith angle [18].

The angular and energy distribution of cosmic muons are a convolution of their production spec-
trum, propagation and energy loss trough the atmosphere, and decay probability. 4 GeV is ap-
proximately the mean energy of muons at the Earth surface, although the median and the peak of
energy distribution are in lower values. In the fig. 2.3, measurements of cosmic muon momentum
spectrum at sea level for two different zenith angles (§ = 0°, and § = 75°) are shown, together
with an extrapolation formula (valid for high energies and zenith angles smaller than 70°), which

is applied for the case of § = 0° [43].

In figure fig. 2.3, the muon momentum spectrum for = 0° and 6 = 75° are clearly distinguished.
At large zenith angles, muons have to travel longer distances through the atmosphere, undergoing
larger energy losses, a fact which results in smaller muon differential intensities in low ranges of
momentum spectrum. In figure fig. 2.4, measurements of muon intensity spectrum at other zenith
angles (6 = 0°, § = 30°, § = 60°, # = 75°) and in a momentum range that goes from 1.75 GeV to

22.5 GeV have been added, as an example of the mentioned atmospheric propagation effect.

Velocity

Knowing the muon momentum (p), the velocity (v) can be calculated applying momentum-velocity

relation of relativistic mechanics eq. (2.9):
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Figure 2.3: Measurements of muon momentum spectrum at 6§ = 75° (), and 6 = 0° (rest of the
markers). The line represents the result of an extrapolation formula valid for high energies and
0 < 70°, applied in this case for § = 0°. Additional information about measurements and the

mentioned formula can be found in [13]. *

p=myp (2.9)

o p——— (2.10)

v
B=- (2.11)

Specifying the Lorentz factor, momentum-velocity relation becomes:

1

Vfiﬁﬁ (2.12)

p=m

Developing the equation:

g=—L (2.13)

N/

Which considering energy—momentum relation, or relativistic dispersion relation,

E? = p* +m? (2.14)
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Figure 2.4: Measurements of muon momentum spectrum at different §. The measurements of
6 = 0° (s) [44] and @ = 75° (o) [19] correspond with the data in the fig. 2.3. Additional measurements
at other zenith angles (6 = 0°, § = 30°, 8 = 60°, 6 = 75°) [50] have been added to this figure. On
the graph of the right muon momentum spectrum is plotted, without multiplying it by p*7.

can be also written as:

p
= = 2.15
p=2 (215)
Therefore, including muon mass p [11],
m = m, = 105.6583755 £ 0.0000023 [MeV] (2.16)
the muon velocity is given by:
o= 2o P (2.17)

Jrr+mz o F

Muons arriving to the Earth surface with a common momentum p,,, of for example 1 GeV, travel
with a velocity around 0.9999472 c, while soft muons of p, = 0.1 GeV travel at roughly 0.9947586 c.
The speed of energetic muons of p, = 10GeV, is 0.9999995 c. From the point of view of muography,
differences in speed have little influence, since, in general, the velocity of natural cosmic muons is
close to the speed of light (v, > 0.99).

Life time

As it has been mentioned before, muon life time expectation 7y, is roughly 2.2 us, but it is dilated
depending on p [42]:
(2.18)

Tu,dilated = Tp”Y
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Where + is the Lorentz factor. On the other hand, muon decay probability Pd,,, is approximately
directly proportional to its mass m,, and the material thickness traversed x, but inversely propor-

tional to the density of the medium p, 79, and momentum p [42]:

Pd, =1—exp <—/ Ty d:v) ~ Mt (2.19)

PTOD ~ pTop

Note that this expression does not consider the continuous energy loss that muons undergo when
crossing the atmosphere, which is produced by ionisation, nor the heterogeneous density profile of

the atmosphere.

Altitude, geomagnetic, atmospheric, and heliospheric dependence

Comparing data of muon measurements at different altitudes above sea level, its influence on muon
flux can be observed (see fig. 2.5). In the measurements summarised in the figure, where the alti-
tude above sea level varies from 30 up to 2770 m, the muon flux intensity increases with altitude,

especially below 30 GeV.
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Figure 2.5: Absolute differential momentum spectrum of atmospheric muons. Check [47] for more

information about the measurements. *

Regarding the geomagnetic dependence, note that the “East-West effect”, that is, the azimuthal
asymmetry which exists due to the positive charge of primaries and the Earth’s magnetic field,
has been already discussed in this thesis (see section 2.1.5). The cosmic ray incidence intensity is

higher from the west.

Theoretical explanations of these, and also other effects that cosmic muon flux undergoes, which

are produced by factors such as the latitude, longitude, temperature, pressure, and heliospheric

30



2.2. Nature of cosmic muons and their interaction with matter

influence can be found in [42].

2.2.3 Background noise

As seen in section 2.2.1, cosmic ray atmospheric showers include other charged particles, such as
protons, electrons, and positrons, which in the same way as muons, arrive to the Earth surface,
in spite of their stronger interactions with matter. Protons undergone nuclear interactions, unlike
muons. The Bremsstrahlung energy loss depends on 1/m, where m is the mass of the particle.
Thus, it is much lower for muons. Furthermore, cosmic shower positrons are likely to disinte-
grate with electrons from atmospheric atoms. Those factors, at sea level, reduce significantly the
background flux comparing it to the muon flux. However, their impact in measurements with no
momentum cut is far from being negligible [51]. Above 1 GeV, and at sea level, the cosmic back-
ground particles are at least 2 orders of magnitude less numerous than muons (see fig. 2.6). Noise
caused by the muons themselves should be also considered. Subsequent muons could arrive to the
detection layers with time intervals which are not large enough to be accurately distinguished by

the electronic systems.
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Figure 2.6: Vertical fluxes of cosmic ray particles with £ > 1GeV depending on the atmospheric
depth, which are inferred from a nucleon flux model. The points correspond to experimental

measurements. Check [13] for more information about the model and experiments. °

2.2.4 Muons within standard model

The Standard Model of particle physics describes the electromagnetic, weak and strong interac-
tions, excluding gravity. It explains three out of the four fundamental forces that are known, and

classifies the discovered elementary particles. Fermions are the type of particles which constitute
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the matter, and they have a spin of 1/2. There are 12 different fermions, and each of them has its
corresponding antiparticle. Fermions are classified depending on their charge, which determines
how they interact. The six quarks have charges of 2/3 or -1/3, while the six fermions carry -1,
or null charges. Fermions, both leptons and quarks, are subdivided into generations or families.
Particles of higher generations are more massive than those of lower generations, although this is
not still neither demonstrated nor rejected for neutrinos, which have small non-zero masses that

have not been precisely quantified yet.

Quarks are sensitive to the electromagnetic interactions, as well as to the strong, and weak nuclear
forces. On the other hand, leptons intervene only in the electroweak interactions, i.e, electromag-
netic and weak interactions. Gauge bossons (which are also vector bosons, since their spin equals
one) are the force carriers of elemantary fermions, meaning that they are responsible of the interac-
tions between those particles. Gluons conduct the strong force, photons the electromagnetic, and
W as well as Z bossons the weak force. The Higgs bosson, whose first observation was announced
by the CERN in 2012, constitutes the quantum, or in other words, the smallest possible excitation
of the Higgs field. Both Higgs bosson and Higgs field are essential to explain the origin of the mass

of elementary particles, which is generated when the Higgs mechanism is triggered.

The standard model has successfully predicted the Higgs boson and its characteristics, as well as
top and bottom quarks, and Z, W, and gluon bosons. It also explains most of the physical pro-
cesses, like decays or scatterings, matching with experimental measurements. However, there are
certain phenomena which the model is not able to explain, such as issues about neutrino masses, or
gravitation theory, among others. The hierarchy problem, i.e., the great differences between weak
force and gravity, like the magnitude of their energy range, are still not understood completely.

The weak force, is more than 20 orders of magnitude stronger than gravity.

Standard Model of Elementary Particles
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Figure 2.7: Elementary particles of the Standard Model. The muon is a second generation fermion,

and a lepton.

The mass hierarchy of the different generation particles of the standard model, which is other
point on which a lack of consensus exists about its explanation, is also an indicator of the life time
of particles. The muon, is more unstable comparing to the less massive particle of the previous

generation of its sub-type (leptons of charge -1), the electron. Having a life time expectation of 2.2
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2.2. Nature of cosmic muons and their interaction with matter

s, obviously the muons can not be part of the long-lasting “every day terrestrial matter”, i.e. the
atoms. The same happens with the other 2"¢, and 3'¢ generation fermions. Where these relatively
massive and unstable particles can be observed, is in physical processes like the cosmic ray parti-
cle showers produced in the atmosphere (see section 2.2.1) or in particle accelerators. Pions and
kaons, subatomic particles that are part of the atmospheric showers, are composed of a quark and
an antiquark, elementary particles of the standard model. They are hadrons, as they consist of
two quarks, and within hadrons they belong to the group of the mesons, since they have an equal

number of quarks and antiquarks.

2.2.5 Interaction with matter

It is precisely the effects that occur when muons reach terrestrial matter that are of greatest im-
portance for muon tomography and specifically for this project. These particles react when they

encounter matter in their path by means of two main processes: ionisation and multiple scattering.

Stopping power or mean rate of energy loss

Tonisation and atomic excitation are the main physical processes producing energy loss in muons,
up to momenta around 500 GeV [51]. The effect of these phenomena on the energy loss is accu-
rately quantified by the well-known Bethe-Bloch formula, which determines the energy loss per
length of material traversed, depending on the incident particle and the properties of the material.
In practice, muons have an average momentum of a few GeV, coinciding with the momentum at
which ionisation is minimal (see fig. 2.8), i.e. muons typically lose little energy through the afore-

mentioned processes. Here is rewritten the Bethe-Bloch formula for the specific case of muons:

dE.  Z 1 [1, (2m.B*y*Wyna, 5(87)

Where Z and A are the atomic and mass number of the medium, respectively. This dependence
is the most important and influential aspect in relation to current muography techniques. J
represents the ratio between the particle velocity and the speed of light. m. is the electron mass,
A the Lorentz factor, Wi, 4, the maximum possible energy transfer, I the mean excitation energy,

and §(B7) the density effect correction.

Multiple scattering

Muons, being charged particles, scatter at many angles when they pass through matter. Much of
this blurring is due to Coulomb scattering by the nucleus of matter, as explained in Rutherford’s
cross section. The phenomenon of multiple scattering is explained by Moliere’s theory. Although
large scattering produces a non-Gaussian tail in the deviation distribution of all muons passing
through a given material, it can be approximated by a Gaussian distribution with root-mean-square
(RMS) width 6y [43] (see equation 2.21). Detailed information about multiple scattering studies

and models developed can be found in [52] [53] [54].

13.6MeV T x
p= ——,/— |1 4+0.038In| ——— 2.21
0 Bep  \ Xo [ (Xo/ﬁﬂ (2:21)
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Figure 2.8: Mass stopping power or mean rate of energy loss (dE/dx) for positive muons in copper.
6

Where Sc and p are the speed and the momentum of the incident particle, = is the distance that
the particle travels within the material in the incident direction (see Figure 2.9) and X represents
the radiation length of the material (description in the following section section 2.2.5). [ is the
ratio between the speed of the particle and the speed of light. The constant 13.6 is measured in
million electron volts (MeV') and the aforementioned 6y corresponds to the RMS value of muon

deviations projected in a plane.
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Figure 2.9: Illustration of multiple Coulomb scattering, and the parameters usually utilised to

characterise it. In the sketch, the particle is transported horizontally from the left side.

An example of the multiple scattering process and the parameters used to describe it are repre-
sented in fig. 2.9. Those parameters are: the already mentioned traversed material thickness x,
the distance from the actual position of the particle and its straight line path (SLP) at a depth
of x/2, represented as Spiane, the angle between particle incidence direction and the SLP, Wy 4ne,

the scattering displacement Ypiane, and the scattering angle 0pjane. The SLP is the straight path
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2.3. Muography

joining the particle incidence point on the material to the exit point. Scattering displacement and
angle, Ypiane and Opigne, are correlated, with a coefficient pyo = \/5/2 ~ 0.87. All of them are

parameters referring to the scattering projected in a plane.

It should be mentioned that the estimations specified in the current section about multiple scat-

tering are only valid for small 6y, and they do not consider large-angle scatters.

Radiation length

The radiation length Xy, is a characteristic of materials, which is related to the amount of energy
that high energy particles lose when they electromagnetically interact with them. It is defined as
the average distance throughout which an energetic electron has its energy reduced by a factor 1/e
due to bremsstrahlung. It is measured in cm, or in g/cm?, depending on whether it is expressed
as a distance, i.e., a thickness of material traversed by the particle (named in this thesis thickness
radiation length), or as the amount of mass contained in the material column corresponding to that
distance (named in this thesis mass radiation length). The thickness radiation length of materials

is given in em, while in g/cm? it is given the mass radiation length.

This property of materials, it is used to describe the multiple scattering, as already noted above
(see section 2.2.5). Calculations of radiation length using analytical equations can be found in [55],
as well as comparisons with methods applied by other scientists for the same purpose. PDG (Par-
ticle Data Group) has collected data about atomic and nuclear properties of materials, including

Xo, which can be consulted in in pdf format [56], and in an interactive website [57].

In fig. 2.10, data from the mentioned sources has been plotted. Several elements are characterised
by the relation of their atomic number Z, with other properties, namely, their mass and linear
radiation length, their density, and their thickness expressed in number of radiation lengths and
considering 1 cm. The latter property, is precisely the one that determines the magnitude of the
multiple scattering undergone by muons, as specified in eq. (2.21). It could be defined too as the

number of radiation lengths contained in a single unit of thickness.

The radiation length of a composite material, given those of the materials which are part of it, can

be obtained trough the following formula:

1/Xo=> w;/X; (2.22)

where j refers to the different materials composing the mixture, in such a way that w; and X; are

the weight fraction, and the radiation length of the material j.

2.3 Muography

2.3.1 Main idea and measured phenomena

From the beginnings of Muon Radiography (MR) in the early 1950s, both absorption and scattering
of muons has been used to inspect structures and get a density map of their interior. MR is a

technique which exploits the presence of cosmic muon showers, created in the atmosphere, to
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Figure 2.10: Characterisation of some elements by the relations of their atomic number Z, with
radiation length and other properties such as density, and thickness. The latter is expressed in

number of radiation lengths and considering 1 cm. Data from [56] [57].

measure them and extract a natural radiography, and it can be applied in the aforementioned two

modalities: absorption and scattering.

Muon Absorption Radiography (MAR)

The Muon Absorption Radiography (MAR) is adequate for problems involving big targets due
to its capability of scanning big areas in relation to the detector dimensions. This method only
needs one detector to measure the incoming muons that have crossed the target. The density
map of the scanned area is created counting the number of muons, knowing that they are absorbed

when crossing big amounts of dense material due to the energy loss they undergo (see section 2.2.5).

In the example of fig. 2.11, a volume containing dense material (a volcano) is represented, and
within it, a cavity is present, marked with light blue color. The muon detector located close to the
object collects the muons arriving with different incidence angles. The number of counts abnor-

mally increases for muon directions crossing the cavity.
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Muon detectork -

Figure 2.11: Muon Absorption Radiography (MAR) scenario example. One muon detector and
a large structure (volcano) with a cavity (light blue) are represented. The distribution of muon

counts is abnormally increased depending on the incidence angle.

Muon Scattering Radiography (MSR)

Muon Scattering Radiography (MSR) is appropriate to detect medium and small size targets.
In this case, two detectors are needed to measure muon trajectories before and after the target,
scanning smaller areas but obtaining the deviation of muons, information which allows to perform
more precise reconstructions. These deviations are produced by the Multiple Scattering which
suffer charged particles when traversing matter (section 2.2.5). The larger the muon trajectory

deviation is, the denser the measured object.

In the example of fig. 2.12, a target, specifically an industrial pipe, is measured. The muon de-
tector located above collects the incidence angles of muons before arriving to the target 6;,, and
the detector below measures the muon trajectories after crossing the scenario 6,,:. The change
undergone by the muon trajectory, i.e. the existing difference when comparing the angle of output

trajectory with the one recorded by the detector above, is the scattering angle:

A0 = 0oyt — Oiny (223)

On the right of fig. 2.12 an histogram with two scattering angle probability distributions is rep-
resented. The blue curve shows a distribution of scattering angles produced by a lighter scenario
comparing to the distribution of the red curve, where muon scatters are harder due to the presence

of a larger amount of matter.
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Figure 2.12: Muon Scattering Radiography (MSR) scenario example. Two muon detectors are
located measuring an industrial pipe, one of them over the target, and the other below. On the
right, the probability distribution of measured muon scattering angles (Af) with and without

target.

Muon momentum

Momentum is of great influence when performing a muography, specially when measuring scat-
tering. As eq. (2.21) indicates, it is inversely proportional to the RMS of the scattering angles of
muons. In addition, muon momentum range covers several orders of magnitude, and although its
mean value for muons at the Earth surface is around 4 GeV, it strongly depends on the incidence
angles of the measured muons, especially on the zenith angle (see section 2.2.2). Therefore, the
momentum distributions of measured muon fluxes depend on detector configuration and orienta-

tion.

Due to these reasons, to measure or estimate the muon momentum on a per-particle basis can be
a major improvement for muography. It directly improves the output of muography algorithms,
as allows a more precise reconstruction of absorption and scattering phenomena. The momentum
of a particle can be inferred based on its time of flight, or also using calorimeters and detectors,
measuring the deposited energy or other indicators, such as the scattering in the detector material,
technique that has been already tested in the area of muography [58]. The use of dense material
layers placed between detectors has been proposed too, with the aim of filtering and classifying
muons of different ranges of momentum [59] [60], or to directly estimate it [61]. It should be borne
in mind that when adding detection layers the angular acceptance and efficiency of the whole sys-
tem is undermined. However, the improvement of muon imaging has been demonstrated with a

detector including a dedicated momentum spectrometer [62].

The latter technique has been studied in this thesis and applied to material discrimination (ap-

pendix B).
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Figure 2.13: Photograph and explanatory sketch of the detector with dedicated momentum spec-

trometer used in [62]. ©

2.3.2 Types of detectors

In this section, the existing types of muography detectors depending on their detection technol-
ogy are enumerated, together with their main characteristics. Emphasis is placed on gaseous
detectors, and more specifically on Multi-Wire Proportional Chambers (MWPC), which is the
technology utilised to build the detectors studied in this thesis.

The requirements of a detector built for MAR applications are usually less demanding comparing
to MSR detectos in terms of resolution. In the case of MAR, the resolution affects the accuracy
with which the detected muons are reconstructed, but not the main magnitude that is used to
estimate the density distribution of the scanned volume, i.e., the muon counts which indicate the
absorption. On the other hand, in MSR, the resolution influences both, the accuracy of the loca-
tion of the measured muons trajectories, and also the scattering angle measurement, which is used
to infer the scattering density of the materials within the detection volume. The requirements also

depend in the targets of each specific application.

Regarding the muon momentum measurement on a per-particle basis, despite attempts, there is
still no technology that has been widely applied in the field of muography, both because of the cost

of the hardware needed to do so and due to the technical complexity that the task involves.

Scintillators

Detectors composed of plastic scintillators are typically used in MAR measurements, since their
resolution is not optimal comparing to other technologies. On the other hand, they are robust
and relatively cheap systems (roughly 50k €/m?) [51]. The emergence of Silicon Photo Multipliers
(SiPM) has reduced the cost and power consumption of scintillator detectors. Light guides and
Wavelength Shifter Fibres (WLS) are the mechanisms used to collect the photons emitted by the
particles along their path through the scintillators. The output of the mentioned mechanisms is
connected to photo multipliers and then to the readout electronics. WLSs and SiPMs have been
used in MU-RAY [63], among other detectors (see fig. 2.14).
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Figure 2.14: Simplified sketch of a scintillator using Wavelength Shifter Fibres (WLS) and Silicon
Photo Multipliers (SiPM). ”

The operation of this type of detectors is highly dependent on temperature, and the voltage has
to be adapted to its variation. Other approach to solve this issue, the use of temperature control
systems that maintain a constant temperature inside the detector, has been applied in the MU-
RAVES experiment [64].

It is worth mentioning that two special types of detectors have been developed with scintillators:
novel borehole detectors which are useful for underground applications [65] [66] [67], and MSR

detectors based on thin scintillator fibres [68].

Nuclear emulsion

These detectors are composed of extremely high spatial resolution photographic layers, even below
the micron, depending on their grain density. Charged particles leave a three-dimensional trace in
their interior which can be seen and reconstructed by means of microscopes and specific equipment.
These detectors are lightweight, and they can reach angular resolutions of the order of a few mrad
[69]. They do not need electric power, but the reconstruction of their measurements is not a real-
time process, and involves the use of complex and quite uncommon equipment. In addition, their

operation it is adversely affected when working with low temperatures, and in humid atmospheres

[51].

Such detectors have been utilised in diverse and harsh scenarios [70] [71] [72]. They have been one
of the three technologies used by ScanPyramids collaboration in the discovery and characterisation

of a big void and a structure that resembles a corridor in Khufu’s Pyramid [73] [74].

Semiconductor

Silicon, or semiconductor detectors are robust, reliable, and high resolution systems, but their price
is high compared to other detection technologies typically utilised in the field of muography. The
detection units can be pixel or strips, having the former greater ability to differentiate events, but
at the expense of important requirements regarding the electronic acquisition system. This type

of detectors can reach resolutions of 10 wm [75].

Cherenkov radiation

Cherenkov radiation systems have been tested as muography detectors, for example in MAR appli-

cations in vulcanology [76], and also in MSR, applications as momentum estimators [77]. However,
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due to their high cost they are not a widely used technology in the field of muon radiography.
The Cherenkov light is produced when a charged particle traverses dielectric material at a velocity
greater than the speed of light in the same medium (phase velocity). Thanks to this electromagnetic
radiation, particle trajectory and speed can be reconstructed, since the angle of the cone-shaped

light which is emitted is related to particle velocity.

Gaseous

Among gaseous detectors different sub-types exist. For example, drift chambers, micromegas, Re-
sistive Plate Chambers (RPC), and Multi-Wire Proportional Chambers (MWPC), the detection
technology studied in this thesis. They all share common characteristics such as a high angu-
lar resolution, and reduced financial cost, both particularly desirable requirements for scattering
muography detectors. However, this sort of detectors are used both in MAR and MSR applica-
tions, and they are usually built with flat shape, although borehole gaseous detectors also exist
[78]. Charged particles traversing the volume filled with gas inside the detector collide with the
atoms of the gas and release electrons from them. Thus, the atoms become ions, and due to the
action of the electric field within the detector they are drifted towards the cathode, while electrons
are attracted by the anode. Depending on the gaseous detector sub-type, the detection units, that

is, anodes and cathodes, can be tubes, strips, plates, or proportional wires.

Multi-Wire Proportional Chambers (MWPCs), were invented in 1968 [79]. In this first implemen-
tation the MWPCs already showed the possibility or reaching excellent time resolutions of up to
100 ns. The wires worked independently down to separations of 1 mm. The appearance of MWPCs
entailed a revolution in the field of particle detectors, due to the aforementioned improvements
in position resolution and in the ability of distinguishing particles with high arrival frequencies.
These detectors are composed of an anode plane usually made of wires, or alternatively of other
components, such as strips. This plane is in between of two cathode planes. Arranging two anode
planes perpendicularly and close to each other, just below one another, the points where charged
particles cross the chamber can be estimated. The passage of charged particles through the detec-
tor volume filled with gas produces ionisation, and as explained above, the electrons take direction
to the anodes, in this case, the wires. When approaching them, the electrons are multiplied and
produce avalanches (see fig. 2.15), which are usually collected on the nearest side of the wire, and
do not surround it. In this way, signals are produced in the anodes, which are transmitted to their
receivers in order to capture them. The mentioned avalanche effect is described by the Townsend
coefficient, and depends on applied electric field, gas density, ionisation cross sections of collected
electrons, and other transfer mechanisms [80]. The Townsend avalanche is the phenomenon behind
the amplification factor of the anode wires, which are also called proportional wires due to the pro-
portionality of the signal they generate with relation to the number of electrons collected. This
proportionality is maintained as long as the electric field disturbance produced by the avalanche

is negligible compared to the electric field of the wire.

MWPC variants like the Cathode Strip Chambers (CSC), which use segmented cathodes and
provide excellent spatial resolution and high counting rate capabilities have been installed, com-
missioned, and tested in ATLAS detector of LHC (Large Hadron Collider) [81]. These CSCs have
wire and strip pitches of 2.5 and 5 mm, respectively. The position resolution in the precision coor-
dinate is roughly of 60 pum, and it is obtained through interpolation of the induced charge on the

segmented cathode. In addition, in the case of events with more than one track, pulse height helps
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Figure 2.15: Rough representation of an electron avalanche in the vicinity of an anode wire.

to identify and match tracks of precision and secondary coordinates belonging to the same particle.

Recently, innovative designs of MWPCs adapted to requirements of muography have been devel-
oped too. As an example, the construction of chambers with uniform and high detection efficiency
(above 99%), and a low gas consumption of less than 2 liters/hour [82]. The utilised gas is an argon
and carbon dioxide mixture, which is nontoxic and nonflammable. It was proven that the position
resolution of the detectors was compatible with the expectation of a 12 mm spacing between wires,
i.e, 3.5 mm (assuming uniform hit distribution). Such detectors have been applied in absorption
mode in natural caves and artificial tunnels [33], in Sakurajima volcano [34] [35] [36], and also
in a civil engineering application, where an underground iron pillar was imaged using a borehole
detector [37]. A rotating 5 metre length MWPC-based muon spectrometer has been built too,

which is used to perform precise momentum measurements [83].

The main drawbacks of MWPCs are the fragility of the wires, and complex construction and
maintenance. The effects of temperature change require a compensation, which can be solved with

voltage regulation [32].

Regarding Resistive Plate Chambers (RPCs), the first detector of this type was developed in 1981
[39]. The detection mechanism is composed of high resistivity parallel plates with constant gaps
between them. The plates are coated with a low resistivity material, typically graphite. Comparing
to other gaseous detectors, a higher electric potential is needed, approximately 10000V are applied
to the coating. RPCs are reduced cost detectors, and their manufacturing is simple compared
to other muography detectors. On the other hand, they require extremely high voltages, can be
damaged by sparks, and they use flammable, and even restricted gases. High Global Warming
Potential (GWP) gases, such as the ones used in the RPCs (namely C2H2F4, and SF6) have been
restricted by European regulations. For this reason, it is envisaged analysing the performance of

RPCs using eco-friendly gases [90].

In 2000, the RPCs were already utilised as triggering detectors in ATLAS experiment, reaching
a timing resolution of 3 nanoseconds [91]. Later, a high resolution detector prototype (300 pm
spatial resolution) was developed for scattering muography [92]. In 2019, a exploration of small-
area RPCs intended for use in muography applications with complicated logistic conditions was
suggested [93]. Currently, research activities and manufacturing of portable muon detectors based
on Resistive Plate Chambers are being carried out [94] [90]. RPCs have been applied in Puy de
Do6me volcano, providing useful information about the performance and requirements of detectors

for volcano absorption muography [95].

The drift technique consist in measuring the time of the travel of the electrons through the gas
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within the chamber until they reach the anode wire. With this magnitude, the distance between
muon trajectory and the detection wire can be inferred. This technique can be applied in drift
chambers made of tubes, or also of proportional wires. However, it should be borne in mind the
influence of various factors on on drift velocity, such as temperature variation, and the ratio of
electric field to gas pressure [51]. By taking advantage of the high resolution that can be achieved
with this technique, detectors based on it have been used to perform scattering muography mea-

surements where nuclear threat [96] detection, and material characterisation [60] have been studied.

Micro-Pattern Gaseous Detectors (MPGDs) are a new generation of detection mechanisms com-
posed of microelectronic structures. In those detectors, the distances between anode and cath-
ode electrodes are below millimeter scale. Their performance regarding rate capability, time and
position resolution, granularity, stability and radiation hardness improves that of the MWPCs.
Currently, a collaborative effort is being made in order to make MPGDs a viable, easy-to-use, and
cost-efficient technology for construction of large surface and portable detectors [97]. A sub-type
within MPGDs, the MICRO-MEsh GAseous Structure (MICROMEGAS) detectors have been al-
ready tested in controlled environment and used to perform MAR measurements in a dam in the
South-East of France [98] [99], as well as in Khufu’s Pyramid, in the framework of the ScanPyra-

mids project [73].

As a concluding remark about gaseous detectors, the need of a continuous gas flux has to be con-
sidered, which in case of large surface detectors can be high. This fact could difficult or limit their

operation and performance in certain applications.

2.3.3 Simulation

In this section, the particle physics simulation tools used in the research are described. The simula-
tion consists of three main aspects: muon generation, their propagation trough matter (transport),

and the detector response.

The utilised simulation framework generates muons mainly by means of the Cosmic RaY generator
(CRY) [100]. CRY is a cosmic-ray particle shower generator library, which provides data at three
different elevations above sea level: 0, 2100, and 11300. The primary cosmic ray production is
based on simulation tables verified by means of published cosmic-ray measurements. It can gen-
erate muons, neutrons, protons, electrons, photons, and pions. The generation can be configured,
activating or eliminating the aforementioned types of particles. They are generated within the
selected generation area (a flat and squared surface, with configurable side length), taking into
account the flux corresponding to the specified conditions. The latitude and solar cycle effects are
also considered, and they can be managed by the user. The Efficient COsmic MUon Generator
(EcoMug), which is based on experimental data parameterisation, is also within the framework
and can be used to generate cosmic muons [101]. It is particularly designed for muography ap-
plications, and it allows to produce muons from different surfaces, such as planes, cylinders and
half-spheres. This feature allows to simulate certain scenarios in more efficient way compared to
squared surface generators, such as CRY. The generation of background events has been recently
included [102], among other improvements. Both, CRY and EcoMug, reproduce the atmospheric

muon flux arriving at the Earth’s surface, which is the information used in this thesis.
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GEANT4 [103] is used to simulate particle propagation through matter. GEANT4 is a particle
transport simulation software, designed and maintained at CERN, which simulates particle-matter
interactions in high energy and nuclear physics. A detailed summary of the aspects of Geant4
related to muon tracking can be consulted in [104], while the physics reference manuals, together
with the rest of Geant4 documentation can be found in [105]. The key Geant4 processes for the
studies performed in this thesis are those related to muon transport, and in particular their energy

loss and scattering phenomena.

Figure 2.16: Visualisation of the experimental muography detector model included in Muon Sys-

tems simulation framework.

The simulation framework used in this research contains a model of the muography detector utilised
including its response (see fig. 2.16). This framework has already been successfully applied to var-
ious use cases, such as steel pipe wear [106] and the application to hidrology included in this thesis
[107]. Similar simulation frameworks are commonly used in muography applications [108]. It is
worth mentioning that both perfect and realistic resolution detector response can be generated
with the simulator. In the case of realistic resolution, the muon trajectories are reconstructed by
the wires of the detection layers, that are included in the simulation. The closer wires to the actual
position of the muon are activated, and their amount is determined depending on muon incident
angle, based on a model extracted from laboratory measurement data (see section 3.3.1). Perfect
resolution simulation provides the actual muon position in the detection layers, as generated by
Geant4.

2.3.4 Muon reconstruction algorithms

In the current section, different types of muography algorithms used to reconstruct muon signals
are explained. Specifically, imaging, and parameter inference algorithms are reviewed. The section

is mainly focused on scattering muography.
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Muon imaging algorithms

The Point Of Closest Approach (POCA) algorithm [109] [110] is a simple and effective muon imag-
ing algorithm widely used in scattering muography field. It is based on an extremely simplified
view of the multiple scattering, in which a single scattering centre is only considered. This centre
(Ppoca) is inferred calculating the closest point to both, upstream and downstream muon trajecto-

ries (see fig. 2.17).
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Figure 2.17: Sketch of the POCA algorithm calculation.

Outgoing muon

The algorithm is highly dependent on the trajectory resolution of the detector utilised, and it is
characterised by a lack of accuracy in the axis perpendicular to detection layers, which is empha-
sised for muons with low deviations. This kind of muons, which are presumably of high-energy,
can be an important part of the measurement containing significant information. Even with a
perfect resolution detector, scattering centres inferred with POCA for energetic muons traversing
light materials can be very imprecise or even undetermined. In those cases, the expected initial
and final muon trajectories are almost parallel. They should be considered also cases where the

reconstructed tracks tend to drift away from each other.

A version of this algorithm has been applied in some analyses of this thesis to reconstruct the
scattering density distribution of different targets, such as cargoes composed of several materials
(see appendix ), and concrete cylinders (see fig. 2.18). It has been also utilised as input for a
furnace ladle fill-level inference model developed in section 6.3, which has been recently applied by
TomOpt [111] collaborators to differentiable-programming detector parameter optimisation [112].
The implemented model is essentially a general and efficient algorithm which estimates the thick-

ness of a layer of material.

The Angle Statistics Reconstruction (ASR) algorithm [113] was proposed as an alternative to the
above described POCA. It was designed with the aim of reducing inaccuracies inherent to POCA
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Figure 2.18: POCA point density tomography of two concrete cylinders, with same dimensions,
and located next to each other. The volume where both of them are located is marked with black

rectangles.

algorithm, such as those already described in the previous paragraphs. ASR reconstructs the scat-
tering in a grid of voxels depending on the distance between incoming and outgoing trajectories.
A maximum threshold distance is defined, which determines the scattering existence in the voxels.

When the trajectories are closer than...

The Mazimum Likelihood Ezxpectation Maximisation algorithm [114] [115] approaches the detection
volume scattering density reconstruction as a multi-parameter estimation problem. The detection
volume is divided in voxels, whose radiation length is estimated based on a statistical scattering
model. Maximising the likelihood function by means of expectation maximisation techniques, the
scattering density distribution of the volume of interest is inferred. The algorithm has been multi-
ple times re-explored, although it requires muon momentum information, a magnitude which is not
usually measured with precision in a per particle basis by common scattering muography detectors.
[116] is a recent implementation example. Detailed information about the mathematical basis of
the algorithm can be found in [117] [118].

In this thesis, an alternative imaging algorithm has been developed and applied, which consists
in reconstructing the scattering density of concrete cylinder vertical sections. It is adapted to the
known volume and location of the target, and based in muon trajectory projection and deviation
statistical analysis. Its detailed explanation and application to laboratory experiments can be

found in the chapter 4.

Parameter inference algorithms

Algorithms based on the modelling of parameters about the detection targets have been also ap-
plied to several use cases. Parameters of interest, such as the thickness of a target, or its amount of
matter have been modelled based on muography inputs. The utilised inputs have been scattering
angle, and POCA point distributions.

Muography measurements involve several factors that can produce significant variations in the
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measured variables, such as background particles and other source of noise, chamber alignment,
detector material, or the resolution of the system. They prevent of directly solving in a precise
way the inverse problem based on scattering models, due to bias produced by the aforementioned
factors. Therefore, all of them should be taken into account in order to perform accurate recon-

struction of the volume of interest.

Input Hidden Hidden Ouput
layer layer layer layer
H1, H2,

Figure 2.19: Tllustration of a generic NN using as inputs a quantiles (Q,) of probablility distribu-
tions of variables measured trough muography (e.g., scattering angles and displacements, POCA

outputs) to model their relation with d parameters of interest (Py).

This issues can be handled by models fitted to sets of data with representative cases in which the
parameters of interest have been varied. In this manner, the relations between measured muogra-
phy variables and the parameters describing the detection volume are learned, together with the
uncertainty factors mentioned in the previous paragraph, which depend on the specific muography
detection setup utilised. The parameter variation of the fit data should represent well and com-
pletely cover the cases that want to be solved. This type of models have been used in this thesis
in chapter 5 to estimate the Snow Water Equivalent (SWE) evolution of the snowpack, and also
in appendix B to characterise material mixtures. In the case of SWE estimation, single input and
output models of the relation between the RMS of muon scattering angles and the SWE have been
utilised. For material characterisation, Neural Network (NN) models have been trained to learn
multiple parameters about a material mixture. The quantiles of the measured muon scattering
angles have been used as inputs of the NN models. Similar models has been already applied to
industrial electric arc furnaces, in order to estimate the position of their carbon electrodes [61].
A generic sketch representing this type of models is shown in fig. 2.19. As already mentioned, a
furnace ladle fill-level inference model has been also developed. This algorithm is an additional

example of parameter modelling approach, in this case using POCA point distributions.
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2.3.5 Applications

In the following, different applications of muography are reviewed. They are developed in several

areas ranging from industrial production and civil engineering to natural sciences like geology.

Civil Engineering

The first application of MR was carried out in 1955 and it involved the MAR inspection of the
overburden of a tunnel with a movable detector [119]. This same application has been repeated
recently in a UK railway [120]. In the latter campaign, a hidden shaft in the tunnel overburden

has been discovered.

In relation to the application of MSR in world heritage buildings, studies and laboratory experi-
ments have been done to confirm the feasibility of measuring and assessing the state of reinforce-

ment elements in the dome of Florence Cathedral Santa Maria del Fiore [121, 122].

Other explored civil engineering applications are stability monitoring of historical buildings [123],
building interior mapping [124], and sewer pipe positioning [78]. Regarding reinforced concrete
block assessment, a first proof of concept with experimental measurements has been already done
[125]. Simulation studies about rust detection in steel bars encased in concrete have been performed
too [126]. In this thesis, in the chapter 4, the detection feasibility of subtle defects in concrete

cylinders is analysed by means of laboratory measurements.

Archaeology

In the field of archaeology, MAR was applied for the first time in the 1960s, at the Chephren’s
Pyramid in Giza (Egypt). The objective was to investigate the existence of hidden chambers, and
it was concluded that chambers of these dimensions do not exist in Chephren’s Pyramid [127].
The campaign of measurements performed in the Pyramid of the Sun built by the Aztecs at Teoti-
huacan (Mexico) had the same objective. A lower density area in the southern side was reported,
concluding that its probable cause was a structural weakness [128, ]. In a Mayan site in Belize,
called La Milpa, MAR has also been applied to search hidden chambers [129, ]. Recently, a
big void, among other cavities, has been discovered in the Great Pyramid of Giza. The discovery
has been confirmed by three different muography teams of the ScanPyramids project which have
used different detection technologies [73]. The last research of the aforementioned project has
resulted in the characterisation of a corridor-shaped structure, which was other of the voids found
in the previous campaign [74]. The discovery of a cavity in the Mount Echia, in Naples (Italy), is
another example of the potential of MAR to obtain information about these sorts of archaeological

constructions [131, , ].

Hydrology and other geoscience areas

Hydrological problems have been also addressed with means of muography. Regarding the Snow
Water Equivalent (SWE) inference, the potential of muon counters to achieve it has been proved

comparing the decreasing muon count rate with in situ SWE measurements performed in a Swiss
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glacier [134]. It was concluded that the muography detection method used is a promising tech-
nique that has advantages comparing to neutron detectors. It is worth mentioning that the SWE
is defined as the height of the resulting column of water if the snowpack melted, and it is usually
measured in mm. In the chapter 5 of this thesis, a summary of the recent research about the
application of scattering muography to SWE inference [107] is included. It should be mentioned

that MAR has been also utilised to study the ice-rock interface in glaciers [70, 71].

MAR has been applied by multiple research groups in the field of vulcanology. The applications

have been carried out in different volcanoes, such as Stromboli [72], Vesuvius [135, , 64], Etna
[136], and Puy de Déme [137, 95] in Europe, La Soufriére de Guadeloupe [138, 139] in the Caribbean
sea in America, as well as Asama [140], Satsuma—-Iwojima [141] and Sakurajima [85] in Japan.

Other representative applications to the area of geology involve natural cave [142, 83] and other un-

derground explorations involving material and cavity identification and mapping [143, , 78, ]

Manufacturing industry

Many applications in the field of manufacturing engineering are related to industrial furnaces. The
reconstruction of the interior of blast furnaces [58, 146] has been already studied, and an European

project has been launched in order to validate that muography could be a useful tool for this

purpose [147, , ]. Carbon electrode localisation in electric arc furnaces has been analysed
too [61], as well as filling-level of furnace ladles [112].
Scrap metal inspection [150, , 58, 60], and pipe wear detection [152], even under insulation [(1]

are other industrial application examples of muography.

Cargo inspection

Containers and vehicles carrying cargo related to different activities are scanned by means of muog-
raphy. Security inspection applications have been developed in order to detect nuclear material,
sometimes combined with additional technologies, such as X-ray, neutron, and « ray detectors [153,

, ]. The scrap metal scanning, which has been already mentioned among the manufacturing

industry applications, also has among its objectives the detection of nuclear material.

In 2012 a muon portal was installed in Freeport, in Bahamas. With this portal thousands of cargo
containers were scanned. However, the project ended due to damages produced by a hurricane
[155]. Currently, new research is being developed regarding cargo inspection muography portal
construction. As examples the European project Silent Border [156], and the Spanish Muon Cargo
[157, ], of which preliminary analyses are presented in this thesis, in appendix C. A recent

review of muography technology applied to cargo scanning can be found in [159].

Nuclear energy

Spent fuel and nuclear waste monitoring [160), , , 58, (8] are examples of muography appli-
cations to the field of nuclear energy. The technology has been also used in the nuclear power plant

of Fukushima in order to scan the reactors after the nuclear crisis [163, , , ]. Recently,
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two abandoned Soviet nuclear submarines containing encased reactors have been inspected [167,

].
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Chapter 3

Commissioning of a MWPC-based

muon detection system

3.1 The detectors of Muon Systems

In this section, the muon detectors built and exploited by Muon Systems are described. Muon
Systems is the company where this industrial PhD is developed. The detectors built, studied, and
utilised during this PhD project, consist of several MWPCs, whose working principles have been

explained in the previous chapter (section 2.3.2).
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Figure 3.1: On the left, the detector built by Muon Systems, installed in the industrial site of the

company. On the right, a sketch representing a muon measurement.

Muon Systems detectors are currently employed to perform laboratory scattering muography mea-
surements of representative samples from several applications in different fields, namely manu-

facturing industry [61], civil engineering [169], and hydrology [170]. Similarly designed MWPCs
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with smaller detection surface have been already tested in underground railway tunnels [158] (see
fig. 3.2). In the following lines, aspects related to the design, electronics readout, synchronisation

(trigger), and data acquisition system (DAQ) of the mentioned detectors are discussed.

Figure 3.2: Muon Systems MWPCs prepared for the first tests performed in underground railway

tunnels.

3.1.1 Muon chamber design

Muon detectors manufactured by Muon Systems consist of Multi-Wire Proportional Chambers
(MWPCs), which in turn, are formed by two position detection layers with 4 mm separated wires
(see fig. 3.4). Therefore, they provide a position resolution of 1.2 mm considering a uniform particle
hit assumption (see section 3.3.5). Two anode wire planes are located between parallel cathode
plates (one is between the two wire layers, and the other two are placed in the exterior, above and
below the upper and lower wire planes), which cover the whole chamber, whose active detection
area is of 89.6 x 89.6 cm2. The basic configuration used requires only 4 MWPCs, although more
chambers can be added to improve the muon reconstruction. The detection performance of the
system using 6 MWPCs is also studied in this thesis (see fig. 3.5).

The detection wires are composed of 99.95% purity tungsten, plated with 99.99% pure Gold. Their
diameter is 0.025 mm. It is worth mentioning that 224 wires with a length of approximately 90
cm have been welded in each of the layers of the MWPCs. In the borders of the chamber, two
additional wires have been added not for detection purposes but to compensate the electric field.

These wires are made of copper, with a diameter of 0.1 mm.

A tool has been used to guide and give the right tension to all the wires. In addition, it has been
mechanically ensured that the cathodes are kept at the right distance from the wire planes, in
particular by preventing them from getting too close to each other in the central area of the cham-
bers. Obviously, this is important for a correct operation of the detectors, since the two conductive

elements, anode electrodes and cathode, the wires and the metallic plates, must be isolated and at
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Figure 3.3: Sketch of a reduced (9.6 x 9.6 cm?) 2D grid of detection wires with a central cathode,
following the design of Muon Systems MWPCs.

4 mm

Figure 3.4: Sketch of the electric field lines close to anode wire plane location.

a different electrical potential. Photographs of the manufactured MWPCs are shown in fig. 3.5.

In principle, the detectors have been designed to work with an anode voltage around 2150 V,
which can be dependent on environment conditions and other detector system variables, such as
the gas flux. In this thesis, efficiency of muon detection for different anode voltages is analysed in
order to check which is the optimal operation point in terms of anode voltage, for controlled and
stable conditions of gas flux, temperature, and humidity in the laboratory section 3.3.2. The detec-
tion system uses an industrial gas mixture with Ar and COy (15%), whose flux can be maintained

constant at an optimal operation point, or regulated automatically depending on signal noise ratio.

3.1.2 Electronics: Readout, and synchronization system

The electronics readout and the trigger system are made up of custom electronic boards. The
electronics readout system collects the signals from the wires, amplifies them, and converts them
into digital format. Each board handles the signals of 16 anode wires and has a configurable

threshold for pulse identification. To form a full detection layer (224 wires), 14 boards are required.
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Figure 3.5: Left: Muon Systems MWPC with the top cover opened. The anode wires, their
electronic connections, and the lower cathode can be observed. Right: Muon Systems MWPC

with its readout electronic boards.

The trigger, or synchronisation system, is based on a set of registers and a microprocessor that
gives the order of readout whenever it finds an activation in a predefined number of layers. The
acceptance time window of the trigger system is of the order of microseconds, while the time needed
by the master to manage and process the data to send it to the acquisition computer is of some

milliseconds.

Figure 3.6: Detection system illustration. Anode wires, their welding boards, and the central cath-
ode of upper chamber 1 are represented. The main parts of electronic readout and synchronization
system are also shown, namely, pulse digitisation boards, chamber level synchronisation boards,

and the master microprocessor.

The characteristics of the muon flux and also the particles that can leave a signal in the multi-
wire chambers are of vital importance for the correct functioning of the synchronisation system,
and thus of the whole detection system. In this sense, the flux of charged particles is a key fac-

tor in the design of electronic acquisition systems, as it should be able to distinguish between them.

When an anode wire of the detection system generates a pulse, it activates the trigger electronics
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and a time window is opened to check if pulses are originated in the other triggering chambers.
The goal of such a system is to distinguish signals produced by muons that cross all the synchro-
nisation chambers, from other type of spurious signals that can activate the detection wires. Note
that wires can collect signals generated either by muons, by other charged particles, or by noise in

the chamber.

In this context, the time interval between subsequent muons is a parameter that helps to define
the requirements for the electronics and also to understand its limitations and the probabilities
to acquire noisy events. The higher is the muon flux detected, the more demanding the time
resolution of the triggering system. In the case that in the same time window two muons activate
detection wires, signals produced by both muons will be included in the acquired event, making
difficult their discrimination and reconstruction. Furthermore, it also has to be considered the
cases when other charged particles such as charged hadrons, electrons, and positrons (background
noise, or “fake muons”) activate the detection wires. The abundance of these particles at sea level
and above an energy of 1GeV is roughly two orders of magnitude smaller compared to the muon
flux, but it should be also taken into account for detectors without momentum cut like the one
utilised in this research. Hence, when analysing and interpreting data acquired with the detectors,

this phenomena will be considered.

3.1.3 Data Acquisition system

The Data Acquisition System (DAQ), which is represented in fig. 3.6 for the particular case of 4
MWPCs, is composed of the set of readout electronic boards and the master electronics already
described in the previous section. They process the analogue pulses collected by the anode wires
and convert them into digital pulses. The digital signals are synchronised firstly at chamber level,
and then at detector level, based on a system of delays. The system allows to choose the chambers
used for triggering. Therefore, the measurements can be performed with different detector level
synchronisation configurations. The master microprocessor is responsible for checking the trigger
information, and collecting the data from all the chambers when activation pulses are acquired in

the triggering chambers.

All the events collected by the master are stored and sent to a computer via a USB connection
following a data protocol. The DAQ workflow is shown in fig. 3.7. The last step, indicated
with a green box, represents work done during this PhD related to wire activation decoding,
subsequent analysis, and algorithm implementation. These developments involve the study of
filtering strategies and Smart Tracking, which eventually lead to optimal muography reconstruction

and inference, the final objectives of this thesis.

3.2 Event reconstruction

3.2.1 Trajectory building

The reconstruction of the acquired signals is performed as follows. Activated wires are translated
into local coordinates (X, Yo, Z¢) using the geometry description of the chambers. If more
than one wire is activated in the same layer, the mean is used as the muon position. Using again

the geometry description, local coordinates are transformed into a global coordinate system, and
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Figure 3.7: DAQ workflow graph representing wire pulse identification and digitisation, chamber

function

and detector level synchronisation, and data transmission to the acquisition computer through
USB connection. Electronic binary data is converted to decimal format following a data protocol.
The green boxes represent developments carried out within this PhD: a post-processing function

to decode the wire activation information, and the subsequent analyses and algorithms.

the entry and exit trajectories of the muon are estimated, i.e., their position (Xp, Yp, Zp) and
direction (vXp, vYp, vZp). These trajectories are reconstructed in the upper and lower detectors
by performing a linear fit to the detected muon positions. The angular deviation projected in both

horizontal axes (Afx, Afy) are calculated from the direction vectors.

3.2.2 Post-processing: event filtering and quality criteria

A post-processing function which reads all the events collected by the DAQ, has been implemented.
It extracts the wires activated in the different layers in each event for their subsequent analysis.
This tool checks the quality of each measurement, monitoring the presence of background noise and
other possible disturbances. This analysis aims to provide information to improve the calibration
of the chambers and to identify anomalous or inadequate operation. Another target addressed by
this code is the adoption of an optimal filtering strategy. Several quality criteria for accepting
events as valid muons can be established based on the number of activated wires in the detection
layers, discontinuities in the activated wires, and goodness of fit of the measured muon points to

a straight line, among others.

The implemented post-processing function reads the files with laboratory measurement data and
directly saves all the activated wires in all the detection layers for all the events, even if they are
not of good quality and cannot be reconstructed in an acceptable way. The aim is to be able
to analyse all captured events, reconstruct their signals and thus know and quantify all types of
events that are detected. With this information, it is intended to assess whether events discarded
due to excessive signals and other problematic wire activation can be reinterpreted and recovered
by advanced event reconstruction software. This type of algorithms, which can be applied when
measuring with redundant chambers and require interpretation and removal of data at level of wire

activation, are studied in section 3.3.4.

Depending on the number of chambers used in the measurement, different methods of removing the
background noise have been implemented. For example, when using 4-MWPC detection system, it
is checked if the event has contiguous wire hits in all the detection layers with less than a certain

number of wires activated in each layer (e.g. 4 wires). The latter parameter could vary depending
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Figure 3.8: Post-processing function workflow graph showing the different quality criteria and algo-

rithms applied to get accurate muon reconstruction data with 4 and 6-MWPC detection systems.

on the acceptance angle. Scattering angle cuts, which produce also loss of soft low-momentum
muons, but can improve measurement signal-noise ratio are also utilised. On the other hand, when
using a detection system with redundant data available, such as a 6-MWPC detection system,
which has one extra point to determine the muon trajectories, more precise filtering techniques
can be applied. For example, the muon events can be selected depending on their goodness of fit

to a straight line.

3.3 System characterisation and commissioning

3.3.1 Wire occupancy

This section describes how several variables have been evaluated in order to ascertain the quality
of wire activation data acquired with the detectors in laboratory measurements. Wire activation
is continuously monitored in order to check its distribution in the detection layers, and to identify
the presence of noise. The wire occupancy correlation with the incident direction of the muons in

relation to the wire plane has been studied too.

Wire occupancy distribution in detector layers

Wire activation distributions in each of the detector layers for muons synchronised by the electronic
acquisition system are shown in fig. 3.9. In this measurement, no material apart from the air of
the atmosphere, the supporting structure, and the detectors themselves has been in between the
detectors. In order to ensure a very high quality of the muons considered, a filter on the goodness
of fit of the muon reconstruction was performed. It should be mentioned that the chambers, were
placed parallel to the ground, and perpendicular to the zenith. The chambers have been located in
the vertical axis as specified in the table 3.1. Note that Chl and Ch6 have not been active during
the measurement. Therefore, layers 1 and 2 correspond to Ch2, 3 and 4 to Ch3, 5 and 6 to Ch4,
and 7 and 8 to Chb.

Z location of the chambers [cm)]

Chl | Ch2 | Ch3 | Ch4 | Ch5 | Ché6

4 chambers 101 79 -79 | -101

Table 3.1: Location of the detection chambers during the measurement.
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Figure 3.9: Wire activation distributions in each of the detector layers for muons synchronised by
the electronic acquisition system, which have been filtered based on the goodness of fit to a straight
line. Second order polynomials fitted to wire activation distributions are represented in green, the

standard deviation of their residuals in red, and the expected frequency standard error in blue.

Due to the geometric acceptance of synchronised muon flux, central chambers are expected to have
more activation density in the area close to their centre comparing to chambers in the ends of the
detector. This geometric acceptance influence is clearly observed in the data of the analysed mea-
surement (see fig. 3.9). The behaviour of detection layers has been within the expected parameters
during this measurement. Wire activation distributions fluctuate within expectations in almost all
cases. However, peaks and clusters of wires with high number of hits are observed indicating more
active areas in the chambers. The presence of noisy wires due to poor welding or deterioration, and

also the tuning of the gain of readout electronic boards can contribute to an unbalanced activation.
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Specifically in this measurement, slight asymmetries can be observed. Layers 1 to 4 are more active
in the positive part, while layers 5 and 6 have more activity in the negative. The distributions of
layers 7 and 8 are almost symmetric and uniform, especially that of the layer 8. This noticeable
but light asymmetries and differences between the wire activation distributions of the chambers
can be produced by a not homogeneous gas flow, and as already mentioned, by slight adjustment

differences of acquisition electronics, among other factors.

Wire occupancy correlation with direction

The correlation between the number of wires that are simultaneously activated in a single muon
event, and its incident angle respect to the wire plane has been characterised. For that purpose,
data of one laboratory measurement has been analysed, which totals more than 200000 muon
events. These muons have been classified in nine groups depending on their incidence angle pro-
jected to a plane perpendicular to the longitudinal direction of the wires (6;, = 0x, in = Oy, in)-
Incidence angles up to 45°have been sampled, being the range of each muon group of 5°. The data

collected with the the upper layer of the detector (number 1) is shown in fig. 3.10.

The data fulfilled the expectations, showing a clear correlation of the number of wires activated
simultaneously for a muon event with its incidence angle in relation to wire plane. For muons
with incidence angles smaller than 5°, the 87% of the muons activated one wire, and only around
1% activated four. On the other hand, among the measured muons with largest incidence angles,
between 40 and 45 °, simultaneous double-wire activation was the most frequent case with 39%
of the muons, above single-wire case, with 36% frequency. Four-wire muons increased up to 4%.
These data demonstrated the expected correlation, which is simply due to the geometry of wires
and muon incident angles, although its particular characteristics depend also on other structural
factors related to the detector, such as wire separation, nature of its the electric field, etc. With
this data, a model have been built for the simulation framework utilised in this PhD, allowing a
highly realistic production of data that matches the features of the detectors. Information about

the simulation framework is detailed in section 2.3.3.

3.3.2 Layer and chamber efficiency study: special trigger setups

In the following subsection, the efficiency of detection layers and chambers which are part of the
detection system is quantified. For this purpose, detected and cautiously filtered events are utilised,
in order to ensure with as much certainty as possible that they are due to the passage of a muon.

The detection efficiency of these events is studied in a single chamber at a time.

In order to determine the layer efficiencies, a set of experiments involving multiple measurements of
10 minutes has been designed. All the measurements were performed the same day. The tempera-
ture varied from 25.3 °C to 26.9 °C, and the humidity from 71.7% to 73.3% during the experiments.
In those experiments, the parameters mentioned above have been monitored in the target chamber
(Ch4), with different anode voltage. The power supply of the other chambers (Ch2, Ch3, and Ch5)
has been maintained constant, at 2150V, a value that allows a correct operation of the detection
system. With the same purpose, the gas flow has been maintained constant, at a level of 0.2
Ipm in the input of each MWPC. It has to be mentioned that the gas consumption has not been
optimised for these measurements, but this level has allowed a reasonable operation of the detectors.

The measurements have been done with four detection chambers, with three of them operating in
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Figure 3.10: Number of simultaneous wires activated in the upper layer of the detector 1 by
more than 200000 muon events measured with the laboratory detection setup. The muon events
are classified in nine groups depending on their incidence angle in relation to wire plane (6;, =
0x, in = by, in). The planes of the wires were placed horizontally, parallel to the ground, and

perpendicular to the zenith.

synchronisation mode (Ch2, Ch3, and Ch5), that is to say, providing to the electronics the trigger
signals to collect the data. The other (Ch4), has been working in free mode, reading the activated
wires but not participating in the synchronisation process, with the aim to use its independent
measurements to check the efficiencies and noise levels. With this setup, what has been obtained is
a strict selection of muons with the three synchronising chambers, in such a way that an efficiency

test can be performed with the remaining layers.

The criterion to select events as muons with a very high certainty, not only has required wire

activation in all the synchronising chambers, but also that those activated wire locations fit to a
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Z location of the chambers [cm)]

Chl

Ch2

Ch3

Ch4

Ch5 | Ché6

4 chambers

101

79

-79

-101

Table 3.2: Location of the detection chambers during anode voltage dependent wire and layer

efficiency measurements.
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Figure 3.11: Event with wire signals considered not coming from a single muon (event 4), and a

“clean” muon event (event 76). The activated wires are indicated with a cross. The muon crossing

points (mean of the activated wires) of each layer are signalled with dots. In the plots, the aspect

ratios XZ and YZ are maintained as in reality.

line with a root-mean-square error (RMSE) below 0.2 ¢cm. All those conditions have been applied

independently to the two layers composing the chambers, therefore resulting in independent anal-

ysis of the performance of both coordinates. In the fig. 3.11 two events are plotted, one fulfilling
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the mentioned conditions in both coordinate layers (X, and Y), and another one failing to fulfil
the criterion in both of them. This second event, the 4*" in order of occurrence, is likely to be due
to the detection of two muons in the same synchronisation time window, since the recorded tra-
jectories in the detectors do not have noisy or excessive wire activation, but neither do they point
to the other detector. The possibility of detecting spurious signals coming from other particles
or electronic noise should be also considered. In any case, with the synchronisation and filtering

criteria established, the vast majority of this sort of events are identified and discarded.

Efficiency of the chamber Ch4 as a function of anode high voltage

Hereafter, the performance of the target chamber (Ch4) and its two detection layers (X, and Y)
is assessed depending on the anode voltage. Once selected the events that with a high probability
have only activated wires coming from one muon in the trigger chambers, the behaviour of the
chamber Ch4 has been analysed. Different types of efficiencies have been monitored, all of them
calculated with respect to the number of events synchronised by the trigger chambers Ch2, Ch3,
and Chb and that fulfil the criterion to be accepted as muons. The efficiency A is defined as the
percentage of those events that have activated any wire in the independent chamber Ch4. The
efficiency B represents the percentage of the events that have at least one activated wire in the
chamber Ch4 within an expected area, which is calculated based on the linear fit trajectory de-
termined by the other chambers. An uncertainty corresponding to 50 of the position resolution is
used to determine the limits of the area mentioned above. It should be noted that the position
resolution of the system is given by 77, and is of 1.15 mm for the wire separation of these chambers
(Ws = 4mm). The efficiency C, is defined as the percentage of events whose reconstructed muon
crossing point (wire activation mean) in the chamber Ch4 is within the expected area defined
above. Note that efficiency C' conditions are more demanding compared to those of efficiency B.
In efficiency C' calculation is also assessed if the signals collected have noisy wires activated that
bias the reconstructed muon points, while efficiency B only checks if the expected muon hit has

been detected, regardless other simultaneous signals in the chamber.

As shown in the fig. 3.12 the efficiency B grows until an anode voltage of 2200V. It should be
mentioned that with a higher voltage the power source starts to significantly increase the current
consumption, indicating that an excessive electric field is created, leading to anomalous operation
of the chamber. On the other hand, if the evolution of efficiency C is observed, which could be
understood as an indicator of noise detection, it undergoes a slight decrease with an anode voltage
of 2200V. Although it is within the uncertainty of the parameter, it could suggest that, with 2200V,
the detection of noisy events starts to grow. Due to this fact, and to guarantee that the power
supply does not have anomalous current consumption, the value of 2150V is going to be considered

the standard operation anode voltage for the detection system.

Layer and chamber efficiency for all chambers

In order to quantify the detection efficiencies of all the chambers utilised in the analyses of this
thesis, the efficiency A, efficiency B, and efficiency C of each of them has been estimated by means
of 15-minute data taking time measurements, which have been performed at the previously defined
standard operation anode voltage (2150 V). To this end, the chamber under study is removed from

the trigger criteria in such a way that muon tracks are reconstructed with other chambers com-
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Figure 3.12: Efficiency A, efficiency B, and efficiency C' monitored in the target chamber layers
(X,Y), as a function of their anode voltage.

posing the system.

Therefore, using the aforementioned trigger setups, the efficiency can be estimated by counting the
fraction of times in which the trigger chambers detect a muon track and the chamber under study
as well. The target chamber has been placed in all the experiments between the trigger chambers
to ensure that all the synchronised muon flux passes through it. Figure 3.13 shows the results of

the efficiencies calculated using this procedure.

It is worth mentioning that efficiency estimation of Chl, and Ch6 have been done with the six
chambers connected to the acquisition system, while efficiency estimations for Ch2, Ch3, Ch4, and
Ch5 have been performed with only 4 chambers connected. In addition, the trigger configuration
for 6-chamber measurements considered signals of 4 chambers, while in the case of the 4-chamber

measurements only 3 chambers have been used for the trigger.
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Figure 3.13: Efficiencies A, B and C' of the six MWPCs utilised in this thesis research, at chamber

and layer level.

As results show, the chamber six presented a less efficient performance compared to the other cham-
bers. It have been due to malfunction related to the chamber construction, and it is under study
in order to understand the origin. The Chl also has low efficiencies comparing to the chambers
whose efficiency was estimated with 4-chamber measurements that used 3 to trigger the events.
Ch2 presents poor performance in terms of noise, as indicated by its efficiency C. Its efficiency
A, efficiency B values are at expected levels compared to Ch3, Ch4, and Chb, while efficiency C
is significantly lower. Comparing Ch2, Ch3, Ch4, and Ch5 it can be also observed, mainly in Y
axis, a slight increase in efficiencies of chambers located in lower positions in Z axis. This minor
pattern could be related to the configuration of the connections of the chambers and their layers

with relation to the electronic acquisition system.
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Discussion and conclusions

The comparison of the measurements performed to estimate chamber Ch4 efficiencies as a func-
tion of anode high voltage, and those made to quantify the efficiencies of all the chambers yielded
conclusions that are worth mentioning. The efficiencies estimated for Ch4 with the standard oper-
ation anode voltage of 2150 V are not equivalent. In the case of the voltage dependent efficiency
estimations performed with 2150V, the quantified efficiencies A, B, and C are around 85, 90, and
100%. In contrast, in the latter estimations the efficiencies of Ch4 are approximately of 90, 97,
and 100%. The differences of efficiency B, and efficiency C are meaningful with relation to the

statistical errors.

The main explanation of the discussed data may lie in the different conditions in which the mea-
surements of both analyses have been made. The detectors were moved by causes unrelated to
this project, and therefore the measurements analysed in this thesis have not been taken all in the
same building. The voltage dependent estimations have been done in the interior of an industrial
building, with only a roof above, while the second set of measurements used to estimate the effi-
ciencies of all the chambers have been made on the ground floor of a multi-storey building. The
muon flux attenuation for the former measurements is negligible, in contrast to the latter set of
experiments. In addition, the total height occupied by the detectors is also different in the two
cases. In the industrial site, the detector height is of roughly of 2 metres (see table 3.2), while in

the configurations utilised in the multi-storey building the height is around 1 metre.

With higher detector spacing in the vertical axis, the rate of charged particles (mainly not syn-
chronous muons) that cross the detectors and have to be distinguished by the trigger system
increased. At the same time, the flux of muons that are actually synchronous is reduced. There-
fore, there is a higher probability of synchronising events with signals not coming only from a
single muon. This phenomena explains the lower values of efficiency B and efficiency C for the
measurements taken in the industrial site, where muon arrivals to the chambers are expected at
higher rates, while synchronous muon proportion is lower due to detector arrangement. The reason
of the worse performance could be the more demanding characteristics of the muon flux arriving
to the detectors.

Other important factors affecting the efficiency estimations have been the number of chambers
utilised in the measurement, the trigger configuration, and probably the chamber location and
trigger connections too. The chambers have been more efficient in 4-MWPC configurations com-
pared to 6-MWPC measurements. Due to the nature of the trigger, which is based in a system of
delays and signal management, the location and connections of the chambers could have influenced

the results too.

To conclude, the expected full system efficiencies are calculated using the individual chamber effi-
ciency estimations. The average chamber efficiency B (among the three efficiencies monitored it
is considered the most accurate to determine the actual probability of detecting a muon, regard-
less it can be reconstructed or not) estimated for Ch2, Ch3, Ch4, and Ch5 in the multi-storey
building has been of 96.9%. On the other hand, the quantified efficiency B of chamber Ch4 in the
industrial site has been of 90.1%. Then, if it is assumed that the efficiency of the entire system is
the multiplication of its parts, the expected efficiency for a 4-MWPC detector in the multi-storey

building would be of roughly 88%. In the case of using six chambers, and using the unique rep-
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resentative estimation of efficiency B made by means of a 6-MWPC measurement (Chl, 93.1%),
the full system efficiency could be around the 65%. Regarding the industrial site, and considering
the analysed detector configuration, it could be close to the 66%. Note that these are only rough
calculations made with the aforementioned assumptions. In addition, the limitation and condi-
tions of the measurements performed to get the estimations, and their associated statistical errors
should be considered. However, this references could be helpful to interpret full system efficiency

measurement results that are presented in the next section.

3.3.3 Full system efficiency compared to simulation

The analyses of this section have been performed to study the operation and muon efficiency of
the full system when compared to simulations. To this end, all the detected and acquired events
have been considered, assessing them in several situations. In all of them, the power supply of
the chambers has been set at the standard operation anode voltage, 2150V. Acquired events have
been monitored with 4 and 6-chamber detection, including variable Z locations of the chambers
table 3.3. The synchronisation settings have been varied too, but where it is not specifically men-
tioned, the trigger is determined by all the chambers of the detection configuration (4, or 6). In
those situations, indicators such as simultaneously triggered wires, chamber efficiencies, and rate of
detected events have been assessed. The vertical positions where the chambers have been located

in the different configurations of the experiments are shown in table 3.3.

Z location of the chambers [cm]

Chl | Ch2 | Ch3 | Ch4 | Chb | Ché6

4 chambers - config. 1 45.5 | 19.5 | -19.5 | -45.5
4 chambers - config. 2 101 79 -79 | -101
6 chambers 58.5 | 45.5 | 19.5 | -19.5 | -45.5 | -58.5

Table 3.3: Location of the detection chambers in the three different configurations utilised. The

reference system origin is in the middle of the detectors.

In order to study the muon detection efficiency, the geometric detector configurations used in labo-
ratory measurements (specified in 3.3) have been simulated using the software of Muon Systems, a
particle physics simulator based in Geant4 and Cosmic RaY generator (CRY). With these simula-
tions, a reference of the expected rate of detected has been obtained. This data must be evaluated
with caution, since the muon flux generated by the simulator using the CRY particle generator

may differ from the real muon flux at the place where the measurements were made.

The first experiment was performed on the ground floor of a multi-storey building. Therefore, an
important drop of the detected muon flux is expected due to the absorption of muons produced
trough the building. On the other hand, the data acquired with the real-world detector could
include events corresponding to noisy signals caused by charged hadrons, electrons, and positrons
(fake muons), different muons crossing the detectors in the same time acceptance window, or the
combination of a muon with spurious signals due to noise in any stage of the electronic system.

The flux estimates for these experiments are shown in table 3.4.
The results of 4 and 6-chamber detection show a very noticeable difference in the collected muon
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Detected events [thousands/min]
Simulation Laboratory
4 chambers - config. 1 1.78 1.53
6 chambers 1.30 0.80

Table 3.4: Synchronous muon flux obtained in simulation and in laboratory measurements with
the same geometrical configurations. The simulation flux has been generated with CRY. Details

about the flux generated in simulation are shown in fig. 3.14.
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Figure 3.14: Synchronous muon flux obtained in 10 simulations for each of 4 and 6-MWPC con-
figurations.. The simulation flux has been generated with CRY, configured at 0 metres a.s.l, and a
latitude of 43.27°. The duration of each simulation data taking time have been of approximately

12 minutes.

flux. The 6-chamber detection suffers an expected efficiency decrease, since the full system effi-

ciency corresponds to the multiplication of the efficiencies of each synchronising chamber.

For this detector configuration and conditions the expected efficiencies of -MWPC and 6-MWPC
systems are around the 88% and 65%, respectively. These estimations have been calculated accord-
ing to the chamber efficiency results obtained in the previous section 3.3.2. As the muon absorption
produced by the building has not been quantified, is not possible to determine precisely the effi-
ciency of the laboratory detector with respect to simulation data. On the contrary, the efficiency
drop between 4-chamber and 6-chamber detection can be compared. In previous estimations the
drop was from 88% to 65% (74%), while in the latter measurements the flux drop has been of a
52%. This indicates a worse detection efficiency, probably due to the malfunction of chamber Ch6,

which could not be corrected.

Other fact observed related to triggered events is that, when synchronising and measuring with the
6 chamber configuration, more events with void data are acquired compared to “4 chambers - config.
1”7. These type of events activate the trigger, but do not have any signal determining the activated

wires in some of the detection layers. They could be events that activate the synchronisation due to
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a malfunction, and therefore they have no wire signal to read in some of the layers. Or the opposite,
they might be well triggered, but they undergone a readout failure. These events are quantified for
two measurements of 15 minutes of data taking in the table 3.5. Their increase in the case of the
6-chamber system may be due to the greater complexity of its event triggering configuration. In 4
chamber measurements 8 groups of wire signals are synchronised (two coordinates per chamber),
while with 6 chambers 12 signal groups have to be considered. It is also worth mentioning that
in the 6-chamber configuration the detectors cover a larger range in 7 axis, and therefore a higher
rate of not synchronous muons and other charged particles pass through the detection layers,
making the triggering task more demanding. The probability of detecting spurious electronic noise

is increased too, with the number of chambers utilised.

Void data events [%]

4 chambers - config. 1 1.87

6 chambers 7.05

Table 3.5: Proportion of events with void data in any of the detection layers.

A third series of measurements has been carried out, in which synchronisation settings utilising
different numbers of chambers have been tested, but always maintaining the geometrical configura-
tion of the synchronising chambers, i.e. keeping the location of the upper and lower synchronising
chambers so as not to vary the expected muon flux due to the geometry of the system. The results
show the variation of detected event rate depending on the number of chambers used for synchro-
nisation (see table 3.6). This results match the expectations, since the efficiency of the full system

is the product of the efficiencies of all their parts.

Number of synchronising chambers | Detected events [thousands/min]

6 0.74
4 1.40
2 1.60

Table 3.6: Events detected in relation to the number of chambers used in synchronisation.

The increase of events is considerable when synchronising with fewer chambers. However, one must
consider the possibility that more noise may has been captured due to the less restrictive synchro-
nisation utilised. This issue can be handled applying event filtering techniques, such as the ones
proposed in section 3.2.2; and also with more advanced Smart Tracking algorithms (section 3.3.4),
rather than trying to filter the noise completely with the trigger system, that can cause loss of
valid muon events. On the other hand, noisy events captured by the trigger can always be later

discarded with the above mentioned post-processing strategies.

In a last analysis of the full system performance, all the triggered events have been analysed in 7
additional measurements of several hours. Flux and wire activation data has been interpreted in
order to explain the influence of different phenomena that can produce signals in the wires. The

results extracted from the experiments are shown in table 3.7.
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Events [k/min] | Void data [%] | N.C. [%] | N.C. one layer [%]
Measurement 1 0.96 9.78 55.01 24.92
Measurement 2 0.90 9.17 46.55 20.14
Measurement 3 0.90 9.80 55.74 25.23
Measurement 4 0.94 9.46 49.07 21.72
Measurement 5 0.90 9.49 55.73 25.26
Measurement 6 0.88 9.19 46.73 20.30
Measurement 7 0.89 9.21 47.05 20.45

Table 3.7: Rate of events acquired in measurements performed with the second configuration of
4-chamber detection (“4 chambers - config. 2”). Events with void data in any of the detection
layers are specified together with the proportion of events with non-contiguous wires activated
(N.C.), and with non-contiguous wires activated only in one of the layers of the detector (N.C. one

layer).

The detector configuration used in these measurements (“4 chambers - config. 2”) has been also
simulated to obtain a reference of the muon flux that could be expected. The data obtained from
the simulation software is a flux of 0.62 thousand muons per minute. It is remarkable the excess
of event flux collected with the laboratory detector, which could be due to the synchronisation
of different but practically simultaneous muons, and also to other charged particles or noisy wire
activation. Note that these measurements have not been performed in the same place as the previ-
ous experiments studied in this section. In this case, the detectors have been in the interior of the
already mentioned industrial building, with only a roof above them. The muon flux absorption for

these latter measurements is negligible, in contrast to the other case.

Therefore, compared to the previous measurements performed in the multi-storey building, a higher
rate of muon arrival is expected, while the flux of muons that are actually synchronous is reduced
due to the larger separation of the chambers in Z axis. Both facts make the task of the trigger sys-
tem more complicated, as the the ratio of synchronous muons to muons which are not synchronous
and other phenomena that can activate the detection wires is reduced. The proportion of void
data events, which is almost stable in all the measurements, supports the conclusions explained

above.

Another important aspect that emerges from the data collected in this analysis is the existence of a
quantity of events that can be retrieved by means of intelligent trajectory reconstruction algorithms
which manage the signals at wire activation level (Smart Tracking algorithms). The simulation
shows a flux of 0.62 thousand muons per minute. However, in real measurements, the resulting flux
of events that can be properly reconstructed is approximately of 0.36 thousand muons per minute
(subtracting, from the average event flux obtained, around the 10% which are void data events,
and the 50% which are events with non-contiguous wires). In other words, it is likely that around
0.26 thousand muons per minute are being lost. In addition, it should be taken into account the
possible presence of non-muon events among those acquired by the laboratory detector. In the
section 3.3.4, the above mentioned Smart Tracking algorithms are described and used to recover as

many unreconstructed muons as possible, based on these analyses. Data on the number of events
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with non-contiguous wires in a single detection layer, which is more than 20% of the detected event
flux, indicate that at least that many events are susceptible to be reconstructed by Smart Tracking

algorithms, simply removing the unwanted signals from a single layer.

3.3.4 Reconstruction efficiency improvement and noise reduction

Smart tracking techniques have been applied in order to identify muon signals in events with noisy
wire activation or void data in any of the detection layers. These algorithms can improve the
full system reconstruction efficiency, reinterpreting complex but resolvable signals acquired by the
detection layers. In this section, those techniques are applied to the same dataset used previously
and collected with 6 chambers (see table 3.3). The redundant detection data provided by this

system is used to interpret event signals and reconstruct those belonging to a muon.

Events with void data

A total of 847 events acquired with void data have been analysed. In fig. 3.15 a representative event,

which fulfils the standard quality requirements for the 4-chamber systems is plotted as an example.
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Figure 3.15: Event with void data in the lowest layer of X axis (layer without signal). The activated
wires are indicated with a cross. The muon crossing points (mean of the activated wires) of each
layer are signalled with blue dots. In the plots, the aspect ratios XZ and YZ are maintained as in

reality.

Among the void wire data events, the 34% can be directly reconstructed in both axes by means
of the signals captured with the 6-chamber detection system. Despite the fact that these events
have one or more layers without wire activation, they have at least acquired signals in 2 of the
3 chambers in each trajectory detector (both for X and Y axis), and fulfil the standard quality
requirements for the 4-MWPC system. Those requirements involve contiguous wire activation in

all the detection layers without exceeding the amount of 4 wires per layer.

In order to show that these recovered events are valid, their projected angular deviation are shown
in fig. A.1. The distribution looks healthy, in agreement with the expectation of actual muon

events.
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Not contiguous wires

The 41% of the total of the events (4915 out of 12021), which have been initially discarded due to
not adjacent wire activation have been also analysed. Among them, 2958 (25% of the total) have
signals without not contiguous wires in at least two of the three detection layers used to calculate

each projected trajectory (upper X, upper Y, lower X, and lower Y).

To retrieve this type of events, contiguous wire clusters have been identified. Employing their
locations, the possible combinations to reconstruct muon trajectories have been assessed in an
automated way. For each of the clusters the event trajectory and its goodness of fit to a straight
line have been calculated. Among all the possibilities, the cluster with the best goodness of fit has

been selected, while other wire activation clusters have been removed.
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Figure 3.16: Event with noisy non adjacent wire activation in two layers of X axis and in one layer
of Y axis. Its reconstruction is improved by removing wire activation that fit worse to straight
lines in each detector and axis.

After this treatment, 2136 out of the 2958 events do not have excessive wire activation, meaning
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that in none of the layers, more than 4 wires have been activated simultaneously. Those events al-
ready fulfil standard quality requirements to be reconstructed. An example is displayed in fig. 3.16,
while their measured deviation distributions are shown in fig. A.2. These distributions, which have
similar spreads comparing to those of recovered void data events, are also an indicator of quality

and absence of noise.

On the other hand, the rest (822 events) could be re-processed to analyse whether their excessive

wire activation is removable.

Excessive wire activation

Initially, 12% of the total of the events (1454 out of 12021) did not fulfil reconstruction requirements
only due to what has been considered excessive wire activation, meaning that these events do not
have neither layers with void data nor not contiguous wires. The Smart Tracking reconstruction
procedure that has been followed consist on simply removing the most excessive wire activation of

each of the built trajectories, i.e., that with higher amount of activated wires.

In fig. 3.17 an event with a single excessive wire activation cluster in the lower trajectory of Y axis
is shown. The cluster is displaced towards the negative side in relation to the initially fitted tra-
jectory. Removing it, the trajectory is slightly modified. It is worth mentioning that more noisy
activation clusters have been observed and removed with this technique. The overall deviation
distribution of the retrieved events is shown in fig. A.3. As in the previous types of retrieved muon
events, the spreads of the deviations are in the expected levels. Although the most significant
excessive wire activation of each trajectory have been removed, the 5% of the events still have

some over-activation.

Poor goodness of fit to straight line

The aforementioned excessive activation wire events that have not been completely removed, and
also the rest of the events that already fulfil 4-MWPC system reconstruction requirements can be
assessed again in order to eliminate or reinterpret them. To do this, the goodness of fit to straight
lines of the trajectories of the events has been checked.

In the following analysis, 44% of the events (5295) that without any Smart Tracking processing
already fulfilled the 4-MWPC reconstruction requirements, are considered. Events with trajecto-
ries reconstructed using three points that do not fit well to a straight line (as the trajectory of the
upper detector of the Y axis of the represented in fig. 3.18) have been identified. Specifically, a
not very demanding fit RMSE threshold of 0.5 cm has been defined. All the events above it have
been selected, and in this case, removed to prevent the reconstruction of noisy events. X axis and
Y axis have been analysed independently, eliminating 839 and 897 respectively. The number of
removed events if both axes are considered is 996. The measured deviations for the whole group

of events are represented in fig. A.4, before and after the noise removal.

The distributions of both axes before and after the noise removal have smaller standard deviations,
although the shape of the distributions is practically the same. Probably most part of the noisy
events removed have higher projected deviations than 50 mrad, but even in this limited range, the

effect of the noise removal is noticeable.
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Figure 3.17: Event with noisy and excessive wire activation in the intermediate layer of the lower
trajectory detector of Y axis. Its reconstruction is improved by removing wire activation that fit

worse to straight lines in each detector and axis.

Conclusions

To conclude, the different Smart Tracking techniques and the proportion of events treated by them
in this analysis example are summarised. The total acquired events during the studied measure-

ment have been 12021.

Firstly, 847 events with layers with void data have been analysed (7%). Among them, the %34
have been directly retrieved. Therefore, 2.4% of all the acquired events have been recovered for
reconstruction. Secondly, 4915 events with not contiguous activated wires have been processed,
retrieving 2958 (around %25 of the total acquired). Thirdly, 1454 (12%) events with excessive
simultaneous wire activation have been studied. All of them have been retrieved after removing
the most significant excessive wire activation clusters. Finally, events whose trajectories fit poorly
to straight lines have been removed. Among 5295 events that already fulfilled the 4-MWPC system

reconstruction requirements, 996 have been eliminated due to their poor fit trajectories.
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Figure 3.18: Event which fulfils the standard quality requirements for the 4-chamber system, but
has a suspicious signal in the lowest layer of the upper detector of Y axis. This trajectory fits to
a straight line with RMSE above the specified threshold of 0.5 cm.

Therefore, in total almost 40% of the synchronised events have been assessed, retrieved, and cor-
rectly reconstructed by means of the described Smart Tracking techniques. In addition, noise
removal based on trajectory goodness of fit has been performed, eliminating around 1000 events
(8%). Tt is worth mentioning that secondary processing could be done to events that have been
already treated as described, but still have redundant signals to build trajectories, i.e., more than 2

muon points per track. In any case, the most important group of muons have been analysed above.

3.3.5 Intrinsic resolution of the system
Theoretical expectation

In this subsection, the spatial resolution of muon hits (X,Y"), the directions (6 and their projections

Ox and Oy ), and the angular deviations (A6, Afx and Afy ) are analysed.

In order to assess the spatial resolution of an individual layer, muons are assumed to arrive vertically
(0 = 0x = 0y = 0), and uniformly distributed. These assumptions are not completely true, since
muons can come with some inclination, however it is reasonable to consider them in order to get
a theoretical estimation of the intrinsic resolution of the layers. Hence, the probability density

function of muon hits in the detection span of a single wire, Phrits, piane, is defined as:

1/Wy  forx €[-Wy/2,+W,/2]
Phits, plane — P(X) = P(Y) = (31)
0 otherwise

Where W is the wire separation, and X and Y the location of the hits in the axes perpendicular
to the wires and coincident with their detection planes. The resolution of the reconstructed muon
hit locations is defined by the separation of the wires, and since it is assumed that they follow a

uniform distribution, their standard deviations o(X), and o(Y") are:

(0]
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W
Ohits, plane = U(X) = O'(Y) = (32)
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Figure 3.19: The probability density function of muon hits in the detection span of a single wire
of the MWPC detector (W, = 4 [mm]) assuming that they are uniformly distributed (blue).
Detection wire location in X axis (black dot), and standard deviation of the hits in relation to the

wire position (red).

Once the spatial resolution of the layers is known, the expected resolution of the muon directions
can be obtained. This calculation will be based on detectors with only two layers in each projection.
In this situation, assuming that the measurements in upper layer 1, and lower layer 2, are denoted
by X1,Y; and X5, Y5, muon direction angles can be defined as 6, = arctan (X, — X1)/L; and 6, =
arctan (Ya — Y1)/Ls, where Ly is the separation between the two layers. Under these circumstances

the angular resolutions are given by:
V2L,
L2+ (X2 — X1)

V2L,
v -y .

o(0x)

S o(X) (3.3)

o(fy)

Assuming now, that the angular resolution of both the upstream and downstream detectors is the

same, the uncertainty in the angular difference between the two trajectories measured by them is

simply:
P(B0x) = o ()2(12;3_ 7z 7 (3.5)
a(Aby) = s o(Y) (3.6)
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To finish the study on the theoretical intrinsic resolution of the detectors, the minimum measur-
able projected deviation is defined and calculated. This quantity is the the minimum projected
deviation higher than zero, that can be measured with this detection system, assuming single wire
activation. It corresponds to the angle obtained when a muon activates two consecutive wires in

layers 1 and 2. The corresponding expression is:

Abp=0,min = arctan( I;[/é) (3.7)

S

In a typical configuration of the MWPC detectors, wire and layer separation could be of Wy = 4 mm
and Ls = 200 mm, in such a way that Afg—g min = 20 mrad. In this case, the expected standard
deviation for muon position determination in a single detection coordinate (opits piane) is approxi-
mately 1.15 mm (see equation 3.2 and figure 3.19), while the standard deviations of the projections
of detected trajectories o(fx) and o(fy ), assuming vertical incidence, is around 8.2 mrad. These
and the rest of the uncertainties defining the intrinsic resolution of the system, for this specific

example, are summarised in table 3.8.

Wy =4 mm, Ly = 200 mm
Ohits, plane 1.15 mm
a(0x/y) 8.16 mrad
a(Abx)y) 11.55 mrad
Abp—0,min 20.00 mrad

Table 3.8: The intrinsic resolution of the system configured with a wire separation of Wy = 4 mm,

and a layer separation of Ly = 200 mm.

Effects of wire granularity on measured deviations

The fact that there is a finite number of wires in every layer implies that the position measurements
are intrinsically discrete. Since angular variables are obtained from the positions, the angles are

also discrete.

In order to understand the effect, only muons coming vertically are considered, since there is a
dependency of the minimum measurable angles on the incident angle of the muon. Events with
multiple-wire activation are also taken into account. Under these conditions, the possible angular

measurements for a two layer detector can be expressed as:

Win We) s) (38)

AeMeas = eout - ozn = aI‘Ctan( L n T

where W is the wire separation, L, is the distance between layers, and w;, and wy,; are the dis-

tance in number of wires from the wire activated in the upper layer to that activated in the lower
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layer, for each of the trajectory detectors (in, out). Note that, in this expression, the trajectory an-

gles are specified depending on the detector construction parameter Wy, as well as on w;,, and weqyt-

Since in this analysis events with multiple-wire activation are considered, the distances wj,, and
Wyt can actually be semi-integer to take into account hit reconstructions in the intermediate
locations between wires. Regarding muon deviation distributions, the most probable case is
Wip = Weyt, tollowed by other combinations. The next most likely corresponds to the half

of the spacing of wires, which can be measured in the case of simultaneous multiple-wire activation

(lWout — win| = 1/2). Thirdly, one wire spacing deviations are expected (|woyr — win| = 1).
After, one and a half wire spacing intermediate deviations again (|weur — win| = 14 1/2),
subsequently two wire spacing deviations (|weu: — win| = 2), etc.

The described effect can be observed in the projected deviation distributions of fig. 3.20. Afnseqs
angles for w;;, = 0, and Wyt = 0,1/2,1,1+1/2,2,2 + 1/2 are marked with blue arrows, and they
match with deviation distribution peaks measured with a simulation detector. The detector has

been configured with Wy, =4 mm, and L, = 233 mm.

Standard Deviation: 48.51
68% Confidence Interval: (49.48, 49.55)

Ws =4 mm
Ls 223 mm ‘ Mean -0.02+0.05
i 1 l |

Dy

Density
0.10 0.15
1

0.05
1

0.00

Figure 3.20: Projected deviation distribution for a simulated detector with Wy, = 4 mm, and
L, =233 mm. Afpreqs angles for w;, =0, and we =0, 1/2, 1, 14+1/2, 2, 2+ 1/2 are marked

with blue arrows.

Resolution as a function of the number of detectors

In order to estimate the intrinsic resolution of the detector system, and compare it for 4, and
6-chamber configurations, a simulation study has been performed. Note that in these simulations,
the upper and lower detectors have been fixed to exactly the same height in Z, so that their angu-
lar resolution is only affected by the change of the number of chambers utilised (see table 3.9). It
should be mentioned that in all the cases considered in this simulation study, only muons which

cross all the chambers of the detection system have been analysed.

Before estimating the resolution of the deviations for the full detector, the estimation of the X and
Y in each of the detectors, upper and lower, is provided. These coordinates are obtained from the
projection of the muon trajectories in each detector to the horizontal plane marking the middle of

the detector. For this reason they are refer to as the detector midpoints. The resolution provided
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Z location of the chambers [cm]
Chl | Ch2 | Ch3 | Ch4 | Ch5 | Ch6
4 chambers 45.5 | 19.5 | -19.5 | -45.5

6 chambers | 45.5 | 32.5 | 19.5 | -19.5 | -32.5 | -45.5

Table 3.9: Location of the detector chambers in the two simulations (4 and 6-chamber detection).
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Figure 3.21: Error of reconstructed detector midpoint X coordinates measured with simulated
4, and 6-chamber detector configurations. The errors are the difference of the reconstructions
performed using realistic resolution (W = 4 mm), and unreal perfect resolution (W = 0 mm)
MWPCs.

by the 6-chamber system improves that of the 4 chamber measurement, as shown in fig. 3.24. As
can be seen, the distribution of the estimated midpoints errors, that is, the difference between the
midpoint coordinate reconstructed using a realistic resolution (W = 4 mm) and the true position
assuming perfect resolution (W = 0 mm) MWPCs are detailed. The spread of the errors for
6-chamber configuration is smaller comparing to the 4-chamber system, and the difference is much

greater that their 30 confidence intervals.

Therefore, it can be concluded that the midpoint resolution is improved with the addition of
two chambers to the detector. Note that only one coordinate is analysed, since in ideal chamber
alignment conditions they should be statistically equivalent. The errors obtained in this last
analysis are consistent with the theoretical intrinsic resolution expectation, which has been studied
in the previous section 3.3.5 for the case of &-MWPC detectors. As the detector midpoint coordinate
is determined using 2 (4-chamber system) and 3 layer data (6-chamber system), their expected

error can be estimated as follows:

st ot
i=1 ~ hits, plane 1

OXin, N chambers = OYin, Nchambers — N/2 (39)
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2 2
\/Uhits, plane + Uhits, plane
O0Xin, 4 chambers — OYin, 4chambers — 9 =0.81 [mm] (310)

2 2 2
\/Jhits7 plane + Uhits, plane + Uhits, plane
0Xin, 6 chambers — OYin, 6chambers — 3

= 0.67 [mm]
(3.11)

Where N/2 is the number of detection layer used to measure Xin or Yin. The hit uncertainty

Ohits, plane 1s of around 1.5 mm for Wy = 4 mm, as specified in ?77.
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Figure 3.22: Errors of projected muon trajectories measured with simulated 4, and 6-chamber
detector configurations. The error is calculated based on the difference between reconstructions
performed using realistic resolution (W, = 4 mm), and unreal perfect resolution (W, = 0 mm)
MWPCs.

In the fig. 3.24 the errors of projected muon trajectory angles measured with simulated 4, and
6-chamber detector configurations are shown. The error calculation is obtained subtracting the
trajectories reconstructed with a perfect resolution (W5 = 0 mm) to those obtained with realistic
resolution (W = 4 mm) MWPCs. The spread of errors for the two configurations are within their

confidence intervals, meaning that they reproduce the same tracking resolution.

The resolution of the incident muon trajectory angles measured with the upper trajectory detector

0y, is statistically equivalent for systems using 4 and 6 chambers.

Compared to the theoretical intrinsic resolution expectations discussed in section 3.3.5, the tra-
jectory angle determination errors obtained in this simulations are slightly smaller. The expected
angular resolution for a trajectory projected to a plane, i.e., 0x and 6y, is 6.28 mrad (see equation
3.3) for this setup with Wy = 4 mm and L, = 45.5 — 19.5 = 26 cm (see table 3.10). Differences

80



3.3. System characterisation and commissioning

between theoretical calculation assumptions and simulation approach are probably responsible of

this small change in the resolutions.
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Figure 3.23: Projected muon deviations (Af) measured with simulated 4, and 6-chamber detector
configurations using realistic resolution (W, = 4 mm), and unreal perfect resolution (W = 0 mm)
MWPCs. Their errors (eag) are also represented, which have been calculated as the difference

between realistic and perfect resolution deviations.

In the fig. 3.23 projected muon deviations Af measured with simulated 4, and 6-chamber detec-
tor configurations using realistic resolution (W = 4 mm), and perfect resolution (W = 0 mm)
MWPCs are shown. Their errors are also represented, which have been calculated subtracting the
deviations reconstructed with perfect resolution (W, = 0 mm) to those obtained with realistic res-
olution (W, = 4 mm) MWPCs. Note that the statistics of the distributions have been calculated
for muons fulfilling the condition |Af| < 100 mrad.

As in the case of upper detector trajectories (6;,), the spread of projected muon deviation errors
for the two configurations are within their confidence intervals, meaning that their deviation res-

olution is equivalent. As an interesting fact, it should be mentioned that the spread of deviations
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reconstructed with perfect resolution is statistically smaller for the case of 4-chambers. This could
be due to an slight increase of muon scattering produced by the material of the two additional

chambers used in the 6-chamber simulation.

Compared to the theoretical intrinsic resolution expectation, the deviation errors obtained in this
simulations are slightly smaller. The expected angular resolution for deviations projected to a
plane, i.e., Afx and Afy, is 8.88 mrad (see equation 3.5) for this setup with Wy = 4 mum and
Ls = 26 c¢m. Differences between theoretical calculation assumptions and simulation approach are

probably responsible of this small change in the resolutions.

Laboratory measurements: muon deviations (Af)

The laboratory measurements were carried out with the configuration utilised in previous studies,
detailed again in table 3.10. It is worth mentioning that the analysed correspond to events that

have triggered simultaneous signals in all the chambers.

Z location of the chambers [cm)]

Chl | Ch2 | Ch3 | Ch4 | Ch5 | Ch6

4 chambers 45.5 | 19.5 | -19.5 | -45.5

6 chambers | 58.5 | 45.5 | 19.5 | -19.5 | -45.5 | -58.5

Table 3.10: Location of the detector chambers in the two laboratory measurements (4 and 6-

chamber detection).

The muon deviations measured with 4 and 6-chamber detection systems have been compared. The
muon deviations measured with the 4-chamber detection system show slightly lower standard de-
viations. It should be mentioned that the standard deviations have been calculated for absolute
value deviations below 100 mrad, which is a broad enough range to represent almost the whole
distribution of muons, but removing possible outliers produced by misleading wire activation, such
as hits of other charged particles that are not muons. The previous simulation analyses show that
muon deviations slightly increase in 6-chamber measurements, probably due to the material of the
two additional chambers. The laboratory experiments seem to confirm that fact, as they also show
slightly higher deviations in the case of 6 chambers. Note that the deviations reconstructed with
the 4-chamber system are not affected by the scattering in the material of the exterior chambers
Chl, and Ch6 (see table 3.10).

Compared to the theoretical intrinsic resolution expectations discussed in section 3.3.5, the mea-
sured standard deviations of muon scattering angles are clearly higher. For the 4-chamber de-
tection system configuration utilised in the measurement analysed in this section (Wy = 0.4cm,
Ly = 26cm), the expected deviation measurement intrinsic resolution is of 8.9 mrad, while the
actual resolution is around 14.8 mrad. This difference could be caused by the assumptions made
in the theoretical calculations (no consideration of simultaneous multiple-wire activation, only ver-
tically incident muons in relation to wire planes, and uniform distribution of hits), and to a lesser
degree by misalignment of the chambers, since the X axis deviations show a very precise align-

ment in the studied scale (the distribution is almost symmetric, its mean is close to 0, and it is
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Figure 3.24: Muon deviations measured in the laboratory with 4 and 6-chamber detection systems.
Mean and standard deviation, as well as their confidence intervals for each probability distribution

are specified.

very similar to perfectly aligned simulation deviations). It should be also taken into account that
in laboratory measurements noisy events can be present, and also low momentum muons, which

can undergo significant deviations, although they only traverse air and the material of the detectors.

With regard to chamber alignment, it is again observed a higher distortion and displacement of
deviation distributions belonging to Y axis, while X axis distributions are practically centred. It
is also worth mentioning that the Y-axis deviation distribution of the 4-camera measurement is
clearly more skewed than that of the Y-axis of the 6-camera data. The mean of the distributions
is an indicator of this bias. In 6-chamber measurements, the mean of the distributions is also
smaller for the X axis, meaning that probably it is better aligned. Additionally, the shapes of the
X axis deviation distributions are sharper, and the studied characteristic accumulations due to the
finite resolution of the wires (see section 3.3.5) can be observed, particularly well in the case of 4

chambers.
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3.4 Alignment of the chambers

The alignment of the chambers influences the reconstruction of the muon trajectories detected by
the system, an thus, alters the analyses derived from them. It is a key aspect to achieve high
precision measurements. The effect of the alignment has been studied using simulated samples.
It should be noted that Muon Systems has devised strategies to mitigate misalignments and algo-

rithms to estimate them using a system of external references and muon tracks.

In order to study the effect of misalignments a set of simulated samples has been produced adding
artificially displacements to the layers measuring the Y coordinate. A total of five cases has been
analysed: four cases in which layers 2, 4, 6 and 8 have been displaced by 1 mm, each at a time,
and a case, in which layers 2, 4, 6 and 8 have been displaced by -1 mm, -0.76 mm, +0.76 and +1
mm respectively. It should be noted, that the latter case, corresponds to a so-called alignment
weak-mode configuration. Indeed, layers have been shifted by an amount proportional to their
7 position in the detector. This kind of configuration should not introduced any effect on the
reconstructed distributions, since this kind of misalignment would be perfectly absorbed by the

direction fit of the muon reconstruction.

In this simple study, the RMS and the mean of the projected muon deviations are studied, together
with the tangent of the actual angle. fig. 3.25 shows the effect that the misalignments have on
these estimators. It can be seen how the individual layer displacements impacts the RMS in the
same way. For the means of the muon deviation and the tangent of the angle, a pattern emerges
due to the definition of the angles, which always consider the same layer ordering. It should be

noted as well, that, as expected the weak mode configuration does not produce any significant effect.

3.4.1 Alignment residuals monitoring

The alignment of the chambers has been monitored during a long campaign to collect 35 datasets
with an exposure time of several hours. During this campaign some of the detectors were removed

and inserted back.

The magnitude used to monitor the alignment has been the so-called residuals. Alignment residuals
are defined as the difference between the actual hit position in a given layer, and the projected
position using the fitted track. In fig. 3.26, the mean of the residuals for each chamber are shown.
The main fact that the results indicate is the practically constant mean errors in the X coordinate,
compared to the variability shown in the Y coordinate. This is due to the fact that the chamber
movement is limited by the supporting structure in the X axis providing a good positioning,
while along the Y axis, there is not any mechanical constraint, to allow to insert and remove the
detectors. In particular, Y axis layers belonging to the upper chambers (“Capa 17, and “Capa
2”) have undergone the most important variations. It is also noted that the alignment in the

coordinate X, is worse compared to the initial Y axis configuration.

3.4.2 Alignment correction using the alignment residuals

A simple alignment correction method has been performed by using the residual distributions.
Only the horizontal displacement of the layers has been considered in this analysis, neglecting

vertical displacement and possible slight rotations. Residual distributions have been calculated for
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Figure 3.25: Characterisation of measured projected muon deviations (A#) and incidence angles
(9) for the different simulated cases. For the two first cases (-1 mm L2, and L4), the § measured
with chambers 1 and 2 are plotted, while chamber 3-4 6 are used in the 3" and 4" cases (-1 mm
L6, and L8). For the weak mode case, the mean of the tangents of both 6 is shown. The statistical

errors of the mean calculation are negligible.

every layer and the median has been used as an indicator of the layer misalignment. The choice is
the median has been made in order to mitigate the effect of events in the tails of the distributions,
probably coming from poorly reconstructed muons. Once calculated, the medians of the distribu-

tions are used as estimators of the misalignment.

In fig. 3.27, the residual distributions are shown for an experimental dataset collected with a 4-
chamber setup. The X coordinate distributions are more centered that the distributions in the Y
coordinate, indicating a better alignment. It is worth mentioning that this method is not able to
account for all the possible misalignments. In particular, weak modes, as the one mentioned in the
previous subsection are essentially invisible for this technique. The values of the layer misalign-
ments obtained with this methodology can be seen in table table 3.11 using a 4-chamber and a

6-chamber setup. The data taking time of both measurements is approximately of 15 minutes.

The projected muon deviations (Af) of 4 and 6-chamber measurements obtained with alignment
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Figure 3.26: Chronological evolution of the mean error of fitted straight trajectories with respect to
the reconstructed point coordinates (vertical axis), for a campaign of 35 measurements (horizontal

axis). All the chambers of the detector (4-chamber system) are monitored.

Alignment corrections [cm]

Chl Ch2 Ch3 | Ch4 | Chb5 | Ch6

X axis +0.00 | 40.02 | -0.05 | 4-0.02
Y axis +0.00 | -0.17 | -0.16 | -0.00

4 chambers

X axis | -0.09 | +0.00 | +-0.01 | -0.06 | -0.01 | -0.06
Y axis | -0.32 | 4+0.00 | -0.22 | -0.29 | -0.19 | -0.15

6 chambers

Table 3.11: Alignment corrections of the 4, and 6-chamber measurements in X and Y axes.

corrections and without them are shown in fig. 3.28. In both X and Y axis of the two measure-
ments, after the alignment corrections the distributions are more centred, and also their width is
slightly reduced. It should be remembered that all the distributions have been evaluated up to
an absolute value of 100 mrad, removing only a small quantity of events that are probably due to

noise, background, and low momentum muons.

The most noticeable correction is performed in the Y axis of the 4-chamber test, where the centre
of the distribution is displaced around 11 mrad. Note that the estimated alignment corrections
indicate almost 2 mm misalignment, in opposite direction, for the Y layers of upper and lower
detectors. That is to say, between the two upper Y layers of Ch2 and Ch3, and also between
the two lower Y layers of Ch4 and Ch5 (see table 3.11). In the Y axis of the 6-chamber mea-
surement also important alignment corrections up to 3 mm have been estimated, but in this case
the upper and lower detectors are less unbalanced. Estimated corrections indicate misalignment
in the same direction for both detectors, i.e., the lower chambers of each trajectory detector are
displaced towards the positive side (this configuration would be close to a weak mode). Probably

the 6-chamber trajectory fitting also helps to smooth the chamber misalignment.

86



Density

Chamber 1

Median
ofem]

05 0.

T 1
0 05 10

Xfom]

Chamber 2

Median
-0.021 lom]

T T 1
0.0 05 10

Density

-

Density

=

Chamber 1

Median
-0.08 [om]

05

¥ [om]

Chamber 2

T T 1
00 05 1

0

Median
0086 [om]

A

10 05 10 05 00 0
X fem] ¥ [om]
Chamber 3 Chamber 3
Median Wedian
0.047 [em] 0.075 [em]
z z
& g
& a8
T T T T 1 T T T T 1
10 05 00 05 10 10 05 00 05 10
X [em] ¥em]
Chamber 4 Chamber 4
Median Median
-0.021 [m] 0,076 [em]
= =
2 2
g 8
4 &
T T T T 1 T T T T 1
10 05 00 05 10 10 05 00 05 10
X [em] ¥em]
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ment correction and without it. Not aligned deviations have been already shown in fig. 3.24.

88




Chapter 4

Detection feasibility and imaging
of cracks in concrete cylinders

through muon scattering

This chapter summarizes the work performed in the context of a civil engineering muography
application. In particular, the feasibility to detect cracks in concrete structures using MSR is

explored. The results of this work have been shown and presented as a conference article [169].

4.1 Introduction

Since the introduction of muon radiography (MR) in the early 1950s, both absorption and scatter-
ing of muons have been used to map structures in archaeological sites and more modern buildings
of civil use. Several successful experiments have been completed that have revealed important
information about them. In those measurement and analysis campaigns, varied elements such as
shafts, voids and cavities have been detected. Furthermore, important information about the sta-
bility of buildings and the condition of structural elements has also been obtained. Applications of
the technique in the fields of civil engineering and archaeology, which are part of the background

and motivation for this work, are reviewed in section 2.3.5.

In summary, it can be argued that MR is a valid technique for non-destructively exploring the
condition of buildings and structures and may perform better than other techniques in certain

environments and applications.

The following pages present a feasibility study of detection and imaging of cracks in scenarios
composed of concrete cylinders. Using MSR, 15 cm diameter samples with full transverse cracks
(2 cm and 1 cm of aperture) and with no crack, have been measured. The detection hardware
described in section 3.1 was used to perform these experiments. The aim of the research is to
assess the limits of the technique and the hardware, in a challenging situation with subtle detection
targets. The nature and performance of the novel imaging algorithm are also explained, analysed,

and discussed.
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4.2 Experimental setup

The detectors used in this research were composed of four Multi-Wire Proportional Chambers
(MWPCs), the simplest detection setup that allows muon scattering to be measured. As already
explained in this thesis, each chamber consists of two perpendicular layers with 224 wires, all
separated by 4 mm. In the lower part of the detector there are three chambers, but one of them
is not active. The hardware can be seen in fig. 4.1 and detects four points of the muon trajec-
tories, two points before, and two points after crossing the target. With these points, upstream
and downstream trajectories can be reconstructed, and muon deviations can be calculated. The
electronic synchronization system triggers the detection data readout when all chambers receive a
signal within the detection time window. This condition distinguishes signals produced by muons
from signals produced by other charged particles that can activate the anode wires. For additional

information about the electronic readout and trigger systems consult section 3.1.2.

Figure 4.1: The MWPC detectors located in their structure with the concrete samples placed in

between.

Two concrete cylinders (A and B) have been used to carry out the experiments. Both are cylindrical
in shape, with 15 cm diameter and 30 cm height. Their mass, volume and density are specified in
table 4.1.

Sample | Mass [Kg]) | Volume [em3] | Density [g/cm?]

A 11.35 5300 2.14

B 12.90 5300 2.43

Table 4.1: Mass, volume and bulk density of the two concrete cylinders utilised in the experiments.

The investigated scenarios have been created with the two concrete samples. The first scenario,

which is represented on the left photograph of fig. 4.2, consists of a unique concrete cylinder (sam-
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ple A) that represents an intact concrete structure. On the other hand, the other scenario, which
is shown in the right photograph of fig. 4.2, as well as in fig. 4.1, recreates a cracked concrete
structure with the two cylinders. This scenario has been used to measure 2 cm and 1 cm aper-
ture cracks. The purpose of the study presented in this document is to analyze the 20 central
centimeters along the longitudinal axis of the cylinders and find out if the cracks can be detected.

Note that the analysed volume is smaller than the dimensions of a unique concrete cylinder (30 cm).

Figure 4.2: On the left, the scenario used to emulate an intact concrete structure. On the right,

the scenario of the cracked concrete structure.

4.3 Dedicated reconstruction algorithm

The reconstruction algorithm used to obtain the results shared in this paper was tested in previous
studies with simulations of these type of scenarios. The simulations were computed with the sim-
ulation software described in section 2.3.3, using CRY particle generator and Geant4. One of the
most widely used algorithms in scattering muography is POCA (Point Of Closest Approach), which
assumes that all the scattering of a muon occurs in a single interaction point. In these previous
studies, the POCA algorithm was also evaluated but results were not encouraging in terms of the
performance of the crack detection. Motivated by this, an alternative reconstruction algorithm has
been developed, that makes use of roughly the double of muon flux compared to POCA. This dif-
ference is due to the lack of precision of reconstructed POCA scattering centres, mainly for muons
of low angular deviations. The estimation of POCA centres in this type of muons, usually leads to
noticeable imprecision. Therefore, the scattering of an important amount of muons that actually
cross the target, is not located accurately by POCA algorithm. This new algorithm exploits the
fact that the relative position of the detectors and the samples is known a priori. Because of that,
it is possible to identify in a precise way which muons cross the space where the sample is located.
In fig. 4.3, the points where the muon presumably enters and exits the target volume are shown
in red and green, respectively. These calculations are made according to the detected trajectories,
and the data shown in the figure have been extracted from one of the datasets collected with the
concrete samples. Since the objective in this application is to detect vertical cracks, a specific way
of segmenting the sample space is used. The muons are allocated into vertical sections (slices) of
1 cm width based on the zone where they cross the approximate location of the concrete sample.
Its volume is divided in slices of 1 cm width, and muons crossing each of them are selected. Note
that non-vertically incident muons can cross and form part of the statistics gathered by various

slices. Then the amount of scattering in each vertical section is analyzed.
Under these conditions, small muon deviations are expected in the slices where the cracks are
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X {cm)

Figure 4.3: Estimation of the points where muons enter (red) and leave (green) the volume occupied

by the concrete samples.

located. According to the multiple scattering (section 2.2.5) undergone by muons, their deviations
projected onto a plane result in a Gaussian distribution with approximately 0 mean, whose width
indicates the amount of scattering. Density images have been built quantifying the width of
the muon deviation distributions crossing each vertical section. Particularly, the median of the
absolute value of the deviations is calculated. This statistical measure behaves in a stable manner
in measurements with noisy events that introduce large deviations. The background noise affecting

muography has been already discussed in section section 2.2.3.

4.4 Results

According to the scenarios mentioned in section 4.2, three datasets have been collected: the first,
using a non-cracked concrete structure, and the second and third, with full transverse cracks of 1
cm and 2 cm, respectively. Both cracks were roughly centred in the detection volume covered by
the detectors. Regarding the measurement efficiency, the presence of background noise has been
identified. Taking into account this situation, the detected events have been filtered using the
post-processing function described in section 3.2.2, probably losing part of the muon flux passing
through the detectors. Specifically, the -MWPC filtering strategy has been applied, in this case,

not imposing a maximum scattering angle limit.

The reconstruction obtained using the algorithm described in section 4.3 is presented in fig. 4.4.
The origin of the coordinates is referenced to the center of the scanned space, which is determined
by the position of the detector. Both cracks are detected, reconstructing them slightly off-centred,
about 1 cm from the positive side of the longitudinal axis. These deviated reconstructions of the lo-
cations of the cracks suggest that the samples were also displaced. This fact was later confirmed by
direct measurements of the cylinders performed in the laboratory. As shown in the reconstructed
images, the vertical sections where the cracks are located have statistically smaller muon deviations
compared to all others. In the case of the 2 cm crack, these differences are more pronounced. The

data taking time of each muography was 15 hours.

To confirm these results, a fourth measurement has been performed. In this case, a 2 cm crack
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1 cmcrack | 2 cm crack

Deviation (mrad)
25
26
27
» 28
.29
* 30

Figure 4.4: Reconstructed images of the scenarios with the concrete cylinders. On the left, intact
structure. On the centre, the 1 cm crack. On the right, the 2 cm crack. The scanned space is

marked in blue.

has been scanned, but its location has been moved 3 cm to the negative side of the longitudinal
axis, compared to the previous cracks. In this fourth reconstruction, the crack has been once again
clearly imaged, although its aperture appears to be of 1 cm. It is also worth mentioning that the
highest deviations are obtained on the negative side of the X axis, where the concrete sample B
is located (fig. 4.5). Note that the cylinder B is heavier than cylinder A (table 4.1). The highest
deviations in the reconstruction of the previous measurements of the 1 cm and 2 cm cracks also
highlight the location of sample B (fig. 4.4).

Deviation (mrad)

25
26
27
* 28
* 29
* 30

Figure 4.5: The concrete structure with a displaced 2 cm aperture crack. It has been moved 3 cm

to the negative side of X axis.

4.5 Discussion

Cracks between the concrete cylinders and their locations are detected in all the datasets. How-
ever, the estimation obtained for the aperture of the crack of the fourth measurement has not been
correct. The reconstruction shows a 1 cm crack instead of 2 cm. It should be noted that the width

and position of the slices have not been optimised for the application. A more narrow slicing would
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provide higher granularity on the detection of the cracks, at the cost of sacrificing statistics in the
number of muons assigned to each slice. On the other hand, the position of the slices can also
affect the results, since they can cover completely, or only partially, the area of the cracks. This

fact could yield misleading results.

In any case, the presence and location of the cracks have been correctly assign for all the datasets.
As shown in the preliminary analyses of section 3.3.4, the use of a detector with six MWPCs could
contribute to improve the reconstruction efficiency. This detector configuration has a better spatial

and angular resolution, and would surely provide a more accurate estimation of the cracks.

4.6 Conclusions

The presence of cracks of 1 cm and 2 cm width has been detected with the MSR, technique. The
absence of about 0.4 kg of concrete is reflected in muon deviations and the detector can measure
this change. A dedicated algorithm has been implemented to detect cracks and estimate their size.
Additionally, the high density of one of the cylinders is clearly imaged in the measurements. The

density of the light cylinder is 2.14 g/cm®

(sample A), while the density of the heavy cylinder is
2.43 g/cm® (sample B). It is worth mentioning that the proposed algorithm makes efficient use
of the information contained in all muon events, even in the less scattered, which are difficult to

reconstruct properly with the POCA algorithm.

This study is an additional proof of the potential of MSR as a Non-Destructive Testing technique
to detect defects in concrete structures. It has been shown that the technique is capable of finding
small defects at the centimetre scale. These detection capabilities along with its penetration power
make the muography useful in civil constructions and buildings. Future progress in the detection
hardware and reconstruction algorithms can significantly improve the performance of the tech-
nique. The development of algorithms based on maximum likelihood estimation and adapted to

the studied application could improve the results obtained in the presented research.
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Chapter 5

Snow Water Equivalent
monitoring by means of scattering

muography

In this chapter, the research performed related to the estimation of the Snow Water Equivalent
(SWE) using MSR is summarised. It should be noted that the work presented in this chapter has
been already published in a high-impact factor journal [107]. Preliminary investigations were also

presented in an important European geoscience congress [171].

5.1 Introduction

Seasonal snowpack plays a major role in the hydrology of areas where it is present and beyond
[172], but its real-time monitoring is still a big challenge for the scientific community and water
management agencies. Real-time monitoring systems rely heavily on remote sensing and numer-
ical modelling. However, to date, there is still no effective approach to retrieve the Snow Water
Equivalent (SWE) from orbital sensors, especially over complex terrain [173]. The SWE is usually
measured as the depth of water that the snowpack would be transformed into if it melted com-
pletely. It can be measured over a specific region or within a limited surface. It is calculated as
the product of the vertically-integrated density times the snow height, and is usually measured in
millimetres. Furthermore, even the most sophisticated physically based snowpack models suffer

from limitations [174], and uncertainty due to wind and avalanche snow redistribution [175].

Direct observations of snowpack are highly appreciated for water management purposes, long-term
climatology studies, as well as model and remote sensing product building and validation. Never-
theless, as a result of the difficulties and increased costs of snowpack monitoring, available SWE
time series are often scarce, incomplete, or simply non-existent [176]. Furthermore, although snow
depth retrieval is nowadays possible using relatively cost-effective techniques [177], monitoring of

SWE remains elusive.

Traditionally, SWE monitoring techniques have been based on snow pillows. These sensors are
able to measure the SWE based on the pressure increase caused by snow on the surface below.
Snow pillows exhibit a number of limitations that prevent their use in certain environmental condi-

tions, and in many applications. Their installation requires very complex logistics and, in addition,
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these devices require frequent manual re-calibration [178]. Moreover, their accuracy is very limited
in transient or shallow snowpacks. Direct and invasive measurements of SWE using snow core
samplers also have uncertainties of more than 10%, which are even more pronounced for deeper
snowpacks [179]. In this context, the use of cosmic-ray neutron-based sensors is not uncommon,
which is the solution chosen by many water agencies for their operational networks. It is possible
to deploy neutron-based monitoring networks even in mountainous or remote regions [180]. How-
ever, their precision is still limited and requires proper calibration. Despite the relative success
of neutron-based techniques, there is still a need for scientific innovation in the field of SWE sen-
sors. For this reason, the development of technologies with the ability to measure SWE is an active

area of research, where new designs based on different physical principles have been proposed [181].

As explained in section 2.2.4, muons are leptons, elementary particles similar to electrons but with
about 207 times more mass. Cosmic rays, i.e., very high-energy particles and nuclei that con-
stantly reach the earth from deep space, collide with the upper layers of the atmosphere. In these
collisions, showers containing several types of secondary particles are produced (see section 2.2.1).
Some manage to reach the Earth surface, and among them, muons are the most abundant charged
particles at sea level (see section 2.2.3). More information on the nature of cosmic rays, and muons

in particular, can be found in section 2.2.

Thus, cosmic muon production is a very common natural phenomenon. Muons exhibit high pen-
etration capabilities, making them interesting candidates for the development of SWE sensors.
Although they have great potential, their use as a resource for measuring SWE remains largely

unexplored. Consequently, there is a lot of scope for research and development in this area.

There are two different ways to perform a muography: quantifying muon absorption or muon
scattering. The Muon Absorption Radiography (MAR) method, as explained in section 2.3.1,
utilises muon counts to extract information about the matter in the line of sight of the detector.
On the other hand, the Muon Scattering Radiography (MSR) is based on the measurement of
muon deviations (see section 2.3.1). Recently, Gugerli et al. [134] applied MAR and proved the
potential of muon counters to estimate SWE in the field, comparing muon count rates with in situ
SWE measurements. It is also worth mentioning that MAR has been used in other applications

to hydrology, such as the study of ice-rock interfaces in glaciers [70, 71].

The MAR approach presents some practical advantages with respect to MSR. For example, the
application of MAR only requires one detector to measure the muon flux below the snow, although
a reference of the flux above it is also needed. In contrast, MSR requires the continuous mea-
surement of two detectors to collect the muon deviations: one detector would be placed on the
ground before the snow season, and the other would be located above, considering the expected
snow levels, and using some artificial or natural structure. Nevertheless, the MSR technique is, in
general, more precise than the MAR and would allow additional and interesting features, such as

the estimation of the density profile of the snowpack.

This study has two main objectives. The first one is to estimate the SWE through detailed analysis
using the SNOWPACK model and muon numerical simulations. The second consist in testing the
capabilities of the real-world hardware described in section 5.2 to measure the SWE of artificial
snow samples. It should be mentioned that this work focuses on the scientific proof-of-concept of the

technique, but does not develop the practical details of its application to the relevant environment.
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5.2 Experimental Setup

The muon data analysed in this research have been collected with the muon detection system
already described thoroughly in this thesis, which is shown with the box used to build the snow
samples in fig. 5.1 (¢). During this study, a 4-MWPC configuration has been used, forming a sim-
ilar setup to the one applied in the experiments of the previous chapter 4. It is worth mentioning
that in the statistical analysis of this chapter, the projection of muon deviations in two planes
perpendicular to the anode wires has been used, in agreement with the deviations represented by
o in eq. (2.21).
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Figure 5.1: (a) Explanatory drawing of the MSR setup: the muon trajectory is deviated while
crossing a dense target. (b) Detail of the crushed ice used to build the artificial snow laboratory
samples. The dimensions of the pieces of crushed ice are around few millimetres. (c) The laboratory

MSR detection setup, with a sample in between the upper and lower chambers.

It should also be mentioned that muons with projected deviations higher than 100 mrad have been
rejected, aiming to reduce the noise sources discussed earlier in this thesis in section 2.2.3. The
proportion of rejected muons has been maximum for the highest SWE samples. However, even in
these cases, it has not exceeded the 2.5% of detected muons in simulation, and the 3.7% of the
events acquired in the laboratory. Note that among the events collected by the laboratory detector

there may be signals that are not due to synchronous muons.
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5.3 Simulation Setup

The snowpack has been simulated using a one-dimensional snow model which considers surface
meteorological data. The SNOWPACK model [182] [183] [184] has been used to realistically gen-
erate the snow cover behaviour during two seasons, 2015/2016 and 2015/2016. SNOWPACK is
a physics-based multi-layer model that simulates snowpack conditions and micro-structure. It is
based on snow energy and mass balance, and is widely used for both research and operational
snow avalanche prediction. For this study, SNOWPACK has been forced by the ERA5-land sur-
face reanalysis [185]. The simulations have been performed considering a location in the Pyrenees,
specifically the ERA5-Land cell which is closer to the Monte Perdido massif (42.7°N, -0.1°E), at
an elevation of 2041 m above sea level. The main objective of these simulations has been to com-
pute detailed snowpack state variables that evolve realistically with time. They have provided
information on the different conditions in both accumulation and melting periods, as well as on
its internal structure. Once the SNOWPACK simulations were done, the snow, liquid water, and

air content of each variable-thickness snow layer forming each snowpack sample have been collected.
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Figure 5.2: Snow cover time evolution simulated with SNOWPACK model for 2015/2016 and
2016,/2017 hydrological seasons. Different colors indicate the density of each snow layer composing

the snowpack.

The data generated by SNOWPACK model have been coupled with the Geant4-based simulation
setup described in section 2.3.3. CRY has been used to generate the muon flux. After the comple-
tion of numerical SNOWPACK simulations, the data have been extended to a 1 m?2 snow column,
assuming uniform snow layers in longitude and latitude dimensions. Then, muons passing through
the detectors and penetrating the snow column have been propagated and measured, virtually
reproducing the detection process and obtaining 6y for different snow accumulations during the

two simulated seasons.

5.4 Analysis strategy

The angular resolution is crucial in MSR, application [186]. It is determined by the spacing of
the wires, and by the separation of the layers of each trajectory detector, as already explained in

section 3.3.5.
To demonstrate the ability to predict SWE and explore the previously discussed influence of detec-
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tor resolution and materials, MSR, data generated under different conditions have been analysed.
Four simulation scenarios have been created to study in detail the factors affecting the resolution
and the changes produced by the detector material. The first scenario considers an ideal muon
detector with unlimited spatial resolution, and neglects the effect of the detector material. In
the second scenario, the effect of the material has been taken into account, but still assuming
an unlimited spatial resolution. The third scenario also considers the detector material, and the
spatial resolution is degraded by setting the wire spacing to 4 mm. These three scenarios have
been configured with a detector layer spacing of 257 mm. The layer spacing represents the vertical
distance between upper and lower chambers of both trajectory detectors, the one above the target,
and the one below. The intrinsic angular resolution for the scenario 3 is about 9 mrad. The fourth
scenario is similar to the previous, but using a reduced detector layer spacing of 130 mm, which
is consistent with the configuration of the laboratory experimental setup. Finally, measurements
on ice blocks of different heights have been performed in order to to assess the functioning and
ability of our hardware, and to confirm the simulation results. In the case of the fourth and fifth
scenarios the intrinsic angular resolution is about 18 mrad. For each of the explained scenarios the

correlation between measured muon deviations and SWE has been quantified.

For each of the generated simulation scenarios (1, 2, 3, and 4), weekly measurements of 5 hours
taken during the hydrologic year 2015/2016 (fig. 5.2) have been analysed. These simulations have
been used to model the relationship between 6y and SWE under different conditions. The aim has
been to study the effect of the wires and the separation of the chambers on the intrinsic spatial
resolution of the detection system, as well as the influence of detector material. Finally, additional
validation data have been produced, considering resolution and conditions of the scenario 3. Mea-
surements for the entire hydrologic season 2016/2017 have been simulated, collecting continuous

measurements of 5 hours.

The laboratory experimental setup has been used to scan artificial snow samples of known density
and volume. The samples were composed of crushed pieces of ice, imitating real snow (fig. 3.12
(c)). The different granularity of the material has no significant influence on these experiments,
given that what it is measured, is the total angular deviation produced by the multiple scattering
of muons. Note that this magnitude depends mainly on the composition and bulk density of the

traversed material (see section 2.2.5).

The first measurement has been used to quantify the intrinsic 8y observed in the setup. The target
used in this test consisted only of the box used to prepare the samples, with no material in its
interior. In the second measurement, 10.60 Kg of material have been introduced, with a bulk
density of 448.70 Kg/m? and reaching a height of about 22.3 cm. Its SWE was roughly of 99.8
mm. In the last and third laboratory sample, 21.20 Kg of material have been used, with a bulk
density of 494.92 Kg/m?2. It has reached a height of 40 cm and summed 197.97 mm of SWE. A

single 5-hour measurement has been performed for each sample.

Mathematical models have been built linking the known SWE of the snow samples to the root-
mean-square (RMS) value of the muon angular deviations (6y). Those models consist in the
addition of two terms: A constant term (pg), which absorbs the offset produced by the intrinsic
resolution of the system, and a second term which is proportional to the square root of the SWE.
The latter component responds to the hypothesis of proportionality between SWE and the number
of radiation lengths of the target.
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Oy = Po + p1 SWE (51)

The equation 5.1 has been applied and fitted to all the scenarios, expecting to obtain different
adjusted parameters pg and p; for each of them. These differences would be related to the char-
acteristics and configuration of the detectors considered in each case. Other functional forms have
been tested to fit the data, but the one explained here and represented in the equation 5.1 provided
the best results. It has been considered optimal, taken into account this application, and also the

current limits of the muography technique.

5.5 Results

0o has been modelled as a function of the SWE using equation 5.1. All the described scenarios
of simulated and laboratory artificial snow samples have been characterised. Figure 5.3 shows the

results, including the parameters of the fitted functions and a measure of the correlation.
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Figure 5.3: RMS of muon scattering angles (6p) as a function of Snow Water Equivalent (SWE)
in the studied scenarios. The fit parameters py and py, as well as the coefficient of determination

for each case are specified.

As expected, the observed data are in accordance with the mathematical model defined, fitting
accurately to different root square functions. The coefficient of determination between the two
variables is around 0.98 in all cases. Only in the scenarios 1 and and 4, a slight reduction is no-
ticed. As mentioned above, all the scenarios follow the expected square root relationship, but each
of them has different function parameters pg, and p;. There is a noteworthy bias at 0 mm of SWE
(po variation), and also changes on the intensity of the increment of 6 in relation to the SWE (p;
variation) depending on the scenario. These results show an increase of 6y linked to the material
of the detectors, and to the reduction of their resolution. The rise of 6y due to detector material
decreases significantly when the SWE of the measured sample is incremented. In contrast, the

increase of 6y produced by detector resolution is almost constant in the simulated SWE range.

In the results obtained with the two setups using unlimited resolution (scenarios 1 and 2), the

increase of 6y due to the detector material has been be observed. Note that it is more significant
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in lower SWE measurements. Scenarios 2 and 3 show the 6y increase produced by the limited
resolution of the detection wires. Furthermore, between scenarios 3 and 4, a rise of 6y produced by
the change of the detector separation is noticed. And finally, laboratory measurements show the
highest 6 values for samples with SWE up to roughly 200 mm. The main differences between the
laboratory setup and simulation scenario 4 are the accuracy of detector alignment, the presence of
additional structures made of steel and wood, noise and effects not considered in simulation, and
the snow samples themselves. Some of these factors are probably responsible for the high 6y values
obtained in the laboratory. It is also important to mention that the laboratory measurements were
performed inside an industrial building, which has a concrete roof of about 10 cm thick. This

detail was not included in the simulation, and it could slightly affect the muon flux.

To estimate the SWE of additional unknown snowpack samples, a SWE estimation function for

scenario 3 has been specified, derived from its fitted model (fig. 5.3):

(5.2)
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Figure 5.4: Validation of the SWE estimation in the scenario 3 with data of the season 2016,/2017.
The green dots represent the estimated values using eq. (5.2), while the blue line indicates the
actual SWE. The black bars are the uncertainty of the model, which is based on the propagation

of the fitted parameter variance. In the horizontal axis, the beginning of each month is signalled.

Where SW E,, is the SWE estimate obtained by means of MSR, and 6 is the RMS value of the muon
deviations collected, both in the same measurement. To validate the SWE estimation function, it
has been tested with independent simulations of snow measurements. For that purpose, data from
the season 2016/2017 has been used. The results are shown in fig. 5.4. They yielded a Root-Mean-
Square Error (RMSE) of 11.5 mm, underestimating the SWE during the minimum accumulation
periods, and overestimating it in the highest snow accumulations. An average underestimation of
9.4% (14.3 mm SWE) has been obtained during the month of December, while the overestimation
in April has been of 3.3% (15.7 mm SWE).
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5.6 Discussion and Conclusions

This work demonstrates that MSR can be used to determine the SWE, and therefore, can be a

viable technique to contribute to solving the existing challenges in real-time snowpack monitoring.

Precise snowpack simulations have been computed, and with them, a simulation model that iden-
tifies the relationship between muon deviations and SWE have been developed and validated. The
theoretical reference of muon scattering represented by eq. (2.21), and existing studies analysing
similar relations [187] also agree with the results obtained in this research. Furthermore, the simu-
lation model is consistent with the three snow measurements performed in the laboratory, proving

the agreement of the simulations with reality.

The larger values of 6y obtained with the laboratory measurements can be explained by the pres-
ence of the detection structure shown in fig. 5.1 (b), by slight millimetre-scale misalignment of
the chambers (see section 3.4), and by noise detection. The background noise influence can be
minimised with particular detector designs, such as configurations including redundant chambers.
A demonstration of noise filtering and reconstruction efficiency improvement using 6 MWPCs has
been presented in the previous section 3.3.4. The real-world factors discussed at the beginning of
this paragraph are not included in the simulations, and they affect the muon deviations measured
in the laboratory. The structure can produce additional deviations in some of the muons used to
scan the snow sample, while poor alignment and background noise produce misleading and usu-
ally augmented measurements of the deviations. It should be also mentioned that the laboratory
measurements have been made inside a building with a concrete roof of about 10 cm thick. This
fact influences the momentum distribution of the muon flux measured. The simulations do not
include the building roof. As minimum ionising particles, muons lose roughly an average energy
of 2 MeVg~tem?, which corresponds to 48 MeV considering that they traverse 10 cm of concrete

3, This loss of energy is negligible, since it is roughly the 1% of the

with a density of 2.4 g/cm
average cosmic muon momentum at sea level. Minor differences related to the composition and
granularity of the target material could also have a slight influence. In any case, and despite the
subtle differences and uncertainties mentioned, the consistency achieved is a very promising point
regarding the possibility of using simulation data for SWE detection modelling, calibration and

testing.

Although the agreement and coherence of data initially obtained matched the expectations, addi-
tional studies in order to analyse various factors that affect the SWE modelling process have been
performed. Specifically, detector resolution and material influence on measured muon deviations
has been quantified. The quality of deviation measurements depend on detector resolution, and in
these experiments most of the muons undergo slight deviations (on the order of tens of milliradi-
ans). Therefore, when the resolution gets worse, the measured deviations increase significantly. On
the other hand, the detector material produces an increase of the actual scattering undergone by
the detected muons. In conclusion, both detector resolution and material influence the relationship
between measured deviations and SWE. This fact makes necessary a specific modelling depending
on the detection setup. But above all, it is significant that the coefficient of determination between
the two variables is 0.98 or higher in all the measurement scenarios. In relation to measurements
performed in the laboratory with the hardware, it would be desirable to make progress in exploring
the potential of MSR and to test the technique in the field.
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The simulation model has been also validated assessing its predictions for additional and inde-
pendent continuous measurements simulated for the hydrologic year 2016/2017. The assessment
yielded successful SWE estimates, with an average RMSE of 11.5 mm considering the whole year.
This last validation demonstrates the ability of the technique to continuously monitor the SWE

using a model built with weekly measurements of a unique season.

Features of muon radiation, such as its penetrating power, innocuousness, and the nature of scat-
tering, make MSR a promising technique for real-time SWE monitoring. The technique has also
the ability to infer the density and composition of its target, allowing to identify physical prop-
erties of the materials [188], as well as their internal density distribution [189]. The described
potential may eventually lead to the estimation of the density profile of the inner layered structure
of the snowpack. By studying the characteristics of muon scattering through their trajectories,
and applying advanced muography algorithms the snowpack internal density distribution estima-
tion could be eventually achieved, and voids or weak layers could be identified. Algorithms which
have been already described in this thesis such as those based on maximum likelihood expectation
maximisation (section 2.3.4) and machine learning (section 2.3.4) could be suitable options for this
task. The results of this proof-of-concept are a source of encouragement, and invite to additional

research on the practical use of MSR as a tool to monitor the SWE.
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Chapter 6

Estimation of the liquid steel fill

level in a ladle furnace

This chapter studies other muon tomography application in the context of the heavy industry. A
solution based on MSR is provided for the so-called problem of the ladle furnace. These objects,
ladle furnaces, are large containers in which melting minerals are transported from a place to
another in a factory. Because of the impurities of the minerals, usually, a layer of slag appears
on top of the mixture. This layer is opaque and makes difficult to estimate the actual level of
melted mineral below, which ends up causing inefficiencies in the factory workflows. The studies
performed in this chapter are all based on simulated data. In addition to the MSR itself, this
work has been done in the context of a new technique to determine the best possible detector
configuration and geometry for this particular problem. This technique is encoded in the so-called
TomOpt software, being developed by the MODE collaboration. Through the work presented in

this chapter, a contribution has been made to the project.

TopmOpt is a muography simulation-optimisation software which is still in development. It repre-
sents the first step within the MODE collaboration to apply a fully differentiable particle detector
optimisation pipeline. The approach consists in using the scattering muography as a use case, but
the optimisation algorithm itself could be useful in the future for further applications and experi-
ments of particle physics. At the same time, it is an attractive idea for the field of muography, as

the algorithm allows to find optimal detector configurations.

6.1 TomOpt: scattering muography optimisation by means

of differential programming

The TomOpt framework is composed of different software modules which simulate all the aspects
of muography, and at the same time optimise the detector parameters of a specific scenario based
on a loss function which takes into account the performance of the detection. The loss function
can also consider additional parameters, such as the financial cost of the detectors or constraints
in the scenario. The main goal of TomOpt is, thus, to optimise detector parameters (position, ef-
ficiency, spatial resolution, span) in relation to a defined cost function, whose main objective is to
ensure an optimal prediction of properties of the volume of interest. The optimisation is performed

utilising python’s PyTorch libraries [190], which ease the computation of the gradient of the whole

106



6.1. TomOpt: scattering muography optimisation by means of differential
programming

simulation-optimisation pipeline. In order to compute the gradient descent, it is essential that the
effect of the optimisation parameters is differentiable with relation to the loss function. Additional

and detailed information about TomOpt optimisation algorithm can be consulted in [111].

The general workflow of TomOpt is shown in figure fig. 6.1. The workflow is composed of seven

modules:

TomOpt iteration routine @ nitial detector configuration

@

@ Cosmic muon source sampled
from literature

e Muon detection and
propagation through matter

. Volume prediction

allk

. Loss function computation

. Gradient-descent optimisation

. Modified geometry used at step @

Known

e
1i0]

'

Repeat until Loss function minimum is found

volumes Forwards pass Backwards pass

Figure 6.1: Illustration of TomOpt iteration routine and the seven modules composing the software.

-

DO

Figure extracted from [11:

1. Initial detector and volume of interest configuration

In this first step, the user defines the initial detector parameters () and the distribution of the
materials which are within the volume of interest. In the context of TomOpt, this volume is also
named passive volume. The volume is modelled as a group of voxels forming a rectangular paral-
lelepiped. Some of the detector features may remain constant during the optimisation, such as the
number of detector layers, and the resolution, while others, like the detector position and size are

variable during optimisation.

Regarding the passive volume, several samples with different material distributions can be used
within a single optimisation step, or epoch, of the algorithm. This allows to compute a loss
averaged over all the samples, reducing bias and reflecting the variability of the scenario. Some
parts of the passive volumes can remain as defined in the initial configuration, while the materials
of other parts, or voxels, are variable, depending on the application. For example, in the furnace
ladle analysed below in this chapter, the voxels forming the walls are always made of the same

material, while those in the interior, which represent the filling level, are variable.

2. Cosmic muon source

Cosmic muon generation is based on models extracted from literature [191] [48]. A fixed generation

surface is currently used, with flat and squared shape.
In this thesis, the use of a squared dynamic generation surface to set the data taking time dur-
ing optimisation is proposed, and it has been also provisionally implemented, as a result of the

work and research performed together with other TomOpt collaborators. The aim is to maintain
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constant the data taking time during all the epochs of the optimisation process, regardless of the
surface of the detection layers. In this way, detector parameters would be optimised taking into
account a specific data taking time. As x, the detector parameters, are dynamic during the opti-
misation process, the generation surface of each iteration k, should be adapted to them in order
to not affect the optimisation. For example, if the surface of the detectors is enlarged, the muon
generation surface should be increased too, in order to provide full coverage of muons for all the
detection surface. In particular, the generation surface has been set to a coefficient o > 1 times

the surface of the detectors itself. Initially the value of o has been o = 1.2.

The relation between the number of muons and the exposure time ¢, is given by the muon flux

intensity ), which could be modified by the user, and the generation surface S.
p*) =t 1) gk) (6.1)

3. Muon detection and propagation through matter

Muon detection is performed depending on detector resolution, introducing Gaussian errors in the
three spatial dimensions. Propagation through matter is based on models extracted from literature
[13]. Muon detection and propagation implementation as fully differentiable modules has required
to add different features to the code, such as a muon efficiency model depending on the points where
muons cross the detectors. It assigns higher efficiencies to muons crossing the detector central part,
while muons passing through the edges or outside the detector panels are less determining during

the optimisation.

4. Volume prediction

This module handles the inference of properties of the volume of interest. This calculations are
based on classical algorithms like POCA. Maximum Likelihood algorithms as well as deep learning
methods are in development and could be a potential upgrade (see section 2.3.4). The standard
approach of TomOpt is to infer the radiation length voxel-wise distribution within the volume of
interest using the POCA algorithm. After this first step, a second stage of task-specific inference
to get the final goal of the muography is also considered. In this thesis, an alternative method of
direct inference is proposed. The method is also based on the calculation of the points of closest
approach of the muons, but in a way that only the parameter of interest, the level of the melted

mineral, is estimated. More information is given in the following sections.

5. Loss function computation

The loss function calculation is composed of two main factors that depend on detector parameters,
x, which can be named as error, E(z), and cost, C(z). The error is related to the inference
predictions, and it is computed as a function of the difference between the predicted value of
the parameter of interest, and the simulated truth. On the other hand, the cost represents both
financial cost of detection panels, C(x), and other technical constraints C;(z), such as the power
consumption. The limitations to define all these parameters accurately within a loss function
should be also taken into account. For example, different detection technologies would probably
require specific loss functions. In addition, the loss function calculation is application dependent,
and it has to be performed with analytic and differentiable functions that allow gradient descent

optimisation.
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L(z) = f(E(z),C(x)) = f(E(x), C(z), Ci(x)) (6.2)

For the performance component E(x), TomOpt uses the mean squared error (MSE) of the X
predictions of the voxels of which the passive volume is composed, and a cost C'(z) depending on
the detection surface. The proportion of the two mentioned factors is also crucial for a balanced
optimisation of the muography scenario. In this thesis, analyses are made about the performance

component of the loss function, which are detailed in section 6.4.

6. Gradient-descent optimisation

The detector parameters are updated at each iteration according to a gradient descent scheme:

g* D = 20 v, L(zW) (6.3)

where k represents the optimisation iteration, 7y is the step size of iteration k, which can be set
in advance or adapted in each step, and VL is the gradient of the Loss function with respect to
the detector parameters x at iteration k. The minimisation of the loss function continues until a

minimum is found.

6.2 Ladle furnace simulation scenarios

A simplified description of a generic industrial furnace ladle can be found in [192]. Furnace ladles
are structures used to transport melted metal produced in an industrial plant. A typical example
of the part of the manufacturing process which involves the use of the ladle could be described
in a general way as follows: firstly the metal is melted in a furnace, then it is transported with a
furnace ladle, and finally it is poured into moulds to create metal parts with a predefined shape.

These parts can be post-processed later, in order to get the final product.

In this process, the amount of melted metal inside the furnace is a key parameter. The lack of
metal in the ladle can result in moulds that are not completely filled. Therefore, they may not be
used to produce the final product correctly. On the other hand, an excessive charge of metal in the
ladle leaves remnants and scraps, causing problems and losses in the manufacturing process. It has
to be mentioned that in the top of the melted metal inside the ladle, there is a lighter layer of slag
produced in the melting process itself. This layer, prevents the use of optical methods to determine
the liquid metal level. The resolution needed by the industry to optimise the manufacturing pro-

cess is of the order of a few centimetres, although it depends on the distinctive features of each case.

For the current analysis in the TomOpt framework, a rectangular furnace ladle is considered, filled
with liquid steel as shown in figure fig. 6.2. The yellow volume corresponds to the ladle walls, made
of solid steel, the green represents the maximum filling-level, which could be only liquid steel or
liquid steel with slag, and the blue is the remaining void volume over the melted materials. The

definition of materials is detailed in table 6.1.
Muon detectors are assumed to be located on top and below the laddle furnace. The number of

panels of each detector is constant (3 per trajectory detector), but the separation between the

panels, and the horizontal positions of the detectors have been varied during the analyses.
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Figure 6.2: Top view (left), and front view (right) of the rectangular furnace ladle simulated in
TomOpt. It is composed of walls (yellow), liquid steel (green), and the void volume over the liquid
steel (blue).

Material Density, d [g/cms] | Radiation length, Xy [em] Composition
Solid steel 7.818 1.782 Fe (99%), C (1%)
Liquid steel 7.000 1.991 Fe (99%), C (1%)
Slag 2.700 8.211 CaO (53.5%), AlsOs (33.5%)
Air 0.001205 30390 Ny (78%), O5 (20%)

Table 6.1: Density, radiation length and composition of the simulated furnace ladle materials.

6.3 Estimation of the fill level

The volume prediction module of the TomOpt software has been modified for this problem to
include a simplified algorithm that focuses on the determination of the level of melted mineral
inside the ladle. Instead of making a full reconstruction voxel by voxel, this algorithm estimates

just one quantity indicating the position of the interface between the melted mineral and the slag.

This method uses the points of closest approach of the muons. For a given block of steel, the verti-
cal coordinate of the POCA points is distributed around the centre of mass of the block. This fact
has been extensively crosschecked using simulated data. Figure 6.3 (left) shows the distribution of
the POCA points for a ladle furnace filled with steel up to 0.4 meters. The lower wall of the ladle
starts at 0.2 meters and ends at 0.3 meters. Since the density of the solid steel of the bottom wall
is very similar to the density of the liquid steel, both form approximately a unique steel block,
whose centre of mass is ocated at 0.3 meters. Figure 6.3 (right), shows the distribution of the
vertical coordinate of the POCA points for this scenario. It can be seen that the distribution is

centred close to the expected position, 0.3 m.

The next model assumption has to do with the influence of the layer of slag. Since its density
is very small compared with the density of steel, and usually the thickness of the layer is much
smaller than the height of the liquid steel (typically of the order of 5%), its effect on the method
is considered to be negligible. Under these circumstances, the level of the steel can ideally be

obtained from the following equation:
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Figure 6.3: TomOpt muography of the ladle furnace filled with steel up to 0.4 m. The bottom
wall of the furnace goes from 0.2 to 0.3 m in Z axis. On the left, the front view of POCA
reconstruction. On the right, POCA distribution in the vertical axis and filling level inference

representation: Zpoca (red), true steel level (blue), and estimation of the steel level (green).

L= Zbottom +2 (ZPOCA - Zbottom) (64)

Where Zpotiom is the position of the bottom surface of the lower wall of the ladle, and VA poca the
estimator of the centre of the POCA distribution in the vertical axis. This method apparently pro-
vides a simple and fast procedure to estimate the level of the liquid steel without having to divide

the volume of interest in voxels, and favouring the execution of the TomOpt optimisation algorithm.

6.3.1 Validation of the method assumptions

The assumptions made by the algorithm have been validated using simulated data. First of all,
in order to check that the centre of the liquid steel can be extracted from the centre of vertical
coordinate distribution of the POCA points, several simulations have been computed. Data of
different scenarios with varying levels of liquid steel and no slag layer have been generated. The
liquid steel level has been determined using eq. (6.4) and it has been confronted with the true

simulated level.

A squared 2 x 2 m? generation surface has been used, with 20000 muons generated in each simu-
lation. Assuming the approximation in eq. (2.5) for the muon flux intensity, the data taking has
been equivalent to half a minute. Considering a typical flux generated with CRY simulations, it
would be roughly of 0.73 minutes. In this set of simulations, the slag layer has been removed, since
as explained above, normally its thickness is around a 5% of the thickness of the steel, and it can
be deprecated without decisively affecting the results. In total, 1200 simulations have been part of
this second study, 100 per scenario. The simulated 12 scenarios are the result of combining small
gap, not centred, and big gap detector panel configurations, two simulated detection surfaces, and

two simulated detector resolutions: op;rs = 0.01 mm, and op;:s = 1 mm (see table 6.2).
The figure 6.4a shows the method predictions and the ground truth for a spatial resolution of 0.01
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Panel surface [m

’]

0.49

0.81

Detector panels, Z [m]

Detected flux [u]

Small gap | 0.90, 0.85, 0.80, 0.20, 0.15, 0.10 2737 5340
Not centred | 0.90, 0.85, 0.80, 0.20, 0.10, 0.00 2537 4993
Big gap | 1.00, 0.90, 0.80, 0.20, 0.10, 0.00 2390 4745

Table 6.2: Positions of the horizontal detection panels in Z axis and flux crossing the detectors
for the different panel configurations, the two simulated detection surfaces, and op;is = 1mm

resolution.

mm, a detector size of 0.81 m?, and a big gap detector configuration. Detector configurations are
specified in table 6.2. As it can be observed, the method works fairly well for a detector with
an almost perfect spatial resolution. On the other hand, fig. 6.5b shows the method predictions
and the ground truth for a realistic spatial resolution of 1 mm. In this case, although biased, the
method is still accurate for high steel levels. However, it undergoes a progressive error increment

when decreasing the steel level.

070 mean=092cm
sd =0.51 cm 0.704
RMSE = 1.05 cm

mean = 5.75 cm
sd =3.4cm
RMSE = 6.68 cm
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Predicted Steel Level [m]
o
&
&

040 0.45 050 055 0.60 065 070 040 0.45 050 055 0.60 065 070
Steel Level [m] Steel Level [m]

(a) onits = 0.01 mm resolution, 0.81 m?2,

big gap.

(b) ohits = 1 mm resolution, 0.81 m2, big
gap.

Figure 6.4: Steel level predictions and ground truth for a detector with almost perfect spatial

resolution (left) and with realistic spatial resolution (right).

These figures suggest that even if the method is very precise for a detector with extremely high
resolution, changes on detector characteristics and configuration have a strong impact on the pre-
dictions. On the other hand, it can be extracted from the figures that this estimator has a very
low variance and a high repeatability, which opens the ground to perform a calibration in order to

get an adaptable estimator.

Effect of the slag layer

An additional simulation study has been performed in order to analyse the effect of the slag layer
on the top of the liquid steel. For that purpose, the estimations of the steel level have been as-
sessed, comparing cases where slag is not present, with scenarios containing slag. The liquid steel

level has been determined in the same way as in the previous study, using eq. (6.4).
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Figure 6.5: Steel level predictions and ground truth for a realistic detector with different detector

geometry configurations: small gap (left) and not centered (right).

In fig. 6.6, the results of the inference method for TomOpt simulations of 10000 muons crossing
the volume of interest are illustrated in a confusion matrix format. On the left, the results of 100
simulations with variable slag layer on the top of the steel (0, 0.1, 0.2, 0.3 m). On the right, the
results of 100 simulations without slag. It should be noted that it is not realistic the presence of
such thick slag layers, that in some of the simulated cases are even thicker that the steel layer itself.
Usually, the slag layer thickness is around the 5% of the steel layer thickness, having little influence
in muon scattering due also to its lighter materials (table 6.1). The steel layer thickness, or in
other words, the steel level, is usually close to the top of the furnace, as it is desired to transport
the maximum amount of liquid metal with the ladle. Therefore, in this TomOpt ladle scenario, a
typical and representative case could be a ladle filled up to 0.70 m with a 0.50 m thick layer of
steel, and with a thin layer of slag on the top, of approximately 0.025 m. Small variations on the
steel level, of the order of a few centimetres, are the kind of disturbances needed to be measured
in the industry in order to improve the manufacturing process efficiency. However, in this initial
development phase of TomOpt the inference method has been tested for a wider range of steel
levels, from 0.1 m (ladle filled from 0.30 m up to 0.40 m) to 0.4 m (ladle filled from 0.30 m up to
0.70 m) .

Fill level inference POCA density Fill level inference POCA density
(with slag) (NO slag)

1.0 1.0

0.4

0.5 0.5

True label
True label

0.6

0.7 0.7

0.0 00

0.4 0.5 0.6 0.7 0.4 0.5 0.6 0.7
Predicted label Predicted label

Figure 6.6: Results of the inference method for simulations of 10000 muons crossing the volume
of interest. The horizontal axis, the true steel level is represented and in the vertical axis, Y, the
predicted level. On the left, the results of 100 simulations with variable slag layer on the top of
the steel (0, 0.1, 0.2, 0.3 m). On the right, the results of 100 simulations without slag.
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6.3.2 Calibration of the estimator

According to what has been mentioned in the previous subsection, a calibration of the estimator
has been performed by fitting a second order polynomial. The results can be seen for the four

scenarios in fig. 6.7.
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tred.

Figure 6.7: Calibration curves for the predictors obtained in four different scenarios. Fitted pa-

rameters, and error metrics are specified. Error bars correspond to 3¢ intervals.

The fits have been performed using only a 70% of the simulations and the remaining 30% have
been performed to estimate the corresponding uncertainties. The standard deviations for the 4 sce-
narios are respectively 4 mm, 6 mm, 9 mm and 12 mm. These values represent a high accuracy in
terms of the specification of the problem. Knowing the position of the steel level with a couple cm

precision can provide very useful information to the industry for the process efficiency optimisation.

This estimator, including its calibration, has been introduced within the TomOpt software in such
a way that, at every iteration and considering different geometries, a fit is performed to produce
it. The estimator is later used to make the final prediction and the minimisation. It should be
mentioned that TomOpt can help finding more optimal detector configurations which could provide

even better muography results.
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6.4 Evaluation of the estimator in the TomOpt loss function

In this section, the calibrated estimator previously described has been analysed for different detec-
tion surfaces and detector configurations. The evolution of the RMSE of the predictions is assessed.
As explained in section 6.1, the loss function is composed of two main terms, the error, E(zx), and
the cost, C'(z). Here, the error component is studied, which is usually computed as a function of

the difference between the predicted value of the parameter of interest, and the simulated truth.

For that purpose, simulation data with different detector configurations (see table 6.2) have been
utilised. To get the filling level predictions, the method based on quadratic function fitting ex-
plained in the previous section (.3.2 has been used. The results are shown in fig. 6.8. As seen in
the graph on the left, the RMSE of the predictions is reduced sharply roughly until 1 m? detection
surface, for both training and test datasets. However, further increment of detection surface does
not seem productive for this application and inference method. Training data correspond to the
samples used to fit the model, while test data are independent samples. Note that, as expected,
the test error is higher. The graph on the right shows the training RMSE of the models fitted
in section 6.3.2 with a panel span of 0.9, as well as an equivalent analysis performed for a panel
span of 0.7. The data illustrates how detector configurations considered more optimal in terms of

symmetry of the panels, and angular and hit resolution have better performance.

Data set
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-®- Test

1.8

161

panel span [m]
09
0.7

Ny 144

124

RMSE [cm]
-~
Training RMSE [em]

12 -~

1.0
0.4

0.8 q

T T T T T T T T T T T T
0.6 0.8 10 12 14 16 18 2.0 Not centred small gap Big gap Big gap (G4i=0.01mm)

Panel span [m]
Figure 6.8: Evolution of train and test RMSE for “big gap” configuration depending on panel span
(left). Evolution of train RMSE for different detector configurations and two panel spans (right).

It should also be mentioned that the data taking time simulated to obtain the data of the left graph
of fig. 6.8 have been approximately three times shorter compared to the simulations analysed in
section 6.3.2. The results of the right graph of the figure fig. 6.8 correspond with the larger data
taking time considered in the aforementioned section 6.3.2. In that previous section, a reference of
the expected errors has been set. The defined expectations correspond with the data on the right
graph, but due to the shorter data taking time simulated, the errors shown in the left graph of this

analysis are higher.

The RMSE values could be used within TomOpt as the error loss function component E(x), pro-
viding the minimisation gradients and guiding the optimisation depending on the quality of the
predictions of the fitted model.
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6.5 Conclusions

The problem of the ladle furnace has been considered as benchmark case to test the capabilities
of the TomOpt optimization software. The proposed filling level inference technique based on the
POCA points has been used within the TomOpt software as an estimator of the fill level. The sim-
plicity and generalist nature of the proposed inference method ensure an adequate performance in a
wide variety of cases. This has been demonstrated in different simulation analyses, where inference
values behave as expected. However, the proposed approach, do not involve inferring character-
istics of the materials, such as the X, which is a more complex task. To optimise muography
cases using a voxel-wise inference of material X is other of the TomOpt objectives for the near
future. In any case, the estimation technique based on POCA point densities has demonstrated
to be useful for industrial cases like the one studied in this work, the steel furnace ladle. The
ability to infer the steel level with a low number of muons is also beneficial, since it allows to run
optimisation with lower computing requirements, a factor that make easier the first applications of
TomOpt in this initial phase. Note that when running optimisation, the scenario is dynamic, and
the detectors undergone small changes in each iteration that have to be simulated in order to get
the cost, calculate the gradients, and continue optimising the scenario to the next iteration. This

process is usually a demanding task in terms of computing.

To sum up, in this work a scattering muography estimation technique useful for differential pro-
gramming is proposed. The method is based on POCA point spatial distributions, and it can be
used to optimise a scenario where the objective is to estimate the height of a volume filled with
a specific material. It is a simple, effective and efficient procedure, adequate for the differential
optimisation of industrial muography scenarios. It is already being tested, and its implementation

has contributed to the last results published by the collaboration.
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Chapter 7

Conclusions

Muon tomography, usually referred to in the field as muography, is a technique capable of deter-
mining the density distribution of matter using the data provided by the muons passing through it.
It can be applied by means of muon attenuation, but this thesis focuses on scattering muography.
This modality makes use of the multiple scattering of muons to infer the properties of the material
traversed by measuring their deflections. Therefore, compared to absorption, scattering muography

is suitable for applications on targets with more limited dimensions and requiring higher resolution.

In the application of muon tomography, a thorough understanding of the functioning of the muon
detectors used is indispensable. In addition, their correct calibration and tuning are of utmost
importance. In this thesis, the design of detectors based on Multi-Wire Proportional Chambers
(MWPCs), specifically those developed and built by Muon Systems, is analysed. The procedure
used for event reconstruction is also explained, and the efficiencies and resolution of the detectors
are studied, among other aspects. Their efficiencies have been characterised by means of several
experiments, in which it has been observed that under optimum conditions the efficiency at camera
level is higher than 95%. In addition, it is worth mentioning the analyses performed about intelli-
gent event reconstruction algorithms, and chamber alignment, which can have a direct impact on

the reconstruction quality of muon trajectories.

Since the introduction of muon radiography in the early 1950s, both muon absorption and scat-
tering have been used to map the density of structures in archaeological sites and more modern
buildings of civilian use. Muography is a valid technique for non-destructive inspection of the
condition of buildings and structures, and it can work better than other technologies in certain
environments and applications. In this thesis, a feasibility study of the detection and imaging
of cracks in scenarios made of concrete cylinders is presented. Measuring the multiple scattering
of muons and applying an original algorithm adapted to the problem, density maps have been
reconstructed. By means of this reconstruction technique, cracks of 1 and 2 centimetres have
been detected and located in concrete samples of 15 centimetres in diameter. These defects are
equivalent to the absence of about 0.5 kg of concrete. To perform these experiments, the detection
hardware described above has been used, thus evaluating the limits of the technique and the perfor-
mance of the hardware in a demanding situation, with subtle detection objectives. The developed

research has been published in a conference paper, whose presentation was also made.

The research performed on the estimation of the snow water equivalent (SWE) has been focused

on two distinct objectives. The first corresponds to a detailed analysis of numerical simulations,

118



while the second consisted of assessing the capabilities of the hardware to measure the snow water
equivalent of artificial snow samples. The results obtained by simulating a whole year of snowpack
evolution have yielded average errors of around one centimetre. On the other hand, the mea-
surements made in the laboratory are in agreement with the expected values and are compatible
with the models built in simulation. This work has been the first proof-of-concept of the use of
scattering muography in the estimation of the snow water equivalent. The research has served to
demonstrate that this technique provides relevant information and could be used to monitor the
evolution of the snowpack. Mention should also be made of the potential of this type of muography
to estimate the density distribution of the inner layers of the snowpack, being able to identify voids
or weak layers. This information would be of great interest in the area and could help to prevent
avalanches and contribute to the knowledge of the internal structure of the snowpack. It should be
noted that work related to this research has been presented at an European geoscience conference,

and also recently published in a high-impact journal.

Without forgetting the two studies in the appendices on cargo detection and material characteri-
sation, the last application thoroughly studied in this thesis has been the estimation of the filling
level of liquid steel in a ladle furnace. This type of industrial furnace is actually a large container
used to transport melted metal from one part of a factory to another. The quantification of its
filling level can contribute to the optimisation of the manufacturing process, avoiding for example
an incomplete filling of moulds, or leftovers that could cause problems or loss of material. This
study has been carried out in the context of an international collaboration which works on the
development of a software capable of optimising the configuration and geometry of detectors in
muon tomography applications (TomOpt). Using this software, the problem has been simulated
and analysed, resulting in the implementation of a method to estimate the liquid steel filling level.
The proposed algorithm has been integrated into the TomOpt software thanks to the collaboration
of other members of the project. The results obtained are in the process of being published as a

journal article, and a previous version has already been published in a repository.

To conclude, it is worth mentioning that this work has had a significant impact on the company
Muon Systems. Intensive research has been carried out, including tasks dedicated to the character-
isation and fine-tuning of the hardware, as well as the implementation of reconstruction algorithms.
As a consequence of these research lines, muography techniques with novel approaches have been
developed, which in many cases have been put into production in different industrial projects of
the company. In addition, new applications of muon tomography have been explored, such as the
monitoring of the snow water equivalent. Muon tomography is an emerging technology that will
undoubtedly become a standard in the future. This thesis aims to contribute a small step towards

the realisation of that path.
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Chapter 8

Conclusiones

La tomograffa mudnica, usualmente conocida en el campo como muografia (muography, en inglés),
es una técnica capaz de determinar la distribucién de la densidad de la materia, valiéndose de los
datos aportados por los muones que la atraviesan. Es posible aplicarla por medio de la atenuacion
de los muones, pero esta tesis estd enfocada en la muografia de scattering. Esta modalidad hace
uso del scattering multiple que sufren los muones para, mediante la medicién de sus desviaciones,
inferir las propiedades del material atravesado. Por ello, y en comparacién con la modalidad de
absorcidn, la muografia de scattering es idénea en aplicaciones sobre objetivos de dimensiones mas

limitadas y que requieren una mayor resolucion.

En la aplicacién de la tomografia muénica resulta indispensable la comprension profunda del fun-
cionamiento de los detectores de muones utilizados. Ademds, su correcta calibracién y puesta a
punto son factores de suma importancia. En esta tesis se analiza el diseno de detectores basados en
cdmaras multi-hilo (MWPCs, por sus siglas en inglés), en concreto los desarrollados y construidos
por la empresa Muon Systems. Se explica también el procedimiento utilizado para la reconstruccién
de eventos y se estudian las eficiencias y resolucién de los detectores, entre otros aspectos. Sus
eficiencias se han caracterizado mediante varios experimentos, en los cuales se ha observado que en
condiciones dptimas la eficiencia a nivel de cdmara es superior al 95%. Adem4s, cabe mencionar los
analisis realizados en cuanto a algoritmos inteligentes de reconstruccion de eventos, y alineamiento
de las cdmaras, los cuales pueden repercutir directamente en la calidad de reconstruccién de las

trayectorias de muones.

Desde la introduccién de la radiografia de muones a principios de la década de 1950, tanto la
absorciéon como la desviacién de los muones se han utilizado para mapear la densidad de estruc-
turas en yacimientos arqueoldgicos y edificios mas modernos de uso civil. Se podria decir que
la muografia es una técnica vélida para explorar de forma no destructiva el estado de edificios y
estructuras y que puede funcionar mejor que otras tecnologias en determinados entornos y aplica-
ciones. En esta tesis, se presenta un estudio de viabilidad de la deteccién y obtenciéon de imagenes
de grietas en escenarios compuestos por cilindros de hormigén. Utilizando el scattering multiple
de los muones, se han reconstruido mapas de densidad mediante un original algoritmo adaptado
al problema. Esta reconstruccién ha servido para detectar y localizar grietas de 1 y 2 centimetros
en probetas de hormigén de 15 centimetros de didmetro. Dichos defectos, equivalen a la ausencia
de en torno a 0,5 kg de hormigén. Para realizar estos experimentos se ha utilizado el hardware
de deteccién anteriormente descrito, evaluando asi en una situacién exigente, con objetivos de

deteccién sutiles, los limites de la técnica y el funcionamiento del hardware. La investigacion re-

121



Chapter 8. Conclusiones

alizada, ha sido redactada en un articulo de congreso, cuya presentacion fue también llevada a cabo.

La investigacion realizada sobre la estimacién del equivalente de agua de la nieve se ha centrado en
dos objetivos diferenciados. El primero se corresponde con un analisis detallado de simulaciones
numéricas, mientras que el segundo ha consistido en evaluar las capacidades del hardware para
medir la equivalente de agua de muestras de nieve artificial. Los resultados obtenidos mediante la
simulacién de un ano completo de evolucién del manto han arrojado errores promedio de en torno al
centimetro. Por otro lado, las medidas realizadas en el laboratorio se corresponden con los valores
esperados y son compatibles con los modelos construidos en simulaciéon. Este trabajo ha sido la
primera prueba de concepto del uso de la muografia de scattering en la estimacién del equivalente
de agua de la nieve. La investigacion ha servido para demostrar que dicha técnica aporta infor-
macion relevante y podria ser utilizada para monitorizar la evoluciéon del manto. También debe ser
mencionado el potencial que posee este tipo de muografia para llegar en un futuro a poder estimar
la distribucién de la densidad de las capas internas del manto, pudiendo identificar huecos o capas
débiles. Esta informacién seria de gran interés en el drea y podria ayudar a prevenir avalanchas
y contribuir al conocimiento de la estructura interna del manto de nieve. Cabe senalar, que los
trabajos relacionados con esta investigacién han sido presentados en una conferencia europea de

geociencias, y también publicados recientemente en una revista de alto impacto.

Sin olvidar los dos estudios de los apéndices sobre deteccién de mercancias y caracterizacién de
materiales, la tltima aplicacién estudiada en profundidad en esta tesis ha sido la estimacién del
nivel de llenado de acero liquido en un horno cuchara. Este tipo de horno industrial, en realidad es
un gran recipiente con el que se transportan minerales en fusién de un lugar a otro de una fabrica.
La cuantificacién de su nivel de llenado permite optimizar el proceso de fabricacién, evitando por
ejemplo un incompleto llenado de moldes, o restos que puedan causar problemas o suponer la
pérdida del material. Este estudio ha sido realizado en el contexto de una colaboracién interna-
cional que trabaja en el desarrollo de un software capaz de optimizar la configuracién y geometria
de los detectores en aplicaciones de tomograffa muénica (TomOpt). Usando este software, se ha
simulado y analizado el problema, resultando en la implementacién de un método de estimacién
del nivel de llenado de acero liquido. El método propuesto ha sido integrado dentro del algoritmo
TomOpt gracias a la colaboracién de otros miembros del proyecto. Los resultados obtenidos estén
en proceso de publicacion como articulo de revista, y ya existe una versién previa publicada en un

repositorio.

Para concluir, cabe mencionar que este trabajo ha tenido un impacto destacable en la empresa
Muon Systems. Se ha llevado a cabo un intenso desarrollo de diversas investigaciones, incluyendo
tareas dedicadas a la caracterizacion y puesta a punto del hardware, asi como a la implementacién
de algoritmos de reconstrucciéon. Como consecuencia de dichas lineas de investigacion, técnicas de
muografia con novedosos enfoques han sido desarrolladas, las cuales han pasado a estar, en muchos
casos, en produccién dentro de diferentes proyectos industriales de la empresa. Adicionalmente,
nuevas aplicaciones de la tomografia muodnica han sido exploradas, como por ejemplo la monitor-
izacion de la cantidad de nieve en el manto. La tomografia mudnica es una tecnologia emergente
que sin duda serd un estandar en el futuro. Con esta tesis se pretende contribuir con un pequeno

paso a la realizacién de ese camino.
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Appendix A

Deviations of muons retrieved by
means of Smart Tracking

techniques
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Figure A.1: Deviations (< 50 mrad) of retrieved events with void data in at least one of the

detection layers. None of them has simultaneous multiple wire activation above 4 wires.
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Figure A.2: Deviations (< 50 mrad) of retrieved events that initially had not contiguous wires in

at least one of the detection layers. None of them has simultaneous multiple wire activation above

4 wires.
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Figure A.3: Deviations (< 50 mrad) of retrieved events that initially had excessive wire activation

in at least one of the detection layers. None of them has simultaneous multiple wire activation

above 4 wires.
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Appendix A. Deviations of muons retrieved by means of Smart Tracking techniques

(¢) Noise removal.
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(d) Noise removal.

Figure A.4: Deviations (< 50 mrad) of events before and after noise removal based on trajectory

goodness of fit to straight lines.
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Appendix B

Material characterisation using

Neural Network models

During this PhD, the use of neural networks (NN) models for material characterisation has been
explored too. The quantiles of muon scattering angles have been used as inputs of the applied
NN, as specified in section 2.3.4. The NNs have been trained with both simulation and laboratory
samples of the same mass, but composed of several materials, including air, that mixed sum differ-
ent total Xy. The materials filled different volumes with variable and random spatial distributions
within the limits of the detection volume between the detectors. Due to the exponential increase
of Xy that elements and materials approximately follow when density is linearly decreased (see
bottom right graph of fig. B.1), columns of the same surface and mass made of different materials
contain different number of radiation lengths along their height, or in other words along their
thickness (see bottom left graph of fig. B.1). This is also directly expressed by the characteristic
radiation length in relation to a unit of mass, which is measured in g/cm? (see section 2.2.5). Con-
sequently, the X of the mentioned samples, which have a constant z including air, varied, showing
larger values when they were composed of less dense material mixtures. Therefore, as specified
by eq. (2.21), and deprecating geometric and other kind of secondary effects, the expected 6y for

samples of the same mass, but composed of less dense materials, are smaller.

After being trained, the simulation NNs have been tested with simulated unknown samples, show-
ing the ability to estimate the amount of up to three different materials which composed the
samples. The estimation error varied depending on the number of training samples, their data
taking time, as well as the differences between the Xy per unit of mass of the materials, and their
proportion by weight within the mixture. The total Xy of the less dense samples, has been of
roughly the 88% of the densest samples. Ongoing work is under development in order to under-
stand the level of compatibility between laboratory samples and simulations. Other approaches

are also being explored, such as the creation of neural networks with laboratory data.

Through NN training, the performance of classical models derived from eq. (2.21) has been im-
proved, allowing a better material characterisation. The training process also learns the effect that
detector configurations and resolution produce in the measurements of muons, removing the bias
it usually introduces in traditional models, even if all uncertainties, noise sources, and phenomena
are intended to take into account. However, NNs normally require a larger amount of data to be

appropriately trained, a fact that limits the application with real world measurement data.
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Figure B.1: Analysis of main properties of iron (F'e), ferrous oxide (FeQ), aluminium (Al), silicon
(Si), and liquid water (H2O).

sponds for each material to that of a column of 1 g, with a base of 1 cm?2.

The thickness /X, is measured in radiation lengths, and corre-
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Appendix C

MUON CARGO project: anomaly

detection in cargo containers

The MUON CARGO project [193], consists on the development of industrial research, both in
hardware, and software areas, in order to implement a detection system able to perform maritime
transport container and vehicle inspection using muon scattering tomography. The project is co-
financed by Puertos del Estado [194] (public business entity under the Spanish Ministry of Trans-
port, Mobility and Urban Agenda). The collaboration of IFCA (Instituto de Fisica de Cantabria -
Universidad de Cantabria) is also included. The three main activities of MUON CARGO are the
work related to software and detection algorithms, manufacturing of a 3x3 m? modular detector
based on previous designs, and field tests. The final result of the project will be a specialised
and intelligent muography scanner prototype, which will be installed in the Port of Santander (see
fig. C.1).

Figure C.1: Sketch of the MUON CARGO 3x3 m? scanner prototype.

The software part of the project involves development of Al and scattering muography algorithms,
on the basis of previous work [61]. POCA and other muography algorithms will be used to feed

autoencoders for anomaly detection. The application of variants of classic MLEM algorithm are
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Appendix C. MUON CARGO project: anomaly detection in cargo containers

also considered (see section 2.3.4). This work is ongoing within the project planning. In addition to
muography algorithm outputs, complementary data about the mass of the cargo, declared goods,

and other available information will be exploited.

In this thesis, a preliminary analysis of simulation results of the MUON CARGO prototype is pre-
sented. POCA imaging algorithm has been applied to simualtions containing several anomalies,
differing in their material and location. A simulation scenario has been built in Geant4 [195], con-
sisting of an active detection surface of 268.8 x 268.8 cm?, in line with that of the MUON CARGO
prototype. This surface is covered with 4 Multi Wire Proportional Chambers (MWPCs), i.e, 2D
detection grids. Each chamber is able to detect the horizontal coordinates (X, Y) of the points
where muons cross it with a precision of 1.15 mm, since the detection wires are placed 4 mm apart
from each other (see equation ??). The vertical coordinate (Z) is given by the chamber position
itself.

Figure C.2: MUON CARGO prototype simulation (active detection surface of 268.8 x 268.8 cm?).
The volume of the cargo (250 x 250 x 250 cm®) is composed of 125 voxels (50 x 50 x 50 cm?®). The

green voxel contains an anomaly, i.e, a different material.

The volume of the cargo is 250 x 250 x 250 cm?, and it is composed of 125 voxels of 50 x 50 x 50
cm®. A unique voxel containing an anomaly (green voxel in fig. ('.2) has been simulated, meaning
a material with different properties compared to the base material, which is the declared material,
or in other words, the material of which the shipment should be composed. All the other voxels
are filled with the base material. In this preliminary analysis, POCA reconstructions of 10 minute

muographies are shown. In this case, the anomaly is a voxel with guns, which is composed of a
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mixture of steel and air. The other voxels, are made of the base material, an organic mixture (see

table C.1).

Material | Density, d [g/cme] | Radiation length, Xo [em] Composition
Organic 0.100 364.3 Organic (10%), Air (90%)
Guns 3.925 3.533 Steel (50%), Air (50%)

Table C.1: Density, radiation lenght and composition of the simulated cargo materials.

¥ [em)
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Xfem]

(b) Front view.
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Figure C.3: POCA tomographies of the simulated cargo, which is composed of organic material,
containing an anomaly of 50 x 50 x 50 cm? filled with guns. In the first row, the anomaly is placed

in the centre of the cargo. In the second, it is in the front bottom left corner.

Extracted results are shown in fig. C.3. The top and front view of POCA tomographies can be
observed, which infer the scattering density within the cargo volume, based on the POCA point
density. The anomaly voxel produces a very clear higher concentration of muon scatters, as re-
constructed by POCA algorithm. In the tomographies, its location is highlighted by white areas

surrounded by reddish colours, that indicate high concentrations of POCA interaction points. The
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Appendix C. MUON CARGO project: anomaly detection in cargo containers

images of the first row belong to a simulation where the anomaly voxel is located in the centre of
the cargo, while in the second row it can be observed the muography of a cargo with the anomaly
in the front bottom left corner. In this second simulation, the reconstruction is not so clear, due
to detector configuration effects, such as the smaller flux of detected muons which traverses the

location of the anomaly.

These preliminary results show a case where a POCA muography algorithm is able to image the
contrast between a base material and an anomaly inside it. As mentioned above, the data extracted
with POCA reconstructions will be used to feed Al algorithms. Other approaches are also being
explored. In this thesis, a preliminary analysis has been explained, which is the basis upon which

the additional software research will be developed.
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Figure references and licenses

Figure references and licenses
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