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Abstrakt: Kozmické žiarenie najvyšších energí stále ostáva záhadou aj po rokoch
vytrvalého skúmania. Otázky týkajúce sa jeho pôvodu, zloženia a mechanizmov,
vďaka ktorým je urýchľované na takú vysokú energiu sa očakávajú byť viac zod-
povedané upgradeom Observatória Pierra Augera nazývaným AugerPrime. Hlavný
cieľ tohto vylepšenia je väčšie rozlíšenie miónovej a elektromagnetickej zložky spŕšky
za pomoci inštalácie nového scintilačného detektoru na každú stanicu pôvodných
vodných Čerenkovových detektorov. Táto práca je zamerná hlavne na štúdium sys-
tematiky a kalibrácie povrchového detektora. Skúmané témy sa venujú dlhodobému
vývoju kalibračných jenotiek, opisu novej metódy kalibrácie detektorov za využitia
scintilátor a zmenám kalibračných histogramov po pridaní scintilačného detektora.
Nakoniec sú uvedené výsledky testovania vybraných vlastnosti novej elektroniky
inštalovanej na povrchových detektoroch Observatória.
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Abstract: Cosmic rays of the highest energies remain mysterious even after years of
their observation. The questions concerning their origin, composition and accelera-
tion mechanisms they undergo are expected to be answered with the new upgrade of
the Pierre Auger Observatory called AugerPrime. The upgrade main goal is to disen-
tangle the muonic and electromagnetic component of the shower with the help of the
added scintillation detector. This work is dedicated to the study of the systematic
effects and calibration of the Water Cherenkov detectors together with the Scintil-
lator detectors. The topics studied in this work include the long term evolution of
the calibration quantities, a new approach to the calibration of the surface detector
stations using the scintillator signal and the changes in the calibration histograms
after the addition of the scintillator. Finally, the behavior of chosen properties of
the new electronics deployed in the array is tested.
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Introduction

The discovery of cosmic rays was made more than a century ago. Since then, the
properties of these cosmic particles were observed by many scientists. However, each
new �nding raised a number of new unanswered questions. Energies of the most en-
ergetic particles ever observed, that are striking the atmosphere, are of many orders
higher than energies at which particles are accelerated in a man-made accelerators.
Where do they come from? What are the processes that accelerate them to such
high energies?
Unfortunately for the physicists, the most energetic particles have the lowest ob-
served �ux and thus the large areas are needed to observe them. The largest as-
troparticle experiment currently operating is The Pierre Auger Observatory located
in Argentina. The Observatory is using hybrid detection method by simultaneous
measurement of air shower by ground-based detectors and �uorescence telescopes.
The Observatory is presently in the process of implementing new improvements, that
should help with answering the important questions. The main aim of this upgrade
is to disentangle the muonic and the electromagnetic component of an air shower
and thus derive the chemical composition of primary rays. With the knowledge of
the composition, the information needed to refute or con�rm existing theoretical
explanations will be provided.

This document is organized as follows:
In the �rst chapter of this work, the basic features of cosmic rays are described. The
most observed subject, their energy spectrum with leading possible explanations of
its features are presented. Possible mechanisms of their acceleration and sources are
introduced, and �nally the extensive air showers and their components are described.
The next chapter is aimed at the Pierre Auger Observatory. The detection principles
and the construction of both main detectors, the �uorescence telescope and also the
surface Water Cherenkov Detector are brie�y described. The most signi�cant results
of the Observatory are presented.
The third chapter is dedicated to the upgrade of the Observatory called the Auger-
Prime upgrade. In the beginning, the motivation for this upgrade and also the ex-
pected goals is presented. The individual parts of the upgrade are described, with
focus on the main part, the Scintillator Detector.
A separated chapter is devoted to the explanation of the calibration and data pro-
cessing of the surface detector stations.
The practical part of this work begins with the prepared calibration histograms of
the stations with both old and new versions of electronics. Next section focuses on
the long term evolution of the calibration units - VEM and MIP and the study
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of the impact of the added scintillator on the calibration histograms of the Water
Cherenkov Detectors. In the next part, a new important approach on the calibration
of the detectors by using the Scintillator Detector is presented and the �nal part is
dedicated to testing various features of new electronics in the array.
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Chapter 1

Cosmic rays

Cosmic rays were discovered by Victor Hess in 1912 [1]. They are high energy charged
particles which arrive to the Earth's atmosphere, coming from various sources, such
as stars, active galactic nuclei, supernovae explosions of stars and others. They are
mostly composed of nuclei of atoms, protons being the most abundant, and then
from other particles like electrons, positrons, antiprotons etc, which are thought to
be created by interactions of the primary particles with the intergalactic gas.
Some of these are undoubtedly the most energetic particles we can observe in nature
since the big bang (up to1020 eV). They may have many orders of magnitude more
energy than particles arti�cially accelerated in big accelerators like the LHC.
These particles are important to observe, because they carry information about
processes in the universe.

1.1 Energy spectrum

Energies of the primary particles extend over a broad range from a few MeVs to
1020 MeV. The �ux of particles we observe is decreasing with increasing energy. Fig.
1.1 shows the energy spectrum of cosmic rays as measured by various experiments.
On the vertical axis is the �ux of primary cosmic rays. It is scaled by a factorE 2:6

for better recognition of anomalies. The �ux of primary cosmic rays we observe at
Earth obeys so called power law, i.e, the �ux of particles behaves according to [2]

N (E)dE � E � 
 dE; (1.1)

where 
 is the spectral factor varying through the spectrum close to the value2:7.
This �gure possesses three distinctive features. The knee, around3 � 1015 MeV,
where the �ux is steepening and
 � 3:1 [3], second knee around1017 eV, where �ux
is steepening even more with
 � 3:3 and ankle at4 � 1018 eV, where the spectrum
�attens and 
 changes again to 2.7.

The origin of these features is still not certain, but the most accepted explanation
states, that the decrease of �ux near the knee is caused by galactic sources reach-
ing maximum acceleration potential for lighter nuclei (protons). Decrease around
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Figure 1.1: Spectrum of cosmic rays, reconstructed from air shower measured by
marked experiments. The grey box highlights the region, where cosmic rays were
observed directly [4].
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second knee is explained similarly for heavier elements. Around the ankle the spec-
trum slightly increases again. This is probably caused by a change from galactic to
extragalactic sources [2]. At the end of the measured spectrum we observe a �ux
suppression, which is thought to be due to the maximum acceleration potential of
extragalactic sources or GZK (more in the Section 1.3).

1.2 Sources and acceleration

The low energy cosmic rays up to few GeV are known to be produced in the Sun,
but the source of the most energetic cosmic rays is still unknown. This is mainly
attributed to the fact, that these particles arrives at the Earth with very low rates,
as can be seen from the �ux suppression in 1.1. It is also a mystery, what objects
can accelerate particles to such enormous energies.

For cosmic rays, two main production scenarios are being considered: top-down and
bottom-up scenarios [1]. The top-down scenario states that high-energy cosmic rays
come from a decay of heavy, exotic particles, whereas in the bottom-up scenarios,
particles are produced with low energies and then accelerated. However, measured
data from astroparticle experiments gathered up to now (upper limits on photon
and neutrino �uxes) do not support the top-down scenario [5].

Sources

Even though the sources of high energy particles are still uncertain, a number of
possible scenarios has been proposed to explain them. The most convincing way of
explanation is based on the radius of a source and its strength of magnetic �eld.
To understand this model, we must �srtly de�ne the Larmour radius. The Larmor
radius of the particleRL , where [6]

RL = EqB; (1.2)

is the radius of a circular trajectory that particle with energyE and chargeq will
follow in a presence of a uniform magnetic �eld of strengthB. If we impose a
geometrical condition on the trajectory, that it must not exceed the size of the
accelerator, we obtain a limit on maximum energy a particle can gain:

Emax / qBL: (1.3)

The maximum energyEmax a particle can be accelerated to is thus dependent on its
chargeq, the magnetic �eld of the object B and the radius of the region, in which
it is acceleratedR. This is called the Hillas equation. If a particle escapes from the
region where it was being accelerated, it would be unable to gain more energy. The
possible sources of cosmic rays plotted according to this critetion are in the Hillas
plot in Fig. 1.2.
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Figure 1.2: Hillas plot. It shows the relation between the strength of magnetic �eld
of source and its size for a maximum energy particle can be accelerated to [7].

Fermi mechanism

In 1949, Enrico Fermi proposed a model on acceleration of charged particles in the
supernova remnants called The Fermi Mechanism [8]. Charged cosmic rays can be
accelerated by strong turbulent magnetic �elds as they can induce variable electric
�elds an thus accelerate.

This model uses the fact, that after gravitational collapse of a star, shock waves of
strong magnetic �elds are produced. These are able to accelerate cosmic rays to very
high energies.

The �rst model of acceleration is called "second-order Fermi acceleration mech-
anism". Cosmic rays entering moving magnetized clouds undergo multiple elastic
scattering as depicted in Fig. 1.3 on the right. They are accelerated by a variable
magnetic �eld in a cloud. The energy particles can gain per collision is of order� 2,
where � is the relativistic velocity of a cloud. This way of acceleration is not very
e�ective, because for clouds in a galaxy,� � 10� 4.

In the other model of acceleration called "�rst-order Fermi acceleration mechanism",
charged particles can gain energy of the order� . The di�erence in this mechanism is
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Figure 1.3: Left: The �rst-order Fermi acceleration. Right: Second order Fermi ac-
celeration [9].

that the charged particles interact with a shock wave front of a magnetized matter
and are accelerated by moving between regions inside (downstream) and outside
(upstream) the shock front (di�usive shock acceleration) depicted in Fig. 1.3 on the
left.

1.3 Propagation

Cosmic rays traveling through the Universe interact not only with magnetic �elds
that can change their trajectory and travel time but also with other particles that
can cause energy losses. The most signi�cant ones are caused by interactions with
the cosmic microwave background (CMB).

For the lightest nuclei like protons above the energy of6 � 1019 eV [10] , the main
process is the pion photoproduction through Delta resonance:

p + 
 ! � + ! p + � 0 (1.4)

p + 
 ! � + ! n + � + (1.5)

In these interactions protons lose about20%of their energy.
In 1966 Greisen, Zatsepin and Kutzin [11] independently calculated the limit based
on these interactions, that sets restrictions on energy of protons from distant sources.
This limit is concerning the fact, that over large distances, any protons with energies
over the threshold energy will lose majority of their energy. The limit is called by
the initials of their names - GZK. The particles above the GZK limit will therefore
most probably arrive from sources relatively close to Earth.

Next common process is photodisintegration of nuclei:

N + 
 ! N + e� + e+ (1.6)
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which is a decay of a nucleus into nucleons after excitation by photons.

Besides the interactions with CMB, cosmic rays can lose energy due to expansion
of the Universe.

1.4 Extensive air showers

It is visible from the spectrum of cosmic rays, that the �ux is signi�cantly decreasing
with increasing energy of incoming particles. This fact disfavors a direct observation
of cosmic rays at highest energies.

A better approach is to detect them indirectly at the ground, using the atmosphere
as a detection medium. Primary particles passing through the atmosphere interact
with molecules of air producing secondary particles. These can generate more and
more particles forming a cascade of particles, which is referred to as an extensive air
shower as shown in Fig. 1.4. This shower can be measured by ground based particle
detectors.

Figure 1.4: Representation of an extensive air shower induced by a primary cosmic
ray [14].

Particles contained in an air shower can be divided into three di�erent components:
hadronic, electromagnetic and muonic [12],[13].
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Figure 1.5: (a) Heitler model for electromagnetic cascades. (b) Modi�ed Heitler-
Matthews model for hadronic cascades [12].

Hadronic component

Hadronic component consists of protons neutrons and particles that are produced
by hadronic interactions with air nucleus, mainly pions and kaons. This component
is created mostly in the beginning of the shower, carrying almost75% of the total
energy and quickly decays. Fig. 1.5 shows the modi�ed Heitler-Matthews model for
hadronic cascades.

When a hadron collides with air nucleus, all charged and uncharged pions are created
approximately in equal parts. Neutral pions immediately decay into two photons:

� 0 ! 
 + 
; (1.7)

which contribute to the electromagnetic component.

Charged pions can further interact and produce more mesons until their energies
drop to critical value E �

c (E �
c � 20GeV in air [12]). After the pions reach theE �

c
they decay to muons producing also neutrinos:

� � ! � � + �� � ; (1.8)

� + ! � + + � � : (1.9)

The total energy of neutrinos is not easily detectable and so it contributes to the
so-called invisible energy. It accounts for� 5% of the total energy.

Muonic component

Muonic component consists of muons produced in the decay of the charged mesons,
� � , K � . These muons extend to the ground. The number of� in a shower can be
approximated as:

N � =
�

E0

Ec

� �

� = ln
nch

ntot
; (1.10)
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wherench is number of charged particles in a shower andntot number of all particles
in a shower.

We can further derive the relationship of the number of muons in a shower to mass
composition of primary cosmic ray by following superposition principle.

If the shower was created by heavy nuclei with massA and energyE, it can be
approximated asA number of nucleons with energyE=A. Considering this, we can
express the number of muons in a shower as

N � = A
�

E0=A
Ec

� �

= A1� �

�
E0

Ec

� �

(1.11)

Therefore, the heavier the primary, the more muons are produced.

The electromagnetic component

The electromagnetic component of an air shower consists of electrons, positrons and
photons. It can be described by simple Heitler model shown in Fig. 1.5, that was
later improved with other interactions. However, the simple model illustrates the
important interactions well.

It accounts for two contributing processes. A photon interacts with air nucleus cre-
ating positron and electron pair,


 ! e+ + e� : (1.12)

Electron then interacts with the Coulomb �eld of nucleus producing bremsstralung
photon

e� ! e� + 
: (1.13)

The number of particles starts decreasing, when photons or electrons reach the
critical energy Ec = 85MeV [12], at which the energy loss by ionization is equal to
the radiative energy loss.

A shower contains the most particles right before the moment, when the number
of particles starts to decrease. This moment is described by a measured observable
X max , the depth at which the shower reach its maximum development.

About 90% of the total energy of a shower at the ground is in the electromagnetic
component.
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Chapter 2

The Pierre Auger Observatory

The Pierre Auger Observatory is presently the largest running astroparticle experi-
ment [15]. It is located in Argentina, Mendoza province and it is spread over large
area of3000km2 because it was proposed to observe and examine cosmic rays with
energies above1017 eV, where the �ux of the particles is very low. The location was
chosen for various factors. The main reason was the convenience of building an ob-
servatory in the southern hemisphere, as it would observe the centre of our galaxy.
Good weather conditions and low light pollution also contributed to the decision,
and �nally, the altitude across the array is roughly the same and suitable for the
measurement of the maximum of a shower development for high-energy particles.
The Observatory uses a hybrid method of detection of cosmic rays. This means, that
two types of detectors are used, the SD (surface detector) and the FD (�uorescence
detector), which work on di�erent principles but together they can (under special
conditions) provide better and more accurate measurements.

2.1 Surface detector array

The surface detector array consists of more than 1660 Water Cherenkov detectors
(WCDs) spaced in a grid spread over the area of around3000 km2. In the main
array, the stations are1500m apart (SD-1500) and the positioning is fully e�cient
in the detection of a primary particle with energy over3 � 1018 eV. The main array
was also �lled by smaller arrays with the750 m spacing and433 m spacing, both
used for lower energies.

The stations of surface detector array are made of plastic tanks with a radius of1:8
m �lled with 12 000 l of puri�ed water up to height of 1:2 m contained in a special
di�usive, highly-re�ective liner. Three photo-multipliers (PMTs) are installed at the
top of the tank watching the water volume. They are equipped with a positive
voltage divider, the photocathodes being grounded due to their closeness to water.
PMTs collect Cherenkov photons produced by particles passing the water faster than
the speed of light in water. The signal from PMT is read out from the anode and
from the last dynode and digitized with �ash analog to digital converters (10 bit,
40 MHz). Signal from the last dynode is multiplied by a factor of 32, providing a

19



Figure 2.1: The map of SD array of the Pierre Auger Observatory with marked sites
with �uorescence detectors [15].

higher dynamic range. In case the shower core is close to the station, the signal from
the dynode can be saturated, but signal from anode can still be used. For showers
more distant to the station the ampli�ed signal from the last dynode will be more
distinguishable from background. The maximum signal that can be recorded and
not saturated corresponds to the signal from a 100 EeV cosmic ray distant about
500 m from the shower core [15].

Each station is also equipped with a GPS reciever and an antenna for timing and
data transmission.

2.2 Fluorescence detector array

The �uorescence detector array is made up by 24 �uorescence telescopes located on
four di�erent sites, Los Leones, Los Morados, Loma Amarilla and Coihueco. These
telescopes look at30� � 30� in azimuth and elevation. Each site consist of a building
with six telescopes, so that it covers180� in azimuth. Such a site and the setup of
a telescope is shown in Fig. 2.3.

When a charged particle produced in a shower passes the atmosphere, it can excite
atmospheric nitrogen. De-excitation of nitrogen is accompanied by emission of light
in the UV part of spectrum (300-430 nm). Wavelengths of the �uorescence light
overlap the visible light spectrum (which begins at� 380 nm), thus the detector
can operate only during dark, moonless nights. The detector is also sensitive to the
weather and due to these circumstances its duty cycle is only13%.
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