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Résumé

Titre de la these : Design, réalisation et test in situ d’une caméra muon pour des applications en sciences
de la terra et en génie civil

Mots-clés : muon cosmique, tomographie, Micromegas, chambre projection temporelle, rayonnement
cosmique, muographie

Cette these est dédiée a la création d'un nouvel outil pour la mesure directionnelle du flux muonique basé
sur une chambre de projection temporelle fine avec un plan de lecture Micromegas, afin d’obtenir un
détecteur compact avec une résolution angulaire compatible avec les applications d’imagerie ou de
monitoring en génie civil et géophysique. La principale motivation est de développer un détecteur capable
de combler le vide technologique pour les applications ayant des contraintes d’encombrement et de
transportabilité.

Cette these fournit une revue des différentes technologies de détection de muons existantes et de leurs
divers domaines d’application. Deux techniques de mesure de muons sont présentées : la muographie par
transmission ou par diffusion. La muographie par transmission, mieux adaptée aux grandes cibles, est
basée sur l'atténuation du flux naturel de muons cosmiques due a l'opacité des matériaux traversés. Cette
technique passive et non-destructive fournit des informations originales qui pourront étre intégrées dans
une démarche d’imagerie.

Le manuscrit présente la méthodologie utilisée pour la caractérisation du flux incident de muons a la fois
en surface et dans des conditions souterraines. Une description détaillée des processus physiques
déclenchés par le passage d'un muon a travers le détecteur est fournie. Les résultats des simulations des
processus de formation du signal sont présentés et commentés pour justifier les choix du design des
composants clés afin de répondre aux exigences de performance quant a résolutions temporelle, spatiale
et angulaire. L'influence des parametres opérationnels ou externes tels que le gain, la température ou la
présence de contaminants est également traitée.

La these étudieen détail les principales phases de conception et d'assemblage du détecteur MUST?2, incluant
(i) le design du plan de lecture Micromegas, (ii) le choix du gaz, (iii) le design d'un élément homogénéisateur
de champ électrique (iv) le choix de l'instrumentation électronique et du signal de déclenchement associé
au passage du muon, et (v) la création d'un systéme auxiliaire de gestion du gaz.

La polyvalence du détecteur MUST2 a été prouvée avec l'utilisation réussie de différentes options de
déclenchement et d’acquisition. Les données sont obtenues au travers d’un logiciel développé pour le
systeme d’acquisition modulaire du CERN SRS, puis analysées avec un algorithme de reconstruction de la
trajectoire, qui récupere le temps de passage, la position 2D, les angles zénith et azimut des muons qui
traversent le détecteur. Les caractéristiques, les performances et les limites de la chaine d'acquisition de
données sont présentées et évaluées. Une série de directives visant a améliorer Iefficacité de la chaine
d'acquisition est proposée.

Une série de tests de caractérisation a été effectuée dans différents environnements : faisceau controlé de
muons, ciel ouvert, au fond d'une vallée et dans des conditions souterraines. Ces tests ont contribué a une
meilleure compréhension des performances du détecteur et ont permis de régler ses parametres
opérationnels. Malgré les faibles statistiques des tests, les flux mesurés montrent une bonne corrélation
avec les environnements ciblés. Une campagne de mesures en conditions réelles a été menée sur le barrage
de Saint-Saturnin-les-Apt (Vaucluse). Les résultats expérimentaux obtenus, sont conformes aux valeurs
anticipées par le modele numérique, la transportabilité sur le terrain et la capacité a effectuer des mesures
hors laboratoire a long terme ont été démontrées. En revanche, 'impact de la température externe sur



l'acquisition des données devra étre compensée pour obtenir une acquisition stable permettant de surveiller
I’évolution temporelle du flux de muons.

En conclusion, les bons résultats obtenus lots de ces tests permettent de valider la caméra MUST? a des
fins de muographie en transmission.



Abstract

Thesis title: Design, construction and in situ testing of a muon camera for Earth science and civil
engineering applications.
Keywords: cosmic muon, tomography, Micromegas, time projection chamber, cosmic rays, muography

This thesis is dedicated towards the creation of a new direction-sensitive tool for muon flux measurement
based on a thin time projection chamber with a Micromegas readout, to achieve a compact detector with
an angular resolution compatible with civil engineering and geophysics imagery and monitoring
applications. The main motivation is to develop a detector capable to fill the technological gap for
applications with compactness and transportability constraints.

The dissertation provides a review of the different existing muon detection technologies and their diverse
fields of application. Two muon imaging techniques are introduced: transmission and scattering
muography. Transmission muography, more suitable for big targets, is based on the attenuation of the
natural-occurring cosmic-muon flux due to the opacity of the material they traverse. This non-destructive,
passive technique provides original information that can be used for imaging purposes.

The work covers the methodology used towards the characterization of the incidental muon flux both on
the surface and in underground conditions. A detailed description of the physical processes triggered by
the passage of a muon through the detector is provided. Results of the simulations of the signal formation
processes are presented and discussed to justify the design choices of the key components so as to meet
performance requirements in term of temporal, spatial and angular resolution. The influence of operational
or external parameters such as the gain, temperature or presence of contaminants is covered as well.

The thesis describes in detail the principal phases of design and assembly of the MUST? detector, including:
(i) the design of the Micromegas readout layout, (i) the choice of gas, (iii) the conception of an electric
field homogenizer, (iv) the choice of the electronics instrumentation and its trigger signal, and (v) the
creation of an auxiliary system to manage the gas.

The versatility of MUST? has been proved with the successful use of different trigger options and
electronics. The data is acquired by means of software developed for the CERN’s Scalable Readout System
electronics and subsequently analyzed with a muon trajectory reconstruction algorithm, which retrieves
the: time of passage, 2D position, zenith and azimuth angles of the muons traversing the detector. The
characteristics, performance and limitations of the data acquisition chain are presented and evaluated, a
series of guidelines towards the improvement of its efficiency of are provided.

A series of characterization tests has been carried out in different environments: controlled muon beam,
open sky, at the bottom of a valley and in underground conditions. These tests have enabled a better
understanding of the performance of the detector and allowed to tune up its operational parameters.
Despite the weak statistics of the test runs, the measured muon flux has shown a good correlation with
the surrounding target volumes. A campaign of measurements in real field conditions has been carried out
at the Saint-Saturnin-les-Apt (Vaucluse, France) dam. The experimental results obtained are in consonance
with the values anticipated by the digital model, the field transportability and the capability to perform
long-term out-of-lab measurements have been demonstrated. On the downside, the impact of the external
temperature on the data acquisition should be balanced out to get a steady acquisition and monitor the
temporal evolution of the muon flux.

In conclusion, the successful proof-of-concept trial allows to validate the MUST? camera for transmission

muography purposes.
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cm

a substance is its mass per unit of volume.



@p
@, (Ey 6)

$(6)

Q

g
mwe or 7/,
rad or deg

1
cm?-sr-s

muons

cm?-s-sr-GeV

muons
cm2-sr-s

Sr

Matter opacity, defined as the matter’s density
times the path’s length of the particle inside the
medium.

Azimuthal angle, {¢p € R: — < ¢ <} where
0 rad represents the direction of positive Y
tracks.

Flux of primary cosmic-ray particles.

Differential muon flux for a given particle energy
and incidental angle.

Integrated flux over energy.

Solid angle visible for the detector.
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1.1.

Ignacio Lazaro Roche

Objectives

The main objective of the current doctoral thesis is to develop a new non-
destructive system using muons for in-situ imaging and monitoring the density of
large volumes of matter. This new geophysical tool is meant to monitor civil
engineering works or geological and hydrogeological volumes.

The present work aims at enabling the market release of a new high-
technology instrument in the framework of natural hazard and risk management.
To do so, it is necessary to take care of the following scientific and technical

issues:

Ensure the academic/industrial know-how transfer.

The realization of a sturdy, reliable, portable and ergonomic
detector for ground and underground operation.

The fine characterization of the detector, (for instance: spatial and
temporal resolution, efficiency, gain, etc.) and calibration protocol.

Develop of a user interface and data analysis package.

The detector’s deployment and tune-up in the case study sites to
monitor: tunnel, mine, cliff or landslide instable zones.

The multidisciplinary nature of the present work, that combines particle
physics, geophysics, instrumentation and industrial design among others, makes
impossible to address exhaustively all the topics covered. The author aims at
providing a document that allows a skilled person to understand:

The origin and interest of cosmic muons for tomographic purposes.

The physical processes that enable the muon detection with the
presented technology.

The considerations and design choices towards the manufacture
and industrialization of the technology.

The techniques and software developed to analyze the data
acquired with the aim of characterize the muon flux trough the
detector.

The characterization process of the technology’s performance.
The results of a real case field test to validate the detector’s

transportability, long time data acquisition capability and dynamic
imaging potential.
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1.2. Project introduction
1.2.1 Context of the project

The project T2DM2 (acronym for Temporal Tomography of Density by the
Measurement of Muons) was born in 2008, when Stéphane Gaffet and Pierre
Salin developed the idea of using a muon detector to help to elucidate the
dynamics of the water transfer process though the non-saturated zone of the
Albion plateau (South—East of France). The entire massif is characterized by an
important hydrogeological system, with several karstic structures within a thick
unsaturated area overlying a saturated zone linked to the 1.100 km? broad water
reservoir of Fontaine de Vaucluse, France.

The privileged position of the Low Background Noise Underground
Research Laboratory (LSBB URL), as seen in Figure 1.1, allows access to the
non-saturated zone of the aquifer at different depths, enabling the deployment of
muon cameras to image the spatial and temporal dynamics fluid flow across the
unsaturated zone of the reservoir.
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Figure 1. 1 Conceptual south-north cross-section of the southern flank of Albion plateau. The black
horizontal line represents the vertical plane projection layout of the LSBB'’s galleries [Sénéchal, 2013]' .

During the period of 2008-2013 the project was focused on verifying the
feasibility of the concept by testing several prototypes based on combinations of
different Time Projection Chambers (TPC) read by Micro-Pattern Gaseous
Detectors (MPGD). Ever since, the project members have actively participated in
CERN™"s RD51 Collaboration, whose objective is the development and out-of-
CERN valorization of MPGD technologies. The mission of the RD51 is to facilitate
the development of advanced gas-avalanche detector technologies and
associated electronic-readout systems, for applications in basic and applied
research. Because of this collaboration the project has access to the Micromegas
(MICRO MEsh GAseous Structure) detector and the Scalable Readout System
(SRS) to instrument it.

' European Organization for Nuclear Research
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In parallel, the incorporation in 2012 of Fanny Hivert was the result of a
collaboration between the CNRS? and the MAIF foundation. Her thesis, entitled:
“Characterization of the rock density and its spatial and temporal variations using
muons: application to the Low Noise Underground Laboratory (LSBB)” was
defended in 2015. In it, she used numerical simulations of muon flux to estimate
the acquisition conditions required to detect a certain density variation for a given
depth, with a special interest to the scattering of muons in relation to the density
of material. The combination between her model and field measurements
performed with liquid scintillators provided by the CPPM? (ANTARES project), led
to an estimation of the average density of the rocks located above the LSBB in
good agreement with the expected value.

In 2013 the particle physicist co-leader of the project, Pierre Salin, retired
and Stephan Gaffet, geophysicist assumed leadership of T2DM2. The LSBB
hired under its own resources the author with the aim to construct a new detector
based on the prototypes and capable of withstanding the field measurements in
order to validate the proof of concept. This innovative muon camera, named
MUST? (MUon Survey Tomography based on Micromegas detectors for
Unreachable Sites Technology), is based on a thin TPC read by a resistive bulk-
Micromegas. The resources necessary to construct 5 additional detectors were
provided by a combination of LSBB’s own resources and European Regional
Development Fund (ERDF).

Later in 2014, Thomas Serre started a 1-year post-doctoral fellow to
develop the necessary software for the particle trajectory reconstruction. His
participation was possible thanks to the LSBB and INSU* funds.

At this point and given the potential industrial interest of the technology,
the LSBB, after consultation with the Society for the Acceleration of the
Technology Transfer South-East(SATT), decided to start a patent process.

In 2015, the French Geological Survey (BRGM) and IRIS Instruments
joined the project and the partnership resulted in the current doctoral work. The
author obtained a CIFRE? fellowship® hosted by IRIS Instruments and with the
support of the French National Association of Technologic Research (ANRT).
The academic institution in charge of the thesis is the Ecole Doctorale Sciences
Fondamentales et Apliquées of the Université Nice-Sophia Antipolis.

The T2DM2 project interacts periodically with the worldwide muon
tomography network and participates in the annual meetings of the Muographers
community. The partners of the collaboration are among the promoters of the
Marie Sktodowska-Curie Innovative Training Network proposals to create a
European Muography Network submitted in 2016 and in 2017 for a second round.

2 French National Center for Scientific Research

3 Particle Physique Center of Marseille

4 French National Institute of Universe Science

5 French acronym for Industrial Convention of Formation trough Research
6 Reference CIFRE 2015/0325
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1.2.2 The members of the collaboration
-BRGM

The BRGM (Bureau de Recherches Géologiques et Miniéres) is France’s
reference public institution for Earth Sciences applications in the management of
surface and subsurface resources and risks. This organization was created in
1959 and operates as a public industrial and commercial institution, reporting to
the Ministry of Higher Education, Research and Innovation, the Ministry for the
Ecological and Inclusive Transition, and the Ministry of Economy and Finance.

Figure 1.2 highlights the foundational objectives of the BRGM.

Scientific

research Support to public

policy
development
@ bﬁeuscience for a sustainable Earth

Training

International
cooperation

Figure 1. 2 Key roles of the BRGM.

During the year 2017 a memorandum of understanding was signed
between the BRGM and the University of Tokyo’s Earthquake Research Institute
(ERI) to enhance their scientific cooperation towards the reduction and manage
disaster risks through the muography imaging technique.

The tasks of the BRGM within the collaboration are:

- To suggest and provide access to suitable study sites in order to address
specific challenges for the development of the technology due to its knowledge
of the geological environment and the mining sites.

- To consult during the development of a new tool for muon tomography, due to
its vocation of developing new techniques and methodologies for better
understanding the subsurface.

- To offer guidance on natural risk, since one of its main goals it’s to “deliver the
necessary tools for the management of soils, subsoils and their resources, risk
prevention and policy responses to climate change”.
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-IRIS Instruments

IRIS Instruments, established in 1990 in Orléans (France), is a private
company jointly owned by BRGM (51% holding) and the Japanese
geotechnology group OYO (49%). It specializes in geophysical instrumentation
for subsurface explorations and monitoring and designs. It produces and markets
throughout the world geophysics equipment for environmental applications, water
prospecting, geotechnologies and mineral prospecting (see Figure 1.3).

IRIS Instruments R&D’s department represents more than 30% of the
company activity. This department is dedicated not only to improving their exiting
catalogue, but also to help provide new tools for geophysicist.

Electrical Induced
resistivity polarization

Magnetic Electromagnetics
resonance

Figure 1. 3 Most well-known technologies commercialized by IRIS Instruments.

The role of IRIS Instruments as a partner is:

-To build bridges between the different actors working in the muon tomography
field in order to accelerate the progress towards a reliable muography tool for
geophysics.

-To advise during the process of converting a laboratory operational prototype
into a sturdy product, capable of being transported and operated under harsh
field conditions in a non-controlled environment.

-To lead the industrialization process of the technology given its experience in
the development of geophysical tools from their conception to their
commercialization worldwide.
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-LSBB

The Low Background Noise Underground Research Laboratory (LSBB) of
Rustrel (France) is a ground- and underground-based facility for interdisciplinary
research, development and innovation. From an administrative stand point, since
2012 the LSBB is a Unité Mixte de Service, UMS3538, funded and led by four
scientific trusteeships: (i) Aix-Marseille University, (ii) CNRS, (iii) University of
Avignon and (iv) University of Nice. The trusteeship council agreed to delegate
the management of the LSBB Underground Research Laboratory to the CNRS
Institution represented by Younis Hermes until March 2018, and Ghislaine Gibello
since April 2018, CNRS Regional Delegates for the Provence and Corsica
district, acting on their behalf.

This unique laboratory is the outcome of the decommissioning in 1997 of
a former launch control system of nuclear missiles. Its exceptionally low seismic
and electromagnetic background noise makes it possible to carry out highly
sensitive activities in a landscape far away from major sources of anthropogenic
disturbances.

The LSBB URL fosters the cross-fertilization between solid Earth, Earth-
atmosphere, astrophysics, particle physics, geology, geo-mechanics,
electromagnetic environment, physics, rock engineering, metrology, electronics,
the Cold War contemporary history and life sciences at European and
international scales, and boosts the know-how transfer in diverse areas of
metrology. The LSBB is based on the strength and diversity of scientific and
industrial expertises available in Provence-Alpes-Céte-d’Azur, and on the
openness of the LSBB platform to regional, European and international
programs, taking advantages of:

« A fully equipped underground access (ranging up to 500 m depth along
~4.000 m of galleries) below ~500.000 m? of land within a low anthropogenic
background area and within the very thick and sensitive unsaturated zone of the
main European geological underground water reservoir solely filled by rainwater.
It allows basic and applied researches linked notably with regard to the
development of new high-sensitive instrumentation in the frame of geophysics,
astrophysics, particle physics and life science.

+ The presence of multi-physics experiments and instrumentations still
running at LSBB that allows the emergence of new skills for metrology,
instrumentation and methodology for the observation and experimentation.

The assets of the LSBB with regard to the project are the following:

- As the original promoter of the project, it is the institution that values the
knowledge acquired during the former years.

- Its multidisciplinary ambience fosters the exchange with diverse disciplines,
leading to original approaches to overcome the technological challenges and
development of innovative applications.

- The multiple experiences carried out during over 20 years provide an
exceptionally well-known operational framework in terms of geology and
hydrogeology.
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- It gives access to the necessary facilities for the construction of the detectors;
including a clean room for the detector assembly.

- The layout of the LSBB galleries offers an easy access to an underground
environment with low background noise conditions. In addition, electricity and a
network connection are available in most of the facilities, easing the material
deployment and enabling remote operation.

- Its surface facilities are extremely helpful for the open-sky measurements
necessary for the technology validation.

1.3. References

i Sénéchal, G., Rousset, D. and Gaffet, S. (2013) Ground-penetrating
radar investigation inside a Kkarstified limestone reservoir. Near Surface
Geophysics. Vol 11, No 3, 283 - 291
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Chapter 2 abstract

Muon tomography (or muography) covers a set of techniques based on
the measurement of cosmic ray muons to generate images of the material they
traverse based on the material’s physical properties. Primary cosmic rays from
outer space hit the upper atmosphere and naturally produce a shower of
secondary particles, including muons.

Cosmic muons, as a result of their high energy and lack of strong
interaction, are able to penetrate up to several hundreds of meters underground.
The muon flux decreases progressively according to the medium opacity, setting
the basis for transmission muography (detailed in Chapter 3).

To quantify the flux decrease for imaging purposes, it is necessary to get
a precise muon flux characterization at ground level as a reference input. The
described empirical model allows analysis of the muon flux transmitted across
the matter.

On the other hand, matter behaves as an energy filter for muons. The
muons’ energy spectrum evolves according to the opacity of the medium. The
survival probability permits estimation of the muon flux received by the detector
for and compare to the muon flux measure (e.g. critical zone survey, dam
monitoring, etc.).

10
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2.1. Introduction

What are muons? Where do they come from? What makes muons
particularly suitable for imaging purposes? These are often the first questions that
outsiders address when facing muography.

This chapter provides an essential introduction with a walk through the
discovery of cosmic rays and the evolution of awareness about this phenomenon.

Thanks to the contribution of a large number of scientists, the behavior and
components of cosmic rays have been progressively unraveled during the last
150 years. This chapter delves into the different factors that influence the
development of air showers and sheds some light on how they can be modeled.
Then, it will focus more specifically on the properties of muons and what makes
them suitable for imaging large volumes of matter.

The chapter also addresses the characterization of the muon flux both at
the surface and underground as a vector of information for muon tomography.

2.2. Cosmic Rays
2.2.1 Discovery of radiation and cosmic rays

The first sign of the existence of cosmic rays was observed in the end of
the 18th century after the French physicist Charles Augustin de Coulomb made
three reports on electricity and magnetism to France’s Royal Academy of
Sciences. In the third report, he described an experiment with a torsion balance
designed by himself (see Figure 2.1), which showed that the device would
spontaneously discharge due to the action of the air instead of defective
insulation [Coulomb, 1785].

Figure 2. 1 Torsion balance electrometer. Figure from [Coulomb, 1785].

11
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In 1850, Carlo Matteucci and later, in 1879, William Crookes showed that
the rate of spontaneous discharge decreased at lower pressures. The search for
an explanation for the nature of this spontaneous discharge opened the door to
the discovery of radiation and subsequently cosmic rays.

The late 19" century was a fruitful period for a better understanding of
subatomic physics. Wilhem Roéntgen discovered X-rays in 1895 while
investigating cathode rays. He realized that they could have medical applications
and took an image of his wife’s hand, as seen in Figure 2.2 (Left) [R6ntgen, 1895]
i, A year later, Henri Becquerel discovered radioactivity when he placed uranium
salts on top of a photographic plate enveloped in black paper. The salts caused
a blackening of the plate despite the paper in between (see Figure 2.2 (Right)
[Becquerel 1903] ). Becquerel concluded that invisible radiation that could pass
through paper was causing the plate to react.
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Figure 2. 2 (Left) Hand with Rings: print of first medical X-ray made by W. Réntgen. (Right) Image of
Becquerel's photographic plate. The shaded area results from the exposure to radiation from a uranium
salt.

In 1897, Thomson showed that cathode rays were composed of negatively
charged particles, smaller than atoms. This marks the discovery of the electron,
the first known elementary particle. At the same time, Marie Curie [Curie, 1898]"
realized that uranium is not the only element capable of emitting radiation and
discovered a new property of matter, radioactivity.

Radioactivity soon became the subject of intense investigation and by
1899 Ernest Rutherford found two associated forms of radiation, which he called
a (protons)' and B (electrons). In 1900, Philippe Villard discovered a third,
penetrating radiation, which Rutherford named y -rays.

The experiments carried out by Julius Elster and Hans Geitel on shielded
electroscopes lead to the conclusion that the different types of radiation have a
penetration power proportional to their energy and even suggested that ionization
of air could be caused by penetrating extra-terrestrial radiation.

In the dawn of the 20t century, ambient radiation is a known phenomenon,
but the general belief was that it had a telluric origin.

It will be proved later that alpha particles correspond to helium-4 nuclei.
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In 1901 Charles Wilson tests if the ionizing radiation has an extra-
terrestrial origin. He took measurements of natural radioactivity inside an old
railway tunnel expecting attenuation related to the underground conditions.
However, due to the observational error, he saw no reduction compared to
outside on the surface [Wilson, 1901]'. The scientific community largely
dismissed the theory.

It is in 1909 when Theodor Wulf designed and built a more performant and
more transportable electrometer, shown in Figure 2.3. After measuring the
ionization of the air in various locations, he concluded that his results were
consistent with the hypothesis that the penetrating radiation was caused by
radioactive substances in the upper layers of the Earth’s crust. Thus, if the
radioactivity was coming from the Earth, it should decrease with height.

Figure 2. 3 Wulf’s original electroscope.

To validate his hypothesis he designed an experiment, conducted at the
Eiffel tower, where he compared the values at the base against those from the
top [Wulf, 1910]v. Unfortunately, the measurements, despite being correct, could
not prove his hypothesis due to the disagreement with an analogue experiment
carried out in Valkenbourg [Paul et Robert-Esil, 2009]v.

Only in 1912, and thanks to two independent experiments, was the extra-
terrestrial origin of cosmic rays proven [De Angelis, 2013]Vii. On the one side, the
physicist Domenico Pacini (figure 2.4 (Left)) performed a pioneer experiment of
underwater measurement of radiation. He observed the radiation strength to
decrease 20% when going from the surface to 3 meters underwater (both in a
lake and in a sea). He also found a reduction of 30% in the measurements 300m
away from the shore compared to measurements on land [Pacini, 1912]X. Their
results suggested that a meaningful portion of the radiation must be independent
of emission from the Earth’s crust.
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Figure 2. 4 (Left) Domenico Pacini making a measurement in 1910. (Right) V. Hess in a balloon used for
his measurements.

On the other side, Viktor Hess (Figure 2.4 (Right)) started in 1911 a new
campaign to assess the effect of height in the measurements. But unlike Wulf, he
employed balloons to reach grater altitudes. In the measurements performed at
an altitude of around 1.100 meters, did not find an essential change in the amount
of radiation compared with ground level. Afterwards, in 1912, Hess reached 5.300
meters during a near-total eclipse of the Sun. With the moon blocking much of
the Sun's visible radiation, Hess still measured rising radiation at rising altitudes.
He stated that: "The results of my observation are best explained by the
assumption that a radiation of very great penetrating power enters our
atmosphere from above" [Hess, 1912]*.

This event marks the discovery of cosmic rays.
2.2.2 Unraveling the