Performance of the Upgraded Surface Detector
of the Pierre Auger Observatory

For the attainment of the academic degree of

Doctorate in Science

from the
Karlsruher Institut fiir Technologie (KIT)
and the
Universidad Nacional de San Martin (UNSAM)

submitted

Dissertation

of

M.Sc. Alexander Streich

from Stade

Date of the exam: 06.05.2022
Referee: Prof. Dr. Dr. h.c. Johannes Bliimer

Co-referee: Prof. Dr. Hernan Asorey

Advisors: Prof. Dr. Ralph Engel, Dr. Darko Veberi¢, Dr. Markus Roth






Performance of the Upgraded Surface Detector
of the Pierre Auger Observatory

Zur Erlangung des akademischen Grades eines

Doktors der Naturwissenschaften

an der Fakultét fiir Physik des
Karlsruher Instituts fiir Technologie (KIT)

und der
Universidad Nacional de San Martin (UNSAM)

eingereichte

Dissertation

von

M.Sc. Alexander Streich

aus Stade

Tag der miindlichen Priifung: 06.05.2022
Referent: Prof. Dr. Dr. h.c. Johannes Bliimer

Korreferent: Prof. Dr. Herndn Asorey

Betreuer: Prof. Dr. Ralph Engel, Dr. Darko Veberi¢, Dr. Markus Roth






Performance of the Upgraded Surface Detector
of the Pierre Auger Observatory

Para optar por el grado académico de

Doctor en Astrofisica

del Instituto de Tecnologia Sabato de la
Universidad Nacional de San Martin (UNSAM)
y del
Karlsruher Instituts fiir Technologie (KIT)

Tesis

de

M.Sc. Alexander Streich
de Stade

Dia de la defensa: 06.05.2022
Director: Prof. Dr. Dr. h.c. Johannes Bliimer

Co-director: Prof. Dr. Hernan Asorey

Colaboradores: Prof. Dr. Ralph Engel, Dr. Darko Veberi¢, Dr. Markus Roth






Abstract

Until the present day, the physics of ultra-high energy cosmic rays is one of the greatest
unsolved puzzles in science. With the Pierre Auger Observatory, currently the world’s largest
observatory for the detection of ultra-high energy cosmic rays, significant progress in the
understanding of these exceptional particles has been achieved since its start of data acqui-
sition in 2004. Although certain properties of the ultra-high energy cosmic rays have been
determined and confirmed with a very high precision, like the suppression of the flux of
particles with energies above 10%’ eV, numerous open questions remain unanswered, for
instance the origin of these particles or their acceleration mechanisms. Furthermore, recent
unexpected observation, e.g., the tendency towards a heavier mass composition at the highest
energies, raise even more questions which have to be addressed by the current and future
ultra-high energy cosmic rays experiments.

The Pierre Auger Collaboration will participate in the future ultra-high energy cosmic ray
research with the upcoming AugerPrime upgrade, which will enhance the sensitivity of the
detectors towards the determination of the mass composition on an event-by-event level. In
this thesis, we present extensive studies of the performance of the current and new detectors
of the Surface Detector of the Pierre Auger Observatory, focusing on the evaluation of the
AugerPrime components. Thereby, we follow the evolution of the upgrade process, from the
first test measurement during the detector production to the final use of the detectors in the
reconstruction of air showers.

In the analysis of the performance of the newly constructed Surface Scintillator Detectors
under laboratory conditions, we investigate the signal quality of the new detector components
and explore further their full potential. Therein, we demonstrate the stable and high quality
detector production of more than 660 units at the Karlsruhe Institute of Technology, as well
as validate that the previously defined requirements have been fulfilled.

Furthermore, we evaluate the readiness of the most crucial detector components under
the measurement conditions in the Observatory in detailed studies of the performance of the
new electronics boards for the upgraded Surface Detector stations. With the comparisons of
various hardware versions regarding their general properties and noise levels, the minimum
requirements are tested in detail and the final type of electronics boards which will be
deployed in all Surface Detector stations is characterized.

Besides the hardware evaluations, we present the extensive analysis of the currently
implemented calibration procedures for the main sub-detectors of the Surface Detector
station, the water-Cherenkov detector and the Surface Scintillator Detector. Due to the poor
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performance of the current procedure, a new algorithm is developed in the scope of this thesis.
With the optimized algorithm offering an enhanced flexibility towards changes in the data,
we achieve a superior calibration efficiency for the events obtained with the non-upgraded
water-Cherenkov detectors, as well as the accessibility and interpretation of the data obtained
with the AugerPrime stations is significantly improved. This enables comparisons of the
reconstruction performance of the different Surface Detector array configurations providing
an outlook for the forthcoming measurements of air showers at the Pierre Auger Observatory.

Finally, we propose the new calibration procedure to replace the currently implemented
algorithm in the analysis software framework of the Pierre Auger Collaboration. The new
algorithm can serve as a basis for the development of new methods for the determination of
the mass composition of ultra-high energy cosmic rays.



Zusammenfassung

Bis zum heutigen Tag ist die Physik der ultrahoch-energetischen kosmischen Strahlung eines
der grofiten ungeldsten Ritsel der Wissenschaft. Seit dem Beginn der Datenerfassung im Jahr
2004, hat das Pierre-Auger-Observatorium, das gegenwartig weltweit grofste Observatorium
tiir die Messung von ultrahoch-energetischer kosmischer Strahlung, bedeutende Fortschritte
beim Verstdndnis dieser au fiergew6hnlichen Teilchen erzielt. Trotz der prézisen Festlegung
und Bestidtigung bestimmter Eigenschaften der ultrahoch-energetischen kosmischen Strah-
lung, wie beispielsweise die Unterdriickung des Flusses von Teilchen mit Energien tiber
102 eV, bleiben zahlreiche der offenen Fragen unbeantwortet, wie die Erklirung des Ur-
sprungs dieser Teilchen oder ihre Beschleunigungsmechanismen. Dariiber hinaus werfen
die neusten unerwartete Beobachtungen, z.B. die Tendenz hin zu einer schwereren Massen-
zusammensetzung bei den hochsten Energien, weitere Fragen auf, die von den derzeitigen
und zukiinftigen Experimenten fiir die Messung von ultrahoch-energetischer kosmischer
Strahlung beantwortet werden miissen.

Die Pierre-Auger-Kollaboration wird sich dabei mit der bevorstehenden AugerPrime-
Aufriistung der Detektoren an der zukiinftigen Erforschung der ultrahoch-energetischen
kosmischen Strahlung beteiligen. Das Ziel dieser Aufriistung ist dabei die Verbesserung
der Detektor-Empfindlichkeit fiir die Bestimmung der Massenzusammensetzung auf Basis
einzelner Ereignisse. In diesem Kontext prdsentieren wir in dieser Arbeit umfangreiche
Studien tiber die Leistungsfahigkeit der aktuellen und neuen Detektoren des Oberflachen-
detektors des Pierre-Auger-Observatoriums wobei der Schwerpunkt auf der Bewertung der
AugerPrime-Komponenten liegt. Dabei verfolgen wir die Entwicklung des Aufriistungspro-
zesses von den ersten Testmessungen wihrend der Detektorproduktion bis zum spéateren
Einsatz der Detektoren in der Rekonstruktion von Luftschauern.

Durch die Analyse der Leistungsfahigkeit der neu gebauten Szintillator-Oberfldchen-
detektoren unter Laborbedingungen ist es uns moglich die Signalqualitdt der neuen Detek-
torkomponenten zu untersuchen, sowie ihr volles Leistungspotenzial zu erforschen. Dabei
konnen wir zeigen, dass eine stabile und qualitativ hochwertige Detektorproduktion mit
mebhr als 660 Stiick am Karlsruher Institut fiir Technologie durchgefiihrt werden konnte und
zudem bestatigen, dass die im Vorfeld definierten Anforderungen erfiillt wurden.

Dariiber hinaus bewerten wir die Einsatzbereitschaft der wichtigsten Detektorkompo-
nenten unter den Messbedingungen im Observatorium durch detaillierten Studien zur
Leistungsfahigkeit der neuen Elektronikplatinen fiir den Einsatz in den aufgeriisteten Ober-
flachendetektorstationen. Mit dem Vergleich verschiedener Hardwareversionen hinsichtlich

ix



ihrer allgemeinen Eigenschaften und Rauschpegel werden deren Mindestanforderungen
genauer untersucht und eine Charakterisierung des finalen Typs der Elektronikplatinen fiir
den Finsatz in allen Oberfldchendetektorstationen erreicht.

Neben der Evaluierungen der Hardware prasentieren wir zudem eine umfangreiche Ana-
lyse der gegenwirtig implementierten Kalibrierungsverfahren fiir die wichtigsten Subdetek-
toren der Oberflichendetektorstation, dem Wasser-Cherenkov-Detektor und dem Szintillator-
Oberflachendetektoren. Aufgrund der schwachen Ausfiihrung des derzeitigen Verfahrens
wird im Rahmen dieser Arbeit ein neuer Algorithmus entwickelt. Mit dem optimierten Algo-
rithmus, der eine grofiere Flexibilitdt gegentiber Verdnderungen in den Daten bietet, erreichen
wir eine iiberlegene Kalibrierungseffizienz der Ereignisse, die mit den nicht-aufgeriisteten
Wasser-Cherenkov-Detektoren gemessen wurden. Zudem wird die Zuganglichkeit und In-
terpretation der Daten, die mit den AugerPrime-Stationen aufgenommen wurden deutlich
verbessert. Dies ermoglicht Vergleiche der Leistungfahigkeit der Ereignisrekonstruktion
fiir die verschiedenen Konfigurationen der Oberflachendetektorstationen und bietet zudem
einen Ausblick auf die bevorstehenden Messungen von Luftschauern am Pierre-Auger-
Observatorium.

Schlussendlich schlagen wir das neue Kalibrierungsverfahren vor, um den derzeit imple-
mentierten Algorithmus in der Analysesoftware der Pierre-Auger-Kollaboration zu ersetzen.
Der neue Algorithmus kann dabei als spatere Grundlage fiir die Entwicklung neuer Metho-
den zur Bestimmung der Massenzusammensetzung der ultrahoch-energetischen kosmischen
Strahlung dienen.



Resumen

Hasta la fecha, la fisica de los rayos c6smicos ultraenergéticos es uno de los mayores enigmas
sin resolver de la ciencia. Desde 2004, con el inicio de la adquisicién de datos del Observatorio
Pierre Auger, el cual es actualmente el mayor observatorio del mundo para la detecciéon de
rayos césmicos de ultra-altas energias, se han logrado avances significativos en la comprensién
de estas particulas excepcionales. A pesar de que algunas propiedades de los rayos césmicos
ultra energéticos, tal como la abrupta caida del flujo de particulas con energias por encima de
10%° eV, se han determinado y confirmado con una precisién muy alta, numerosas preguntas
contintian sin respuesta, por ejemplo, el origen de estas particulas o sus mecanismos de
aceleracién. Asimismo, recientes resultados inesperados como la tendencia a una composicién
mas pesada a energias més altas plantean atin més interrogantes que deberan ser abordados
por los experimentos de rayos césmicos actuales y futuros.

En los préximos afios, la Colaboracién Pierre Auger contribuira a la investigacién de los
rayos cosmicos ultra energéticos con la inminente actualizaciéon del Observatorio denomi-
nada AugerPrime, la cual tiene como objetivo mejorar la sensibilidad de los detectores para
determinar la composicién individual de cada evento. En esta tesis, presentamos estudios
exhaustivos del rendimiento de los detectores actuales y nuevos del Detector de Superficie
del Observatorio Pierre Auger, centrandonos en la evaluacién de los componentes de Au-
gerPrime. Con este objetivo, seguimos la evolucién del proceso de actualizacién, desde la
primera medicién de prueba durante la produccién de los detectores, hasta su uso final en la
reconstruccién de las cascadas atmosféricas.

En el anélisis del rendimiento en condiciones de laboratorio de los detectores de cen-
telleo de superficie recién construidos, investigamos la calidad de la sefial de los nuevos
componentes del detector y exploramos todo su potencial en profundidad. En este sentido,
demostramos la estabilidad y la alta calidad de los més de 660 detectores producidos en
el Instituto Tecnolégico de Karlsruhe, asi como también corroboramos que los requisitos
previamente definidos se satisfagan.

Ademas, evaluamos la aptitud de los componentes mas cruciales del detector en las
condiciones de medicién del Observatorio mediante estudios detallados del rendimiento
de los nuevos tableros electrénicos en las estaciones actualizadas del detector de superficie.
Por medio de la comparacién de las propiedades generales y los niveles de ruido de varias
versiones de hardware chequeamos en detalle los requisitos minimos de los detectores y
caracterizamos el tipo final de tableros electrénicos que se instalaran en todas las estaciones
del Detector de Superficie.
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Ademas de las evaluaciones del hardware, presentamos el andlisis exhaustivo de los
procedimientos de calibracién actualmente implementado para los principales subdetectores
del Detector de Superficie: el detector Cherenkov y el Detector de Centelleo de Superficie.
Debido al pobre rendimiento del procedimiento de calibracién actual, desarrollamos un nuevo
algoritmo en el contexto de esta tesis. La optimizacion lograda del algoritmo proporciona
una mayor flexibilidad, alcanzando asi una eficiencia de calibracién superior para los datos
obtenidos con los detectores Cherenkov antes de la actualizacion y mejorando la accesibilidad
e interpretacién de los datos adquiridos con las estaciones de AugerPrime. De este modo, se
pueden comparar el rendimiento de la reconstruccién realizada con diferentes configuraciones
del arreglo de detectores de superficie, proporcionando un gran aporte para las futuras
mediciones de cascadas atmosféricas con el Observatorio Pierre Auger.

Finalmente, proponemos un nuevo procedimiento de calibracién para reemplazar el
algoritmo actualmente implementado en el marco del programa de analisis de la Colaboraciéon
Pierre Auger. El nuevo algoritmo sirve de base para el desarollo de nuevos métodos para la
determinacion de la composicién de rayos cédsmicos de ultra-altas energias.
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Chapter

1

Introduction

The Universe we observe appears mostly dark and empty, with objects and environments far
beyond our understanding. To explore the unknown space and reveal the mysteries of the
Cosmos, different types of particles created in cosmic processes serve as the main messengers
when they reach the Earth. Some of these types of particles are the so-called cosmic rays (CRs)
which consist of charged nuclei with large varieties in their properties like energy and mass.
Although CRs have been already discovered more than hundred years ago, their sources and
acceleration mechanisms, as well as the propagation from their origins to the Earth remain
as open questions. Especially, the ultra-high energy cosmic rays (UHECRs) are messengers
from the most violent and extreme environments we can imagine. Various models have
been proposed to describe potential source environments and define acceleration processes
for these particles with energies above 10'8 eV, energies which are still unreachable for the
current artificial accelerators. Until the present day, the sources of UHECRs are controversially
discussed, especially at energies of the expected transition from the Galactic to the extra-
galactic CRs, as well as when searching for potential candidates at the upper end of the energy
spectrum [1].

Over the last century and mainly in the last decades, many of these open questions have
been addressed with immense efforts leading to an impressive number of breakthrough
discoveries on two scales, the small world of the particles and the large world of astrophysics.
Since the start of its data acquisition in 2004, one of the leading global players in the CR research
is the Pierre Auger Observatory, representing the currently world’s largest experiment to
measure UHECRs [2]. The Observatory is designed to address the mysteries of UHECRs
by measuring extensive air showers (EASs) produced by the primary particles entering
the Earth’s atmosphere. Due to the low CR flux at the highest energies, the Pierre Auger
Observatory covers an immense area of more than 3000 km? with a Surface Detector (SD)
utilizing particle-sampling stations that measure the lateral distributions of air showers on
the ground. In combination, the telescopes of the Fluorescence Detector (FD) determine the
longitudinal profile of the air shower developing in the atmosphere, and thereby providing
a precise calorimetric detection of EASs. With the Observatory, the features of the UHECR
energy spectrum have been determined including the confirmation of the suppression of the
particle flux at energies of 10% eV and above [3]. Until recently, this feature was explainable
assuming a proton dominated CR composition interacting with the photons of the Cosmic
Microwave Background (CMB). With recent observations leaning towards a heavier mass
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2 CHAPTER 1. INTRODUCTION

composition [4], other mechanisms such as photo-disintegration and the maximum rigidity of
nearby extra-galactic sources stepped into the foreground as possible explanations. Thereby,
the mass composition not only influences the interpretation of the features of the energy
spectrum, but also interferes with the arrival directions of the CRs. These arrival directions
depend on deflections in the propagation of the CRs caused by magnetic fields whose
strengths and orientations are not well constrained. Despite the significant progress, the
detectors in their current configuration are not able to reach the necessary sensitivity to
further examine the properties of UHECRs.

For this reason, after nearly two decades, the Observatory has currently entered the
transition phase towards the next measurement stage to increase the capability and the
precision of detecting EAS events and thereby obtaining the physical properties of UHECRs [5].
Especially, with the enhancement of the sensitivity to determine the mass composition, new
opportunities in the analysis of UHECRs will be provided. The transition is realized with
an extensive detector upgrade, named AugerPrime, which includes the addition of new
sub-detectors, e.g., scintillation detectors and radio antennas, providing complementary
responses to the different air shower components, as well as major enhancements of the
electronics capabilities of the current detectors. Since 2016, various components and detectors
have been assembled, tested, and deployed in the Observatory resulting in different detector
configurations and several upgrade stages.

In this Dissertation, extended studies of the performance of the current and the new
detectors of the Pierre Auger Observatory are presented. Therein, the new AugerPrime
hardware components have been analyzed to test their readiness for the deployment on a
large scale. This includes checks if preliminary defined requirements are matched, as well
as the exploration of their full performance potential when compared to the current detector
configuration. The results of these analyses are crucial to secure the success of the AugerPrime
upgrade and the upcoming decade of measurements at the Pierre Auger Observatory.

As anintroduction, the physics and phenomenology of CRs including the discussion about
their origin, acceleration, and propagation through the Universe is provided in Chapter 2.
Additionally, we present an overview on the methods to detect CRs in space or on Earth,
focusing on the techniques to measure the particles of EASs initialized by UHECRs arriving at
the Earth’s atmosphere. Furthermore, the major discoveries and latest results in the UHECR
research are discussed, including the remaining open questions and the future plans to
address them. In the following Chapter 3, a detailed description of the current detectors
and facilities of the hybrid design of the Pierre Auger Observatory is given. In addition, the
different components and detectors of the AugerPrime upgrade are introduced. One main
component of the Upgrade is the installation of the newly assembled Surface Scintillator
Detectors (SSDs) on top of the existing water-Cherenkov detector (WCD) stations of the SD.
To guarantee a high quality standard during the detector production, various validation
measurements and tests have been performed at the Karlsruhe Institute of Technology (KIT)
production site which are presented in Chapter 4. This Chapter commences with the detailed
description of the set-up for the validation tests, followed by the presentation of the test
results of the more than 660 detector units. Additionally, we compare in this Chapter the
laboratory measurement data with detector simulations. Afterwards, we analyze in Chapter 5
the performance of the different versions of the electronics boards for the upgrade of the
SD stations. Furthermore, a description of the configurations and operation status of the
different AugerPrime SD arrays since the deployment of the first components in 2016 is
given, including the impact of environmental effects on the measured signals. With the new
electronics boards and additional detection devices, modifications and adaptations in the
calibration procedure became necessary. For this reason, Chapter 6 contains a description of
the current SD calibration procedure, together with a summary of its long-term behavior and
performance using events from the 18 years of data acquisition. This Chapter also provides



the development of a modified algorithm to generally improve the calibration process and
its application to the data acquired with the non-upgraded SD and AugerPrime stations.
Thereby, the algorithms are compared on a single device level, as well as on the stage of
the determined detector signals. In addition, we analyze the performance of the newly
developed calibration procedure applied to the devices installed in the AugerPrime stations.
Subsequently to the calibration, the procedure of air-shower event reconstruction with the
SD is presented in Chapter 7. Therein, the effects of the calibration-algorithm modifications
on the reconstruction of the energy estimators are analyzed. Furthermore, comparisons of
the reconstruction performance of the different array configurations are carried out. This
includes mass-composition sensitive analyses of the signals of the different sub-detectors.
Finally, Chapter 8 provides a summary and conclusion of the previously presented analyses, as
well as an outlook for the potential of the upgraded detectors of the Pierre Auger Observatory.
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Chapter

2

Physics of Cosmic Rays

To this day, the fascinating world of cosmic rays (CRs) provides a large number of mysteries
and unknowns and defines the research of numerous scientists all over the globe. This
fascination already started in the beginning of the 20th century with the discovery of the
CRs and their effects on the Earth’s atmosphere. More than 100 years later, the determination
of the properties and the origins of the CRs is still an enormous challenge and various
approaches have been developed over the last century to access the physics of these exotic
particles. Especially at the highest energies, i.e., particle energies above ~10'® eV, the so-called
ultra-high energy cosmic rays (UHECRs) are providing an unique possibility to search for
new particle physics, far beyond the accessibility of the current generation of accelerator
experiments on Earth.

This Chapter introduces the nature of CRs by describing their measured properties includ-
ing their composition, arrival rate at the Earth, and potential origin. In addition, an overview
of the detection methods for particles of different energy ranges is given. The determination of
the particles at the highest energies is only accessible through an indirect procedure utilizing
the interactions of UHECRs with atoms in the atmosphere. These interactions commence
the creation of extensive air showers (EASs) which can be measured by large ground-based
observatories, as of one is the Pierre Auger Observatory. For this reason, we present in the sec-
ond part of this Chapter the properties and concepts of EASs and their detection techniques,
together with certain experiments which define milestones in the research field of UHECRs.
Finally, with the latest generation of EAS observatories, remarkable results concerning the
determination of the mass composition, the energy spectrum, or the arrival directions of
UHECRs have been achieved, significantly improving the understanding of the physical be-
havior of these remarkable particles. Despite the immense research progress, a large number
of mysteries still remain in the world of UHECRs, as for example, what are their sources,
or how are they accelerated. The last part in this Chapter summarizes the most important
results in the UHECR research and the open questions therein which will be addressed by
the upcoming upgrades of the current EAS observatories and possible future experiments.

5
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2.1 Properties of cosmic rays

In the first decade of the 20th century, scientists discovered that the air is ionized to a
certain degree and concluded that the radiation from radioactive decays in the ground
has to be the source of this ionization. This hypothesis was ruled out when Victor Hess
measured during several balloon flights in 1911 and 1912 an increase of ionization with
raising altitude [6]. Hess was able to demonstrate that the ionization of the air was, against
the common consensus, the result of a type of penetrating radiation entering the atmosphere
from above, and therefore named the new observation “Héhenstrahlung”. Approximately
15 years later, Robert Millikan defined the term cosmic rays by describing their origin from
cosmic processes, but still assuming a mostly electromagnetic radiation, thus the use of the
word “ray” [7]. This picture then changed when succeeding experiments measured that CRs
mostly consist of positively charged massive particles with very high energies, and only a very
small fraction, i.e., approximately 1 %, of electrons and photons can be observed. With these
observations, the CRs became natural sources for the newly forming high-energy particle
physics leading to a large amount of discoveries of new particles and to the combination of
the two major disciplines astrophysics and particle physics into one, the astroparticle physics.

Nowadays, the CRs are known as atomic nuclei with masses ranging from the lightest
particle, the proton, up to the heaviest element from nuclear fusion processes in stars, the
iron, propagating through the Universe with nearly the speed of light [1]. Thereby, ~90 % of
the CRs are assumed to be protons, and ~9 % helium nuclei, also called alpha particles. The
remaining percent of particles are assumed to be heavier nuclei. These mass fractions are
not static, but depend on the energy distribution of the CRs defining the flux of the cosmic
particles. In the following, the most important properties of CRs are presented. Subsequently
to the CR energy spectrum, we describe conditions on the potential sources of CRs, as well
as propagation effects, especially for UHECRs. Finally, various detection techniques for CRs
are introduced which strongly differ depending on the targeted energy range.

2.1.1 Particle flux and origin

To characterize a CR particle, two major properties have to be determined, the mass of
the nucleus and its kinetic energy. The measured energies of CRs span a large range of
over 12 orders of magnitude, starting at energies around ~10” eV and reaching values above
~10%° eV [9]. While CRs with energies close to the lower energy threshold are assumed to
be created by solar activities, the medium energy particles are expected to originate from
Galactic sources, e.g., supernova remnant (SNR) [1]. For the high-energy CRs the situation is
still under debate. Especially the transition from the Galactic to the extra-galactic origin, as
well as the potential sources of the particles at the highest possible energies remain unclear.

The flux of charged particles arriving at Earth is not constant over the whole energy range,
but follows a certain energy correlation forming the so-called CR energy spectrum. The
observed cosmic particle flux | can be described with a falling power law which is defined
by the scaling power y of the energy, i.e., can be written as

J i—l}\; o E7V (2.1)

with N as the number of arriving particles and E defining the particle energy. In Fig. 2.1,
the CR flux measured by various experiments with different energy sensitivities is shown.
When the particle flux is scaled with a factor similar to the average power law exponent, in
the diagram by a factor of E2°, we can observe that the slope of the energy spectrum is not
constant over the total energy range. Various features become visible that mark transition
energies at which the slope of the spectrum changes, and thereby divide the total spectrum
into individual power laws in-between the inflection points. These features are expected to
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Figure 2.1: Flux of CRs measured by various experiments at different energy ranges
and scaled with the energy E>® to emphasize certain features. Taken from Ref. [8]

represent the phenomenology of the CRs physics and have been studied by a multitude of
CR experiments. In the diagram, several of the most evident features are highlighted whose
terminology follows the anatomy of a human leg resembling the shape of the spectrum:

e At4x10%eV a steepening of the flux is visible, called the “knee”, which can be related
with the reaching of the maximum energies of acceleration mechanisms for particles
with low masses originating from sources of our Galaxy, e.g., SNRs.

* For energies above the knee, the CR spectrum is expected to be dominated by Galactic
heavy elements which fade out when their maximum acceleration energy is reached at
~2x10'7 eV, defining a further steepening of the energy spectrum, named the “second
knee”.

* At5x10'8 eV the slope of the particle flux increases significantly leading to a flattening
of the spectrum called the”ankle”. At this energy, the transition from CRs of Galactic to
extra-galactic origin can be assumed due to the deficiency of source candidates in the
Milky Way.

* Finally, a fourth feature is visible at the highest energies, i.e., for energies above
~5x10' eV. At this inflection point a strong suppression of the particle flux can be
observed.

While the origin of the knee and the second knee seem to be understood, the explanation
of the ankle and the flux suppression are still under discussion. For the interpretation of the
spectrum in the ankle region various different scenarios have been proposed depending on
the expected CR mass composition.

In the case of the flux suppression, one possible explanation might be the effect of
the extra-galactic sources reaching their maximum acceleration potential and defining the



8 CHAPTER 2. PHYSICS OF COSMIC RAYS

1au 1pc 1kpc 1Mpc

[P — B=10
————— 3 =0.01

10%

LL GRBs/TDEs

2]
10 Wolf-Rayet stars

1071,

Magnetic Field Strength [G]

10~

1077 i

Galaxy clusters

10—10 ; - . - . - -
104 107 1080 108 10 101 1022 10®

Comoving size - T' [cm]

Figure 2.2: Hillas diagram containing various source classes depending on their
average size and magnetic field strength. Taken from Ref. [14]

energy spectrum by the superposition of the suppression of the different CR masses [10].
This resembles the effect that can be observed for the Galactic CRs at the knee and the
second knee. Another explanation to describe the particle flux suppression is the so-called
Greisen—Zatsepin—-Kuzmin (GZK) effect [11, 12]. This effect characterizes the interaction
of ultra-high energy protons with photons of the Cosmic Microwave Background (CMB)
resulting in a A*-resonance which then decays in two channels,

yomp +p =AY = p+ 70, (2.2)
YCMB + P AT s n+nt. (23)

Due to the fact that the GZK effect is proposed for protons, a high fraction of protons needs
to be assumed to describe the flux suppression. The GZK effect also constrains the mean free
path of ultra-high energy protons, and thereby defines the energy-dependent GZK horizon.

If the CR composition tends towards heavier elements, the photo-disintegration effect
of the nuclei in the ambient photon fields become relevant [13]. In Section 2.4, the different
scenarios to describe the shape of the UHECR spectrum are introduced in more detail.
Furthermore, additional spectrum features are presented in this section, e.g., a potential
steepening in-between the ankle and the suppression region which has been observed
recently.

2.1.2 Acceleration and source candidates

To produce particles with ultra-high energies, the appearance of sources with unimaginable
violent environments is necessary. In these sources, processes are present which accelerate
charged particles to the highest energies. One potential process was proposed by Enrico Fermi
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who explained the acceleration of particles by iterative scattering in moving magnetized
clouds [15]. The resulting energy after n scattering processes can be written with the second-
order Fermi equation

E, ~ Eg (1 + %ﬁz) (2.4)

with the initial energy Ey. If the particles are passing a shock front instead of scatter on
magnetized clouds, the energy gain is more efficient and the energy after n times passing the
shock front can be summarized with the first-order Fermi acceleration, defined as

E, ~ Eg (1 + %ﬁ) . (2.5)

The resulting particle energy spectrum can then be described with a power law function.

The maximum energies which can be reached with these processes are limited by two
main source properties, the size of the source and the strength of the surrounding magnetic
fields [16]. Thereby, the Hillas criterion describes the maximum energy Emax that CR particles
can obtain in cosmic accelerators and can be written as

Emax ~ ¢ZBL (2.6)

with Z as the charge of the particle. B and L are the magnetic field strength and the size of
the cosmic source, respectively. To search for candidate sources, various source classes can be
placed in a Hillas diagram as shown in Fig. 2.2. Therein, various source classes are arranged
by their magnetic field strength and their size. The maximum possible energies for proton
and iron depending on the efficiency of the acceleration processes are given by the diagonal
lines. A recent correlation analysis of UHECRs with different candidate source classes is
introduced in Section 2.4.

2.1.3 Detection techniques

In over more then 100 years since their first observation, the search for CRs of all energies has
lead to the development of various detection techniques and methods. Thereby, the utilized
techniques depend on the flux of particles which itself strongly depends on the energy of the
CRs [1]. While for particles with energies of a few GeV the flux is approximately 1m™2s7!,
and therefore the measurement can be performed directly, the arrival rate of particles with
the highest energies is reduced by several orders of magnitude. Particles with energies above
10%% eV are observed with a flux of one particle per square kilometer and per century. To
detect these particles, enormous efforts are required which can be achieved by increasing the
observation time, i.e., the exposure, and the size of the experiment.

Due to the interaction capability with matter, the direct detection of individual CR particles
can only be realized above the Earth’s atmosphere. Thereby, technologies commonly utilized
in accelerator experiments are necessary to determine the properties of the particles [8]. These
include spectrometers such as calorimeters, drift chambers, time-of-flight detectors, transition
radiation detector, etc. To enhance the sensitivity, modern experiments use a combination of
different detector types precisely determining the particle properties, e.g., its kinetic energy,
charge, and mass. Due to the necessity to fit on balloons or satellites, the scale of direct CR
detection experiments is constrained and correlates with high costs, a limited flight time, as
well as restrictions of the size which cannot exceed the transport devices. Balloon experiments
like the Cosmic Ray Energetics and Mass (CREAM) experiment [17] and satellites such as the
Payload for Antimatter Matter Exploration and Light-nuclei Astrophysics (PAMELA) [18]
or the CDark Matter Particle Explorer (DAMPE) [19], together with the Alpha Magnetic
Spectrometer (AMS-02) detector at the International Space Station (ISS) [20], are providing
precise measurements of the CR spectrum and mass composition up to energies of ~10'*eV.
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Figure 2.3: Schematic of the different EAS components, the hadronic, the muonic,
and the electromagnetic particles. Taken from Ref. [21]

Above this energy, the flux of arriving particles at these detectors falls below the sensitivity
threshold and a different technique is necessary to measure CRs. Instead of a direct detection of
the incoming particles, the capability of the CRs of interacting with matter can be utilized. The
interactions appear in the outer layers of the Earth’s atmosphere resulting in the generation
of the air showers which develop through the atmosphere down to the Earth’s surface. In the
following, the nature, as well as the detection methods of the phenomena are presented.

2.2 Extensive air showers

When primary CRs with energies above ~10'° eV reach the outer layers of the atmosphere,
they initiate the creation of extensive air showers (EASs) [1, 21]. These phenomena can be
described with cascades of secondary particles raining down on the Earth, from the outer
to the inner atmosphere layers, and spanning over several kilometers in size. Thereby, the
atmosphere serves as a giant calorimeter which converts the energy of the primary particle
through interactions with air atoms and molecules into numerous secondary particles and
radiation. The initiation of EASs or just shortly called “air showers” depends on the type of the
primary particle and its energy. Statistically, heavy nuclei like iron interact earlier with atoms
in the atmosphere due to their higher cross section, i.e., shorter mean free path, compared
to lighter nuclei like protons. This leads to increased altitudes for the first interaction of
heavier primaries, and therefore in an earlier development of the air shower. Additionally, the
cross section depends on the energy of the primary particle. Particles with a higher energy
statistically penetrate deeper into the atmosphere before the first interaction appears.

In general, the secondary particles of an EAS consist of three main components, a hadronic,
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a muonic, and an electromagnetic part which are displayed in the diagram in Fig. 2.3. Thereby,
the hadronic component defines the first particles in the early development of an air shower.
The component consists of a variety of baryons, mostly protons and neutrons, as well as
mesons like pions or kaons. These hadrons contribute only a very small fraction to the total
number of secondary particles, butinitiate the development of the muonic and electromagnetic
components through particle decay processes and the production of sub air showers.

The muonic component represents 1 to 2% of the air shower particles and consists of
muons and anti muons, as well as neutrinos, from the decay of charged pions and kaons.
Despite the probability of decaying into electrons or positrons, the majority of muonic particles
propagate through the atmosphere and reach the ground without interacting due to their
average energy of several GeV.

Finally, the third and largest EAS component are the electromagnetic particles, i.e., elec-
trons, positrons, and photons, which define ~98 % of the cascade particles. These particles
carry on average a kinetic energy of several MeV and are produced in decays of neutral pions,
as well as by interaction processes like pair production and bremsstrahlung. The electromag-
netic particles form rather wide cascades caused by scattering effects and develop at higher
altitudes compared the muonic component.

Generally, the development of a purely electromagnetic cascade can be described with
a simple model introduced by Walter Heitler [22]. This model assumes a simple symmetric
branching structure including two main processes, the production of electrons and positrons
through pair creation and the generation of photons by bremsstrahlung. After each collision
length A the model assumes that the energy of a single particle is equally distributed on
the two resulting particles after the interaction. Therefore the number of particles after n
iterations is

N(X) = 2" = 2X/*, (2.7)

Here, X describes the slant depth in gcm™2. The energy of each particle is then given by the
initial energy divided by the number of created particles.

E(X) = Eo/N(X). (2.8)

The branching process continues until the particles reach a critical energy E. and no further
particles can be produced, but only energy losses and decays occur. In air, these critical energy
is E. = 87 MeV. The maximum number of particles that can be produced is then limited to

Nmax = N(Xmax) = Eo/E- (2.9)
and the slant depth at which the air shower maximum is reached can be formulated as
_ In(Eo/E.)
Ximax = A——5—" (2.10)

The electromagnetic cascade model was generalized and extended to the hadronic air
shower component by the Heitler-Matthews model [23] using a similar branching approach. In
this model the decays of pions define the main processes which can be split with a probability
of two-third for the decay of charged pions representing the hadronic component and a
probability of one-third for the immediate decay of neutral pions defining the electromagnetic
cascade. Assuming a hadronic interaction length Ai,; which is larger than the interaction
length of the electromagnetic cascade for the charged particles, the particle energies are then
given as

Ehad = (%) Ey and Eem = (1 - (%) )EO- (2.11)

The depth of the shower maximum can be calculated from the first hadronic interaction with

E
Xmax ~ Aint + XoIn ( 2”to(zEc) , (2.12)
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with the total number of produced particles 7. The charged pions decay into the muonic
component of the air shower and the number of muons can be derived from the critical decay
energy Egec by

Eo
Edec

_ In Nch

~0.82t00.9. (2.13)

a
) with =
In not

N =
Therein, nq, describes the number of the produced charged particles. Due to the negligible
binding energy;, if the particle is a nucleus of mass A, the interactions can be assumed to be
produced by a superposition of A independent nucleons with energies of Ey/A. This leads
to an increased production of muons for heavier nuclei following

A _ pAl-a ( Eo )a

N;=A — . (2.14)
Edec

Additionally, up to ~10% of the total energy can be carried by the neutrinos which are

produced in the hadronic interactions. This energy cannot be measured due to the extremely

small cross section of the neutrinos, and therefore is lost as “invisible” energy.

In general, the air shower can be described with the longitudinal particle distribution which
contains the information of the number of particles N in the shower at a given penetration
depth X. The functional shape of this profile has been phenomenologically obtained and can
be written by the Gaisser-Hillas function [24], i.e.,

Xmax—Xg

~ X-Xy |\ ° Xpnax — X
N(X) = Nmax (Xmax — XO) exp ( 1 ) (2.15)

with Xy describing the depth of the first interaction. The parameters thereby depend on the
mass and the energy of the primary particles and Npayx is driven by the electromagnetic
component. If the air shower develops higher in the atmosphere, i.e., with a smaller Xy, the
majority of electromagnetic particles are already absorbed before reaching the ground. This
effect can also be observed for inclined EASs, i.e., air showers which develop under a large
angle to the normal vector of the Earth’s surface. In these air showers, the particles have to
propagate a significant longer distance through the atmosphere before reaching the ground.

The understanding of the geometry of EASs is of high importance for their reconstruction,
and thereby the determination of the properties of the primary particles. The air shower
direction can be described by its central axis created by the arrival direction of the primary
particle. This can be achieved with the definition of two angles in the coordinate system
above the Earth’s surface. In this Dissertation, we use the term “zenith” angle, or the letter 0,
to define the angle between the air shower axis and the normal vector of the Earth’s surface.
In addition, for the angle relative to the geographical orientation of the experiment, the term
“azimuth” angle, or the letter ¢, is used.

Despite the majority of particles is propagating quasi parallel to the central axis, energy
dependent scattering effects can be observed leading to a certain fraction of particles arriving
on the ground multiple kilometers away from the impact point of the air shower axis. Thereby,
the size of these footprints depend on the energy and the mass of the primary particle, as well
as its arriving angle to the surface. Additionally, the number and types of secondary particles
that reach the ground depend on these parameters. The highest density of particles can be
seen in the proximity of the center of the air shower, i.e., inside the so-called core around the
air shower axis. The particle density then radially decreases with distance to the air shower
axis providing detectable information about the geometry of the EAS. Generally, the radial
distribution of secondary particles can be described by the lateral particle density which can
be expressed with the Nishimura-Kamata-Greisen (NKG) function [25, 26, 27].

Besides the radial particle density, the arrival time of the particles can be used to analyze
EASs. When the air shower develops through the atmosphere, all particles propagate with
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approximately the speed of light creating a thin flat plane of particles called air shower front,
close to the axis which is oriented perpendicularly to the air shower axis. Farther away from
the axis, the front appears to be slightly curved, i.e., particles with larger distances to the
air shower axis arrive later at the ground. Finally, when the particles reach the ground, the
air shower core is defined as the intersection point between the shower axis and the Earth’s
surface.

In general, EASs can be measured by determining the longitudinal or the lateral air shower
profile depending on the used method and detector. For an improvement of the measurement,
both profiles can be obtained at the same time leading to a more precise analysis of the
properties of the primary CR. The measurements can be realized with different detection
types and methods introduced in the following section.

2.3 Air shower detection

For the measurement of EASs, different types of ground-based detectors are used to ob-
serve the sky and measure the signals of the secondary particles propagating through the
atmosphere and finally reaching the ground. Thereby, the detectors are designed to analyze
the electromagnetic radiation of different wavelengths created by interactions of relativistic
particles with matter. In Fig. 2.4 a schematic of different detection techniques of air shower
particles is provided. Besides the installation on the ground, new proposals of EASs mea-
surements with cameras and telescopes mounted on satellites or space stations observing the
atmosphere from above have been developed, e.g., the Probe Of Extreme Multi-Messenger
Astrophysics (POEMMA) experiments [28].

When an air shower develop through the atmosphere, the electromagnetic particles excite
and ionize the nitrogen molecules in the air which then isotropically emit fluorescence light
in the ultra-violet and blue wavelength, varying between 300 and 400 nm [1]. Due to the
fact that the electromagnetic component represents the dominating majority of the particles,
the intensity of the emitted fluorescence light can be assumed to be proportional to the
total number of particles, i.e., the radiation describes the size of the air shower which can
be related to the energy and mass of the arriving primary particle. The fluorescence light
can be detected with photon-sensitive devices like telescopes which observe air showers
propagating through the air and measure their longitudinal profile. By utilizing the Gaisser-
Hillas function, the depths of the air shower maxima Xmax can be determined. The necessary
vertical field of view (FoV) of the telescopes depends on the examined energy range, more
accurately, the on depth of the air shower maximum relative to the height at which the CR
entered the atmosphere. Telescopes with a vertical FoV starting at the ground level and
raising up to several tens of degrees are designed for air showers created by primaries with
the highest energies. For lower CR energies, elevated FoVs are needed to observe the air
showers developing at high altitudes in the atmosphere.

In addition, the Cherenkov effect of the particles propagating through the air produces
blue light as very short and faint light pulses in a very narrow beamed light cone around
the air shower axis. The relativistic charged particles, e.g., muons or electrons, propagate
through an electrically polarizable medium, and generate the emission of radiation. The
reason for this is the high propagation velocity which exceeds the phase velocity of light
in the respective medium. The passing charged particle polarizes the surrounding medium
which then radiates a coherent shock wave called Cherenkov radiation. This radiation, for
air typically in the blue or ultraviolet (UV) part of the spectrum, is emitted in a cone around
the traveling particle with a maximum opening angle of ~1°. The energy of the particle also
defines the intensity of this radiation. To measure the Cherenkov radiation of secondary
particles, similar telescopes than for the fluorescence light measurements can be utilized. Due
to the beamed emission with a very small angles to the air shower axis, the aperture of the
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Figure 2.4: Schematic of different ground-based techniques for the detection of EAS
particles. Taken from Ref. [29]

telescope has to be elevated, and preferably inclined air showers with large zenith angles are
observed.

Both optical detection techniques use highly sensitive and fragile telescope components to
measure the electromagnetic component of the EASs. Therefore, they are usable only during
nights without intense moon light or deep clouds due to their strong sensitivity to background
light. Additionally, these telescopes usually are not operated during nights with unfavorable
weather conditions, e.g., strong winds, rain, or snow. These restrictions substantially limit
the detection rate of EASs, especially for the events created by primary CRs with ultra-high
energies.

When the air shower particles finally reach the ground, they can be detected with arrays
of surface detectors that sample the through-going particles. These surface detectors can
be designed rather simple and robust and are usually self-sufficient concerning their power
supply to provide an independent operation of each detector unit. Due to the large footprints
of air showers, it is impossible to cover the total air shower area with detectors. In addition,
the majority of particles arrive inside a few hundreds of meters around the core demanding
detectors with a very close spacing and the ability to measure very high signal intensities.
These requirements are contrary to the general concept of simple detector stations which are
distributed over a maximum possible area to increase the detection rate of the ultra-high
energy primary particles. As a compromise, individual devices regularly distributed over a
large area are used to measure the particle densities at different distances to the air shower
core. Then, the general lateral distribution of the air shower can be determined. Thereby,
the spacing between the individual detectors defines the energy range of the primary CRs
to which the experiment is sensitive to. The optimal spacing for surface sampling detectors
depending on the targeted energy range has been empirically determined from the results of
experiments and detector simulations.

To measure the signals of the particles reaching the ground, different methods are used
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utilizing the interaction of charged particles with matter [8]. Thereby, radiation from processes
like excitation or ionization is detected which provides information about the properties of
the arriving particles, e.g., their energy and charge. In the case of the muonic particles in the
GeV range, the ionization of the surrounding matter is the leading energy loss process. To
detect EAS particles, various types of detectors have been used and proposed. In the past,
Geiger counters or ionization chambers filled with gas molecules have been the standard
tools to analyze the incoming particles. Current experiments consists of Cherenkov detectors
containing dense media like water or ice, which provide significantly increased opening
angles of the Cherenkov radiation cones (~43° in water), and therefor an enhanced possibility
of light detection. Besides Cherenkov detectors, plastic scintillators can be used to measure
the density of air shower particles. For both types of detectors, photon-sensitive devices are
utilized to read out the optical signals, for instance photomultiplier tubes (PMTs) or silicon
photomultipliers (SiPMs).

Additionally to the determination of the particle density, with the timing information of
the individual surface detectors, the air shower geometry can be determined and thereby the
arrival direction of the incoming primary particles reconstructed. After the lateral distribution
is obtained, the general shower size can be described which then can be used as an estimate
of the number of particles in the air shower, and hence serves as estimator of the energy of
the primary CRs.

The mass composition of the primary CRs can be accessed with an analysis of the general
shapes of the pulses in the signal traces. These shapes depend on the type of particles which
produced the pulses, and therefore provide an estimation of the ratio of the electromagnetic
and muonic component. With the determination of the respective dominating component,
especially the amount of muons in the EAS, conclusions on the original mass of the primary
can be drawn. Thereby, the estimation of the CR masses is strongly limited when only a
single type of sampling detector is used, but can be significantly improved when several
different detectors with varying signal responses are installed. In contrast to the fluorescence
telescopes, the surface detectors provide the advantage to be independent of the ambient
light, i.e., measurements during the daytime are possible. For this reason, a robust and simple
design to withstand the environmental conditions, as well as a high cost efficiency to be
producible in large quantities, are necessary.

In the recent decades, a third major detection technique has been designed and imple-
mented. This method measures the radio signal created by the charged air shower particles
propagating in the Earth’s magnetic field [29]. The signal can be observed with radio antennas,
distributed on the ground analogously to the particle sampling detectors and profits from
their cheap and simple design.

The measurement era of EASs started in 1939 with the first experiment by Pierre Auger,
the pioneer of ground-based air shower detection [30]. By installing Geiger counters in a
regular spaced grid, Auger was able for the first time in history to measure the particles of air
shower reaching the Earth’s surface. In the decades after Pierre Auger, several experiments
have been built to further improve the determination of EASs with the goal to gain knowledge
on the mysterious CRs reaching Earth. Some of these experiments have been realized with
surface sampling detectors to search for UHECRSs, e.g., the Volcano Ranch experiment [31], the
surface detector array at Haverah Park [32], or the Akeno Giant Air Shower Array (AGASA)
experiment [33]. Other collaborations chose the fluorescence telescopes as primary detection
technique, for example the Fly” Eye experiment and its successor the High Resolution Fly’s
Eye (HiRes) experiment [34]. At the Karlsruhe Institute of Technology (KIT), the Karlsruhe
Shower Core and Array Detector (KASCADE) and its extension KASCADE-Grande have
been operated for more than a decade to reconstruct lateral distribution of air showers and
measure their muon content at the ground level [35, 36]. Thereby, the targeted energy range
of KASCADE was below the energies of UHECRSs to measure the CR energy spectrum in
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Figure 2.5: Flux of UHECRs measured by the detectors of the Pierre Auger Ob-
servatory scaled with an energy of E® to emphasize certain features. Taken from
Ref. [37]

the region between the knee and the ankle. In the middle of the 1990s, discrepancies in the
results of the leading UHECR experiments, the AGASA and the HiRes experiment have been
observed, visible in diverging CR energy spectra. To resolve the correct shape of the energy
spectrum, it was necessary to enhance the reconstruction sensitivities. This was achievable by
developing hybrid experiments combining the detection of EASs with telescopes and ground
detectors.

Currently, two main experiments are using hybrid techniques for the detection of EAS,
one on each of the Earth’s hemispheres. The Telescope Array (TA) located in the northern
hemisphere at the HiRes experiment site in Utah in the USA combines the fluorescence
telescopes of HiRes with 100 particle sampling detectors [38]. To detect particles reaching
the ground, plastic scintillators are installed in each surface detector station spanning a total
detection area of ~800 km?.

On the other side of the world, a second hybrid EAS experiment observes the southern
hemisphere. The Pierre Auger Observatory, the currently world’s largest experiment to
measure EASs, is located in Argentina at the foot of the Andes [2]. With the combination
of fluorescence telescopes, ground-based sampling detectors and additional radio antennas,
a precise measurement of air showers is realized. The experiment, in detail introduced in
Chapter 3, is named after the pioneer of EAS detection and has strongly contributed to
the research and understanding of the nature of UHECRs in the last two decades. In the
subsequent Section, we present the major and most recent results in the UHECR research
provided by the current experiments and outline the remaining open questions which will
be addressed by the Pierre Auger Observatory and the TA which currently undergo major
upgrades phases, as well as by future EAS experiments.

2.4 Ultra-high energy cosmic rays: Research and future aims

With the latest generation of hybrid air shower experiments, outstanding discoveries and
measurements for the determination of the physics of UHECRs have been achieved [14].
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Nevertheless, various open questions remain unanswered until today which will be crucial
in the understanding of the origin and behavior of these particles. In the following, the most
recent results and unknowns concerning the energy spectrum, the mass composition, and
the arrival direction of UHECRs are described.

2.4.1 Energy spectrum

With the measurement of the energy dependent CR flux using the different detectors of the
Pierre Auger Observatory, the energy spectrum of UHECRs and CRs below the ankle can be
described precisely [3, 39, 40, 37]. With the latest measurement results shown in Fig. 2.5, the
appearance of the two characteristic features for CRs with energies above 10'8 eV introduced
in Section 2.1.1 has be confirmed. In the ankle region, an increase of the particle flux can be
observed leading to a positive slope in the diagram. At the highest energies, the strong flux
suppression is unambiguously confirmed leading to a non-detectable flux of UHECRSs above
energies of 102°° eV. In addition to the known features, another inflection point in-between
the ankle and the suppression region has been proposed. This characteristic is called “instep’
and describes the moderate steepening of the energy spectrum after the ankle at ~2x10!% eV
and before the strong steepening of the suppression appears at ~5x10'° eV. A similar feature
at the same energy has been confirmed by the TA experiment [41].

Despite the shape of the UHECR energy spectrum is measured to a high precision, the
interpretation of the physics behind the characteristic curvature remains unclear. A strong
interconnection of the energy distribution with the mass composition of the arriving particles
is expected. Thereby, the correlation depends on the selection of the source models and
the estimation of propagation effects. Different scenarios have been proposed to explain the
shape of energy spectrum from 10'8 eV to the highest energies:

7

* The classical model utilizes two propagation effects to predict the UHECR flux [42].
With a combination of a pair production process at the ankle region and the previously
mentioned GZK effect for CRs with the highest energies, this scenario describes the
energy spectrum well for the case that for all energies the largest fraction of CR nuclei
are hydrogen, i.e., protons, as shown in the top diagram in Fig. 2.6.

¢ With the indication of an increase of the mass of CRs above the ankle, the proton-
dependent scenario has been defavored for models which include contributions of
heavier nuclei. One proposal defines the maximum rigidity of the cosmic sources as
cause for the shape of the energy spectrum [10]. In this model, the acceleration processes
in the sources are charge dependent, and therefore different nuclei can be accelerated
up to different maximum energies, ordered by the charge. The total energy spectrum
is then defined by the superposition of the individual nuclei spectra. In the center
diagram in Fig. 2.6, the maximum-rigidity scenario is displayed.

e Similarly, a third scenario also assumes a total energy spectrum created by the super-
position of the individual nuclei, but the individual spectra are not ordered by the
charges or masses of the nuclei [13]. In the so-called photo-disintegration scenario, the
propagation effect of the heavy elements is accounted which interact with photons of
the CMB and suffer from fragmentation. The resulting individual energy spectra are
then defined by the ratio of the mass numbers of the respective parent and daughter
nuclei. The results of a potential photo-disintegration model can be seen in the bottom
diagram in Fig. 2.6.

To answer this open question of the explanation of the UHECR flux, the knowledge of the
mass composition, especially at energies above 10 eV, is crucial to distinguish between the
various proposed scenarios or search for a combination of them. For this reason, the Pierre
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Figure 2.6: Mass composition dependent scenarios for the description of the UHECR
energy spectrum. For the lower scenarios the colors indicate the individual mass
groups: blue for hydrogen, gray for helium, green for nitrogen, and red for iron.
Taken from Ref. [5]

Auger Observatory is undergoing a major upgrade phase enhancing the mass sensitivity
at the highest energies by the installation of new detector components. With the upgrade,
extensively presented in Section 3.2, the exposure of the Observatory will be significantly
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Figure 2.7: Measurement of the penetration depth of the shower maximum Xpax
by the Pierre Auger Observatory compared to the expected distributions from
simulations of a pure proton or iron composition. Left: Mean of the maximum
penetration depth (Xmax). Right: Dispersion of the maximum penetration depth
0(Xmax)- Taken from Ref. [5]

increased and the measurement precision improved.

2.4.2 Mass composition

As already mentioned previously, the measurements of the average and the dispersion of
the air shower maximum penetration depth Xy.x with the fluorescence telescopes of the
Pierre Auger Observatory indicate a change of the mass composition over the energy range
of UHECRs [4, 43, 44]. In the diagrams in Fig. 2.7, the energy dependence of these two
mass sensitive quantities is shown. To compare the results with simulations, the red and
blue lines describe the expected behavior depending on the hadronic interaction model
for a pure proton and pure iron estimate, respectively. The measured data shows a trend
towards a lighter composition at energies around 10'8 eV which then changes to favor nuclei
of intermediate masses at the highest measured energies. A similar interpretation of the
data can be observed, when the energy dependent mass fractions are analyzed, as can be
seen in Fig. 2.8. Despite large fluctuations from the applied hadronic interaction models are
visible, all models favor a maximum proton fraction at ~10'8 eV and a transition towards
heavier elements with increasing energy. Both results disfavor a proton dominated CR flux
at energies between the ankle and the suppression region, but the interpretation of the mass
composition above CR energies 1019° eV is prohibited by the limited detection statistics of
the Fluorescence Detector (FD).

Here, the upgrade of the Pierre Auger Observatory with additional detector components
and advanced analysis methods will provide a measurement of the CR masses at even higher
energies, and thereby will provide an improved resolution of the actual proton content. This
proton fraction defines the possibility to utilize CRs for astronomy and is strongly linked
to the flux predictions of ultra-high energy photons and neutrinos, e.g., created by the GZK
effect.

In parallel to the determination of Xmax by the fluorescence telescopes, other detectors
of the Pierre Auger Observatory are capable to determine the muon content in EAS, often
referred to as R, [45]. With this observable, information about the UHECR mass composition
can be derived and the model dependent air shower simulations can be analyzed. When
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comparing the measurement results and simulations, an excess of muons can be observed
in the measured data, i.e., the hadronic interaction models tuned with the most recent Large
Hadron Collider (LHC) results show a clear deficit in the estimated muon fractions [46].

To further investigate the differences between data and simulations, the upgraded detec-
tors of the Observatory will provide in the near future a precise determination of the muon
content of EAS on an event-to-event level, leading to an improved understanding of the air
shower development and potential modifications of the hadronic interactions models.

2.4.3 Arrival directions

Besides the energy spectrum and mass composition, major results in the analysis of the arrival
directions of UHECRs have been achieved in the recent years. With a significance above 5 o,
the Pierre Auger Observatory has measured a large-scale dipolar structure with an amplitude
of 6.5 % above the isotropic level for CRs with energies above 8x10'8 eV [47]. The measured
arrival directions of UHECRs is shown in Fig. 2.9 in an equatorial coordinate system. This
observation strongly favors the assumption that CRs at these energies are of extra-galactic
origin, due to the position of the dipole relative to the Galactic plane (black dashed line).
The analysis has further been extended towards lower energies close to the ankle region to
examine the expected transition region between Galactic and extra-galactic origins [48].

In parallel, correlation studies of the arrival directions with sources from gamma-ray
catalogues are performed, currently favoring a correlation of UHECRs with starburst galax-
ies [49, 50]. Despite the controversy in the theoretical description of the potential acceleration
mechanisms of UHECRs in starburst galaxies [51, 52, 53], the correlation still seems to be
slightly dominant compared to other source candidates. Other investigations of a correlation
of the arrival direction of CRs in an on-to-off-plane comparison for the Milky Way are under
investigation [54].
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Figure 2.9: Measured particle fluxes in equatorial coordinates. A large-scale dipolar
anisotropy at CR energies above 8x10'8 eV can be observed. The Galactic plane is
indicated by the black dashed line, the single black marker represents the Galactic
center. Taken from Ref. [47]

2.4.4 Neutral messengers

With the detection of EASs by the Pierre Auger Observatory, predictions and estimations of
the arrival rates of other messenger particles besides the charged CRs can be drawn. Thereby,
dedicated searches for air shower events induced by ultra-high energy neutral particles, i.e.,
photons and neutrinos produced in exotic processes, are performed and upper flux limits
of these particle types are obtained. The flux limits provide the opportunity to constrain
acceleration processes and propagation effects, as well as open the door for the research of
new physics beyond the standard model.

The determination of the arrival rates of photons with energies above 10'® eV which
is compatible with a hadron induced background defines an upper limit to the flux of
cosmogenic photons expected from various proposed UHECR models [55, 56]. This can be
seen in the diagram in Fig. 2.10. While several top-down and super-massive particle decay
models (dashed lines) are already ruled out by the measurement data (colored arrows), the
potential flux of photons from the decay of neutral pions which are created by the GZK effect
is limited, and thereby strong constraints on the proton fraction in UHECR are obtained.
In addition, with the upper photon flux limits, beyond standard model phenomena, e.g.,
Lorentz invariance violation (LIV), can be tested at the highest possible energies [57], and
multi-messenger studies of photons form gravitational waves (GW) sources can be carried
out [58].

Analogously to the ultra-high energy photons, the upper flux limits of the cosmogenic
neutrinos as products from the GZK effect in the CR propagation constrain the expected
proton content at the highest energies. With the Pierre Auger Observatory, neutrinos from
point-like and transient sources which interact in the atmosphere can be examined by ana-
lyzing very inclined EAS events [60, 61]. Additionally, searches for T-neutrino induced air
showers in Earth-skimming or upwards-going shower trajectories are performed [62], en-
abling comparisons with recent results of the Antarctic Impulsive Transient Antenna (ANITA)
experiment [63]. With the first observation of GW events from black hole and neutron star
mergers, follow-up searches of high-energy neutrinos have been carried out [64, 65, 66]. The
overall upper neutrino fluxes defined by the Pierre Auger Observatory are displayed by the
solid and dashed red lines in Fig. 2.11.

With the upgrade of the Observatory, the discrimination of the primary particles of EASs
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Figure 2.10: Upper flux limits of cosmogenic photons. Several top-down and super-
massive decay models are ruled out by the measured data. Taken from Ref. [59]

will be significantly enhanced, offering an improved separation of hadron or photon induced
events. Thereby the probing effects of physics beyond the standard model, e.g., LIV, will be
possible.
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Chapter

3
The Pierre Auger Observatory

The discoveries and observations during the last two decades in the cosmic ray (CR) research,
especially for the ultra-high energy cosmic rays (UHECRs), introduced in the previous Chapter,
would not have been achieved without the Pierre Auger Observatory which holds the status
of the world’s largest extensive air shower (EAS) experiment up to today. The Observatory
was designed to measure CRs at the highest energies above 10'® eV by utilizing a hybrid
detection method combining the two major detection techniques which only have been used
separately in predecessor experiments. With the observation of the air shower development in
the atmosphere using fluorescence telescopes, and the determination of the shower footprint
on the Earth’s surface with particle sampling detectors, a precise reconstruction of the air
showers can be achieved. The experiment has been designed in the late 1990s and started
its prototyping and engineering phase in the early 2000s. The measurement stage “Phase 1”
was launched with the official start of data acquisition in January 2004 with a continuously
increasing number of deployed particle detector stations until the final dimension of the
Observatory was reached in 2008. Eight years later, the transition to the next measurement
period has been commenced with the installation of the first prototype components of the
Observatory upgrade with the fitting name “AugerPrime”. The official end of “Phase 1”,
which simultaneously marks the start of “Phase I1”, will take place in 2023 when the majority
of particle detector stations will be equipped with upgraded electronics and additional
sub-detectors, defining the next decade of UHECRs research at the Pierre Auger Observatory.

Matching the two measurement stages, this Chapter is split into two major parts. The
first part describes the general detector configuration of the Observatory in its current status
of “Phase 1”. This includes the current set-up of the two main detectors, the Fluorescence
Detector (FD) and the Surface Detector (SD), with enhanced focus on the latter due to the high
relevance for the following chapters of this Dissertation. In addition, we present the various
detector extensions, the benefits of the hybrid method, and an overview of the additional
sub-detectors and facilities that have been installed in the Observatory over the last 20 years.
In the second major part of this Chapter we introduce hardware changes and modifications in
the context of the AugerPrime upgrade. This includes the addition of new types of detectors
with different responses to entering air shower particles, as well as upgrades of the currently
deployed devices and electronics.

25



26 CHAPTER 3. THE PIERRE AUGER OBSERVATORY

—70 ta
| [km]

il -

* —50

oooooooo
......
.........................
.................

—40

oooooooooooo
............
-----

—130

.......... Los
-------- 2 .- Morados

—20

g

e —10 i

LLLLLLLL

"""’ A 2 ;)’// ' ‘t i ; (] o -14.'
el b 2F 87N . S

Figure 3.1: Map of the Observatory containing the major detectors and facilities. The
four buildings of the FD are located at the borders the Observatory and house the
24 fluorescence telescopes with their FoVs indicated by the blue lines. The red lines
display the FoVs of the three telescopes of the HEAT enhancement. The stations of
the SD and their distribution in the Observatory are shown by the black dots, with
each dot representing one WCD. In addition, the gray dots show the SD stations with
a denser grid as part of the enhancement upgrade of the SD. Besides the two main
detectors, the location of the AERA is shown by the blue circle, and the facilities for
the atmospheric monitoring, i.e., BLF, CLF, and XLF are displayed with red dots.
Taken from Ref. [67].

3.1 Current status

The world’s largest experiment for the detection of EASs from UHECR, the Pierre Auger
Observatory, is located in the proximity of the city Malargiie in Argentina, east of the Andes
on an extended plain with an average altitude of ~1450 m a.s.l.. Within the Observatory,
extensively described in Ref. [2], the measurement of EASs is realized with two main detectors,
the FD which provides 27 fluorescence telescopes located at four sites at the borders of the
experiment, and the SD consisting of more than 1600 particle detector stations distributed
over the enormous area of ~3000 km?. In the following sections, the configuration and set-up
of these detectors are presented in detail including the extensions they received since the
start of their data acquisition to enhance the sensitivity to a lower range of the CR energy
spectrum. Additionally, a third detector is introduced which utilizes the third major detection
technique to measure EASs, the antennas of the Auger Engineering Radio Array (AERA)
detecting the radio signals produced by the propagating air shower particles.

The transmission of the data obtained with the main detectors is realized with a radio
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Figure 3.2: Left: FD telescope building “Los Leones” with six open telescope bays.
Right: Schematic of a fluorescence telescope including the main components, the
aperture system, the segmented mirror, and the camera. Both images are taken from
Ref. [2]

frequency telecommunication system which provides two main stages. For the communica-
tion with individual SD stations, a wireless local area network is in place. Due to the limited
transmission rates of ~1200 bits per second per station, the SD array is divided in to multiple
sectors which are then connected to one of the four communication towers, one installed at
each FD site. The event data of both detectors, the FD and the SD, is transmitted with powerful
microwave links from the FD sites to the Observatory campus building in Malargiie. Inside
the building, the Central Data Acquisition System (CDAS) is housed which defines the main
server system and heart of the Observatory. The server receives and stores the raw detector
data, as well as forms the SD array trigger and sends data readout requests to the individual
detector stations. Additionally, the FD telescopes are monitored and operated from a central
server room in the Observatory Campus Building [68]. Subsequently to the collection of the
raw data, the files are transferred from the servers in Malargiie to the joint data center hosted
at the IN2P3 Computing Center in Lyon, France, at which the event merging of the data from
the different detectors is performed resulting in the production of hybrid events. In addition,
a substantial database of EAS and detector simulations are available at the computing center,
as described in Ref. [69].

The analysis and reconstruction of the air shower events, and thereby the determination
of the properties of the primary CR, is realized with two parallel data analysis software
frameworks. One is the software framework built on top of the data acquisition software
running on the CDAS. This framework provides an interface to read the raw data, as well as
defines a signal calibration and an event reconstruction procedure, named “Herald”. A second
software framework called Offline was established with the motivation to combine the raw
data readout and subsequent event reconstruction with an extendable detector simulation
framework for the currently installed, but also potential future detectors [70, 71].

3.1.1 Fluorescence Detector

The Fluorescence Detector (FD) of the Pierre Auger Observatory provides the determination of
the CR mass composition and energy spectrum by detecting the fluorescence light produced
by air showers developing in the atmosphere, as introduced in Section 2.3. This is realized
by precisely measuring the depths of the air shower maxima and determining longitudinal
profiles of EASs. The detector consists of 24 fluorescence telescopes which are installed in
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Figure 3.3: The three telescopes of the HEAT enhancement in upwards position and
closed telescope shutters. Taken from Ref. [72]

four buildings located on small hills at the borders of the Observatory overlooking the SD
array [2]. Each of the four buildings is named uniquely, “Coihueco” (north-west), “Los Leones”
(south-west), “Loma Amarilla” (north-east), and “Los Morados” (south-east), and houses six
telescopes in a climate controlled and clean environment. The buildings are constructed with
semicircular ground areas resulting in a total horizontal FoV of 180° for one building, i.e.,
30° for each telescope, as can be seen by the radial blue lines in Fig. 3.1. The vertical FoV of
each telescope ranges from 1.5° above the ground up to ~30° in the sky and is limited by the
altitude of the building and the aperture system of the telescopes. In Fig. 3.2 the left image
shows as an example the FD building Los Leones with its six open telescope bays.

Each fluorescence telescope is constructed by following a standard design displayed in
the schematic on the right in Fig. 3.2. The opening towards the outside is realized with a
filter window to limit the wavelength range of the entering photons, as well as an aperture
system based on Schmidt optics to reduce undesirable coma aberration effects. In addition,
several protection mechanisms, e.g., a general shutter system, are in place to protect the
sensitive hardware from sun and moon light, and the whole telescope from weather and
climate effects. The focusing of the faint fluorescence light is accomplished with a spherical
segmented mirror with a surface dimension of 3.8 m X 3.8 m. The measurement of the light
from air showers is realized with a camera unit consisting of 440 hexagonal head-on Photonis
XP3062 photomultiplier tubes (PMTs) providing a segmented image of the propagating air
shower with an individual pixel size of 1.5° X 1.5°. Each camera unit is produced of a single
aluminum block and contains the PMTs arranged in 22 rows and 20 columns.

Due to the design for measuring EAS at the highest energies, the detection sensitivity of the
FD telescopes is significantly reduced below CR energies 10'® eV. To enhance the sensitivity
to lower energies at which the transition between Galactic and extra-galactic CRs is expected,
an upgrade was proposed a few years after the start of the official data acquisition [73].
Until 2009 the construction of three addition fluorescence telescopes in the proximity of the
original Coihueco building was finished forming the HEAT enhancement [72], highlighted
by the three red lines in Fig. 3.1. These telescopes follow an analogous design compared
to the standard FD telescopes, with the identical types of mirrors and 440 PMTs inside the
camera. But contrarily, each telescope is installed in a separate small housing which can be
mechanically tilted. With this mechanism the vertical FoV can be shifted towards an angle
range of 30° to ~60°. In the elevated position as displayed in Fig. 3.3, the telescopes are able
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to detect EASs of primary particles with lower energies that develop at a higher altitude in
the Earth’s atmosphere and would not be detectable with the original FD telescopes. In the
downwards position, the observed sky is nearly identical to the FoV of the standard telescopes
at Coihueco, thus the possibility of a cross calibration between the telescopes is given. Due
to the elevated FoV, the HEAT telescopes are able observe a significantly increased number
of inclined air showers with a shower axis pointing directly into the telescopes. For these
candidate events, the telescopes are able to measure the non-negligible Cherenkov radiation
fraction produced by the air shower particles.

Before each measurement run of the FD telescopes, a relative calibration procedure is
performed by using light-emitting diodes (LEDs) installed at the camera and at the mirror
as defined light sources. With the relative calibration, a functionality check of the telescope
hardware is achieved and the long-term behavior of the components is monitored. For the
absolute calibration of the telescopes, two different techniques are used. In the original
method, a drum shaped light source with an integrated pulsed LED provides an end-to-end
calibration of each pixel of the camera. In the recent years a new absolute calibration method
has been developed to replace the original drum calibration. In the new procedure, the
so-called “XY-Scanner” is used which contains of a grid system and a small movable light
source significantly simplifying the handling and operation during the calibration process. A
description of the new calibration procedure and results of the first measurement campaigns
are shown in Ref. [74].

For the detection and measurement of EASs, a single telescope of a single building of the
FD is sufficient. But in the case of an inclined air shower event, i.e., an air showers with a
large zenith angle, the light can enter the FoVs of two or more telescopes of the same building
depending on the geometry of the air shower. With the intensity and timing information of
all the participating cameras, the plane spanned by the actual air shower axis and the line
of the air shower to the respective triggered FD building can be reconstructed. This plane
is called “shower-detector plane” and reduces the geometry of the air shower, but the true
air shower axis cannot be precisely determined. The majority of observations of air showers
with one or more telescopes of the same FD building define the so-called FD “mono events”.
If the air shower appears at a location close to the center of two or more FD buildings, and
has a sufficiently high energy, the air shower can be measured by more than one telescope
of different buildings creating a “stereo event”. In these events the air shower axis can be
reconstructed as the line of intersection of the two individual shower-detector planes, but
the appearance rate is significantly lower compared to the mono event rate. Generally, the
determination of the air shower geometry can be improved by using the timing information
of the SD stations, explained in more detail in Section 3.1.4.

3.1.2 Surface Detector
Detector configuration

The impressive number of 1600 independently operating and self-sufficient particle detector
stations form the Surface Detector (SD) of the Pierre Auger Observatory [2]. The stations are
regularly distributed over a total area of ~3000 km? in a triangular grid and provide a standard
spacing of 1.5 km between each neighboring station, as shown by the black dots in Fig. 3.1, each
marker representing one SD station. An image of a single SD station from the measurement
stage Phase I is presented in Fig. 3.4 on the left. To separate the original spacing of the SD
stations from the later added enhancement configurations, the standard array configuration
is referred to as “SD-1500 array” in the following sections and chapters. In addition to the
single station at each grid position, at certain positions one or more accompanying stations
are placed very nearby;, i.e., in a distance of only a few tens of meters, resulting in the so-called
station multiplets. With these multiplets, measurements of air shower signal fluctuations and
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Figure 3.4: Left: SD station in the Observatory. Taken from Ref. [2]. Right: Schematic
of a SD station highlighting the main components. Adapted from Ref. [75].

timing resolutions of the station electronics can be realized.

The stations of the SD of the Pierre Auger Observatory detect the air shower particles
arriving at ground measuring the Cherenkov radiation produced in a dense medium as
introduced in Section 2.3. With the so-called water-Cherenkov detectors (WCDs), the light
produced by the particles propagating through a defined volume of ultra-high purity water
is measured, and thereby the total air shower signal at a certain distance to the core of the
air shower is obtained. Finally, when combining the signals of multiple SD stations, the air
shower footprint, i.e., the lateral distribution, can be determined.

The set-up of an SD stations follows a robust design with the WCD as the major component.
This detector consists of a cylindrical polyethylene tank with a diameter of ~3.6 m. Inside this
tank, a sealed Tyvek liner is placed and filled with 12 m3 ultra-high purity water resulting in a
water level of ~1.2m. Additionally, the Tyvek liner provides a diffusive reflective inner surface
to increase the number of photons detected at the photon-sensitive devices. The measurement
of the Cherenkov photons is realized with three Photonis XP1805 head-on PMTs which
provide a high sensitivity due to a large round opening and matching photocathode with a
diameter of 9in, leading to their naming: large photomultiplier tubes (LPMTs). The LPMTs
are mounted on the upper side of the detector above the Tyvek liner facing downwards
through transparent windows into the liner. The devices are positioned in a triangle around
center of the detector with an identical geographical orientation inside all WCDs to reduce
asymmetry effects in the signal calculation depending on the arrival directions of the air
showers. The readout of the signals of the LPMTs is realized with the station electronics board
installed inside an enclosure on top of the station. The properties of the station electronics,
the so-called Unified Board (UB), is described in the electronics comparisons in Section 5.1.1.
To power the SD station, a solar panel and a battery system are installed on the outside of
the SD station. Moreover, each station is equipped with an Global Positioning System (GPS)
antenna to receive the necessary timing information. The communication with the CDAS is
provided by an additional antenna utilizing the wireless local area network connection.

Similarly to the telescopes of the FD, the SD array is designed to measure EAS from CRs
with the highest energies. For this reason, the detector reaches the full detection efficiency at
energies above 3x10'® eV. Below this energy threshold, the efficiency falls off with decreasing
CR energies. To enhance the sensitivity to lower energies, an extension of the SD as part
of the Auger Muon Detectors for the Infill Ground Array (AMIGA) enhancement has been
designed accompanying the HEAT enhancement of the FD [73, 76]. This was realized starting
in 2008 by deploying 61 additional WCDs in a higher dense grid in the north-west of the
Observatory in the FoV of the HEAT telescopes. Each additional station was placed in the
center between the original stations leading to a new spacing of 750 m and creating a total
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Figure 3.5: Overview map of the SD region with denser grid extensions, the area of
the SD-750 array indicated by the yellow background, the SD-433 area by the red
background. The green squares display the positions of the already deployed UMD
modules.

area of this configuration of 23.5 km?. These stations can be seen in Fig. 3.1 by the gray dots
in-between the black dots of the SD-1500 stations. Analogously to the naming of the standard
SD configuration, the enhancement is named “SD-750 array”, also internally referred to as
“Infill”. First results of the SD-750 array performance shortly before and after its completion in
2012 are given in Ref. [77, 78]. In addition to the SD-750 array, another extension of 19 stations
with an even smaller spacing of 433 m has been added to the SD reducing the detectable CR
energy even further. The general performance of this station grid named “SD-433 array”, or
internally “AERAlet”, is described in Ref. [79]. The areas of both enhancements are shown in
the map in Fig. 3.5 by the colored backgrounds, yellow for the SD-750 and red for the SD-433.

Trigger system

The measured signals of EAS particles arriving at the Earth’s atmosphere can strongly vary
in their shape depending on the distance of the station to the core of the air shower due
to the different types of air shower particles. Thereby, the majority of signals are created
by atmospheric muons arriving at the SD stations with a rate of ~3kHz and defining the
main background for the detection of EASs of UHECRs [80]. Due to the limitation of the
station electronics and for the discrimination of the background signals from the “physics”
events, the event trigger system of the SD, follows a hierarchical structure and can generally
be separated into two major parts. A fist stage is performed on the level of an individual SD
station implemented in the software of the electronics boards. The second trigger stage is
processed in the CDAS defining the actual air shower trigger of the SD array utilizing the
spatial and temporal information provided by detectors from the previous trigger stage.
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Figure 3.6: Hierarchical system of the local SD station trigger. Taken from Ref. [80].

As can be seen on the left side in the schematic of the trigger system in Fig. 3.6, the local
station trigger stage can be divided into two sub-stages, a first trigger level called “T1” and
a second trigger level named “T2”, which both share an identical structure. For both levels,
two different modes of triggers are implemented which are designed to be more sensitive
towards different EAS components:

¢ A threshold trigger mode (TH) with a simple single bin condition is implemented
to detect the muonic EAS component, especially from inclined events and from air
showers arriving close to the station.

¢ Complementary, a trigger with a time-over-threshold (ToI') condition determines signals
for air showers from higher energy CRs that arrive farther away from the station and
also from signals dominated by the electromagnetic particles from low-energy CRs
with their air shower core close to the station. This is realized with a sliding time widow
requiring the signal to be above a threshold for all time bins of the window. Thereby,
small signals which appear spread in time can be measured.

In case of the first trigger level (TH-T1), the single bin threshold is applied to reach a
trigger rate of 100 Hz in a 3-fold LPMT coincidence with each device surpassing the threshold
of 1.75Iygm. To reach this state, the threshold factor Iygym is obtained in an single device
calibration procedure which is shortly explained in Section 6.1.2. The time-over-threshold
condition of the first trigger level (ToI-T1) is realized by checking if at least two of the three
LPMTs provides a signal above 0.2Iygwm for at least 13 time bins. This results in a trigger rate
of ~2Hz.

For the next level of the local station trigger, the thresholds of the single bin trigger are
increased. Thereby the respective trigger rates are decreased, and finally reach the required
values for the data transmission. For the single bin trigger (TH-T2) signals from the first level
are selected that surpass the increased threshold of 3.2Iygy in a 3-fold LPMT coincidence
resulting in a trigger rate of 20 Hz. In contrast, the thresholds for the time-over-threshold
trigger (ToI-T2) are not increased, but all ToI-T1 are passed to the next level as ToI-T2.

Due to their design for the discrimination of background signals from single muons,
the original trigger modes show an insensitivity towards signals smaller than the average
muon signals, for example for signals of electromagnetic particles. For this reason, two new
modes of triggers have been proposed in the late 2000s and have been implemented in the
local station software until 2013, shortly introduced in Ref. [40] and internally in Ref. [81,
82, 83, 84]. One of the new trigger modes is named time-over-threshold deconvolved (ToTd)
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Figure 3.7: Schematic of the two T3 trigger modes of the SD. Both taken from
Ref. [80] Left: 3-fold T3 condition of at least three ToI-I2 called “ToI 2C1&3C,” for
vertical events. Right: 4-fold T3 condition of at least four T2 of any type named
“2C1&3C,&4C4” for inclined events.

and is designed to filter background signals from the characteristic exponential decay of
the Cherenkov light before the ToI' condition is applied. The other addition is the so-called
multiplicity-of-positive-steps (MoPS) trigger which is able to detect small but long signals by
counting the number of subsequent trace bins with an increasing amplitude inside a sliding
time window.

After the local station detected a T2 trigger, the time stamp and the trigger type, i.e., the
mode that formed the trigger, are sent to the CDAS for the potential formation of an array
trigger T3. This trigger uses the timing and relative location information of multiple stations
to create a candidate trigger for an air shower event. Thereby, two different types of T3 triggers
can be created which require different spatial conditions, as displayed in Fig. 3.6 on the right
side:

e If at least three local ToT triggers arrive at the CDAS from stations that fulfill a certain
position and timing condition, the 3-fold mode “ToI 2C1&3C,” is built. This condition
requires a station with a valid ToI-T2 in the crown of stations around the first station
(C1) and another station with a valid ToI-T2 in the crown around the most inner crown
(Cy) as highlighted by the left schematic in Fig. 3.7. This mode contains a large number
of the desirable physics events due to the low contamination with background events
and provides the largest efficiency for vertical air showers, i.e., 0 < 60°, with a trigger
rate of ~0.02 Hz.

¢ The second T3 trigger mode is built by a 4-fold condition using any arriving T2 trigger
type, represented by “2C;&3C,&4C4”. In the right schematic in Fig. 3.7 a candidate
of this spatial condition is displayed. Therein, the minimum requirement is one T2
triggered station in the first crown around the inner station, a second station in the
second crown, and a third station in the fourth crown around the inner station. Due
to the extended geometry condition, the 4-fold T3 is designed to detect inclined air
showers with 6 > 60° that create footprints of large dimensions on the ground. The
rate of this T3 trigger mode is ~0.01 Hz.

When a T3 trigger is created, the readout of the signal buffers of all the stations with a
local T2 trigger is requested. In addition, the stations with a T1 trigger within 30 us of the T3
are also required to send their buffered data. Furthermore, calibration information from each
participating station is sent together with the trigger and trace information and is merged into
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Figure 3.8: Schematic of the physics trigger (T4) and fiducial trigger (T5) system.
Taken from Ref. [80].

the raw event data stored at the CDAS. While the T2 information, which is also separately
stored in additional files, always holds the highest priority in the data transmission process
to provide a building of a T3 trigger at all times, the additional calibration and monitoring
data is lower prioritized.

After the T3 trigger events are stored in the SD raw data files, two subsequent event
selection procedures are applied to distinguish vertical EAS events from the still remaining
random coincidence triggers. This is realized with the T4 trigger level defining the “physics
trigger”, and the “fiducial trigger” called T5, both presented in the schematic in Fig. 3.8.
Thereby, the T4 trigger uses two criteria to select physics events from the T3 trigger pool:

¢ For the 3-fold mode T3 events, the condition of a formation of an isosceles or even
equilateral triangle by the three non-aligned neighboring stations each with a ToI-T2
trigger is examined. Additionally, the timing of all stations have to match the propagation
of a plane air shower front. This T4 trigger is then called “3ToI” and provides the majority
of high quality events with 6 < 60°.

¢ The second criteria, named “4C1” is built on the 4-fold T3 events containing any type
of T2 triggers and requiring four neighboring stations matching the plane air shower
front fit.

Additionally, the so-called “seed” is defined by the three non-aligned neighboring stations
with the highest signals forming a triangle. The air shower front fit is then performed on
these three stations, while the timing of the other participating stations is compared to the
determined air shower front. Stations that do not show a matching timing to the air shower
front which propagates with the speed of light, are rejected.

Finally, after the selection of physics events, the last quality check is applied defining the
highest trigger level T5. This trigger examines if the air shower is contained inside the SD
array. If an air shower reaches the ground too close to the border of the array or if there are
malfunctioning stations inside the array, parts of the air shower cannot be detected. This
results in an incorrect reconstruction of the air shower core position and arrival direction,
and therefore in an incorrect determination of the CR energy. The highest criteria that can
be applied prior to the reconstruction of an event is the “6T5” condition which requires
six working stations in a hexagon surrounding the “hottest” station of the event, i.e., the
station with the largest signal. In addition, a posterior condition is implemented that checks
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if the already reconstructed core falls inside an active triangle and if at least four stations are
active around the hottest station. For certain analyses, the number of reconstructed events
can be increased by relaxing the quality condition to the requirement of 5 or even 4 working
surrounding stations.

Calibration and event reconstruction

Besides the trigger system for the event discrimination, the local station software contains
a special trigger condition for the acquisition of additional calibration information shortly
described in Section 6.1.3. Due to the fact that each LPMT inside the WCDs has a different
response to the same EAS, a calibration process is needed which is performed for each
device individually. To compare signals of different WCDs, the values obtained in the inte-
gration of the PMT trace pulses in their raw ADC units have to be converted into an unified
average reference unit, equivalent to the signal of a vertical central through-going muon,
named vertical-equivalent muon (VEM). This unit is related to the deposited energy of a
muon passing vertically through the center of the WCD and is comparable to an amount of
~240MeV. Generally, an online calibration procedure is implemented on the local station
electronics, as well as an offline calibration algorithm is in place to provide the necessary
calibration quantities. Both procedures are introduced and extensively analyzed in Chapter 6.
Subsequently to the calibration process of individual devices, the calculation of the calibrated
signals is introduced in the same Chapter. Further on, in the description of the general
event reconstruction utilizing the stations of the SD in Chapter 7, the chain of reconstruction
processes from the determination of the individual device signals to the final estimation oft
the energy of the primary particle is presented.

3.1.3 Additional detectors and facilities

Besides the two main detectors for the measurement of the particles produced by the CRs
interacting with the Earth’s atmosphere, a third type of detector is installed in the Observa-
tory. With a radio detector array, the so-called Auger Engineering Radio Array (AERA), a
complementary determination of the electromagnetic component of EASs is provided [2].
By detecting the coherent radio emission of EAS arriving at the ground, a third information
channel parallel to the fluorescence light and the particle sampling on the ground level is in
place. The AERA consists of radio antennas distributed with a varying spacing over a total
area of 17 km? in the north of the SD-750 array, as indicated by the blue circle in Fig. 3.1. With
the antennas of the AERA, the feasibility of the detection of radio signals in a frequency range
from 30 to 80 MHz from EASs on a large scale is tested to develop a competitive detection
method for the use in future ground-based UHECR observatories. After the proposal of
the design of the new radio antenna array in the late 2000s, the first 21 antennas have been
installed in 2010 providing a first measurement of the EAS radio signals [85]. While for the
first antennas the logarithmic periodic dipole antenna (LPDA) type has been chosen, the
subsequent deployment of additional antennas was realized with “butterfly antennas”, also
named “active bow tie antennas”, providing an improved noise performance and transient
response [86]. In Fig. 3.9, a photo of an LPDA in the AERA is shown. The final configuration
of the AERA with 150 antennas has been reached in 2015 and provides two trigger modes [87].
Approximately the half of the antennas utilizes the T1 trigger of the SD as external trigger sig-
nal to significantly reduce the selection of noise pulses. The remaining other half is equipped
with electronics to internally trigger on radio signals. Due to the measurement of the radio
signals majorly produced by the electromagnetic component of the air showers, the antennas
of the AERA can be used to obtain an energy estimate of the primary CR and are suited for a
cross calibration with the other detectors of the Observatory.

All detectors of the Pierre Auger Observatory are designed and optimized to measure the
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Figure 3.9: Photo of an LPDA installed in the AERA. Taken from Ref. [86].

signals of EASs under optimal climate and weather conditions utilizing the atmosphere as a
calorimeter. Therefore, a precise monitoring of the environmental conditions is necessary to
analyze their influences and correct for the effects on the measured signals [2]. This is realized
with various devices installed all over the Observatory to monitor the current weather and
atmospheric conditions. While ground-based weather stations are installed on top of the
telescope buildings to measure the temperature, the pressure, the humidity, and the wind
velocity, a Balloon Launching Facility (BLF) was used in the early years of the data acquisition
to obtain the weather conditions at altitudes between 20 and 25 km. The monitoring of the
aerosol concentration and the cloud movements above the Observatory is realized with two
main laser stations, the Central Laser Facility (CLF) and the Extreme Laser Facility (XLF),
both installed inside the SD array. In addition, each FD site is equipped with a Light Detecting
And Ranging (LIDAR) station and an infrared camera to determine the current atmospheric
condition above each building. These are complemented with additional devices utilizing
stars as reference light sources to monitor the atmosphere, e.g., the F/Photometric Robotic
Atmospheric Monitor (FRAM) telescope [88]. Furthermore, several star and background
light cameras, as well as lightning sensors are placed in the Observatory to assure a safe
measurement time, especially for the FD telescopes.

3.1.4 Hybrid detection

Although, the two main detectors of the Observatory, as well as the antennas of the AERA,
are able to serve as individual EAS experiments with distinct air shower triggers and re-
construction procedures, only the hybrid detection design offers the possibility to recover
the weaknesses of these techniques with the advantages of the respective others [2]. When
comparing the three detectors, the telescopes of the FD provide the most sensitive determina-
tion of the mass composition and energy distribution of the arriving CRs due to the precise
measurement of the depth of the air shower maximum and the longitudinal air shower profile.
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But due to the strong dependence on weather conditions and the ambient light, the telescopes
can only measure in clear and moonless nights which reduces the duty cycle of the FD to
around 10 to 15 % of the total Observatory measurement up-time. This results in a strongly
limited detection rate of CR events above 10'% eV where the flux of CRs is suppressed. In
contrast, the SD can measure independently of the daytime and local weather condition
and reaches nearly ~100 % of the measurement up-time resulting in a significantly higher
probability to measure EASs created by UHECRs. Similarly to the SD stations, the radio
antennas of the AERA run autonomously over the total Observatory measurement up-time,
only depending on the up-time of the SD which provides the trigger of the EAS events.

Besides the overall measurement time difference, the majority of FD events are detected
with one or more telescopes of the same building defining the FD mono events, as introduced
in Section 3.1.1. In these events, the shower-detector plane, i.e., the plane spanned by the
actual air shower axis and the line of the air shower axis to the telescope building, can be
determined, represented by the projection of the air shower evolving in the telescope camera.
But with solely the timing information of the individual camera pixels the actual incoming
angle of the primary CR cannot be constrained. This issue can be overcome by using the
additional timing information of a single SD station in the FoV of the respective FD building.
When an FD telescope detects an EAS event, a readout request is sent by the CDAS to the
SD stations to search for candidate stations providing an T1 trigger for the time stamp of the
event. If a matching SD station is found, the timing information of this station is added in
the time evolution fit of the air shower. This results in the reduction of the two-dimensional
shower-detector plane to the one-dimensional air shower axis and defines these events as
so-called “hybrid events”. For EAS events seen by the FD with sufficiently large energies that
multiple SD stations are triggered, an additional reconstruction with the SD is possible. These
events which provide a successful reconstruction by both main detectors of the Observatory
are called “golden hybrid events” and represent the events with highest quality criterion in
the merged data.

While the telescopes of the FD are limited by their measurement up-time, the SD is able
to detect EASs at any time, majorly outside the measurement time of the FD. Therefore,
EASs from UHECR solely measured and reconstructed with the stations of the SD define
the majority of the events detected by the Pierre Auger Observatory. With the precise timing
information of the SD stations, the air shower geometry, including the shower axis and the
shower core at the ground, can be reconstructed. But the calorimetric energy and mass
composition of the primary CR are not directly accessible, due to the fact that the SD stations
sample only a fraction of the total number of secondary particles reaching the ground. With
the determination of the lateral air shower distribution, a general estimator of the signal
depending on the distance to the air shower core is obtained. By utilizing the data set of
golden hybrid events, the signal estimator can be allocated to the energies measured with the
FD, and thereby an energy scale for all signals detected with the SD stations is obtained [3].
Similarly, an energy cross calibration between the SD and the antennas of the AERA has
been achieved to validate the determination of the CR energy measuring the coherent radio
emission [87].

With the addition of new detectors and sub-detectors, the hybrid detection of EASs has
been extended to a multi-hybrid measurement in the recent years, and will be event further
enhanced by the various components of the AugerPrime upgrade introduced in the following
Section.

3.2 AugerPrime upgrade

In the 18 years of data acquisition, the Pierre Auger Observatory has been extensively
contributing to the research field of UHECRs leading to numerous breakthrough discoveries
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and confirmations of the properties of the CRs with the highest energies [89,5]. With the goal to
determine the major characteristics of UHECRs, e.g., their energy spectrum, mass composition,
and arrival directions, presented in Section 2.4, significant progress in understanding the
nature of these exceptional messengers has been achieved. Nevertheless, the remaining open
questions regarding the origin of the UHECRs and the examination of their acceleration
processes require further and more precise studies of EAS events created by ultra-high
energy primaries.

Especially the determination of the mass composition of UHECRs plays a key role to
distinguish and constrain the various proposed acceleration and source models, as well as the
effects of the particle propagation. Since recent observations with the FD depict an indication
towards heavier CRs within the available energy range, the mass composition at the highest
energies remains unknown due to the limited event statistics of the fluorescence telescopes.
At energies above 1019 eV, solely the SD stations provide a sufficient EAS detection rate
to determine the properties of the primary particles. However, with the current WCDs, the
determination of the UHECR masses measuring the muon content of the air shower is strongly
limited and suffers large uncertainties.

For this reason, a major upgrade of the individual SD stations has been proposed in
2015 providing a complementary measurement of the air shower components to the results
obtained with the original WCDs, further extending the hybrid detection strategy of the
Observatory. With the measurement of air showers with multiple detectors varying in their
responses towards electromagnetic and muonic particles, a determination of the CR mass on
a shower-by-shower basis becomes possible. This enhancement of the composition sensitivity
of the SD in the energy region of the flux suppression defines the main goal of the so-called
“AugerPrime upgrade”. Especially, the estimation of the proton fraction at CR energies above
1019 eV is of high importance for a future introduction of a CR astronomy and the estimation
of the general physics potential of current and future CR, gamma-ray, and neutrino detectors.
Additionally, the improved mass determination enables studies of composition dependent
anisotropies in the arrival directions of UHECRs.

Besides the mass sensitivity, the AugerPrime upgrade addresses the examination of the
muon deficit observed in the air shower simulations when compared to measurement of EAS
signals by the detectors of the Observatory. These simulations utilize the latest Large Hadron
Collider (LHC)-tuned hadronic interaction models which require to be further adapted to
match the measurements including the search for new physics and exceptional effects, such
as Lorentz invariance violation or extra dimensions.

During the design phase of the Upgrade, various detector and sub-detectors have been
proposed and tested. to be installed at the position of each WCD. One candidate design was
the Layered Surface Detector (LSD) which can be realized by modifying the WCDs of the
SD [90]. For these detectors, the water volume inside the WCDs is divided into two layers by
spanning a reflective sheet inside the water tank. The two layers of the WCD are sensitive to
the different air shower components, the top layer detects the electromagnetic and muonic
particles, while the bottom layer solely measures the muonic component of the EAS.

In contrast to the LSD, the other proposals for the AugerPrime upgrade included the
addition of new types of detectors instead of modifying the original WCDs. Thereby, the
position of the additional detectors varied among the candidate proposals. For instance with
the muon array with RPC for tagging air showers (MARTA) detectors, a direct measurement of
the muon content in air showers is aimed [91]. The detector is based on resistive plate chambers
(RPCs) placed inside a concrete structure underneath each WCD. The WCD provides a
shielding of the electromagnetic particles due to absorption effects and the purely muonic
air shower component can be measured with the RPCs.

Other proposals defined the goal to equip each SD station with plastic scintillation
detectors, either on top of the WCD or underground a few meters of soil next to the station.
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Figure 3.10: Schematic of an AugerPrime station in containing the main upgrade
components. The new electronics board called UUB, the additional SPMT inside the
the original WCD, the SSDs, and the radio antenna on the to for the RD. Adapted
from Ref. [92].

While the underground scintillation detectors directly measure the muon content due to
the soil shielding against the electromagnetic particles, the scintillators on top of the WCDs
provide complementary measurements of both main components of the air showers leading
to a composition sensitive determination of the lateral particle distributions which differ for
electromagnetic and muonic particles.

Despite the LSD, the MARTA detectors, or the underground scintillators are providing a
direct access to the muonic air shower component, the technical realization, cost efficiency, and
the interference with the continuous data acquisition disfavored these candidates, resulting
in the selection of a plastic scintillation detector on top of each WCD as main AugerPrime
upgrade component. As the baseline design for the new sub-detectors of the SD stations,
the so-called Surface Scintillator Detectors (SSDs) have been chosen. With the selection of
scintillation detectors installed on each SD station with the standard spacing of 1.5km, a
similar detector design than the SD of the Telescope Array (TA) experiment is realized,
enabling more detailed comparisons between the detection methods and reconstruction
strategies of both observatories.

With the AugerPrime upgrade, the start of the measurement stage Phase II is launched
extending the lifetime of the Observatory until the year 2030 and beyond. Besides the already
mentioned addition of SSDs, various new sub-detectors and hardware components will be
deployed in the Observatory in the upcoming years to strongly enhance the sensitivity of the
current detectors, majorly of the SD [5, 93].

In the case of the FD, no additional hardware will be installed in the context of the
AugerPrime upgrade, but a modification of the operation mode is foreseen. With an adjustable
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decrease of the gain of the PMTs in all telescopes of the FD up to a factor of 10, the measurement
time of the FD can be increased in the beginning and the end of each night, due to possibility
to detect EASs during periods with higher background light. This enhances the measurement
up-time of the FD to approximately 20 %, slightly improving the detection rate of EASs
produced by UHECRs.

Nevertheless, the enhancement of the mass sensitivity of the SD will provide a significantly
larger impact on the future determination of the properties of UHECRs. In Fig. 3.10, a
schematic of an AugerPrime station with the main upgrade components is presented. To
increase the general capability of each SD station, a new electronics board with superior
resolution, sampling frequency, and timing accuracy, will be installed, representing the new
basis of the future AugerPrime stations. With the addition of a small photomultiplier tube
(SPMT) inside the WCDs, the dynamic range of the detector is further extended towards
higher signals measured with stations close to the air shower core.

In the SD-750 and SD-433 arrays, the Muon Detectors (UMDs) deployed underneath
a few meters of soil next to each of the more than 60 SD station will extend the original
muon detection modules of the AMIGA enhancement [77]. The UMD will provide a direct
measurement of the muonic air shower component, increasing the mass sensitivity for primary
energies around the ankle region in the energy spectrum.

To further enhance the hybrid detection method of EAS, especially in the case of inclined
air showers, each SD station will be equipped with a radio antenna defining the future RD,
as can be seen in Fig. 3.10.

Finally, for the analysis of the new detectors with different responses to EAS events,
adaptations and optimizations of the current calibration and reconstruction algorithms are
needed. With the improved analysis software frameworks, not only the analysis of the Phase
II data will be possible, but also the opportunity to reanalyze the Phase I data is given. To
provide an overview of the AugerPrime upgrade, the individual components are shortly
introduced in the following.

3.2.1 Surface Detector electronics

The installation of new electronics boards named Upgraded Unified Boards (UUBs) with
significantly enhanced processing capabilities compared to the original UBs defines the main
component of the AugerPrime upgrade [5, 94, 95, 96]. The new UUBs are produced by the
company SITAEL [97] in Italy and are the chosen electronics board design to replace the
original UB in all SD stations.

To cope with the increased amount of data from the additional sub-detectors and to
increase the overall measurement performance of the stations, the UUB provides a four times
higher resolution, i.e., a 12-bit instead of the a 10-bit resolution, and a three times higher flash
analog-to-digital converter (FADC) sampling frequency of 120 MHz compared to the original
electronics boards. With five main input channels, the signals of the four PMTs of the WCD,
the three LPMTs and the new SPMT, are obtained. The last channel is reserved for the single
PMT of the new SSD. In addition, a digital connection to the antennas of the RD is provided.

With the implementation of the local station software including the event and calibration
trigger algorithms, the UUBs trigger system has been adapted to match the original design of
the UBs, introduced in Section 3.1.2. While the UB samples the PMT signals with a frequency
of 40 MHz defining the TH-T1 traces, the new UUB provides two types of traces stored in the
memory buffers for each threshold trigger. With the increased sampling frequency, a new
full bandwidth single bin trigger with 120 MHz is implemented for the TH-T1 condition to
utilize the full potential of the new electronics boards.

In addition, a so-called “compatibility mode” is available emulating the 40 MHz single bin
trigger of the original UB by using a filter algorithm on the full bandwidth traces followed by a
down-sampling procedure. The compatibility mode enables trigger comparisons between the
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two electronics generations necessary to finalize the software adaptations for the AugerPrime
stations in the near future. During the deployment phase of the AugerPrime components,
the UUB event data acquisition will be performed on the compatibility threshold triggers to
guarantee a smooth transition from the Phase I to the Phase II. The other local station triggers,
the Tol, ToI'd, and the MoPS conditions are implemented solely on the compatibility mode
traces of the UUB.

Since the deployment of the first prototype version of UUB in 2016, extensive studies
of the performance of the different UUB versions in the Observatory have been carried out.
The results of the performance analyses together with a more detailed description of the
properties of the UUBs and comparisons with the original electronics boards are presented
in Section 5.1.

3.2.2 Small photomultiplier tube

Since the engineering phase of the Pierre Auger Surface Observatory, the WCDs are providing
a precise measurement of the air shower particles arriving at the ground by determining
the lateral shower distribution. The high sensitivity of the detectors on entering particles
offer the detection of the very low flux of air shower particles in multiple kilometers distance
to the air shower core. Contrarily, the measurement of the EAS signal a few hundreds of
meters from the core is strongly limited by the dynamic range of the three LPMTs in the
WCDs. The high particle flux results in the production of a large amount of Cherenkov light
inside the WCD which causes the devices to saturate. The saturation limit of an WCD has
been determined in preceding measurements in the early phase of the SD and is expected to
appear when the signal exceeds approximately 650 VEM, i.e., 650 times the signal of a vertical
central through-going muon [2]. This limit would be reached when the WCD is ~500m
distant to the air shower core of an EAS from an UHECR with 10?° eV. Due to the saturation,
the total signal is underestimated resulting in a different treatment of the saturated WCD in
the determination of the lateral air shower distribution.

With the AugerPrime upgrade, the properties of EASs produced by UHECRs with energies
in the flux suppression region above 5x10' eV will be investigated. To increase the dynamic
range of the WCDs to measure unsaturated signals close as 250 m from the air shower core, a
new device called small photomultiplier tube (SPMT) will be installed inside each WCD [5,
98]. Similarly to the original three LPMTs, the SPMT is mounted on the upper side of the
detector above the Tyvek liner facing downwards into the liner. Thereby, the SPMT is located
close to the center of the WCD in-between the three LPMTs.

After testing various types of devices, the head-on Hamamatsu R8619 PMT [99] has been
chosen to be deployed in each SD station. The PMT offers a significantly smaller photocathode
of 1in compared to the LPMTs and is equipped with a passive base electronics connected to
a power supply of the type A7501PB produced by CAEN [100]. Due to the small active area
and the use of a non-amplified input channel on the UUB, the SPMT extends the dynamic
range of the WCD by a factor of 30. Thus, large signals close to the shower core with values
up to ~20000 VEM can be measured without a saturation of the detector matching the
dynamic range of the new SSDs. First results of the performance of the installed SPMTs in the
AugerPrime test arrays in the Observatory, together with simulation studies, are presented
in the Ref. [98, 101, 96].

3.2.3 Underground Muon Detector

Besides the upgrade of the SD station electronics and the dynamic range enhancement of the
WCD, a new type of detector named Muon Detector (UMD) will be deployed in the SD-750
and SD-433 arrays to increase the mass sensitivity of the SD for CRs with energies around
the ankle feature of the spectrum [5]. The UMD is designed to extend the original muon
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Figure 3.11: Schematic of the positioning of the three AMIGA muon counter modules
next to an SD station. The modules define the UMD in the SD-750 array. Taken from
Ref. [103].

detectors of the of the AMIGA enhancement [76, 77] to all the SD stations in the denser grid
arrays. By the direct measurement of the pure air shower muon component, as well as the
average muon time structure, the modules of the UMD provide a determination of the lateral
muon density distribution [46]. Additionally, In combination with the WCDs and the new
AugerPrime detectors, a disentanglement of the electromagnetic and muonic component on a
event-to-event basis will be provided, enforcing the future cross calibration and multi-hybrid
detection concepts.

For the UMD, three plane scintillation modules with a total surface area of ~30 m? are
buried in a depth of 2.3 m next to each SD stations in the sub-arrays. The positioning of
the modules relative to the SD station is shown in the schematic in Fig. 3.11. Each detector
module is equipped with 64 plastic scintillator bars, each with a length of 4 m and a width and
thickness of 40 mm and 10 mm, respectively [102]. The bars are arranged in two symmetric
wings with 32 bars and are coupled with wavelength-shifting (WLS) optical fibers to an
silicon photomultiplier (5iPM) array placed in-between the scintillator wings which offers a
counting strategy of single muons reading out the signals produced in individual scintillator
bars.

Due to the soil shielding, the electromagnetic air shower component is strongly suppressed
and a lower energy threshold for the arriving muons is set to ~1 GeV. For the readout and
calibration of the UMD modules, the T1 trigger of the neighboring WCD is used as an external
trigger input [103]. The general calibration strategy, as well as recent performance results of
the UMD modules are presented in Ref. [104]. The installation of the UMD is expected to be
finalized in the upcoming two years to commence its data acquisition in coincidence with
the fully upgraded SD array. To visualize the current status of the UMD deployment at the
submission date of this Dissertation, the detector positions are depicted in Fig. 3.5 by the
green rectangles.



3.2. AUGERPRIME UPGRADE 43

3.2.4 Radio Detector

The addition of plane scintillation detectors above the WCDs and next to the stations under
a few meters of soil significantly enhances the hybrid detection of EAS events, and therefore
increases the mass sensitivity of the SD. While this statement is valid for vertical air showers,
for air showers with an inclined axis,i.e., 0 > 60°,the active area of the scintillators significantly
reduces due to their plane and thin detector geometry. This strongly effects the detection
efficiency and results in a reduction of the number of hybrid measurements.

To compensate the detection inefficiency of the AugerPrime stations for horizontal air
showers, each station will be equipped with a radio antenna for the future Radio Detector (RD)
of the Pierre Auger Observatory [105]. With the antennas of the RD, the electromagnetic
energy of inclined EAS can be measured, and in combination with the detection of the muonic
component by the WCDs, the hybrid analysis of these air showers is provided. By precisely
determining the ratio between electromagnetic and muonic particles for inclined geometries,
the hadronic interactions models, as well as the CR mass composition can be further examined.
In addition, the measurement of the coherent radio emission of air showers offers a second
method to determine the CR energy scale, besides the FD energy determination, as has been
shown for the AERA [87].

Similarly to the antenna designs of the AERA, the RD upgrade will be realized with radio
antennas sensitive in a frequency range from 30 to 80 MHz. But instead of LPDA or butterfly
antennas, the short aperiodic loaded loop antenna (SALLA) type with a diameter of 1.2m
has been chosen as standard design for the RD. This antenna type offers a robust and cost
efficient structure combined with a sufficient high, ultra-wideband sensitivity, and therefore
defines the optimal choice for the installation on a large scale. The antenna will be mounted
on the top of each SD station and the local station trigger defined by the WCD is utilized to
trigger the SALLA readout. In the schematic in Fig. 3.10, the installation radio antenna for
the future RD on top of the original WCD is displayed.

To predict the performance and detector behavior of the future RD, extensive simulation
studies have been performed [106]. Additionally, several prototype antennas have been
installed in the AugerPrime test array in the Observatory in 2019. With these test antennas,
the mechanical stability, as well as signal detection and calibration procedures are tested.
First results from the RD prototype antennas are presented in Ref. [107].

3.2.5 Surface Scintillator Detector

One of the largest projects in the AugerPrime upgrade process is the production, deployment,
and final implementation of the Surface Scintillator Detectors (SSDs) [5]. With the installation
of a plane scintillation detector on top of the WCD, a complementary measurement of the
electromagnetic and muonic air shower components can be achieved, utilizing the differ-
ent responses of the two detectors towards different types of through-going particles. By
parametrizing the measured signals from both detectors for the same vertical air shower, the
muon content of the EAS can be obtained on an event-by-event level, finally leading to an
estimation of the mass of the primary CR.

Various approaches to determine the primary mass have been developed and tested on
detector simulations, as well as on data obtained with the prototype AugerPrime components
installed in the Observatory [108, 109, 110]. With the completion of the AugerPrime upgrade
in the upcoming years, these mass determination techniques will be further optimized and
adapted to the data from the final SD configuration. In this Dissertation, we also use the
general term “scintillation detector” as synonym for the SSD.

Similarly to the modules of the UMD, each SSD provides a simple and robust design with
a plane structure and is separated in two symmetric wings. Each has an active area of ~2 m?
forming a total active detection area of ~4m? [5, 111]. In the photo in Fig. 3.12, a top view
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Figure 3.12: Top view of a completed wing of an SSD, including the 24 narrowly
arranged scintillator bars, the WLS fibers inserted in the bars and routed by the XPS
forms towards the readout device. Taken from Ref. [108].

of an SSD wing containing all the relevant components is shown. Each wing is defined by
24 plastic scintillator bars coupled to WLS fibers which path the photons produced by the
through-going charged particles to a centrally placed PMT to readout the signal. In contrast
to the UMD modules, the readout with a single device provides a determination of the total
signal deposited in all 48 scintillator bars, but no information about the individually triggered
bars is obtained.

Due to the installation on top of the numerous WCDs over the total SD array, the SSD is
designed to be cost efficient and to require a low maintenance. To avoid a damaging of the
polyethylene tank of the station, the weight of the SSD is limited to 120 kg, thus the enclosure
frame of the detector, as well as the support structure to mount the SSD are built of aluminum.
A robust aluminum frame with a length of 3.80 m and a width of 1.28 m consisting of hollow
L-shaped beams defines the basis of the rectangular enclosure. The bottom is realized with a
composite panel consisting of two layers of aluminum with a thickness of 1 mm and an XPS
layer of 22 mm in-between.

For the top of the SSD, a 1-mm-thin aluminum layer is used covering the vulnerable inner
components providing a protecting against the harsh weather conditions in the Observatory,
e.g., rain, snow, or strong winds. To reduce the mechanical stress on the aluminum frame
from expanding and compressing air volumes due the alternation of the environmental
temperature, the SSD is filled with expanded polystyrene (EPS) to limit the inner air volume to
less than 10 L. Additionally, each detector is equipped with a sun roof assembled of corrugated
aluminum plates to protect the detector from direct sunlight. A detailed description of the
SSD enclosure including the various minor modifications tested during the engineering phase
and the overall construction procedure are presented in Ref. [112].

The detection of air shower particles with the SSDs utilizes the fluorescence light created
by the through-going charged particles like electrons and muons depositing their kinetic
energy inside the scintillator, and thereby exiting and ionizing atoms in the plastic material [5].
In the de-excitation process, a cloud of photons is produced whose size is proportional to the
deposited energy. These photons can be absorbed by WLS fibers coupled to the scintillator
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Figure 3.13: Schematic of the detection process of a muon utilizing a plastic scintil-
lator bar (light blue) coupled to a WLS fiber (green). The muon (red arrow) deposits
energy in the scintillator bar producing blue scintillation photons. These photons
enter the optical fiber and are wavelength-shifted to the green region. The green
photons with an significantly increased attenuation length propagate inside the
tiber through the total reflection effect towards the signal detection device (PMT).
Taken from Ref. [113].

and further propagated through the fiber by total reflection from the point of interaction
towards the signal readout device, in the case of the SSD an PMT. One example coupling
method is depicted in the schematic in Fig. 3.13, presenting the two main active components
of the scintillation detector, the scintillator bar in light blue with an U-shaped groove on
the top, and the connected WLS optical fiber in green. After extensive studies of various
combinations of scintillator bars and optical fibers with different dimensions and brands have
been carried out in 2016 [114], the best fitting type of scintillators has been chosen for the
SSDs.

The scintillator bars are produced at the Fermi National Accelerator Laboratory (FNAL)
in the USA in an extrusion process using liquid polystyrene (Polystyrene Dow Styron 663
W) pressed through a variable machine head to create scintillator bars with the desired cross
section shape [115, 116, 117]. In contrast to the bar shown in the schematic, the scintillator
bars for the SSD provide two kidney-shaped holes inside the plastic material, extruded along
the total length of the bar, as shown by the cross section in the left photo in Fig. 3.14. With
this specific shape of scintillator, the fibers can be inserted into the holes without the use
of optical glue to couple the fibers to the scintillator as it is necessary in the case of the bar
with a groove on the top. Thereby, the assembly process is simplified and duration can be
significantly decreased.

Each scintillator bar of the SSD provides a length of 1.6m, a width of 50 mm, and a
thickness of 10 mm. The scintillation photons created by passing charged particles is in
the ultraviolet (UV) wavelength with an average attenuation length of a few centimeters.
To increase the photon propagation length in the scintillator, different dopants with WLS
properties are added to the liquid polystyrene before the extrusion. These dopants absorb
photons with a certain wavelength and emit photons with a larger wavelength, i.e., with a
lower energy, resulting in an increase of their attenuation length. In the case of the FNAL
scintillator bars, two fluorescent dyes are added, 1 % of PPO (2,5-diphenyloxazole) with an
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Figure 3.14: Left: Cross section of the SSD scintillator bar providing two kidney-
shaped holes for the insertion of the WLS fibers. In addition, the thickness of the
outer (TiO,) film can be observed. Taken from Ref. [112]. Right: Photo of the 96 fiber
ends glued into the so-called cookie.

emission peak at ~365 nm and 0.03 % of POPOP (1,4-bis (5-phenyloxazol-2-yl) benzene) with
an emission peak around 420 nm. With these dyes, the final photon wavelength is shifted
into the blue region of the visible spectrum.

Additionally, during the production process, the scintillator bars are co-extruded with
an outer film of polystyrene mixed with 15% of a titanium dioxide (TiO,) pigment. This
outer TiO, layer with a thickness of ~0.25 mm and can also be observed in the left photo
in Fig. 3.14. With the co-extruded film on the outside of the bar, the inner surface of the
scintillator appears diffusive reflective, increasing the photon density at the connection with
the WLS fiber. Furthermore, the dense layer offers protection against mechanical damage and
prevents external photons from entering the scintillator bar.

Accompanying to the scintillator bars produced at the FNAL, the type of WLS fibers
has been selected during extensive scintillator sample tests presented in Ref. [114]. For the
SSDs of the AugerPrime upgrade, the WLS optical fibers of the type Y-11 (300) MSJ with a
diameter of 1 mm produced by Kuraray in Japan are chosen [118]. This type of fiber offers a
multi-cladding structure with a polystyrene core resulting in multiple surfaces of materials
with different refractive indices [119]. With this structure, the photons entering the fiber are
trapped due to total reflection effects at the various material surfaces and the total light yield
inside the fiber is increased.

Similarly to the scintillator bars, the optical fibers contain a dopant to shift the wavelength
of the photons towards larger values. In the case of the fibers for the SSD, the fluorescent
dye K-27 in a concentration of 300 ppm is added to the polystyrene core. This dye provides
a photon absorption below 450 nm with a coupled emission above ~490 nm. The entering
photons are wavelength-shifted from the blue towards the green region of the visible spectrum.
This increases the attenuation length above values of 3.5m which are necessary when the
dimensions of the SSD are accounted. To detect photons at the central PMT from the farther
end of the scintillator bar, a minimum photon travel length of ~2.5m is needed, and due to
the fiber routing in an U-turn, even larger photon travel lengths are possible.

During the SSD assembly, in total 48 WLS optical fibers are inserted by hand into the
holes of the scintillator bars directly from the transport roles. Each fiber is cut to a length of
5.85m resulting in a total length of ~280 m of WLS fiber inside one SSD. At the edges of the
SSD, the fibers are routed in a U-turn when exiting the scintillator bars to provide two travel
paths for the photons, and thereby increasing the number of arriving photons at the detection
device. This design significantly improves the detection homogeneity along the scintillator
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Figure 3.15: Photo of an AugerPrime station in the test array in the Observatory.
Two main components of the upgrade can be observed, the SSD and the antenna
for the RD.

bars when compared to scintillator-fiber combinations which contain fibers cut at the end
of the bars [108]. To realize the bending of the fibers and connecting the narrowly packed
scintillator bars, the type of fiber with an enhanced mechanical strength against damage and
a higher flexibility is chosen. Nevertheless, a minimum bending diameter of 100 mm has to
be maintained to prevent a photon loss on the fiber surfaces. To assure the U-turn bending
with the minimum bending diameter and to protect the fiber surfaces, diffusive-reflective
XPS forms are used to guide the fibers outside the scintillator bars. Besides the routings at
the edges of the SSD, XPS forms in-between the two active wings are installed to guide the
fibers and assure an identical fiber path length from the scintillator bar to the readout device.

The insertion of the fibers is followed by a melting process of all 96 fiber ends to remove
scratches on the surfaces [111]. The fiber ends are glued with an optical cement into a trans-
parent poly(methyl methacrylate) (PMMA) cylinder, the so-called “cookie”, which provides
the connection of all fiber ends to the same readout device. A cookie with the 96 glued fiber
ends is displayed in the right photo in Fig. 3.14. The arriving photons are measured with a
1.5in head-on PMT Hamamatsu R9420 with a photocathode sensitive in the blue and green
region of the visible spectrum [120]. The PMT is equipped with an active base produced by
Iseg which provides the necessary voltage on the base electronics [121]. The PMTs and their
accompanying base electronics have been tested and characterized in advanced laboratory
measurements described in Ref. [122]. Finally, after the assembly of the active components,
the SSD is sealed and tested before the transport to the Pierre Auger Observatory is initialized.
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At the Observatory workshop in Malargiie, the sun roof and further protection components
are added, before the SSDs are deployed on top of the WCDs, as shown in the schematic in
Fig. 3.10.

In the current configuration of the SD trigger system, the SSD PMT is not included in the
local station trigger condition, but the data is read out when a T1 trigger request is required
from the CDAS. In the future, a self-trigger mode of the SSDs will be implemented in the SD
station software to provide a fully independent measurement of the EAS particles by the two
main sub-detectors. Analogously, to the calibration of the WCD, a calibration procedure is
implemented utilizing a unified reference unit to convert the raw ADC values obtained with
the FADC. In the case of the SSD PMT signals, the unit is defined by vertical through-going
particles with the energy of a minimum ionizing particle (MIP), and therefore the relative
unit is named “MIP”, further described in Chapter 6. The aimed dynamic range of the SSD
is approximately 20 000 MIP which matches the increase of the dynamic range of the WCD
by the installation of the SPMT [5].

In 2016, the first 14 prototype SSDs have been assembled and installed in the AugerPrime
test array to analyze their performance under the rough environmental conditions in the
Observatory. In the photo in Fig. 3.15, a station equipped with the prototype AugerPrime
components can be seen. First results of the data acquisition with these scintillation detectors
have been presented in the Ref. [123, 101]. Before the transport to the Observatory, additional
quality and validation tests under laboratory conditions of the first generation of SSDs have
been performed [124, 112]. Approximately one year later, the main production phase of the
SSDs with a slightly optimized enclosure design has been commenced at various production
sites in the Auger Collaboration, presented in Ref. [125]. Therein, the general description of
the assembly procedure and of the validation measurement principles is given. Furthermore,
in Section 4.2 the extensive validation measurements of the main production SSDs at the
Institute for Astroparticle Physics at the Karlsruhe Institute of Technology (KIT) are presented.
Until 2020, more than 1500 SSDs have been assembled to be deployed in SD array on top
of each WCD except the most outer ring of stations. The status of the deployment of the
AugerPrime components at the submission date of this Dissertation is presented in Section 5.5.



Chapter

4

Laboratory Measurements of
Scintillation Detectors

Since the first Surface Scintillator Detectors (55Ds) have been assembled in the beginning of the
AugerPrime engineering phase in 2016, the in-depth studies of their performance have been
a major criterion for the validation of the detector characteristics and quality. The knowledge
about the behavior and capabilities of the future Surface Detector (SD) sub-detectors in the
Observatory is of high importance for a successful outcome of the Upgrade. With the launch
of the main production and assembly process at the end of 2017, the test measurements have
been established as the standard procedure for the necessary quality assurance stage and
have been continuously performed over the total production period of more than two and a
half years.

While the main production of the SSDs was carried out at various production sites in
the Auger Collaboration using slightly varying methods to access the detector performance,
in this Dissertation, we present the results of the SSD performance tests at the Institute for
Astroparticle Physics at the Karlsruhe Institute of Technology (KIT). From 2017 until 2020, 661
of the more than 1500 SSDs have been assembled and subsequently probed to detect potential
malfunctioning components before their shipment to Argentina has been initiated. For all
detectors, the measurement of the SSD performance has been performed using the “muon
tower” set-up. This device is capable to detect and reconstruct tracks of single through-going
charged particles from extensive air showers (EASs), mostly muons, which then can be used
to determine the signal uniformity and detection efficiency of any thin planar probe detector.

In the first part of this Chapter, we introduce the SSD test set-up, including the general
design of the muon tower, as well as the configuration of the test detector data readout. In
addition, a data-driven method is presented that provides the possibility to obtain the height
position of the probe detector inside the muon tower. The precise knowledge of the actual
height position is crucial in the proper determination of the detection efficiency and spatial
homogeneity of the probe detector. Subsequently, we describe the results of the extensive
validation measurements of the SSDs obtained during the main production phase. In these
laboratory tests, we have determined the light yield of each individual detector which defines
their overall performance. Furthermore, the measurement data of the signal uniformity and
the spatial homogeneity of each of the SSDs is available. For the analysis of the quality of the
aluminum enclosure, a light tightness check has been performed utilizing the intrinsic dark
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Figure 4.1: Photo of the muon tower during the SSD validation tests. The set-up
shows the three planes of LST chambers. An SSD is inserted between the center and
the bottom plane on top of the movable support structure.

pulse rate of the installed detection device.

Finally, in the third part of this Chapter, comparisons between the laboratory measure-
ments of the SSD and detector simulations obtained with the Offline analysis software
framework are carried out. These comparisons focus on the light output of the detectors, as
well as on the general shape of the pulses from passing particles.

4.1 The Muon Tower

For the measurement of the performance of the SSDs of the AugerPrime upgrade, a test
set-up with the name “muon tower” has been used. The muon tower consists of one module
of the large area muon tracking detector (MTD), originally used at the Karlsruhe Shower
Core and Array Detector (KASCADE) experiment and its successor the KASCADE-Grande
experiment [126, 35, 36]. The MTD was designed as an underground position-resolving
detector to measure and identify charged particles regarding their incoming direction by
reconstructing their trajectories when passing through the detector. The 16 modules of the
MTD were placed in the north of the KASCADE central detector inside a ~50 m long tunnel
under the scintillator station array. The detection of single charged particles was realized
with three horizontal planes of LSTs chambers placed at constant heights that determine the
line of propagation by measuring the intersection points of particles with all three planes.
In addition, each module was equipped with a fourth LST plane installed vertically on the
side of the module to enhance the geometrical detection efficiency and measure particles
with very inclined trajectories. With a total detection area of ~128 m?, the total detection
acceptance of the MTD has been limited by the geometry of the individual modules and
resulted in approximately 500 m? sr. The tunnel was designed to provide a shielding depth
of 18 radiation length to suppress a measurement of electromagnetic particles and set the
detection energy threshold of the remaining atmospheric muons to ~0.8 GeV.
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After the disassembly of the KASCADE detectors, several modules of the MTD have been
conserved of which one was recovered and installed inside the production hall of the Institute
in proximity to the SSD production. With this module containing the three horizontal planes,
but not the single vertical plane, a test stand to analyze the newly assembled SSDs has been set
up, the so-called “muon tower” which is shown in the photo in Fig. 4.1. In the following, the
technical design and data acquisition system of the muon tower is presented. Additionally,
the signal readout set-up of the probe SSDs is described, especially focusing on the devices
and configurations for the test measurements of the main production detectors. During the
performance measurements, the position of the SSD inside the muon tower is necessary to
estimate the proper intersection densities and provide sharp images of the respective quantity
diagrams. For this reason, a technique is presented to determine the relative height position
of the probe detector utilizing the sharpness information of the obtained data.

4.1.1 Technical design and data acquisition

The muon tower as module of the MTD was designed to measure single charged particles
from EASs passing through the detector and reconstruct their trajectories. This information
was then used to constrain the determination of the arrival direction of the primary cosmic
ray (CR) particles. In general, charged particles can be detected through their interaction with
matter [8]. This process depends on different characteristics of the examined particles, e.g.,
their energy and charge, as well as on the properties of the target material. For GeV muons
which are produced in EASs, the energy deposit inside the detector through the ionization
of the surrounding matter is the leading process. For this reason, thin detectors filled with an
ionizable gas can be used to measure the discharge locations of individual charged particles,
and thereby determining the intersection positions.

In the adapted set-up, the penetrating single charged particles are used to analyze the
performance of thin and plane particle detectors which can be measured and imaged utilizing
the geometrical information of the muon tower. The only condition on the probe detector is
the requirement to be sensitive to the same particles that can be reconstructed with the muon
tower. With the coincidence trigger of the three planes of the muon tower, the intersection
position of the particle track with the probe detector plane can be assigned to a signal in
the probe detector which is not providing a spatial resolution by itself. With the knowledge
of the exact position of the probe detector inside the muon tower, in particular the height
difference relative to the center plane, various detector characteristics can be determined in
two dimensions, e.g., the spacial signal uniformity or the general detection efficiency.

The muon tower is approximately 4.3 m long, 2.1 m wide and has a total height of 2.3 m.
The three LST planes displayed in the schematic by the white horizontal rectangles in Fig. 4.2
are installed at an equal distance of 0.82 m between each other. The active area of each plane
is restricted to approximately 4.0m X 2.0 m.

Each plane of the muon tower consists of 12 LST chambers with a length of 4.0 m [126].
These LST chambers are constructed of two high resistivity polyvinyl chloride (PVC) comb
structured profiles providing in total 16 cells with a dimension of 9mm X 9 mm and serving
as the cathode of the tube. In addition, each cell contains a copper-beryllium wire of 0.1 mm
diameter which defines the anode of the cell. This results in 16 wires inside one LST, and in
total 192 wires per plane.

To supply the LST chambers with an ionization medium, the muon tower was originally
continuously flushed with argon as ionization gas together with isobutane serving as quench-
ing gas. This quenching gas had the purpose to restrict the propagation of the discharges,
and thereby limiting them to a defined location. To simplify the operation of the muon tower
during the SSD test measurements, the gas system is filled with pure carbon dioxide as
ionization gas and no quenching gas is added. The ionization of the gas inside the LSTs
require a large electric potential to measure the discharges and prevent the recombination
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Figure 4.2: Schematic of the set-up for the SSD validation tests. The three active LST
planes are displayed by the white rectangles, the inserted probe detector is shown
by the gray rectangle. The red line displays a through-going charged particle which
intersects all four planes. The center plane of the muon tower defines the zero point
for the z coordinate, the relative distance between the center plane and the SSD is
given by the height h.
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of the ions and electrons. This is realized with a supply voltage of 5000 V which is applied
to the anode wires. Through-going charged particles ionize the gas and produce transient
clouds of discharge streamers, i.e., electron avalanches, which are accelerated towards the
anode wires where they create currents of the order of 100mV.

On top of the LSTs, a thin polyester foil is mounted which contains 192 evaporated
aluminum strips that are able to measure induced currents produced by the electric fields
of the moving positive ions inside the LSTs. These pick-up strips are oriented perpendicular
to the tubes and have a length of 2.0m each. In addition, a second layer with the identical
amount of pick-up strips, but now diagonally orientated by 30° to the wires, is installed below
the plane of LST chambers.

With the signals of the anode wires, the x-coordinate of the particle-plane intersection
points are defined. Thereby, each wire covers a width of 1 cm. Analogously, the pick-up strips
provide information about the y-coordinate of the intersection points with a coverage of 2cm
by the perpendicular strips and 4 cm by the diagonal strips. When combining the signals
obtained by the three different detection components, the particle intersection point can be
precisely determined by triangulation resulting in a spatial resolution of ~1 cm. In general,
the here described method requires the assumption that each LST plane is represented by a
infinitesimal thin interaction plane.

For the case that the three intersection points of the LST planes match the coincidence
trigger condition, the best fitting trajectory for each single particle can be reconstructed offline
with a 3-point resolution of less than 1 cm. This is highlighted by the red line in the schematic
in Fig. 4.2. If the reconstructed trajectory line differs from the measured intersection points by
a larger distance than 3 cm, the single particle event is rejected. In the reconstruction process,
the signals of single muons can be selected by their sharp and narrow pulses, contrarily to
the wide signals of particle showers containing multiple particles. Similarly to the rejection
of the trajectories with large uncertainties, every event with two or more intersection points
on one plane are not reconstructed due to the lack of a well defined particle trace.
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Each LST plane contains 15 front-end electronics boards in a daisy chain to read out the
respective signals [127]. Six of these boards are dedicated for the anode wires, and an equal
number is connected to the perpendicular strips. The diagonal pick-up strips are read out
in pairs, hence only three boards are necessary for the readout. With the potentiometers on
the front-end electronics boards, a digitization threshold is set at which the analog currents
are converted into digital signals. The electronics boards of the wires additionally provide
a digital OR condition on each individual wire which is used as the trigger condition for
the respective plane. When the condition is fulfilled, the signals in the registers of all 15
electronics boards of each LST plane are transmitted in a serial chain utilizing a bitwise
shifting process.

After the search for a coincidence signal between all three planes, the signals of all front-
end electronics boards are sent to the streamer tube acquisition system (STAS) controller
board which serves as interface to the subsequent trajectory reconstruction software on
the operating computer. A more detailed description of the readout electronics chain, as
well as performance tests and optimizations to the trigger logic are presented in Ref. [112].
During the period of the SSD production and validation measurements, several components
of the electronics chain for the signal readout have been exchanged. The STAS controller and
accompanying logic boards were replaced by a Raspberry Pi [128] system which optimizes
and parallelizes parts of the muon tower plane readout.

With the muon tower set-up, the performance of any particle detection device can be
analyzed when certain requirements are fulfilled. For instance the maximum size of the probe
detector is limited to the dimensions of the muon tower, i.e., the probe detector can not exceed
a length of 4.0m and a width of 2.0 m. Despite the fact that the height of the probe detector
can be up to 0.6 m, for the particle interaction area, the same requirements of a thin and plane
approximation have to be fulfilled. This is the case for the SSDs of the AugerPrime upgrade
for the Pierre Auger Observatory due to the use of plastic scintillator bars with a thickness of
1 cm. Besides the main purpose to measure the SSD performance, the muon tower is used to
analyze similar types of detectors, for example the new scintillation detectors for the surface
detector of the IceCube-Gen2 experiment [129, 130] or the Aachen Muon Detector [131]

The position of the probe detector inside the muon tower is represented by the gray
rectangle in Fig. 4.2. For the proper determination of the detector quantities which are
sensitive to the actual intersection position, the probe detector has to be placed at a constant
height, i.e., at a constant z-coordinate. This is guaranteed by support structure providing
a movable top for a simple inserting and removing process, as can be seen in the photo in
Fig. 4.1.

4.1.2 Probe detector data readout

For the readout of the probe detector signals, the coincidence trigger of the muon tower is
used as an external trigger condition applied to the sampling device of the readout electronics
chain. Depending on the type of the inserted prove detector, the electronics settings slightly
differ. The procedure and settings that we present in this Dissertation describe the data
acquisition and handling process for the validation measurements of the newly assembled
SSDs starting at the end of 2017. In these performance tests, the SSD is equipped with an
photomultiplier tube (PMT) to detect the photons produced in the scintillator bars. The
PMT is equipped with a passive base electronics, and therefore an external power supply is
connected. In contrast to the measurement conditions of the SSDs in the Observatory, the
PMT is operated at a significantly higher voltage value, at the maximum supported value
specified by the producer. This settings are necessary to avoid the use of pre-amplifiers,
but still be able to distinguish the small pulses produced by single photoelectrons (SPEs)
at the same time than the larger pulses of ionizing particles passing the scintillator. As an
undesirable result, noise pulses and background signals are also amplified.
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To enable comparisons of the detector performance, the measurements of all 661 SSDs
was originally planned to be carried out with the identical PMT of the type Hamamatsu
R9420 [120] which is the chosen model for the use in the SSDs in the Observatory. In the
beginning of the validation tests, the PMT Hamamatsu R9420 with the serial number #DE2779,
in this Chapter named “PMT 1” was used, operated at a voltage of (1500+2) V and a current
of ~51 pA. Due to the continuous operation at the maximum supply voltage, intrinsic noise
effects of the amplification system of the PMT became visible. Additionally, the material
aging of the device was significantly enhanced, finally resulting in the malfunction of the
PMT after approximately six months of SSD tests. The PMT was exchanged by a device of the
same type with the serial number #DE2758, in the following called “PMT 2” . Analogously,
the second PMT was operated at a voltage of (1500+2) V and a current of ~52 pA. This device
was used during the validation tests until the beginning of 2019. After experiencing increased
internal noise, the detection device was substituted once again. This time, a different PMT
model was chosen which provides a similar size and shape than the regular SSD PMT, but
can be operated at a lower voltage while still retaining the high sensitivity towards small
signal pulses. The “PMT 3” was of the type Hamamatsu R11102 [132] with the serial number
#A79233 and was operated at (980+2) V and ~247 pA. This PMT was then used until the end
of the SSD production at the end of 2020.

For all three PMTs, the analog signal output of the base electronics was connected to one
of the input channels of a mixed-signal PicoScope 6403A [133] which digitized and buffered
the signal traces. The PicoScope offers a vertical 8-bit resolution and an analog bandwidth of
350 MHz. The voltage range of the input channels is limited to =50 to 50 mV and a maximum
sampling rate of 5 Giga samples per second is provided. During all standard measurements
of the validation tests of the SSDs production, we chose the sampling interval, i.e., the size of
a time bin, of 1.6 ns.

When a trigger signal of the muon tower arrives at the PicoScope, a PMT time trace of
a total length of 4 ps is stored. Thereby, the time window is chosen relative to the external
trigger which defines the reference time stamp ¢ = 0. Due to the delay of the electronics
readout chain, the PMT pulse of the single particle which triggered all three planes of the
muon tower is expected before the external trigger reaches the PicoScope. For this reason, the
stored PMT trace contains the signals 3.2 us before t = 0 and 0.8 s after the zero timestamp.

After storing the time traces on the operating computer, an offline baseline and pulse
finding algorithm is applied to each PMT trace. This algorithm is designed to search for one
or more pulses in the traces independently of the origin of the pulses. For the determination
of the baseline of each trace, the most probable value of the time bin entries is determined.
Thereby, the amplitude values range from —127 to 126 ADC due to the 8-bit resolution of the
PicoScope. The distribution of time bin entries is then truncated by rejecting all bins with

entries that are at least 4 ADC above or below the most probable value. Finally, the mean b
and the standard deviation o, of the remaining distribution is calculated defining the trace
baseline.

The signal pulses are determined utilizing a pulse trigger threshold of 40y, If the trigger
condition is fulfilled, the pulse is then defined by the time bins before and after the trigger bin
which surpass a entry threshold of 1.50;. To even further extend the pulse definition, seven
bins before and seven bins after the firstand the lastbin surpassing 1.50,, are added to the pulse.
For each pulse, various quantities are then determined, e.g., the pulse height defined by the
bin with the largest amplitude, or the charge of the pulse which represents the area received
after the integration of the pulse bins. Furthermore, several of these quantities are used to
apply an additional filter to the ensemble of pulses due to the effects of the intrinsic noise
of the first two PMTs. Especially for the determination of the average SPE pulse properties,
the filter significantly reduce the contamination with electronics noise pulses. The filtering
is realized by selecting only pulses which provide a Shannon’s information entropy value
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Figure 4.3: Distribution of pulses of the measurement of the detector SSD-02-KA-
0341 depending on the relative appearance time and the logarithmic pulse charge.
The reference time stamp t = 0 is defined by the trigger timing signal of the muon
tower. The rectangle formed by the dashed lines close to the time stamp t = 0
represents the selection window of the MIP pulses. The vertical dashed line at
—700ns indicates the closest possible timing to the MIP window in the selection of
random pulses.

inside a well defined range, as well as requiring a minimum pulse height and a minimum
ratio of the integrated area of the pulse to the pulse height.

In general, the detected pulses can be separated into different types. This can be expressed
with the two-dimensional distributions of the appearing timestamp of the pulse relative to
t = 0 and the charge value of the pulse. The resulting pulses of the measurement of the
detector SSD-02-KA-0341 is shown in the diagram in Fig. 4.3. Therein, the logarithmic charge
distribution of the observed pulses in dependence of the relative appearance time is presented.
For the analysis of the probe detector performance, two main types of detected pulses are
relevant which can be selected from certain areas of the two-dimensional distributions. The
pulses with the highest importance are the signals created by the single ionizing particles that
triggered the muon tower, and therefore offer a reconstructed trajectory. Due to the energy
dependent distribution of the arriving charged particles particles, the highest density can
be observed for the average energy of a MIP. The pulses are expected to be large, i.e., show
a large charge value, and appear very close the trigger timestamp ¢ = 0. For this reason, a
selection time window of —600 ns to —80 ns is chosen. In addition, only pulses above the charge
threshold of 10 Me are included into this pulse category. The selection area is highlighted
in the diagram in Fig. 4.3 by the dashed lines forming a rectangle. Due to the change to a
different PMT type for the last period of validation measurements, the selection criteria have
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Figure 4.4: Left: Distribution N of intersection points of all reconstructed particle
trajectories evaluated at the height position at which the probe detector would be
placed. Center: Distribution M of a subset of intersection points which offer an
additional MIP pulse signal in the detector SSD-02-KA-0341. Right: Ratio of the
center and left distributions ¢; = M;/N; defines a measure for the spatial detection
efficiency of the SSDs.

been adjusted to a appearance time window of —700ns to —200ns and a minimum charge
threshold of 25 Me. In the following, the pulses are used to measure the light yield of probe
detector and are often referred to as “MIP pulses”, corresponding to their origin. The average
pulse length of the MIP pulses usually ranges from 10 to 30ns.

Besides the MIP pulse selection, we define a second main pulse category which is solely
selected by their appearance time information. These random pulses are not correlated with
single particle trajectories, but mostly contain the SPE pulses which describe the intrinsic
detection properties of the PMT. With the random pulses, the dark currents and baseline
fluctuations can be analyzed which offer the opportunity to search for noise sources and
potential issues of the light tightness of the detector enclosure. In the case of the first two
PMTs of the validation measurements, the random pulses contain all pulses which appear
in-between the timestamps —3200ns and —700ns, i.e., with a sufficient time distance to the
MIP pulses, as shown by the vertical dashed line in the diagram in Fig. 4.3. This time window
was then slightly decreased for the third PMT to —3200 to —800 ns. Contrarily to MIP pulses,
the “SPE pulses” do not provide a counterpart event from the muon tower. Therefore, a clear
separation in the MIP pulse an SPE pulse selection is necessary.

Finally, additional populations of pulses are visible in the timing and charge distributions
in Fig. 4.3 which are not included in one of the two main pulse categories. These are majorly
accompanying air shower particles with lower energies or effects of oscillations and reflections
in the long readout cables and are not further analyzed in this Dissertation.

With the definition of the MIP pulses which provide a corresponding particle trajectory
and the knowledge of the precise height position of the probe detector inside the muon tower,
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the fraction of single particle events that also produce a defined pulse in the SSDs can be
determined. This fraction represents the overall detection efficiency of the SSDs and provides
a first check of malfunctioning parts, e.g., broken fibers. The fraction is calculated from two
two-dimensional distributions of particle intersection points. The first distribution are the
intersection points of all reconstructed particle trajectories which have been reconstructed
with the muon tower. Thereby, the two-dimensional distribution N is evaluated at the height
position at which the probe detector would be placed and is the result of the convolution of
muon tower geometry and the natural zenith angle distribution of the incoming particles.
This is shown in the left diagram in Fig. 4.4 for the measurement of the detector SSD-02-KA-
0341. The darker the color of the bin, the higher is the density of intersection positions. The
second distribution contains a subset of the same trajectories which fulfill also the additional
condition that a matching MIP pulse in the SSD was measured. The intersection position
distribution M at the height of the SSD is displayed in the center diagram in Fig. 4.4. Therein,
even the matching signals produced by the fiber bundle outside the scintillator bars, as well
as by the cookie can be seen. Finally, the ratio of these distributions describes the spatial
detection efficiency ¢ of the SSD. For each bin i the efficiency is calculated by

& = Mi/Ni. (4.1)

The resulting detection efficiency at the height of the SSD is shown in the right diagram in
Fig. 4.4. Therein, we can observe that basically all through-going single particles produce a
sufficiently large pulse in the SSD indicating a proper functioning of all active components
of the scintillation detector.

4.1.3 Position determination of probe detector

For the determination of the proper intersection distributions, the precise position of the
probe detector inside the muon tower has to be known, especially the height position relative
to the three LST planes. This information was originally obtained manually with tools like
a measuring tape. Thereby, the actual height position of the scintillator bar plane has to be
calculated with the cross section of the SSD. To optimize the determination of the height
position, we developed a data-driven method which utilizes the “sharpness” of the images
of the intersection point distributions to derive the real height. Thereby, only data obtained
during the SSD validation measurements is used, more precisely the detection efficiency
¢. The development of the height determination method was carried out using the data of
the scintillation detector SSD-02-KA-0251 which offers a long measurement period, from 25
September to 8 October 2018.

To visualize the height dependence of the reconstruction of the efficiency, in Fig. 4.5 the effi-
ciency distributions determined for three assumed height positions & = 0.4m, —0.4m, —0.7 m
are shown. In the schematics on the left, the position of the SSD relative to the LST planes is
displayed. On the right, the corresponding efficiency distributions determined at the assumed
heights are shown. When comparing the efficiency distributions for the three heights, a clear
difference in the image sharpness is visible. While for the lower two heights, # = —0.7 m and
h = —0.4m, both active areas of the SSD are still distinguishable, but appear slightly blurry at
the edges, the efficiency distribution for 0.4 m , i.e., above the center LST plane, barely depicts
the shape of the SSD. This indicates that the true height position of the SSD is closer to the
lower assumed heights than to the upper height, actually lying in-between the two lower
heights. If the efficiency distribution at the true height position is determined, we assume a
maximum in the sharpness of the image.

The image sharpness can be quantified by using the Shannon’s information entropy S
which is defined as

S=-> pilnp; 42)
i
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Figure 4.5: Left: Schematic of the assumed height of the inserted SSD, at three selected
height values: 0.4 m (top), —0.4 m (center),and —0.7 m (bottom). Right: Corresponding
distributions of the efficiency function with varying image sharpness. The data was
acquired with the detector SSD-02-KA-0251.
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with p; representing probabilities. Here, the probabilities p; are defined by the efficiency bin
entries normalized by the sum of the efficiency bin entries

pi 251

The entropy does not provide a high sensitivity on very small structures, but offers the
possibility to distinguish the sharpness differences for varying height positions. With this
entropy definition, the sharpest image is expected to be obtained when the minimum of the
entropy function is reached. Under this assumption, the true height position of the SSD can
be determined by scanning the height /1 over a range of possible values between the heights
of the upper and lower LST plane.

For the analysis of the height dependence, we define a set of 1000 equally distributed
heights in the range of —0.82m < / < 0.82m and calculate the entropy for each / value. The
resulting entropy function is displayed in the left diagram in Fig. 4.6. Therein, the decrease
of the entropy;, i.e., the increase of the image sharpness, is visible when the assumed height
values converges to the true height position, ultimately resulting in an entropy minimum. To

(4.3)
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Figure 4.6: Left: Entropy values for 1000 equally distributed heights / in the range of
—0.82m < h < 0.82m. The entropy depicts a minimum at the true height position of
the SSD. Right: Zoom onto the entropy values in the proximity of the minimum. The
entropy is determined for two bin sizes of the distribution, 10 mm X 10 mm (blue)
and 5mm X 5 mm (red).

enhance the precision of the analysis, the height dependent determination of the entropy was
repeated by selecting a shorter range of height values centered around the entropy minimum
and applying small height steps. In addition, we analyze the potential effects of the granularity
by performing the scanning for two different two-dimensional bin sizes, the default size of
10mm X 10 mm and for a bin size of 5mm X 5mm. The results of the height scans around
the entropy minimum are shown in the right diagram in Fig. 4.6, containing the curve of the
scan with the default bin size in blue, and the determination of the entropy with the reduced
bin size in red. In the diagram, we can observe that no binning effect is prominent and both
curves return an entropy minimum for a height position of imin = —0.507 m. This position
is highlighted by the black arrow named “entropy”. To further compare the height position
determined by the data-driven approach with the measuring tape method, the manually
obtained height value is added by the orange arrow named “measurement”, pointing at
hmeas = —0.523 m. The difference of the two height estimates of 16 mm can be attributed to
various sources of uncertainties, for example the accuracy of the manual measuring tools,
the tolerances in the structure of the muon tower, as well as systematic uncertainties in the
calculation of the entropy on the efficiency distributions. Overall, we can conclude that the
information entropy can be used as a measure of the sharpness of a two-dimensional image
and a valid estimate of the intersection plane position can be derived.

4.2 Validation measurements

With the start of the main production of the SSDs at the end 2017, the regular test measurements
of each scintillation detector became essential for the assurance of a constant high level of
quality. Already in 2016, the first 14 prototype SSDs for the AugerPrime engineering phase
were assembled at the Institute for Astroparticle Physics at the KIT. Before these detectors
were shipped to Argentina, the first SSD performance tests inside the muon tower were carried
out. A summary of the results of these test measurements is internally presented in Ref. [124].
In the transition from the engineering to the main production phase, minor changes in the
final detector design were applied, and a small number of adaptations and optimizations of
the test measurement procedure have been implemented. One example of the changes is the
use of a silicone pad. At the time of the engineering phase, an additional transparent silicone
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Figure 4.7: Construction area for the assembly of the 661 SSDs at the Institute for
Astroparticle Physics at the KIT. The two assembly tables can be tilted up to ~80° to
avoid a bending of the fibers during the gluing process. The surrounding curtains
provide a protection of the sensitive scintillator bars and fibers against UV radiation.
Taken from Ref. [125].

rubber pad with a thickness of 2 mm was foreseen as the optical coupling between the ends
of the wavelength-shifting (WLS) fibers glued in the cookie and the entrance window of the
PMT to enhance the photon transmission. After several measurements with and without a
silicone pad, the use of the pad was rejected due to the fact that the light yield enhancement
by the silicone pad was only marginal. With this decision the general detector design and
measurement process including regularly entering and removing the PMT into the SSDs was
simplified.

The SSD main production at the KIT lasted approximately three years, starting in Novem-
ber 2017, and was completed in August 2020. In total, 661 SSDs have been assembled and
tested following a uniform production and measurement procedure. The production was
carried out with a maximum assembly rate of six SSDs per week. This rate was limited by
the availability of two assembly tables for a parallel filling of the detectors and the minimum
curing time of the optical cement of 24 h which prohibited a movement of the detector. A
photo of the assembly set-up for the active detector components including the tiltable tables
can be seen in Fig. 4.7. A summary of the SSD main production process in the Pierre Auger
Collaboration, as well as a description of the detector assembly and test procedure is given
in Ref. [125].

The daily laboratory measurements of the SSDs inside the muon tower were the last step
in the detector production process and were performed immediately after the closing of the
detector, before the preparation for the shipment to Argentina were initialized. By obtaining
various quantities, the general performance of the SSDs can be tested and major criteria for
the validation of the detector characteristics can be defined. In these test measurements, the
SSDs were checked if they fulfill the minimum requirements formulated in Ref. [5], and at
the same time if a high production quality over the long time period can be assured. Thereby,
the durations of the measurements vary from SSD to SSD. While the majority of the detectors



4.2. VALIDATION MEASUREMENTS 61

counts

10*

10°

102

10

-1 05 0 0.5 1 1.5 2 2.5 3
Ig(g/Me)

Figure 4.8: Histograms of the pulse charges of different pulse categories for the
measurement of the detector SSD-02-KA-0341. The green curve displays the charges
of all detected pulses, the black histogram contains all pulses of the SPE pulse
category, and the blue histogram shows the charges of the MIP pulses. The red
distribution contains the charges of the vertically equivalent MIP pulses which have
been corrected by the zenith angle of the trajectory.

were measured for several hours inside the muon tower, a few SSDs have been studied in
measurements that prolonged more than 14 days. In total, nearly 20 thousand measurement
hours of SSDs with the muon tower have been acquired. Additionally, between the SSD
measurements, the detector placed inside the muon tower had to be exchanged, requiring
an average exchange time of 30 min for each SSD. In general, a test measurement of a few
hours inside the muon tower is sufficient to determine the performance quantities with an
acceptable precision.

Due to the high resolution of the muon tower set-up, we have the possibility to detect
potential malfunctioning parts, e.g., broken fibers or damaged scintillator bars within, which
would negatively influence the detection efficiency and light output. In the following, the
results of the SSD validation measurements are presented, focusing on the light yield of each
of the SSDs, their spatial homogeneity and signal uniformity, as well as the analysis of the
light tightness of the detector enclosure. The results of the measurements carried out at the
KIT are stored together with the test measurements of all other production sites in a joint
database [134].

4.2.1 Lightyield and production uniformity

In the muon tower measurements, all signal pulses detected with the SSDs in the time window
around the coincidence trigger time stamp are stored. From these time traces, several quantities
are derived of which the pulse charge represents one of the most important observables to
describe the detector performance. Thereby, the pulse charges are obtained by integrating the
time bin entries after the subtraction of the baseline. With the separation of the pulses into
different categories, we can then determine the respective charge distributions. The diagram
in Fig. 4.8 displays the various distributions of charges from the validation measurement of
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Figure 4.9: Light yield values of all SSDs depending on the date of the measurement.
Three populations obtained with the three different PMTs are visible: the SSDs
measured with the PMT 1 in black, the data obtained with the PMT 2 in red, and
the results of the measurements with the PMT 3 in blue. Additionally, the results of
the SSDs assembled by the other production sites of the Pierre Auger Collaboration

are included.

the detector SSD-02-KA-0341. Therein, the green histogram contains the charge values of all
detected pulses in the data set, and the charge distribution of the selected SPE pulses is shown
by the black histogram. The blue and red histograms represent the charge distributions of
the MIP pulses and the vertically equivalent MIP pulses, respectively. Thereby, the vertical
MIP pulse charges are calculated from the omnidirectional MIP pulses by multiplying the

factor cos 0.

For the determination of the average SPE pulse charge Qspg, as well as the average MIP
pulse charge Qwip, both distributions are separately fit with a Gaussian function at the
position of their respective maximum. With the average charges, the light yield Y of each
SSD, i.e., the average light output in number of produced photoelectrons for through-going
single particles, can be determined by calculating the ratio of the average MIP pulse charge

and the average SPE pulse charge
_ Owmrp (4.4)

Y = .
Qspg

This light yield then serves as unified quantity to generally describe the detection quality of
the SSDs.

After the measurement of the 661 SSDs, the light yield of all detectors depending on the
measurement date are shown in the diagram in Fig. 4.9. Therein, the SSDs are color coded by
the PMT which was used in the measurements. As introduced in Section 4.1.2, three PMTs
were in use of which the PMT 1 and PMT 2 were of the standard device type foreseen to
be used in all the SSDs in the Observatory, while the PMT 3 was of a different model. The
SSDs measured with the PMT 1 are presented by the black markers, the SSDs tested with
the PMT 2 are shown by the red markers, and the blue markers depict the SSDs measured
with the PMT 3. In the diagram, the average light yield of each individual SSD over the total

production and test period can be seen. When analyzing the measurements of different SSDs
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Figure 4.10: Two-dimensional average charge distributions from the measurement
the detector SSD-02-KA-0341. Left: Averages of the linear charges. Right: Average of
the logarithmic charges.

with the same PMT, we can observe that no SSD was found which strongly diverges from the
average light yield. The variances of the light yields are rather small, i.e., for the majority of
detectors below 10 %, but constant shifts between the average values of the three PMTs can
be seen. These might be the consequence of the intrinsic properties of the detection devices.
Despite the signals of the SSDs are normalized with the behavior of the PMT amplification
stage by dividing the pulse sizes of SPEs, additional PMT characteristics, e.g., the photon
detection efficiency, are able to produce offsets in the signal responses when the light yield
of different PMTs are compared. Nevertheless, independently of the effects that create the
variances between the different detection devices, all measured SSDs surpass the minimum
light yield requirements formulated in Ref. [5].

For a comparison of the scintillation detectors assembled by the other production sites,
several SSDs of each site were transported to the KIT and measured inside the muon tower
with the respective PMT at that time. The light yield results of these detectors then have
been added in Fig. 4.9 shown by the colored crosses. When comparing to the average light
yields of the SSDs produced at the KIT, all external SSDs provide values inside the range of
the regular fluctuations between individual SSDs. This implies that the detectors of all the
production sites fulfill the necessary quality standards and minimum requirements which
are crucial for a successful outcome of the AugerPrime upgrade.
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Figure 4.11: Projections of the MIP pulse charges onto the x-coordinate separated for
the two active modules of the SSD. The color scale indicates the particle intersection
density. Left: Projection of the SSD wing spanning 0m < y < 1.9 m. Right: Projection
of the SSD wing spanning 2.1m < y < 4m.

4.2.2 Spatial homogeneity and signal uniformity

Besides the light yield, the spatial homogeneity and general signal uniformity over the surface
area of the newly assembled SSDs is of high importance for the later performance as a sub-
detector of the SD of the Pierre Auger Observatory. For this reason, we analyzed the average
MIP pulse charges measured with the PMTs inside the SSDs in dependence of the intersection
position from the reconstruction of the through-going particle trajectories. Thereby, the high
resolution of the trajectory reconstruction of the muon tower offers an analysis of the pulse
charges with a resolution of 1 cm X 1 cm. In the two diagrams in Fig. 4.10, the two-dimensional
distributions of the average charge values from the measurement of the detector SSD-02-KA-
0341 are presented. In both diagrams, the color scale describes the average pulse charge in
each spatial bin, i.e., the darker the color of a charge bin, the higher is the average signal at
this position. While in the diagram on the left, the average pulse charge are displayed in a
linear scale, the diagram on the right contains the identical set of pulses, but the average of
the logarithmic charges is highlighted by the color.

In both diagrams, we can observe that variances in the average pulse charges appear
along the x-coordinate which seem to match the positions of individual scintillator bars.
Especially in the right diagram, the average charge values resolve single scintillator bars due
to the enhanced contrast, and even the response differences of single fibers can be assumed.
With these average charge distributions, a measure is provided to search for potentially
damaged scintillator bars or broken fibers which would visibly reduce the measured signals
in a defined region on the detector surface. During the total SSD production phase, no
detector has been found with a visible malfunctioning component. Nevertheless, in the signal
uniformity diagrams, the limitations of the test set-up can be observed. Despite the muon
tower and the probe detector readout chain provide a robust method to assign the signals
from the SSD to the intersection points of the precisely reconstructed particle trajectories, a
small amount of pulses from particles that miss the SSD appear in the data. These events are
the consequence of random coincidences of the signal in the SSD with a different particle
reconstructed by the muon tower.

To further analyze the signal uniformity of the SSDs, the projections of the MIP pulse
charges across and along the scintillator bars and fibers are determined. For the analysis
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Figure 4.12: Projections of the MIP pulse charges onto the y-coordinate. An increased
detection efficiency of particles passing close to the center of the SSD can be observed
related to attenuation effects on the photons with different travel path lengths.

of the individual scintillator bar variances which can be observed in the two-dimensional
average charge distributions, the projection of the charge values onto the x-coordinate are
calculated. Thereby, the projections are separately calculated for the two active modules
of the SSD. In the diagrams in Fig. 4.11, the charge projections are shown. The diagram
on the left displays the projection of the charges for the SSD wing which spans from 0 to
1.9m on the y-coordinate. The diagram on the right contains the values of the other wing
which is placed inside the muon tower from 2.1 to 4m in y-direction. In both diagrams
the shapes of individual scintialltor bars can be observed due the small differences in their
signal response. Here, the color scale indicates the density of particle intersections at the
respective x-coordinate. This density appears to be stable over the total width of the SSD
indicating a homogeneous detection efficiency across the scintilator bars. For the comparison
of the responses of individual scintillator bars, the MIP pulse charges are displayed in a
linear scale in both diagrams. Overall, a maximum differences between bars of ~10 % can be
observed which matches the results obtained in similar measurements of the engineering
design SSDs. As an explanation for the periodically alternating responses of the scintillator
bars the routing of the fibers through multiple scintillator bars can be mentioned. The optical
fibers represent the mechanically weakest part in the detector assembly, and therefore have
the highest probability of being damaged.

Additionally to the projections across the scintillator bars, the charge projection onto
the y-coordinate, i.e., along the scintillator bars, provide valuable information about the
general performance and spatial homogeneity of the SSDs. The resulting projection for the
measurement of detector SSD-02-KA-0341 is shown in the diagram in Fig. 4.12. Analogously
to the other projections, the color scale represents the density of particle intersections, which
indicates an increased detection efficiency in the center of the SSD, i.e, close to the PMT.
This can be explained by attenuation effects on signals from particles passing at the edges
of the SSD due to the long travel paths of the photons. Despite the detection efficiency is
significantly increased by routing the WLS fibers in a U-turn when compared to cutting the
fiber at the end of the scintillator bars, the differences of the photon travel lengths impact the
number of detected pulses. In addition, we can observe a decrease of the charge values of
approximately 5 % along the scintillator bars from the center towards the edges.

In general, we can conclude that the SSDs from the main production display a high level
of signal uniformity over the total active surface area. In the validation measurements the
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Figure 4.13: Appearance rate of random pulses of all SSDs depending on the date
of the measurement. Three populations obtained with the three different PMTs are
visible: the SSDs measured with the PMT 1 in black, the data obtained with the PMT
2 in red, and the results of the measurements with the PMT 3 in blue. Additionally,

the results of SSDs assembled by the other production sites of the Pierre Auger

Collaboration are included.

expected detector behavior was reproduced, and no SSD with large spatial inhomogeneity

was found.

4.2.3 Light tightness

During the process of the SSD main production, all assembly sites in the Pierre Auger

Collaboration encountered issues with the light tightness of the detector enclosure. This

was measured in laboratory measurements which included comparisons of the detector
responses obtained during daytime and nighttime, as well as test using strong light sources.
The leakage of external photons into the SSD strongly increases the appearance of noise
signals measured with the PMT, and therefore reduces the performance of the detector
and accelerates mechanical aging. In the SSD test measurements at the KIT, due to the
simultaneous detection of small randomly appearing pulses together with the pulses from
through-going particles in the same time traces, an analysis of general pulse appearance rate
can be carried out. In the case of a light leakage, the number of small pulses sorted into the
random pulse category is significantly increased.

In the diagram in Fig. 4.13, the appearance rate of the random pulses of all SSDs from
the main production period are presented depending on the measurement date. Identically
to the light yield diagram, the colors of the markers represents the PMTs which were used
to measure the SSDs. In this diagram, we can observe that the large majority of scintillation
detectors show a stable pulse rate between 5 and 12kHz depending on the PMT. Only a
few SSDs indicate an increased rate of random pulses by a factor of 2 to 3, especially for
the detectors measured with the PMT 1. These individual SSDs then have been further

investigated by analyzing various performance sensitive quantities which have been obtained
in the validation measurements. When investigating the pulse appearance time and charge
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distributions, an additional noise pattern became visible. This noise was related with an
external noise signal which was picked up by PMT readout electronics chain of the SSD, i.e.,
no light tightness issue of the detector enclosure was found.

Similarly to the light yield comparisons, the pulse appearance rates of the SSDs assembled
by the other production sites are depicted in the diagram. The results of these detectors
match the average values for the respective PMTs and exclude a potential light leakage issue
for these individual detectors.

4.3 Detector simulation comparisons

In the context of the AugerPrime upgrade, the installation and implementation of the new
detector components currently define the major task for the Pierre Auger Collaboration.
This includes not only the hardware parts and the data acquisition software for the new
configuration of detectors, but also the detailed detector simulations which are implemented in

the Offline software framework [70, 71]. These simulations are of high importance to interpret
the acquired real air shower observations, as well as for the development of algorithms and
parameterizations to reconstruct the primary CR properties, e.g., the particle masses [135]. In
the case of the SSDs, the simulations are based on the detector design and have been developed
during the engineering phase of the AugerPrime upgrade. For other sub-detectors, for example
the Muon Detectors (UMDs) and the Radio Detector (RD) antennas, the simulations utilize
the implementations of the predecessor projects, the Auger Muon Detectors for the Infill
Ground Array (AMIGA) and the Auger Engineering Radio Array (AERA). In general, for
the simulations of the future AugerPrime SD stations, the relative positions between the
individual sub-detectors are very important, especially for the particles which pass through
multiple sub-detectors.

In the case of the SSDs, the detector simulations were implemented utilizing data obtained
with the first prototype SSDs in the muon tower. To validate the performance and detector
properties of the latest SSDs design, the laboratory measurements presented in the previous
Section can be used to enable comparisons. The simulation process is based on Geant4 [136]
and models the energy deposition in the detectors. With the deposited energy from the
through-going particles, the expected effective number of photoelectrons produced at the
photocathode of the PMT is determined. Thereby, this number depends on the attenuation of
the photons inside the detector which is strongly related to the particle intersection position.
In addition to the energy deposit inside the detector, the timing information of the particle
intersection and of the production of the photoelectrons, i.e., the arrival of the photons at
the photocathode, are simulated. This is realized by a random sampling process of two
exponential decay functions for each photoelectron and the addition of the photon travel
timing from the particle intersection point to the surface of the WLS fibers.

Despite several important quantities for the development of the detector simulations had
been already determined using the data from the studies of the engineering SSDs inside the
muon tower, certain measurements and analyses were repeated using SSDs from the main
production. In the following comparisons, a simulation data set of approximately 1.3 million
pulses from muon events with a defined average energy of 2.7 GeV have been used. Each of
these MIP pulse traces consists of the fixed number of 76 time bins with a bin size of 8.33ns
to match the sampling frequency of the new Upgraded Unified Boards (UUBs) of 120 MHz.

The data obtained with the muon tower was acquired with a measurement of the detector
named SSD-02-KA-0127 in April 2018 during the main production validation measurements.
At that time, the PMT 1, i.e., the PMT Hamamatsu R9420 with the serial number #DE2779,
was in use. In contrast to the regular SSD tests, the sampling interval was decreased from
1.6 to 0.8 ns for this measurement. Thereby, the resolution is improved and the individual
signal pulses are better resolved, especially the small SPE pulses. In total, two data sets from
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Figure 4.14: Normalized distribution of the SPE pulse charges of the muon tower
measurement.Besides the expected charge maximum for the SPEs, two additional
peaks produced by external noise are visible. The determination of the average SPE
charge value is limited to the pulses in-between the two blue vertical dashed lines.
The Gaussian fit is shown by the blue solid curve.

the muon tower measurements for both of the relevant pulse categories have been obtained.
The MIP pulse data set contains ~1.4 million particle induced pulses, each with a pulse trace
length of 220 time bins. In these time traces, the first bin surpassing the trigger condition is
set to bin number 21. The second data sets consists of ~1.5million SPE pulses with a fixed
number of 170 time bins. Analogously to the MIP pulses, the SPE pulse time traces contain
20 bins before the trigger bin appears.

To separate the simulated data from the muon tower data, in the following sections, the
results for the simulations are presented by the color black and the muon tower measurements
are depicted by the color red.

4.3.1 Lightyield

In the characterization of the SSD signals, the analysis of the deposited energy of the charged
particles passing through the scintillator bars plays a major role. Especially, the charge
distributions of the MIP pulses and SPE pulses, and the resulting light yield Y values describe
the general performance of the detectors in the muon tower measurements, as well as in
the simulations. To further study these sensitive quantities, we additionally analyze their
dependence on the zenith angle of the through-going particle.

Identically to the light yield analysis in the SSD validation measurements in Section 4.2.1,
Y is defined as the ratio of average MIP pulse charge and the average SPE pulse charge,
both determined for the measurement data from the respective distributions. The SPE pulse
charge distribution for the muon tower data is shown in the diagram in Fig. 4.14. Therein,
three peaks are visible of which only one defines the actual average SPE charge. For this
measurement, the pulse filter to suppress the effects of the intrinsic PMT noise and the
external noise pick-up was not enabled, and therefore two additional noise peaks detected by
the PMT at that time can be seen. Therefore, to determine the average charge of an SPE pulse,
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Figure 4.15: Density maps of particle intersection positions with the SSD. For the
analysis of the zenith angle dependence, the pulse selection around the optimal
distance of xopt = 0.986 m is highlighted by the blue area. Left: Density map of the
muon tower data. Right: Density map of the simulation data.

the data is reduced to pulses in-between the two blue vertical dashed lines. A Gaussian fit is
applied to the maximum of the pulse charge distribution, at ~1.4 Me, which is highlighted in
the diagram by the blue solid curve.

Together with the determination of the SPE pulse charges, the charge distributions of the
MIP pulses were analyzed. In general, the SSD response mainly depends on two variables,
the track length of the particle inside the detector which is defined by the zenith angle of its
trajectory, and the intersection position coordinates of the particle with the plane of scintillator
bars inside the SSD. To enable comparisons of muon tower measurement with the simulation
results, the original intersection position coordinates of the muon tower are converted to
the SD station coordinate system which originates in the center of the water-Cherenkov
detector (WCD). In addition, the intersection area, defined by the coordinates x and y, is
restricted to the dimensions of a single active wing of an SSD, i.e., all intersections of one
SSD wing are projected and stacked onto the other wing by using the absolute values for the
x-coordinates. The resulting density map of intersections for the muon tower measurement
is shown in the left diagram of Fig. 4.15. For the comparison with the simulated pulses, we
display the intersection density map obtained with the simulation data in the diagram on the
right. Both density maps are generated with a resolution of 1 cm X 1 cm and contain particle
trajectories with zenith angles of 0° < 6 < 90°. While the simulated MIP pulses are generated
uniformly over the whole module, the intersection position density of the measured data
reflects the spatial efficiency of the muon tower as already introduced in Section 4.1.2. This
results in a higher intersection density close to the center of the SSD, i.e., at smaller x values.

Before applying any constraints on the interaction position or on the zenith angle dis-
tribution, we obtained the MIP pulse charge distributions of both data sets. The results are
shown in Fig. 4.16, in the left diagram for the measurement data and in the right diagram
for the simulations. The MIP pulse charge distribution of the simulated data was thereby
determined from the original distribution of the effective number of photoelectrons and
assuming a constant SPE pulse charge. Both distributions are then individually fit by using
Landau distributions, indicated by the blue curves. With the average charge values of the MIP
pulses and SPE pulses, the light yield of the SSD for the measurement data can be calculated.

For the further analysis of the zenith angle dependence, only MIP pulses inside a defined
small intersection area were selected. If we assume a homogeneous response between individ-
ual scintillator bars, then only the x-coordinate, i.e., the coordinate along the scintillator bars,
influences the measured signal. This position dependence of the signal can be described with
the attenuation function which depicts its average value in the center of the scintillator bar
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Figure 4.16: Normalized distributions of the MIP pulse charges. The resulting fit
curves at the maxima of the distributions are shown by the blue solid lines. Left:
Distribution of the muon tower data. Right: Distribution of the simulation data.
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Figure 4.17: Zenith angle distributions for the muon tower data set in red and the
simulation data set in black.

at an optimal value of xopt = 0.986 m. Therefore, the MIP pulses are selected within a range
of —0.05m < xopt < 0.05m. In both intersection density maps in Fig. 4.15 these constraints
are highlighted by the blue area. After the restrictions on the intersection coordinates, the
reduced data sets contain approximately 85 thousand MIP pulses each.

The determination of the zenith angle dependence was then performed by binning the
data sets in intervals of AO = 5° over the whole range of 0° < 6 < 90°. The resulting
zenith angle distributions of both distributions are shown in Fig. 4.17. The simulation data is
generated with an equally distributed number of pulses per bin over the total zenith angle
range. In contrast, similarly to the intersection plots, the zenith angle distribution of the muon
tower data displays the spatial efficiency of the measurement set-up with defined maximum
up to intermediate zenith angles of ~60°.

Subsequently, the MIP pulse charge distributions for each zenith angle bin were deter-
mined and the average MIP charge value Qpeax is determined by fitting Landau functions to
the distributions. The resulting charge peak values are presented in the diagrams in Fig. 4.18.
Therein, the determined charges of both data sets show a similar functional behavior and can
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Figure 4.18: Zenith angle dependence of the MIP pulse charges for both data sets.
Left: For the muon tower data. Right: For the simulation data.
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Figure 4.19: Left: Zenith angle dependence of the normalized charge values for both
data sets. The blue curve represents a general secant function. Right: Zenith angle
dependence of the relative width of the peaks of the respective charge distributions.
generally be described with the function
Qpeak(0) = AsecO = A (4.5)
pealdt) = ~ cos 0’ '

Here, A defines a constant amplitude. To compare the functional shape of the muon tower data
and the simulations, the charge values are normalized by applying individual fits using the
functional behavior and then dividing by the amplitude A. The results for both data sets can
be seen in the left diagram in Fig. 4.19. Therein, the blue curve highlights the secant function of
the zenith angle. We can observe that, the behavior of the simulated pulses perfectly matches
the measurement from the SSD in the muon tower. Furthermore, the quality of the fits can be
described with the relative width of the peaks of the respective charge distributions which is
defined as
0Q

Qpeak .

The results for the analysis of the peak width are presented in the right diagram in Fig. 4.19.
In general, the relative peak width decreases with an increasing zenith angle which can be

W = (4.6)
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Figure 4.20: Left: Zenith angle dependence of the light yields for both data sets. Right:
Zenith angle dependence of the effective number of photoelectrons.

explained with rather faster scaling of the charge value than the width of the peak. When
comparing the muon tower measurements with the simulations, the distributions from
the simulations appear narrower. This fact might indicate that the simulations are slightly
overestimating the absolute light yield of the SSD.

To further analyze this potential behavior, the light yield values Y, i.e., the ratio of the
MIP pulse and SPE pulse charge peak values, for each zenith angle bin have been compared.
The resulting values for both data sets are displayed in the left diagram in Fig. 4.20. In the
diagram, we can observe that while the functional shape of both data sets match, the light
yields determined with the simulation data appears to be larger than the measurement data by
a zenith dependent offset. This is an additional indication that the initial light yield estimate
obtained in the measurements of the engineering SSDs are at a higher level compared to the
SSD from the main production. Nevertheless we have to state, that the absolute light yield
strongly depends on the used PMT which was shown in the light yield comparisons of all
SSDs assembled at the KIT in Section 4.2.1.

Finally, an approach to determine the light yield was tested only using the MIP pulse
information, i.e., without the normalization to the PMT dependent SPE response. If we
assume that the effective number of photoelectrons created at the photocathode follows a
pure Poisson distribution, i.e., 5Negt = VNeg, and is proportional to the deposited charge, the
effective number can be calculated as

2
Qpeak) . 4.7)

0Q

In this equation, Qpeax represents the charge peak value, and 6Q the uncertainty of the
distribution, i.e., a measure of the peak width. The resulting curves for both data sets are
displayed in the right diagram in Fig. 4.20. The calculated Ng values for both data sets
indicate the expected increase with an increasing zenith angle. Similarly to the previous
comparison of the widths of the charge distributions, the simulated data shows a narrower
charge distributions for the same amount of deposited charge compared to the muon tower
measurement data which can be related with the scaling factor when using different detection
devices.

Nef'f=(

4.3.2 Pulse shape

Besides the light yield and pulse charge analysis of the SSD signals, the shape of the pulse
traces for SPE and MIP pulses were studied. Due to the appearance of noise fluctuations
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Figure 4.21: Example MIP pulse trace of the muon tower measurement data. The
unfiltered trace with bin-to-bin fluctuations is shown in black, the blue curve depicts
the same trace after the filtering process.

on the PMT signal, the pulse traces of the muon tower data set are filtered with an upper
bandwidth filter resulting in smoother shapes of the traces. Thereby, the here applied filter
is a 5th order Butterworth low-pass filter with an upper bandwidth limit of 65 MHz which
is similar to the Bessel filter implemented on the AugerPrime electronics boards sampling
the signals of all PMTs of an SD station at a frequency of 120 MHz. The sampling frequency
of the PicoScope used in the muon tower measurements is set to 1.25 GHz and the analog
bandwidth is 350 MHz. An example MIP pulse time trace from the measurement in the muon
tower is presented in the diagram in Fig. 4.21. Therein, the black curve displays the unfiltered
trace with a large number of fluctuations, while the filtered trace in blue appears smoothed.

When analyzing the MIP pulse time traces, the SSD design containing the WLS fibers in a
U-turn routing and thereby providing to paths for the photons to travel, results in a variation
in the shape of the MIP pulse traces depending on the point of intersection. Therefore, we
divided the active wings of the SSD into small slices along the scintillator bars, i.e., along the
x-coordinate, with a slice width of 2 cm. For each slice, an average pulse trace is calculated for
both types of traces, the unfiltered, as well as the filtered traces. If the particle passes through
the detector close to the edges of the SSD, i.e., for a large x-value, a single peak in the trace
is visible, as can be seen in the left diagram in Fig. 4.22. In this case, the lengths of the two
photon travel paths are nearly identical, resulting in the photons arriving at the same time at
the PMT. Thereby we can note that by calculating the average traces, the impact of the single
time bin fluctuations is significantly reduced and the general shape can be determined with
the unfiltered traces. In contrast, if the particle deposits its energy close to the center of the
SSD, i.e., for a small x-value, a clear double peak structure can be observed in the average
trace which is shown in the right diagram in Fig. 4.22. This shape can be explained with
the differences in the lengths of the photon travel paths, and therefore, the different photon
arrival times at the PMT.

To show the dependence of the pulse trace shapes with the x-coordinate of the intersection
position, i.e., the development along the scintillator bars, the average trace of each x-slice of
the measurement data are displayed in the two-dimensional distribution in the left diagram
in Fig. 4.23. Therein, the color scale represents the normalized trace amplitude, with the
darkest color for the maximum value. In the distribution, the change of the shape along the
scintillator bars is clearly visible, from a single peak appearing in traces with large x values
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Figure 4.22: Average MIP pulse traces from the muon tower measurement. Left:
Averages for an intersection area close to the edges of the SSD, i.e., for large x values.
Right: Averages for an intersection area close to the center of the SSD, i.e., for small
x values.

to a double-peak structure for pulses from particles passing close to the center of the SSD.
This result matches the observations with the prototype SSDs and confirms the time trace
parametrization. In addition, the analogous amplitude distribution for the simulated data is
shown in the right diagram in Fig. 4.23. Similarly to the measurement data, the increase of the
width of the pulses for smaller x values can be seen. But due to the limited time resolution,
the detailed pulse shape cannot be resolved.

44 Summary and conclusions

The laboratory measurements of the performance of the newly assembled SSDs not only serve
as a quality assurance in the detector production process, but also define a crucial step in the
validation of one of the most important hardware components for the AugerPrime upgrade
of the Pierre Auger Observatory. For this reason, the analyses presented in this Chapter
address several major questions: Can the SSDs in their final version reach the requirements
which have been defined during the planning and designing phase of the Upgrade? Is a
stable and continuous detector assembly on a large scale in combination with a high level of
production quality achievable? And furthermore, can the detector simulations be validated
and potentially further optimized to match the measured data?

To answer all three questions, a measurement set-up is required which needs to fulfill
various criteria. For a precise measurement of the most important quantities to describe the
performance of the SSDs, a reliable and large set-up is required. This is realized with the
“muon tower” test stand which is introduced in detail in the beginning of this Chapter. The
moun tower is equipped with coincidence trigger of three LST planes in which are able to
precisely reconstruct the trajectories of single charged particles. By utilizing the charged
particles of air showers constantly arriving at the Earth’s surface, the SSDs can be analyzed
concerning their signal response to these particles, and thereby conclusions on their future
behavior in the Observatory can be drawn. Due to the large size of the muon tower, the total
SSDs can be measured at the same time. And with the knowledge of the height position of
the SSD inside the set-up which is obtained with a data-driven method developed in this
Dissertation, the performance of the SSDs can be analyzed in detail.

The performance analysis of the SSDs produced at the KIT defines the second part of this
Chapter and relates to the first two questions formulated above. Thereby, we focused on the
determination of three major quantities to describe the detector characteristics by analyzing
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Figure 4.23: Two-dimensional distributions of the average pulse amplitudes. Left:
Distribution of the muon tower data. Right: Distribution of the simulation data.

the nearly 20 thousand hours of measurements. One of these quantities is the light yield of
the SSDs which represents a measure for the average light output when a single particle
passes the detector. In the analysis of the validation measurements, we presented that all
SSDs provide a stable performance and a comparable light yield with variations between the
detectors below 10 % when the identical PMT is used. Between the measurement periods
of different PMTs, steps in the average light yield can be observed which can be related to
differences in the intrinsic properties of the photon detection devices.

Besides the light yield, the spatial homogeneity of the newly assembled scintillation
detectors was analyzed in detail. To realize this, the spatial distributions of the pulse charges
have been obtained. With these distributions, as well as with the projections of the pulse
charges onto the two sides of the SSDs, the response variations of individual scintillator
bars and the inserted fibers can be resolved. This resolution offers the possibility to search
for malfunctioning detector components, e.g., broken fibers which would reduce the signal
uniformity. During the studies of the SSD production we did not find a detector with spatial
inhomogeneities above the expected fluctuations of ~10 % from statistical and systematic
uncertainties.

To further analyze the hardware components of the SSDs, the light tightness of the
aluminum enclosure has been studied. For this check, the total number of pulses obtained in
the measurements of the SSDs have been used to derive a measure of the appearance of small
pulses. If external photons enter the SSD, a strong increase in the detection of noise pulses
is expected. By analyzing the appearance rate of these pulses, we determined the general
detector behavior concerning light leakage. A few potential candidates for a light leakage
have been found and individually checked. For these SSDs, external noise pulses related to
the readout electronics chain have been found. After removing the identified noise pulses,
no further light leakage pulses have been observed.

Conclusively, no decrease in the quality or the uniformity of the SSDs was observed
over the total production period, and we were able to show that a stable production of
more than 660 detector units over a duration of nearly three years was achievable. This
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number represents nearly 44 % of the total number of SSDs produced by the Pierre Auger
Collaboration. Furthermore, we can conclude that the requirements on the new scintillation
detectors have been fulfilled.

Finally, together with the muon tower measurement data obtained for the SSDs, compar-

isons with the detector simulations implemented in the Offline software framework have been
presented. In these comparisons, we showed that the light yield values in the measurement
of a main production SSD indicate the expected geometrical behavior. Under the assumption
of a constant scaling factor, these light yield values are comparable with the data from the
detector simulations which had been tuned with measurement results from the engineering
phase. This further indicates that the differences in the absolute light yields are induced
by the properties of the different PMTs used in the measurements. When analyzing the
average pulse shapes in the latest laboratory measurements, the distributions strongly match
the previously determined detector measurements, as well as the simulation results, and
therefore a successful validation of the required signal response can be attested. To further
proof this statement for the SSDs and other components of the AugerPrime upgrade, the
following Chapter extends the performance analysis to measurements under field conditions
in the Observatory.



Chapter

5

AugerPrime Detectors in the
Observatory

Simultaneously to the production and validation measurements of the new Surface Detector
(SD) sub-detectors presented in the previous Chapter, the AugePrime upgrade entered the
testing phase of the first prototype components under field conditions in the Observatory.
Starting in the second half of 2016, the first test array has been selected and prepared by
transporting SD stations at predefined positions together with the installation of the first new
Surface Scintillator Detectors (SSDs), and electronic boards. The field performance studies
of these newly introduced hardware are crucial in the finalization of the design decisions
of the individual upgrade components and define the main content of this Chapter. Herein,
we analyze the data acquired with the new electronics and detectors in the field regarding
different aspects of data quality, for example the noise levels, the dynamic range capabilities,
and the general signal stability under changing environmental conditions. This is realized
by analyzing time traces detected with the different detectors and devices, together with
monitoring data, while the information from the calibration data stream is studied in the
subsequent Chapter. Additionally,an overview of the various deployments and configurations
of different upgrade parts is given.

In detail, this Chapter is divided in four major parts, starting with the analyses of the
station electronics performance by focusing on the comparison of the different versions of the
new electronics boards, named Upgraded Unified Boards (UUBs), which have been installed
and exchanged over the test phase of more than four years, including comparisons with the
original electronics boards, the so-called Unified Boards (UBs).The performance studies are
followed by the detailed description of the two AugerPrime test arrays containing stations
equipped with the new electronics and detector components, the AugerPrime Engineering
Array (EA) acquiring data from 2016 until 2021, and the follow-up array, the Upgraded
Unified Board pre-production array (UUB PPA), launched in 2020. This additionally includes
an overview of the operation status over their respective lifetimes. Subsequently, we introduce
the Surface Scintillator Detector pre-production array (SSD PPA) which was in operation from
2019 until 2021, and served as an intermediate test configuration for in-depth studies of the
scintillation detectors under field conditions before a sufficient amount of new electronics
boards have been available. In the last part of the Chapter, we show the effects of changes of
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Table 5.1: Calibration software versions of UUB stations with their respective im-
plementation dates and accompanying specifications and modifications.

Ver Date Specifications and Modifications

256 05 Oct 2016 First UUB release, no calibration information

257 250ct 2016 Various calibration histograms for WCD and SSD, no offsets
258 28 Apr 2017 GPS clock sawtooth information (timing)

259 11 Sep 2017  All calibration histograms and offsets

260 14 Aug 2018 “Extra” field for station electronics online information

261 24Mai2019 RD software interface

262 27 0ct2020  Online calibration values, trigger information

263 08 Nov 2021 Additional calibration information (histogram binning)

environmental conditions on the signals observed with the upgraded detectors. This includes
the analysis of thunderstorm events with data from both, AugerPrime and non-upgraded
stations, as well as dependence checks from temperature fluctuations and their effects on the
signal stability. As the main sources for the information about the installed hardware, the
locations of individual detector stations, and measurement periods, we use three databases
and work logbooks, the Auger electronic logbook (Elog) [137], the Auger Parts Management
System (PMS) [138], and the Auger monitoring database [139].

5.1 Upgraded Surface Detector electronics

With the AugerPrime upgrade, a new version of electronics boards, the UUBs, will be installed
in all of the SD stations (approximately 1660) and will replace the currently used UBs.
The new electronics was designed and developed within the Pierre Auger Collaboration
and passed through multiple design changes and test phases since the first prototype was
produced in 2016. Four different versions of UUBs have been developed, produced and
tested, until in 2021 the final design was chosen and the mass production at the company
SITAEL [97] was launched. In the following sections, we present multiple studies and tests of
the performance of each UUB version, the three prototype versions V1, V2, and V3, as well as
the pre-production version. These checks and analyses have been performed continuously
over total test period and for each version to provide regular feedback to the design and
construction team, ultimately leading to electronics board layout changes and improvements
during the transition to the next electronics version.

As an introduction to the electronics comparisons, a general overview of the characteristics
of both, the originally used UB and the new UUB with all its different versions is given. Then,
we present the analysis of the electronics behavior and noise levels for all electronics versions,
as well as a data-driven determination of the gain amplification of the input channels of the
boards.

5.1.1 Electronics board generations
Unified Board (UB)

In the SD array, two different generations of electronics boards are used at the moment. Up
to the submission date of this Dissertation, the majority of the SD stations contain an Unified
Board (UB) which was designed in the early 2000s and intensively tested and used in the
Observatory dating back to the start of the SD engineering phase.

The UB contains six input channels with one flash analog-to-digital converter (FADC)
each that provide a sampling frequency of 40 MHz and a 10-bit resolution [2]. The resolution
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Figure 5.1: Example of a low gain trace of an LPMT of the station LS20 equipped
with an UUB.

results in a dynamic range of 210 = 1024 FADC channels, also often called FADC counts or
short just “ADC”.

To further increase the dynamic range of the detection devices (photomultiplier tubes
(PMTs)), the signals are additionally split on the device electronics and partially amplified
providing two different gains. The six identical main input channels are connected to the
three large photomultiplier tubes (LPMTs) of the water-Cherenkov detector (WCD) using
two cables per PMT, one cable for each signal gain. The electronics of the LPMTs provides
two outputs with different amplification status. A low gain channel returns the signal from
the PMT anode, while a high gain channel is connected to the last dynode of the PMT and
provides a signal with an amplification factor of 32. For this reason, the ratio between the
two gains is also often called dynode-to-anode ratio (D/A). In addition, to control the power
settings of the connected LPMTs, more precisely the integrated high voltage module on the
base electronics, and to receive monitoring information from sensors on the PMT electronics,
a third cable besides the two signal cables is installed for each of the PMTs. One exception
can be found for the SSD PMTs which are connected to the UB at the stations of the SSD PPA.
Due to the design of the SSD PMT base electronics, only providing a single signal from the
anode, an interconnection device is installed to split the signal in a low and a high gain for the
two UB input channels. More details about this set-up and the connection device is shown in
Section 5.3.

When an event trigger occurs, the electronics memory buffers are read out and the traces
of the PMTs are created. Each FADC trace contains 768 time bins, arranged from 0 to 767,
and therefore, a single bin size of 25 ns is provided.

Additionally, the UB contains various attachments and connectors, e.g., light-emitting
diode (LED) flasher electronics that can be used for linearity checks of the PMT responses
or trigger signal generators. For the event and communication synchronization a Motorola
Oncore UT+ Global Positioning System (GPS) receiver is mounted on the boards.

Upgraded Unified Board (UUB)

To compensate the amount of additional data of the new detector components and to increase
the sensitivity of the existing detectors, a new electronics board was designed to replace the
UB. The board with the suitable name Upgraded Unified Board (UUB) provides a three times
higher FADC sampling frequency with 120 MHz and a four times higher resolution with
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12-bit [5, 94, 95, 96] when compared to the older generation. Here, the resulting dynamic
range is 2!2 = 4096 FADC counts, arranged from 0 to 4095.

The UUB offers five main input channels, three for the LPMTs, one for the new small
photomultiplier tube (SPMT) placed inside the WCD, and one for the SSD PMT. In contrast
to the UB, only a single cable connection to the individual PMT anodes is used. This is due
to the fact that the split and the amplification of the signals is handled on-board by the
front-end components of the UUBSs, instead of splitting the signal already at the detection
device, and varies for the different types of PMTs. In detail, for the LPMTs, one of the signal
paths is amplified by a factor of 32 after the splitting (high gain) compared to the second
path which remains non-amplified (low gain). In case of the SSD PMT, one of the splits has
the same amplification factor of 32 than the LPMT input channels (high gain), but the other
path contains an attenuator with a factor of 4 (low gain). Due to this set-up, the total ratio
between the two gains of the SSD PMT signals is 128. For the SPMT, the signal is not split or
amplified resulting in a single low gain channel. At last, an empty and non-amplified input
channel remains available.

Equivalent to the case of the UB, the control of the PMT power settings and the readout of
monitoring data is realized with an additional multipolar cable, if the PMT base is active, i.e.,
for the three LPMTs and the SSD PMT. In the case of the SPMT equipped with a passive base,
and for a short duration in the test phase of different SSD PMT electronics, supplementary
power supplies are installed in-between the UUB and the respective PMT.

Compared to the UB, the FADC traces of the new electronics consist of 2048 time bins,
here from 0 to 2047, with a single bin size of 8.33ns. This results in a similar total length
of the FADC traces, 19.2 ps for the UB to 17.1 s for the UUB, enabling comparisons of the
electronics generations and providing the necessary backwards compatibility to the currently
acquired data.

In addition, the UUBs trigger implementation supports a digital filter and downsampling
method to reach the sampling frequency of the UB, assuring a smooth transition phase from
the original to the new electronics without dividing the data sets by non-upgraded and
upgraded stations.

Similarly to the UBs, the new electronics boards provide an additional signal generator
for the LED flashers and further connection possibilities, e.g., for the signal cable of the new
Radio Detector (RD) electronics. In the first prototypes of UUBs, the chosen GPS receiver for
the data synchronization was the type M12M produced by I-Lotus [140]. For the latest version
of upgraded electronics boards, the Synergy Systems SSR-6TF GPS receiver is used [141].
Besides the already mentioned electronics upgrades, the UUB also provide faster processors,
as well as an improved monitoring and calibration system compared to the UB.

The field studies of the new electronics boards started in October 2016 when the first UUB
version (prototype V1) was installed in the Observatory. Since then, three additional versions
have been deployed and studied in the AugerPrime test arrays. For the different versions of
the UUB, the main hardware components for the signal manipulation remained unchanged,
including their specifications, e.g., the FADCs with the desired sampling frequency and
resolution, or the signal amplification chains.

But several parts of the circuit boards, for instance the components for the power handling
have been exchanged or modified over the long testing period. The largest modification was
made in the transition from the prototype V1 (top photo in Fig. 5.27) to the prototype V2
(bottom photo in Fig. 5.27), when the board layout had to be completely rearranged due to an
unstable power management in critical parts of the board. In later UUB versions, i.e., since
the prototype V3 (top photo in Fig. 5.28), and after the confirmation of the upcoming RD
extension, a low-noise connector for the signal cable to the future radio antennas was added.
Since the latest UUB pre-production version, the electronics boards are additionally equipped
with small Faraday shields ! for the power converters, i.e., metal housings, to reduce the radio-
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Figure 5.2: Mean of baseline distribution for individual events for an LPMT of
station LS20 (blue markers). The read markers indicate the PMT power settings. The
colored background intervals show the chosen time periods of different electronics

boards versions.
Table 5.2: Selected test periods of different UUB versions for LS20 and LS22.

Period LS20 (Trak Jr.) LS22 (Clais Jr.)

Begin End Begin End
Prototype V1 I Jul2017 Mar 2018 Mar 2017  Jul 2017
Prototype V2 I Jan 2019 Aug 2019 Feb 2019 Aug 2019

Prototype V3 II Sep 2019 Nov 2020 Sep 2019 Nov 2019
Pre-prod. v Dec 2020 Apr 2021 Dec?2020 Apr 2021

Version

frequency interference (RFI) created by the electronics components, and thereby improving
the sensitivity of the nearby installed radio antennas. The shielding on a pre-production UUB
can be seen in the bottom photo in Fig. 5.28.

In parallel to the changes in the hardware, multiple versions of calibration and data
acquisition software versions have been in use over the more than four years of UUB data
acquisition within the test arrays. While in the first days or months after the launch of the
AugerPrime tests basically no online calibration or event timing information was available in
the software version 256, more and more of these crucial information have been added with
each iteration of the calibration software version. The latest version with the number 263
was implemented in April 2021 and provides almost all necessary information to perform

an PMT signal calibration and event reconstruction. Tab. 5.1 displays an overview of the
different calibration software versions with their respective implementation date and the

major modifications between the versions.
For an optimal and direct comparison of the performance improvements with each board

1Faraday shields, also called Faraday cages, are constructions of conducting materials which prevent external
electromagnetic fields from passing through the interior by creating an internal electromagnetic field that cancels

the external field. Equally, internal fields cannot pass to the outside.
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iteration, we searched for candidate stations that had all versions of UUBs installed since the
first day of data acquisition in 2016. From the original 12 stations, only two stations inside
the SD-433 array region fulfill this condition, the station LS20, internally named “Trak Jr.”,
and the station LS22, with the name “Clais Jr.”. To analyze the properties of their electronics,
we selected for each version a defined time period during which the measure conditions
were mostly stable, i.e., non or only a few indications for changes in the power settings of all
PMTs or any exchanges of detector components are traceable in the log books. If multiple
electronics boards of the same version have been installed, the time period of the board with
the largest and most stable test period was chosen. Additionally, the time periods have been
further restricted by analyzing the PMT event traces and defining baseline trace segments
which are introduced in the next paragraph.

5.1.2 Baselines of photomultiplier tube traces

For the selection of stable measurement periods and for the analysis of the general electronics
performance that follows in the upcoming sections, we intensively use the information which
are provided by the event traces of the five SD PMTs. Thereby, we analyze the traces of both
amplification paths, the low and the high gain, resulting in the maximum number of 10 traces
per SD station per event. An example of a low gain trace of an LPMT of the station LS20 is
shown by the blue curve in Fig. 5.1.

Especially, the bins of the trace that do not contain the signal information of the particles
passing the detectors can be used to draw conclusions on the operation stability of the
electronics boards and their overall noise level. Due the fact, that the station software usually
sets the signal bins close to the center of the time traces when reading out the memory
buffer, we focus mainly on bins in the beginning or the end of the traces. In these time bins,
basically no pulses are expected and usually only the small fluctuations produced by the
electronics components are visible generating the so-called “baseline traces” or in short terms
“baselines”. Furthermore, we define two baseline ranges in each trace whose lengths vary
depending on the type of electronics:

¢ The first 300 or first 100 trace bins for the UUB or UB, respectively:
UUB:  bgirt(t), t €[0,300) or UB: bge(t), t € [0,100) (5.1)

¢ The last 300 or last 100 trace bins for the UUB or UB, respectively:
UUB:  bias(t), t € (1747,2047] or UB: bs(t), t € (667,767] (5.2)

Using these two simple baseline trace definitions, we can calculate several quantities to
describe the properties of the individual events trace, and finally of the electronics. One
quantity to describe the general stability of the baseline trace are the mean values byt and

Elast of the bin count distributions which can be seen for the trace in Fig. 5.1 indicated by the
orange and red solid lines. The definition of the baseline sample means is identical for all
PMTs and gains, and is given by

_ 1 1
bﬁrst = N Zt: bﬁrst(t) and blast = N Zt: blast(t) (53)

with N representing the number of bins that define the baseline, i.e., 300 or 100 for the UUB
or UB, respectively. In addition, the unbiased estimates for the standard deviations alf}r“ and

aiaSt of the baseline bin count distributions are calculated assuming that the bin counts follow
a normal distribution:

U{JirSt - \/ﬁ Z (bﬁrst(t) - Eﬁrst)2 and G%’aSt B \/ﬁ Z (blast(t) B ElaSt)z (54)
n t
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Figure 5.3: Top: Example of an UUB trace with symmetric spikes inside the baseline
windows, i.e., alternating bins around the baseline mean indicating potential elec-
tronics issues. Bottom: Example of an UUB trace with additional asymmetric spikes
created by air shower particles.

The standard deviations define a measure of the widths of the baseline distributions and can
be used together with the baseline means to describe the stability of the electronics signals.
These quantities are used in the following sections to define criteria to search for bin count
fluctuations and to infer the electronics noise levels on the individual time traces.

By using the baseline trace information of the five SD PMTs we can also further restrict
the time periods for the electronics analyses to intervals during which most of the PMTs
of the station show a stable performance. In Fig. 5.2 the bgy of the high gain channel of
one of the LPMTs of station LS20 is shown, indicated by the blue markers. In addition, the
power supply settings for this PMT are displayed (red markers). The voltage information is
extracted from the monitoring data which is streamed from the stations in parallel with the
event and calibration data. The displayed voltage values are given in the raw units directly
provided by the power supply component installed on the electronics boards or in the case
of Fig. 5.2, by the power supply on the base electronics of the PMTs. The discontinuities in
the voltage values indicate changes in the power supply settings or exchanges of hardware
parts like PMTs or electronics boards.

Applying this procedure to all PMTs of station LS20, the resulting time periods for the
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Table 5.3: Appearance of electrical transients for different UUB versions (I to IV) for
the high gain (HG) channels of all PMTs of station LS20 including the values for
both baseline trace definitions and average values for the UB.

Bins PMT I II Inm 1v UB
% % Y% % Y%

LPMT1 3167 077 089 1.05 0.19
LPMT2 3201 041 150 076 0.30
first LPMT3 3094 075 090 090 027
Empty 060 822 038 039 -
SSD 299 128 094 067 022

LPMT1 30.71 080 0.74 0.78 0.16
LPMT2 3150 049 133 057 0.28
last LPMT3 3035 0.84 078 0.80 0.22
Empty 0.63 886 039 041 -
SSD 255 124 092 1.62 020

Table 5.4: Appearance of electrical transients for different UUB versions (I to IV) for
the low gain (LG) channels of all PMTs of station LS20 including the values for both
baseline trace definitions and average values for the UB.

Bins PMT I II Inm 1v UB
% Y% % % %

LPMT1 070 058 041 0.64 043
LPMT2 071 049 050 0.56 0.31
tirst LPMT3 0.77 084 037 058 041
SPMT 058 305 042 056 -
SSD 065 2199 079 242 023

LPMT1 073 052 040 0.62 043
LPMT2 069 048 039 045 033
last LPMT3 071 079 032 054 041
SPMT 062 3.09 041 060 -
SSD 065 2170 074 242 0.27

data selection have been chosen. In Tab. 5.2 the four time periods for the different types of
electronics boards are listed, named from “I” to “IV” in chronological order. These periods
can also been seen in Fig. 5.2 as colored background time intervals, cyan for the prototype V1
(I), magenta for the prototype V2 (II), green for the prototype V3 (IlI), and finally, orange for
the pre-production UUB (IV). The same selection and naming procedure was then applied
to the second station which was chosen for the upcoming analyses, the station LS22.

5.1.3 Electrical transients

During early laboratory tests of the first versions of UUBs, transient noise peaks and fluc-
tuations in the FADC traces of all input channels, have been observed. These peaks, in the
following sections also referred to as "spikes", often appear with an uniform pattern in the
traces of multiple input channels at the same time indicating leaking currents or electronics
oscillations as sources for the noise. To further investigate this unwanted behavior, we ex-
tended the search for transient events to the traces recorded with the PMTs and electronics
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Table 5.5: Appearance of electrical transients for different UUB versions (I to IV) for
the high gain (HG) channels of all PMTs of station LS22 including the values for
both baseline trace definitions and average values for the UB.

Bins PMT I II Inm 1v UB
% % Y% % Y%

LPMT1 1746 0.80 0.90 0.66 0.19
LPMT2 1933 0.71 0.71 059 0.30
first LPMT3 328 172 1.04 0.86 0.27
Empty 049 158 0.22 0.50 -
SSD 9.15 242 0.77 054 0.22

LPMT1 1693 082 071 0.72 0.16
LPMT2 1819 0.64 053 052 0.28
last LPMT3 330 132 065 0.74 022
Empty 037 159 021 047 -
SSD 872 255 119 095 0.20

Table 5.6: Appearance of electrical transients for different UUB versions (I to IV) for
the low gain (LG) channels of all PMTs of station LS22 including the values for both
baseline trace definitions and average values for the UB.

Bins PMT I I1 Inm 1v UB
Y% % % % %

LPMT1 051 043 042 047 043
LPMT2 076 075 039 046 0.31
first LPMT3 056 084 059 044 041
SPMT 060 537 079 374 -
SSD 052 2431 034 342 023

LPMT1 050 051 040 041 043
LPMT2 078 074 039 041 033
last LPMT3 049 084 048 046 041
SPMT 056 526 077 379 -
SSD 056 2412 030 354 0.27

boards installed in the Observatory. The noise spikes generated by the electronics are usually
only distinguishable from the trigger pulses, or in the case of the SD PMT traces, from the
signal pulses, when they appear at trace bins distant to the induced pulses, i.e., with a certain
time difference to the signal bins. For this reason, we set the focus of our search for electronics
spikes to the beginning and end of the PMT traces using the baseline trace definitions from
above.

With the mean and the standard deviation of the baseline bin count distributions, we can
define a trigger condition to search for spikes in the bin ranges of both baseline traces, byt
and bjast. When a bin count surpasses an upper threshold above the mean of the baseline trace
or falls short under a lower threshold below the baseline trace mean, the trace is classified as
“containing a spike”. This condition is fulfilled when either the maximum single bin count
bmax or the minimum single bin count by, of the baseline traces reaches one of the predefined
thresholds. For this analysis, we chose the thresholds to be 40, as a trade-off, small enough
to detect peaks with very low amplitudes, but still able to reject bin-to-bin fluctuations. Then,
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Figure 5.4: Distributions of the baseline standard deviations for the high gain (HG)
channel of an LPMT of station LS22. Left: Connected to a prototype V1 UUB (I).
Right: Connected to a pre-production version UUB (IV).

the applied trigger condition can be noted as
Dmax > b+ 40, or bmin < b— 40 (5.5)

To visualize this spike search criterion, the upper and lower thresholds are displayed by the
orange and red horizontal dashed lines in Fig. 5.3.

When analyzing the traces of the SD PMTs, we have to carefully differentiate several types
of peaks, or spikes, that can appear in the baseline traces. Hereby, the shape and the symmetry
of the peaks plays an important role and serves as the main classifier for the separation of
the different spike types.

The peaks that we are searching for, are generated by misbehaving electronics components
and will classify the traces as noisy when they appear. These transients have a rather symmetric
pulse shape around the baseline mean, similar to a up and down ringing of a few consecutive
bins, i.e., alternating bin counts above and below the mean. Due to this characteristic, they
can be selected by searching for traces which likely trigger both baseline threshold conditions,
the upper and the lower bound. An example of such an electronics spike can be seen in the
top diagram in Fig. 5.3. A small fraction of these spikes contain a significantly large part of
the peak below the mean value which can result in solely reaching the lower threshold, not
the upper. For this reason we include transients that only suffice the lower search condition
in the counting of noisy traces.

In contrast, another type of peak with an asymmetric shape around the baseline trace can
be observed in the PMT traces as it is shown in the trace in the bottom diagram of Fig. 5.3.
These peaks seem to be similar to the signal peaks and can be assigned to real air shower
events which are not generating an own trigger due to the conceptional design of the trigger
algorithm and data readout of the SD station. When a trigger for an PMT is built, a certain
amount of time bins before the trigger are read from a memory ring buffer on the electronics
boards an further added to the beginning of the PMT event trace. During this readout process,
the PMT cannot form a new trigger if another particle shower is arriving. Nonetheless, the
air shower particles would create a signal in the PMT which is stored in the ring buffer. If by
chance the following trigger appears in the time window of the length of the memory, the
buffer content containing the peak is read out and added to the event trace of this following
trigger. Similarly, the additional signal peaks can appear in the last bins of an event trace due
to the fact that no additional trigger was formed.

Besides these peaks created by nearly simultaneously appearing air showers, another type
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Figure 5.5: Distributions of the baseline standard deviations for the high gain (HG)

channel of the SSD PMT of station LS22. Left: Connected to a prototype V1 UUB (I).

Right: Connected to a pre-production version UUB (IV).

of spikes with asymmetric shapes can be found in the PMT trace, especially in the last bins.
These peaks are created by particles of the same air shower which defines the triggered event,
but arrive with a large time difference to the bulk of the air shower particles due to scattering
effects in the atmosphere that delay their propagation.

A third type of asymmetric peaks with rather small amplitudes may be found in the
event traces. These peaks are created by photons that enter the detector from the outside
indicating a problem with the light tightness of the detector enclosure, and thereby providing
a measure of the mechanical stability. The studies of these light leakage effects, especially
for the newly produced and deployed SSDs, is very important to predict and describe their
future behavior and rate of deficiency. While in Section 4.2.3 the results of the light tightness
checks during the validation measurements of the main production SSDs at the Karlsruhe
Institute of Technology (KIT) has been shown, we present in Section 5.3.2 a study of possible
light tightness problems by analyzing the data acquired with the SSD PMTs of the stations
of the SSD PPA in the Observatory.

Finally, afterpulsing? and intrinsic noise from the amplification stages of the used PMTs
cannot be excluded as source for small asymmetric peaks appearing in the traces. An short
discussion about the intrinsic noise behavior of the standard PMT type foreseen to be used
inside SSDs has been already presented in Section 4.1.2.

Independently of the origin, we can distinguish the peaks with asymmetric shape from
electronics spikes, due to the fact that these peaks only surpass the upper threshold of our
spike search algorithm, but not the lower one. Due to the fact that the implementation of the
station software, especially the definition of the event trigger algorithm, strongly influences
the number of additional peaks induced by arriving particle in both baseline trace ranges, we
do not focus in our analysis on these peaks, but only on the search for the electronics spikes
in the event data.

When searching for symmetric peaks in the baseline traces we also have to consider
lightning induced noise pulses which show a very distinct shape, similar to the electronics
noise, and also usually appear in multiple PMTs of the same station at the same time.
By using the above defined search condition with an upper and lower threshold criterion

2Afterpulsing of photomultiplier tubes describes the appearance of small noise pulses which follow the main
signal pulse in a time range of a few nanoseconds up to several microseconds. They are created by elastic scattering
of electrons on the first dynode (ns delay) or positive ions reaching the photocathode (ms delay) creating pulses
with rather small amplitudes but similar shapes then the main pulse [142].
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around the baseline mean, it is nearly impossible to distinguish the lightning induced ringing
from electronics spikes. For this reason, we intended to select measurement periods for
the different versions of electronics boards which show a small number thunderstorm and
lightning events observed with various sensors distributed over the SD array. The event
rejection is thereby performed using a provided list from the monitoring database which
contains events classified as “bad”, i.e., events that should be excluded in analyses to avoid
biases. In addition, a more detailed investigation of the effects of thunderstorms and lightning
on the PMT traces obtained with the original and the new electronics boards is provided in
Section 5.4.1.

To compare the different UUB versions, we determine the appearance rates of electronics
spikes which trigger the search condition in both baseline ranges for both chosen stations
LS20 and LS22. Here, we have to note that the rate values depend on the selection of the
condition threshold, and therefore relative comparisons rather than absolute are drawn. The
development of the rates over all the selected electronics board periods for station LS20 is
shown in Tab. 5.3 for all the high gain channels, and in Tab. 5.4 for all the low gain channels of
the individual PMTs. Analogously, the results of the analysis of the electronics board versions
installed in station LS22 for both gains lead to the spike appearance rates displayed in Tab. 5.5
and Tab. 5.6. In all four tables, the rates of electronics transients are given for both baseline
ranges, the baselines determined from the first trace bins, as well as the baselines determined
from the last trace bins.

For both stations, we can observe that the number of electronics spikes in both baseline
ranges of the LPMT traces was significantly reduced when the UUB prototype V1 was replaced
by the prototype V2. This result confirms the performance problems of the prototype V1
boards caused by malfunctioning electronics components which had been already observed
in laboratory tests as mentioned previously. After the major changes in the board layout
when switching from the prototype versions V1 to V2, the rate of observed electronics spikes,
especially in the high gain channels, strongly decreased and has remained at a lower levels
for all following UUB versions, including the latest pre-production UUB version.

Interestingly, the number of electronics spikes in the SPMT and SSD PMT channels rises
for prototype V2 compared to V1, with the strongest increase in the low gain channel of the
SSDs PMT. This hardware issue was then corrected with the design and production of the
prototype V3 electronics. The latest UUB version, the pre-production version, shows low rates
of electronics spikes for the LPMTs in both gains and both baseline ranges equivalent to the
last prototype version V3. Only the SPMT and SSD PMT indicate a slightly increased number
of spikes compared to former versions. This result is not necessarily related to misbehaving
electronics components, but can also be a consequence of the selection of events. During
the first months of data acquisition with the pre-production version UUBs, the number of
thunderstorms was uncommonly high, and therefore the number of externally induced spikes
was significantly increased. Despite filtering most of the thunderstorm events from the event
data by using the “bad” period list, a fraction of lighting events remains in the data set biasing
the count of symmetric spikes. In addition, we can note, that the rate of electronics noise
transients is very similar for both baseline definitions, showing the fact that these spikes
appear regularly and distributed over the whole PMT trace.

For comparisons between the two electronics generations, all four tables additionally
contain the results of the search for electronics spikes in the baseline traces of an SD stations
equipped with an UB. To guarantee a general comparison between the electronics generations,
we used the same threshold condition and calculated for each individual PMT an average
value using the data of five stations (LS651, LS656, LS659, LS710, and LS1732). The tables
show that for the low gain channels the values between the two electronics generations are
quite similar. Contrarily, for the high gain channels, the electrical transients seem to appear
less frequently for the UB. This might be an effect of the search algorithm not detecting spikes
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Table 5.7: Average values of distributions of baseline standard deviations for different
UUB versions (I to IV) for the high gain (HG) channel of all PMTs of station LS20.
For the comparison between electronics generations, the higher resolution of the
UUB (factor of 4) has to be considered.

Bins PMT I II III v UB
ADC ADC ADC ADC ADC

LPMT1 274 193 207 196 0.53
LPMT2 275 194 220 194 047
first LPMT3 282 195 208 194 046
Empty 066 068 057 0.80 -
SSD 275 202 200 198 0.60

LPMT1 286 198 214 204 0.53
LPMT2 287 196 229 200 048
last LPMT3 292 198 211 198 046
Empty 066 071 057 083 -
SSD 277 202 222 228 0.60

with low amplitudes due to the lower absolute noise level of the old electronics boards (see
Section 5.1.4).

5.1.4 Noise level

Besides for the search of transients and spikes produced by electronics malfunctions, the two
baseline trace quantities mean and standard deviation introduced in Section 5.1.2 can also be
used to generally describe the noise levels of the embedded hardware components. Especially
the widths of the baseline distributions indicate the stability of the electronics signals and
provide limits for the resolution and dynamic range of the measurement set-up. Our main
focus in this analysis lies on the amplitudes and spreads of the ground level noise of all
input channels. Thereby, we have to keep in mind that the standard deviation of the baseline
distribution of individual events can be strongly biased when signal peaks or spikes appear
in the baseline bin ranges. For this reason, we use the spike search algorithm described in the
previous Section to filter out traces with detectable transients. Then, the distributions of the
baseline standard deviations of the different electronics board versions are determined.

Similarly to the electrical transient search, the noise level analysis is applied to the baseline
traces of the two selected stations, LS20 and LS22, and individually performed for the prede-
fined time periods of the installed electronics board versions. Two examples of distributions
of baseline standard deviations are shown in Fig. 5.4, in the left diagram for the high gain
channel of an LPMT of station LS22 equipped with an UUB prototype V1, and on the right
side for the same PMT and channel of station LS22, but now connected to a pre-production
version UUB. When comparing both distributions, a difference in the position of the maxi-
mum and the spread can be seen. By determining the average values of these distributions
for each electronics board version, we can further describe their general noise levels.

To provide an overview and to enable comparisons between the different UUB versions,
as well as between the UUBs and the original UBs, the resulting average values for the
distributions of baseline standard deviations are given in four tables. In Tab. 5.7 and Tab. 5.8
the high and low gain channels of the station LS20 are displayed, respectively. Analogously
to the spike search analysis, we additionally show the values for both baseline definitions,
the first and the last bin baselines. The respective results for the station LS22 for both gains
are shown in Tab. 5.9 and Tab. 5.10.
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Table 5.8: Average values of distributions of baseline standard deviations for different
UUB versions (I to IV) for the low gain (LG) channel of all PMTs of station LS20. For
the comparison between electronics generations, the higher resolution of the UUB
(factor of 4) has to be considered.

Bins PMT I II III v UB
ADC ADC ADC ADC ADC

LPMT1 066 057 057 055 0.52
LPMT2 0.62 0.60 057 056 048
first LPMT3 064 060 058 055 047
SPMT 071 060 057 0.55 -
SSD 076 064 068 064 046

LPMT1 067 057 057 055 0.52
LPMT2 0.64 0.60 058 056 047
last LPMT3 066 060 0.61 056 047
SPMT 071 060 057 0.55 -
SSD 076 064 068 064 047

Overall, we can conclude that the noise level of the prototype V1 UUBs show significantly
higher values compared to later versions of electronics boards. This observation matches the
inferior performance which was already seen in the noise transient search and the preceding
laboratory tests. After the changes of the UUB layout, we determine an average noise level
of approximately 2 ADC or slightly below for the high gain channels of the majority of the
PMTs reaching the pre-assigned requirements. This includes the latest UUB version, the
pre-production UUB, which represents the nearly final design for the new electronics boards.
When comparing the results for the two defined baseline ranges, we can observe that the
average values for the first and the last trace bins match for most of the PMTs when considering
the measurement uncertainties. Only for the SSD PMT values of the high gain channel, the
values for the last bins seem to be higher. A reason here, might be the contamination with
pulses from external effects, e.g., lightning events, PMT afterpulsing, etc., which are not
properly filtered by the applied procedure. This can be seen in Fig. 5.5 which displays the
distributions of baseline standard deviations for the SSD PMT of station S22, on the left for
the UUB prototype V1, on the right for the UUB pre-production version. For the prototype
V1 distribution, the displayed mean value represents the true noise level, i.e., the position of
the maximum, while in the distribution of the pre-production version two peaks are visible.
Here, the position of the left peak, at lower ADC values, describes the true noise level of the
input channel which is in fact on a similar level than for the other PMTs. The second peak
is created by the additional pulses that survive the filtering procedure increasing the mean
of the total distribution. In case of the low gain channels, the reduction of the noise level
between the different UUB versions is rather faint.

In the result tables we can also observe that the general average values of baseline standard
deviations of the original UB are consistently lower than the values of the UUB versions
in absolute ADC units, especially for the high gain channel signals. This result is slightly
misleading due to the fact that the different board generations have different dynamic ranges,
i.e., FADC resolutions. Therefore, the absolute average values have to be normalized by the
respective FADC resolutions to enable a comparison. The resolution of the UUB (12-bit) is by
the factor of 4 higher than for the UB (10-bit). When applying this scaling factor, the noise
levels of the latest version of UUB lie on a similar or even slightly lower level compared to
the levels of the original UB.
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Table 5.9: Average values of distributions of baseline standard deviations for different
UUB versions (I to IV) for the high gain (HG) channel of all PMTs of station LS22.
For the comparison between electronics generations, the higher resolution of the
UUB (factor of 4) has to be considered.

Bins PMT I II III v UB
ADC ADC ADC ADC ADC

LPMT1 276 195 192 189 0.3
LpMT2 273 199 200 193 047
first LPMT3 211 197 193 192 046
Empty 065 059 057 054 -
SSD 279 197 194 199 0.60

LPMT1 275 200 195 188 0.53
LeMT2 273 204 202 193 048
last LPMT3 210 203 2.00 194 046
Empty 065 059 057 054 -
SSD 281 208 219 280 0.60

5.1.5 Input channel amplification

The third comparison of the different electronics board versions and generations presented in
this Dissertation is the analysis of the amplification chains of the individual input channels.
This study is realized by applying a data-driven determination of the amplification factors
between the two gains of each input channel to verify the dynamic range of the electronics
design.

As already explained in Section 5.1.1, the splitting and amplification of the input channels
of the UUBs is handled by the front-end components of the boards. They are expected to
provide the nominal values of 32 for the LPMTs and 128 for the SSD PMTs with only small
uncertainties of a few percent due to the production quality of the components. As a reminder,
the UBs are connected by two cables to the two different output channels of the PMT base
electronics which is providing the expected gain factor of 32.

In this analysis we determine the amplification factors by defining a procedure to calculate
the pulse signals for both gains on individual event traces. Subsequently, the signal ratios of
each event are determined for the different electronics board versions. Hereby, we have to
select traces that fulfill certain quality criteria. On the one hand, only events with a minimum
deposited energy to produce signals in both, low and high gain traces, can be used. On
the other hand, for a proper calculation of the total signal of the pulses, traces which show
saturation, i.e., one or more trace bins reach the maximum possible ADC value (4095 for
the UUB or 1023 for the UB), are rejected. The signals S for both gains are then calculated

by subtracting the baseline trace mean b from each trace bin and summing the bin entries
between the start bin tsart and the stop bin ts,p which are determined by the signal integration

algorithm in the Offline [70]:

tstop tstop

5= (s(t) —E) = > s(t)-Nb (5.6)

tstarf tsfart

with N defining the number of bins from the start to the stop position, including both outer
bins. This calculation of the individual PMT signals slightly differs from the general procedure
implemented in the Offline which is in introduced in Section 6.4.2, but serves as simple signal
estimation. The amplification factor A of each event is then given as the ratio between the
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Table 5.10: Average values of distributions of baseline standard deviations for
different UUB versions (I to IV) for the low gain (LG) channel of all PMTs of station
LS22. For the comparison between electronics generations, the higher resolution of
the UUB (factor of 4) has to be considered.

Bins PMT I II III v UB
ADC ADC ADC ADC ADC

LPMT1 059 059 056 056 0.52
LPMT2 070 059 057 056 048
first LPMT3 058 059 056 057 047
SPMT 063 060 055 051 -
SSD 064 062 065 062 046

LPMT1 060 059 056 056 0.52
LPMT2 070 059 057 056 047
last LPMT3 058 059 056 057 047
SPMT 063 060 055 051 -
SSD 064 062 065 062 047

high gain signal Spg and the low gain signal S1¢, i.e.,

A= SE (5.7)
516

This calculation does not yet include any check if the signal determination returns reliable
values. especially for the low gain signals which are often very small or even adopt negative
values due to the fact that the low gain traces often not contain any signal pulse. In addition,
the simplified calculation of the signals is not accounting for possible under- or overshoots
of the pulses. These uncertainties lead to a large spread in the calculation of signal ratio
values. To assure minimum signal sizes for a proper calculation of the amplification factors,
we implement an additional condition which filters the events before the ratio is determined.
This condition defines a minimum signal-to-noise threshold that has to be surpassed. The
noise o to the respective signal S can be inferred from the noise values of each trace bin.
These noise values are assumed to be constant for all bins and are given by the baseline
standard deviation o}. This result in

tstop
GEIZG?]:Nﬁg -  ogs=0,VN (5.8)

Estart

The event selection is then performed by requiring a certain signal-to-noise ratio which we
chose to be larger than 5 for both signals:

S>555 — S>50,VN (5.9)

The resulting signal ratios after applying the event selection are displayed in the diagrams in
Fig. 5.6. Therein, the signal ratios of single events of two PMTs of the station LS20 equipped
with a pre-production UUB are shown in dependence of the respective high gain signal. In
the left diagram, the ratios for an LPMT with the nominal amplification factor of 32 can be
seen depicted by the red horizontal dashed line. The diagram on the right shows the resulting
values for the SSD PMT, with the nominal factor of 128, also highlighted by the red horizontal
dashed line.

Despite the selection criteria removing already a large fraction of events, an increase
of the fluctuations in the signal ratios when going towards lower signals is still visible
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Figure 5.6: Signal ratios after applying the signal-to-noise event selection for two
PMTs of station LS20 equipped with a pre-production UUB. Left: Signal ratios of
one of the LPMT. Right: Signal ratios of the SSD PMT.
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Figure 5.7: Signal ratio distributions of an LPMT connected to a pre-production
UUB in station LS20. Left: Before the event selection on the high gain signals. Right:
After the high gain signal cut is applied.

in both diagrams, especially for the SSD PMT. For this reason, we include an additional
selection criterion to the amplification factor calculation. By choosing only events with
Shc > 1x10* ADCT the spread of the signal ratio distribution can be significantly reduced
and the mean of the remaining ratio values is determined. The applied signal threshold
is visualized by the black vertical dashed line. To show the effect of the signal threshold
condition, the signal ratio distributions of an LPMT and of the SSD PMT are presented in
the diagrams in Fig. 5.7 and Fig. 5.8, respectively. In the left diagrams of both figures, the
respective distributions before applying the high gain signal cut can be seen, including their
mean values and standard deviations. Whereas the distribution of the LPMT is symmetric
around the maximum value resulting in an average value very close to the expected factor of
32 (red vertical dashed line), the signal ratios of the SSD PMT form a wider and asymmetric
distribution which leads to a mean value below the nominal value and a large standard
deviation. After the selections of events which contain only high gain signals above the
selected threshold, the distributions transform to the ones shown in the right diagrams of
both figures. The spread is significantly reduced and the average values approach the nominal
values provided by the hardware components.
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Figure 5.8: Signal ratio distributions of the SSD PMT connected to a pre-production

UUB in station LS20. Left: Before the event selection on the high gain signals. Right:

After the high gain signal cut is applied.

Table 5.11: Average values of signal ratio distributions for different UUB versions (I
to IV) of all PMTs of the stations LS20 and LS22. The nominal amplification factors
are 32 and 128 for the LPMTs and the SSD PMT, respectively.

Station PMT I II III v

LPMT1 31.06+0.76 31.80+0.62 31.31+0.77 31.72+0.61
LPMT2  31.55+0.73 31.38+0.65 31.25+0.73 31.40+0.59

1520 LPMT3  31.39+0.71 31.70+0.60 32.26+0.79 31.51+0.65
SSD 122.18+19.18 131.58+18.64 126.05+17.78 127.61+13.88
LPMT1  31.34+0.67 31.53+0.64 31.32+0.63 32.70+0.65

1522 LPMT2  81.89+5.58 31.76+0.63 32.73+0.75 31.28+0.57

LPMT 3 9.85+7.05 31.94+0.61 31.35+0.67 31.59+0.59
SSD 117.36+17.45 143.30+20.41 122.92+16.79 138.08+15.22

Applying this event-based procedure to all PMTs of the stations LS20 and LS22, and
all installed UUB version, we have the possibility to investigate the embedded hardware
components concerning their minimum requirements and production quality. The resulting
average amplification factors and standard deviations are displayed in Tab. 5.11. For the
station LS20, all UUB versions show a rather stable average signal ratio for all the connected
PMTs, even in the case of the prototype V1 UUB. In contrast, the average values for the UUBs
in station LS22 changed over the different versions. For prototype V1, the signal ratios for two
LPMTs strongly deviate from the expected values which might be related to malfunctioning
or incorrectly installed electronics components. After the switch to the prototype V2, the
average signal ratios for all PMTs approach the nominal factors considering the statistical
uncertainties.

Finally, we have to note that the two-stage filtering significantly reduced the number of
events, especially for the SSD PMTs, which can produce the large fluctuations between the
average values observed for station LS22. For this reason, the applicability of our data-driven
method is limited to stations that are part of the SD-433 or SD-750 arrays with denser station
spacing, leading to an increased number of detected events.
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Figure 5.9: Latest configuration of the AugerPrime Engineering Array from Septem-
ber 2018 to April 2021. Four AugerPrime stations are located in the SD-433 array, the
remaining eight stations form a hexagon in the standard SD array with a doublet in
the hexagon center.

5.2 AugerPrime array configurations in the Observatory

The studies and field tests of individual AugerPrime components and fully upgraded stations
were and are still performed in two main array configurations which are introduced in this
Section: the AugerPrime EA and the UUB PPA. We classify both arrays as “AugerPrime
configurations” due to the fact that the original electronics boards UB have been replaced
by the new UUBs in all belonging stations. A third array configuration was established with
the start of the test phase of the newly installed SSDs in combination with UBs, the so-called
SSD PPA which is presented in the subsequent Section. Information about changes in the
array configurations and modifications of single stations can be found in Ref. [137] and
Ref. [138].

5.2.1 AugerPrime Engineering Array

The AugerPrime Engineering Array (EA) was deployed and launched in October 2016 to test
the performance of the four major parts of the experiment upgrade, the UUB as new station
electronics boards, the additional SPMT inside each WCDs, the SSDs on top of the WCDs,
as well as the newly designed radio antennas for the upcoming RD. The array was located
in the western part of the SD array Section 3.1.2 in the proximity of the SD-750 region and
consisted of 12 stations. After the start of the data acquisition, the AugerPrime EA contained
nine stations in the standard SD-1500 array, with six stations (LS1733, LS1736, L51737, LS1738,
LS1742, and LS1744) forming a hexagon around a non-upgraded central station. These six
stations have been part of the main SD data production before they received the upgraded
components by what they dropped out of the production station list which is used for physics
analyses in the Pierre Auger Collaboration. The additional three stations (LS56, LS59, and
LS60) were placed inside the same hexagon as accompanying stations in so-called multiplets,
two at the central station forming a triplet, and one at the south-eastern station in the hexagon
forming a doublet.
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To acquire significantly more events in a short period of time, and thereby enabling fast
tests of new hardware and software, originally three stations (LS20, LS22, and LS39) were
placed in the SD-433 array in a quadruplet to the non-upgraded station LS1764. In September
2018 the station LS60 was moved from the hexagon to this multiplet in the SD-433 array and
renamed to LS41 forming a station quintuplet. This set-up defines the latest configuration
of the AugerPrime EA shown in the map in Fig. 5.9 wherein we also highlight the location
inside the SD array. The end of the AugerPrime EA was defined in April 2021 with the
exchange of the prototype electronics boards with the latest pre-production version UUBs.
The majority of the former EA stations are now counted to the newly deployed UUB PPA
which is introduced in the following.

As mentioned previously, various prototypes of all of the main AugerPrime upgrade
components, described in Section 3.2, have been tested in the AugerPrime EA. The test phase
started in 2016 with the UUB prototype V1 and was carried on with two more prototype
versions of electronics boards over the period of four years. The performance of the electronics
boards has been heavily monitored and tested, and comparisons with the latest pre-production
version, as well as with the original UBs are presented above in Section 5.1.

Together with the new electronics, the SPMTs were added inside the WCDs providing
an extension of the dynamic range of the detector towards higher energies. These PMTs are
mounted above a window on the top side of the Tyvek liner, close to the center of the triangle
formed by the three LPMTs. In the first months, three different types of head-on PMTs with
diameters between 1in and 1.2in have been tested, the Hamamatsu R6094 [143], the ET
Enterprise 9107B [144], as well as the Hamamatsu R8619 [99]. Finally, the latter was chosen to
be the baseline type of the SPMT. First performance results together with simulation studies
of events including SPMT data can be found in Ref. [98].

In the middle of 2018, the first radio antenna of the short aperiodic loaded loop antenna
(SALLA) type has been installed on the ground a few meters next to the AugerPrime station
LS22 in the SD-433 array to test the readout connection between the antenna front-end
electronics and the UUB, as well as for studies of the RFI level of the new electronics boards.
A few months later, the antenna was mounted at its assigned position on the top of the station
above the SSD creating the first complete AugerPrime station in the Observatory. To extend
the performance tests, seven additional SALLAs have been deployed in the field, two in the
station multiplet in the SD-433 array (LS20 and LS39), and four in the AugerPrime hexagon
(LS56, LS1737, LS1742, and LS1744), all connected to UUBs of prototype versions V2 or V3.
The results of the data acquisition with the first RD antennas are shown in Ref. [107].

The last upgrade component discussed in this Section are the SSDs which ultimately
will be mounted on top of the majority of the SD stations when the upgrade phase will be
finished. For the AugerPrime EA, a first series of 13 SSDs has been produced at the KIT, and
one additional SSD has been assembled locally in the workshop building on the Observatory
campus in Malargiie. Between these detectors, small differences and modification in the
design were present which indicate the development and optimization of the assembly
procedure over the first months of production. The scintillation detectors for the AugerPrime
EA contained additional temperature and humidity sensors, as well as LEDs for potential
calibration and functional capability tests. Later, both features, the sensors and the LEDs, have
been withdrawn from the final design of the SSD to reduce the complexity of the detector.

Another example of the small design differences among the first SSDs, are the varying
types of couplings between the wavelength-shifting (WLS) fibers and the respective detection
devices, the so-called cookies, which have been tested in the engineering detectors in the field.
For the signal readout with PMTs two different coupling methods have been tested. One
SSD contains a cookie that was produced by gluing the fiber ends with into a poly(methyl
methacrylate) (PMMA) cylinder followed by a long process of polishing the fiber ends with
sandpapers of different roughness to receive a flat and homogeneous surface. Contrarily,
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gain (HG) channels of all AugerPrime EA stations.
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in the case of the other SSDs assembled for the operation with PMTs, the fiber ends are
melted on a hot glass plate before gluing them into a PMMA cylinder with an additional
transparent window to protect the fiber ends from dust and pressure. With this technique,
a homogeneous surface condition of the fiber ends is reached, while the preparation time is
reduced compared to polishing the fibers. Thus, this method has been chosen for the main
production of the SSDs at all assembly sites in the Pierre Auger Collaboration.

In addition, three out of the 13 SSDs contained a particularly shaped cookie with the
fiber stack split into two equal bundles and glued into two holes with one window each.
These cookies have been designed to couple the fiber ends to silicon photomultipliers (SiPMs)
which had been proposed to be used as the default device for the signal readout in all SSDs
of the AugerPrime upgrade. A more detailed description of the coupling method, the newly
developed SiPM electronics, as well as the results from first studies of their performance in
the Observatory are presented in Ref. [145]. From the start in 2016, two station, LS59 and
LS1733, were equipped with SiPM SSDs to test the performance with slightly modified UUB
prototype versions. With the movement of one station from the hexagon into the SD-433
multiplet, the station LS41 also received an SiPM SSD while the station LS1733 was exchanged
to a PMT SSD station, which can be seen in the map in Fig. 5.9.

For the readout of the standard cookie SSDs, mostly all detectors have been equipped with
standard version of the head-on Hamamatsu R9420 PMT with a diameter of 1.5in [120]. Only
one station received a Hamamatsu R9420-SLE which is an exemplar particularly selected
by the manufacturer in order to guarantee a high linearity at very high gain values. Due to
the fact, that first results of the SSD performance had shown that with the standard PMT
version the maximum dynamic range of the detectors can be reached, the significantly more
expensive SLE version was rejected as default device for the Upgrade.

Besides the PMTs, also different types of their base electronics were tested over the whole
time period, starting with nearly all PMTs equipped with a passive base connected to a
power supply of the type A7501PB produced by CAEN [100]. Later on, most of the passive
bases have been substituted by active bases provided by ISEG [121] of which three different
generations were tested in the AugerPrime EA. The advantage of avoiding an additional
power supply and a second connection cable lead to the choice of the active base as default
for the SSD PMTs for the full Upgrade. More detailed information about the peculiarities of
certain SSDs can also be found in Ref. [112] and internally in Ref. [124].

The studies of the performance of the AugerPrime EA have been crucial for the develop-
ment of the Upgrade and the design optimizations of its main components. A first presentation
of the early test results half a year after start of the engineering phase is given in Ref. [123].
In 2019, an update on the upgrade performance was shown in Ref. [101], also including
events acquired with the SSD PPA which is introduced in Section 5.3. In this Dissertation, we
present the performance of the AugerPrime EA in the four years of data acquisition mainly
focusing on the data of the three LPMTs inside the WCD, as well as of the SSD PMTs. As
already mentioned, the numerous modifications of hardware, i.e., electronics, detectors or
even whole stations, as well as various changes of PMT power settings and constant updates
of the local station and data acquisition software complicated the analysis of the performance.
These effects can be seen for instance in the time evolution of the baseline trace mean values
of one LPMT of station LS20 displayed in Fig. 5.2. Herein, the blue markers are distributed in
multiple populations with different average values depending on the version of electronics
board or connected readout devices.

Additionally, we can use the widths of the baseline distributions, i.e., the standard devia-
tions introduced in Section 5.1.2 to describe the overall performance of not only the stations
in the AugerPrime EA, but also of the other array configurations introduced in the following
sections. The diagram in Fig. 5.10 summarizes the performance of the first 12 AugerPrime
stations by showing the monthly averaged baseline widths of the high gain channel of the SSD
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Figure 5.11: Monthly averages of baseline distribution widths for the high gain (HG)
channels of the station LS1737.

PMTs of all stations over the total time period, from the start in October 2016 until the end in
March 2021. By analyzing this data, we can draw various observations and conclusions:

* Although the first SSDs have been deployed and connected in October 2016 (first time
bin) the first events in this diagram start one month later due to the fact that the
necessary software update was rolled out at the end of October 2016 (see calibration

version 257 in Tab. 5.1).
¢ The stations LS39 and LS41 have been placed and equipped later than the other stations
and started their data acquisition at the beginning and the end of 2018, respectively.
We can also observe in the diagram that the station LS41 was not sending data for the
last months which might indicate a malfunction of its prototype V1 UUB containing

modifications for the readout of SiPMs.

* The second SiPM SSD in the data was mounted on top of station LS59 and shows a
significantly lower baseline width compared to the other detectors which can be also

related with the adapted electronics for the different detection device.

* To search for potential differences between stations in the standard SD-1500 grid com-
pared to stations in the SD-433 array with approximately 10 times more events, we
display the group of stations from the hexagon on the bottom, while the four stations
of the quintuplet are shown on the top. Selecting two example stations, L51737 for the
tirst group and LS20 for the latter, no significant differences in the average behavior
between these stations can be observed. Merely, the station LS1737 shows a delay in
the start of the data acquisition which is the result of the belated installation of the SSD

and the first UUB.
* Finally, we can see for certain stations, e.g., LS20, LS22, or LS1737, that their average
baseline widths dropped at defined months which contain the dates of the transition
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Figure 5.12: Surface detector station map with the two sub-arrays containing Auger-
Prime upgrade components from June 2021. The stations of the UUB PPA are high-
lighted by the orange squares, while the blue circles represent the station positions
of the SSD PPA.

from the prototype V1 UUBs to the prototype V2 boards.

The downwards trend in the noise levels mentioned in the last item was already analyzed
in the UUB version comparisons in Section 5.1.4 and can also be observed in the diagram
in Fig. 5.11. Therein, the monthly average baseline width values for all the five high gain
channels of station LS1737 are displayed as profiles including the mean value and its standard
error as uncertainties. For all input channels connected to an PMT, a discontinuity in the
monthly averages can be seen in the last months of 2018 indicating the decrease of the noise
levels due to the change of the UUB. Additionally, the differences in the uncertainty values of
the respective PMTs can be explained with the individual intrinsic noise levels of the devices
and their base electronics.

Despite several studies of upgraded components have been carried out, we have to
conclude that the number of stations in the AugerPrime EA was to low to test the future SD
performance on a larger scale, i.e., the reconstruction of air showers with an array area of
~6 km? is rather limited. In addition, the number of frequent modifications in the engineering
phase was too large to draw conclusions on long-term stability of the new detectors and
devices. For this reason, the UUB PPA was launched at the end of 2020.
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5.2.2 Upgraded Unified Board pre-production array

With the production and the deployment of the first pre-production UUBs, the latest extension
of the AugerPrime test phase with the fitting name Upgraded Unified Board pre-production
array (UUB PPA) was introduced in the SD array of the Pierre Auger Observatory. This
configuration started as a test array for the final UUB version, but will continue as the official
upgraded SD array when all UUBs will be deployed at the end of 2022 or the beginning of
2023.

In general, the upgrade of the SD stations can be realized rather fast, due to the fact that the
SSDs have been already installed in a separate deployment campaign, but just have not been
equipped with an PMT, i.e., have not been added in the data acquisition process yet. For this
reason, only the SPMT inside the WCDs and the SSD PMT have to be installed, together with
the new UUBs. The UUB deployment is usually carried out in batches due to the prior testing
and transport scheduling in Europe. The first 31 pre-production UUBs have been deployed
in December 2020, marking the start of data acquisition of the new UUB PPA. These first
stations are located in the standard SD-1500 grid at the border of the former AugerPrime EA
location towards the east. Additionally, this deployment stage included the upgrade of two
stations in the SD-433 array, the stations L.520 and LS22, which have been already intensively
studied and described in this Chapter.

With the installation of the second batch of 48 UUBs in March and April 2021, the majority
of former AugerPrime EA (LS56,1.51733,1.51736,1.51737,1.51738,L.S1742, and L51744) stations
received a new UUB, as well as an SSD from the main production series which have been
introduced and validated in Section 4.2. This marked the end of the AugerPrime EA test
phase. In the case of the former engineering station LS59, located in the multiplet in the center
of the EA hexagon, the already installed outdated SSD was removed and a pre-production
UUB was installed. Together with the other two fully upgraded stations in this triplet, the
effects of the mounted SSDs on the total station response can be studied.

After the deployment campaigns of the first two UUB batches with 79 stations, the
UUB PPA reached a sufficient size to start analyzing the performance of the air shower re-
construction using data acquired with the detectors of the AugerPrime upgrade. In this
configuration, the UUB PPA spans an area of ~120km? and the locations of the stations
are indicated by the orange squares in Fig. 5.12. This configuration of SD stations contain-
ing pre-production UUBs is used in the reconstruction comparisons of the different array
configurations in Section 7.3.

In October 2021, the deployment of UUBs continued, and since then is regularly carried
out. Up to the submission date of this Dissertation, already the large number of more than 250
UUBs have been installed in the Observatory. The latest status of the AugerPrime upgrade is
displayed in the map in Fig. 5.26.

Analogously to the analysis of the AugerPrime EA data, we use the baseline trace infor-
mation to describe the performance of the UUB PPA. By calculating the baseline distribution
width, the quality of the electronics components, as well as of the installed detection devices
can be analyzed. In the diagram in Fig. 5.13 the three-day average values of the baseline
widths derived from the first 300 bins of the high gain SSD PMT traces for the first batch of 31
stations are shown. Therein, the stations L520 and LS22 are listed on the top of the diagram
due to their significantly higher event rate as a consequence of being part of the SD-433 array.
Overall, the SSDs and UUBs display a stable performance over the more than one year of
data acquisition. Nevertheless, in certain time intervals in the first an the last months of the
acquisition period, we can observe a repeating feature. In these time intervals, a large fraction
of the SSD PMTs show a substantially higher average baseline width values when compared
to regular time intervals. These outliers can be related with thunderstorms and lightning
events appearing over the SD array creating noise signals with large standard deviations in
the PMT traces. A more detailed analysis of thunderstorm effects on the AugerPrime stations
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Figure 5.14: Distributions of three-day average baseline widths (March 2022) of all
working stations in the UUB PPA. Left: For all LPMTs with ID 2. Right: For all SSD
PMTs.
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Figure 5.15: Distributions of three-day average baseline means (March 2022) of all
working stations in the UUB PPA. Left: For all LPMTs with ID 2. Right: For all SSD
PMTs.

is given in Section 5.4.1, including the responses of the three LPMTs of the WCDs.

In addition, for a better analysis of the uniformity between the electronics boards, we
determined the distribution of the average values of a single time interval, i.e., in the case of
the UUB PPA of one three-day period. In the diagrams in Fig. 5.14 the distributions of the
average baseline widths for the last time interval in the data set from March 2022 for the more
than 250 the station are shown. The left diagram displays the distribution for the LPMTs
with ID 2 of all WCD, while the in the diagram on the right, the values for the SSD PMTs are
given. In both diagrams, the peak of the distribution representing the noise level is slightly
below 2 confirming the results of the performance tests of the pre-production UUBs which
have been already presented in the electronics board comparisons in Section 5.1.4. The mean
values provided in the legend of the diagrams are biased towards a higher noise level due to
the fact that a few stations show an increased baseline width for this interval. This can also
be seen on the overview plot by the darker colors for these respective stations. As a reason
for the increased average values, we can propose local external noise sources, e.g., RFI, or
statistical fluctuations due to the low number of events in the interval for the UUBs in the
standard SD-1500 array. In addition, we can conclude from the comparison of the shape of
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distribution that the spread for the SSD PMTs is slightly larger than for the LPMTs which
also matches the observations presented in the electronics comparisons.

Besides the baseline widths, the mean values of the baseline traces provide important
information about the individual PMT settings and the uniformity of the electronics boards.
Therefore, we analyzed the three-day averages of the baseline means in the same way than the
width values. By selecting one time interval, i.e., the last period in the data set,and determining
the distributions of individual PMTs for all stations, we observe a similar behavior for all
four PMTs. The resulting distributions for the LPMTs with ID 2 and for the SSD PMTs are
displayed in the left and right diagram in Fig. 5.15, respectively. The relative spread for the
baseline mean distributions for all PMTs is between 5 % and 7 % which is a factor of 2 to 3
smaller compared to the relative spread of stations equipped with the original UB and SSD
connected (see Section 5.3.1).

5.3 Surface Scintillator Detector pre-production array

When we describe the performance of the AugerPrime upgrade components in the Observa-
tory, we have to mention a third array configuration, the so-called Surface Scintillator Detector
pre-production array (SSD PPA), which was deployed at the end of 2018 and beginning of
2019 to serve as an intermediate test array for in-depth studies of the scintillation detectors
under field conditions. In October 2021, the majority of these stations were further upgraded
and added to the new UUB PPA marking the end of data acquisition of the SSD PPA.

At this pointa question might arise: Why is this station configuration introduced separately
from the other two test arrays? The answer lies in the usage of the original UBs, instead of
the UUBs, due to the situation that in 2019, the new electronics boards were still in the
development and testing phase while a large fraction of SSDs had already been produced
and mounted in the field. The SSD PPA consisted of 76 stations and was located in front of
the Coihueco Fluorescence Detector (FD) building to the left of the AugerPrime EA station
hexagon and the UUB PPA, as shown by the blue circles in Fig. 5.12. The array spanned an
area of ~120 km? and contained stations which belong to all three SD grids with the majority
of the stations on positions of the standard SD-1500 array. Only five stations (LS1570, LS1574,
LS1622, LS1765, and LS1773) were not counted to the SD-1500 array, but were exclusively
part of the denser SD sub-arrays. With the deployment of additional pre-production UUBs
in October 2021! (2021!), the stations of the SSD PPA have been upgraded to AugerPrime
stations are further on assigned to the UUB PPA. Thereby, the test phase of SSD PPA was be
terminated.

The method of coupling the SSD PMT to an UB comes with a disadvantage related to the
design of the original electronics boards, the necessity of disconnecting one of the LPMT of
the WCD. As mentioned in Section 5.1.1, the UB contains six identical signal input channels
of which always two channels are connected to the two gains of one PMT, using separate
cables. The SSD PMT base electronics is designed for the connection to an UUB, and therefore
only provides the single output channel of the anode, i.e., a single signal cable, assuming
the gain splitting and amplification is executed on the station electronics board. Hence, an
adapter tool is needed to connect the SSD PMT to the UB. This is realized with the UB-SSD
interconnection box containing a simple electronics board that serves two purposes. On
one hand, the adapter board is splitting the PMT signal into two paths which then can be
connected to the two UB input channels. On the other hand, the interconnection box amplifies
one of the signal paths by the factor of 32 to reproduce the high gain amplification of the
dynode. The power support and slow control for the adapter box, as well as for the active
base of the SSD PMT is provided by splitting the standard multipole cable of the UB.

The disconnection of LPMTs creates certain drawbacks on the data acquisition. For
example, the event trigger threshold of the WCD changes depending on the number of
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Figure 5.16: Surface detector station map of disconnected LPMTs in the SSD PPA.

running LPMTs, i.e., the detection threshold increases, the fewer LPMTs are participating
in the event determination. This leads to systematic shifts in the observed energies of air
showers for events measured with the SSD PPA stations. Additionally, with a smaller number
of running LPMTs, the chances of a station failure due to the malfunction of the remaining
LPMTs is increased. A second disadvantage of the disconnection is the artificially introduced
asymmetry in the determination of the total WCD signals. The positioning of the individual
LPMT 1, LPMT 2, and LPMT 3 in a triangle around center is identical inside all WCDs to
reduce asymmetry effects on the signal calculation depending on the azimuth angle of the
incoming air shower.

Finally, the selection procedure of LPMTs to disconnect was organized by following
certain criteria to suppress the drawbacks as much as possible. If one of the WCDs contained
anon-functioning LPMT, then this device was chosen to be disconnected to reduce the loss of
well performing devices. For stations with three functioning LPMTs, the devices were chosen
in a way that in total an equal amount of each of the LPMT IDs was disconnected. And if
possible, neighboring stations would not have LPMTs with the same ID disconnected, and
thus avoiding an asymmetric behavior of the whole array depending on the azimuth angle
of the air shower. The final PMT selection for disconnection is shown in Fig. 5.16.

5.3.1 Station performance

Despite the deployment of the SSD PPA started already in October 2018 the official launch of
the data acquisition was defined after the last SD-1500 station received the upgrade with an
SSD and its PMT in March 2019. A first short report about the performance of the SSD PPA
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Figure 5.17: Weekly averages of baseline distribution widths for the SSD PMT high
gain (HG) channels of all SSD PPA stations.
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Figure 5.18: Distributions of weekly average baseline means (October 2021) of all
working stations in the SSD PPA. Left: For all LPMTs with ID 2. Right: For all SSD
PMTs.

stations was given three months after the launch of the data acquisition in Ref. [101]. In
July 2021, an update on the SSD data quality was provided in Ref. [146] containing results
of the analyses presented in this Dissertation. To display the performance of the test array,
especially of the SSDs, we present in the diagram in Fig. 5.17 the weekly average values of the
baseline widths of the SSD PMTs of all SSD PPA stations. Similarly to the overview diagrams
of the AugerPrime arrays above, the stations are grouped by their respective SD sub-array
classification, the SD-1500 stations on the bottom, the SD-750 stations in the center, and the
stations belonging to the SD-433 on the top. If a stations is categorized in multiple arrays, it
is listed in the group with the denser spacing.

In the diagram, we can observe that the weakly average baseline widths for most of the
SSD PMTs were stable over time, at values between 0.5 and 0.6 ADC which matches the
general noise level of the UB input channels. Only a few stations, e.g., LS1731 and LS1734,
show increased average values. This might indicate an issue with the respective electronics
board channel or with the PMT and its active base. Another explanation might be a light
tightness problem of the SSD, resulting in external photons entering the detector and creating
noise pulses in the baseline traces. Besides the stations with increased baseline widths, several
stations were not sending data at all for more than one year, for instance L5639 and LS916,
and the number of malfunctioning stations was increasing with time. This observation can
be related with the reduction of the station maintenance caused by the restrictions due to the
pandemic and lead to a decrease in the event detection with the SSD PPA. Analogously to
the vertical features in the UUB PPA summary diagram, we can also see the certain weeks
with slightly increased average values for a large fraction of the stations. Due to the fact that
this feature is more distinct for stations of the SD-1500, i.e., stations from the lower group
in the diagram which have a significantly lower event detection rate than stations from the
denser sub-arrays, we can assume that the origin for the increased number of noise pulses are
thunderstorm and lightning events. This argument is supported by the matching appearance
time of the coincidence features with the thunderstorm periods observed with the UUB PPA
stations.

Analogously to the UUB arrays, we are interested in the uniformity of the signals from
the stations in the SSD PPA. For this reason, we analyzed the weekly averages of the mean
values of the baseline traces and determined the distribution of these average values for all
stations using the data of a single week, here from last time week in the data set from October
2021. Equivalent to the UUB test array introduced in the previous section, the distributions
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are very similar for all four PMTs, but the relative spread with values between 10 % and 15 %
is significantly larger compared to the results of the PMTs connected to a UUB, shown in
Section 5.2.2. In Fig. 5.18, the distribution of the LPMTs with ID 2 is presented in the left
diagram, while on the right side the distribution of the SSD PMTs is displayed.

5.3.2 Light tightness tests

During the main assembly process of the SSDs at the different production sites, issues with
light leakage have been observed during the validation tests which were performed for each
detector shortly after its assembly. The majority of these problems have been brought in
relation with the procedure of sealing and gluing the enclosure, majorly the corners of the
detector, and lead to the optimization and improvement of the general assembly procedure.
In Section 4.2.3 the light tightness analysis of the SSDs from the main production at the KIT
is presented. Therein, no SSD with a visible light leakage was found.

Nevertheless, the mechanical stress on the scintillation detectors during the transport
from the production sites to the Observatory can be a potential source of damage on the
aluminum enclosure and the silicone glue sealing, and ultimately results in a light leakage
when the detector is deployed in the field. For this reason, a procedure to search for light
leakage utilizing the data acquired with the SSDs in the Observatory has been carried out
using the SSD PMT event traces and investigating once again the widths of the baseline
distributions.

In contrast to the calculation of daily, weekly, or monthly averages of the data in the
sections above, we split the baseline width values of the whole data set into two groups.
For one group, we only select events that appeared in a time window during nighttime, i.e.,
after the sunset and before the sun rise, from 23:00 to 04:00. The other group is formed by
events measured during daytime, i.e., when the sun is shining, from 11:00 to 16:00. If the
detector suffers light leakage issues, we expect increased baseline width values in the day
events compared to night the events, i.e., more visible noise during the day produced by
external photons entering the SSD. This search procedure was applied to all the stations in
the SSD PPA with the result that the majority of SSD PMT traces are on a very similar noise
level for day and night events which was already published in [146]. Only a small fraction of
stations show an irregular behavior when comparing day events to night events indicating a
potential light leakage.

To further analyze the light tightness, we chose the candidate station LS903 to determine
the day and night baseline widths for the mounted SSD, including single event values, as
well as the overall distributions. In the diagrams in Fig. 5.19 the baseline widths information
for the selected station LS903 are shown. On the left all individual events falling into one of
the two chosen time intervals over the lifetime of the SSD PPA are presented. The diagram on
the right shows the distributions of both event groups of the total data set. In both diagrams,
the day events and their distribution are displayed in orange, while the night events are
represented by the color black.

Analyzing the individual baseline width values, we can observe that in the beginning of
the data acquisition, the baseline width values from events appearing during daytime are
systematically higher compared to the events during nighttime. At the end of 2019, the values
of the day events begin to decrease and finally reach the same level than the night events.
Both event groups then stay on a similar level until the end of the data set.

The difference between day and night events can also be seen in the two distributions
in the diagram on the right. The second peak around 1.5 ADC in the distribution of the
day events is created by the events of the first seven months of the data acquisition. This
observation strongly indicates a light leakage problem, potentially created by a small hole
in the silicone sealing. But the downwards trend of the widths values of the day events
with time is unexpected and difficult to explain with the data from the field. At that time,
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Figure 5.19: Baseline distribution width values of the high gain (HG) channel of
the SSD PMT of station LS903 separated for events acquired during daytime and
nighttime. Left: Individual width values over SSD PPA lifetime. Right: Distribution
of both event groups for total data set.

several explanations have been discussed, for example a self-sealing effect which closed the
potential hole and the light tightness was reestablished. Another origin of the increased width
values during daytime might be an external noise sources, e.g., RFI from nearby devices and
machines or electric fields from thunderstorms. The amount of hypotheses and wide range
of interpretations of the data summarizes the problem of analyzing the standard deviation as
baseline quality criterion, due to the fact that the shape of the pulses cannot be distinguished.
The standard deviation represents the size of the noise pulses, but separating symmetric
pulses, usually created by external RFI sources or malfunctioning electronics components,
from asymmetric pulses, potentially created by single photons reaching the photocathode
and producing small signals, is challenging.

In the search for electrical transients in Section 5.1.3, a simple peak finding algorithm was
used to distinguish the shape of the pulses appearing in the baseline traces. Here, we chose a
different approach by utilizing a different baseline quantity, the so-called skewness S, that
provides a measure to describe the shape of the pulses. The skewness S of a sample is defined
as the ratio of the third central moment over the cube of the standard deviation o} resulting

m
1 A 1 AL
N Z(b(i;) by N 2b®)-b) (5.10)

b (s (e - 52)°

with N defining the number of baseline bins, i.e., 100 in the case of the UB, and b representing
the mean of the baseline trace.

Similarly to the analysis of the baseline widths, we calculated the skewness for all stations
of the SSD PPA. Hereby, we observed that for some stations which have been classified as
candidates for a light leakage issue do not indicate differences between day and night events
within the skewness values. In addition, the average skewness is around 0 for both event
groups indicating that the high baseline width values have been produced by symmetric
pulses, i.e., are not created by leaking photons.

In the case of station LS903 the situation is different. The calculated skewness values for
individual events are shown in the left diagram in Fig. 5.20, and their distributions from the
total acquisition period in the diagram on the right. In both diagrams, we can observe that
the skewness values of day events are significantly higher than for night events, at least in the
first seven months since the launch. Additionally, the skewness values are positive and larger
than 0 which implies that the pulses are asymmetric and above the baseline mean. These
indicators are a strong evidence for a light leakage problem of the SSD of station L5903, but

o
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Figure 5.20: Baseline distribution skewness values of the high gain (HG) channel of
the SSD PMT of station LS903 separated for events acquired during daytime and
nighttime. Left: Individual skewness values over SSD PPA lifetime. Right: Distribu-

tion of both event groups for total data set.

still no explanation is given why the values of the day events decrease at the end of 2020
towards a similar level than the events observed at night.

This mystery was only solved by a manual check of the SSD including an opening of the
PMT housing. During this check, a significant amount of water was found inside the detector.
This time not just inside the aluminum protection box for the cable connectors which has
been reported for other SSDs beforehand. But also inside the aluminum tube housing the
PMT and its electronics which is supposed to be sealed, and thereby protected from external
influences. The fact that water was found directly at the PMT matches the hypothesis of an
untight sealing which can also result in an entering of external photons detectable in the
event trace data. The decrease in the day events after seven months can be related to a slow
damaging of the PMT and its photocathode by the high light exposure, or the damaging of
the base electronics by the surrounding water. In any case, both effects ultimately resulted in
the malfunction of the PMT. The baseline width and skewness values that were measured
after the malfunction of the PMT are then just representing the noise level of an empty
UB channel. For this reason, the difference between events measured during daytime and

nighttime vanishes.

After the water was detected inside the SSD of station LS903, the sealing of the critical
enclosure components has been improved and the PMT has been exchanged. Overall, we can
conclude that the analysis of the baseline traces by determining the distribution width and
skewness is a valid procedure to describe the performance of the deployed detectors and to
search for potential light tightness issues of the new and current detectors.

5.4 Environmental effects

Besides the studies of the performance and the intrinsic properties of the electronics and
detector components, we analyze in this Chapter the influences of environmental effects on
the data acquired with the three test arrays equipped with AugerPrime components. Here,
two major effects are presented. At first, the detector response to pulses induced by electric
fields created by thunderstorm events is analyzed. Secondly, we analyze and present the
temperature dependence of the embedded electronics components.
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Figure 5.21: High gain channel traces of two stations participating in the SD event
“SD61568654”. Left: Traces of the AugerPrime station LS1222. Right: Traces of the
non-upgraded station LS826.

5.4.1 Lightning and thunderstorm events

During the analysis of the first months of UUB PPA data after the launch in December 2020,
we observed a feature appearing in nearly all stations and for all PMTs at the same time. The
average baseline width values for certain time intervals are significantly increased compared
to the regular values on the majority of days of the acquisition period. This can be seen in the
two-dimensional overview diagram of the SSD PMTs in Fig. 5.13 by the vertical lines with a
darker color, i.e., with larger baseline width averages for individual time intervals, for example
in the first week of January 2021. Due to the fact that in the Summer season in Malargiie, i.e.,
from December to February, the appearance probability of thunderstorms with numerous
lightnings and strong electric fields is generally increased, and actually multiple large storms
have been reported during the chosen data period, the correlation of the observed feature
with thunderstorms was very likely.

One indication to confirm this hypothesis can already be seen in the two-dimensional
overview diagram. The high average values of the baseline widths are created by rare outliers
which appear only during a few hours of the day, and therefore can only be seen, if the
number of events inside the chosen time bin is not too large. This means that for stations
which have an increased event rate, e.g., the stations LS20 and LS22 in the SD-433 array with
approximately one order of magnitude more events compared to the SD-1500 stations, the
change in the average baseline widths due to rare events is suppressed, as can be seen in
the diagram. Analogously, when selecting longer time intervals, e.g., weeks or months as in
the case of the two-dimensional overview diagrams of the other AugerPrime test arrays, the
visibility of the feature vanishes.

Nevertheless, the influences of thunderstorm events on the input channel traces of all
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Figure 5.22: Baseline distribution width values of the high gain channel of the SSD
PMT of station LS20 (blue markers). The red markers display the electric field values
measured with a sensor located at the central radio station in the Observatory.

the connected devices and electronics generations can be observed on an individual event
level. To further exclude noise related issues of the new electronics components, a qualita-
tive comparison between the input channel data from AugerPrime stations and data from
non-upgraded stations, i.e., stations equipped with an original UB and without additional
AugerPrime components, has been analyzed for individual candidate events. In Fig. 5.21 the
high gain PMT traces of two stations, which are approximately 11 km apart from each other,
and participating in the same SD event “SD61568654” are shown. On the left, the five PMT
traces of the AugerPrime station L51222 can be seen, while on the right, the three LPMT
traces of the non-upgraded station LS826 are displayed. For both stations, multiple symmetric
pulses can be observed for all connected devices at various positions in the time trace. The
coincident arrangement of the pulses indicates that their origin seems to be independent of
the respective electronics configuration, but relates with an externally induced phenomenon,
for example with a thunderstorm event.

Finally, as additional study on the correlation of the appearing noise pulses with thun-
derstorm events, we analyzed the data acquired with sensors installed in the SD array which
are able to measure the electric field strength in the atmosphere. Two of these so-called
“electric field mills” are currently installed in the Observatory, more precisely, one at the
Auger Engineering Radio Array (AERA) weather station, and the other one at the central
radio station. These sensors are of the type CS110 produced by Campbell Scientific [147] and
provide measurements of the vertical component of the atmospheric electric field close to
the surface of the Earth. The embedded data logger stores every second the measured field
strength value. Subsequently, the data is readout and transferred to the Auger monitoring
database [139].

In the analysis, we chose to use the data of the sensor at the central radio station for
the correlation determination, due to the shorter distance to the nearest UUB PPA stations,
here the stations LS20 and LS22. Although the electric field mills in the Observatory are
currently not calibrated, they still provide a high sensitivity to changes in the local electric
field which are usually created by lightnings and thunderstorm events. These events can
be observed as spikes in the sensor data as it is shown in the diagram in Fig. 5.22. Therein,
the electric field values for a time period of four days in the first week of January 2021 are
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Figure 5.23: Temperature values of three sensors over the total time period of the
UUB PPA data acquisition. The UUB sensor data (orange) is obtained with the board
installed in station LS20, the PMT base data (blue) represents the LPMT with ID 1
of station LS20.

presented, highlighted by the red markers. The blue markers represent the baseline width
values determined on the high gain traces of one of the LPMTs of station LS20. For certain
days and hours, we can observe an systematic increase in the width values which often
correlates with spikes in the electric field sensor data. This observation strongly enforces the
hypothesis that thunderstorms are viable sources of coincident noise pulses in the measured
event traces. We can also conclude that the new electronics boards show a very similar
behavior compared to the original UBs for all the different connected devices.

In the near future, the number of electric field sensors in the Observatory will be increased
by five new devices to further improve the investigation and measurement of the atmospheric
electric fields conditions. With the installation and an accompanying calibration of the sensors,
a precise estimation of the effects of electric fields on the responses of the AugerPrime
components will be possible which is especially of high importance for the sensitivity and
performance studies for the upcoming RD antennas.

5.4.2 Temperature dependence

The dependence of the performance and behavior of electronics components on the temper-
ature is a well known relation. Therefore, the study of the temperature dependence of the
UUBs, especially of the pre-production version, as well as of the new active base electronics
of the SSD PMTs is very important for the success of the AugerPrime upgrade. Before the
new electronics boards are send to Argentina for the deployment in the Observatory, each
UUB is tested in several laboratory experiments, such as stress screening and temperature
cycling procedures inside a climate chamber. These test have been presented in Ref. [148] and
in Ref. [96].

In this work, we analyzed the temperature dependence of the PMT and station electronics
by utilizing the values of three different temperature data sets. Two sets were received from
the monitoring data stream which is acquired and sent together with the event data. While
one of these sets was obtained by sensors on each base electronics of the LPMTs and the SSD
PMT, the second set was received from a sensor mounted on-board the UUBs. The third set
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Figure 5.24: Temperature values of three sensors over the time period of three days
(3 to 6 February 2021). The UUB sensor data (orange) is obtained with the board
installed in station LS20, the PMT base data (blue) represents the LPMT with ID 1

of station LS20.

of temperature values was extracted from the atmospheric database collected with several
weather stations which are distributed in the Observatory [149]. Following the approach of
the previous analyses, we used the baseline trace quantities, here the mean of the individual
baseline traces, to describe the performance of the PMTs and electronics boards, as well as to

search for correlations with the temperature data.
Before the analysis of the PMT behavior, the values of the three temperature data sets were

compared, and finally, one data set has been selected to be used for the signal-to-temperature
correlation studies. With this comparison of the temperature values, the performance and
quality of the different sensors can be analyzed. The diagram in Fig. 5.23 shows the tem-
perature values acquired with the three different sensors over the first six months of data
acquisition with the UUB PPA. Therein, the combined data of the weather stations is repre-
sented by the red markers, and the orange markers indicate the data of the sensor on-board
the UUB installed in the station LS20. The blue markers show the temperatures measured
with the sensor on the base electronics of the LPMT with ID 1 of the station LS20.
In the diagram, we can observe that all three sensors display a very similar behavior
with time. On the large scale, the temperatures follow the seasonal cycle, i.e., the average
temperature has its maximum for all data sets in the summer months December and January,
and then decreases over the Fall period to reach the general minimum in the Winter months
June and July. When comparing the absolute temperatures from the three temperature sensors,
the values of the sensors on the PMT base electronics appear for the majority of devices close
or only slightly above to the external air temperatures acquired with the sensors on the
weather stations. This indicates that temperatures inside the WCDs, and also inside the PMT
tube of the SSDs do not exceed critical limits that might lead to a damage of the hardware.
The temperatures obtained with the sensors directly installed on the UUBs represent the
values inside the electronics board housing in the electronics dome of the station. Compared
to the data of the other two sensor types, the temperatures are systematically shifted to
higher values. But similarly, the maximum temperatures do not surpass a critical temperature
threshold and a stable operation and performance is expected. Here, we also have to note
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Figure 5.25: Baseline distribution mean values of the low gain (LG) channel of the
LPMT with ID 1 of station LS20 (blue) and the external temperature obtained with
weather stations sensors (red) over the time period of three days (3 to 6 February

2021).

that the comparisons of the absolute temperature values depend on the proper conversion of
the raw monitoring values to physical temperature units, in this case °C, defined in the slow
control settings.

Besides the seasonal behavior of the average temperature values, we are able to analyze
the expected daily fluctuations depending on the daytime. To receive a more detailed view on
the short-scale temperature values, the diagram in Fig. 5.24 displays the data of the three data
sets for three consecutive days, from 3 to 6 February 2021. Analogously to the temperature
curves of the six months of data from the UUB PPA, the values of the base electronics of
the device show a comparable amplitude and absolute scale to the weather station data,
while the temperatures from the UUB sensors are shifted towards higher values. Overall, all
three curves follow the expected solar cycle with the highest temperatures in the hours after
midday, and the lowest in the early mornings.

Finally, the weather station temperature values are chosen to be used in the PMT behavior
studies due to the fact that the overall time-dependent behavior of all three sensors is similar
and the weather station data has the advantage to be independent of the general data stream
of the SD stations. This can be seen in the middle of December 2020, when both data sets
from the monitoring database miss temperature values for several days related to an issue
caused by an update of the SD data acquisition software, while the weather stations provide
data over the complete period.

In the first months of the UUB PPA, various updates and tests of the station firmware
and data acquisition software have been carried out. For this reason, the baseline mean
values show several discontinuities with increases and decreases depending on the current
station settings. Therefore, we were not able to carry out a correlation study of the baseline
mean values with the average temperatures in the time period of the UUB PPA. This might
be possible in the future when a larger number of events will be obtained under stable
conditions.

Contrarily, the correlation of the baseline distribution with the daily temperature fluc-
tuations can be observed. This is shown in the diagram in Fig. 5.25 by the baseline mean
values of the low gain channel of the LPMT with ID 1 of station LS20 over three days (blue
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markers), as well as by the external temperature values (red markers). Hereby, we chose
one of the two UUB stations in the SD-433 array which provides a sufficient event rate to
observe clear structures on a time scale of single days. When comparing the baseline mean
values with the daily temperatures, we can observe a strong correlation with the external
temperature, i.e., with the solar cycle. The higher the temperature raises over the day, the
larger the measured baseline means can become. The minimum baseline mean values are
reached when the external temperature reaches its daily minimum. On average, the daily
fluctuations show an amplitude of approximately 2 ADC.

5.5 Summary and conclusions

After the promising results from the laboratory tests and simulation studies of the SSDs in
the previous Chapter, the performance and operation stability of the main components under
field conditions in the Observatory is of high importance for the success of the AugerPrime
upgrade and the future data acquisition of the SD. Therefore, we addressed in this Chapter
one crucial question: Are the AugerPrime components, i.e., the UUBs in their latest version, i.e.,
the pre-production version, in combination with the original WCDs and the newly deployed
SSDs ready to define the baseline SD stations of the measurement stage Phase II of the Pierre
Auger Observatory?

To answer this question, we analyzed the data acquired with AugerPrime stations
equipped with the four different versions of electronics boards since 2016. Thereby, the
focus was set on the intrinsic properties of the electronics boards and their behavior in the
signal sampling and digitization process. By analyzing the event traces, more precisely the
baseline traces at the beginning and the end of the event trace, of the different connected
devices, a search procedure for misbehaving electronics components was carried out, detect-
ing electrical transients appearing in the data. Contrarily to the first prototype UUB which
suffered from frequent noise spikes in the signals, in later versions of the UUB, the measured
rate of transient pulses has reached a low and stable level. When we compare the latest UUB
version with the results for the original UB, the spike appearance rates seem to be slightly
increased, especially for the SSDs PMT. A potential explanation might be the biasing of
the transient rates by an increased number of externally induced spikes as a result of the
uncommonly high number of thunderstorms during the first months of the data acquisition
with the pre-production UUBs.

In addition to the electrical transient search, the general noise levels of all input channels
for all four versions of UUBs have been performed including a comparison with the values
obtained for the original UBs. This was realized by determining the average values of the
distributions of the baseline width values. In this analysis, we observed that for the prototype
V1 UUB the general noise level were significantly higher compared to the later versions of
electronics boards. For the latest UUB version, an average noise level of approximately 2 ADC
or slightly below for the high gain channels of the majority of the PMTs can be determined
which matches the pre-assigned requirements on the electronics. In comparison, the absolute
noise levels of the UB for the high gain channels are significantly lower, with values of 0.5 ADC
or slightly below. However, if the relative noise levels are compared, we can conclude that
latest UUB version reaches similar values than the UB

In the acquisition of air shower events, the dynamic range of the detection set-up is very
important. For this reason, the input channels of the electronics boards are split into a low
and a high gain which provide different signal amplification factors. Due to the fact that these
factors are given by the electronics components, their accuracy is of interest for the precision
of the later data acquisition. In this Chapter, a data-driven method has been developed to
derive the amplification factors directly from the analysis of the event traces for the low and
high gain channels. For the latest UUB version, the resulting amplification factors match the
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the expected nominal values when the statistical uncertainties of the method are considered.
Especially for the SSD channels, large uncertainties in the amplification factor determination
can be observed

Additionally, the responses of the new UUBs towards environmental effects has been
analyzed. Signals of the UUBs obtained during thunderstorm events have been compared to
the data of UBs measured at the same time. Herein, we observed a comparable sensitivity
of both electronics generations to the electric fields created by thunderstorms. Finally, the
temperature dependence of the new electronics boards has been studied resulting in the
expected correlation of the trace baselines with the external temperature.

Besides the new electronics boards, the performance of the SSDs installed at the SD
stations in the Observatory has been analyzed in this Chapter, majorly under the topic of
light tightness tests of their mechanical enclosure. These tests were carried out by studying
the baseline traces of the SSD PMTs, and separating the data into events measured during
daytime and others during nighttime. With this strategy, one SSD has been found showing a
significantly higher baseline noise during the daytime compared to the night events which
indicates an issue with external photons entering the detector. This leakage issue has been
confirmed after the detector was opened and water was found in the proximity of the PMT
potentially caused by an untight silicone sealing. For the other SSDs, a similar behavior has
not be detected.

Furthermore, we have introduced and described the different SD station and array configu-
rations related with the AugerPrime upgrade which have been operated in the past or are still
acquiring data. One of these configurations is the Upgraded Unified Board pre-production ar-
ray which was deployed and launched in 2020 as the successor of the AugerPrime Engineering
Array originally installed in 2016. In parallel, the Surface Scintillator Detector pre-production
array was established in 2019 to test a larger number of SSDs under the environmental
conditions in the Observatory. An overview of the current status of the SD upgrade at the
submission date of this Dissertation is shown in Fig. 5.26. In the final configuration, all SD
stations except the most outer ring will be equipped with an SSD. The deployment of the
UUBs together with the SPMTs inside the WCDs is foreseen for all the available SD stations
in the Observatory.

From the point of data acquisition and detector performance, we can finally positively
answer the aforementioned question if the latesthardware for the AugePrime upgrade is ready
for the use in all the SD stations. When analyzing the data of both generations of electronics
boards regarding their respective noise and dynamic range properties, a smooth transition
from the measurement stage Phase I towards Phase II seems to be achievable. Nevertheless,
further studies and comparisons of the respective array trigger algorithms and event timing
information are necessary to prevent a loss of observed extensive air shower (EAS) events.

In parallel to the analyses presented in this Chapter, additional performance studies of
the AugerPrime components have been performed using the SD-433 AugerPrime multiplet
stations equipped with prototype UUBs and SSDs of the EA design [110]. These studies
include the analysis of the timing resolution of multiplet stations equipped with UUBs, as
well as tests of the baseline and signal stability in dependence of the temperature.
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Figure 5.26: Current status of the AugerPrime deployment for the SD. Each gray
dots represents a non-upgraded station, the green triangles depict the stations with
a mounted SSD which is not yet equipped with an PMT. The SSD PPA containing
SSDs connected to an original UB is shown by the blue circles. The orange squares
display the stations of the UUB PPA which represent the final AugerPrime stations,
only missing the radio antenna.
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Figure 5.27: Photos of different UUB versions. Top: Prototype version V1 from 2016.
Bottom: Prototype version V2 from 2018 Credits: [150].
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Figure 5.28: Photos of different UUB versions. Top: Prototype version V3 from 2019.
Bottom: Pre-production version from 2021 Credits: [150].



Chapter

6

Calibration of the Surface Detector
Signals

Understanding and interpreting the measured detector signals is mandatory for the determi-
nation and derivation of physical concepts and natural laws. In general, a calibration process
can be described by comparing measurement values and their accompanying uncertainties to
a calibration standard of pre-known accuracy. For this process, the calibration of each single
detection device is of high importance and requires an advanced knowledge of its properties
and behavior to understand the systematic uncertainties driven by the calibration process.

Due to the fact that the Surface Detector (SD) of the Pierre Auger Observatory consist
of a large number of autonomously running stations, which themselves contain multiple
detection devices, a unified and automatic calibration procedure is necessary. Thereby, this
procedure is required to be fast, robust, and executable on the local station electronics
without negatively influencing the continuous data acquisition. Additionally, the use of
extended device information provides the opportunity to perform a software calibration
at the later stage of the data analysis, independently from the electronics configuration
and the data acquisition process. Due to the design of the SD stations and their operation
settings, a calibration of the individual devices to their intrinsic responses for each event
is not feasible. Thus, a calibration of each photomultiplier tube (PMT) to the number of
produced photoelectrons, as a measure of the deposited energy, for example presented in the
laboratory measurements in Chapter 4, cannot be achieved. This is simple by the fact that
single particles passing the water-Cherenkov detector (WCD) are not distinguishable, nor are
the devices operated under conditions to directly measure intrinsic properties, for instance
single photoelectrons (SPEs). As an alternative, a relative calibration is in place converting
the measured deposited charges into an unified average reference unit which then is used to
quantify the signals of the stations in the subsequent air shower reconstruction procedure.
Even so, the identical method is applied to all the PMTs, individual calibration factors for each
device are determined by utilizing information from the event and monitoring data stream
in combination with general detector properties which have been determined in preceding
laboratory tests and simulations studies.

To provide an overview on the calibration of the SD of the Pierre Auger Observatory,
this Chapter commences with a general description of the calibration information provided

121
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by the station electronics, and continuous with a presentation of the modules of the Offline
analysis framework participating in the event signal calibration. This includes an analysis
of the performance of the currently implemented offline SD calibration algorithm and its
reliability and stability over the total data acquisition period from 2004 until 2021. From
the results of the studies of the stably running WCDs, we infer optimization possibilities to
increase the flexibility of the algorithm, and thereby ensure a successful calibration of the
newly added Surface Scintillator Detectors (SSDs), as well as of all the AugerPrime stations
containing the next generation electronics boards, the Upgraded Unified Boards (UUBs). A
detailed introduction of the modified calibration algorithm, together with an analysis of
its performance, and a comparison with the currently available procedures is given in the
second part of this Chapter. In addition, we study the long-term behavior of calibration related
quantities of both detectors, the WCDs and the SSDs, to gain insights on the material aging
behavior of the individual hardware components, as well as the accompanying influences on
the future data acquisition. Finally, an outlook on the calibration performance of the signals
from the AugerPrime stations is provided.

6.1 Calibration information stream

Following basic experimental concepts, the data acquisition of the SD of the Pierre Auger
Observatory can be divided into two parallel main processes. On the one hand, the design of
the detectors and the implementation of the local station trigger logic provide the measure-
ment of particles from extensive air showers (EASs) with a pre-defined rate including the
“physics” events, i.e., the EAS events produced by ultra-high energy cosmic rays (UHECRs)
arriving at the Earth’s atmosphere, as described in Section 3.1.2. In addition, to match the
expected trigger rates, a continuous adaptation procedure of the trigger thresholds defines the
online calibration of each individual device and determines estimates of various quantities
describing the current operation and calibration status. On the other hand, continuously and
uniformly arriving air showers from low-energy primary cosmic rays (CRs), mostly consisting
of muons due to the attenuation and the decay of the other shower components, are used to
derive additional calibration information. These air showers are often called “background
showers” or “muon showers”.

In general, the set-up and calibration of the SD stations and their respective devices
follow a well-defined strategy which can be split in several sub-processes. At first, we shortly
introduce the rate-based procedure for the determination and application of the proper power
settings for each individual detection device. After the operation status of the PMTs reaches an
acceptable level, the automatic calibration process implemented on the local station software
is launched, and from that point on, continuously executed on each station electronics board.
This process includes the methods for the adaptation of the trigger thresholds to provide
a uniform trigger condition for the entire SD array, and simultaneously, determines certain
quantities and rates relevant for the later event reconstruction. Subsequently, we describe
the additional calibration information acquired from the background shower data which is
stored and transmitted in the so-called calibration histograms.

6.1.1 Operation settings

Before an SD station is added to the trigger and data acquisition system, all devices, i.e., the
three large photomultiplier tubes (LPMTs) of the WCD, and in the case of the AugerPrime
stations, also the SSD PMT and the small photomultiplier tube (SPMT) have to be set up with
the proper power configuration to provide the expected sensitivity and dynamic rage. Thereby,
a rate-based method for all the devices except the SPMT is used in a 1-fold coincidence, i.e.,
on each individual device separately, to set the respective voltage levels on the electronics
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bases, and consequently match the gain factors of the devices [151, 152]. With this procedure,
a uniform response of the three LPMTs is guaranteed resulting in an equivalent treatment of
the three devices in the local coincidence event trigger of the WCD.

In the case of the LPMTs, the gain matching is realized by measuring the signal rate of
frequently arriving air shower particles utilizing a simple threshold trigger mode implemented
in the local station electronics, the so-called “singles mode” or “scaler mode”. After an LPMT
is connected to the station electronics board, the configuration script is launched with pre-
defined start parameters to obtain the scaler trigger counts for the currently applied voltage.
Thereby, the scaler trigger is used in a 1-fold condition, contrarily to the regular 3-fold
scaler mode. Preceding test measurements during the engineering phase of the Observatory,
delivered an optimal detection rate of 100 Hz for a defined threshold which is then set as the
target value for the adjusting procedure. If for an individual LPMT the detection rate for a
fixed threshold is below or above the expected optimal value, the applied voltage is increased
or decreased in small steps, respectively. This process is iteratively repeated until the expected
rate is reached and remains stable for a certain time period. For setting the voltages of the
SSD PMTs, the same procedure is applied utilizing the standard full bandwidth single bin
trigger due to the missing implementation of a “scaler mode”. Contrarily, in the case of the
SPMT, the low sensitivity towards the arriving low-energy muons prevents the application
of the rate based method, and therefore the power settings are chosen by visually estimating
the optimal operation conditions.

6.1.2 Online calibration procedure

Although the detection rate for a constant threshold can alter due to temperature and
material aging effects, the voltage settings of all devices are not changed after the initial power
configuration is terminated and the station enters the regular data acquisition mode. From
this point on, another method is applied to compensate shifts in the responses of the devices
by adjusting the individual trigger thresholds with a continuous online calibration procedure,
and thereby retaining a uniform trigger behavior and dynamic range of the SD stations [151,
152]. Due to the payload limitation of 1200 bits per second for the data transmission of the SD
stations to the communication units at the Fluorescence Detector (FD) sites, the procedure
cannot be performed remotely, but has to be executed by the station electronics to provide
a fast adaptation to changes in the measurement conditions. The procedure was developed
in extensive studies of the LPMT responses inside the WCD during the engineering phase
of the SD and utilizes the single LPMT information, as well the multi-device coincidence
conditions.

As already introduced in Section 3.1.2, the WCD is expected to provide a first local trigger
stage with an expected trigger rate of 100 Hz for the single bin trigger condition (TH-T1).
Thereby, the TH-T1 condition is defined in a 3-fold coincidence on the signals of the LPMTs
stored in dedicated memory buffers, the so-called “shower buffers”, of the station electronics
with a trigger threshold of 1.75I%, . For the case that the WCD contains malfunctioning
LPMTs, the coincidence trigger thresholds are increased, i.e., when two functioning LPMTs
are participating in the local station trigger to 2.001{3]5};1\/[, and for a single LPMT station to
2.851\87ng. When the data acquisition of a station is started, a first estimate of the threshold
factor I3}, , is derived.

Despite the T1 trigger condition is applied in a 3-fold coincidence, the threshold factor
Ivem is determined on a single device level. After a first estimate of the factor is set and the
T1 trigger condition is applied, a check of the trigger rate of the single devices is performed.
Out of the T1 triggers detected in approximately one minute for each individual device,
the rate of triggers above 2513, is expected to be 70Hz [151, 152]. This correlation was
determined during test measurements in the engineering phase and is internally referred to

as “T70” condition. If the current rate does not match the expected value, the threshold factor



124 CHAPTER 6. CALIBRATION OF THE SURFACE DETECTOR SIGNALS

is iteratively decreased or increased, utilizing a so-called “sigma-delta method” until the
required 70 Hz is reached. Similarly to the 3-fold T1 condition, the T70 threshold depends on
the number of participating devices and is increased to 2.6I5y, , and 3.3I5%, | for two and one
functioning LPMTs, respectively. The resulting factor I3, = represents the average maximum

pulse height of the obtained signals and is also referre\cglE‘i\g as “average signal amplitude” or
“amplitude calibration factor”. Internally, the term “peak calibration factor” is occasionally
used which can potentially lead to a confusion with the general meaning of the word “peak”,
especially when functional relations are described.

Besides the average signal amplitude, a second quantity with a very high priority for the
calibration and reconstruction procedure is determined by the local station software on the
shower buffer data. This quantity is the average signal area Qy, ,, also frequently referred
to as “average signal charge” or “charge calibration factor”. Thereby, the charge calibration
factor Q4yy, is determined by selecting the signal areas calculated by the field-programmable
gate array (FPGA) for signals with an average signal amplitude in-between a defined window
above the T1 threshold.

In case of the AugerPrime stations which have been added to the data acquisition in 2016,
the threshold trigger condition TH-T1 is performed on the compatibility mode traces which are
also stored in the shower buffers, i.e., using the filtered and down-sampled traces, to emulate
a similar trigger behavior compared to the Unified Board (UB) trigger system. Regarding the
calibration quantities, the implementation of the calculation of the local stations software
estimates, especially the average signal area Q%y,, of the LPMTs, still has to be adapted to
the different responses and thresholds of the devices connected to the final UUB version. In
the case of the SSD PMTs, a modified algorithm is necessary to determine the analogous
quantities, the average signal amplitude If3.,, as well as the average signal area Q{71

Completing the calibration information stream of the local station estimates, several
additional quantities representing the current electronics and detector performance are
provided. For example, the online estimate of the flash analog-to-digital converter (FADC)
trace baseline is transmitted calculated as average of the first bin entry of each T1 trace.
In addition, the dynode-to-anode ratio (D/A), i.e., the factor between the high and low
gain channels, is included in the stream, as well as rates of local triggers determined in the

calibration intervals.

6.1.3 Calibration histograms

Besides the online calibration algorithm of the event trigger thresholds, a second source of
calibration information is available for each T3 event [151, 152]. This information is merged
into in the raw data files created by the Central Data Acquisition System (CDAS) and is
obtained by the local station software analyzing the data from the so-called “muon buffers”.
These memory buffers are filled by acquiring the signals of low-energy background showers
which mostly contain muon signals, hence the naming of the buffer. In contrast to the event
single bin threshold trigger (TH-T1) which uses a method to continuously adapt the threshold
factors depending on the observed trigger rates, the thresholds for the muon triggers are set
to constant values. While the trigger uses the full bandwidth traces from the high gain input
channels and is performed in a 1-fold coincidence, i.e., on each LPMT independently, the
readout of all devices is realized with a logical OR condition between the three LPMTs. When
the muon trigger is fulfilled, several calibration relevant quantities are determined by the
local station software. These quantities are monitored in the so-called calibration histograms
over the time window of 61 s, and then are sent together with the event trigger information
when a readout request is sent to the station. Only for stations which have been operated with
a certain calibration software version (8 or lower) these additional calibration histograms
are not available in the T3 event files. From the obtained quantities, the histograms of the
maximum signal amplitudes and the signal areas are the most relevant for the subsequent
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Figure 6.1: Example calibration histograms for an LPMT connected to an UB. Left:
Signal amplitude histogram. Right: Signal area histogram.

event signal calibration which is performed offline.
In general, the signal amplitude histograms of the LPMTs display a defined shape with
several extreme values, as shown in the left diagram in Fig. 6.1:

¢ A firstmaximum atlow ADC values can be seen which is created by air shower particles
with low-energies, e.g., electrons or positrons, which enter the WCD and deposit all
the energy therein. Additionally, corner clipping muons can produce low amplitude
signals which are filled in the histograms. On the left] flank of the peak, the convolution
with the trigger condition is visible.

¢ At higher amplitude values, around 50 ADC, a second maximum is visible which
contains the calibration relevant information. This maximum is the result of the flux
of through-going background muons, and therefore can be named “muon peak”. The

position of the maximum defines the signal amplitude factor If,%?\lf[ for omnidirectional
muons passing the detector and is equivalent to the online estimated average signal

amplitude I$, .

* Besides the two maxima, a third feature can always be seen at a defined bin number,
for the signal amplitude histograms starting at the 101st of the 150 bins. To reduce
the amount of the transmitted data, the sizes of the bins from number 101 to 150 are
increased by a scaling factor resulting in the merging of several bins of the original
size and a summation of their respective bin entries. This procedure of splitting the
histogram in “normal” and “big” bins is viable due to the fact that if the device is set
up propertly, the expected muon peak position is assumed to always be located in a bin
before the last 50 bins. Therefore, the information content of the last bins is rather low
compared to the first 100 bins.

In the context of the AugerPrime upgrade, the total number of histogram bins, as well
as the transition bin position is identical for the amplitude histograms determined with the
UBs and the UUBs. Only the scaling factors for the “normal” and “big” bins vary between
the electronics generations. The signal amplitudes are stored in values of their raw units of
FADC counts or short just “ADC”.

Analogously, the histograms of the signal areas of the LPMTs can be described by a general
shape with two maxima, one at lower signal charge values produced by low-energy particles,
while at higher signal charges the peak from through-going muons can be observed defining

the signal area Q{’E\ﬁ for muons arriving at the detector from all angles. When comparing the

muon charge peak to the average signal area from the online calibration procedure, a scaling

factor between Qfgﬁ and QS is needed. The signal charge histograms contain more bins

than the signal amplitude histograms, in detail, always 600 bins are available, independently
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Figure 6.2: 3-fold calibration histograms of the LPMTs (black) obtained with a
trigger threshold of 5 ADC. The red histograms display the signals of vertical central
through-going muons triggered with an external muon telescope. Both taken from
Ref. [152]. Left: Signal amplitude histograms. Right: Signal area histograms.

of the electronics board generation. Following the same principle, the bins can be split into the
“normal” bins, here the first 400 bins with the standard bin size, and the remaining 200 bins
with the additional electronics dependent scaling factor for the merging of the bin entries. All
features of the signal area histogram are shown for an LPMT connected to a UB in Fig. 6.1 in
the diagram on the right. Similarly to the signal amplitudes, the signal areas, or just charges,
are provided in their raw units which display the time integrated FADC counts resulting in
“ADCT”, matching the naming in Ref. [153].

Finally, geometrical correction factors are necessary to convert the muon peak amplitudes
and charges obtained from omnidirectional muons, i.e., muons arriving with different zenith
angles, to values vertical central through-going muons would provide. These conversion
factors have been determined in preceding experiments during the engineering phase of
the SD using a muon telescope consisting of scintillator panels above and below the WCD
to determine the response to selected single muons [151, 154, 152]. The results of these
experiments are shown in Fig. 6.2 with histograms of signal amplitudes and charges. In both
diagrams, the black histogram indicates the signals from omnidirectional particles, while
the red histogram only contains signals of vertical and central through-going muons. From
the position of the muon peaks, the conversion factors can be obtained. After the conversion

from IS;?\I/([ to Ivem, the average signal amplitude Iyvgm defines the reference factor for the
conversion of the raw FADC traces to the normalized vertical-equivalent muon (VEM) traces
used in determination of the total station signal and the subsequent event reconstruction.
The converted average signal area Qvgym is used in the normalization of the PMT signals into
charge units of a VEM which are then used in the calculation of the total station signals. Nearly
15 years after the determination of the conversion factors, the experiment was repeated to
study potential variations in the detector behavior due to aging of the components [155]. This
time, a hodoscope consisting of two plane modules of resistive plate chambers (RPCs) with a
similar design than the modules of the muon array with RPC for tagging air showers (MARTA)
detector have been used, one module above and one below the WCD. The resulting conversion
factors agree with the values obtained one and a half decades ago and will be continuously

used in the signal calibration.
With the AugerPrime upgrade data, another set of histograms for all the introduced
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Figure 6.3: Example calibration histograms for an SSD PMT connected to an UB.
Left: Signal amplitude histogram. Right: Signal area histogram.

quantities has been added in the data stream to provide calibration information for the newly
deployed SSD PMTs. In contrast to the LPMTs, the SSD PMTs are not participating in the
1-fold coincidence trigger condition, but are only read out when the muon trigger by one of
the LPMTs is fulfilled. This leads to a slightly different shape of the amplitude histograms of
the SSD PMT, especially for very low amplitude values. This is displayed in the left diagram in
Fig. 6.3 for an SSD PMT connected to an original UB. Due to the different detector geometries,
a large fraction of events that trigger the WCD are not producing a signal in the SSD, and
therefore the muon buffer traces of the SSD PMTs often contain only the electronics baseline
noise. The result is visible in an increased first maximum for very low amplitude values.
Similarly to the LPMTs, a second maximum can be observed in the SSD histograms which is

produced by particles with energies of a minimum ionizing particle (MIP) passing through

the detector and defining the signal amplitude factor If/[eli,k for omnidirectional particles. This

can be explained with the similar response of the SSD towards electromagnetic and muonic
particles which deposit on average the same energy when traversing. Ultimately, the step
induced by the transition of the bin sizes can be observed.

In the case of the signal area histograms of the SSD PMTs, similar features can be seen,
i.e., a high peak close to zero from the integration of traces without a signal pulse, as well
as the charge peak created by the MIPs, both visible in the right diagram in Fig. 6.3. The
transition between the “normal” and the “big” bins is not visible in the SSD PMT charge
histograms obtained with an UB due to the very low bin entries at higher signal areas. Up
to the submission date of this Dissertation, the conversion factors from the omnidirectional
particles Q§;$< to vertical particles Qwmip have been derived from simulation only [156]. To
validate these factors in the future, measurements with a defined test set-up similar to the
previous tests of the WCD geometry factors have to be carried out.

In addition to the previously introduced histograms, two other quantities are monitored
in calibration histograms and transmitted if a T3 request is sent. On the one hand, for the
calculation of the signal amplitude and area, the baselines of the muon traces are determined.
These baseline values are then stored and sent in the baseline histograms. On the other hand,
a fourth type of histogram is obtained which is named “shape histogram”. This histogram
contains all the muon traces measured in the calibration time window of 61 s stacked on top
of each other, and thereby represents the general shape of a muon trace. By analyzing the
shape histograms, estimates of the decay time of muons in the detectors can be obtained.

In the following sections, we use the two terms "entries" or "counts" to describe the content
of a bin of the calibration histograms. Furthermore, the quantities determined by the local
station software are referred to as “online” values, in contrast to the “offline” values obtained
by processing the calibration histograms in the analysis software frameworks.
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6.2 Current offline calibration

The offline calibration procedure implemented in both analysis software frameworks can be
divided into two major steps. After the event information is read from the raw data files,
initial checks of the data quality and operation status of each PMTs are performed utilizing
certain online estimated calibration quantities. In this filter process, miscalibrated devices
can be easily detected and removed before the actual calibration procedure is commenced.
This procedure then defines the second stage in the offline applied signal analysis. In this
Section, we present the status of the device quality checks and describe in detail the currently

implemented calibration algorithm in the Offline goftware framework [70].

6.2.1 PMT quality checks

When an WCD is deployed and initialized, the detector contains three functioning LPMTs
whose settings are defined following the procedure described in Section 6.1.1. Additionally,
in the case of an AugerPrime station, the SPMT and the SSDs PMT are set in an analogous
way. But after an unknown time, the PMTs of both detector types can start to show an unusual
behavior induced by chemical and physical alterations of the hardware due to environmental
influences, for instance, temperature or weather effects. These effects can lead to irreversible
damage distorting the observed signals, or in the most severe case, producing the malfunction
of the device. In addition, software failures can be sources of shifts and resets of the proper
device settings or can cause losses of data packages during the transmission. This interferes
with the signal analysis and can lead to an incorrect determination of the reconstructed
quantities. For this reason, these malfunctioning devices have to be detected and removed
during, or shortly after, the data acquisition to avoid a miscalibration of the measured signals
and a distortion of the following reconstruction procedure.

In the procedure for the SD event reconstruction, information about malfunctioning
devices are obtained from the various data streams and several quality checks are performed.
Hereby, the quality assurance process is only launched if the respective SD station is not
marked with an error flag, and therefore is not rejected in total. If a station is classified as
an “error station”, e.g., due to data package losses during the transmission, the necessary
single device information is not provided and the station information is not included in the
data pool for the quality analysis. This also holds true for the other following analyses in the
upcoming sections of this Dissertation.

The first step of the data quality checks is performed already during the mapping of the
raw station and device information from the event data stream to the respective software
classes in both of the utilized analysis software frameworks, the CDAS analysis software
and the Offline framework. Each PMT provides a flag in the raw event data which indicates
its general functioning status. For example, PMTs which are knowingly malfunctioning or
purposely disconnected, are flagged as “bad” PMTs and can be easily rejected before the
calibration procedure is initialized.

In addition, the PMTs can be tagged with different quality flags during the event merging
process when the information of the different detectors and the monitoring data streams are
synchronized. For example, devices with anomalously high noise levels caused by electronics
issues can be distinguished using the monitoring information.

In the O_ffhne, the module called “SdPMTQualityChecker” contains the methods and
functions to check the monitoring quality flags of the three LPMTs of the WCDs and is able to
potentially remove individual PMTs from the subsequent signal calibration. For the case that
all of the three LPMTs are classified as “bad”, the station is added to the list of rejected station
and is not sent to the calibration module. Besides the check of the additional flags achieved
from the monitoring data, the module performs comparisons of three quantities estimated
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Figure 6.4: Distribution of average amplitude values estimated by the local station
software of all non-upgraded SD stations in August 2021. The PMTs with values
outside the expected value range, indicated by the yellow background, are rejected
from the calibration procedure.

by the local station software with their respective expected value ranges. These quantities
are the dynode-to-anode ratio (D/A) ratio, i.e., the ratio between the low and the high gain
signal defining the dynamic range of the device, the trigger threshold factor Iygm, and the
width, i.e., standard deviation, of the muon trace baseline as measure for the noise level of
the device. Hereby, to ensure an identical pre-selection of properly functioning PMTs, both
Auger analysis frameworks apply the identical quality conditions on the selected quantities.
As an example, the histogram in Fig. 6.4 displays the distribution of the individual device
average signal amplitudes estimated by the local station software for all events acquired with
the non-upgraded SD stations in August 2021. Non-upgraded stations define the original
SD stations containing an UB and an WCD, i.e., no AugerPrime component is installed. The
area indicated by the yellow color defines the range of accepted online estimates, i.e., devices
with estimates outside the highlighted range are flagged as “bad” and not further used in
the calibration procedure.

When analyzing the signal quality data of the LPMTs of all non-upgraded stations over the
SD data acquisition period from January 2004 until October 2021, variations in the fractions of
rejected devices due to certain criteria can be seen, as it is displayed in Fig. 6.5. In this diagram,
the number of calibration histograms of LPMTs flagged with a respective quality status are
shown as monthly fractions of the total number of available charge histograms of individual
LPMTs which surpasses already the enormous number of ~720 million histograms. Therein,
the black markers indicate the total fraction of rejected calibration histograms which are
prevented from passing to the subsequent calibration process. The main contribution to the
total rejection fraction are the LPMTs which are already flagged as “bad” by the local station
software, in this diagram in red. Contrarily, the number of LPMTs rejected by one of the
subsequent checks of the online estimated quantities defines only a small fraction of the total
amount of rejected devices.

Overall, we can observe that the total fraction of flagged LPMTs is slowly increasing
from the start of the data acquisition in 2004 until the middle of 2012, to a final average
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Figure 6.5: Monthly fractions of rejected histograms over time. The main contribution
of the total fractions of rejected histograms is generated by the “bad” PMTs flagged

by CDAS, highlighted by the red markers.

value of ~4 %. In 2012, the number of “’bad” PMTs decreased significantly and stayed at a
lower level of ~2 % until another increase towards the end of the data set in October 2021
with values above 6 % are reached. These nearly constant increases of rejected devices can
be explained by the aging processes of the hardware components leading to an increased
amount of malfunctions, while the amount of LPMTs which can be manually maintained and
recovered by the team of technicians stays rather constant over time [68]. Thereby, a further
increase of the number of rejected PMTs with a similar rate of malfunctions is expected in
the future.

The large decrease in 2012 might be related to the installation of the SD-750 array stations as
part of the Auger Muon Detectors for the Infill Ground Array (AMIGA) extension, introduced
in Section 3.1.2. The deployment process was launched in 2008 and finalized in 2012 matching
the period during which changes in the behavior of the fraction of rejected devices can be
seen. With the extension of the detection range towards lower energies, the number of events
detected with stations inside or near the SD-750 array was significantly increased compared to
stations in the standard SD-1500 array. This also reflects in the increased amount of available
PMT quality status information, and therefore, although their number is rather small, the
total rejection fraction of calibration histograms can be driven by the newly installed and well-
performing stations. To further improve the maintenance of the devices and electronics in

the Observatory, several campaigns of repairing and replacing the malfunctioning hardware
have been performed in the lifetime of the experiment. These campaigns have been able
to recover a certain number of “bad” PMTs and are the candidates for the multiple small
decreases in the total rejection fraction which appear on annual intervals. A third effect on the
fraction of malfunctioning devices can be observed after station reboots due to the fact that
incorrect settings, e.g., drifting power supply values, can be corrected when the recalibration
procedure is performed.

In the context of the AugerPrime upgrade, the pre-selection of devices using the locally
estimated quantities is still under evaluation, and therefore up to the submission date of
this Dissertation not fully implemented yet. Due to the significant differences in the signal
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responses of the SSD PMTs compared to the LPMTs, the quality ranges have to be adjusted
to match the different average values. In addition, due to the increased resolution of the new
UUBEs, the average estimates strongly vary from the usual values obtained with the original
UBs. With future studies of the average behavior of the new electronics boards and connected
devices, the PMT quality checks have to be optimized and adapted.

6.2.2 Current calibration algorithm

Subsequently to the device and station filtering by the PMT quality checker module, all re-

maining stations are the sent to the main module in the Offline calibration and reconstruction
sequence, the so-called “SdCalibrator”. This module serves multiple purposes and performs
all necessary calculations to prepare the detector data for the following air shower reconstruc-
tion. At the start, the calibration procedure is commenced by the rejection of stations which do
not provide the necessary trigger and timing information, or are tagged with an error status
during the data transmission. Afterwards, within the second major process, the determina-
tion of the calibration factors for each individual device is executed using information from
both data buffers, the online estimated calibration quantities from the shower buffers, as well
as the calibration histograms obtained from the muon buffers. These normalization factors
are then used to determine the average signals of the detectors, which on the other hand
are utilized in the reconstruction of the air shower properties. The processes which follow
directly after the actual determination of the calibration factors, are performed on the physics
event time traces stored in the shower buffers and can be further separated. They include the
estimation of the baseline traces, i.e., the values for the correction of each individual trace
bin, the search for trace bin segments containing potential pulse information, the definition
of the integration window for the signal pulses in coincidence of all participating devices,
and finally the calculation of the total detector signal.

To draw conclusions on the quality and stability of the current calibration procedure,i.e.,on
the determination of the calibration factors, we perform a detailed analysis of the performance
and reliability of all the involved steps of the process. In general, several calibration factors of
the individual PMTs are determined, including the charge calibration factor Qvem or Qwmip,
the amplitude calibration factor Ivgm or Imip, as well as the muon decay factors from the
general pulse shape histograms. Out of these list of factors, the charge conversion values
have the highest priority for the calibration of the PMT signals in the Offline, and therefore
an overview of their determination procedure is given in this Dissertation. The current
algorithm can be divided into multiple sub-processes which are performed sequentially on
each individual device of each station participating in the event:

1. At first, after a general check of the PMT functionality, the online estimated values are
used to define an initiation of the charge calibration factor Qvem or Qmip. In case of
events that do not provide any calibration histogram information, especially from the
beginning of the official SD data acquisition when an early calibration software version
was used, these initialized values are directly sent to the subsequent signal calculation.

2. If a charge histogram is available, another check is performed if the bin with the
maximum number of entries exceeds a fixed threshold value (in case of the UB charge
histograms: 500 counts) to ensure that the histogram is filled to a sufficient amount.

3. The main procedure in the search for the maximum position created by the through-
going muons is started at the last bins of the histogram and continues in reverted bin
order. Thereby, the last five bins are excluded from the search procedure, due to their
use as containers for meta information. To further reduce the number of bins that have
to be processed, the actual peak finding process is launched at the first bin (from the
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back) which surpasses a fixed bin entry threshold (in case of the UB charge histograms:
300 counts).

4. In a bin-to-bin comparison (still in reverted bin order) the search for a local maximum
bin is performed. When this maximum bin was found, a method to determine two
limits around the maximum bin is applied. In this method, the counts of the bins to
the left of the maximum are compared to the counts of the maximum itself and when
three consecutive bins fall below the threshold of 0.75cmayx, the left limit, also called
“left shoulder” is determined. The same procedure is then applied to the bins on the
right side of the maximum using the identical threshold condition and resulting in the
“right shoulder” position. Thereby, in the search for the maximum bin, as well as in the
shoulder determination method the bin entries have been normalized by the respective
bin size beforehand.

5. If the maximum bin, as well as the left and right shoulder have been successfully
determined, a check is performed if the online estimated charge calibration factor lies
in-between the shoulder range. If this condition is not fulfilled, the calibration procedure
is terminated and the online estimate is used as a fallback in the subsequent signal
calibration.

6. If the online estimate matches the shoulder limits, a fit of the bin centers in-between the
shoulders is initialized. To ensure a fast calibration process, no numerical minimizing
procedure is in place to determine the position of the muon peak, but rather an analytical
quadratic fit following the function

y(z) =(c2z +c1)z + o (6.1)

with z = x — xq is performed, returning the function coefficients c,, c1, cg, as well as the
position of the maximum x.

7. The charge peak value obtained in the fit is then corrected for the potential shift induced
by a change of the baseline values from one calibration time window to another. This
correction is realized with the estimated baseline from the local station software and
the baseline value received during the filling process of the histograms.

8. As final step, the conversion factor for the transition from the omnidirectional muon
peak to the average charge of the vertically passing muons is applied, resulting in Qvem
or Qwmrp-

A successful determination of the charge calibration factor of a LPMT charge histogram
using the currently implemented algorithm is shown in the left diagram in Fig. 6.6, including
the online estimate indicated by the purple arrow, the starting threshold which initiates
the bin-to-bin comparison as cyan horizontal line, the left and right shoulders represented
by the dashed and solid gray vertical lines, and the position of the fit named “offline”.
In contrast, the diagram on the right displays a histogram which failed the muon peak
determination procedure. In this histogram, the shoulder finder was unable to determine the
correct maximum position due to a low count difference to the minimum bin on the left of
the muon peak, i.e., the condition for the left shoulder has not been fulfilled for the muon
peak. Finally, the online estimate was selected as the charge calibration factor indicated by the
“offline” arrow pointing at the identical charge position. When analyzing the charge histogram
that fails the muon peak determination, the strong dependence of the algorithm on variations
of the expected shape of the histogram becomes visible. Due to aging effects altering the PMT
photocathode sensitivity and the liner reflectivity, the amount of measured light for the same
amount of deposited energy decreases over time, thus the charge position and bin entries
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Figure 6.6: Current calibration procedure applied to charge histograms for an LPMT
connected to an UB. Left: Histogram with successful fit. Right: Fallback to online
estimate due to misdetermination of the shoulder positions.

of the muon peak and of the minimum to the left approach identical values. To receive an
insight on the behavior of the current calibration algorithm we further analyzed in detail the
individual steps of the calibration procedure by adding a status flag to the calibration related

modules in the Offline that indicates for each individual calibration histogram the point of
failure or success in the algorithm.

When analyzing the calibration status for all the histograms of the LPMTs of all non-
upgraded stations over the SD data acquisition period from January 2004 until October 2021,
a significant change in the number of histograms successfully passing the current calibration
algorithm with time can be observed. This is shown in the diagram in Fig. 6.7 by the blue
markers displaying the monthly fractions of successful fits of the charge histograms, in the
following also called “success fractions”. In the first years after the start of the data acquisition
the success fractions follow very closely the fractions of non-rejected calibration histograms,
i.e., the fractions of devices that provide at least an online estimate, indicated by the black
markers. This means that nearly all charge histogram that have been sent to the calibration
module passed the algorithm with a good fit. But latest since 2012, the number of successful
fits decreases and the average difference between the non-rejected and the successful fit
histograms increases.

In addition, a second behavior in the time development of the success fractions can be
observed. In 2010, the success fractions start to develop an oscillation pattern which reduces
or enhances the monthly success fraction depending on the season. In the Winter months,
the fraction of successful fits of the charge histograms is significantly increased and reaches
values above 96 % for the histograms sent to the calibration module in 2021. Contrarily, during
the Summers, the success fraction reaches an annual minimum with only ~89 % of successful
fits.

To get further insight on the origin of the failing histogram fits, we analyzed the calibration
status information and searched for the respective algorithm steps responsible for the failure.
The results are displayed in the diagram in Fig. 6.8, showing the fractions of different failing
conditions over time. We can observe that the total fractions of failing histogram fits, i.e., the
black markers, are dominated by two unfulfilled conditions. At the beginning of the data
acquisition, histograms that do not provide a sufficient number of entries, i.e., that do not
contain a bin whose entry surpasses the necessary threshold, contribute the most to the total
fractions of failures, as indicated by the cyan markers. Since 2012, the failure type changed
and the condition that the determined muon peak shoulder limits have to bracket the online
charge estimate becomes the dominant source, while the issues with insufficiently filled
histograms seems to disappear. This is shown by the magenta markers forming the shape of
the total fraction of failure rates.
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Figure 6.7: Monthly fractions of non-rejected devices over time (black). These devices
always provide an online estimate and the histograms are sent to the calibration
module. The blue curve shows the fractions of charge histograms which actually
provide a successful fit of the muon peak when the current algorithm is applied.

Currently, if a charge histogram is successfully fit, the position of the fit maximum is
selected as the charge calibration factor with a higher priority than the online estimated
charge. This default approach was chosen due to the higher information content provided
by the histograms in contrast to the plain signal area estimation obtained by the local station
software. Thereby, this procedures expects a very high fraction of successful fits. From this
analysis, we can observe that this condition is not fulfilled anymore for the current offline
calibration algorithm showing a significant increase of failures in the recent years. For the case

that the fit of the histogram fails, the local station estimate of the average signal area Qvem

or Qwmip is selected as charge calibration factor. Thereby, this fallback method assumes that
the online estimate is always a non-zero value in the event data. Furthermore, no measure
for the quality of the online estimate is provided, i.e., the estimate has to be accepted as the
“true”value. A positive example of the fallback procedure can be seen in the histogram in the

right diagram in Fig. 6.6.

If the online value does not provide a proper estimation of the muon peak, the entangle-
ment with the histogram fit algorithm utilizing the online estimate as quality criterion for the
determination of the fit ranges can lead to an incorrect final calibration factor. An example of
this effect is displayed in Fig. 6.9, wherein a charge histogram with a peculiar shape is shown.
The online estimate position does not represent the position of the muon maximum, while

the search algorithm determined the proper shoulder range. Due to the range condition of
the shoulders, the online value is chosen over the value from the offline procedure. This

indirectly changes the priority of the methods in the selection of the final calibration factor.
To study the behavior and quality of both, the values obtained from the fits of the charge
histograms and the online estimates, a modification of the current calibration algorithm
in necessary to disentangle the determination of both values, and thereby enable a direct
comparison. In the following section, we present a modified and optimized algorithm which

is proposed to serve as the future calibration procedure in the Offline framework.
Besides the cases of failing calibration processes for the non-upgraded SD stations, the
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Figure 6.8: Monthly fractions of histograms that fail the current histogram fit proce-
dure over time. The dominating failure sources are insufficiently filled histograms
in the early years highlighted by the cyan markers, and the mismatch of the online
estimate and the determined muon peak shoulder limits represented by the color
magenta.

calibration of the events obtained with the stations containing AugerPrime components with
the current algorithm requires certain workarounds and shows a high rate of failures. As
mentioned previously, in the case of the AugerPrime stations, the local station software is not
yet adapted to provide the necessary calibration quantities. For this reason a module called
“CalibrationFiller” has been established to recover several of the required quantities and to
prepare the data for the calibration and reconstruction process. This includes the calculation
of the missing baseline estimations on the event traces for both, the high and the low gain, as
well as the assignation of the gain amplification factor to their nominal values provided by
the UUB.

In the case of the signal calibration, the missing local station estimates for the average
signal amplitude and area are needed to be recovered. This is realized for the signal area by
applying a simple fit procedure to the charge calibration histograms, identical to the former
fit procedure implemented in the analysis software framework built on top of the CDAS data
management. With this pre-determination, rough charge estimates can be obtained for a large
fraction of events which are then used as the initial start values for the subsequent offline
calibration. Do to the use of various constant thresholds and ranges in the pre-determination
process of the necessary quantities, the recovery module is very sensitive to modifications
in the raw data, for example changes of scaling factors in the building of the calibration
histograms.

In addition, the applied pre-fit of the charge histograms can introduce new features in the
final calibration results. One of these features is shown in Fig. 6.10. Therein, we display the
charge calibration factor of each event obtained for the SSD PMT of the station LS688 over
the time period of approximately seven months. Although this station is part of the Surface
Scintillator Detector pre-production array (SSD PPA), introduced in Section 5.3, and the SSD
PMT is connected to an original UB, the recovery module is necessary to provide an SSD PMT

charge estimate for the calibration algorithm in the Offline, In the diagram, three different
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Figure 6.9: Example charge histogram of an LPMT connected to the UB of the
station LS24. The shoulder range around the muon peak is correctly determined by
the currently implemented algorithm, but the limits are not bracketing the online
estimate. The online estimate is selected as signal calibration factor.

populations are visible, the largest at a charge value of ~50 ADC which defines the proper
charge calibration result, and a smaller population in the beginning of the data acquisition at
0 ADC representing events that have been rejected. The third population at around 110 ADC
is the result of the incorrect determination of the charge estimate by the recovery module. For
these events, the simple algorithm obtains the fit on fluctuations appearing in the histogram at
higher charge values. This incorrect charge estimate is propagated to the calibration procedure
in the Offline, creating the failure of the current fit algorithm, and ultimately resulting in
the selection of the incorrect charge normalization factor. Analogously to the case of the
non-upgraded stations, a modification of the current calibration algorithm might provide
an improvement of the signal calibration of the devices from the AugerPrime stations and
prohibit miscalibrated events passing to the subsequent air shower reconstruction.

6.3 Modified calibration algorithm

Since the number of successful charge calibrations for the non-upgraded stations is signifi-
cantly decreasing over the last years and the implementation of the AugerPrime detectors is
not in its final state, we present in this Section the modifications and optimizations applied
to the calibration algorithm. The modified algorithm was design to replace the current im-

plementation in the standard calibration and reconstruction chain in the Offline software
framework serving two purposes, enable a stable calibration for the upcoming data of the
measurement stage “Phase II” and provide the opportunity to reanalyze the data of the
current measurement stage “Phase I” with an improved performance. Thereby, we focused
on several criteria that should be improved and realized with the new algorithm.

Due to the differences in the shapes of the charge histograms, the increase of the general
flexibility is one main criteria for the modification. Then, histograms from PMTs connected
to an original UBs or to a new UUBs, which provide different histogram binnings, can be fit
utilizing the same algorithm. Instead of fixed thresholds, we chose a statistics-based approach
which provides the opportunity to adapt to the respective shape of each individual histogram.
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Figure 6.10: Charge normalization factors of the SSD PMT of the station LS688
overtime (black). Besides the true charge value population at ~50 ADC and the
rejected events at 0 ADC, a third population of incorrectly determined charges at

higher values can be observed.

The second major motivation is the implementation of a purely histogram-driven algorithm,
i.e., only the information achieved from the muon buffer is used in the offline procedure. In
this case, an independent comparison of the offline results with the online estimates from
the shower buffers is possible and a quality measure between both can be obtained. Another
criterion is related to the improvement of the accuracy of the charge determination. Instead
of just finding the first maximum which matches the condition, the new algorithm is thought
to be able to determine the correct extreme positions, i.e., the muon peak, but should fail if
the first maximum at lower charges was obtained by the procedure. This can be realized by
expecting a minimum to the left of the muon peak whose determination is also required in

the modified algorithm.
In general, different approaches to implement a new algorithm have been thought of, for
instance a modification of the current bin-to-bin comparison, an extreme value search by
calculating the derivatives and searching for zeros, or a peak finding algorithm using certain
quantities like the sample mean and the standard deviation to determine the standard score
z = (x —x)/o. In the end, we selected the first proposal, staying with a bin-to-bin comparison
approach due its simplicity and fast execution, as well as remaining closest to the current
implementation. Similarly to the current implementation, the new algorithm is supposed to
be fast and stable, and therefore the use of numerical minimizers is not desired, only the fast
analytical quadratic fit will be performed in a range around the detected extreme positions.
Overall, all of the mentioned methods suffer from fluctuation effects between neighboring
bins. This can be addressed by flattening, i.e.,smoothing the histogram, before the peak finding
algorithm is initiated. The here mentioned modification are design to optimize the calibration

procedure in the Offline framework which is based on the original procedure to determine the
charge calibration factor. In the parallel analysis software framework, a modified procedure is
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Figure 6.11: Distribution of total number of entries over the entropy distribution for
the LPMTs connected to UBs obtained in August 2021. The green and blue dashed
lines represent thresholds for the histogram rejection on the total sum of the bin
entries and on the entropy.

implemented since 2015, described internally in Ref. [157]. This algorithm contains several of
the improvement concepts mentioned above, such as a smoothing procedure of the bin counts
to suppress bin fluctuation effects or the search for two extreme values in the histograms,
the muon peak and the additional minimum to the left. Within the algorithm, the fit range
is adapted with an iterative method until the extreme values are determined, and uses the
online charge estimate as first guess in the beginning of the procedure. For the case that the
charge estimate is missing or is not matching the position of the muon peak, the algorithm
is able to recover an estimate but is strongly optimized for the binning and shape of the
histograms of the LPMTs obtained with an UB, and therefore limited to fixed ranges.

The changes to the calibration algorithm presented in this Section can be divided in to
three stages. In the beginning, a new pre-selection or pre-filtering of histograms is introduced,
followed by the description of the determination of the extreme positions, i.e., the charge
positions of the muon peak and the minimum. The third stage is the post-selection of
histograms and the calculation of the charge normalization factor. After the description of the
new algorithm, we present the performance and comparisons with the currently implemented
version.

6.3.1 Pre-selection of charge histograms

Before the histograms are send to the actual determination algorithm of the extreme values,
the current calibration algorithm applies a check of the filling status of the histogram. This is
performed by analyzing the bin with the maximum number of entries and comparing it to a
fixed threshold value. This check can be influenced by artificial high bin entries, for example
in the case that certain bins are used as container for the transmission of meta information as
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mentioned previously. For this reason, in the modified calibration procedure, instead of the
maximum bin entry, a check of the total sum of the bin entries is performed, disregarding
the entries of the last bin. With this approach, the selection of histograms with single high
bins is prohibited. To pass the pre-selection, all histograms have to fulfill the condition of a
total sum of entries N > 1x10* counts. If this threshold is not surpassed, the histogram is
defined as “empty” and is rejected from the calibration process. The total entry threshold
is is highlighted in the in the diagram in Fig. 6.11 by the green horizontal dashed line. The
histograms in this diagram have been acquired from all non-upgraded stations, i.e., from the
stations with UBs and no SSD, in the example month August 2021. While the dominating
majority of histograms contains 1x10° counts or more, a small fraction of histograms have
been classified as empty, and therefore are not propagated to the peak finding algorithm. In
the diagram, we can also observe a second population of histograms around a total entry of
2.5x10* counts. These histograms are not necessarily underfilled and might provide a muon
peak. For these histograms, another check has to be performed to get insight on the quality
of these candidates.

The introduction of a total number of entries condition already increased the number of
propertly rejected histograms, but no further implications on the general shape or symmetry
of the histogram can be drawn. Therefore, a second quantity is determined by the modified
algorithm, the Shannon’s information entropy S. With this entropy, already introduced in
Section 4.1.3, a measure for the regularity of the filling status of the individual bins is given.
For the histograms, the probabilities p; are defined by each entry of the one-dimensional
histograms, i.e., the count of each bin c;, normalized to the total sum of all counts N resulting
in

i
pi=<w—= ﬁl (6.2)
The histogram entropy is then defined as

21 ﬁ__Zcilnci

S=- i NNy = N +InN. (6.3)

The entropy values can be used to assure that the histograms contain a certain amount of
structure, i.e., potential maxima and minima, but no information about the actual positions of
these extreme values can be obtained, due to the insensitivity to the ordering of the individual
bins. The distribution of entropy values for the non-upgraded stations from August 2021
is shown in the diagram in Fig. 6.11. While the majority of histograms depicts entropy
values of approximately 5 or slightly above, the histograms with low number of total entries
also show low entropy values. This is a strong indication for a missing muon peak in these
histograms. Therefore, to further reduce the number of misshaped histograms, we established
a second criterion. This filter rejects histograms inside a two-dimensional window defined
by a threshold on the total entries of N < 5x10* and a threshold on the entropy of S < 5, as
indicated by the blue vertical and horizontal dashed lines.

In the case of the SSD PMT connected to the UB in the stations of the SSD PPA, the
identical selection on the total number of bin entries has been implemented. But in contrast
to the LPMTs, the mean of the entropy distribution is at lower values, between S = 3 and
S = 4, as can be seen in the diagram in Fig. 6.12 for the SSD PMT histograms obtained in
August 2021. For this reason, the rejection threshold of S < 3 is applied before the extreme
value determination is initiated.

6.3.2 Extreme value determination

After the filtering of empty or incorrectly filled histograms, the main process of determining
the muon peak and the minimum to the left follows. For simplicity reasons, the general
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Figure 6.12: Entropy distribution for the SSD PMTs connected to UBs obtained in
August 2021. The majority of histograms show entropy values above S = 3.

procedure of the modified extreme position finder follows the major concepts of the currently
implemented algorithm implemented in the Offline, which have been introduced previously.
Butinstead of starting the bin-to-bin comparison at the first bin that surpasses a fixed bin entry
threshold, described in the third item in Section 6.2.2, the new algorithm already commences
the procedure in the back of the histogram after the last five bins are excluded. In this region,
the “big” bins with increased bin sizes are present. Therefore, the normalization of the bin
entries is of high importance for a successful determination of the extreme values. Especially
for the histograms acquired with the new UUBs, the bin normalization by the respective sizes
becomes essential. With this concept the identical algorithm can be applied to the histograms
of both types of PMTs, the LPMTs and the SSD PMT.

To reduce the effects of triggering on large bin fluctuations of neighboring bins, we
introduce a pre-processing step, a so-called “smoothing” process. In this process a sliding
average of 3 consecutive normalized bin entries is calculated, i.e., for each of the histogram
bins, the average with the bin before and the bin after is calculated. Only for the bins on the
edges of the histogram, this averaging is not performed. In the following, the newly defined
quantity is named bin density d;. An example density histogram calculated for an LPMT
connected to an UB is shown in Fig. 6.13.

For the pre-processing procedure, the weighted sum of the histogram entries is generally

defined as
X; = Z wic;. (64)
i

We can then calculate the histogram density d; of each bin with

1( 1 1 1
di= = 4 —Ci+——C; 6.5
i=3 (Ai—l Ci-1+ AiCl + At C1+1) (6.5)
where c; and A; define the count and size of the ith bin, respectively.

In addition, the uncertainty o4, of each density bin is calculated. With this quantity, the
conditions for the search of the shoulder limits is later implemented. In general, the variance
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Figure 6.13: Example density histogram for an LPMT connected to an UB. Compared
to the original histogram, the bin-to-bin fluctuations are suppressed. The step at the
transition of the bin sizes is smoothed by the normalization process.

and standard deviation of a weighted sum of entries is given by

2 _ 22 _ 2 _ / 2.
oy, = Zwi og, = Zwicl — Oy, = Zwicz, (6.6)
i i i

assuming a Poisson uncertainty of the each respective bin count with o, = v/c;. Then, the
standard deviation of each density can be calculated with

1 1 1 1
04, = 5\/A2_Ci_l + Eci + ATCi+1' (6.7)
i-1 i i+1

After the determination of the density histogram and its accompanying density uncertainty
histogram, the bin-to-bin comparison algorithm is initiated.

Analogously to the current muon peak finder, the modified algorithm begins at the end
of the density histogram, skipping the last five bins. The bin-to-bin comparison is performed
in reverted bin order by searching for the first maximum density value (muon peak). When a
local maximum density is found, the bins to the left and to the right have to fulfill a certain
condition to define the maximum as the actual muon peak. Here, the left and the right limits
around the maximum are determined when the density of three consecutive bins fall below
a defined threshold. But in contrast of using a fixed proportion of the maximum bin entry
for this threshold, a relative condition is implemented which utilizes the density uncertainty
of the local maximum.

In a first step, the threshold is set to a multiple of the density uncertainty of the maximum
bin tmax = fomax, With f = 10 as the starting factor. If either the left or the right limit condition
is not fulfilled, the check is repeated iteratively with two lower threshold factors, here chosen
f =8and f = 5. For the case that the limits are still not determined after applying the lowest
threshold condition, the search for the muon peak is terminated and the histogram is rejected
in the charge calibration. However, if both limits are obtained, the identical analytical second
order polynomial fit is performed on the raw histogram entries using

y(x = x0) = (c2(x — x0) + c1)(x — x0) + co. (6.8)
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Figure 6.14: Distributions of calibration related quantities obtained from the his-
tograms of the LPMTs connected to UBs in August 2021. Left: Relative density
differences of the muon maximum and the accompanying minimum. Right: Charge
position ratio of the muon maximum and the accompanying minimum.

Besides the check of the goodness of the fit, identically implemented compared to the cur-
rent algorithm, an additional inspection of the curvature c; is performed, and thereby the
determination of a maximum is assured.

To imply a certain shape on the charge histograms, the modified algorithm searches in
a second step for another extreme position, the minimum to the left of the muon peak. The
search utilizes the identical bin-to-bin comparison on the density histogram and is initiated
one bin to the left of left limit of the muon peak to avoid the fit on fluctuations. A minimum
position is defined when its left and right limit conditions are fulfilled. These conditions use
analogous threshold definitions, i.e., a limit is found when three consecutive bins surpass
the relative threshold of tmin = fonin. Thereby, the identical scaling factors f =10, 8,5 are
iteratively tested. To further assure that the minimum is correctly positioned, its right limit is
prohibited to surpass the bin position of the previously determined muon peak. The actual
position of the minimum is received by performing the analytical quadratic fit and assuring
a positive curvature, i.e., co > 0.

In case of the SSD PMT charge histograms, the minimum to the left of the muon peak
provides a very narrow shape as can be in the right diagram in Fig. 6.3. Therefore, the
determination of the limits can result in a very small range of bins which strongly suppresses
a successful execution of the fit. To compensate this effect, the analytic quadratic fit of the
minimum for all types of PMTs is generally only applied when the found limits span a range
of more than 10 bins. For the histograms with a lower limits bin range, the charge value
from the bin-to-bin comparison process is used as the position of the minimum without any
further fit.

6.3.3 DPost-selection and conversion

After the positions of the muon maximum and the accompanying minimum are determined,
the majority of charge histograms provide a successful calibration. At this point the questions
arises if the histograms passing the modified algorithm actually show the expected shape and
extreme positions, and if the general quality of these histograms can be described. With the
new procedure, various additional quantities can be derived to further analyze the histograms
and the performance of the calibration procedure.

One quantity the describes the stability of the extreme value determination is the difference
between the density values of the maximum dmax and the minimum dmin determined by the
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bin-to-bin comparisons. When normalizing this difference with the density uncertainty omax,
resulting in

D= dmax - dm'm, (69)

Omax

the search condition for the left limit condition of the muon peak can be analyzed. In the
left diagram in Fig. 6.14, the relative density differences for the LPMTs connected to UBs
obtained in August 2021 are shown. The majority of the histograms indicate a relative density
difference of around 18 which is significantly larger than the highest threshold factor (f = 10)
applied in the limit search. For these histograms, the separation between the muon maximum
and the minimum is easily possible. On the left side of the distribution, we can observe
the effect of reaching the lowest threshold condition of f = 5. The density of the minimum
defines the lowest possible condition to determine the limit, and therefore no histograms with
a relative density difference below 5 can be seen. On the other side of the distribution, the
values of individual LPMTs with very large separations between the muon maximum and
the minimum are prominent. These values can be an indication of incorrect power settings
for these device which might ultimately result in a reduction of the dynamic range. Overall,
the relative density difference provides a measure to monitor the performance of the fit
procedure over time which is presented in the long-term studies in Section 6.5.2.

In addition, a second quantity is utilized to ensure a high quality level of the charge
normalization factor determination. This quantity is the ratio of the charge positions of the
muon maximum Qmax and its accompanying minimum Qmin, i.e.,

Qmax
R=——. 6.10
Qmin ( )

The distribution of the charge ratios for our chosen data set is displayed in the right diagram
in Fig. 6.14. Therein, we can see that the majority of histograms deliver a charge ratio above
1.5. Only a few histograms seem to provide a very low charge ratio, i.e., seem to have the
minimum and the muon maximum very close to each other. When looking at individual
of these low ratio histograms, we can observe that their shape does not match the expected
form, but still the determination of both extreme values has been successful. This is possible
in rare cases in which fluctuations or oscillations create various maxima and minima in
the histogram that are then accidentally recognized as muon peak and its accompanying
minimum. An example for one of these histograms with multiple extreme positions is given
in the left diagram in Fig. 6.15. To clean the final data set from these misdetermined charge
positions, we impose a selection of histograms with a charge ratio above 1.3, as shown by the
red vertical dashed line in the charge ratio diagram in Fig. 6.14.

Finally, if the positions of the minimum and maximum fulfill their ratio requirements,
the signal normalization factor Qvem or Qmip is obtained by applying the baseline correction
to the muon peak position from the fit. Here we have to note that this correction is not yet
implemented for the histograms obtained with the PMTs of the AugerPrime stations due to
the missing local station estimate necessary for the calculation. As the last step, the factor
to convert the responses from omnidirectional to vertical passing muons is multiplied. The
histogram is then accepted and the algorithm is terminated with success. In the right diagram
in Fig. 6.15, a successful fit of a charge histogram of an LPMT connected to an UB is presented,
including the muon maximum and the accompanying minimum with their respective limits.
This diagram shows the enhanced success rate of the modified algorithm due to the fact that
the same histogram failed the current calibration procedure presented in the right diagram
in Fig. 6.6.
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Figure 6.15: Left: Example charge histogram of an LPMT connected to an UB. The
histogram shows an unusual PMT behavior. This histogram can only be rejected
by imposing a minimum distance between the relevant extreme positions. Right:
Example charge histogram of a successful fit by the new calibration algorithm. This
histogram failed the calibration with the current algorithm, as shown in the right
diagram in Fig. 6.6.

6.4 Algorithm performance and discussion

With the modified calibration algorithm, we gain the opportunity to further analyze the
performance of the WCDs and SSDs and investigate the currently implemented online and
offline signal calibration procedures. By selecting histograms that deliver a successful charge
determination fit in the current and the modified algorithm, a direct comparison between
the two offline procedures can be carried out. In addition, due to the fact that the modified
algorithm only relies on the charge histogram information, i.e., does not rely on the charge
estimates determined by the local station software, a comparison between the online estimated
charge values and the ones determined by the Offline algorithm can be drawn. In the following,
several comparisons are presented using the data of the LPMTs of all non-upgraded stations
obtained in August 2021. In this data set, a total number of approximately 4.25million
histograms are contained. Out of these histograms, 6.67 % have been rejected before the
charge determination algorithm is initialized. The non-rejected histograms then define the
basis for the comparisons.

6.4.1 Charge factors: new vs. current

When comparing the two algorithms, the first numbers to determine are the fractions of
successful fits for the respective procedure. For the current algorithm, 94.83 % of the non-
rejected histograms in the data set are properly fit which is a relative high success fraction
compared to other months due to selection of a Winter month. In contrast, with the improved
flexibility, the success fraction for the modified algorithm reaches a significantly increased
value of 99.66 % for the identical data set. This corresponds to a difference of ~190 thousand
histograms and highlights the enhanced performance of the future algorithm towards changes
in the histogram shapes.

Besides the fractions of successful fits, the direct comparisons of the charge distributions
of both algorithms after the final conversion to vertical muon factors are very important for the
estimation of the quality of the new procedure. In the diagram in Fig. 6.16, the resulting charge
distributions obtained with the two algorithms are shown. Therein, we present the results
of the current algorithm in orange, while the charges obtained with the new algorithm are
drawn in black. Overall, both distributions provide a very similar shape with the majority of
charges between 100 and 200 ADCT. Only at lower charge values, a difference between a small
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Figure 6.16: Charge distributions obtained with the current (orange) and the new
(black) calibration algorithm.

number of histograms is visible. Nevertheless, the black distribution of the new algorithm
contains as significant increased number of histograms. Due to the fact that the total number
of included histograms varies between both distributions, it is rather complicated to draw
conclusions on the respective performance. This can be achieved when we compare the
results of both algorithms on a single histogram level, i.e., we analyze the relative differences
AQoffiine between the charge values for histograms that have been successfully determined
by both algorithms. The relative difference is given by

new _ current
__ =offline offline
AQoffline = current : (6'11)
offline

The distribution of the relative charge difference between the algorithms for all the histograms
in the selected data set are shown left diagram Fig. 6.17. In this diagram we can observe that
the new calibration procedure is not introducing a significant bias in the determination of the
charge factors when compared to the results of the current algorithm. Thereby, the spread
of the differences is below 1 %. To further analyze two algorithms, the diagram on the right
displays the two-dimensional distribution of the relative charge differences in dependence
of the charge factors from the current algorithm. Therein, a larger spread in the charges can
be observed for values below 150 ADCT, while for larger current charges, the differences
approach zero.

In general, we can conclude that the new algorithm provides nearly identical charge
factors for individual charge histograms compared to the current procedure when both
are terminated successfully. But due to the significantly increased number of successful fit
procedures of 5 % or higher, the new algorithm results in the superior method. For this reason,

the new algorithm is proposed as a replacement in the Offline software framework.

6.4.2 Detector signals: new vs. current

After the promising results of the comparison of the offline calibration algorithms for indi-
vidual charge histograms, i.e., for individual devices, the impact of the modified calibration
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Figure 6.17: Relative differences of the charge values obtained with the current and
the new calibration algorithm. Left: Distribution of the total data set. The spread
between the two algorithms is below 1 %. Right: Two-dimensional distribution of
the relative differences in dependence on the charge factors determined with the
current algorithm.

algorithm on the signals of the WCDs and SSDs is of high importance for the future detector
performance. These signals of the sub-detector of each participating SD stations are calculated
after the charge calibration values of the devices are determined. They then define the starting
point for the event reconstruction, presented in the following Chapter. In general, during the
signal calculation, the pulse information of the event traces that passed the necessary trigger
conditions are associated with the calibration information read out at the time of the event.
Thereby, an identical procedure is applied to the three LPMTs of the WCDs, as well as to the
single PMT of the SSDs. Up to the submission date of this Dissertation, the calibration of the
SPMT and its use in the determination of the WCD signals is not available due to the missing
implementation in the Offline analysis software.

The signal determination of air shower events measured with the WCD utilizes the event
trace information of all three LPMTs, as well as their charge calibration factors Qvgwm,; obtained
from the matching calibration data in the offline calibration process [158, 153, 156]. Therein,
the signal of each individual device S; is calculated before the total signal of the WCD Swcp
is determined. After the integration of the pulse bins, the signals are given in the electronics
unit ADCT and are then converted into the unified relative unit VEM by normalizing with
the calibration factor. In these unified units, the signals can be used to reconstruct the lateral
air shower properties, described in Chapter 7.

As an initial step, the baselines of both gains, the low and the high gain channel, are
obtained. Instead of using a simple estimation to receive a constant baseline value for the
total trace, as described and utilized in Section 5.1.2, a baseline value for each bin of the
trace is determined. The result is the so-called “baseline trace” b;(t) that allows variations
in the baseline along the trace matching large amplitude shifts of the observed pulses, e.g.,
undershoot effects of the PMTs [153]. The baseline procedure searches for trace segments that
do not contain pulses and defines these as baseline trace elements. For the bins that do contain
pulses, the baseline in each bin is obtained by an interpolation process. Currently, an opti-
mization of the baseline trace determination is intensively studied and will be implemented
in the near future.

After the baseline traces have been obtained, the start bin fg.+ and stop bin tstop for
each event pulse are determined on the high gain traces which later define the range for the
integration of the signal bins. Analogously to the segment search for the baseline traces, the
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Figure 6.18: Relative differences of the WCD signals obtained by using the calibra-
tion factors determined with the current and the new calibration algorithm. Left:
Distribution of the total data set with a spread of ~1 %. Right: Two-dimensional dis-
tribution of the relative differences in dependence on the WCD signals determined
with the charge values of the current algorithm.

time traces are examined searching for segments that contain entries above a well-defined
threshold which then can be classified as potential signal segments. From the bin entries
of these potential signal segments, the baseline values are subtracted and the segments are
merged or rejected using certain criteria resulting in the signal segment s; of the individual
LPMT trace. Afterwards, the signal segments of all participating LPMTs are averaged and
the signal segment with the largest signal is chosen to define the integration range. Finally,
the total signal of the station is determined by the integration of the averaged signal trace
between the start and the stop bin. The signal of one of the LPMTs can be depicted as

tstop

= o D () = bi(t). (612)

! tstart

Si

The total signal of the WCD can then be calculated with
1
Swcp = N Z Si (6.13)

with N defining the number of participating LPMTs.

With the introduction of the modified calibration algorithm, different results in the
calculation of the signals of individual LPMTs are possible, and therefore changes in the total
signal of the WCD can appear. To analyze the effects of the modified calibration procedure, the
WCD signals obtained with the current and the new calibration algorithm are compared for
the given data set. Especially for stations with large signals, the performance of the calibration
is of high importance. For these stations which usually appear in the event close to the core of
the air shower, the uncertainties of the calibration dominate the determination of the lateral
profile of the air shower. Contrarily, for stations with lower signals, the calibration resolution
plays only a secondary role. At positions further away from the air shower core, the sampling
fluctuations define the uncertainties in the fit of the lateral distribution.

In the left diagram in Fig. 6.18, the distribution of the relative differences of the individual
WCD signals from both algorithms AS for the over ~150 thousand are shown. This is generally
defined as

AS = Znew = Scurrent. (6.14)

S current
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Figure 6.19: Relative differences of the SSD signals obtained by using the calibration
factors determined with the current and the new calibration algorithm. Left: Distribu-
tion of the total data set with a spread of slightly above 1 %. Right: Two-dimensional
distribution of the relative differences in dependence on the SSD signals determined
with the charge values of the current algorithm.

Therein, we can observe that for the majority of detectors the differences of the signals is
~1 %, matching the results from the comparisons on a single device level. Analogously, we
present in the diagram on the right the two-dimensional distribution of the relative signal
differences in dependence of the signals from the current algorithm for the WCDs. As in the
case of the individual histogram analysis, a larger spread in the signals can be observed for
smaller absolute signal values. Thereby, for a small fraction of WCDs, the signal differences
can reach values of up to 10 % or more. These outliers can be explained with the fallback
mechanism of the current calibration algorithm which uses the charge estimates of the local
station software in the case the histogram fit fails. Despite the fallback option is activated in
both calibration algorithms, the appearance in the current algorithm is significantly higher
due to the increased number of failures on the histogram fit procedure. The difference in the
signals is then created by large differences between the charge value from the histogram fit
and the online estimate for individual PMTs. In general, understanding the influences of the
fallback method is crucial for the upcoming final implementation of the procedures for the
AugerPrime detectors. Hence, in Section 6.4.3, the variations between the online and offline
charge values are investigated.

In contrast to the WCDs, the SSDs only contain a single PMT to measure the scintillation
light, and therefore the total SSD signal Sssp is defined by the trace information of the
respective PMT. Analogously to the LPMTs of the WCD, the baseline trace b(t) and the
merged signal segments are determined. Then, the total SSD signal can be calculated using
the signal trace s(¢) and the charge calibration factor Qup resulting in

tstop

1
Sasp = 5 — ) (5(1) = b(1)). (6.15)

Estart

Therein, the integration range of the SSD defined by the start and end bins fully includes
the WCD integration window, and can be additionally extended in both directions by the
algorithm performing the search for the signal segments. This adaptation method for the
SSD has been implemented to compensate the unknown timing differences in the signals
of the two detector types, and their varying average trace shapes for the same air shower
event [156].

Analogously to the WCD, the signals of the SSD strongly depend on the calibration values,
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and therefore on the algorithm used for the determination of these factors. To analyze the
influences of the modified calibration procedure on the SSD signal determination, we present
in the left diagram in Fig. 6.19 the distribution of the relative differences of the SSD signals AS
when comparing the current and the new calibration algorithm. Similarly to the WCDs, the
majority of the SSD signals are distributed close to a difference of zero, with a spread of slightly
above 1 %. Additionally, the diagram on the right displays the two-dimensional distribution
of the relative signal differences in dependence of the signals from the current algorithm.
In contrast to the WCDs, the signals obtained with both calibration algorithms show a high
agreement. The cases in which the histogram fit fails and the current algorithm utilizes
the charge which is incorrectly determined by the recovery module are not visible in this
diagram, due to their rare appearance and the limitation of the data set. Nevertheless, the new
algorithm prevents the requirement of the recovery module and provides the determination
of the calibration factors for properly functioning PMTs in nearly 100 % of the cases.

6.4.3 Charge factors: new offline vs. online estimate

With the implementation of a purely histogram-driven approach to determine the charge
values in the new algorithm, a comparison between the online charge estimates obtained
by the local stations and the values from the offline calibration can be carried out. This
comparison is in principle also possible using the charge values determined by the current
offline algorithm, but due to its interconnection to the online estimates when performing the
search for the muon peak, i.e., the check of the inclusion inside the bin range for the fit as
explained in Section 6.2.2, the number of histograms in the comparison is reduced. Especially
for the histograms we are mainly interested in, i.e., the histograms that failed the current fit
procedure, no information about the actual peak determination is provided. In these cases, the
current offline procedure uses the fallback option to the online estimate without terminating
all necessary steps in the calibration module.

For this reason, we focus in the following online-to-offline comparisons on the offline
values obtained with a successful termination of the modified calibration procedure. Despite
the fallback mechanism to the online estimate for the cases in which the extreme value
determination fails has also been implemented in the new algorithm, this option is rarely
triggered due to the very high success fractions. For the majority of histograms sent to the
calibration module, i.e., more than 99 %, two charge values are available, the online estimate
from the local station software and the offline charge value from the modified calibration
algorithm. To provide an absolute comparison of the charge values on an individual histogram
level, the online estimates obtained with the procedure introduced in Section 6.1.2 are
converted with the geometrical factors from the responses of omnidirectional muon to the
values vertical through-going muons would produce.

When comparing the charge values from both procedures, we use the relative differences
between the online and offline charges AQproc as a sensitive measure which is formulated as

AQproc — Qoffline — Qonline' (6.16)
Qoffline

In the left diagram in Fig. 6.20, the distribution of the relative differences between the online
and offline charge in the data set shown. Therein, we can observe a small systematic shift
of ~1% of the offline charges towards lower charge values when compared to the online
estimates. This might be a first indication that the conversion factors between the online
estimates and the offline charges which have been acquired during the engineering phase
of the SD have slightly changed over the total measurement period of the Observatory.
Furthermore, an overall spread of the distribution of the order of 5% can be seen which
further indicates a potential small mismatch between the charges determined by the local
station software and from the calibration histograms. For a small number of histograms, a
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Figure 6.20: Relative differences of the charge values obtained with the online cali-
bration procedure and the modified offline algorithm. Left: Difference distribution
of the total data set showing a small average bias and a spread of ~5 %. Right: Two-
dimensional distribution of the relative differences in dependence on the charge
values determined with the offline calibration algorithm. Populations with larger
differences of the charge values from individual PMTs can be observed.

rather large charge difference has been determined represented by the two peaks in the right
tail of the distribution. These peaks are produced by two single PMTs repeatedly showing
an unusual behavior when they appear in the data.

To further investigate the relative charge differences of the different calibration procedures,
the dependence of the differences on the respective absolute charge values is analyzed.
The results for the selected data set of August 2021 are shown in the right diagram in
Fig. 6.20. Therein, the two-dimensional distribution of the relative differences of the charge
values displays the average spread between the two calibration methods. In contrast to the
comparisons of the two offline calibration algorithms with rather small resulting charge
differences, a non-negligible fraction of histograms shows a spread of ~5%, as already
observed in the one-dimensional distribution. Additionally, we can observe small populations
of values at large distances from the mean of up to 50 % which are the result of individual
devices showing an unusual behavior. For example the histograms producing the two small
peaks at the higher difference values in the one-dimensional histogram are created by two
PMTs, one of the station LS24, and the other installed in the station LS32. One histogram
of the identified PMT of the station LS24 is presented in Fig. 6.21.The new calibration
algorithm determines the charge value at the position of the peak which is assumed to be
the muon maximum, while the online estimate is pointing towards a lower charge. Therby,
the identical histogram has been already shown in Fig. 6.9 during the introduction of the
currently implemented offline calibration procedure, highlighting the failure of the maximum
determination and the fallback to the online estimate as final charge value. This example
emphasizes the advantage of the modified calibration algorithm to be independent of the
online estimates, and thereby providing a second measure of the charge normalization factor.

Nevertheless, the actual origin for the differences when comparing the online and offline
charge values cannot be fully determined within the scope of this analysis. On the one hand,
the values from the online calibration procedure strongly depend on the present trigger
system settings. Therein, correlations between the 3-fold and the 1-fold PMT responses in
combinations with firmware implementations are used which have been obtained in detector
studies using the WCDs of the engineering phase nearly 20 years ago. Due to aging effects,
potential shifts in these correlations are possible, and therefore remeasurements of the most
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Figure 6.21: Example charge histogram of an LPMT connected to the UB of the
station LS24. The modified calibration algorithm determines the muon peak position
depending on the shape of the histogram and independent of the position of the
online estimate. A larger difference between the online and offline charges is visible.
This histogram failed the calibration with the current algorithm, and in this case the
online estimate was selected as shown in Fig. 6.9.

relevant quantities for the aged detectors appear to be necessary to reject the online calibration
procedure as the source of uncertainties.

On the other hand, the calibration histograms depend on certain software algorithms
to calculate the respective quantities. Changes in the shapes of the charge histograms and
fluctuations of the baseline values can lead to shifts of the extreme values, ultimately result-
ing in a potential misinterpretation of the muon peak position. Even so the question about
the origin of the charge differences cannot be answered, their general evolution over time
provides information of the aging behavior of the hardware components and enables extrap-
olations towards the future performance. Furthermore, a stable and precise online calibration
procedure is very important for events which do not provide calibration information from
the muon buffers. This can appear in rare cases in which the transmission of the calibration
information is lost due to the limited bandwidth of the SD communication. The general time
development of the differences between the online and offline charges are presented and
analyzed in Section 6.5.3.

6.4.4 Rejected histograms

Despite the significant increase in the number of successful fits using the modified calibration
procedure, a small fraction of histograms of approximately 0.5 % in the recent years are still
failing the extreme value determination of the new algorithm. For the majority of these failing
histograms, the requirement to find a minimum to the left of the muon maximum is not
fulfilled. This is the case when the shape of the histogram is rather plane, i.e., the bin entries
of the muon peak and of the minimum are too close to each other. In the most extreme case,
the muon peak is just visible as a shoulder of the exponentially falling flank of the low energy
particle peak, or not visible at all, as can be seen for example in the left diagram in Fig. 6.22.
These charge histograms indicate an incorrect power setting of the respective PMT or a
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Figure 6.22: Example charge histograms of LPMTs connected to UBs. For both
histograms, the new calibration algorithm is failing and the optional fallback to the
online estimate can be chosen. Left: No muon peak is visible due to an incorrect
power setting or a potential PMT or electronics malfunction. Right: Appearance of
high frequent bin fluctuations prevent a successful muon peak determination with
the both calibration algorithms.

potential electronics malfunction, and therefore the device cannot be successfully calibrated.
For the histogram on the right in Fig. 6.22, the calibration procedure has also been terminated
unsuccessfully. In this case, the modified algorithm is incapable to determine the limits of
the muon maximum due to the appearance of high frequent bin fluctuations. Although the
expected shape is visible including a muon peak, and furthermore the online estimate is
determined at a viable position, this histogram is rejected by the modified algorithm. Here, the
alternating bin entries might be an indication of a malfunction of the PMT or the connected
base electronics, and therefore the device can be excluded from the total signal calculation
of the WCD signal. Nevertheless, the fallback to the online estimate is available in the new
offline calibration algorithm.

6.5 Calibration long-term performance

After the introduction of the modified calibration algorithm in Section 6.3 and its performance
applied to the charge histograms obtained in August 2021 in Section 6.4, we intensively studied
the evolution of the calibration related quantities over a longer time period to estimate the
long-term stability of the different calibration procedures. By reanalyzing the total SD data set
of the measurement stage Phase I, consisting of the large number of ~720 million histograms,
benchmarks can be defined to describe the past, current and future performance of the
WCDs and SSDs concerning their calibration. With the long-term performance studies, the
influences of aging effects on the various hardware components can be analyzed which
manifest in changes of the shapes of the obtained calibration histograms and require a highly
flexible algorithm to determine the calibration factors. Additionally, assumptions on the
future performance and operation status of the detectors and devices can be drawn.

In the following, the general calibration status is presented by the comparisons of the
success fractions of the two calibration algorithms for the total time period of the SD data
acquisition. Subsequently, the performance of the new calibration procedure is evaluated by
analyzing the time development of the extreme value search condition for the PMTs of the
WCDs, as well as the variations in the position determination of the muon maximum and its
accompanying minimum. Finally, we present the general aging behavior of the detectors of
the SD stations by comparing the results of the determination of the charge values with the
two calibration methods, the online charge estimation and the offline calibration algorithm.
Furthermore, evolution of the charge calibration factors for both types of PMTs, the LPMTs
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Figure 6.23: Monthly fractions of histograms over the total data acquisition time
of the SD. Analogously to Fig. 6.7, the black markers represent the fractions of
non-rejected devices which always provide an online estimate for the charge value
and thus define the maximum reachable fraction of calibrated devices. The success
fraction of the current offline calibration algorithm is given by the blue markers. The
red markers represent the monthly success fraction of the new algorithm. Except
for the first months in 2004 when a large number of histograms have not been filled
sufficiently, the new algorithm provides increased success rates compared to the

current procedure, especially in the most recent years.

and the SSD PMTs are studied.

6.5.1 General calibration status
When analyzing the data of the non-upgraded stations from August 2021, the modified
algorithm provides a significant improvement in the determination quality of the charge
factors compared to the current algorithm resulting in ~5 % more successfully calibrated
histograms. But the calibration procedure has to perform equally well on the LPMT data
of the total lifetime of the Pierre Auger Observatory, i.e., starting from 2004 up to the latest
acquired events in our data set at the end of 2021. For this reason, the monthly fractions of the
histograms successfully passing the modified offline calibration procedure are determined.
In the diagram in Fig. 6.23, these success fraction of the new algorithm are displayed together
with the monthly success fractions of the current algorithm in blue and the fractions of non-
rejected histograms in black, both taken from Fig. 6.7. When comparing the fractions of the two
calibration algorithms, we can observe that for the grand majority of the months, the success
fraction of the new algorithms lies above the values of the current algorithms, indicating the
enhanced flexibility and stability after the modifications. Thereby, the number of successful
charge factor determinations with the new algorithm nearly reaches the maximum possible
fraction defined by the online estimates of the non-rejected histograms. Only in the first
months in 2004 and between 2008 and 2014 an increased fraction of histograms failed the
new calibration algorithm due to an increased number of histograms which have not been
filled sufficiently by the local station software. This effect appears in coincidence with the
deployment of the new stations in the SD array, and therefore can be related to an adaptation
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Figure 6.24: Monthly averages of relative density differences of the muon maximum
and its accompanying minimum for all the histograms of all the devices in the data set.
The green, orange, and red horizontal dashed lines highlight the threshold factors for
the search condition of the limits around the extreme values with f = 10, 8, 5. Despite
a decrease of the density difference with time can be observed, the curve flattens in
the recent years and is not expected to reach the lowest algorithm threshold.

of the local station software after the initial incorrect settings. In the other months, the success
fraction of the new algorithms reaches success values of 99 % and higher.
Overall, for all months except the first three in 2004, the new algorithm provides increased
calibration success compared to the current one. Especially in the most recent years, the
differences between the two algorithms are significantly increasing, resulting in values
between 5 % and 10 %, depending on the season. The continuous decrease of the success
fractions with time cannot be observed for the new calibration algorithm, and the seasonal
variations seen in the fractions of the current algorithm are suppressed when the modified
calibration algorithm is applied. From this direct comparison we can conclude that the
superior flexibility of the modified algorithm significantly improves the offline calibration
of the PMT signals and that the new algorithm is a valid candidate to be used as standard
calibration procedure in the Offline framework assuring a successful calibration of the past

and the future data.

6.5.2 Modified algorithm

Besides the analysis of the general evolution of the success fractions, the performance of the
new algorithms can be further studied in detail utilizing certain quantities to describe the
quality of the calibration. With this obtained information, extrapolations and assumptions
of the future behavior and performance of the detectors can be derived. Thereby, the two
quantities introduced in Section 6.3.3 to analyze the shape of the charge histograms have been
determined for all histograms in the total data set. With the relative density differences D, the
stability of the extreme value determination over time can be described and expectations on
the change of the histogram shape can be formulated. In the diagram in Fig. 6.24, the monthly
averages of the relative density differences of the muon maximum and its accompanying
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Figure 6.25: Monthly averages of relative density differences of the muon maximum
and its accompanying minimum for the three LPMTs of the station LS324. The
green, orange, and red horizontal dashed lines highlight threshold factors for the
search condition of the limits around the extreme values with f =10, 8, 5.

minimum for all the devices in the data set are displayed. Therein, we can observe that
average values follow a decrease over time indicating the slow flattening process of the shape
of the histograms. Especially in the first years of the data acquisition larger decreases in the
density differences between the two extremes are prominent, while in the recent years the
averages appear to stabilize towards constant values. Nevertheless, for the average devices
in the SD array, the muon peak finder condition is fulfilled for the total time period, i.e.,
a sufficiently large difference between the muon maximum and the minimum to the left
is given. To highlight these necessary requirements for a successful determination of the
limits around the muon peak, the three chosen relative threshold factors are included in the
diagram represented by the three horizontal dashed lines. Thereby, the green line shows the
strongest applied criterion with the relative threshold of tyax = 100max. The orange and red
lines display the intermediate and the lowest criteria with the threshold factors of f = 8 and
f = 5. If the relative density difference reaches the lowest threshold condition, i.e., the red
dashed line in the diagram, due to changes in the histogram shapes, the determination of the
muon peak fails and the calibration process is terminated. In the case of the average values
of all stored histograms, the density differences are always located above the strongest peak
search condition and a successful determination of the muon peak by the new calibration

algorithm is provided.
Despite the average device calibration results in a successful determination of the muon

peak, for individual PMTs the situation might be different. For this reason we searched and
selected a station which was deployed in the beginning of the SD data acquisition in 2004 and
is still in operation in the end of the data set in 2021. One of the few stations that fulfill this
requirement is the station L5324. To analyze the time evolution of calibration performance of
the new algorithm, we determined the identical monthly averages and compare the values for
the individual devices of this station. The results for the relative density difference is shown
in the diagram in Fig. 6.25, containing the monthly averages for the three LPMTs. Similarly
to the curve of all devices, the individual LPMTs depict the general decrease of the density
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Figure 6.26: Monthly averages of the charge position ratios of the muon maximum
and its accompanying minimum for the three LPMTs of the station LS324. The

blue dashed line at a ratio value of 1.3 represents the minimum threshold for the
post-selection criterion of the new calibration algorithm.

differences with time. When compared to the values of all averaged histograms, the absolute
values reach lower levels, especially the LPMT with ID 3, but all devices fulfill the required
peak search condition for the muon maximum at any time. The lowest density difference

values in the end of 2021 still fulfill the strongest criterion of f = 10

By analyzing the behavior of the stations with the longest operation period in the Ob-

servatory, and under the assumption of a continuation of the current trend of the monthly

averages of the density differences, we can expect that for the large majority of the devices,
this calibration condition will be fulfilled regarding the search of the fit limits for the muon
maximum, and therefore a successful calibration in the upcoming years can be achieved.
Additionally to the density difference, the ratio R of the charge positions of the muon
maximum and its accompanying minimum, provides insight into the past and future perfor-
mance of the detectors. The charge ratio is used in the post-selection process of the modified
algorithm and defines a measure to filter and reject histograms with oscillating appearances of
extreme values or short-frequent fluctuations which undesirably succeed the muon peak and
minimum determination. In the post-selection step, a minimum threshold of 1.3 is applied
to the charge ratio. In the case that the charge histograms change their shape due to material
aging effects and the maximum-to-minimum charge ratio decreases, the filter threshold can
be reached at a certain time and the histograms of the device might not succeed the calibration

process anymore.

For this reason we determined the monthly average charge ratios of the individual devices
of the chosen station LS324 which are displayed in Fig. 6.26. Therein, all three LPMTs show
a decrease of the charge ratio with time, starting with a ratio of above 1.6 in 2004 and
developing to values of around 1.55 after 18 years of data acquisition. Analogously to the
density differences, the continuous decrease reflects the aging induced changes of the shapes
of the histograms, but the minimum threshold for a successful calibration, indicated by the

blue dashed line, is not reached and will not be reached in the near future when we expect a

constant slope of the decrease.
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Figure 6.27: Monthly averages of the relative differences of the online and offline
charges for all the histograms of all the devices in the data set.

6.5.3 Detector Aging
For a further analysis of the impact of material aging on the calibration factors, and thereby
on the signals of the individual detectors, we studied the time evolution of the differences
between the charge values obtained with the modified calibration procedure and the online
charge estimates calculated by the local station software. By comparing the results of the
different calibration methods, the intrinsic behavior of the devices can be analyzed and
conclusions on the performance of the two procedures can be drawn. In the diagram in
Fig. 6.27, the time development of the relative differences of the online and offline charges
AQproc are displayed. For the comparisons, the monthly averages including the histograms
of all the devices have been determined. Whereas in the first years after the start of the data
acquisition in 2004, the average charge differences between the procedures were fluctuating
with the seasonal variations around the mean difference of zero, a drift in the mean value
with time can be observed. This leads to a final shift of 1.5 to 2 % in the end of 2021 matching
the results obtained in the analysis of a single month of data in Section 6.4.3. The spread of
the seasonal fluctuations remains rather stable over the total time period.

From the shift in the average behavior of the online and the offline calibration procedures,
we can conclude that the material aging effects impact the methods in different ways. Thereby,
without any additional studies on the algorithm for the determination of the online estimates,
we are not able to separately distinguish the direct influences on the procedures. Nevertheless,
the use of two parallel precise calibration methods is highly beneficial to recover failures

in one of the procedures. For this reason, potential adaptations of the conversion factors
between the two methods to reduce the detectable shift might be advisable.

When analyzing the long-term behavior of the LPMTs, the calibration procedure related
quantities provide measures to describe the quality of the data and the general performance of
the applied calibration methods. But besides these variables, the resulting charge conversion
factors define the most important value to determine the success and the precision of the
calibration procedure of the detected air shower events. Therefore, we have analyzed the time
evolution of the charge conversion factors of the three LPMTs of the station L5324, presented

in the diagram in Fig. 6.28. Therein, the monthly averages of the charge values obtained
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Figure 6.28: Monthly averages of the charge values obtained with the new calibration
algorithm for the three LPMTs of the station LS324. A decrease of the average values
for all PMTs can be seen. Changes in the power settings for the PMT with ID 1 in

2010 and 2017 result in discontinuities of the charges.

with the new calibration algorithm are shown for the three PMTs of the station LS324. These

charge factors already include the conversion to vertical through-going muon responses and

represent the values used in the determination of the signals of the WCDs as presented in
Section 6.4.2. For all three PMTs, a downwards trend of the charge values can be observed,
with an faster decrease in the early years of the data acquisition period. In addition, the
seasonal fluctuations of the average charge values are visible which can be related to the
correlations with the external temperatures. For the PMT with ID 1, two discontinuities can
be seen. These can be explained with changes in the power settings in 2010 and 2017. When
studying the evolution of all the charge values of all the devices, we can conclude that the
majority of LPMTs show a very similar to the devices of the example station.

Additionally to the WCDs, the calibration results of the SSD PMTs can be analyzed to study
potential material aging effects leading to decreases in the light production, and therefore
to changes in the detected signals. Despite the first SSDs have already been deployed in
2016 in the AugerPrime Engineering Array (EA), we present the long-term studies which
have been carried out using data obtained with the scintillation detectors connected to the
original UBs in the SSD PPA, introduced in Section 5.3. This decision was taken due to the

significantly higher stability in the operation conditions of the SSD PPA detectors during the
nearly three years of their data acquisition when compared to the first AugerPrime stations.
For the calibration of the SSD PMT signals, the modified algorithm has been applied to the
charge histograms including the final conversion from omnidirectional to vertical through-
going particles. To enhance the visibility of small variations or trends in the charge values,
the relative charge differences AQ are determined utilizing the charge values from each
histogram Q and the mean charge of the total time period Q for each SSD PMT individually.

The differences can be calculated with
(6.17)

Ql

AQzQ%.
Q
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Figure 6.29: Relative charge differences of all histograms obtained with the SSD PMT
of the station LS1732, indicated by the blue markers. The red markers display the
negative external temperature obtained with the weather station in the Observatory.
Thereby, a strong correlation between the two distributions can be observed which
can be related to the temperature dependence of the shape of the charge histograms.

In the diagram in Fig. 6.29, the blue markers present the relative charge differences of all
histograms obtained with the SSD PMT of the station LS1732. Therein, we can observe that
the relative charge differences follow a regular oscillation pattern with an amplitude of ~5 %.
Due to the fact that this pattern indicates a periodicity with the alternation of the seasons, the
diagram also contains the time evolution of external temperature values to further investigate
a potential dependence. Thereby, similarly to the temperature dependence analysis of the
electronics input channels in Section 5.4.2, we use the temperatures obtained with the weather
station in the Observatory [149] as measure of environmental effects due to their independence
of the SD electronics status. But in contrast, in this diagram, the negative temperatures are
displayed. When comparing the charge differences and the negative temperature values,

a strong correlation between the two distributions can be seen. This relation is a strong
indication of a temperature dependence of the shape of the charge histograms, i.e., a variation
of the position of the muon peak for different daytimes and seasons can be measured. In
contrast to the LPMTs of the WCDs, no general decrease of the charge values which can be
associated with material aging effects is observed for the SSDs. This might be explained with
the rather short time period of analysis compared to the nearly two decades of the WCD
data acquisition. Furthermore, small aging effects can be hidden in larger signal variances

produced by changes of the power settings.

To exclude a malfunction of the device or station electronics, the analysis has been
performed for all SSD PMTs in the SSD PPA, resulting in very similar temperature dependence
for all the devices which has been already published for several PMTs including the one
presented here in Ref. [146]. Nevertheless, the origin of the temperature dependence remains
unclear. One explanation might be the temperature influences on the baseline values of the
traces in the muon buffers. These baselines are used to calculate the signal amplitudes and
areas which are then stored in the calibration histograms. If the baseline values are changing
with the external temperatures while the amount of light produced by the through-going
particles remains the same, an indirect dependence of the muon peak position with the
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Figure 6.30: Example calibration histograms for an LPMT connected to an UUB. Left:
Signal amplitude histogram. Right: Signal charge histogram.

temperature will be derived. To confirm this hypothesis, an in-depth study of the calculation
of the signal properties is necessary which cannot be carried out within the scope of this
Dissertation.

6.6 Calibration of AugerPrime stations

While in the previous section the analyses of the performance and stability of the calibration
procedures have been performed on the data acquired with SD stations equipped with the
original UBs, this section presents the general situation of the calibration for the devices
connected to AugerPrime electronics boards, the UUBs. Due to the fact that until the sub-
mission date of this Dissertation the adaptations of the local station software to provide the
necessary online estimates is still pending, the calibration of the PMTs in the AugerPrime
stations requires a recovery module to pass successfully the current implementation of the
calibration procedure, as already described in Section 6.2.2. In contrast, the modified algo-
rithm is designed to solely use the information of the streamed calibration histograms, and
therefore is independent of online estimated quantities. In the following, we evaluate the
performance of the new calibration algorithm applied to histograms acquired with the UUBs
connected to both types of PMTs, the LPMTs of the WCDs and the PMTs of the SSDs.

Analogously to the local station software of the UBs, the locally implemented algorithms
of the UUBs utilize the muon buffer traces to calculate certain calibration relevant quantities
which are then stored in the calibration histograms containing the values obtained in the 61's
time windows. Despite the bin sizes and scaling factors in the calibration histograms vary
between the two generations of electronics boards due to the differences in the sampling
frequency and signal readout resolution, the general shape of the histograms remains similar.

In the signal amplitude and area histograms of the LPMTs inside an AugerPrime sta-
tions, two maxima are visible, one at lower amplitude or charge values created by mostly
electromagnetic particles entering the WCD, and a second one defined by the through-going
muons. An example of both types of histograms for an LPMT connected to an UUB is shown
in Fig. 6.30 with the amplitude histogram on the left and the charge histogram on the right.
Additionally, in both histograms we can observe the transition between the different bin sizes
to reduce the amount of transmitted information, analogously to the implementation in the
software fore the original UBs.

In the case of the SSD PMTs connected to an UUB, the situation of the calibration
histograms is very similar. Analogously to the implementation on the UBs, the calculation of
the calibration variables and the storing of the values in the histograms is performed when the
trigger condition on the LPMTs of the WCD is fulfilled. This results in large entries for bins
with a low number, due to the determination of the quantities on traces which only provide
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Figure 6.31: Example calibration histograms for an SSD PMT connected to an UUB.
Left: Signal amplitude histogram. Right: Signal charge histogram.

baseline fluctuations. The result is a larger pedestal peaks close to the zero, as can be seen in
the amplitude and charge histograms in Fig. 6.31. Similarly to the histograms acquired with
the UBs, the bin entry difference of the muon maximum to its accompanying minimum is
significantly larger for the histograms of the SSD PMTs compared to the histograms obtained
with the LPMTs which strongly increases the success fraction of the calibration.

With the new calibration algorithm, the extreme value determination has been signifi-
cantly improved by increasing the flexibility of the bin-to-bin comparison procedure and
implementing a purely histogram-driven procedure. When applying the new algorithm to
the charge histograms of the devices in the AugerPrime stations, the majority of properly
functioning PMTs can be calibrated, determining the muon peak and the accompanying
minimum. Two examples of successful fits of the charge histograms are shown in Fig. 6.32, on
the left for one of the LPMTs and on the right for the SSD PMT of the same station. After the
successful determination of the muon peak position in the histograms, the identical geometry
factors are applied to finally receive the charge calibration factors Qvem or Qwmp for vertical
passing particles. At this point we have to note that due to missing implementations in the
UUB software to enable the transmission of certain online calibration information, potential
shifts induced by changes of the baselines are not corrected in the latest version of the new
calibration algorithm. These corrections have to be included when the necessary local station
information will be available in the future. In addition, due to the unavailability of certain
online estimated quantities, no quality checks are currently performed for the UUBs devices
before the actual charge calibration process commences.

To further analyze the general performance of the new calibration procedure, we can
investigate the time evolution of the charge factors determined for the PMTs connected to an
UUB. To carry out this study, we selected an AugerPrime station of the Upgraded Unified
Board pre-production array (UUB PPA) installed in December 2020 and calculate the daily
averages of the resulting charge values from the calibration process. In the diagram in Fig. 6.33
the charges of all four devices of the station LS1222 from the start of the data acquisition
phase in December 2020 until October 2021 are shown. Therein we can observe that for one
of the LPMTs and the SSD PMT the daily average charges are very stable, while for the
other LPMTs increases and decreases due to small changes in the power setting are visible.
At the end of June 2021, a discontinuity in the charges of all devices can be observed. The
origin of this feature was an initiation of the reconfiguration procedure of the power settings
which is introduced in Section 6.1.1 of all the SD stations due to a preceding shutdown of the
total detector. Together with the shutdown and reinitialization process, a hotfix of the power
configuration software has been rolled out, resulting in large discontinuities in the charges
of all the SSD PMTs.
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Figure 6.32: Charge calibration histograms with successful determination of the
muon maximum and the accompanying minimum obtained with an UUB. Left: For

an LPMT. Right: For an SSD PMT.
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Figure 6.33: Daily averages of the charge calibration factors for the individual PMTs
of the AugerPrime station L51222. The discontinuity in June 2021 is related with a
reconfiguration of the power settings of all SD stations after a preceding detector

shutdown.

6.7 Summary and conclusions

The performance results of the AugerPrime hardware presented in the previous Chapter
indicate the readiness of the various detector components for the use as the standard config-
uration for the future SD stations. To complete the upgrade process and guarantee a precise
reconstruction of the EAS events, the analysis software frameworks of the Pierre Auger Col-
laboration, as well as the software for the data acquisition process in the Observatory have to
be prepared to handle the increased amount of data of the original and all the new detectors.
Thereby, the complex calibration process of the various detectors plays a major role in the
successful outcome of the AugerPrime upgrade. For this reason, we present in this Chapter,

the in-depth analysis and studies of the calibration procedures of the two main sub-detectors

of the SD stations, the WCDs and the SSDs, by addressing one crucial question: Is the current

oftware implementation of the detector calibration capable to properly handle the signals
of the AugerPrime detectors, and furthermore, can the procedure be used for the new and

the original detector configuration at the same time?
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To get an insight into the available general calibration procedures for the SD, we intro-
duced at the beginning of this Chapter the different methods to determine the necessary
calibration information of the individual PMT signals. Thereby, the two currently imple-
mented calibration procedures are presented and described. One is the online calibration
procedure implemented in the software of the local station electronics which is used to define
the local event trigger thresholds and further determines the estimates of various quantities
including the factors necessary to calibrate the signal pulses of the devices. Besides the
online procedure, a second set of calibration information, contained in the so-called “cali-
bration histograms”, is streamed from the stations to the CDAS. From these histograms, the
average responses of vertical through-going single muons can be derived which are then
used as relative calibration units for the respective device signals. This procedure defines
the offline calibration and is preceded by a data quality check which is capable of rejecting
malfunctioning PMTs before the actual calibration is initiated.

To answer the addressed question about the readiness of the current calibration imple-
mentation, we analyzed in the second part of this Chapter the performance of the offline
calibration procedure. Due to limitation of the number of measured events from AugerPrime
stations, at first we focused on the results when the method is applied to histograms obtained
with the non-upgraded SD stations over the more than 18 years of data acquisition, resulting
in the check of the calibration status of the enormous number of ~720 million histograms. In
these studies, we observed a decrease of the number of successfully terminated calibration
processes with advancing time, as well as an increasing seasonal oscillation pattern. Both
behaviors can be tracked back to the changes of the general shape of the histograms due to
material aging effects and environmental influences. In addition, the entanglement of the
current calibration algorithm with the results from the online estimation procedure leads to
failures of the offline calibration and a potential miscalibration of the devices. In the case of the
AugerPrime detectors, an additional recovery module is required to enable the current offline
calibration method, but due to its inflexibility towards changes in the histogram settings,
the failure rate can reach high levels. With these major drawbacks, we can conclude that the
current software implementation of the detector calibration is not ready for the application
to the AugerPrime data, and even the calibration of the devices of non-upgraded stations is
limited.

For this reason, we developed and presented a new calibration procedure which is able to
replace the current implementation and increases the amount of successful terminations of the
offline procedure. Thereby, three major motivations have been addressed to design the new
algorithm. The overall flexibility of the procedure has to be enhanced to be able to determine
the relevant quantities on histograms with changing shapes. Additionally, the new algorithm
assures higher quality requirements on the individual histograms, by not just searching for
the calibration relevant muon maximum, but also for the accompanying minimum. With this
implementation, misdetection of the low-energy maximum in the histograms can be avoided.
Finally, the modified procedure is designed to be purely histogram-driven to provide the
independence of the online estimates, offering the opportunity of comparisons between the
complementary procedures. Especially in the case of the AugerPrime stations, the calibration
with the histograms is necessary due to the missing transmission of the required online
estimates. The new algorithm calculates the density of the histogram bins, determined with
a sliding average window, and uses a relative condition in the bin-to-bin comparisons based
on the density uncertainty of the extreme value to determine the fit ranges. In addition, new
pre- and post-selection criteria for the histograms have been included to further enhance the
quality of the selected data.

Subsequently, we analyzed the performance of the modifications on the data of the original
WCDs, first on the histograms obtained in a single month, then on the total data set since the
start of the data acquisition in 2004. To validate the performance of the new algorithm, the
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monthly fractions of histograms which have been successfully fit can be determined for both
algorithms. While the current method results for the example month in ~94.8 % of successful
fits of the non-rejected histograms, the modified algorithm significantly rises this number to
values above 99.5 %. In general, for all months in the total SD data, except the first three in
2004, the new algorithm results in significantly higher fractions of successful fits with values
up to 10 % more compared to the current procedure in the most recent years, depending on
the season. Furthermore, by comparing the charge values for histograms which have been
successfully fit with both algorithms, we determined the potential bias introduced by the
modified procedure. As a result, both algorithms deliver nearly identical charge factors for
individual charge histograms with overall differences below 1 %. This minimal bias also holds
true, when the detector signals for the WCDs and SSDs are analyzed.

In additional long-term performance studies of various quantities describing the per-
formance of the new algorithm, the changing shape of the histograms produced by the
aging effect has been further analyzed. With the time evolution of the trigger condition of
the extreme value finder and the post-selection criteria, we have been able to present the
quality and stability of the new procedure for the past and present histograms. Furthermore,
under the assumption of a continuation of the current trend of these sensitive quantities an
extrapolation towards the future calibration performance can be provided. Thereby, for the
majority of devices, the new algorithm is expected to perform successfully in the upcoming
years.

Due the purely histogram-driven approach, the new offline calibration algorithm provides
an independent second measure of the charge calibration factors and enables comparisons
with the online estimates determined by the local station software. When analyzing the
differences of the charge values from the online and the offline procedures, a change over
time can be observed. While at the beginning of the SD data acquisition, both methods
deliver nearly identical values, a small shift of the average difference in the most recent years
is detectable. This indicates that the material aging impacts the methods differently and
suggests adaptations of the conversion factors between the two procedures which have been
determined in the engineering phase of the SD.

Ultimately, the efficiency of the new calibration algorithm is even more important when
the data of the new AugerPrime stations is analyzed. These stations define the SD of the
measurement stage Phase Il and require an adapted offline calibration procedure to handle
the different calibration histograms of the original and the new devices. Due to the fact
that at the submission date of this Dissertation the AugerPrime components are still in the
installation phase, various calibration information are not available in the data analysis. For
instance, the implementation of the algorithms for the determination of the online calibration
estimates is still under investigation, and therefore no quality selections of individual devices
are in place. While the current calibration algorithm requires the use of a recovery module,
and thereby introduces miscalibrated events, the new algorithm is purely histogram-driven,
resulting in significantly higher fractions of properly calibrated histograms. With the new
procedure, we have also determined the long-term behavior of the SSDs installed in the
SSD PPA in 2019. Thereby, no aging related changes in the signals have been found in the
first three years of data acquisition.

In general, we can conclude that the new algorithm developed in this Dissertation signifi-
cantly improves the calibration process of the PMT signals obtained with both generations of
SD stations, the non-upgraded stations with UBs and the AugerPrime stations containing the
new UUBs and additional detectors. This is achieved by the superior flexibility of the new
algorithm towards changes of the shape of the histograms when compared to the current
calibration procedure, resulting in nearly 100 % of successful fits of the histograms of properly
functioning PMTs. Furthermore, no bias in the determined charge distributions is introduced
by the new calibration procedure and the independence from the online estimated values
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is provided. The time evolution of calibration related quantities indicate a stable calibration
performance which can also be expected in the upcoming years if the aging velocity stays
constant. After evaluating these arguments, we propose the new algorithm to be used as

the standard calibration procedure in the Offline software framework assuring a successful
calibration of the past and the future SD data.

Nevertheless, the use of different parallel calibration methods is highly beneficial for
the data analysis due to the potential to recover failures in one of the procedures. For this
reason, the optimization of the online calibration procedure, especially for the AugerPrime
stations, will further enhance the precision of the signal reconstruction in the future and can
lead to additional adaptations in the offline calibration process. These might be necessary
due to continuous aging of the hardware. With the additional detectors of the AugerPrime
stations, an additional approach to improve the determination of the muon peak in both
relevant calibration histograms, the signal amplitude and the signal area, has been internally
proposed in Ref. [159]. Therein, the transmission of two extra calibration histograms is
suggested containing coincidence events of the SSD PMT and one of the LPMTs when
both types of PMTs detect a pulse above a defined amplitude threshold. By the selection
of particles that deposit a sufficiently large signals in the SSD PMT trace, the shape of the
LPMT histograms changes and a suppression of the low-charge maximum produced by the
electromagnetic particles is achieved. Consequently, the muon peak is enhanced, and thereby
a successful calibration is provided. In the case of the SD stations in the most outer ring which
will not receive an SSD, these coincidence histograms will not be available and the standard
offline algorithm is required.
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Chapter

7

Reconstruction of Surface Detector
Events

The reconstruction of extensive air showers (EASs) and the determination of the properties
of the primary cosmic ray (CR) particles arriving at the Earth defines the ultimate goal of
the current and the future detectors of the Pierre Auger Observatory. With the telescopes
of the Fluorescence Detector (FD), the longitudinal profile of the EASs developing in the
atmosphere can be determined, and thereby a first estimate of the energy and mass of the
primary particle can be obtained. But due to their design and background light sensitivity, the
measurements are only possible in clear and moonless nights, hence the number of detected
events above 10'%° eV is strongly limited.

In contrast, the measurement of air shower particles reaching the ground utilizing the
stations of the Surface Detector (SD) is independent of the daytime and background light, but
solely depends on the general operation status of the individual detector stations. This leads
to a significantly larger number of observations of EASs, enabling studies of the properties
of ultra-high energy cosmic rays (UHECRs) in the energy region of the flux suppression.
Despite the SD stations sample only a fraction of the total number of secondary particles, and
therefore the total calorimetric energy of the EAS is not directly obtainable, a general shower-
size estimator can be determined for each air shower. By utilizing a cross calibration technique
derived from the data set of EAS events that have been successfully reconstructed with both
of the main detectors, the so-called “golden hybrid events”, the shower-size estimator can be
converted into an estimate of the calorimetric energy of the primary CR. With this method a
well-defined energy scale for all events which are successfully reconstructed with the SD can
be achieved.

Besides the energy, the determination of the primary CR mass is highly relevant for
the UHECR research constraining the proposed source models and describing propagation
effects. Due to the limited capability to reconstruct the muon content of individual EAS using
the original SD stations, and thereby their incapability to properly determine the CR mass
composition, each station will be upgraded with additional sub-detectors in the context of the
AugerPrime upgrade. By providing complementary measurements of the secondary particles
of the air showers on an event-by-event basis, the mass sensitivity of the SD is significantly
enhanced. This increases the importance of a stable and reliable SD reconstruction procedure
which itself strongly depends on the signal acquisition using the proper calibration of the
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various devices.

After the photomultiplier tube (PMT) time traces of air shower events measured in the
Observatory have been studied in Chapter 5, and the detailed analyses of the calibration
procedures of the individual detection devices and the detector signal have been carried out
in Chapter 6, the event reconstruction procedure is presented in this Chapter. Similarly to
the previous chapters, we focus on the data obtained with the water-Cherenkov detectors
(WCDs) and the Surface Scintillator Detectors (SSDs). The signal determination and calibration
performance of the other AugerPrime components, for instance the small photomultiplier
tube (SPMT) or the antennas of the Radio Detector (RD) are not analyzed in the scope of this
Dissertation.

The standard Auger reconstruction procedure starts at the smallest scale, the digitized
currents of the individual PMTs, and ultimately evolves into a large scale array reconstruction
of the air shower footprints using the signals of multiple SD stations. Thereby, primary
particles with the highest energies can produce air shower footprints on the ground which
can exceed areas of 25 km?. The first step in the reconstruction process, the determination
of the signals of the WCDs and the SSDs, has been already introduced in Section 6.4.2. The
resulting detector signals of each station then define the starting point of the subsequent air
shower reconstruction procedure which defines the first part of this Chapter. Thereby, the
focus is set on the three main processes of the reconstruction of events with zenith angles
below 60°, the so-called “vertical” events. After the geometry of the air shower is determined
using the timing information of the SD stations, the lateral distribution, i.e., the profile of the
air shower on the ground, is obtained, for both sub-detectors individually. With the resulting
shower-size estimators, the last step in the event reconstruction chain can be performed, the
determination of the primary CR energy.

Additionally, the modification of the calibration procedure influences the calculation of
the individual detector signals, and therefore impacts the determination of the reconstruction
related quantities. For this reason we presented in the second part of this Chapter the analysis
dependence of the shower-size estimators on the chosen algorithm for the device calibration.
Finally, the last chapter part is dedicated to the comparisons of the performance and behavior
of the different SD array configurations related to the AugerPrime upgrade which have been
installed in the Observatory. These include stations from varying stages of the upgrade
process and provide the opportunity to evaluate the readiness of the upgrade components, as
well as enable predictions of the future data acquisition and EAS reconstruction performance
at the Pierre Auger Observatory.

7.1 Air shower reconstruction

Subsequently to the calibration of the individual devices and the determination of the WCDs
and SSDs signals, introduced in the previous Chapter, the reconstruction of the EASs can be
performed. Thereby, the reconstruction procedure of vertical EAS events detected with the
stations of the SD contains three major stages which are executed sequentially [158, 153, 156].
At the beginning, the geometry of the air shower is reconstructed by determining the azimuth
and zenith angle, as well as the timing between the triggers of the participating stations.
In a second step, the lateral distribution of the EAS is obtained by fitting a so-called lateral
distribution function to the station signals. After the shower size is estimated by the lateral
distribution function (LDF) fit, an energy estimate can be derived by applying a correction for
atmospheric attenuation effects and converting the previously obtained shower size with the
energy calibration from the golden hybrid event analysis [3]. In the following, we describe
the current implementation of the reconstruction modules in the software frameworks of the
Pierre Auger Collaboration. In the case of inclined air shower events, a different procedure is
applied, presented in Ref. [160].
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Figure 7.1: Schematics of the air shower front models containing the relevant quan-
tities to characterize the EAS geometry. Both taken from Ref. [153]. Left: For a plane
air shower front. Right: For a spherical air shower front.

7.1.1 Air shower geometry

The geometry of air showers can be obtained using the relative timing information and time
structures of the SD stations, i.e., the WCDs. As already introduced in the trigger description
in Section 3.1.2, on the T4 trigger level, the condition of a plane air shower front moving with
the speed of light is applied to the participating stations enforcing a removal of accidental
triggers in the event data. With this condition, the seed of the air shower is determined by
the three neighboring stations which provide the highest signals, and first estimates of the
geometric quantities are obtained. This procedure is illustrated in the left schematic in Fig. 7.1,
including the relevant quantities for the description of the air shower front. In general, the
timing analysis using a plane air shower front propagating along the axis 4 with the speed
of light ¢ can be written by

cten(X) = ctp — A(X — Xp). (7.1)

Therein, Xp, describes the signal-weighted barycenter which defines a first estimate of the air
shower core arriving on the ground at the time t;,. The timing of the air shower front passing
each point X is then defined by the time fg.

After the first shower geometry estimates are obtained, and a list of minimum four
participating SD stations is produced, the geometry of the air shower is properly determined
by using a spherical air shower front fit on the timing information of the stations. In the right
schematic in Fig. 7.1 the concept of a spherically shaped air shower front is shown. For any
point X, the arrival time of the air shower front #¢,(¥) is then described by

Ctsh(J_C)) =cto+ |X — Xo|. (7.2)

The virtual point of the air shower origin is given by Xy at the time t. At the end of the geometry
analysis, the axis and core position at the ground of the respective air shower is obtained. To
visualize the result, an example air shower footprint for a high-energy primary particle is
shown in the left diagram in Fig. 7.2. Therein, the participating stations are displayed by the
colored circles, while the small gray circles represent stations that did not trigger. The color
of the station markers indicate the arrival time of the air shower, from early triggers in blue to
the late triggered stations in green. In addition, the projection of the axis (black line) and the
core (red square) of the air shower obtained by the geometry reconstruction are displayed.
The sizes of the station markers indicate the respective measured station signal sizes which
are analyzed in the subsequent reconstruction stage determining the total shower size and
the lateral air shower distribution.
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Figure 7.2: Left: Air shower footprint containing the timing and the signal information
as color and size indications, respectively. The black line shows the projection of the
air shower axis, the red square displays the air shower core at ground level. Taken
from Ref. [153]. Right: Signals of individual stations depending on their distance
to the air shower core (blue and red markers). These signals are fit with an LDF
function depending on the chosen analysis software (blue and red lines). Taken
from Ref. [153].

7.1.2 Lateral distribution function

After the air shower geometry has been obtained, the lateral dependence of the air shower
signals on the ground is determined to receive an estimate of the total shower size [158,
153, 156]. By utilizing the axis and the position of the core, the signals of the WCDs can be
examined depending on their distances to the air shower axis in the shower-detector plane
of the SD, i.e., the plane perpendicular to the air shower axis. Due to the large distances
in-between individual stations, the direct measurement of the total shower size is not possible.
Therefore, a fit is applied to the signals of the participating stations which utilizes an average
functional shape derived from previously acquired data. The signal in dependence of the
radial distance r then be written as

S(r) = S(ropt)fLDF(r) (7.3)

with S(ropt) representing the shower-size estimator and fipp(r) defining the functional form
of the LDF. To minimize the uncertainties of the shower-size estimator produced by shower-
to-shower fluctuations, the optimal distance 7,pt has to be selected. This distance depends on
the spacing of the SD stations and their triangular arrangement, and is set to 7opt = 1000m
for the standard SD-1500 array. The resulting shower-size estimator can be written as 5(1000)
or Siooo- In the case of the reconstruction of the denser SD arrays, i.e., the SD-750 and the
SD-433 array, the optimal distances are adjusted to the respective spacing of the individual
stations.

The functional shape of the LDF is described by fipr(r) and varies in the reconstruction
chains of the two analysis software frameworks used within the Pierre Auger Collaboration.
While in the framework implemented on top of the Central Data Acquisition System (CDAS)

software, a log-log parabola fit is performed, the modules in the Offline framework use
a modified version of the Nishimura-Kamata-Greisen (NKG) function [25, 26, 27]. In the
analyses in this Dissertation the latter one is used which can be describe by

B B+y
fior(r) = (L) (i) . (7.4)

Topt Topt + 75
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While 8 provides a measure of the slope of the LDF for closer distances to the air shower
axis, the second term with the additive slope y is designed to improve the description of the
lateral distribution at larger distances. The changes in the slope of the LDF depending on the
distance to the core can be explained with the transition from a region which is dominated by
electromagnetic particles near the air shower axis, to a region far away from the core which
contains signals of nearly pure muonic origin. The transition point is chosen for the SD-1500
array at a distance of rs = 700m. An example of an LDF fit for an EAS event is displayed
in the right diagram in Fig. 7.2. Therein, the signals of the individual stations depending
on the distance to the air shower core are shown by the blue and red markers, depending
on the chosen analysis software. The lines highlight the fit of the LDF using the different
functional forms. The fit of the LDF is performed with a maximum likelihood approach
which assumes uncertainties for each measured signal. As mentioned previously, the signal
uncertainties are dominated by different effects depending on the distance of the station
to the core. While close to the air shower core, the calibration uncertainties produce the
largest contribution to the signal uncertainties, for the stations further away from the core
the sampling fluctuations are the most relevant factor. These sampling fluctuations can be
be estimated from measured or simulated data of multiplet stations, i.e., stations which are
separated by only a few meters [161]. The signals from the identical air shower measured
with these stations slightly vary due to particle sampling effects. The uncertainties os in the
signals depict a Poisson behavior, and therefore can be noted as

0s(6,8) = fs(Q)\@ = (a + bsecH)VS. (7.5)

Thereby, the uncertainties depend on the zenith angle 0 and can be parametrized with a
well-defined functional form. In the case of the event reconstruction with the AugerPrime
SD stations, two LDFs are determined, one with the signals of the WCDs and the second
using the signals of the SSDs from the same set of stations. The LDF of the SSDs has been
developed and analyzed in Ref. [109] and uses an analogous functional form compared to the
WCD LDF. Thereby, the determined LDFs vary in the steepness of the curves, i.e., in the slope
parameters § and y, which is the result of the different responses of the detectors towards
the air shower components. Due to the lower number of signals measured with the SSDs
compared to the WCDs as the consequence of the geometrical detection efficiency, the LDFs
determination for the SSDs requires only a single participating detector, while in contrast,
the LDFs for the WCDs is only determined if at least three detector signals are available.
Furthermore, to reduce the effect of uncertainties due to the imprecise determination of the
shower core positions, a correction is implemented propagating the position errors to the
station signal uncertainty which is relevant in the likelihood fit procedure of the LDF [156].

7.1.3 Energy calibration

Finally, the standard Auger reconstruction procedure for vertical events estimates the energy
of the primary particle using the energy scale which was determined with the FD energy
Erp from the golden hybrid events [3]. Before the actual energy can be derived from the
shower sizes, the attenuation effects of the atmosphere have to be estimated. By utilizing a
constant-intensity-cut procedure, the shower size sizes S(1000) are converted into an zenith-
independent quantity which represents the shower size of a primary particle that arrived
with a zenith angle of 38°. The zenith-independent energy estimator is defined as

_ 5(1000)
7 fec(0)

The correction function is parametrized with a third-order polynomial, assuming that the
flux is isotropic in cos?(0), i.e., the variable x can be defined as x = cos?(0) — cos?(38°). Then

(7.6)
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Figure 7.3: Energy scale derived from the correlation diagram between the recon-
structed FD energy Erp and the zenith-independent energy estimator Szg utilizing
the golden hybrid events. The red line defines the best fit assuming a certain func-
tional form between the two quantities. Taken from Ref. [3].

the correction function can be written as

feic(0) =1+ ax + bx* + cx® (7.7)

Finally, the method derives the energy from the energy estimator S3g using a power-law
calibration obtained in correlation studies using the golden hybrid data set, as shown in
Fig. 7.3. The data is fit with the general functional form indicated by

B
_ Sz
Emp= A (VEM) EeV. (7.8)

The best fit is displayed by the red line in the diagram, defined by the parameters A and B.
The latest SD energy scale was determined in Ref. [3] and can then be written as

538 1.031
= 0. 7.
Erp 0186(VEM) EeV (7.9)

with a total uncertainty of approximately 14 %.
Despite the standard Auger reconstruction of SD events is implemented in both analysis
software frameworks, we utilize in this Dissertation the current procedures and modules in

the Offline framework [70].

7.2 Impact of detector calibration

Analogously to the comparisons of the charge factors obtained with the two offline calibration
algorithms presented in Section 6.4.1, and the analysis of the impact of the calibration
procedures on the detector signal calculations in Section 6.4.2, we have the opportunity to
study the influences of the calibration procedure on the reconstruction of EAS events. This
can be realized by the analysis of reconstruction related quantities, like the shower sizes, and
the determination of the differences between the two calibration methods, when the identical
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Figure 7.4: Relative differences of the WCD shower sizes obtained with the current
and the new calibration algorithm. Left: Distribution of the total data set with a
spread of ~4 %. Right: Two-dimensional distribution of the relative differences in
dependence on the WCD shower sizes determined with the current algorithm.

events are examined. Thereby, the determination of the shower sizes in the reconstruction
chain can be affected by the changing detector signals as a result of the modifications in
the calibration procedure. The detector signal changes on the other hand, are the result of
changes in the charge factors from the single device calibration. In the case of the WCDs the
signals are defined as the average of the maximum three participating large photomultiplier
tubes (LPMTs). For the SSDs, differences in the determination of the charge values for the
single PMT are directly propagated to the detector signal. Especially for stations which appear
in the event close to the air shower core, the impact of the signal changes are highly relevant
for the fit of the LDF and the determination of the shower sizes. Therefore, we present the
impact of the different calibration procedures on the shower sizes for the WCD and for the
SSDs separately. For both detectors, the standard reconstruction for the SD-1500 array was
chosen. To maximize the number of participating devices, both calibration procedures utilize
the fallback method to the online estimate when the offline calibration fails.

7.2.1 Water-Cherenkov detector

For the analysis of the impact of the modifications in the calibration procedure on the
WCD LDF determination, we reconstructed the EAS events detected with the non-upgraded
stations for the chosen month, August 2021, which includes more than 33 thousand events.To
examine the results for the different calibration algorithms, the new and the current procedure,
the event data was reconstructed once for each algorithm and the comparisons have been
carried out by selecting identical events which appear in both data sets. This is realized
by determining the relative differences of the shower sizes ASigo obtained with the two
calibration algorithms. The relative difference can be formulated with

gnew _ gcurrent

current
5 1000

In the left diagram in Fig. 7.4, we display the distribution of the relative differences of the
shower sizes for the events reconstructed with the WCDs for the chosen data set. Therein,
we can observe that for the majority of events, the differences are very small, i.e., a spread in
the WCD shower sizes of ~4 % can be seen while the average difference is close to zero. This
indicates that the modified calibration algorithm is not introducing a significant bias during
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Figure 7.5: Relative differences of the SSD shower sizes obtained with the current
and the new calibration algorithm. Left: Distribution of the total data set with a
spread of ~7 %. Right: Two-dimensional distribution of the relative differences in
dependence on the SSD shower sizes determined with the current algorithm.

the reconstruction process of the WCD LDFs. The symmetric behavior can also be seen in the
right diagram in Fig. 7.4 by the two-dimensional distribution of the relative differences in
dependence on the WCD shower sizes obtained with the current calibration algorithm. The
rare events with larger differences in the shower sizes might be explained with the use of the
online estimates as the fallback method in the calibration of one or more devices, which can
show increased differences from the offline determined calibration factors, as presented in
Section 6.4.3.

7.2.2 Surface Scintillator Detector

Analogously to the shower size comparisons for the WCDs, we are able analyze the recon-
struction differences for the two calibration algorithms by comparing the resulting shower
sizes from the fits of the SSD LDFs. Due to the significantly smaller number of SSDs in the SD
array, events obtained with the stations of the Surface Scintillator Detector pre-production
array (SSD PPA) of four months are chosen as the data set for this study. The resulting
distribution of the relative shower size differences ASiogo is shown in the left diagram in
Fig. 7.5. In this diagram, the relative differences of SSDs shower sizes show a similar behavior
when compared to the WCDs, but the spread of the distribution of ~7 % is slightly larger.
This is also visible in the two-dimensional distribution of the relative shower size differences
in dependence of the SSD shower size determined with the current calibration algorithm,
displayed in the right diagram in Fig. 7.5. This increased spread might be explained by the
implementation of the LDF determination for the SSDs. Due to the minimum condition of
a single participating SSD in the fits of the LDFs, a non-negligible number of these single
SSD events can be observed in the data set. In the case of a charge value difference of the
PMT induced by the modification of the calibration procedure, the SSD signal is shifted, and
therefore a shift of the shower size can be observed. This might lead to larger spread in the
shower size differences compared to the WCDs values which contain the averages of the
device responses. For SSD LDFs obtained from single detectors, the change of the calibration
factor results in a upwards or downwards shifting of the total LDF.
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Figure 7.6: Distributions of impact positions of the reconstructed air shower cores
with the Earth’s surface for the three different arrays. Left: For the total SD. Right:
Zoom into the region of the AugerPrime sub-arrays.

7.3 Comparisons of array configurations

In the extensive studies of the general performance of the new calibration procedure in the
previous Chapter and the analysis of its impact on the standard reconstruction process in the
previous Section, the significantly improved applicability to data obtained with the Auger-
Prime stations containing the latest upgrade components, as well as the superior calibration
efficiency has been presented. Therefore, the use of the new algorithm for the comparisons
of the performance and behavior of different configurations of SD stations is strongly rec-
ommended. Furthermore, with the continuous deployment of upgrade components in the
Observatory starting at the end of 2020, the number of events detected with the upgraded
SD stations has been significantly increased since then. In the presented comparisons, three
different array combinations are presented which are introduced in the following section.
Thereby, for all array configurations the EAS events have been reconstructed with the standard
SD-1500 procedure for vertical events which is currently implemented in the Offline software
framework. Due to the missing online estimates for AugerPrime stations equipped with the
new Upgraded Unified Boards (UUBs), the fallback option in the new calibration procedure
is disabled for all arrays.

7.3.1 Array configurations

Since the deployment of the first AugerPrime prototype components in 2016! (2016!), different
configurations of stations equipped with AugerPrime components have been installed in the
Observatory. A general overview of all the station and array configurations which are related
to the AugerPrime upgrade is given in this Dissertation in Chapter 5. For the performance
and reconstruction comparisons, the three main array configurations have been be selected,
each varying in the number of installed upgrade components.

Up to submission date of this Dissertation, the largest number of SD stations still have
not an AugerPrime component in the data acquisition and form the array of non-upgraded
stations which represents the original SD consisting of WCDs which are read out with Unified
Boards (UBs). Due to the still large number of remaining stations, a short time period was
selected, from of April to October 2021, resulting in ~140 thousand reconstructed events.

The second array in this comparisons is the SSD PPA, introduced in Section 5.3, which
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represents an intermediate stage of the AugerPrrime upgrade. The array consists of stations
which provide a new SSD mounted on top the WCD, but still use the original UBs to operate
and read out the signals of the two sub-detectors. Due to the limited a number of input channels
of the UB, the SSD PPA stations require the continuous disconnection of one of the LPMTs
of the WCD to be able to connected the SSD PMT. Furthermore, a so-called interconnection
box is needed to split the signal of the single cable of the SSDs. The intermediate upgrade
solution was chosen at that time to provide a test array for the already deployed SSDs before
the main production of the new UUBs was commenced. In the performance comparisons,
we analyze in total ~14 thousand events acquired with the 76 SSD PPA stations from March
2019 until October 2021.

Finally, the Upgraded Unified Board pre-production array (UUB PPA) described in Sec-
tion 5.2.2 represents the array with the latest versions and the largest number of upgrade
components, thus it describes the final AugerPrime array in this comparison. The stations
are equipped with the latest version of UUBs, a SPMTs inside the WCDs, and the majority
of stations also provides an SSD on the top. To avoid a regular update of the array config-
uration due to the continuous deployment of AugerPrime components, we selected a fixed
configuration of 79 defined by the first two UUB batches, shown in Fig. 5.12 by the orange
squares. In the time period from April 2021 until February 2022 approximately 4600 events
have been determined and reconstructed. Due to the appearance of a synchronization error
in the in Global Positioning System (GPS) clocks of various UUBs starting in December 2021,
the number of reconstructed events was unfortunately not significantly extendable in the
last months. Therefore, the statistics of the AugerPrime stations in this comparison remain
limited.

To provide an independent analysis of the respective array configurations, the reconstruc-
tion was performed separately by selecting only the stations which belong to the respective
array. In this process, we additionally applied the “6T5” condition for each array which
requires six working stations in a hexagon surrounding station with the largest signal of the
event. The resulting distributions of the impact positions of the reconstructed air shower
cores with the Earth’s surface for the three different arrays is displayed in the left diagram in
Fig. 7.6. Therein, the reconstructed core positions of the non-upgraded stations are shown
by the red markers, of the SSD PPA stations by the blue markers, and of the UUB PPA by the
orange markers. To further enhance the distributions in the region of the AugerPrime arrays,
the right diagram shows a zoom into the area of interest. In the depicted distributions, we
can observe the effect of separately selecting the stations of the arrays and applying the 6T5
criterion, leading to a clear separation of the reconstruction events of the respective arrays.
With these separated event data sets the comparisons of reconstruction related quantities is
enabled.

7.3.2 Shower size and energy

As already presented in the previous Section, the determination of the shower sizes for the
WCDs and the SSDs by the fit of the detector signals with the LDF function, defines a first
quantity to describe the reconstruction performance. In the case of the WCD shower sizes, all
three chosen arrays can be compared by determining the respective shower size distributions.
The results are shown in the left diagram in Fig. 7.7. To enable the presentation of all three
distributions in the same diagram, all data sets have been normalized by the respective
integrated shower sizes of the events with the highest values, i.e., by the summed shower
sizes above 10 VEM. For all distributions we can observe a sharp rise at lower shower sizes
which is the result of the limited detection efficiency defined by the trigger implementation of
the WCDs. When comparing the SSD PPA with the non-upgraded array, the increased trigger
threshold due to systematical disconnection of on of the LPMTs in the SSD PPA stations can
be observed, indicated by the shifted start of the blue distribution towards higher shower
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Figure 7.7: Left: Distributions of WCD shower sizes of all three array configurations,
the non-upgraded array in red, the SSD PPA in blue, and the UUB PPA in orange.
The counts of the distributions have been normalized by the respective integrated
shower sizes above 10 VEM. Right: Distributions of SSD shower sizes of all the
SSD PPA in blue and the UUB PPA in orange. The counts of the distributions have
been normalized by the respective integrated shower sizes above 10 MIP.

sizes. Furthermore, when the new UUB PPA is compared with the original SD array, we
can detect a shift towards smaller shower sizes. This results in the estimation of an even
lower threshold for the UUB PPA stations. Thereby, we can not exclude potential trigger on
noise signals resulting in rather small detectors signals and shower sizes. These increased
appearance for stations with UUBs is currently investigated in the analysis of thunderstorm
events which are prominent in the chosen data period. At the high shower size flank, all three
distributions show a very similar behavior indicating a promising reconstruction of UHECRs
with the AugerPrime stations.

In the context of the AugerPrime upgrade, the newly installed SSDs provide a second
set of shower sizes from the separate determination of the SSD LDF. This results in the SSD
shower size distributions shown in the right diagram in Fig. 7.7, for the SSD PPA in blue
and for the UUB PPA in orange. Analogously to the WCD shower sizes, the distributions
have been normalized with the respective integrated shower sizes above 10 MIP. In contrast
to the WCD distributions, the SSD shower sizes do not provide a steep flank on the lower
value side. This is due to the fact that the SSD signals are not used in the station trigger, but
serve in the slave mode to the WCD, and therefore the SSD shower sizes are determined
even when the SSDs do not contain a signal pulse in the event trace resulting in very small
shower sizes. Similarly to the WCD distributions, the stations equipped with UUBs appear
to measure a larger fraction of low SSD shower sizes which further supports the assumption
of an increased number of noise pulses in the event data.

Analogously to the shower sizes, the final reconstruction related quantity can be deter-
mined for all three array configurations, the reconstructed energy of the primary particle.
The energy values have been obtained with the functional form presented in Section 7.1.3
using the most recent parameters presented in Ref. [3]. The resulting energy distributions of
all three array configurations is shown in the diagram in Fig. 7.8. Following the concept of
the shower size analysis, the distributions have been normalized by the respective integrated
energies above 10!8 eV. Due to the exponential correlation of the reconstructed energy with
the energy estimator, and therefore with the shower size obtained from the WCD LDF, the
resulting distributions show a very similar shape and behavior to the WCD shower size
distributions .
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Figure 7.8: Reconstructed energy distributions of all three array configurations,
the non-upgraded array in red, the SSD PPA in blue, and the UUB PPA in orange.
The counts of the distributions have been normalized by the respective integrated
energies above 1018 eV.

7.3.3 Signal ratios

While the previous analyses presented in this Chapter all depend on the SD reconstruction
process, the final comparisons between the different array configurations are carried out
by determining the detector signals of each individual SD station , i.e., no reconstruction
related quantities are obtained. Thereby, we investigate the sensitivity of the SSDs and WCDs
concerning the detection and determination of the electromagnetic and muonic component of
the EASs which results in a first estimation of the mass sensitivity of the upgraded SD stations.
While in the SSD, electrons and muons deposit on average a similar amount of energy when
passing the detector reflected by the energy unit MIP, the observed signals from the WCD are
dominated by the energy deposit of the muons. With these detector characteristics, we can
define a quantity to describe the varying detector responses on an individual station level.
This is achieved with the determination of the signal ratios of the SSDs and WCDs which can
be expressed with

R = 288D (7.11)
Swcp

In the case of the selected array configurations, the signal ratios can be determined for the
arrays which provide the air shower detection with an SSDs, i.e., the stations of the SSD PPA,
as well as the UUB PPA stations.

To analyze the sensitivity of the signal ratios towards the respective components of the
EAS we have determined the values for both array configurations. In the diagrams in Fig. 7.9,
the signal ratio profiles in dependence of the distance of the stations to the air shower axis
are given. The left diagram displays the values for the stations equipped with UBs, whereas
in the diagram on the right, the signal ratios of the AugerPrime stations are presented. When
analyzing the diagrams, we can observe that the signal ratios obtained with both station
configurations show a similar behavior. While for stations close to the air shower axis the
signal ratios are close to values of 1, the ratio values decrease with an increasing distance.
This can be explained with the changes of the composition of the EAS particles depending on
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Figure 7.9: Ratios of the signals of the SSD and WCD over the distance to the air
shower axis. These ratios are determined for two zenith angle groups. The decreasing

signal ratios with increasing distances indicate a sensitivity to the EAS components.
Left: For the SSD PPA. Right: For the UUB PPA.

the distance to the air shower core. In the region near the air shower axis, the detector signals
are dominated by the electromagnetic particles which then diminish with increasing distance.
This decrease of the electromagnetic component results in a decrease of the measured SSD
signal, and ultimately in the decrease of the signal ratio, as can be seen in both diagrams.
Furthermore, we can observe that the absolute ratio value depends on the zenith angle.
By separating the data set into two zenith angle ranges, one from 0° to 30° highlighted by
the red markers, and the other from 40° to 60° represented by the blue markers, the more
inclined events provide a smaller signal ratio due to the smaller SSD signals. These values
are the consequence of the increased attenuation of the electromagnetic component for more
inclined events. In both diagrams, the first bin at 100 m distance to the air shower axis is not
analyzed in the sensitivity studies of the signal ratios due to the saturation of the signals of
the detectors.

For a further check of the sensitivity of the signal ratios on the composition of the measured
EASs, we apply an additional selection criterion to obtain only the stations which appearin the
events within a certain distance range, more precisely inside the range of 800 m < r < 1000 m.
The remaining signal ratios are then displayed as profiles over bins of the reconstructed
energy. This is shown in the diagrams in Fig. 7.10, again for the SSD PPA on the left, and for
the UUB PPA on the right. In these diagrams, we expect an increase of the signal ratios with
increasing energies due to the faster rise of the electromagnetic component compared to the
muonic component. This relation can be seen for the nearly vertical events measured with
the stations of the SSD PPA indicated by the red markers, especially for the largest energy bin
at 10192 eV. For the inclined events highlighted by the blue markers, the increase of the signal
ratios with increasing energy appears less apparent. In the case of the AugerPrime stations
containing both detectors connected to the UUBs, the expected trend of the signal ratios with
the reconstructed energies can be assumed for the vertical events. Similarly to the results for
the SSD PPA stations, the inclined events stay rather constant with increasing energies. For
the highest energy bin, number of events detected with the UUB PPA is strongly limited.

Generally, we can conclude that by analyzing the signals of the upgraded SD stations, first
estimations on the particle components of EASs can be derived. This enables first assumptions
on the mass composition of the arriving primary particles on a single station level. This might
be further advanced by combining the energy dependent analysis of this Section with studies
of the depths of the air shower maxima Xmax obtained in hybrid measurements which are
beyond the scope of this Dissertation. When comparing the detector signals for the two
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Figure 7.10: Ratios of the signals of the SSD and WCD for stations selected in a
distance range of 800m < r < 1000 m over the reconstructed energy. These ratios
are determined for two zenith angle groups. The increasing signal ratios with
increasing energies indicate a sensitivity to the EAS components. Left: For the
SSD PPA. Right: For the UUB PPA.

generations of electronics boards, a very similar behavior can be observed.

7.4 Summary and conclusions

After the detailed presentation of the studies of the calibration performance of the non-
upgraded and AugerPrime detectors in the previous Chapter, the ultimate processes in the
measurement of EASs from UHECRs are provided in this Chapter, the reconstruction of
the air shower geometry and the determination of certain properties of the primary particle.
Thereby, the capability to precisely reconstruct EASs events defines the major goal of the
SD of the Pierre Auger Observatory. For this reason, at the beginning, an overview and
description of general procedure to reconstruct air shower events with the SD stations is
presented. This includes the three main steps, the determination of the air shower geometry
using the different shapes of air shower fronts, the fit process of the LDF resulting in the size
of the air shower, and finally the derivation of the primary CR energy from the shower size
estimator.

Subsequently to the introduction of the EAS reconstruction procedure, two different major
studies have been carried out in this Chapter. The first analysis defines a follow-up study of
the impact of the modification of the calibration procedure on the obtained reconstruction
quantities. Thereby, we can address one pending question: Will the use of the new calibration
algorithm in the reconstruction process result in variations of the shower sizes of the WCDs
and SSDs? Contrarily, the second analysis part examines the comparisons of the reconstruction
performance of SD arrays with stations from varying stages of the upgrade process when
the standard procedure from the Offline software framework is applied. This leads to the
following question: How will the future array of fully upgraded AugerPrime stations will
perform compared to the well-known SD array of non-upgraded stations?

To provide an answer to the first question, we applied the standard reconstruction proce-
dure for the SD-1500 array implemented in the Offline framework to the data obtained with
the non-upgraded stations and analyzed the resulting WCD shower sizes S1gpo from the fits
of the LDFs. Thereby, the events have been twice, using the current and the new calibration
procedure once. When comparing the results for the two algorithms, no significant bias was
observed and an overall spread of ~4 % was detectable. The obtained difference distribution
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matches the observations in the comparisons of the calibration procedures on the single
detector or single device level in the previous Chapter. Furthermore, the behavior of the
event reconstruction with the SSDs was compared using the two different offline calibration
algorithms. In this analysis events acquired with the stations of the SSD PPA were used
resulting in a similar distribution of shower size differences compared to the WCDs. While
the bias of the distribution can be neglected, a slightly larger spread of approximately 7 %
were determined for the SSD shower sizes. This might be explainable with the determination
of the SSD LDFs with a minimum criterion of a single participating detector. For this reason,
changes in the signals of the SSD PMTs in these events result in significantly stronger impacts
on the determined shower sizes than in the case of the WCDs which use the average signal
of the functioning devices. Finally, we can conclude that the new calibration algorithm is
qualified for the use as the default procedure in the complete SD reconstruction process.
In addition, for the AugerPrime detectors, solely the use of the new calibration algorithm
provides a reliable reconstruction of the EAS events due to its independence of the online
estimated calibration factors which cannot be determined due to the missing adaptations of
the local station software.

These advantages of the new calibration procedure can then be used to enable a com-
parisons of the reconstruction performance of the non-upgraded stations with the newly
installed AugerPrime stations, and thereby addresses the second raised question. In these
studies, we analyzed the results of three selected array configurations which have been sepa-
rately reconstructed using the standard Auger reconstruction procedure for vertical events
and applying a posterior quality criterion on the functionality of the respective stations. These
three arrays are defined on stations which contain different components of the AugerPrime
upgrade. While the non-upgraded stations do not contain any upgraded component, as the
name highlights, the second array is represented by the SSD PPA which provide a functioning
SSD, but are still operated with the UBs. The AugerPrime array is defined by the stations
of the UUB PPA which contain the latest UUB version, a SPMTs inside the WCDs, an SSD
on the top of the station. For these arrays, the reconstruction related quantities were deter-
mined, in detail, the shower size distributions for both detectors, the WCD and the SSD, as
well as the energy distribution. In case of the WCD distributions, the trigger effects for low
energy, i.e., low shower size, events can be observed. Due to the increased trigger threshold
for the SSD PPA stations, the rise of distribution is shifted towards energies compared to
the non-upgraded stations. In contrast, the WCD distributions of the UUB PPA indicate an
increased detection rate of lower energy events. A similar behavior can be observed when
the shower size distributions for the SSDs are compared. Do to the fact, that the enhanced
detection of low shower size values appears for both detectors, an external origin might be
responsible for the unexpected behavior. One potential candidate are thunderstorm events
which have been observed in the data period of the AugerPrime array. Current studies in
the Pierre Auger Collaboration analyzing the responses of the upgraded detectors during
lightning and thunderstorm events indicate a strongly enhanced response of the new UUBs
when thunderstorm events are detected, matching our observations in the array comparisons.

In the studies of the signal ratios for the detectors of the AugerPrime SD stations, we
presented a promising approach to determine the composition of the air shower particles
by utilizing station level information. Furthermore, with the EAS components, assumptions
on the mass composition of the primary CR particle can be formulated. With future hybrid
measurements of the identical events, and thereby the determination of the air shower
maxima Xmax, more precise mass estimates will be provided. These detectors signals can
further serve as starting points to improve mass composition sensitive methods, for instance
matrix-formalism based approaches or deep neural networks.
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Chapter

8

Summary and conclusions

The scientific and technical evolution of any experiment is a difficult and time consuming
process which demands an extensive amount of resources and workload to finally reach
the new configurations. This sentence holds true for the Pierre Auger Observatory which
is currently undergoing a major upgrade phase of its main detectors for the preparation of
the next measurement stage in the upcoming decades. With the AugerPrime upgrade, the
detection and characterization of extensive air showers (EASs) produced by ultra-high energy
cosmic rays (UHECRs) entering the Earth’s atmosphere will be strongly enhanced, and major
progress in the UHECR research is foreseen by addressing the various open questions in the
field, including the unknown mass composition and origin of the arriving particles.

This Dissertation has been carried out in the context of the AugerPrime upgrade and
focuses on the evaluation of the performance and quality of the newly constructed hardware
components for the upgrade of the Surface Detector (SD). Thereby, we demonstrate the
evolution of the integration of the new detectors, from the first operation measurements
in the laboratory directly after the construction process up to their final implementation
into the EAS reconstruction process in the Observatory. This includes studies of the particle
detection properties and the general operation stability of the new detector components in
two measurement scenarios. On the one hand, validation measurements of the performance
of the newly assembled Surface Scintillator Detectors (SSDs) in a test set-up under laboratory
conditions are analyzed. On the other hand, the performance of crucial hardware components
are studied in extensive tests under the regular data acquisition conditions in the Observa-
tory. Besides the hardware analyses, we present the modifications and optimizations of the
calibration procedures implemented in the analysis software frameworks which significantly
improve the accessibility and interpretation of the data obtained with the AugerPrime detec-
tors. Finally, conclusions on the readiness of the AugerPrime hardware and software for a
continuous operation in the Pierre Auger Observatory are drawn.

As one of the major components of the AugerPrime upgrade, the assurance of the quality
of the SSDs plays an important role for their later performance as complementary particle
detector on top of the water-Cherenkov detectors (WCDs) at the majority of the SD stations.
Out of the over 1500 SSDs produced at six sites in the Pierre Auger Collaboration, the large
number of 661, i.e., approximately 44 % of the detector units, have been assembled at the
Karlsruhe Institute of Technology (KIT). Over the total production period of nearly three
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years, the performance and general operation status of each SSD was analyzed in extensive
laboratory tests, ultimately leading to a total amount of nearly 20 thousand measurement
hours. These validation tests have been performed inside the “muon tower” set-up which
offers a precise reconstruction of the trajectories of through-going particles, and thereby
enables the analysis of the spatial detection efficiency and signal uniformity of the SSDs. In
the validation measurements we focused on three main quantities to describe the general
detector performance. By analyzing the light yields of the individual SSDs which represent
the average signal sizes for single particles passing the detector, we observed a stable average
light yield value comparing the SSDs measured with the identical photomultiplier tube (PMT),
resulting in a variance of below 10 % between individual detectors. Furthermore, with the
particle trajectory information, the spatial homogeneity of the SSDs has been analyzed. This
was realized by determining the spatial signal distributions, as well as their projections along
and across the scintillator bars. With these distributions the signal responses of individual
scintillator bars and the inserted fibers can be resolved and potentially malfunctioning
components might be detected. Analyzing the data of all SSDs, no detector with spatial
inhomogeneities above the expected fluctuations of up to ~10 % was observed. To study the
stability of the mechanical enclosure of the scintillation detector and search for a potential
light leakage, we analyzed the appearance rate of random pulses in the measured time traces.
Thereby, a small number of detectors with increased rates of noise pulses has been detected,
but for none of these candidates, light leakage was identified as origin of the noise. Finally, the
muon tower measurements have been compared with the results from detector simulations,
validating the expected geometrical behavior of the SSDs, by comparing the obtained light
yield values, as well as the signal pulse shapes. Overall, we can conclude that the requirements
on the new scintillation detectors have been fulfilled by all detectors produced at the KIT,
and that a constant high quality level and stable production has been achieved.

After the validation measurements of the SSDs in the laboratory, we moved our focus
towards the analysis of the AugerPrime components under the regular operation conditions
in the Observatory. Thereby, the performance of two of the main upgrade components, the
Upgraded Unified Boards (UUBs) and the SSDs, have been extensively studied. In the case of
the UUB, the four different versions which have been installed in the Observatory since the
deployment of the first prototype in 2016 have been tested regarding their intrinsic electronics
properties, as well as their behavior in the signal sampling and digitization process. By
analyzing the baseline traces at the beginning and the end of the event trace for all UUB
versions and all connected devices, we determined several characteristics of the electronics
boards to describe their overall performance. This includes the development of a fast algorithm
to search for transient electrical pulses which indicate malfunctioning hardware components.
While for the first UUB prototypes frequent noise spikes in the signals were observable, our
analysis of the latest UUB version, the so-called “pre-production version”, displays a low and
stable appearance rate of noise pulses which are on a comparable level to the values of the
original Unified Board (UB). Furthermore, we determined the general noise levels of the input
channels of the UUBs and observed that with the evolution of the electronics boards over
the different versions, the noise levels have been reduced, finally reaching absolute values
of ~2 ADC for the latest version of UUBs. This corresponds to a similar relative noise level
when compared to the results for the original UB. With the additional determination of the
amplification factors between the two gains of each input channel, the dynamic range of the
new electronics boards was evaluated. By developing a data-driven method, we were able
to derive the amplification factors directly from the analysis of the event traces. With the
comparison of the determined factors with the nominal values of the hardware components,
conclusions on the accuracy of the nominal values, as well as on the uncertainty of the data-
driven method can be drawn. In the case of the latest UUB version, we were able to show that
under the consideration of the uncertainties, the amplification factors match the expectations.
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Ultimately, tests of the AugerPrime electronics boards have been carried out analyzing the
influences of environmental effects, e.g., thunderstorm events or temperature fluctuations on
the detected signals. In conclusion, we can state that from the hardware point of view, the
latest version of the UUBs fulfills the necessary requirements regarding the noise levels and
dynamic range properties, and shows its readiness for the deployment on the large scale.

Besides the new electronics boards, the performance of the SSDs in the Observatory
is essential for the later operation as sub-detectors of the SD stations. For this reason, we
performed a follow-up study to the stability of the mechanical enclosure. This time, the
analysis was based on the baseline traces of the SSD PMTs obtained from the scintillation
detectors in the Observatory. By determining baseline quantities which are sensitive to the
pulse shapes, in this case the skewness, we analyzed the event traces of the SSDs, splitting
the data into events measured during daytime and events obtained during nighttime. With
this method only one candidate detector was discovered with an increased pulse rate during
daytime, indicating a potential light leakage. This behavior was later confirmed by the
observation of water inside the SSD after manually opening the PMT housing.

For the completion of the upgrade process, studies of the performance of the current
software frameworks are substantial to guarantee the access and interpretation of the data
obtained with the new hardware components. This includes the analysis software frameworks
of the Pierre Auger Collaboration, as well as the software for the data acquisition process
in the Observatory. Thereby, the complex calibration process of the various detectors plays
a major role in the successful outcome of the AugerPrime upgrade. For this reason, we
performed an in-depth analysis of the calibration procedures for the WCDs and the SSDs
concerning their efficiency and stability when applied to the data of the different detectors.
Especially the performance of the offline procedure which is designed to handle the calibration
information streamed together with the event data is of high importance for the subsequent air
shower reconstruction process. Due to the availability, a first analysis of the offline calibration
procedure was carried out using the calibration histograms obtained with the WCDs of the
non-upgraded SD stations. In the studies of the calibration performance of the ~720 million
histograms obtained in 18 years of data acquisition, we determined a decrease of the number
of successfully terminated calibration processes with advancing time, majorly in the most
recent years, accompanied by a seasonal oscillation pattern. Both of these behaviors can be
tracked back to changes of the general shape of the histograms due to material aging effects
and environmental influences, and furthermore the entanglement of the calibration algorithm
with the online determined estimates obscures the search for sources of miscalibration. In the
case of the AugerPrime detectors, an increased rate of failures during the calibration process
can be related to the use of a recovery module which is necessary to compensate missing
calibration estimates.

Due to these drawbacks of the current calibration procedure, we developed a new algo-
rithm to replace the current implementation, and thereby increases the amount of successful
calibration processes. This is achieved by introducing three major design concepts, the in-
crease of the flexibility to enable the determination of the calibration factors on histograms
with changing shapes, the search for certain features in the histograms to assure a more pre-
cise determination of the calibration relevant positions, as well as a purely histogram-driven
implementation to provide the independence of the online estimated quantities. To evaluate
the performance of the new calibration algorithm, several comparisons between the new
and the currently implemented procedure were carried out concerning the efficiency of the
calibration process and the resulting calibration factors. Except for a short time in the begin-
ning of the data acquisition in 2004, the new algorithm delivers significantly higher fractions
of successful calibration processes compared to the current procedure. Theses differences
reach values of up to 10 % in favor of the new algorithm in the most recent years, depending
on the season. Furthermore, by comparing the charge values for histograms which have
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been successfully fit with both algorithms, we demonstrated that no bias is introduced by
the new procedure. Both algorithms provide nearly identical values with overall differences
below 1% in the case of individual charge histograms, as well as for the detector signals
of the WCDs and SSDs. In further long-term studies of different quantities which describe
the performance of the new algorithm, we analyzed the changing shape of the histograms
produced by the aging effect of the WCD components. Therein, a stable calibration of the past
and present histograms with the new algorithm was obtained and a positive extrapolation
towards the future calibration performance can be given, assuming a continuation of the
current trend of the histogram shapes. Additionally, the new calibration algorithm provides
an independent measure of the calibration factors and enables comparisons with the online
estimates determined by the local station software using pre-determined conversion factors.
In these comparisons, a small shift of the average difference in the most recent years can
be observed which indicates a different reaction of the calibration methods towards the
material aging effects. While the conversion factors between the two methods have been
determined more than 18 years ago matching the results of the calibration procedures at that
time, adaptations of these factors seem to be necessary for the histograms obtained in the
last years. Furthermore, the impact of the new calibration algorithm on the reconstruction
procedure was studied. Thereby, we determined a stable performance of the new procedure
and concluded that the modifications to create an independent procedure have been highly
beneficial for the applicability of the new algorithm to data of the AugerPrime stations.

Finally, we analyzed the general performance and efficiency of the new calibration pro-
cedure on histograms obtained with the AugerPrime stations. Due to the independence of
the online estimated calibration factors, the new algorithm provides the calibration of the
AugerPrime detectors without the use of a recovery module, resulting in significantly higher
fractions of successfully calibrated histograms when compared to the current offline calibra-
tion procedure. This enables the precise determination of the WCD and SSD signals which
are used in the subsequent air shower reconstruction to determine the lateral distribution
functions for events observed with the AugerPrime stations. With the new procedure, we
have also determined the long-term behavior of the SSDs installed in the Observatory in
the deployment campaign in 2019. In contrast to the WCDs, no aging related changes in the
signals have been found in the three years of data acquisition. We concluded that the new
algorithm developed in this Dissertation significantly improves the calibration process for
the detectors of the non-upgraded stations, as well as of the new AugerPrime stations. The
superior procedure is obtained by the enhanced flexibility towards aging induced changes
resulting in nearly 100 % of successful calibrations for properly functioning devices. Further-
more, the time evolution of calibration related quantities indicates a stable performance in
the upcoming years if the aging velocity remains constant. Ultimately, we proposed the new
algorithm to be used as the standard calibration procedure in the Offline software framework
assuring a successful calibration of the past and the future SD data. With the new calibration
procedure, comparisons of the different array configuration have been carried out regarding
the performance of the reconstruction procedure. From these comparisons, we can conclude
that the stations with the latest AugerPrime components provide promising results for a
future operation as default station of the SD.

Despite the fact that this very promising performance, further adjustments and tests of the
hardware components together with their associated software will be necessary to guarantee
a stable operation in the upcoming years. A continuous monitoring of the hardware stability
of the newly installed detectors is favorable to search for potential mechanical malfunctions.
Thereby, issues like the water leakage into the SSD due to the untight sealing can potentially
reappear and might lead to a significant damage of the vulnerable electronics.

When analyzing the noise levels and properties of the two generations of electronics boards,
the new UUBs provide a similar or improved performance compared to the original UBs.
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From this point of view, a smooth transition from the measurement stage “Phase I” with the
original SD stations to the AugerPrime stage “Phase II” seems to be achievable. Nevertheless,
further studies and comparisons of the array trigger algorithms and event timing information
are necessary to validate this statement. Especially in the current transition phase, unexpected
effects and features can appear and need to be accounted for. This can be realized studying a
hexagon of station doublets which has been deployed in the SD array at the beginning of 2022.
Each doublet contains one station with the original UB and the second station with the new
electronics board. With this station configuration, timing offsets between the two electronics
boards, as well as trigger efficiency variances can be studied and further optimizations of the
hardware and software settings can be carried out.

In general, the mechanical aging of the devices and detectors in the Observatory, especially
of the components of the WCDs, will continue in the future leading to further changes in
the detector responses and measured data. During the analysis of the offline calibration
procedures, we determined the influences of the aging processes on the calibration histograms
and were able to significantly improve the flexibility of the procedure by developing the
new algorithm. Nevertheless, to guarantee a stable calibration in the future, a continuous
monitoring of the detector signals will be crucial. One possibility to recover the miscalibration
of individual devices is the simultaneous application of several different calibration methods
to the same events. For this reason, an implementation of the online calibration procedure for
all the AugerPrime detectors in the near future will be highly beneficial. Furthermore, with
the development of new calibration procedures, the aging effects can be compensated and
the situation can be improved even more. One candidate procedure is the currently tested
coincidence calibration which utilizes the signals of the WCD and the SSD at the same time

With the results from the analyses presented in the main chapters of this Dissertation, and
the consideration of the previously mentioned suggestions for improvement, we can conclude
that a successful outcome of the AugerPrime upgrade is expected. By the replacement of the
original electronics boards with the new UUBs, the signal handling capabilities of the origi-
nally installed WCDs will be significantly enhanced. Additionally, the complete installation
of the new SSDs over the total SD area, will provide a complementary measurement and
reconstruction of EASs from vertical events. By combining the signals of the sub-detectors
of the SD, mass composition sensitive quantities can be determined and with the help of
the multi-hybrid event reconstruction, the determination of the properties of the UHECRs
will be possible With the optimized calibration procedure developed in this Dissertation, the
signal determination is improved and adapted for the use on the data obtained with both
main AugerPrime detectors. By analyzing the combined signals of the SD sub-detectors, a
disentanglement of the components of EASs can be achieved, and thereby the determination
of the mass composition of individual UHECRs becomes possible. This can be realized with
different methods and approaches which will be further improved in the upcoming years
using the increasing amount of AugerPrime data. While some of these procedures utilize the
signals of the different sub-detectors on a single station level, for example matrix-formalism-
based methods, others are defined on air shower models and parametrizations, such as the
“Universality” approach or general deep learning algorithms. For the case of inclined EAS
events, the detection efficiency of the SSDs is significantly reduced. However, to recover the
hybrid reconstruction, these events will be measured and reconstructed with the antennas
of the Radio Detector (RD). The first antenna prototypes have been installed in the field, but
a large scale implementation and analysis will be carried out in the near future. Ultimately,
the reconstruction of the properties of the primary cosmic rays (CRs) will be enhanced
even further when the reconstruction results of the AugerPrime SD are combined with the
data obtained with the Muon Detector (UMD) and the Fluorescence Detector (FD), and any
additional type of detector which might be added in the future.

When we take a glance outside the UHECR research, the new detectors and hardware
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components will enhance the detection sensitivity of the Pierre Auger Observatory on phe-
nomena of other fields of physics, e.g., geophysics. In this Dissertation, we demonstrated
that the SSDs provide a high sensitivity on thunderstorms events and electromagnetic fields,
and therefore these detectors might be integrated into the general thunderstorm analyses.
Additionally, the extended buffers of the new electronics boards can be utilized to perform
additional algorithms for various purposes, for instance, lightning triggers which can detect
the particular signal shapes of thunderstorm events, or trigger algorithms for the specialized
search of air shower events induced by neutral particles, such as cosmogenic and astrophysical
photons and neutrinos.
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