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Resumo

Esta tese insere-se no ambito do estudo de detectores de Raios Cosmicos e seus
sistemas de aquisicao de dados.

Os sistemas de aquisicao de dados baseados na técnica Single Photon Counting
mereceram especial atencao. Os algoritmos de trigger da missao EUSO foram es-
tudados e implementados na simulacao geral. O desenvolvimento e teste de grande
parte do firmware de GAW é da responsabilidade do LIP. Os trabalhos efectuados
neste dominio estao aqui reportados.

O desenvolvimento de firmware neste quadro requereu a instalacao do LIP-
eCRLab, equipado com equipamento de teste e medida de grande desempenho.
Neste laboratorio existird também uma vertente ensino, nomeadamente em elec-
tronica digital avancada. Foram também desenvolvidos sitemas autéonomos de aqui-
sicao de dados baseados na LIP-PAD e projectada a sua sucedanea - a LPV3.

No ambito do Observatério Pierre Auger foi estudado o desempenho dos seus
telescopios de fluorescéncia utilizando a simulacao desenvolvida no LIP. Neste estudo
estimaram-se os parametros 6pticos do telescopio bem como a sua eficiéncia. O
estudo da eficiéncia relativa ao longo da camara abre a perspectiva para estudos

aprofundados utilizando dados reais.

Palavras-chave: Raios Cosmicos, Aquisicao de Dados, GAW, ULTRA, EUSO,
Auger
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Abstract

This thesis reflects the work developed in Data Acquisition systems for Cosmic Rays
detectors and performance studies of such detectors.

Electronics firmware was mainly developed in the context of Single Photon
Counting detectors. The EUSO mission triggering system algorithms and imple-
mentation in simulation, complying with the electronics constraints of the mission
are reported. The EUSO detector concept is being applied in GAW, a gamma-ray
experiment. The firmware of great part of GAW electronics is being developed at
LIP and already some interface boards were produced and tests performed.

The requirements of such developments led to the creation of the e-CRLab, a
digital electronics laboratory equipped with state of the art test and measurement
equipment. Teaching activities in digital electronics and FPGAs are also planned
for the e-CRLab. A new generation of LIP-PAD, successfully used in ULTRA and
TRC, is being designed.

In the Pierre Auger Observatory the fluorescence telescopes performance was
studied using a new simulation developed at LIP and integrated in the Auger sim-
ulation framework. This study led to the estimation of optical parameters of the
telescope and its efficiency. Studies on relative efficiencies throughout the whole

focal surface open a window to explore data.

Key-words: Cosmic Rays, Data Acquisition, GAW, ULTRA, EUSO, Auger
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Chapter 1
Introduction

The history of cosmic ray physics is almost one century long. It started in the 1910s,
when a flux of charged particles coming from above was detected using electroscopes.
In the 1930s cloud chambers with magnetic fields were used to study cosmic rays.
The observation of tracks similar to those of electrons but bending in the opposite
direction led to the discovery of the positron - Experimental particle physics was
born. In its early years experimental particle physics developed through cosmic
ray studies, with the discovery of several elementary particles. In the 1950s, with
the first particle accelerators, a controlled, high luminosity beam of particles became
available, and the two fields of research took different paths. In the last twenty years,
the most important result in particle physics came from a non-accelerator experiment
- Super Kamiokande - with the discovery of neutrino oscillations. In fact, in the last
decades, the communities of particle physics, cosmic rays and astrophysics became
increasingly aware of their similarities in terms of methods, tools, language and goals,
and of the complementary nature of their probes to the frontiers of our knowledge of
the Universe. This opened the field known as astroparticle physics, and contributed
to a new generation of cosmic ray experiments, which nowadays incorporate the
complexity of interaction models, simulation tools, large collaborations and detectors

typical of accelerator environments.

Historically, the great steps forward in cosmic ray physics were always linked
to the evolution of detectors, progressively becoming more sensitive, precise and
autonomous. This was the case in the discovery of Extensive Air Showers (EAS),
made possible by fast timing coincidence units with a resolution better than mi-
croseconds. The discovery of air showers was in fact crucial in terms of making
sense of the observations: particles often came in bunches originating from a sin-

gle particle hitting the top of the atmosphere, and what reached ground, actually
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CHAPTER 1. INTRODUCTION

secondaries, depended on the original energy. We were no longer simply counting
particles actually created in the atmosphere, but now had the concept of a primary
particle coming from somewhere in the cosmos, and more and more rare as it be-
came more energetic. The ground observations of EAS became the way of indirectly
extracting information about these primary particles, in an attempt to understand
their properties and origin.

Large aperture EAS detectors on the ground were for decades the only way
to indirectly detect high energy cosmic rays hitting the top of the atmosphere, in
an attempt to understand their properties and origin, and these became steadily
larger and more sophisticated. The increase in the aperture compensated the power
law reduction of the cosmic ray energy spectrum, allowing the study of ever higher
energy cosmic rays. New techniques exploiting the light component of the showers
appeared more recently: fluorescence telescopes, detecting the light produced by the
de-excitation of the nitrogen molecules in the air excited by the shower particles, and
Cherenkov telescopes, detecting the Cherenkov light produced by energetic shower
particles travelling faster than the speed of light in air. In both cases, the detectors
are actually UV telescopes, with optical systems consisting typically of large mirrors
and relatively segmented cameras.

In 1981 Fly’s Eye became the first Cosmic Ray experiment employing the flu-
orescence technique. As the faint and isotropic fluorescence light is only intense
enough for very energetic showers, and because it allows the observation of a large
volume of atmosphere, this technique is particularly well suited for the low flux far
end of the spectrum, where it has the advantage of providing a picture of the lon-
gitudinal development of the shower, and a relatively more direct measurement of
the energy with respect to ground detectors. While new sources of systematic errors
arise in this method, the complementarity between the two techniques is in fact one
of the keys to precise, well control and trustable results. It is also one of the great
strengths of the Pierre Auger Observatory, a giant hybrid observatory combining
the two techniques. The southern site of Auger has recently been completed. The
first and striking first results have already been made public, firmly establishing the
existence of the GZK cutoff and the anisotropy of the highest energy cosmic rays, as
well as rising very interesting puzzles concerning their nature and their interactions
in the atmosphere.

Cherenkov telescopes, on the other hand, detecting the rather collimated light
cone along the shower axis, are well suited for an intermediate energy range, with
larger fluxes, and in particular for the detection of the purely electromagnetic show-

ers produced by TeV photons. Cherenkov telescopes are today living a golden age,
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with the discovery of a large amount of new point sources in only a few years and
interesting results concerning the diffuse component. R&D in this domain is of the
uttermost importance to allow for a future generation of detectors that is not only
bigger but also better. One of the limitations of the present Cherenkov telescopes
is the very small field of view, and the GAW - Gamma Air Watch project addresses
this issue by testing an innovative optical and light detection system.

While dealing with different primary particles and energies ranges, extreme en-
ergy cosmic ray detectors and Cherenkov telescopes have in common the goal of
understanding the origin of very high energy particles in the Universe. Also, as light
detectors, they share a number of detection techniques and characteristics. Finally,
with the great success of Auger and the very interesting data expected in the years
to come, and with the outstanding gamma results and the preparation of the next
generation, both fields are today in a very exciting period.

The boom in astroparticle physics, and in particular the interest in extreme en-
ergy cosmic rays and gamma rays, grew in Portugal only in the late 1990s. The birth
of this thesis is intimately related to this event. In 2000 LIP became involved in
the EUSO space mission, an ESA mission to be installed in the International Space
Station with the goal of detecting extreme energy air showers from above, with an
extremely large field of view. This was the staring point for establishing a framework
for high energy cosmic ray research in Portugal. A few years later, the participation
in the EUSO trigger system design, as well as in supporting experiments for EUSO,
was the starting point of this thesis. EUSO successfully completed, from both the
technical and the scientific point of view, the Phase A study. The mission was never-
theless put on hold due to financial and programmatic issues related to the Columbia
Space Shuttle accident. LIP joined the Pierre Auger Observatory in 2006. As a nat-
ural follow up of its experience in EUSO, the LIP group concentrated efforts in the
fluorescence detectors. In this context detailed studies of the Auger fluorescence
telescopes were performed, namely through precise Geant4-based simulation tools
developed in Lisbon. LIP also became involved in GAW, an R&D project in which
some of the solutions studied for EUSO, namely the Fresnel lens optical system, the
highly segmented focal surface and the use of the single photon counting technique
are being studied for the next generation of Cherenkov telescopes, in order to build
a highly sensitive, large field of view detector. LIP has considerable responsibilities
in the development of firmware for the GAW trigger and data acquisition systems.
This path from EUSO to Auger and GAW was, in addition, crossed by smaller R&D
projects mainly for education and public outreach, but also support activities for

the main experiments. These activities relate basically to the development of data
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acquisition systems for cosmic ray detectors and were an important part of this
work.

While the path in this thesis in not a straight one, its key subjects remain clear,
and are twofold: the development and detection of air showers, in particular of
their light component; and the development of detectors, in particular of trigger
and data acquisition firmware. The key projects are, chronologically, EUSO, Auger
and GAW, together with supporting activities both to the main projects and to ed-
ucation and outreach activities developed at LIP. This thesis is organised as follows:
a brief introduction to cosmic ray physics, with emphasis on air shower development
and including simulation studies of EAS properties, is presented in chapter 2. An
overview of the several relevant experiments, EUSO, Auger and GAW, is given in
chapter 3. Chapters 4 and 5 relate to the LIP cosmic ray electronics laboratory at
LIP. While chapter 4 describes the installation and the activities of the laboratory,
chapter 5 describes in more detail the design of the data acquisition board LIP-PAD,
used both in the ULTRA supporting experiment for EUSO and in the TRC educa-
tional project and, in general, well suited for small cosmic ray projects. Chapter 6
and chapter 7 concentrate on the work developed specifically for the main projects.
The work developed on trigger design for systems using the single photon counting
technique, in the context of EUSO and particularly GAW, is reported in chapter 6.
The studies on the performance of the Auger fluorescence telescopes are presented

in chapter 7. In chapter 8 some conclusions are drawn.
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Chapter 2

Cosmic Rays

Figure 2.1: Balloon flights of Victor Hess.

“The results of my observations are best explained by the assumption
that a radiation of very great penetrating power enters our atmosphere

from above”

Victor Hess, Physikalische Zeitschrift, November 1912
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The history of cosmic rays started with a very simple instrument - the electro-
scope. By the end of the 19" century it was known that electroscopes discharged
spontaneously due to the ionization of the air, and the rate of discharge of the in-
strument allowed to quantify this effect. The cause of air ionization was believed
to be the natural radioactivity of the Earth. It should therefore decrease with the
distance to ground. Several experiments were conducted in order to measure the
rate of discharge with altitude, the most famous being the one performed by Thomas
Waulf in 1910, in which he took an electroscope to the top of the Eiffel tower. The
results showed that the rate of discharge did not decrease as fast as it was expected.
In 1912 Victor Hess flew this kind of instruments in hot air balloons in order to
measure the air ionization rate with altitude. Hess was able to fly and perform
measurements up to an altitude of 5km. The results showed that the ionization rate
decreased from ground level to ~ 1 km and then increased with altitude. Such a
decrease proved that in fact a part of the air ionization effect was due to the natural
radioactivity of the Earth. The subsequent increase in the rate, and thus in the air
ionization effect, was attributed by Hess to some kind of radiation arriving to Earth
from Space. The quest to measure such radiation went further with the atomization
of the data acquisition process of the electroscopes. The devices were then used
in unmanned balloon flights that could reach higher altitudes. Such flights would
confirm Hess results and Robert Millikan coined the term “Cosmic Rays” to describe
these phenomena.

More sophisticated instruments for the detection of radiation became available
and started to be used in the cosmic ray field. Such instruments, like the cloud
chamber and photographic emulsions, allowed to record particle tracks and, by the
use of magnetic fields, to extract particle parameters like their mass and charge.
In this context particle physics was born, with the discovery of new particles: the
positron in 1932, the muon in 1937, the pion and the kaon in 1947.

By the mid 1930s, counters in coincidence were being used in the study of cosmic
rays. At this point an excess in the coincidence rate suggested that particles arrived
in bunches. Later, with the the development of coincidence units with better timing
resolution (around a microsecond), Pierre Auger was able to conduct systematic
studies and establish the occurrence of air showers. The discovery of Extensive Air
Showers (EAS) was a breakthrough, as it allowed to establish a correlation between
the particles detected at ground and high energy cosmic particles reaching the top
of the atmosphere, and to go higher in energy by building ever larger sampling
detectors. The path to the study of high energetic cosmic rays was opened. Still

today, sampling detectors are widely used to detect cosmic rays with an energy up
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2.1. COSMIC RAYS FLUX

to ~ 10%° eV with very large sampling arrays. The largest one, the Auger array, has
an area of ~ 3000 km?.

An alternative technique to detect EAS - the fluorescence technique - was mean-
while developed. The first studies to detect fluorescence in the atmosphere were
performed in the early 1960s in the Los Alamos National Laboratory for military
purposes related with nuclear explosions. The idea to use the technique to detect
cosmic rays was first proposed by the Cornell Cosmic Ray Observatory in the mid
1060s but was unsuccessful as it was not able to detect light from EAS. The first
successful observation of fluorescence light from EAS would come in 1976 with the
installation of prototype telescopes in Volcano Ranch by physicist from the Utah
University. In 1981 Fly’s Eye becomes the first Cosmic Ray experiment employing
the fluorescence technique, which is a well established technique nowadays. The
Pierre Auger Observatory uses this technique together with the sampling technique.
The hybrid detection capabilities are one of the strengths of the Observatory, allow-
ing the cross-calibration of the two methods and reducing the systematic errors.

High energy ~-rays have energies in the GeV - TeV range and originate pure
electromagnetic showers. Such showers develop high in the atmosphere, making the
detection of the front of particles at ground impossible. Also, the fluorescence light
emitted by such low energy showers falls below the sensitivity of fluorescence detec-
tors. However, the shower development produces Cherenkov light that accumulates
and propagates along the shower direction, producing a signal detectable at ground.
In the late 1960s the programme to study the Cherenkov light emitted by EAS
started, with the Whipple observatory. The idea was to record this light by mean of
telescopes. The background from charged cosmic rays was however enormous. The
method became more efficient with the introduction of imaging techniques (Hillas,
1985), in which segmented focal surfaces and shower shape variables allowed to dis-
tinguish showers initiated by energetic gamma rays. In recent years, larger telescopes
and telescope arrays were built, allowing the discovery of an impressive number of
~-ray sources in the sky. Most of the recent results have been provided by HESS,
installed in Namibia, and the MAGIC telescope, in the Canary islands.

2.1 Cosmic rays flux

The energy spectrum of cosmic rays covers a very wide range both in energy and
flux. In figure the differential flux multiplied by E? as a function of the energy

is shown, in a compilation of data from several experiments by Gaisser [36]. This
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Energies and rates of the cosmic-ray particles
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Figure 2.2: Energy spectrum of Cosmic Rays. The differential flux multiplied by £?
is plotted against the energy [36].

spectrum is quite steep, with the cosmic ray flux falling from one particle per square
meter per second for energies of the order of 100 GeV to one particle per square
kilometer per century for energies of the order of 10%° eV. It follows practically a
power law of the form E~, where « is usually referred as the spectral index and
is of the order of 3. The spectrum has nevertheless slight changes in the spectral
index, steepening around 3 x 105 eV and flattening at 3 x 10'®eV. These features in
the spectrum are usually referred to as the “knee” and the “ankle”; respectively. In
the far end of the spectrum (E > 10 eV) the available statistic is low, and this has
been for a while a controverse region. The far end of the spectrum and its features
will be discussed in further detail below. The increase in the number of events in
this region and the cross-calibration between different detection techniques is the

main purpose of the Pierre Auger Observatory.

2.1.1 The GZK effect

The GZK effect has been predicted by Greisen [33] and, independently, by Zatsepin
and Kuzmin [56]. The effect consists in the degradation of the energy of cosmic
rays above a certain energy threshold through their interaction with the Cosmic
Microwave Background (CMB) photons. The CMB radiation presents a black body
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Figure 2.3: Mean free path of photons and protons as a function of the energy [25].

spectrum with an average temperature of 2.73K and is present in the whole Universe
with an isotropic distribution. High energy nuclei interact with this radiation and
loose energy. The main process for high energy protons is the photopion production.
Protons interact with the CMB photons of E ~ 6 - 10~ eV and give a proton plus
a pion. The predicted sudden change in the cosmic ray flux is due to the steep
spectrum of CMB photons and to the A resonance. This effect has an energy
threshold of £ = 3 - 10 eV, and imposes a limit on the mean free path of the
protons. A GZK horizon can be defined as the maximum distance from which 90%

of the protons with a given energy greater than the threshold energy can come.

Photons arriving to the Earth suffer an equivalent effect, but the dominant pro-
cess is pair production in the interaction with CMB photons, making the sky opaque
for photons with an energy greater than 10 eV. However, the cross-section for this
process will decrease with the increase of the photon energy and the universe will
become transparent again for much higher energies.

Figure , from [25], shows the mean free path for both photons and protons
as a function of the energy. As discussed, it can be seen that the mean free path
of photons drops for energies of ~ 10'* eV, starting to rise afterwards. For protons
the mean free path drops at an energy of ~ 10?° eV reaching a value of 10 Mpc for

energies greater than 5 - 10%! eV.
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Figure 2.4: The spectrum of diffuse extragalactic photons. For Above GeV energies
limits are shown for the vy-ray component. The cosmic ray flux is plotted with open
circles for reference.

2.2 ~ rays

The spectrum of diffuse extragalactic photon radiation [47] is presented in figure
. The energies in the plot range from 1078 eV (radio) to 102° V. The flux is
dominated by the CMB in the microwave region and falls quite rapidly afterwards.
For energies above the GeV limits are shown for the y-ray component. The cosmic
ray flux is plotted with open circles for reference.

At such energies the ~v-ray diffuse flux is very low and ~-rays are studied by
looking at point sources, opening the field of y-ray astronomy. The first source to
be discovered was the Crab nebula. Crab is still the brightest steady emitter for
Very High Energy (VHE) ~-rays and is used as a calibration candle. Tts spectrum
[11], shown in figure , extends to several tens of TeV.

2.3 Extensive Air Showers

It has been known for quite some time that most primary cosmic rays are protons
or heavier nuclei. When these high energy particles enter the Earth’s atmosphere
they interact with the nuclei of atmospheric gases and new particles are created
from this interaction. These secondary particles will in turn interact and produce

a new generation of particles. In this way the primary particle gives birth to a
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Figure 2.5: The crab ~ ray spectrum.

particle cascade. Such cascades develop in the atmosphere as a front of particles
propagating at nearly the speed of light and are commonly known as Extensive Air
Showers (EAS) [48, 116] .

As the primary particle enters the atmosphere and the first interaction occurs,
pions are produced (also also, in lower number, kaons and baryons). Neutral pions
readily decay into a photon pair. Each photon will then disintegrate through pair
production. The positrons and electrons created will in turn produce photons and
the process will go on until there is not enough energy for the production of new
particles. This chain reaction is known as an electromagnetic cascade. Charged pions
have a greater mean lifetime and can interact with nuclei before decaying. There
are also other particles created in the cascade that can originate nuclear interactions
with the nuclei of atmospheric gases. These nuclear interactions originate the hadron
component of the EAS. Charged pions can also decay into muons and neutrinos. The
muons created have such energy that in most cases they will neither interact with the
atmosphere nor decay while traversing it. They constitute the muonic component

of the shower that can be detected at sea level.

Although it is known that the primary cosmic rays are nuclei, their exact nature
is still a point of controversy. For low energy particles the detection can be performed
directly and the composition of cosmic rays is well known. For higher energies the
detection relies in indirect methods where the estimation of the primary properties

requires the use of interaction models and Monte Carlo (MC) simulations.
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2.3.1 EAS simulation

The analytical treatment of the development of air showers is a complex task, viable
in practical terms only with many approximations and simplifications. Monte Carlo
simulations are in practice the standard method to calculate the properties of EAS.
These MC codes start with the primary particle and simulate the interactions of
subsequent particles along the shower development in the atmosphere. Two of the
main simulation codes are CORSIKA and AIRES. These codes simulate the inter-
actions using different interaction models and follow the particles trajectories in 3D.
Such computations for high energies are extremely time consuming, even with state
of the art computers. One of the methods for reducing the computing time at high
primary energies is the so called thinning method. In this method, below a certain
energy only a small fraction of the particles are fully tracked, and they are given a
weight to represent the remaining particles. Other simulation codes like CONEX
and SENECA take a different approach. In this codes, the particles above an en-
ergy threshold are followed explicitly. The numerical description of sub-cascades,
initiated by lower energetic particles, is performed using the the solution of cascade

equations, reducing the required computation time. [17, 29]

2.3.2 Longitudinal profile

During EAS development particles are created and destroyed. Each particle interacts
or decays, giving birth to other particles, each with a fraction of its energy. In this
way the number of particles increases. However, low energy particles are easily
absorbed in the medium. The number of particles in each step of the cascade will
thus be a balance between the creation and annihilation of particles.

Greisen introduced in [3I] a parametrization for the total number of electrons
in a pure electromagnetic shower initiated by a photon. The shower longitudinal

development can be written as a function of the atmospheric depth X as

0.31
Ne — . 6X(1—3/2lns)
v Bo
where [y = Eo/ey, Ej is the primary energy and g the critical energy. The shower
age s can be written as:
3X
§=———
X + 2Xmax

where X .« is the depth of the shower maximum - the atmospheric depth at which

the shower contains the maximum number of particles. The shower age parameter
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is O for the first interaction point and is 1 at the shower maximum.

Gaisser and Hillas presented in [30] ( see also [46]) a parametrization of the

average number of particles, IV, for hadronic showers with a primary energy Ej. It

E t o\
N = SO—O -elm () e’
€

tm

can be written as

where Sy = 0.045, € = 0.074 GeV, t = X/x, X is a characteristic length parameter
(~60—"70g-cm™?) and t,, is the depth of shower maximum in units of radiation

length. t,, is expressed as

’

X Xy, (K
b =7 = 3 IH(A) L

where A is the atomic number of the nuclei that initiated the shower and X, =
36 g - cm~2. The number of particles at the shower maximum is thus proportional

to the primary energy and given by:
E
Nm = 5’070
€

From the previous formulas it can also be seen that the depth of the shower maximum
increases with the logarithm of the energy and, for the same energy, it decreases

logarithmically with the nucleus mass A.

A slightly modified parametrization known as Gaisser-Hillas function is currently
used to describe and fit the shower longitudinal profile:
Xmax—Xp
X - XO ) A Xmax—X
. A
Xmax - XO

®

N (X) = N

where Np.x is the number of particles at the shower maximum (X = X,,.,). The
parameter X, is sometimes referred to as the first interaction point although the
fit results for this parameter correlate poorly with the actual depth of the first
interaction. Figure shows the longitudinal profiles for simulated showers with
a primary energy of 10eV. The profiles for iron-initiated (dashed) and proton-
initiated (solid) showers are shown. It can be seen from the figure that while Ny
is similar in the two cases, iron-initiated showers have, in average, a lower X ..
This earlier development of iron showers is a natural consequence of the fact that
the primary energy is divided by the 56 nucleons. Furthermore, it is visible that the
fluctuations on X, are considerable lower for iron-initiated showers. This is due

to the fact that each nucleon will interact and produce a sub-shower, reducing the
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Figure 2.6: Longitudinal profiles for iron and proton initiated showers of energy
E =10YeV.

overall fluctuations in the shower. Nevertheless, shower to shower fluctuations are
large and make it hard to distinguish, in an event by event basis, a proton shower

from an iron shower.

2.3.3 Lateral profile

In the previous section the longitudinal development of EAS was addressed. Let us
now consider the lateral spread of the shower particles. Particles are spread due to
multiple Coulomb interactions with the atmospheric nuclei. The cumulative effect of
various small-angle scattering interactions builds up the shower transverse structure.
The shower can be seen at each instant as a disk, with cylindrical symmetry, which
particle density is greater at the center and falls with the disk radius.

The lateral or transverse particle density profile can be parametrised using the

Nishimura-Kamata-Greisen function (NKG) [32] 38] that applies to electromagnetic

pry=c) 2 (D) (14 1)

r2 \ro 7o

showers:

with
c(s) =0.366 - s (2.07 — s)"%

where 1y is the Moliére radius, s is the shower age parameter and N, the total

number of shower particles.
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‘ E ‘ Nb. events ‘ Thin ‘ Wlim ‘

10° GeV 100 0 10
10° GeV 10 107° 10
107 GeV 10 107 | 107
10% GeV 10 107° | 10°

Table 2.1: Characteristics of the produced simulation samples. For each energy
two samples were generated with different primaries (proton and iron) using the
QGSJET hadronic interaction model.

The lateral distribution function for hadronic showers can be parametrised having
as a base the NKG formula. Greisen [32] presents such a parametrization, where a

correction factor appears:

0= S G () )

The dependence of the transverse distribution with the primary composition and
energy was studied with MC simulations in the context of this thesis. The transverse
momentum distributions of the secondaries produced in an iron-air collision and in
a proton-air collision are not substantially different. However, if the primary is
the same, the average energy per nucleon is, in the case of an iron collision much
smaller (~ 1/56) than in the case of a proton collision. This fact should translate into
smaller opening angles of the secondaries for proton initiated air showers and thus
into narrower transverse distributions, mainly in the central region of the showers,
where the hadronic component is stronger. Statistical fluctuations are small, as the
multiplicity in high energy proton-air collisions is of the order of several tens of
particles. However, the magnitude of this effect will depend on the boost and thus

on the shower energy.

The CORSIKA [35] simulation package, which is the reference in the field, was
used to produce samples of EAS initiated by protons and by iron nuclei with en-
ergies ranging from 10 to 107 eV. The QGSJET hadronic interaction model was
chosen. For energies above 10°eV the thinning option was used setting the thinning
parameter ey, = 107% and applying a weight limit Wi, = brim * Eth, Where Fpin is
the primary energy in GeV. These choices ensure that the fluctuations introduced
on the ete™ lateral distributions by the thinning are of the order of just a few % for
distances to the shower axis below 1000 m. Table summarises the characteristics
of the generated samples. The output of each generated event contains information

on its longitudinal profile as well as on several transverse profiles at chosen obser-
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| Observation level | Depth (g/cm?) |

1 100
200
300
400
200
600
700
800
900
1000

QOO0 ~J| O O W= | | DN

—_
)

Table 2.2: Depths of the chosen observation levels.

vation levels placed along the shower axis. Table summarises the depths of the
chosen observation levels.

The lateral profiles near the shower maximum for a proton (solid) and an iron
(dashed) event with energy E = 10' eV are shown in figure [2.7|. This plot confirms
that the proton lateral distributions are, in the central region, sharper than the
corresponding distributions for iron. In figure and the longitudinal profile
of one proton and one iron event, respectively, with an energy E = 10 eV are
shown as an example. In the same figures the contributions for the longitudinal
profile from the particles with a transverse distance to the shower axis below and
above R.,; = 50 m are also shown. It is striking that the ratio between these two
contributions is well above 1 in the case of the proton-initiated EAS while it is of
the order of 1 in the case of iron-initiated EAS. In order to quantify this effect the
Rat variable is defined as

Rat = Ncentral/ Niotal

with

Xmax+9

Rcut
Neentral = /0 P (7”, t) drdt

Xrnax_6

where & = 100 g-cm™2 and p(r,t) is the particle density at a given distance r
from the shower axis for a given depth ¢. Figure 2.10] and figure 2.11] show the
distributions of Ratpreton (solid) and Ratye, (dashed) for energies of E = 10 eV

and £ = 10'7 eV, respectively. These Rat distributions were computed for two
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Figure 2.7: Comparison of lateral profiles for a proton (solid) and an iron (dashed)
event with energy £ = 10'° eV near the shower maximum.
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Figure 2.8: Longitudinal profile of a proton event with energy £ = 10%%eV. The total

shower profile is shown, together with the separate contributions of the particles at
a distance above and below 50 m from the shower axis.
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Figure 2.9: Longitudinal profile of an iron event with energy £ = 10'°eV. The total
shower profile is shown, together with the separate contributions of the particles at
a distance above and below 50 m from the shower axis.
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Figure 2.10: Rat distributions for proton (solid) and iron (dashed) EAS generated
with an energy of £ = 104 eV.
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Figure 2.11: Rat distributions for proton (solid) and iron (dashed) EAS generated
with an energy of £ = 10! eV.

generated samples of proton and iron EAS, with R., = 50 m. Figure 2.10] shows
a clear separation between the Rat distributions for proton and iron initiated EAS.
For higher energies the fluctuations in Rat tend to decrease, decreasing the width of
the distribution, as can be seen in figure It can also be seen that the difference
between the proton and iron distributions tend to vanish with the increase of the
energy.

In fact, it has been shown in [34] that at high energies (~ 10! V) an universal
curve can be used for the description of the lateral profile. In this reference COR-
SIKA simulations were used to study the fluorescence emission through the energy
deposited in the atmosphere by the cascade. They conclude that the energy density
depends only on the distance to the shower axis and on the shower age parame-
ter. It is independent from the primary energy, composition and zenith angle. A

parametrization of the form:

F (r;) - (1 +a(s) 7;)_5@

is presented, where a and b depend only on the age parameter s. The parameters

were fitted to the simulation results with polynomials:
a(s) = 5.151s* — 28.9255 + 60.0565% — 56.718s + 22.331.

This function is now commonly used in the Auger experiment to simulate and fit

the lateral profile of showers in the fluorescence detector.
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2.4 Detection techniques

Cosmic rays can be directly detected at the top of the atmosphere in experiments
carried out in balloons or satellites. However the limited aperture of such exper-
iments combined with the rapid decrease of the cosmic ray flux with the energy
makes this technique only possible for energies below 104 eV. At higher energies
cosmic rays must be studied through the detection of EAS. For this purpose two ba-
sic types of detectors are currently used: the ground arrays, based on the sampling
technique, and the fluorescence telescopes.

In v ray astronomy the fluxes are comparatively lower. This means that the
energy at which ground based experiments have to be replaced by space based
ones is also lower. For energies up to tens of GeV the detection is space based,
and the most recent and promising experiment is the Gamma-ray Large Area Space
Telescope (GLAST) [I] which was recently successfully launched. For higher energies
the detection of v rays must rely on the detection of EAS. However at these energies
the showers do not penetrate deeply in the atmosphere and the most performant
instrument for their detection is the Imaging Atmospheric Cherenkov Telescope
(IACT), which relies on the detection of the collimated Cherenkov light emitted

mainly by the electrons and positrons of the shower in the atmosphere.

2.4.1 Ground arrays

The principle of ground arrays consists on sampling at ground the particle density
of the EAS front in order to estimated the primary direction and energy. Ground
arrays are composed by a grid of particle detectors. When the shower front crosses
one of these detectors, a signal is recorded. This signal is proportional to the local
density of particles in the shower front. Mainly two types of detectors are used:
scintillators, like in AGASA, and water tanks, like in the Pierre Auger Observatory.

The most widely used scintillators are made of a plastic doped with a scintillat-
ing substance. Charged particles deposit energy by ionization and light is emitted
by scintillation with an intensity proportional to the deposited energy. Blocks of
scintillator are placed in a housing structure along with PMTs. This structure iso-
lates the detector from the outside and directs the light produced to the light sensor
(PMT or similar) where it is detected.

In water tanks Cherenkov light is emitted by relativistic particles crossing the
detector. The emitted light, basically proportional to the the track length in the

water, is reflected in the container walls and recorded using a PMT.
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The shower front reaching the detectors is mainly composed by photons, muons
and electrons and positrons. Muons penetrate deeply, depositing much less energy
by ionization than electrons and positrons. On the other hand, muons cross the
water tanks completely, while electrons and positrons are quickly absorbed. This
makes water Cherenkov detectors more sensitive to the muonic component of the
EAS and scintillators more sensitive to the electromagnetic component.

In both types of detectors the muon flux at the detection level is used to calibrate
the detector. The single particle signal is extracted and later used to estimate the
number of particles hitting the detector.

The shower front arrival time is recorded at each station with great precision. As-
suming that the shower front propagates at the speed of light, the primary direction
can be estimated from the time delays in different stations.

The shower size is inferred assuming a lateral shower profile and using it to fit
the data from the different stations with signal. The core location is one of the fit
parameters and is thus evaluated in the fit. The energy is usually estimated from
the density at a fixed distance of the core, extrapolated from the fit. Using extensive
Monte Carlo simulations the correlation of this parameter with the primary energy
is assessed. The distance at which the density is taken depends on the detector
properties, namely the geometry, and is chosen, through MC, as the point where the
fluctuations are minimised. For instance AGASA used the density at 600m from the
core, while in the Pierre Auger Observatory, where the detectors are farther away,
the density at 1000 m is used.

2.4.2 Fluorescence telescopes

In the fluorescence technique Earth’s atmosphere is used as a calorimeter to study
the primary cosmic rays properties. EAS develop in the atmosphere exciting the air
molecules. When the molecules, mainly nitrogen, return to their ground state they
emit fluorescence light in the UV, which is detected by means of UV telescopes.
Several optics design schemes can be used to build the telescope, but all rely on
the use of a large mirror to collect the light and focus it on a PMT camera. Most
telescopes are designed to cover a limited field of view and a great area of the sky
is observed by using more than one telescope.

As the atmosphere is used as a calorimeter, a detailed knowledge of its con-
ditions is essential, as the light production and attenuation is related directly to
atmospheric parameters. Several atmospheric sensing devices are installed on the

Auger site. Weather stations and atmospheric balloons measure directly the at-
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mospheric temperature and pressure. The optical properties of the atmosphere are
determined using LIDARs, that measure the scattering in the atmosphere of laser
light. Although simple in principle, the solution of the LIDAR equation is not unique
and several approximations and assumptions must be made in order to extract the
atmospheric parameters. The detection by the fluorescence telescopes themselves of
the light emitted by additional laser devices placed at known distances and scattered
in the atmosphere is also used to infer the transmission properties of the atmosphere.
Cloud cameras give information on the cloud coverage, extremely valuable for the
shower analysis.

Fluorescence telescopes are calibrated using several light sources. Some of these
sources are internal and calibrate only the optics and the PMTs of the telescopes.
In Auger, an end-to-end calibration device has been specifically developed, which is
placed at the entrance of the diaphragm providing uniform and isotropic illumination
in the relevant wavelength band. Lasers shots in the field of view of the telescopes
are also used for calibration studies.

At each sampling time the EAS is a disk in space, at a certain distance, and
illuminates basically a few side-by-side pixels in the camera of the telescope. The
image for all samples taken forms a narrow band of pixels with signal, corresponding
to the longitudinal development of the EAS. The reconstruction of the shower can
be split into two steps: the geometry reconstruction and the energy reconstruction.
The line in the centre of the illuminated pixel band and the detector position define
the Shower Detector Plane (SDP), the plane in space which contains the shower
axis and the detector. The timing information is used to define the shower core
coordinates and the shower direction in the plane. The signal recorded by all the
pixels can then be used to reconstruct the primary energy. A longitudinal shower
profile shape is assumed (usually a Gaisser-Hillas function) and fitted to the light
profile, corrected by the atmospheric effects. The integral of the light curve gives a

direct estimation of the energy.

2.4.3 Imaging Atmospheric Cherenkov Telescopes

TACTs are currently the most widely used instruments in ~-astronomy. This tech-
nique relies on the detection of the Cherenkov radiation emitted by relativistic EAS
particles on the atmosphere. Whereas the particle component does not reach the
ground and the fluorescence light is, at the relevant energies, too faint to be de-
tected, the Cherenkov radiation component builds up coherently with the shower

front and reaches the ground, where it can be detected.
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The detection of cosmic rays using this technique relies on large UV telescopes
and arrays of telescopes that are usually characterised by large mirrors and a small
field of view (~ 5°).

The telescopes are usually pointed to a known or hypothetical v-ray source or to
specific sky positions as part of a sky survey. If the telescope is inside the Cherenkov
pool of light the Cherenkov light is imaged as a filled ellipse in the PMT camera
of the telescope. When several telescopes are inside the pool several images are
recorded. By analysing the shape and intensity of the signal the parameters of the

primary particle are extracted.
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Figure 2.12: The Auger cosmic ray spectrum.
2.5 Recent results

2.5.1 Pierre Auger Observatory results

The first results from the Pierre Auger Observatory include the high energy cos-
mic ray spectrum, the elongation rate, the photon flux and the cosmic rays arrival

directions.

Energy spectrum

The cosmic ray energy spectrum measured by the Pierre Auger Observatory was
recently published in [8] and is shown in figure In the top panel the spectrum
is shown, in logarithmic scale, as compiled from 20 000 events recorded by the surface
detector. The bottom panel shows the spectrum as the residual from an assumed

spectrum with a power law shape of the form E—2%

, making its features more
evident. These results show that above 4 - 101 eV there is a clear change in the
spectral index, corresponding to a suppression of the flux. In the figure, data from
HiRes T are also presented, also showing a flux suppression in this energy region.

These results are compatible with a GZK-like suppression. It is clear that Auger

24 25,/11,/2008



2.5. RECENT RESULTS

& C
E I
5 2°F —— Auger ICRCO7
Rl
A R
= 800
= -
> "
v -
750
700~ .
M L — QGSJETII-03
— e ---- QGSJETO1
8sor e e SIBYLL2.1
L o ---- EPOS1.6
- L L 1 1 Ll I L 1 L 1 L L1l | 1 L 1 1
10" 10'®
E [eV]

Figure 2.13: The depth of the shower maximum as a function of the energy as
measured by Auger is shown and compared with the expectations from different
models.

results already represent a great improvement in the precision of the measurement
of the GZK suppression with respect to previous data. Better results are to be
expected in the near future, with the increase in the statistics and a better control
of the systematic uncertainties. Meanwhile, the understanding of the mass spectrum

at the highest energies remains crucial for a full characterisation of the GZK effect.

Elongation rate

The shower development in the atmosphere is influenced by the primary composi-
tion. Proton primaries will produce longer showers while showers initiated by iron
primaries will develop more rapidly for the same primary energy. A method to infer
the cosmic ray composition is the study of the elongation rate, that is, the variation
of the depth of the shower maximum with the energy (4Xmax/dlog E).

In figure taken from [54], the Auger results for the average depth of the
shower maximum, (X,,.x), as a function of the primary energy are shown. The plot
also shows the prediction of different models for iron-initiated and proton-initiated
showers. These results show that a single slope would not be sufficient to describe
the data, and that the rate of increase of X ., with energy above E ~ 2 x 108 eV
tends to be lower. This seems to indicate a change to lighter primaries up to energies

E ~ 2 x 10" eV and a change to heavier primaries above this energy. More data
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Figure 2.14: Limits on the fraction of photon-initiated showers. The Auger SD
(black arrows) and FD limits are shown. For comparison, the predictions of several

models and the results from previous experiments are also shown (HP: Haverah
Park, A and A2: AGASA, Y: Yakutsk).

will however be necessary to firmly establish the high energy behaviour.

Photon flux

Photon-initiated showers reach the maximum development at much greater depths
than proton or iron initiated showers. Using the shower maximum recorded by the
Auger fluorescence detector, photon-initiated showers would be distinguishable. The
particular characteristics of the development of these shower would also influence
the signal recorded by the surface detector of Auger. The shower front curvature

and thickness were also used to search for photon shower in the full sample of data.

The data from the Pierre Auger Observatory was searched for photon initiated
and no evidence for their observation was found. A limit could then be imposed
on the flux of primary photons. These results, presented in [7], are shown in figure
2.141 , where the limits on the fraction of photon initiated showers is plotted as a
function of the energy along with the predictions of some models. The results from
Auger are shown and compared with those from previous experiments. These limits
can already exclude most of the top-down models for the creation of high energy

photons.
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Figure 2.15: The arrival directions of the Auger highest energy events (circles) are
shown. The stars represent the positions of nearby AGNs.

Arrival directions

The origin of the highest energy cosmic rays remains an open question. In the
propagation from the sources to Earth cosmic rays are deflected by magnetic fields.
This deflection decreases as the primary energy increases, and increases with the
primary charge. The highest energy cosmic rays are expected to point to their

sources.

The Pierre Auger Observatory has recently [6] established the anisotropy of the
highest energy cosmic rays arrival directions. Figure [2.15]shows the direction in the
sky of the highest energy (F > 57FEeV') events with circles of 3.2 degrees radius. The
relative aperture of the detector is indicated by the shading, with the darker zone
corresponding to the higher exposure. The dashed line is super galactic plane. The
red stars show the positions of nearby AGNs from the 12! Veron-Cetty and Veron
catalog (d<75 Mpc, 472 AGNs) [55]. Sophisticated analyses have been performed
searching for correlations of the arrival direction of the most energetic events with
different objects, and in particular with AGNs. The figure shows 27 events, 20
of which are correlated with an AGN within 3 degrees. There is evidence for a
correlation with AGNs or with objects with a similar distribution. The accumulated

statistics is however still relatively low.

Finally, the pointing accuracy indicated by this correlation seems to indicate
that the primaries, at these energies, are mainly protons. This result seems thus

in contradiction with the elongation rate results, that indicate heavier primaries,
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Figure 2.16: Distribution of the detected VHE ~-ray sources [5].

and may indicate that the processes involved in the EAS development behave dif-
ferently from expected. The hadronic interaction models used to simulate EAS are
in fact extrapolated from accelerator data to energies several orders of magnitude
above, and much in unknown. These results open very interesting particle physics
possibilities.

The Pierre Auger Observatory is now fully operational and is expected to collect
in one year approximately the same amount of data that was available at the time
of the publication of these results. The Pierre Auger results have thus opened a
new window for astronomy, astrophysics and particle physics, and very interesting

results are to be expected soon.

2.5.2 ~-ray astronomy

In recent years the high energy ~-ray field has evolved quite impressively. The
advent of new satellite based telescopes like EGRET and AGILE and ground based
TACT instruments like MAGIC and HESS allowed the discovery of a large number
of sources. A recent and complete review on y-ray astrophysics can be found in
[27]. More than 76 VHE sources have been detected. Their positions are plotted in
figure[2.16]. The sources can be identified with several different types of astronomical
objects, like Supernova Remnants, Pulsar Wind nebulae and Active Galactic Nuclei.
Part of the detected sources is still unidentified. In the figure it is visible that most
of the sources lie in the galactic plane. The number of known galactic sources has
increased one order of magnitude in recent years. This comes mainly as a result of

a galactic centre survey by the southern hemisphere experiment HESS (see figure
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Figure 2.17: ~-ray sources in the galactic plane from the survey performed by
H.E.S.S. [37].

in the period 2004-2007. The sources accessible from the northern hemisphere
were also observed by MAGIC.

The discovery and identification of more sources is to be expected in the near
future. GLAST is in orbit since June 2008 and will soon end its commissioning
Phase, during which some data were already collected. Ground based detector
Should considerably increase the number of identified source as the present detectors
are upgraded. MAGIC will move to its phase 2 with the addition of a new telescope,
increasing its sensitivity and angular resolution. HESS phase 2 will count with a very
large TACT (28 m) installed at the of the array and is expected to inaugurate after

2009, reducing the energy threshold and increasing the sensitivity of the experiment.
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Chapter 3

Cosmic Ray experiments

3.1 EUSO

The Extreme Universe Space Observatory [50] was a space mission devoted to the
search of Ultra High Energy Cosmic Rays. EUSO was proposed to ESA as a free-
flyer mission in January 2000, however, due to an opportunity window, EUSO’s
installation was redirected to the ISS, in the Columbus Exposed Payload Facility. By
December 2000 the study on accommodation of EUSO was finished successfully and
the project proceeded to Phase A. Phase A was successfully concluded by mid 2004
and EUSO was considered technically ready to proceed to Phase B. However, due
to financial and programmatic issues related to the NASA Space Shuttle program,
much affected by the Columbia accident in 2003, EUSO was put on hold. Nowadays
two EUSO inspired projects are being considered: JEM-EUSO, a detector similar
to EUSO, developed in the context of the Japanese participation in the ISS and
Super-EUSO, which is being proposed to the Cosmic Vision program of ESA with
a schedule beyond 2015.

The main purpose of EUSO was to collect very large statistics of UHECR at
10%° eV, reaching the 10?! eV decade, allowing for systematic studies on primary
Cosmic Rays composition and origin, while performing an inter-calibration with
the Pierre Auger Observatory at energies of 5 x 10 eV. Searches for highly ener-
getic neutrinos and 7 neutrinos could also be performed with EUSO. A secondary
objective of EUSO was to study the atmosphere physical properties and related
phenomena, including meteors and electrical discharges.

The principle of EUSO, illustrated in figure [3.1] was to observe from space the
fluorescence and Cherenkov light produced by EASs in Earth’s Atmosphere. The
instrument consisted of an UV Telescope to be placed at~ 400 km height (the ISS
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Figure 3.1: The EUSO concept

altitude) , pointing to the nadir with a full field of view of 60°. With such design,
EUSO would have an observation area of approximately 200 000 km?. The ISS, and
thus EUSO, have a 51° inclined orbit with respect to the equator, allowing EUSO
to observe both hemispheres detecting Cosmic Rays from all directions in the sky,
however, fluorescence telescopes as EUSO, operate exclusively on moonless nights,

which reduces their duty cycle to 10%.

The estimation of the shower energy with EUSO relied on the calorimetric mea-
surement of EAS in the atmosphere. This was accomplished by integrating the
detected fluorescence light profile to estimate the energy of the shower. The direc-
tion of an EAS can be reconstructed from the fluorescence light distribution on the
focal plane and by the timing at which the photons reach the detector. However,
being a monocular experiment, there is an ambiguity in the estimation of the height
of the EAS in the atmosphere. To solve this ambiguity EUSO relied not only on the
detection of the fluorescence light produced by the EAS but also on the measure-
ment of the Cherenkov component reflected from Earth s surface. The collection of
Cherenkov reflected light would also allow for an improved estimation of the location
of the EAS core. Thus, EUSO expected signal, represented in figure would have

a fluorescence component followed by a peak of reflected Cherenkov light.

EUSO was designed to have a relative energy resolution of the order of 30%,
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Figure 3.2: Expected signal seen by EUSO

an angular resolution better than 2° and a resolution of 35 gcm™ in the depth
of the shower maximum. Such goals, combined with the limited resources of a
space mission installed in the ISS, led to the adoption of a highly pixelated focal

surface(~ 10° pixels), with a high acquisition rate using the Single Photon Counting
technique ( see chapter [6.2).

The Detector

An exploded view of EUSO is shown in figure . EUSO would be composed by
an optical system directing the incoming light to a focal surface where it would
be collected by photomultiplier tubes. Although the two fundamental systems in
EUSO were the optical system and the Acquisition system, additional subsystems
associated with a space experiment conducted aboard the ISS were also incorporated
in the detector, such as the interface system to the ISS and the thermal conditioning
system. EUSO would also be equipped with a LIDAR to perform measurements of
important atmospheric parameters.

Although the detector definitive characteristics were to be defined in the project
Phase B some of the important parameters of the design were already defined: the
optical system was composed by two double faced Fresnel lenses. The collecting
area of the instrument being defined by a first Fresnel lens with a diameter of 2.5m,
followed by a similar lens placed 2 m away, and 1.5 m before the focal surface. The
optical system had to comply with the full Field of View of 60° while producing a

spot inferior to 5 mm, corresponding to 0.1°. A bandwidth filter was deposited as a
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coating on the first lens to filter light outside the 300 — 400 nm wavelength region
in order to remove background.

The Focal surface would be instrumented with MAPMTs providing a high density
of channels and the DAQ of the system was based in the Single Photon Counting
technique to instrument such large number of channels (~ 10*). Such technique
employs very simple front-end electronics allowing the reduction of financial, power
and mass budgets, in compliance with the requirements of a space experiment. In
EUSO the pixel signals would be input to a fast discriminator whose output would
feed a counter clock . This part of the system was designed to work with a peak-
to-peak resolution of 10ns. In each Gate Time Unit (of theus order) the value from
the counter would be read and the counter would be reset, corresponding to the
acquisition of a number of detected photons per pixel per GTU. The system would
saturate in the of case a bunch of photons arriving within the resolving time of
the system: in fact all photons arriving within 10 ns would be counted as a single
photon. This saturation could be overcome by the digitalisation, through an ADC,
of the last dynode signal of a whole PMT (containing 64 pixels).

3.2 ULTRA

The ULTRA experiment - Ultra violet Light Transmission and Reflection in the At-
mosphere was a support experiment for the EUSO mission with the goal of providing
quantitative measurements of the UV light produced by EAS traversing the atmo-
sphere after reflecting on the Earth surface. The ULTRA experiment is described
in [9] and its achievements are reported in [24].

The main concept of ULTRA, illustrated in figure [3.4] was the use an UV optical
detector, the UVScope, to collect the UV light generated by the EAS whose arrival
direction, core location and shower size are estimated using the data collected with a
conventional ground array of scintillators, the ETScope. The UVScope was typically
placed on a high location pointing downward so that its field of view centre coincided
with the ETScope central station, and the UV light reflected from the surface upon
shower front arrival reached the UVScope where it could be detected. Two wide
field of view Cherenkov detectors, “Belenos”, were placed in the centre of the array
pointing to the zenith and the nadir in order to measure in coincidence the direct
and diffused Cherenkov light.

The first engineering runs for calibration and optimisation took place at Mont-
Cenis and Grenoble, France, and are reported in [15]. In May 2005 ULTRA was
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Figure 3.5: View of the ULTRA setup. UVScope is at a higher altitude pointing
downward.

installed in Capo Granitola, Sicily, Italy, in a protected small private harbour, pro-
viding the conditions to study the reflection of Cherenkov light from EAS on water.
The central station was placed on a raft, along with “Belenos”, in the centre of the
harbour. The other stations were placed on shore near the coast line of the harbour.
Figure [3.5] is a photograph, taken from the UVScope location, where the ETScope
stations are indicated by circles. The location, in the local coordinate system, of the
several detectors of ULTRA is indicated in figure [3.6]

The DAQ used in the successful run in Sicily was based on an acquisition board
developed at LIP - the LIP-PAD board. This board, as well as its application in
ULTRA, is the subject of chapter [f] Full simulations of the ETScope and of the
UVScope were developed at LIP using the Geant4 simulation toolkit [12] [10].
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Figure 3.7: Schematic view of one ETScope station

The ETScope detector

The ETScope was a ground array of scintillators used to detect the electromagnetic
component of EAS. Each ETScope station estimated the corresponding particle
density as well as the shower front impact time. Figure represents a schematic
view of one station which consisted of a plastic scintillator, NUCLEAR NE 102A
with 80 x 80 cm?, 4 cm thick, enclosed in an aluminium pyramidal shaped box
internally coated with a white diffusing paint. For protection from environmental
conditions, each of these boxes was placed inside a PVC container. At the top of the
pyramidal box there were two co-located Photomultipliers PHILIPS PHOTONICS
XP3462B collecting the light generated in the scintillator by charged particles.

In the presented configuration each PMT received, at the same time, approxi-
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binocular detector at Capo Granitola.

mately half of the light signal and thus the coincidence between the two PMT sig-
nals eliminated uncorrelated noise. In shower acquisitions, a larger dynamic range
is needed, and one of the PMTs was set to a lower gain. The High Gain PMT was
sensitive to low particle densities in the detector. It had a better response in time
and was used to perform the trigger logic and to evaluate the difference in timing
between the several stations. The Low Gain PMT was mainly used to estimate the
number of particles in a station when the high gain PMT saturated. In order to
enable their cross-calibration, the gain of the PMTs was set in such a way that their

dynamic range overlapped.

The UV Scope detector

The UVScope detected the UV light generated by an EAS and diffusely reflected
on ground. The UVScope was a binocular instrument with two monocles mounted
side by side overlooking the ETScope array. Each monocle, represented in figure
consisted of a lens and a PMT enclosed inside a metallic cylinder. The lens
used was a Fresnel lens made of UV transmitting acrylic with a diameter of 457 mm
and an effective focal length of 441.97 mm at A = 400 nm. The photocathode of
the PMT had a diameter of 68 mm and was placed on the centre of the focal plane

defined by the lens. Considering the instrument geometry, its full field of view was
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estimated to be ~ 9°. Figure|3.8(b)|is a photograph of the UVScope mounted on a

telescope structure in Capo Granitola.

3.3 Gamma Air Watch - GAW

Gamma Air Watch [42] — GAW - is a "path-finder” experiment to test the
feasibility of a new generation of Imaging Atmospheric Cherenkov telescopes for
the detection and measurement of the Cherenkov light produced by high-energy
gamma rays traversing the Earth atmosphere. Traditional Imaging Atmospheric
Cherenkov Telescopes (IACT) use large reflective optical systems associated with
a PMT camera at the focal surface. These telescopes are designed to search for
incoming v-rays from a given source and have a small field of view (few degrees).
GAW adds high flux sensitivity to a large field of view (24° x 24°) capability. In
traditional TACT designs the size of the camera necessary to have a large FOV
would produce a very large obscuration on the mirror. To overcome this problem
GAW uses an innovative approach based on a refractive optical system and a highly
pixelated focal surface. In figure |3.9] a schematic view of the GAW telescopes is
presented. The refractive optical system is composed by a custom-made 2.13 m
diameter Fresnel lens with a focal length of 2.56 m. The lens is designed to have an
uniform spatial resolution suitable to meet the Cherenkov imaging requirements up

to 12° off-axis. The use of such a system allows overcoming the obscuration problem
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as well as the optical aberration for large input angles.

The focal surface detector of each telescope consists of a grid of 40 x 40 Multi-
Anode Photomultipliers Tubes (MAPMT). Each MAPMT has 64 anodes, arranged
in an 8 x 8 matrix. The focal surface is operated in single photoelectron counting
mode [22] instead of the charge integration method widely used in the TACT experi-
ments. The total array of active channels, 102400 for each telescope, will record the
Cherenkov image in a binary image with high granularity, which is fundamental in
order to minimise the probability of photoelectrons pile-up within intervals shorter
than the sampling time of 10ns. In such working mode, the effects of electronics noise
and PMT gain differences are kept negligible, allowing to lower the photo-electron
trigger threshold and, as a result, to achieve a low telescope energy threshold in
spite of the relatively small dimension of the GAW telescope light-collector.

The GAW electronics has been designed to fully match the specific requirements
imposed by the new approach. GAW focal surface and acquisition system, including

the triggering system are described in more detail in section

3.4 The Pierre Auger Observatory

The Pierre Auger Observatory is an experiment designed to measure Ultra High
Energy Cosmic Rays providing high statistics in the far end of the CR spectrum.
The Pierre Auger Observatory is a hybrid detector composed by a Surface array and
by a set of Fluorescence Detectors. A southern and a northern site are foreseen in
order to attain full sky coverage.

The southern site is installed near Malargiie, a small town in the province of
Mendoza, Argentina. The site covering ~ 3000 km? was completed in 2008 and it
is the biggest Cosmic Ray detector ever built. The northern site is currently being
designed and the corresponding proposal is being finalised. The site will be located
in Colorado, USA, near the town of Lamar. Tt is currently foreseen that the detector
will cover ~ 20000 km?. The first local activity will be the installation of a small
surface array for R&D in 2009/2010.

The status of the Auger South detector in 11 June 2008 is shown in figure [3.10
where the water tanks layout, each marked by a dot, can be seen, as well as the four
fluorescence eyes and the town of Malargiie. The Surface Detector is composed by
~ 1600 water tanks. A scheme and a photograph of a surface Detector water tank
are presented in figure . Each tank is a plastic container where an inner liner is

installed and filled with purified water, in which Cherenkov light is generated by the
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Figure 3.11: Scheme and photograph of an Auger water tank

25/11,/2008 41



CHAPTER 3. COSMIC RAY EXPERIMENTS

APERTURE

Figure 3.12: Scheme and photograph of an Auger fluorescence eye

relativistic shower particles. The liner is coated to diffusely reflect the light which
will arrive at the three Photomultipliers placed on top and be processed by an ADC.
Data is recorded and time-tagged with the help of a GPS. The data from each tank
is transmitted to the nearest F'D site and then to the Auger central campus installed
in Malargiie. To minimise the bandwidth only information about the trigger timing
is transmitted in a first step. Using this information, a central trigger decides if there
is an interesting event and the involved stations are then requested to transmit the
whole information recorded for that event.

The Fluorescence detector is composed by four fluorescence eyes overlooking the
SD array. Each fluorescence eye, shown in figure |3.12] is composed of six telescopes
having a zenithal field of view of ~ 30° and an azimuthal field of view of 180°. Each
telescope, figure |3.13] is composed by an entrance filter, a corrector lens, a spherical
mirror and a PMT camera. A detailed description of the fluorescence telescopes is
presented in chapter [7}

The atmospheric conditions influence shower development, fluorescence light pro-
duction and its propagation to the fluorescence telescopes. Therefore, Auger has a
thorough program for atmospheric monitoring, the main atmospheric parameters
being constantly monitored by weather stations. Regular launches of atmospheric
balloons are also performed to record the dependence of the relevant atmospheric
parameters with altitude. Several other apparatus are installed on site to moni-
tor the atmosphere using light: the three main devices are the cloud cameras, the
LIDARs and the Central Laser Facility.

The cloud cameras are infrared cameras installed on top of the Fluorescence
buildings enabling the verification of the cloud coverage for the fluorescence events.

The clouds emit more infrared radiation than the cloudless sky, due to the relative
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Figure 3.13: The Auger Fluorescence telescopes

temperature difference, appearing white in the cameras. Each camera is mounted on
a steerable support and acquires images of small parts of the sky, which are joined,
at every 15 minutes, to form an image of the whole sky. The cloud chamber images
are correlated to the field of view of each pixel in the fluorescence telescopes and a

database is filled with cloud coverage information for each particular pixel.

In the Auger southern site there are four LIDARSs, one in each FD site, and a
Raman LIDAR installed near “L.os Leones” Fluorescence Detector. The LIDAR uses
an UV Laser to send short light pulses to the atmosphere which are then scattered.
Part of this scattered light reaches the LIDAR station where it is collected using a
parabolic mirror and focused into a PMT where it is recorded as a function of time.
The LIDAR is mounted on a steerable structure in order to probe the whole sky.
The data collected provides information on the Vertical Atmospheric Depth, aerosol
scattering and absorption and can help in the characterisation the cloud conditions
of the sky. Namely, it can provide information on cloud coverage, height, depth and
opacity of clouds. The Raman LIDAR is based on inelastic scattering of light and
allows to perform more detailed studies on the composition of the atmosphere. This
technique requires a very intense light beam and is only used at twilight when the

FD detectors are not operating.

The CLF, Central Laser Facility, is a LASER emitter placed in the middle of
the array, equidistant from three Fluorescence eyes (“Los Leones”, Los Morados”

and “Coihueco”). The LASER propagates in the atmosphere suffering Rayleigh and
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Mie scattering. Some of the scattered light reaches the fluorescence telescopes. The
LASER energy is measured and it is set in such a way that the signal recorded in
a telescope is similar to the signal emitted by an EAS with an energy ~ 10%° eV.
The CLF main application is the measurement of the attenuation of light in the
atmosphere which depends on the atmospheric conditions, however, since the CLF
provides a controllable source of light, the so called LASER data can also be used
to perform studies on detector performance.

Two new detectors are currently being developed in the Auger southern site.
The Auger enhancements are Amiga that stands for Auger Muons and Infill for
the Ground Array and HEAT - High Elevation Auger Telescopes. The AMIGA
detector consists of a grid of water tanks - the infill - with half the separation used
in the standard array and also of muon detectors be buried 3 m deep. Due to the
infill, AMIGA will enable the study of Cosmic Rays of lower energy (~ 1017 eV) and
will also allow to study in detail the muonic component of the showers using the
information from buried scintillators. The HEAT enhancement project will allow
to extend the field of view of the fluorescence detector in one eye (“Coihueco”) up
to ~ 60°. This coverage allows to study the development of showers earlier in the
atmosphere (at higher altitudes), also enabling the study Cosmic Rays below the
present Auger energy threshold (5 x 108 eV).
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The LIP e-CRLab

Recently an electronics laboratory was installed at LIP for the support of its activ-
ities in the study of cosmic rays. The Laboratory is named e-CRLab that stands
for “Electronics for Cosmic Rays LABoratory. In this section its installation and

activities are presented.

4.1 Requirements

Cosmic rays reaching the Earth’s atmosphere interact and produce Extensive Air
Showers (EAS). EAS produce fluorescence and Cherenkov light that can be detected
by UV-Telescopes. The shower front can be sampled at ground by using Particle
detectors. Most common particle detectors generate light through scintillation or
Cherenkov effects which is then collected. Thus many modern Cosmic Rays experi-
ments rely on the detection of light.

The most commonly used device to detect light produced by the EAS is the
PMT. The PMT converts light into photo-electrons that are multiplied to produce
an analog output signal. This output signal is usually amplified, filtered and then
digitalised. From this point onward all the electronics chain is digital. This electronic
chain include memory for the acquired signal and trigger algorithms to reject the
noise and background. At some point the electronics communicate with a computer
where data is stored for off-line analysis.

Digital electronics plays thus an important role in data acquisition systems. Re-
cent technological developments allows the implementation of all digital logic in a
single electronic chip. The FPGA, that stands for Field Programmable Gate Ar-
ray, contains a high number of programmable logic components and programmable

interconnections between the logic components. Such devices allow the implemen-
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tation of complex logic operations using a Hardware Description Language such as
Verilog or VHDL. The firmware of such chips can be downloaded to the FPGA us-
ing a computer or it can reside in a memory that programmes the FPGA when a
reset occurs. The FPGA can even be reprogrammed remotely at run time. Such
versatility makes these devices ideal for the implementation of trigger, memory and
other digital modules of DAQ systems.

A digital electronics laboratory is thus justified by the importance that digital
logic has been acquiring in DAQ systems. Such laboratories must be able to develop
firmware and test it in hardware for the correct operation and timings of the devices.
A digital electronics laboratory must also develop the tools necessary for the testing
of the correct operation of digital systems.

The e-CRLab was planned and designed so that the Cosmic Ray groups of LIP
could acquire competence in the digital electronics domain. The laboratory was also

thought to provide the necessary conditions for teaching and training activities.

Research

The e-CRLab gives support to the LIP group that develops its activities in cosmic
rays experiments, namely in the Pierre Auger Observatory (PAO) and in the Gamma
Air Watch (GAW) project. The activities in this domain are now centred in the
development of firmware for the different components of the DAQ systems and the
test, in hardware, of the firmware developed. However, in specific cases, it is also
necessary to develop PCB boards for, e.g., the interface of testing equipment with
the DAQ boards.

The DAQ systems being developed use fast digital devices with operating fre-
quencies of the order of hundreds of MHz. Technological advances are pushing the
devices operation frequencies higher. It should be foreseen that, in the near future,
DAQ systems will be designed to work in frequencies a decade higher. Thus the
laboratory must be able to cope with the frequencies used nowadays but should,
where and when possible, be designed for GHz operating frequencies.

High density PCB boards developed for high frequencies require complex pro-
duction equipment. It also requires competence on the most advanced techniques of
PCB production which fall outside the scope of the laboratory. However the design
of such boards must be of the competence of the laboratory. Thus it was defined as
a requirement the availability of a CAD software able to deal with the design of high
frequency PCB boards and with the simulation of the circuits. The fabrication of

complex boards will be outsourced but, when viable, the assembly will be performed
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in the laboratory. Thus, it is imperative to have equipment for manually assembling
and repairing such boards. The complexity of these boards make it obligatory that
the equipment is adequate for assembling components with high density of pins and
small pitch.

In complex digital systems the firmware needs to be optimised and tested through
simulation. These features must be present in the development software. The de-
velopment software was required to be able to deal with high-density FPGA devices
and allow for incremental compilation so that design blocks can be created and
optimised independently while preserving the blocks already implemented. In com-
plex designs it is also convenient to be able to use off-the-shelf IP cores. Moreover
the software should have a timing analyser for the assurance of the different timings
through the device. It is also desirable to be able to have an embedded logic analyser
and support for integration with external logic analysers.

The test and measurement activities performed in the e-CRLab require equip-
ment both for functional tests and for performance evaluation that is able to work
in the hundreds of MHz (preferably in the GHz range). The main items considered
were: a logic analyser to deal with many digital channels; a highly performant os-
cilloscope to characterise the analog signals acquired by ADCs; a signal generator
for testing the functionality of the systems; a spectrum analyser for the study of
the components of signals and their behaviour on the various part of the electronics
systems.

Digital development kits were also required as a test-bench for the development
of firmware. Being used to interface some of the DAQ boards, these kits should
be highly performant. Preferably these kits should be able to deal with operating

frequencies in the range defined previously

Education

The laboratory was planned to give support both to cosmic ray outreach projects and
to specific laboratory courses for students of the second cycle of higher education,
as defined in the Bologna process. Presently the Cosmic Ray Telescope (TRC)
project, an outreach project, and the cosmic ray laboratory, a course of IST, are
supported by the e-CRLab. In the second semester of 2008/2009 and in the context
of the Master degree in Physics Engineering from IST, a course in digital electronics
named “Projecto e Controlo em Electronica Digital” will be held at the e-CRLab.
Activities for first cycle students were also foreseen within the research integra-

tion of university-level students program supported by FCT. Such activities give
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the students the opportunity to perform small projects, embedded in a research
environment and having an early contact with electronics and FPGA devices. The
electronics projects are usually developed in three phases: design; prototyping and
testing. Some activities are centred in the development of firmware modules.

The design process of such projects implies no special requirements since opti-
misation and simulation is not required at this level.

The prototyping to test the adopted solutions can be achieved using bread-boards
in an early stage. However the laboratory was designed to have the capability of
producing PCB for the prototypes and final versions of the projects. The availability
of a CAD software and production machinery was then set as a requirement.

The laboratory needed also to assure the necessary conditions for testing and
validating of the prototypes produced. In the education environments it is given
emphasis to the functionality of the systems developed rather than to the precision
and accuracy. The requirements for the test and measurement equipment used in
education environment were set in the mid-range segment.

The existence of a test bench for the development of firmware was also set as
a requirement so that such work could be decoupled from hardware development.
Such test bench should be composed by commercially available generic development
boards. These boards must have a FPGA implemented and control and display
devices to allow the quick development of firmware and functional testing. It was

also considered the need for the associated software.

4.2 Installation

4.2.1 Premises

The e-CRLab was physically installed in a space located in the basement of the
building where LIP-Lisbon is located. The space is composed by two rooms: one
with 18 m? and the other with 15 m2. There is also a small storage room with
2m?. The adaptation of the space required small civil work. The works were mainly
concentrated in painting and electrical and network installation. Special care was
taken with the power installation, namely with the grounding and insulation of
the different workstations. A separate electrical ground was installed to reduce the
electrical noise present in the electrical network of the laboratory. Groups of power
sockets were created, one for each workstation, protected and isolated from each
other in the main switch board. The laboratory was installed with workbenches and

shelves.
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Figure 4.1: Photographs of the e-CRLab.

The first space is dedicated to education activities, figure where up to
three groups of two students can be installed. In this space it is also installed
the PCB production equipment taking advantage of the existing water and sewer
installation. The second room is dedicated to research activities, figure In
this room two secretaries were installed, in addition to the workbench, to provide a

space for design activities.

4.2.2 Equipment

One of the key points of the installation of the e-CRLab was the selection of the
equipment to be bought. The laboratory was installed from scratch and a whole
set of equipment had to be acquired. For more expensive equipment, a preliminary
market research was made followed by a budget submitted with the project proposal.
Afterwards the items were negotiated directly with the manufacturers. A compro-
mise between the performance and price of the equipment had to be found. A total
budget of 80000 Euro was available. The equipment installed in the laboratory can
be grouped as generic, mid-range equipment and state of the art equipment.

The set of generic equipment is composed by mechanical tools, power supplies,
a digital workstation for bread board prototyping, a memory programmer, multi-
meters, a signal generator and 100 MHz digital oscilloscopes. A system for PCB
production was installed and is composed by an UV exposure unit, heated process-
ing tanks and a spray etching station (Rota-Station from Mega electronics). The
suite Altium Designer was chosen as the PCB design software allowing to design
the schematic diagram, route the board, simulate and export to standard format

for fabrication. This suite has also the capability for the development of FPGA
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firmware which is not currently being exploited.

Several digital development kits based on Altera FPGAs were bought. The DE2
(Development and Education Board) from Terasic is a good development platform
with a huge set of devices attached to the FPGA. This board will be the standard
workbench for education activities. Thus several of these kits were acquired. More
performant and specific development boards were bought: Digital Signal Process-
ing (DSP) development kit, Nios Development kit and the PCI development kit.
Most of the kits provide already the software from Altera for programming FPGA
- QUARTUS II - as well as libraries with IP cores.

The most performant equipment is exclusively dedicated to research activities
and is composed by a 300 MHz bandwidth Oscilloscope, an arbitrary function gen-
erator with a maximum frequency output of 240 MHz, a Spectrum analyser for
frequencies up to 3GHz with tracking generator, a 64 channel logic analyser capa-
ble of acquiring state data at 235 MHz and has a timing resolution of 125 ps. An
oscilloscope with 1GHz bandwidth and a sample rate of 5 GS/s.

The laboratory counts also with a probing system for compact PCB boards. The
system is composed by a 32x stereo microscope and four probe heads. The probe
heads are fixed to any surface using vacuum and are suitable for probing pads with

dimensions down to hundreds of micrometre.

4.3 Research

The research activities are centred on the development and test of firmware for
FPGAs. A new version of LIP-PAD is being developed, LPV3. The firmware of
GAW data acquisition boards is also being developed and tested in the laboratory

4.3.1 LPV3

The LPV3 is a multipurpose DAQ board with the capability of acquiring six analog
signals and perform time synchronisation with an accuracy better than 10 ns. The
LIP-PAD and the LPV3 are described in detail in chapter [5| The LPV3 is currently
in the development phase. This new board is thought as a completely independent
acquisition system capable of acquiring data by itself and send it via network. Many
new features had then to be introduced in the board design. An upgrade of the DAQ
part of the board is being done to increase its performance. A preliminary design of
the LPV3 board was done at the e-CRLab. The work in the e-CRLab was centred
in the schematic design of the board and the test of the solutions for the different
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Figure 4.2: Photographs of the prototype of LIP-CTRIG (left) and final version of
LIP-CTRIG and ProDAcqg-Excite (right).

functionalities introduced. The solutions adopted were tested in simulation and also
some components of the system were tested in the development kits available. It
is a responsibility of the laboratory the implementation of the LPV3 firmware and
the testing of the prototype board both for its functionality and performance. The
performance test of the DAQ and synchronisation parts of the board assumes critical

importance as the operation frequencies of such modules should reach 200 MHz.

4.3.2 GAW boards

Currently one of the activities at the e-CRLab is the development of firmware for
the GAW experiment. Namely, the firmware for the digital acquisition board is
being developed and tested. This board, named ProDAcq and the electronics of
GAW are described in detail in section [6.2] For the interface of ProDAcq with the
testing equipment it was necessary to develop a small interface board (LIP-CTRIG)
for reading and control of the board. It was also necessary to develop an excitation
source and interface (ProDAcq-Excite) for testing the response of the board and
firmware to all the possible configurations of the digital data entering the ProDAcq.
A first prototype of CTRIG was designed and produced in the laboratory for func-
tionality tests. However the final version of the interface boards were designed at
LIP, taking into account the constraints imposed by the high frequencies involved,
and produced elsewhere for increased performance. In figure [4.2] a photograph of
the prototype (left) and of the final versions (right) are shown.

The LIP group has also taken the responsibility to design and test the firmware
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for GAW triggering boards. The e-CRLab is prepared to start the test on the boards
as soon as they became available.

The laboratory will have a complete acquisition set, provided by IASF-Palermo,
composed by a PMT, a FEBrick, a ProDAcq and a trigger generation board. This
system will serve as a test bench for a complete test of the acquisition system of
GAW. An optical system to stimulate the PMT pixels and test the response of the

electronics to different configurations of noise and signal is being studied.

4.4 Education

4.4.1 Training programs in Digital Logic

Training programs on advanced digital electronics are being organised in the e-CRLab
for first cycle students within the FCT program to integrate students in research
activities. These activities allow the students to have contact with digital electronics
and FPGAs in the first years of their higher formation. Most programs consist on
the development of a small project that incorporates the use of an FPGA.

One of the projects that already started with a third year student consists on
the development of a display of fluorescence events recorded by the Pierre Auger
Fluorescence Detectors. The display consists on a grid of 440 LEDs, emulating the
FD camera pixels. Each LED will be lighted with an intensity proportional to the
signal recorded by the corresponding pixel. The display will be able to show the
development of the event in the camera in a time scale perceptible to the human
eye. The LED matrix will be controlled using an FPGA development kit. Raw data
from selected FD events will be pre-processed to produce film strips. Each frame
will contain the signal intensity of each pixel in the matrix. This data will then be
loaded in a memory. The FPGA will be programmed to read data from memory
and light up the corresponding LEDs. The system should also have a mode in which
it is shown the integrated pixel signal for an event. One of the open questions still
remaining is the emulation of the full geometry of the camera (hexagonal pixel,
mercedes, support, etc.) due to its complex geometry.

Another project planned is to develop a PC-based digital oscilloscope using an
FPGA and an ADC. For this project the DE2 development kit will be coupled to a
data sampling module that will consist on a signal conditioning stage followed by an
ADC. The FPGA will then have to be programmed to execute the basic functions
of an oscilloscope (acquire ADC data and perform trigger) and communicate the

acquired data to a PC. This project will also introduce students to the techniques
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used in data acquisition systems, namely in the LIP-PAD, a PCI acquisition board
developed by LIP.

4.4.2 Course in digital electronics

In the second semester of 2008/2009 a course in digital electronics named “Projecto
e Controlo em Logica Digital” will start in the e-CRLab. The course will be given
to fourth and fifth year MEFT students from IST that have already a background
on digital electronics.

The course will cover mainly digital systems design using FPGA devices. The
course will use the Verilog HDL for describing and implementing logic designs. Stu-
dents will get acquainted with FPGAs and its programming languages. Logic designs
will be developed and implemented in FPGAs and its implementation and perfor-
mance compared to traditional implementations in bred-board. Students will also
explore advanced functionalities of FPGAs and the techniques used for validation
and performance tests of the solutions implemented. Namely students will learn
how to use simulations and internal and external logic analysers to validate their

designs.
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Chapter 5

Design and implementation of an

autonomous DAQ system

The need to have a simple, low-cost, stand-alone data acquisition system for cosmic
ray experiments led to the development of the LIP-PAD board. The DAQ sys-
tem of ULTRA and TRC were implemented using such boards. A new generation
of LIP-PAD, named LPV3, is being developed in order to increase the acquisition
performance and its autonomy. The LPV3 will have the capability to control exter-
nal hardware, to acquire data by itself and communicate the data through network

protocols.

5.1 LIP-PAD board

The LIP-PAD board was developed at LIP as a joint effort between the groups
working on the ULTRA experiment and on the TRC project. The two main features
characterising this board are:

- sampling, synchronously, analog signals coming from PMTs;

- time tagging the acquired data using an external synchronisation pulse (e.g.
the pulse from a GPS unit).

The board communicates with a PC through the PCI protocol. A brief descrip-
tion of the board and its application in the ULTRA experiment are given in the
next sections. A more detailed description of the board and its functionalities was

presented elsewhere [15].

5.1.1 Board Description

The LIP-PAD board, shown in figure 5.1 has two main functional blocks: The
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Figure 5.1: The LIP-PAD board (version 2).

Analog Acquisition Sub-system (AAS) and the Time Measuring Sub-system (TMS).
The main component of the board is a FPGA where most of the digital electronic

components are implemented.

The AAS performs the digitisation of analog signals. It is composed by six
channels, each having a shaper followed by a 10 bit ADC running at 100 MHz. The
shaper stretches the PMT signal and inverts its polarity as required by the ADC
input. The outputs of the ADCs are directly connected to the FPGA. These signals
are routed internally to the trigger unit and to a buffer memory. A fraction of a
FIFO memory, that is constantly written and read, is used used to buffer the data.
When the triggering condition is met the FIFO memory is filled. In this way the

data acquired will have a pre-trigger and a post-trigger component.

The TMS measures the time between the trigger signal (internal or external) to
an external synchronisation pulse. If this pulse is synchronised to the UTC (as is the
case when GPS signals are used) it is possible to time-tag the trigger signal using
the UTC time. The time measurement is done using a counter and a clock running
at 50 MHz, implemented in the FPGA, and a TDC controlled by the FPGA.

The board has a control unit, responsible for the management of data and oper-
ation, and a PCI client, responsible for the interface with the host computer. The
board is designed so that the FPGA can be programmed by a PROM that will
load its contents to the FPGA when the host PC boots. However the board can
also be programmed using a cable connected to an external PC, making the board

extremely flexible since it can be easily reprogrammed.
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5.1.2 Performance in the ULTRA experiment

The LIP-PAD board was the main block of the DAQ system used for the successful
run of the ULTRA experiment at Capo Granitola, Sicily, Italy. The run setup is
described in section [3.2] and also in [9].

DAQ configuration

The DAQ system was designed to acquire data from different types of detectors used
in the experiment. The signals can be grouped in four different classes: high gain
ETScope PMT signals, low gain ETScope PMT signals, UVScope PMT signals and
Belenos PMT signals.

Each station of the ETScope is equipped with two PMTs that are operated with
different gain settings thus extending the dynamic range of the station. The High-
Gain PMTs can record the signal from low multiplicity events (down to a m.i.p.
signal) while the Low Gain PMTs are able to collect high multiplicity events that
saturate the High-Gain PMTs. The gain settings of the PMTs guarantee that the
two dynamic ranges overlap, allowing to inter-calibrate both PMTs. The lower
threshold and faster response of the High-Gain PMTs makes them suitable to be
used for triggering and for the estimation of the primary cosmic ray direction which
is based on time differences. The synchronisation between the High-Gain PMT
signals is thus crucial. The signals from the UV scope are used to measure the UV
light scattered in the water reaching the detectors. The Belenos detectors are UV
detectors placed in the centre of the array to directly collect the UV light arriving
with the EAS.

Figure 5.2]shows a scheme of the ULTRA DAQ system. In figure[5.3] photographs
of the system on-site are shown. The DAQ system consists of four LIP-PAD boards
configured in a Master - Slave scheme installed in one PC. The signals from the
ETScope PMTs with high gain are connected to one board that acts like the master
board. These five signals, connected to the same acquisition board, are acquired
synchronously. Since all the channels on the board are sampled using the same
100 MHz clock, time differences between them have a precision of 10ns. The signals
from the ETScope PMTs with low gain are connected to the board slave #1. Slave
#2 acquires signals from the two PMTs of UVScope while slave #3 acquires data
from the Belenos PMTs. The master board defines a trigger using the information
from all the five signals of the high gain ETScope PMTs and sends the trigger signal
to the slave boards through a trigger bus. Each slave board receive this signal that

act as an external trigger to the board. Although the acquisition isn’t synchronous
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Figure 5.2: Scheme of the ULTRA data acquisition setup. The ULTRA DAQ con-
sists of a PC with four LIP-PADs working in Master-Slave mode

Figure 5.3: Photographs of the ULTRA DAQ at Capo Granitola. Left: Global view
of the system. Signal cables arrive from the left and are connected directly to the
LIP-PADs. Right: Detail of the four LIP-PADS installed in the acquisition PC.
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Figure 5.4: View of the GUI of the acquisition program from the Capo Granitola
setup. In the figure it is shown the acquisition control menu of the GUI

between the boards, the data is acquired simultaneously within a latency of few tens
of ns. This time latency is sufficient to ensure that the data recorded by all detectors

belong to the same event.

Trigger system

The Trigger system implemented in the master board FPGA has two levels. The
first trigger level consists of a digital threshold applied to the data acquired by each
ADC. The threshold for each channel is defined independently from each other.
The threshold chosen must take into account the baseline value and the noise of the
corresponding channel. The second level trigger is an online logic trigger that can
work, basically, in two modes: single event mode and shower mode. In the single
event mode a first level trigger from any of the active channels causes the system
to issue a trigger signal. In the shower mode coincidences between stations are
searched. A first level trigger in a channel opens a time window defined by the user.
During this time window each first level trigger signal sets a latch. At the end of
the window the number of positive latch outputs give the number of channels with
signal above the threshold value during the time window. This number is compared
with the required number of coincidences and a second level trigger is issued if the

condition is met. At the end of this process the latches are reset.

DAQ software

The DAQ software was implemented in LabView using a PCI driver developed at
CERN [19]. The LabView GUI communicates with the LIP-PADs by reading and
writing its registers mapped to the PCI memory space. Figure illustrates the
main screen of the GUI. The GUI allows the user to select the board to be used

as master and the boards to be used as slaves, the threshold levels, the trigger
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parameters, the file to store data and the number of events to be acquired. When
the user starts an acquisition all the boards are programmed with the parameters
chosen prior to the start of the acquisition. When the acquisition starts the GUI
starts a process of polling to check if the master board has triggered. In this case
all the four boards are read and then reset. During the acquisition the user has the
possibility to view, in a graphic window, the data acquired by the system. Acquired

data is saved in a binary file for offline analysis.

Signal reconstruction

The signal time and charge collected are estimated from the data acquired by the
LIP-PAD which consists on a set of signal voltage samples taken in 10 ns intervals.
The signal time and collected charge can be estimated directly from the data as,
respectively, the time corresponding to the first sample that is above the threshold
and the sum of all samples. A more sophisticated approach involves fitting an
empirical parametrisation to the data and use the fit result to estimate the signal

parameters. The data is fitted to an empirical parametrisation of the form
V(t)=C.eat o’ (550)

where C' is the peak amplitude, w is a shape factor, ty is the initial time of the
signal and A is the rise time of the signal. The fit to the data is performed leaving
all these parameters free. The signal time is evaluated using a constant fraction

discrimination set at 20%. The time is then given as

1/2
too = to + A - ¢~ (27 10g(5))

The collected charge is proportional to the integral of the signal and can be evaluated

as
Qm/V@ﬁJﬂAuw&wJﬁ

A sample pulse acquired by the LIP-PAD is represented in Figure The plot
represents the signal amplitude in ADC units versus the time in 10 ns units. The
baseline of the channel has been subtracted from the data. The solid line represent

the fit result to the empirical formula.
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Figure 5.5: A sample pulse from one DAQ channel is showed. The plot represents the
signal amplitude in ADC units versus the time in 10 ns units. A fit is superimposed
to the data. See text for details.

Calibration

The calibration of each scintillator was performed by measuring the Vertical Equiva-
lent Muon (VEM) signal of each scintillator. First, the high voltage power supply of
the low gain photomultipliers was raised so that the two PMTs of each station have
the same gain. Data acquired in this mode is represented in figure [5.6| where the
integral of each recorded pulse for PMT?2 of station 1 is plotted against the value for
the PMT1 of the same station. The distribution of the collected charge in single ac-
quisition mode for both PMTs of station 1 is shown in figure where the pedestal
peak in the lower part of the spectrum followed by the single particle spectra is
clearly seen. The pedestal, due to uncorrelated noise, was suppressed imposing a
coincidence trigger between the two PMTs as shown in figure [5.8] The value of the
integrated pulse corresponding to the most probable value for the deposited charge
in a PMT, when a single particle crosses the scintillator, was taken as the VEM
calibration constant. This constant allows to convert the collected charge in the

equivalent number of particles crossing the detector.
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Figure 5.6: Plot of the integral of recorded pulses for PMT2 versus PMT1 in ADC
units. The HV was adjusted so that the gain of both PMTs is the same.
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Figure 5.7: Distribution of the integral of acquired pulses in single acquisition mode
for both PMTs of station 1. The gain of the PMTs is set to be equal.

62 25/11/2008



5.1. LIP-PAD BOARD

frequancy

fr equensy

Integrated Pulse (ADC unit) tntegrated Pulse (ADC una,

(a) SC 1, PMT 1 (b) SC 1, PMT 2

Figure 5.8: Distribution of the integral of acquired pulses in coincidence acquisition
mode for both PMTs of station 1. The gain of the PMTs is set to be equal.

Data runs

The data run lasted for seven months from spring to winter 2005. The setup worked
for ~ 309 h and a total of 5682 events were acquired. From these 216 have signal
both in the ETScope and in the UVScope. The data analysis of the collected data is
described in [21]. An example of a “golden” event is shown in figure[5.9 Each graph
shows the signal amplitude recorded by the DAQ system, in ADC units, versus the
time in 10 ns units. The top graph shows the signal for High Gain PMTs where the
saturation of most PMTs is visible. The middle graph shows the Low Gain PMTs
signals where no saturation is visible. The bottom graph shows the data collected
for the UVScope and Belenos. In every graph the expected time of arrival of the
light at the UVScope is marked with a vertical dashed line. Tt can be seen, in the
bottom graph, the good agreement of the collected signal by UVScope with the

expected time of arrival.

In previous runs of the experiment a similar system based on LIP-Pads has
been tested in comparison with a traditional one based on CAMAC and NIM [I5]
reproducing the results from the CAMAC system with the benefit of lesser satura-
tion. The experiment gained also the sampling of the signals in time which was not
possible with the NIM-CAMAC system. This feature was essential to discriminate
particle and diffused Cherenkov light signals in the UVScope. The system proved

to be efficient and reliable contributing decisively to the success of the experiment.
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Figure 5.9: A sample event recorded by the LIP-PADs. Each graph shows the signal
amplitude in ADC units versus the time in 10ns units. (a) shows the signals recorded
from the High Gain ETScope PMTs; (b) shows the signals from Low Gain ETScope
Photomultipliers; (c¢) shows the signals from Belenos and UVScope Photomultipliers.
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Figure 5.10: Scheme of the DAQ and control system installed in each station of the
TRC project.

5.1.3 Application in the TRC

TRC is a network of cosmic rays detectors installed in ten high schools operating
independently [43]. Each of these detectors has a DAQ and control system, illus-
trated in figure [5.10, that consists of a LIP-PAD installed in a PC. The system
controls the HV power supplies through an 12C link. The 12C protocol is emulated
using the parallel port of the acquisition PC. The GPS communicates with the PC
by an RS232 link connected to the serial port. The PPS signal from the receiver is
connected directly to a digital input of LIP-PAD. Each PMT signal is connected to
an analog input of the LIP-PAD.

The detector is usually placed in the roof-top of the school while the DAQ system
is placed in a room with restricted access. Thus, the detectors have a large separation
from the DAQ and control system. The cabling of one TRC station comprises 3
signal cables, one for each PMT, a PPS cable, a RS232 cable, an 12C cable and one
for 12V power supply. The distances involved in cabling are quite large, of the order
of 100 m.

The main problems that arose in the TRC DAQ and control system are related
with the time-tagging and the operation system stability and robustness. The prob-
lems in time-tagging derive from the performance of the DA(Q PC that manages
the TMS and the GPS. The time-tagging system requires that the time information
stored in the LIP-PAD is combined with the GPS information received by RS232.
The PC must also read and reset the timing registers of the board. Due to the high
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load of the DAQ polling process some times these operations are not performed
within the necessary time causing the time-tagging system to fail.

Operation stability and system robustness of the TRC needs to be improved.
Problems in the DAQ PC are common. Problems in cabling are also an issue to be
addressed. The long distances involved complicate the system debugging, namely

for cable testing

5.2 LPV3 (Lip-Pad Version 3)

A new DAQ board is being developed. This board is designed to be a complete
DAQ and control system, thus eliminating the need for a DAQ PC, for small cosmic
ray experiments that use up to six photomultipliers. Although inspired by the LIP-
PAD board it is designed from scratch since all the elements have changed and some
were added. This is reflected in the name LPV3 that derives from the acronym -
LIP-PAD version 3.

5.2.1 Requirements

The LPV3 has evolved from the LIP-PAD board. LPV3 must improve the per-
formance of the LIP-PAD. Namely it has to meet two main requirements: operate
in an autonomous way and improve the signal reconstruction with respect to the
previous version. It is also expected that the new design will increase the maximum
acquisition rate of DAQ systems based in the LPV3.

LPV3 is designed so that it can operate without being installed in a PC. In this
case the control and read-out are performed using a network connection. In order
to be a full DAQ and control system, the LPV3 must also control other hardware
devices. Typically, Cosmic rays experiments use PMTs, High Voltage power supplies,
GPS systems for synchronisation and weather stations that need to be interfaced by
the LPV3. For this purpose standard protocols will be implemented (RS232, 12C).
A general purpose Input - Output bank is foreseen so that other protocols can be
implemented.

The communication through network and the ability to control other hardware
implies that the LPV3 has processing capability and storage. This will be accom-
plished with the use of an embedded processor in the FPGA and an external memory.

The second main objective is to improve the estimation of each signal parameters:
time and collected charge. This issue is addressed in two ways: (i) the sampling

frequency and resolution of the ADC will be increased in LPV3 and (ii) the analog
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Figure 5.11: LPV3 block diagram

input stage will be redesigned so that the output signal of this stage will have
a predefined shape and duration in response to a fast PMT pulse. The shaping
parameters result from a compromise between having enough samples for the fitting

procedure and the loss in time accuracy.

5.2.2 Design Options

The new LPV3 board will be implemented following the design requirements ex-
pressed in the previous section. Figure shows the block diagram of LPV3. The
main blocks of LPV3 are: programming interface; processing; analog acquisition;
hardware control; network interface; PCI interface. The implementation of these
main blocks will be discussed in the next topics. The core piece of the board will be
the Altera Stratix FPGA[4] that provides sufficient resources to implement all the

digital electronics of the board working at the required frequency.

Programming interface

The FPGA of the LPV3 will be able to be programmed using a cable connected
to an external computer or by a memory. When the memory is used, the data
contained in the memory will be transferred to the FPGA when the board is reset.
The memory is non volatile and can be reprogrammed using the external cable.
This scheme will give total flexibility to the board. A stable configuration can be
loaded in the memory, development firmware can be tested by reprogramming using
a cable and the updates to the board firmware will then be performed by simply

reprogramming the internal memory.

25/11/2008 67



CHAPTER 5. DESIGN AND IMPLEMENTATION OF AN AUTONOMOUS
DAQ SYSTEM

Processing

The imposed requirements forces the board to have processing capability. This will
be achieved by implementing a NIOS processor in the FPGA. The board must be
able to run acquisition software and to store the acquired data before sending it
through network. A flash memory will be installed to store both the acquisition
program and the acquired data. Flash memory was chosen because it is non-volatile

and thus the acquisition program will be saved even without power.

Analog acquisition

The analog acquisition block is an essential part of the system and it is the one with
more pressing requirements. As it can be seen from the block diagram (figure
this block is composed by six analog acquisition channels. In each channel there is
an analog input stage followed by an ADC. The design of the analog input stage is
not finalised as some of the solutions need to be tested in hardware. A prototype
of LPV3 will be made with no signal conditioning stage. Instead the board will
have a connector with the input, output and power lines. The signal conditioning
stage will be then implemented in separate boards that will connect to the LPV3.
In this way the different solutions will be tested. It is still to decide if the signal
conditioning will be incorporated in the final version of the board or if the connector
will be maintained. In this case the boards can be customised with different shaping
and amplification circuits. However the connector might introduce more noise in
the analog channels than a standard solution and the final design requirements is

pending on the good performance in the prototype tests.

Hardware control

The board will be able to control several hardware. The LPV3 will have two RS232
connections, one 12C bus and an input line for the synchronisation signal. The GPS
unit will be controlled by RS232. It is under study the possibility to embed the GPS
in the LPV3 using a matching connector to the Motorola m12+ family of GPS. The
free pins of the FPGA will be used as general purpose 1/0. These 1/0 lines will be
grouped in a generic connector. Several protocols can be implemented afterwards
in the firmware. A connector box will allow to interface the different connectors of

the protocols implemented.
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Communications interface

The LPV3 will communicate both by PCI and by ethernet. The implementation of
the PCI will follow very closely the implementation of this protocol in the LIP-PAD
using the standard 32 pin 33 MHz PCI. The ethernet communication has already
been tested in development kits from Altera that include this protocol. In the kits
the NIOS and a driver for the implemented hardware was used. The hardware
implementation in the LPV3 will then be inspired in this design and will use the

same ethernet controller chip.
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Chapter 6

Design and implementation of trigger
algorithms in single photon counting

systems

In this chapter it is presented the work develop in Data Acquisition systems for
detectors using the Single Photon Counting Technique with emphasis on the GAW
project. More specifically it is reported the work on the trigger system and the

development of firmware for the GAW electronics.

6.1 Single photon counting systems

The Single Photon Counting (SPC) is a well established technique for the detection
of very faint light pulses [39]. The front-end electronics based on the SPC technique
is very simple and usually makes use of amplifiers and comparators to transform
analog signal pulses in digital pulses by setting a threshold. This technique is very
effective [2] in terms of stability, detection efficiency and signal to noise ratio, on
the condition that pulses are properly resolved within the maximum frequency of
the system. Unlike the charge collection technique, in which the analog signal is
digitalised, there is no information about the amplitude of each signal. Consequently
if several signal pulses arrive within the time resolution of the system they will pile-
up and the system will only count one photon. The phenomenon is usually named
photon pile-up and is related with the saturation of the system.

The SPC technique is suitable for the instrumentation of the focal surface of a
detector if the signal will not produce pile-up. This can be achieved by lowering the

pixel size, and thus increasing the number of pixels, and by increasing the acquisition
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frequency. The use of such simple electronics allows for the use of a very high number
of acquisition channels with very good time resolution.

The triggering system of such detectors using the SPC technique are usually
implemented with several levels. The first trigger level can be considered as the
threshold applied to the analog signal. Higher trigger levels include the definition
of a minimum number of detected photons at a given pixel, and algorithms that
analyse the characteristics of the signal. The top level triggers analyse the pattern
produced in the pixels, the number of photons detected, and its evolution in time
allowing to eliminate the random and uncorrelated background events.

An analog acquisition system, with the same performance, would increase the in-
formation collected and thus represent a better DAQ system. Such system could be
implemented using an integration ADC with a small gate defined from a fast thresh-
old, by a flash ADC running at high frequency or by a peak-sensing ADC. However
such solutions represent an enormous increase in the price and power consumption
per channel. The design of an acquisition system will have to make a trade-off be-
tween the acquired information per channel and the number of acquisition channels.
The performance of similar Imaging Atmospheric Cherenkov telescope layouts, using
different approaches for the front-end electronics, has been studied and compared
at the level of the trigger efficiencies and energy thresholds in [22]. The results ob-
tained clearly favours the option for a focal surface with high pixelisation using the
Single Photon Counting technique.

The Single Photon Counting Technique was adopted for the EUSO detector.
EUSO is basically an UV telescope with a highly pixelated focal surface and aims
to detect the fluorescence light from cosmic rays showers in the Earth’s atmosphere.
The high number of channels, the low light level produced by cosmic rays and
the constraints imposed to space based experiments in terms of power, weight and
telemetry led EUSO to adopt the Single Photon Counting Technique for the instru-
mentation of its focal surface.

In the focal surface of EUSO an Extensive Air Shower is imaged as a spot whose
intensity and position evolves with time producing a track. High energetic shower
events are clearly distinguishable from the background and a simple signal persis-
tency trigger can be used. For lower energetic events (< 10?2 eV) the signal to noise
ratio is reduced and the detection of the signal must rely on the identification of
its properties, namely the space-time patterns, that differ a lot between events and
background.

The EUSO trigger has been designed to provide a good discrimination of shower

events from the background for energies as low as possible (~ 5 - 10 eV). An analog
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Figure 6.1: Simulated Shower in ESAF

threshold is used for the definition of the single photon pulses. The pulses are
counted in a time window and a digital threshold is used to define an active pixel.
The second trigger level is a contiguity trigger that identifies the pattern of a cosmic
ray in the focal surface of EUSO. The trigger is performed online and searches for
a continuity of a line in time. This is done with very simple electronics searching if
in consequent time frames there are adjacent pixels with signal. Such scheme can

be implemented using very simple electronics. The triggering system is described in
detail in [20].

The triggering system simulation was firstly studied using IDL at Palermo [20].
It was implemented in the Euso Simulation and Analysis Framework (ESAF)[44] [52]
at Lisbon and a first validation of the simulation was performed and reported [16].
Figure 6.1 represents a simulated shower using ESAF that met the trigger condition
as implemented in the simulation. In the context of the study of cosmic ray space
detectors, the performance of the detector was assessed, using ESAF, in more detail
in [51].

Unfortunately external conditions prevented EUSO to advance to the phase B
of the project, although phase A was concluded successfully. During phase B the
detector system was to be refined and the concrete implementation of its electronics
system designed. The triggering system was to be studied more in depth, its param-
eters fine tuned and its implementation designed taking into account the constraints

imposed by the electronics system foreseen.

The same approach of EUSO was applied in the context of an Imaging Atmo-
spheric Cherenkov Telescope with large Field of View capability - the Gamma Air
Watch (GAW) project. The DAQ and triggering system of the telescope, where the
LIP group has taken particular responsibilities, will be discussed in the following

section.
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Figure 6.2: Artist view of the GAW Focal surface

6.2 Data acquisition and trigger in the GAW exper-

iment

GAW, described in section [3.3], is a wide field of view Imaging Atmospheric Cherenkov
Telescope. GAW uses an innovative approach for the collection of Cherenkov light
generated by EAS, in particular the Single Photon Counting Technique to acquire
light signals.

6.2.1 Requirements

The GAW electronics has been designed to fully match the specific requirements im-
posed by the new proposed approach. A large number of active channels constitute
the focal surface of the GAW telescope making it basically a large UV sensitive dig-
ital camera with high sensitivity and time resolution. The GAW electronics design
is based on single photoelectron counting method [22](front-end) and free running

method (data taking and read-out)

6.2.2 Electronics Layout

GAW Focal Surface Detector, represented in figure [6.2] is formed by an array of
Multi-Anode Photo Multipliers (MAPMTs) coupled with the electronic instrumen-
tation, UVIScope (Ultra Violet Imaging Scope), capable of conditioning, acquiring
and processing, at a high rate, a large number of high speed pulse signals.

The UVIScope is built as a modular system, the elementary unit being a Macro-

cell. The Macrocell, represented in figure [6.3] is composed by four MAPMT, four
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FEBrick units, four ProDAcq and HV, LV and control boards. At the bottom of
each Macrocell we can find a Trigger board. Each Macrocell unit can operate in-
dependently. A simplified scheme of a Macrocell unit is shown in figure [6.3] When
inserted in the UVIScope the Trigger boards communicate with the adjacent ones
and the control boards communicate with an external control board. The configura-
tion, monitoring and read-out of the system will be performed through the external
control board. The Macrocells will be mounted in a mechanical structure coupled to
the Telescope body. In figure [6.4] it is represented the focal surface in its mechanical
structure for the phase I and phase 11 @ of the project.

In the Phase I, a reduced focal surface, composed by 8 x 8 MAPMTs, will be
used, covering a FOV of 6° x 6°. During this phase it is foreseen that the focal
surface will be moved to different positions in order to test the performance of the

telescope at off-axis angles up to 12°.

In the Phase IT the whole focal surface will be covered by 1600 PMTs, arranged
in a grid of 40 x 40, providing a field of view of 24° x 24°. In order to minimise
the effect of the optical aberrations the Macrocells height will be adjusted so that
the MAPMT array will follow, as close as possible, the curvature of the ideal focal
surface, as can be seen in figure [6.4(b)]
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(a) Phase I (b) Phase IT

Figure 6.4: GAW Focal Surface

MAPMT

The MAPMT used for GAW Focal Surface Detector is the Hamamatsu mod. R7600-
03-M64 with 64 anodes arranged in an 8 x 8 matrix. The physical dimension of the
tube section is 25.7 x 25.7mm? (minimum true area is 18.1 X 18.1 mm?), with length
of approximately 33 mm and weight of 30 g. Each pixel has a size of 2 x 2 mm
separated by a pitch of 0.3 mm. The crosstalk between pixels is 2 % and the anode
dark current is 0.2nA. The Phototube has a transit time of 10.9ns with a spread of
0.3ns. The output signal has a rise time of 1ns. The tube is equipped with a bialkali
photocathode and a 0.8 mm thick UV-transmitting window, ensuring good quantum
efficiency for wavelengths longer than 300 nm, with a peak of 20% at 420 nm. The
device has a Metal Channel Dynode structure with 12 stages, providing a gain of
the order of 3 - 10° for a 0.8 kV applied voltage.

FEBrick

The front-end electronics of GAW is realised in a modular way. The blocks that
compose the Front-End are called the Front-End Brick - FEBrick (Figure[6.5|). The
FEBrick is designed for a single MAPMT, implementing the front-end electronics
for 64 anodic channels, working in single photon counting mode, and the last dynode
signal that will be acquired as a high speed integration channel. The FEBrick also
provides the HV power supply to the MAPMT and monitors the temperature.
The FEBrick develops on axis along the bottom of the MAPMT as an appendix
of identical section (25.7 x 25.7 mm?) with a length of ~ 85mm, that allows placing

units side by side. Each FEBrick unit is connected, through a socket visible in figure
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(a) with socket visible (b) with PMT installed

Figure 6.5: Photographs of a FEBrick unit.

6.5(a)] to the bottom of the MAPMT. In this way, the MAPMT is placed in a close
contact with the input of the amplification channels in order to preserve the anodic

signals.

A FEBrick is composed of 8 parallel boards, each implementing the electronics
for a line of 8 pixels of the MAPMT. Figure represents one of these boards
and the chain of the front-end electronics for each anodic channel. Each channel is
composed by a fast amplifier and a 7 ns accuracy discriminator channel for Single
Photon Detection. The amplification channel is equipped with an amplifier of 1 GHz
bandwidth, at unitary gain, and 5500 V/us slew rate. The Amplifier gain is set to
G = 10 (obtaining a 320 MHz bandwidth) to increase sensitivity and detect very
small signals. The discrimination is performed using a comparator with 100 MHz
input frequency and 4ns propagation delay. The reference voltage of the comparator,
that acts like the discrimination level, is generated by a 12 bit DAC and ranges from
0 to +250 mV in ~ 60 uV steps. The discrimination level for each channel is set
individually allowing to both equalise Input Offset Voltage differences between the
discriminators and gain differences between the 64 anodes.

On the lateral sides of the FEBrick there are two boards in which the High
Voltage Power Supply, the last dynode Front-End electronics and the Front-End
management are implemented.

The Front-End electronics for the dynodic channel, operating as charge inte-
grator, is equipped with a FET amplifier of 145 MHz bandwidth at unitary gain,
180 V/pus slew rate and 2 pA input bias current.

The FEBrick provides also the HV power supply to the MAPMT through a low
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Figure 6.6: A module of the FEBrick showing the front-end scheme for an anodic
channel.

power active high voltage divider. Two separate high voltage lines are provided:
the first line supplies directly the last dynode and the second one supply the other
dynodes through a low power active divider.

A temperature sensor detects FEBrick unit average temperature and outputs a
direct digital value to provide thermal conditioning management. The temperature
sensor can operate in the range of —35 to +85°C with an accuracy of £1°C.

The FEBrick power consumption is about 10 W. A side-by-side assembling of
many FEBrick units should need adequate thermal conditioning.

All FEBrick units, required for the whole focal surface, are placed together on the
top of a backplane while on the bottom are placed the ProDAcq units. Backplane

is in charge to connect FEBrick unit signals to the relevant ProDAcq units.

ProDAcq

The ProDAcq (figure unit is internally managed by a reprogrammable FPGA.
Figure shows a simplified scheme of the ProDAcq, its operation and relation with
the other components of the system. The ProDAcq samples the digital information
from the 64 anodic channels with a frequency of 100 MHz and calculates the number
of pixel-on. This information is then passed-on to the associated Trigger Generation
board. Upon receiving a Trigger Strobe from the Trigger Generation board, the
ProDAcq saves the event information in a memory. Digital signals are recorded

inside three memory banks for 192 Kword storage capacities.

78 25/11/2008



6.2. DATA ACQUISITION AND TRIGGER IN THE GAW EXPERIMENT

Figure 6.7: The ProDAcq Board
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Figure 6.8: Simplified scheme of the ProDAcq board, its operation and relation with
the other components of the system.
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The ProDAcq is also responsible for the digitisation of the last dynode analog
signal through two ADCs that sample the signal, one with a sampling frequency
of 80 MHz and a resolution of 14 bits, the other with a higher acquisition rate of
210 MSPS but a lower resolution of 12 bits. In this way, the input analogue signal
may be sampled so fast and accurately according with the wiring combination of
two ADC converters respectively running in AC and DC mode.

The ProDAcq units also sample an internal temperature sensor, signals alarm
conditions and allow access to the event memory for the read-out of triggered events.
The ProDAcq will also register the sky image seen by the PMT pixels, which is
recorded as the number of counts in each second for each pixel.

ProDAcq units are inserted on the bottom of backplane through which receive
the signals of the relevant FEBrick units and are terminated on a Trigger Generation
Board equipped with Trigger and Timing Synchronisation devices, instrumentation

management, power supply and external host interface.

Trigger Generation Board

The trigger generation board is responsible for the generation of local trigger signals.
The DAQ system of GAW have an array of these boards, each connected directly to
four (2 x 2) ProDAcq boards and to their neighbours. Trigger generation boards are
composed, basically, by an FPGA that receives the number of active pixels from four
ProDAcgs, receives and sends data to their neighbours and evaluates if the trigger
conditions are met for the set of information available. If the condition is met the
board will issue a trigger signal that, when validated, will cause the ProDAcq boards

to save the event information for later retrieval.

6.2.3 Trigger system concept

The main requirement of the GAW trigger system is to be able to have a good
efficiency at the lowest possible energy, keeping a high rejection power of the back-
ground, dominated by the Night Sky Background (NSB).

The Cherenkov signal will produce an image in the camera that adds up to the
background. Since the focal surface is highly pixelated this excess light is translated
directly in an excess of the number of activated pixels. The GAW triggering system
relies on the detection of an increase in the number of activated pixels in a region of
the focal surface. More specifically the system is a majority trigger that will search

for, at least, a defined number of activated pixels in a square of £ x k pixels.
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The noise counting rate, n, of each telescope can be calculated knowing the aver-
age value of the background and applying the optical and geometrical characteristic

quantities of the telescope. For an individual pixel n is then calculated as

n = <B> . A . Qpiz . At * Etotal

where (B) is the average value of the Night Sky Background, A is the collecting
area of the telescope, €1, is the solid angle subtended by one pixel, At is the time
interval of a Gate Time Unit (GTU) and €044, the global efficiency of the telescope.
The option for a highly pixelized focal surface running at a high acquisition rate
(100 MHz) makes the pixel solid angle and the Gate Time Unit (GTU) small, thus

minimising the noise in each pixel.

The average value of the Night Sky Background was measured [23] in a clear

moonless night and its rate is estimated by

B) = 2200 photons - m ™ ?ns tsr~!
(B) p

For GAW A = 3.5m?, Q;, = 2.3 x 107%sr, At = 10 ns and 410 = 0.06[23].
With these parameters the mean noise counting rate, per pixel, is estimated to be
n ~ 0.01 photoelectrons/pixel/GTU. The number of photoelectrons in each pixel
and in each GTU then fluctuates according to a Poissonian distribution with a mean
value of 0.01.

The Cherenkov signal is an intense and fast light pulse which produces an in-
crease, during a short time (< 10 ns), in the number of pixels with signal in a small
region of the focal surface (0.5° x 1°). The concept of the GAW trigger system is to
search, online, the whole focal surface for an increase in the number of pixels-on in

predefined regions large enough for the signal to be contained inside.

6.2.4 Trigger system design

The GAW trigger system is designed to work in three levels. The first trigger level
defines a pixel-on. The second trigger level searches the focal surface for an increase
of pixels with signal. The third trigger level validates the second level triggers and
signals the region of interest of the focal surface to be read. Each level is implemented
in different parts of the GAW DAQ electronics described previously.
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First Trigger Level

On the first trigger level the signals from the PMT pixels are subjected to a simple
threshold and are transformed into digital signals. A pixel-on is defined here as a
pixel which has a signal greater than the set threshold.

The first trigger level is implemented on the front-end electronics (FEBrick),
namely as a fast discriminator. The specific detail of the electronics of this trigger
is described in

The thresholds are set independently for each front-end channel, taking into
account differences in gain and amplification. The threshold is set below the single
electron response of the pixel and above the electronics noise of the amplification
chain, initially in the laboratory and are afterwards adjusted on site by means of a
calibration run of the telescope.

After this first trigger level, the signal recorded in each of the 64 pixels of one
PMT is transformed into 64 logic signals indicating the pixels that have signal. This

information is passed directly to the second trigger level.

Second Trigger Level

The second trigger level, the core of the trigger system, searches for an excess on the
number of pixels-on. This trigger level scans the digital information received from
the first trigger level and searches the focal surface, online, for a given number of
pixel-on inside all possible trigger-cells (squares of 2 x 2 PMTs). The second level
trigger is digital and as such can be implemented in FPGAs. Due to its complexity
and high number of channels involved, it is implemented in the ProDAcq boards
and in the Trigger Generation boards.

The FPGA in the ProDAcq board receives a digital information about the indi-
vidual state of the 64 anodic channels of the associated MAPMT and calculates the
total number of pixel-on which is then passed to the Trigger Generation board to
which the ProDAcq is connected to.

Each Trigger Generation board receives the number of Pixel-on from four Pro-
DAcqgs and is connected to their neighbour trigger generator board so that informa-
tion essential for the generation of a local Second Level Trigger can be shared.

The trigger algorithm, implemented in the FPGAs of the Trigger Generation
boards, works online in a pipeline with three steps. On the first step, each FPGA
receives the number of Pixel-on from the four ProDAcq attached to it. On the second
step it transmits information about relevant PMTs to its neighbour FPGAs on the

right and on the bottom, receiving data from the top and left neighbours. This
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communication scheme allows for each FPGA to have access to the number of pixel-
on for a set of 3 x 3 PMTS. On the third step each FPGA will search for a number
of pixel-on greater than a programmable value in all possible trigger-cells with the
information available to that FPGA. If this condition is met a second level trigger
is generated and passed to the third trigger level. With this scheme implemented
the whole focal surface can be searched for the trigger-cells that meet the trigger

condition.

The timing for the triggering system is critical. since the chain of operations
must always take the same predetermined time so that the pipeline can work and

the triggering data can be recovered from memory and saved.

Figure represents this trigger scheme with an example of a focal surface of
6 x 6 MAPMTs. This corresponds to having a grid of 3 x 3 Trigger Generation
Boards. The first step of the pipeline is represented in figure In the right
bottom corner it is indicated the representation of a MAPMT and of a Trigger
Generation board FPGA. In each FPGA S, ;, represents the sum of pixels-on of the
(1, k) MAPMT, i.e., the sum of the total number of pixels-on of the MAPMT located
at the row ¢ and column k. It is seen that each FPGA receives these values from
the four MAPMT underlying it. For instance, the central FPGA receives, from
the ProDAcqs, the values Ss3, Ss4, Ss3 and Sy4. In a second step the FPGAs
communicate with their neighbours. Taking again the central FPGA, it receives
from the top-left neighbour the value Sy, from the top neighbour the values Sj 3
and So4 and from the left one the values Ss, and Sso. At the same time, this
FPGA passes to their right, bottom and bottom-right the values S3 4, Sy 3 and S 4.
This process is represented in figure [6.9(b)] In the end of this process the FPGA
has information from a grid of 3 x 3 MAPMTS. In the third step of this trigger
algorithm, also represented in the figure, the FPGA evaluates the total number of
pixel-on for the four possible groups of 2 x 2 MAPMTs denoted by:

SA = S33 4+ S34 + Sa3+ Sau

S = S2.3 + So4 + S33 + S3.4

Sc = S32 + S33 4+ Sa2+ 543
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Figure 6.9: The second level trigger scheme.
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Sp = S22+ 523+ S32 + S35

If any of Sa, Sg, Sc¢ or Sp is higher than the predefined threshold this FPGA
issues a second level trigger signal.
The scheme exemplified is easily extended, for the whole focal surface, bearing

in mind that the FPGAs in the edges don’t communicate with some neighbours.

Third Trigger Level

In the third trigger level, the highest level in the GAW triggering system, the second
level triggers are validated and a region of interest of the focal surface is defined to
be read by the Data Acquisition system.

The third trigger level will be implemented on a FPGA that receives data from
the second level trigger, i.e. from all the Trigger Generation Boards. Several modes
can be implemented in this trigger level since the FPGA can be reprogrammed at
any time.

In the basic mode a second level trigger in a GTU causes the whole focal surface
to be read-out.

In order to reduce the used bandwidth, the third trigger level will have a mode
that defines a Region Of Interest (ROI) to be read. The simplest algorithm is to
define the ROI as the trigger-cells that produced a trigger and its neighbours. The
number of neighbour trigger-cells to be read will be chosen to ensure that all the
information belonging to an event is read. More sophisticated algorithms, including
the rejection of specific noise patterns, may be implemented at this level.

In the final GAW configuration with three telescopes, a global event tag may be
required. For this purpose it is foreseen that one of the telescopes can act as a central
unit, receiving the third level trigger information from the other two telescopes. A
temporal coincidence between the telescope triggers will be then performed and a

global stamp will be issued and distributed.

6.2.5 Trigger expected performance

The triggering system performance is characterised by the capability to reject back-
ground events and by the efficiency for the selection of real events. To evaluate
the trigger performance Monte Carlo simulations were developed at Palermo and at
Lisboa.
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Figure 6.10: The GAW simulation Framework

At Palermo an IDL based simulation of the telescopes was used mainly to define
the baseline design of the GAW telescopes. Background events were generated
directly in IDL while gamma shower events were generated using CORSIKA [35] and
the electronics and trigger were simulated afterwards in IDL. The specific details of
such simulation are reported in [22]. A more exhaustive study on GAW performance
[41] was made using CORSIKA and a custom program developed in Fortran that
parametrises the lens response and simulates the Focal Surface and electronics.

At Lisboa, a global simulation framework for the GAW project was developed|43].
This framework defines the flow and the interfaces of the various programs and
modules used to perform an end-to-end simulation of GAW. Figure [6.10| shows the
structure of this framework. To assess the trigger performance the electronics and
trigger simulation modules were implemented in the general framework using C+-+
and the ROOT toolkit. These modules allowed to perform detailed cross-checks and
provided an important tool for the study and development of trigger algorithms and

its implementation in the firmware.

Electronics simulation module

The electronics simulation module is a basic simulation of GAW electronics, includ-

ing the noise generation due to the Night Sky Background and the simulation of
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the first trigger level. The focal surface, in this module, is composed of 80 x 80
pixels, corresponding to the focal surface of the first phase of the GAW project.
The interface with GAW framework is performed through the file “Photons at pix-
els” generated by the Telescope Simulator which contains the information of each
photon arriving at MAPMT the pixels. This information is read by the module and
then a two dimensional histogram is produced. FEach bin of this histogram represents
a pixel. Each photon is assigned to a bin, taking into account the PMT efficiency. A
random number is uniformly generated between 0 and 1 and the photon is accepted
if the value is lower than the efficiency factor. Thus each bin hold the number of
collected photons. In this module the Night Sky Background (NSB) is introduced
by generating for each pixel, and for each event, a random number following a Pois-
son distribution. The mean value of this distribution, (B), represents the average
number of photo-electrons collected in that pixel due to the NSB and is chosen by
the user, having a default value of 0.008 p.e./pixel/GTU.

For the purpose of this simulation it was assumed that the photomultiplier and
the electronics don’t introduce noise above the threshold of the first trigger level
and that the first trigger level would operate with full efficiency for the detection of
single photo-electrons. Thus if the number of photo-electrons in a pixel is greater
than or equal to one the pixel is considered as a pixel-on. The output of this module
consists of a pixel-on image of the focal surface.

A more detailed implementation of the first trigger level can be performed as-
signing a probability for the detection of the single photo-electron. Electronics noise,
above the first trigger level threshold, can also be introduced at this level using the
outlined scheme. It is planned to implement a more detailed description of the signal

processing chain to be included in the general framework.

Second trigger level simulation module

The trigger module implements the simulation of the second level trigger. As de-
scribed in section [6.2.2] this trigger level looks for an excess of pixels-on in trigger
cells. These trigger cells are coded in the module, defining the pixels that constitute
the cell. For each pixel-on image, a loop is performed in the trigger cells and, for
each one, the total number of pixels-on is calculated. The module outputs the max-
imum number of pixels-on in a trigger cell. A simple comparison with the second
trigger level threshold can be performed afterwords to get a decision on the trigger
of the simulated event.

Using the framework, and the developed modules, the rejection power of back-
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Figure 6.11: Image of GAW focal surface for a noise event. Each black square
represents a pixel-on. The event was generated with a background level of (B) =

0.008 pe/pixel/GTU

ground and the efficiency for gamma events were studied and will be discussed in

the following paragraphs.

Fake trigger rate estimation

Noise events were generated by simulating the pixel-on image formed in the Focal
Surface due to the Night Sky Background. Figure shows an image of the
Focal Surface produced by a typical noise event produces for a background level of
(B) = 0.008 pe/pixel/GTU. In the image, the pixels-on are represented by black
squares. Each event corresponds to the information present in the focal surface at
each GTU of 10 ns. The output of the trigger simulator was used to increment a
vector of the number of triggered events for several second trigger level thresholds.
This vector holds thus the number of triggered events for the second trigger level

for each threshold level. The fake trigger rate at this level, 7, is calculated as

_ N. Triggered events 1

"~ N. generated events Atgry

where Atgry is the sampling period of the system.
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Figure 6.12: Fake trigger rate of a GAW telescope versus the second trigger level
threshold. The different lines represent the fake trigger rate for several levels of
background, (B) as indicated in the legend.

The errors of the fake trigger rate, ¢, were computed according to [53] as

E+1)(k+2) (k+1)° 1

(n + 2) (’fl + 3) (n -+ 2)2 ‘ AtGTU

o
3
Il
_—
—

where k is the number of events that meet the trigger condition and n is the number

of generated events.

The fake trigger rate as a function of the second trigger level threshold is shown
in figure for several levels of the background. The number of generated back-
ground events was 15 x 10°. A reference value of 200 Hz of the fake trigger rate is
indicated by an horizontal orange dashed line. This value is obtained in the GAW
proposal [23] in the conditions of a background of (B) = 0.008 pe/pixel/GTU and
a second trigger level threshold of 14.

If the background level increases, e.g. in the presence of the moon in the sky, the
fake trigger rate can be easily reduced by redefining the trigger threshold. From the
figure it is seen that setting the second trigger level threshold at 22 a fake trigger
rate lower than 200 Hz can be obtained even with a background as high as twice the

typical one. Such background level can be found when a quarter moon is present
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Figure 6.13: Image of a 1 TeV gamma event at the GAW Focal Surface

in the sky at low zenith angles. However if the background increases too much the
MAPMT looses its linearity and can even be damaged. An electronic protection is
included in the front-end electronics to prevent damage to the PMT for very intense

light levels.

Trigger efficiency estimation

The simulation framework was also used to study the trigger efficiency for different
second trigger level thresholds. The CORSIKA program [35] version 6.617 was used
to simulate gamma air showers, followed by the Telescope Simulator, developed in
Geant4 [12] 10], the Electronics simulator and trigger simulator described before.
For this study, vertical gamma events were generated with the core of the air
shower located at 100 m from the telescope, at fixed energies of 200, 300, 500, 700,
1000, 2000 and 3000 GeV. For each energy 100 events were generated. As an
example, figure [6.13] shows a snapshot of the focal surface with a 1 TeV gamma
event, with each pixel-on indicated by a black square. For each event, the output of
the trigger simulator was compared to three different thresholds of 11, 14 and 22.

An efficiency was then calculated for each energy and each threshold as

N triggered events

eff =
N generated events
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Figure 6.14: Trigger efficiency versus the shower primary energy for different trigger
thresholds.

with an error given by

where k is the number of events that meet the trigger condition and n is the number
of generated events. Figure [6.14] shows the obtained trigger efficiency as a function
of the primary energy for each threshold. At low energies, the trigger efficiency is
reduced with the increase on the trigger threshold, while energies above ~ 1 TeV

have a very high trigger efficiency regardless of the threshold set.

The light signal reaching the telescope varies with the distance to the shower
core. Thus the maximum distance at which a shower can be detected, and hence
the effective area of the telescope, varies with the energy and the trigger efficiency.
An increase in the Trigger threshold will reduce the effective area of the telescope.
However the telescope can work with higher background levels, with acceptable

effective area for high energetic showers, thus increasing the total exposure.

The estimation of the effective area with the energy and trigger threshold will

require a large sample of showers at different energies and distances
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6.2.6 System firmware

The system firmware for a great part of the acquisition electronics is a responsibility
of the LIP group. Namely, LIP is responsible for the development of the firmware
for ProDAcq boards and for the Trigger Generation boards.

A test bench to test the ProDAcq is installed in the e-CRLab that consists
on a ProDAcq board, two interface boards and test and measuring equipment. An
interface board, named ProDAcq-Excite, allows to couple the ProDAcq signal inputs
to a signal generator or to an external FPGA. These external sources allow to
emulate the output from a FEBrick unit. The signal generators available allow to
produce four independent input signals. When coupled to a FPGA development kit
it is possible to generate all the 64 input signals of the ProDAcq, allowing to test
all possible configuration of the input signals. However, the output of the FPGA
is digital and the shape and timing of the signals cannot be controlled as well as
with the signal generators. Another interface board, named LIP-CTRIG, is used for
power supply, programming interface and to connect the trigger and control bus to
external equipment. The trigger information can be seen in a logic analyser or it
can be coupled to a FPGA development kit which is also used to input data in the
control and trigger bus. Although the use of an FPGA to interface the board adds
extra flexibility, the performance tests need to be performed using the logic analyser
to assure correct time measurements. In particular the logic analyser available is
capable of performing timing measurement with sub-nanosecond accuracy.

Several firmware modules for the ProDAcq have already been developed, mainly
for functional tests of the board. The ProDAcq board can operate in two distinct
modes. The firmware takes that into account and the user can choose at run time
the acquisition mode. Additionally every parameter that the firmware uses will also
be programmable by the user.

In the first mode, used mainly for testing, the ProDAcq counts how many times
each pixel has been activated. This count is performed with a sampling period that
corresponds to the normal acquisition frequency for a pre-determined time interval
(of the order of seconds). In this way the light flux at each pixel can be evaluated.
This mode can be used to, e. g., estimate the background level or, if the telescope
is pointed to a star, to evaluate the optical spot produced in the Focal Surface.

In the second mode, the acquisition mode, the ProDAcq receives data from the
FEBrick and saves it in a ring memory. At the same time it counts the number
of pixels-on and outputs this value to the trigger bus. This algorithm is part of

the pipeline scheme of the trigger system and needs to be performed each sampling
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period. Moreover the algorithm must always take the same time so that a reference
to stored data is available. When a trigger strobe is received from the Trigger
Generation boards, the ProDAcq saves the corresponding data that will be read
through the control bus. The board firmware also comprises the implementation of
the control and read-out protocol that is yet to be defined.

The firmware of the Trigger Generation board implements the trigger algorithm
described before. In each sampling period, the board receives the number of pixels-
on from four ProDAcgs. In a following step the board will exchange data with
its neighbours and then applies the majority trigger algorithm. When the trigger
condition is met the trigger generation board issues a trigger strobe to the relevant
ProDAcgs. The late design of GAW light-guides has delayed the development of the
Trigger Generation boards as the pitch between PMTs had to be set. The trigger

firmware tests will start as soon as these boards become available.
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Chapter 7

Studies on the Auger Fluorescence

Telescope performance

The LIP group has developed a new simulation based in Geant4 where the complete
geometry of the Auger fluorescence telescope is implemented. This new tool was
used to study in detail the performance of the telescopes in terms of optical quality
and efficiency. The results obtained were compared with the standard simulation

and with laser events.

7.1 Auger Fluorescence Telescopes

The Auger Fluorescence Detector (FD) is composed of 24 Fluorescence Telescopes.
The telescopes are disposed in four eyes overlooking the Surface Detector array.
Each eye has a Field Of View (FOV) of 28.6° x 180°. Each of the 24 Fluorescence

Telescopes is a modified Schmidt camera.

The Schmidt telescope design is based on the use of a spherical mirror with an
aperture stop at the centre of curvature. This design produces uniform images in
a spherical focal surface, with its centre of curvature coincident with the one of
the mirror. A corrector plate in the aperture is introduced to correct the spherical
aberration of the telescope. A more complete description of the Schmidt camera
can be found in [I8§].

The scheme of the telescopes and a picture of one of them is shown in figure [7.1

, where the filter, the corrector ring, the mirror and the camera are visible.
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Optigal
Shutter

Corrector
Ring

Figure 7.1: The Auger Fluorescence telescopes. Left: Scheme of the telescopes.
Right: Photograph of a telescope with its main components indicated.

Filter

The first optical component of the Auger fluorescence telescopes is an UV filter.
The filter is placed at the entrance pupil of the telescope. The main function of the
filter is to select the interesting wavelength range at the entrance of the telescope.
Besides its main function the filter also protects the telescope from exterior elements
as wind, dust, rain, etc.

The filter is a glass plate made of Schott M-UG®6 glass. It is reinforced, mechani-
cally, by a metallic grid. This filter presents a high transmittance in the UV-B region
and high absorption in the visible and infra-red regions. The detailed characteristics
of M-UG6 can be found in [3].

Corrector Ring

In telescopes with this design, a corrector plate is used to pre-correct the light rays,
that will arrive to the mirror, in order to reduce the spherical aberration introduced
by the use of a spherical mirror. The spherical aberration is more important as the
light rays enter far from the optical axis. The requirements of the Auger FD of
having a spot size of 14/15 mm, that corresponds to an angular dimension of 0.5°,
avoids the use of this plate for a radius smaller than 0.85 m. Since the aperture
of the telescope has an outer radius of 1.1 m, a correction was still necessary. For
simplicity a circular ring was introduced to correct light rays that enter with a radius

0.85 < R < 1.1 m. This lens is called the “corrector ring”.
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Figure 7.2: The corrector ring profile: radial component of the normal to the lens
curved surface as a function of the radius. Solid lines represent the bounds used for
quality control. The different markers represents the measurements performed in
different samples.

The corrector ring is basically a lens with one flat side. A sixth order polynomial
is used to describe the curved surface of the corrector ring. This design allows to
correct the spherical aberration and produce a spot within the requirements for the
Auger FD. However such curvature is difficult to realise with the necessary optical
quality. The profile of the lens has been optimised taking into account the production
process and the fact that only a ring is used in the telescope. More details on the
production of the corrector ring can be found in [28, 49]. The production process
could not perfectly assure the form of the lens profile. However, the limits for the
radial inclination of the surface were defined and used for quality control. Figure
shows the bounds for the radial component of the normal to the surface as well
as measured profiles for different samples. It can be seen that the measured profile
respects the bounds, except in the limit regions, i.e in the outer part of the ring
where it goes above the bound an in the inner part where it goes below the bound.

The corrector ring profile will be discussed in detail below in this chapter.
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Mirror

The modified Schmidt camera of the Auger fluorescence telescope uses a spherical
mirror. This mirror has a radius of curvature of R = 3.4 m. It has a square format
and measures 3.6 m x 3.6 m having a collection area of about 13 m?. Due to the
large area the mirrors were built as an array of segments. Currently two types of
mirrors can be found in Auger. One is made up by an array of rectangular mirrors.

The other is made of an array of hexagonal-shaped mirrors.

Camera

The focal surface of the fluorescence telescopes is defined as a spherical surface
concentric with the mirror surface. The focal surface has a radius of 1.743 m, corre-
sponding to the surface where the disc of least confusion is located for the different
incident angles.

The fluorescence light from an EAS is focused in the focal surface where a PMT
camera [13] is installed. The camera, which can be seen in figure is composed
by 440 hexagonal pixels distributed in an array with 22 rows and 20 columns. The
pixel has a side-to-side distance of 45.6 mm that corresponds to an angular distance
of 1.5°. The pixels are spaced in equal steps of azimuthal angle and equal steps
of elevation angle. The FOV of the telescope is of 30° in azimuth and of 28.6° in
elevation. The smaller FOV in elevation, even with a higher number of rows than
columns, is due to the stacking of the hexagonal pixels to produce a continuous focal
surface

The PMTs used for the Auger fluorescence telescopes have an hexagonal shape.
A gap between adjacent PMTs is needed for mechanical reasons. In addition, the
PMTs are quite inefficient near the borders. To overcome these problems, light
guides were introduced. The light guides define a pixel in the ideal focal surface
and direct the light, that would otherwise be lost, to the active region of the PMTs,
where it can be detected.

The light guide is realised with six reflecting pieces called mercedes. A scheme
of the light guide and a photograph of a detail of the camera with mercedes stars
are shown in figure Each mercedes is a star with three arms separated by 120°.
The cross section of each arm is an isosceles triangle with a base of 9.2 mm and a
height of 18 mm. The top of six mercedes define a pixel in the ideal focal surface.

The PMTs are place behind the light guides. The PMT used is a XP3062 from
Photonis. The XP3062 is an 8-stage PMT with a hexagonal window and a standard

bi-alkaline photocathode. Its quantum efficiency is evaluated as 25% for wavelengths
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Figure 7.3: The Light Guides of the Auger Camera. Left: Scheme of six mercedes
that are joined to form a pixel light guide. Right: Photograph of a detail of the
camera with four PMTs and two mercedes stars installed.

of 250 —400nm. The nominal gain for FD operation is set at 5 x 10*. The electronics
of the fluorescence telescope samples the signal collected by the PMTs each 100 ns.

The camera body is approximately of square shape, measuring 93 cm in the
horizontal dimension and 86 cm in the vertical one. The camera is held in place
using a simple support of two legs. The legs of the camera are made of C-shaped
steel 5 cm wide. The camera, including its body, electronics and support structure
will produce and obscuration in the telescope mirror, reducing the light collection

area.

7.2 Simulation of the Telescopes

7.2.1 The simulation framework

The Pierre Auger Observatory has developed a general framework for the simulation
of the detector and for data reconstruction and analysis - the Off line [14].

This framework was mainly developed using the C++ programming language
and several toolkits and external libraries like ROOT, Geant4, BOOST, Xerces, etc.
The Off line is a modular software, each module performing a specific simulation
or reconstruction task. XML files are used to configure the software. Each module
used has an associated XML file where the module parameters are configured. The
sequence of modules to be run is also configured with a XML file. Data is exchanged
between the different modules through the use of a C++ class that contains the event
data.
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The simulation of a fluorescence event consists of several steps, required to es-
timate the signal recorded by each telescope when a shower develops in its FOV.
First the longitudinal profile of the shower is generated. Then the amount of light
arriving at the telescope pupil is estimated. To do this the production of the fluo-
rescence light is simulated as well as the propagation and attenuation of this light
in the atmosphere. Currently the fluorescence light arriving at the telescope pupil is
described in the following way. The arrival times are binned with a time constant of
10 ns, which is ten times lower than the time sampling of the telescope electronics,
and arrays with the number of photons and the viewed direction in each time bin
are filled. Using this information, photons are then generated at random positions
in the diaphragm of the telescope. For each time bin, photons are given the di-
rection of the bin, a random position in the diaphragm and a weight. The sum of
the weights of all generated photons corresponds to the total number of photons for
that direction. The simulation of the telescope will then propagate these photons
in the telescope and record the signal (in photons) registered in the focal surface.
Noise is then added and the electronics and the trigger system are simulated. These
tasks constitute the core of the simulation and are performed by different modules.
Other modules execute more general tasks like the generation of the event structure
and the output of the result in several formats. Several modules can be chosen
alternatively to execute a specific task simply by changing the module sequence
configuration file. For example the shower longitudinal profile can be generated by
a module that uses a parametrisation or by a module that reads data from an ex-
ternal simulation program. This module, in turn, can be configured to read data
from AIRES, CORSIKA or CONEX. The simulation of the fluorescence telescope
can now be performed using one of two modules: the TelescopeSimulatorKG or the
TelescopeSimulatorLX, the new simulation developed at Lisbon using the Geant4
toolkit, .

7.2.2 The TelescopeSimulatorKG

The TelescopeSimulatorKG is a custom ray-tracing module developed by the Karl-
sruhe Auger Group. Currently this module is used as the standard telescope simula-
tion module in the Off line. A photon entering the diaphragm passes, sequentially,
by the several optical elements, always in the same order. Such fact makes it pos-
sible to develop a simple custom ray-tracing code that simulates, in sequence, the
several optical elements of the telescope.

A photon enters the telescope diaphragm with a certain direction, position and
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weight. Such photon is passed from the PhotonGenerator module to the TelescopeS-
imulator module. Then the interaction with the filter is simulated. The position
and direction of the photon is maintained but its weight is multiplied by the filter
transmittance. Next the corrector ring is simulated. If the position of the photon
has a radius, relative to the optical axis, greater than the inner radius of the cor-
rector ring the photon suffers two refractions in the two surfaces of the corrector
ring. First the photon is refracted in the curved surface of the corrector ring. Then
the position of the photon in the flat surface is calculated with the direction of the
photon after the first refraction. Finally the photon suffers the second refraction
in the flat surface. The weight of the photon is once again altered by taking into
account the transmittance of the corrector ring. The corrector ring changes thus
the position, direction and weight of the photon. Afterwards the position in which
the photon will hit the mirror is calculated. In this step it is verified if the photon
will hit the back of the camera, and thus be killed, as well as if the photon will
pass outside the mirror area. If the photon hits the mirror, it is reflected taking
into account the mirror reflectivity in the photon weight. Next the position of the
photon in the camera is calculated. If the photon hits a light guide, one or more
reflections are simulated until the photon will hit a PMT. The reflectivity of the
light guides is taken into account in each reflection. The fact that the photon can be
reflected in the PMT window before hitting the photocathode of the PMT is taken
into account. The quantum efficiency of the PMT is also introduced in the photon
weight. When a photon hits a PM'T photocathode it is added to the signal of that
PMT with a weight (representing the number of detected photons) that reflects the
input weight (which represents the number of photons at the diaphragm) multiplied
by the efficiencies of the several optical elements of the telescope.

The simulation is performed for a normalised wavelength of Aporm = 370 nm.
The different photon wavelengths are taken into account by introducing a relative

efficiency by which the output weight is multiplied.

7.2.3 The TelescopeSimulatorLX

Overview

The TelescopeSimulatorLX is an Off line module for the simulation of the Auger
fluorescence telescopes using the Geant4 toolkit [12, [10]. This module was developed
at Lisbon with the aim to perform a cross-check with the standard simulation and
to perform detailed studies of the fluorescence telescopes.

Geant4 is a software toolkit developed in the C+4++ programming language. It
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simulates the passage of particles through matter. The user defines the geometry
and composition of the media, as well as a primary particle and its properties, and
then passes the control of the simulation to the kernel of Geant4. The kernel will
then take care of the tracking and interactions of the primary and secondary particles
throughout the defined “world”, taking into account the properties of the traversed
materials. Whenever a particle (a photon in the present application) interacts with
a “sensitive detector”, the relevant information is saved. The kernel will return when
there are no more particles to be tracked. Besides the actual sensitive detectors
existing in each detection system (the PMTs in the present case), virtual sensitive
detectors can be introduced in any part of the system in order to save the particle

information. This feature is used for testing purposed throughout all this chapter.

The TelescopeSimulatorLX module was developed taking advantage of the capa-
bility to define arbitrarily complex geometries in Geant4 and of its ability to track
optical photons and simulate the various optical processes. In the TelescopeSimula-
torLX the geometry of the Auger fluorescence telescopes is implemented with their
detailed optical properties. The implementation of the several components will be

discussed in the following paragraphs.

For each photon generated by the PhotonGenerator module of the Off line g
primary optical photon, with the same characteristics (position, direction and wave-
length) is defined in Geant4. At this point the Geant4 kernel takes control of the
simulation of that photon in the telescope. The photon interacts with the several
pieces of the telescope. In this process the characteristics of the photon are changed
and the photon can even be killed. The photons are killed with a probability that
reflects the several inefficiencies of the optical system. Several sensitive detectors are
implemented so that detailed studies of the different components of the telescope
can be performed. The properties of the photons that hit these sensitive detec-
tors are recorded in a separate ROOT file for analysis. The PMTs are simulated
using sensitive detectors. When a photon hits one of these detectors the signal is
added to the PMT trace, the photon is killed and Geant4 returns the control to the
TelescopeSimulatorLX that will call Geant4 with the next photon.

The implementation of the telescope geometry and material definition was the
key task in the development of the simulation using the Geant4 toolkit. For each
optical component of the telescope a solid in space with the correct geometry must
be defined, as well as the optical properties of the component material. The main
challenges in this work were the detailed definition of a relatively complex geometry,

and the use of Geant4 for optical applications, which is not very common.
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Figure 7.4: The Auger FD corrector ring.

Filter

The filter of the Auger fluorescence telescopes is implemented as a disk made of
M-UG6. The disk has a diameter of 2.2 m and a thickness of 3.25 mm. The filter
is positioned perpendicular to the optical axis of the telescope, 10 cm before the
corrector lens geometric centre. Its centre coincides with the optical axis. The opti-
cal properties (refractive index and transmittance) are described in the simulation
following the manufacturer datasheet 3| for this type of material. The refractive in-
dex is described in the simulation as 1.526, independent of the photons wavelength.
The bulk absorption in the material is implemented as a tabulated function of the
absorption length versus the photons wavelength. The absorption length is calcu-
lated from the transmittance that assumes a nominal value of 0.83 at a wavelength
of 370 nm for a thickness of 3.25 mm.

Corrector Ring

The corrector ring is a fundamental piece of the telescope. It influences directly the
quality of the optical image produced. The lens is implemented using the Geant4
class G4Polycone. This class allows the implementation of a revolution solid by
defining the section of the solid and the angular limits for the revolution. The section
is defined through a series of points (7, z) that are joined by straight lines. Figure

shows three visualisations of the corrector ring. In the figures the curvature of the
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corrector ring is exaggerated to be visible in the picture. The figure on the left shows
a revolution of 3/2rr. The figure in the centre is a magnification of the left one. The
figure in the right shows a corrector ring segment in which the profile of the curved
surface was described using only four points, to make visible the discretisation of
the curved surface. The corrector lens profile can be characterised by the radial
component of the normal to the curved surface, n,, since the other component
can be obtained from the normalisation condition. In the TelescopeSimulatorLX
four corrector lenses with different profiles are implemented. The first one called
“KG” corresponds to the profile implemented in the TelescopeSimulatorKG and to
the theoretical profile described in [49]. The radial component of the normal as a
function of the radius is described by
4 3R2
R Tom VR Tr 1Y

where n = 1.5, f = 1.657m and R; = 0.85m. The second one is called the “circular”
profile and corresponds to a profile cut with a circular disk of radius R displaced

from the centre by y. This profile is described by

r—y
R —(r—y)

nTCirC (T) =

where R = 8.383 m and y = 0.79527 m. The third and fourth corrector lens profiles
implemented in the code correspond to the upper and lower limit for n, in the
figure The upper and lower limit curves in the figure were fit with third order
polynomial functions,

n.(r)y=ay-r+ag-r*+az-r’

yielding, for the upper limit curve, a; = 5.906 x 1073 m™!, ay = 94.52 x 1073 m~2,
a3 = —118.8 x 103 m™3 and a; = —22.25 x 103 m™, ay = 85.2 x 1073 m~2,
az = —87.52 x 1073 m~3 for the lower limit profile curve. These four profiles are
represented in figure versus the radius of the lens. The corrector ring is
implemented in Geant4 by defining its physical dimensions, in particular the height
z. Figure illustrates the geometry of the lens surface and the relation between
the normal vector and the height. The height of the curved surface can be defined
from n,. (r) by:

T n, d
/M“/"T
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lens surface

Figure 7.6: Relation between the lens height z(r) and its normal vector 7. r is
the distance to the centre and n, and n, are, respectively, the radial and vertical
components of the normal. Figure adapted from [49).

The four profiles then take the form:

1 4 3/2'R3 2

=t e T Be-n s

ZCire (1) = 20 — \V R?—(r — ?J)Q

_ @2, 2 3 43 4
zLOW(r)—zO+2 r+3 r—|—4 r

4

zup(r) =20+ 5 1"+ 10+ — 1

it}
2 3 4
or, numerically,

2k (r) = 0.00358557 4 0.0137377 - 1% — 0.0148882 - 2

2o (1) = 8.38282 — /70,2747 — (r — 0.79527)°
ZLow (1) = —0.00201816 + 0.011125 - % — 0.0284 - r* + 0.02188 - *

2up (1) = 0.00597899 — 0.002953 - 2 — 0.0315067 - r* + 0.0297 - r*
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where the integration constant zy is used to set all profiles to zero at the radius
r = 0.85 m. These four profiles are represented in figure In the Geant4
simulation, the lens profile is defined by taking points according to these formulae.
Two extra points define the the planar surface of the lens. The points are set such
that the lens has a thickness of 5mm in the inner part of the lens. The segmentation
of the corrector lens is also implemented in the simulation. The lens is segmented
in 24 petals, each with an angular width of 14.735°. The corrector lenses are made
of BK7 glass. The optical properties (refractive index and transmittance) of this
material are implemented in the Geant4 simulation as a tabulated function of the
photons wavelength. Figure describes the refractive index of the material
while the transmittance for 1 cm of material is shown in figure [7.7(b)}

Mirrors

In the TelescopeSimulatorLX the Auger fluorescence telescopes mirrors made of
hexagonal elements are implemented in full detail. The mirrors are composed by 64
mirror elements arranged in 8 rows. These elements are quasi-hexagonal spherical
mirrors, and their exact shape depends on the position they occupy in the telescope
mirror. There are thus different types of mirror elements. The implementation of
the mirror elements exploits the Constructive Solid Geometry (CSG) functionalities
in Geant4, that allows to build complex solids from simple ones using boolean op-
erations. To build the mirror elements, 3 to 5 (depending on the type of element)
trapezoids are joined and the resulting solid is intersected with a spherical shell.
The inner radius of the spherical shell is the curvature of the mirror element. Figure
[7.8] shows a visualisation of a mirror element. In the left picture the 5 trapezoids
were intentionally misaligned to show the internal structure. Each mirror element
is placed according to the vertical and horizontal angles with the vertex, with the
alignment point situated in the geometrical centre of the corrector lens. The po-
sitioning of the elements emulates the alignment procedure performed in the real
telescopes. Each element is placed in such way that the distance from the segment
to the alignment point is equal to the segment curvature radius. A visualisation of
the complete mirror implemented in the simulation is presented in figure . The
optical properties of the mirror are implemented by defining the reflectivity in the
interface surface between the air and the mirror. The value of reflectivity is constant
with the wavelength. The curvature radius, positioning angles and reflectivity are
read from an external file containing all the values measured for each segment. An

ideal mirror composed of a simple spherical shell is also available in the simulation

25/11/2008 107



CHAPTER 7. STUDIES ON THE AUGER FLUORESCENCE TELESCOPE
PERFORMANCE

1.55

1.54

1.53

*

1.52

1 L Il 1 | 1 1 1 1 | 1 Il 1 Il | L Il 1 L I 1 1 1 1 I Il 1 Il Il I
250 300 350 400 450 500 550
A [nm]

(a) Refractive index of the corrector ring material as a function of the wave-
length ().

a [
o
% 1__ x FE'EE * w »
e = x
E n
Loos8— "
5 [
/1] -
£ 06 N
£ -
£ -
g -
6 04—
= n
B E 3
0.2
i *
OIII*II||III|III||II||I||III|III||II|III|III
280 300 320 340 360 380 400 420 440 460

A [nm]

(b) Transmittance for 1 cm of corrector ring material as a function of the wave-
length ()).

Figure 7.7: Optical properties of the corrector ring material.
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Figure 7.8: A segment of the Auger FD mirror. Left: the components of the mirror
are artificially misaligned to show the internal structure. Right: the mirror segment
with all segments properly aligned.

Figure 7.9: Visualisation of the Auger FD mirror as implemented in TelescopeSim-
ulatorLX.
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Figure 7.10: The Mercedes stars of the Auger FD as implemented in the TelescopeS-
imulatorL.X.

for testing purposes.

Camera

The camera is composed by the light guides, the photomultipliers and the supporting
structure. The light guides are mercedes stars placed in the vertexes of each photo-
multiplier. Each mercedes star is made by the union of three triangular prisms, each
built using the Geant4 class G4Polyhedra. The surface interface is defined has hav-
ing a reflectivity of 0.9 for all wavelengths. A representation of several mercedes is
shown in figure[7.10]. The Photomultipliers are hexagons. To simulate the entrance
window of the photomultiplier the solid is implemented with a constant refractive
index of 1.458. A sensitive detector is placed inside the PMT to simulate the detec-
tion of photons in the photocathode. The quantum efficiency is taken into account
a posteriori by applying it to the recorded signal at each pixel. Both the PMTs and
the light guides are placed following the curvature of the camera. Figure shows
a visualisation of the camera as implemented in the TelescopeSimulatorLX. In the
left, a detail of the camera is shown. In the right, the whole camera is represented,
including the camera support in the back of the focal surface. The camera support
and feet are implemented to simulate the shadow effect produced due to these ele-
ments. A simplified version of the camera is also implemented and used for testing
purposes. It consists basically of a spherical surface for the detection of photons
placed at the ideal focal surface.

The whole telescope is visualised in figure . Several sensitive detectors
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Figure 7.11: The Auger FD camera as implemented in the TelescopeSimulatorLLX.
Left: detail; Right: the full camera.

Figure 7.12: The full Auger FD geometry as implemented in the Geant4 simulation
in TelescopeSimulatorLX.
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are implemented to allow to record the passage of photons through the different
components of the telescope. This sensitive detectors are implemented after the
filter, the corrector ring, the mirror and on the ideal focal surface.

A compact version of the module TelescopeSimulatorLX is distributed with the
Off line. Tn order to comply with the Off line code policy, this compact version does
not implement the output to a separate ROOT file. The output of this version is
thus limited to the hits recorded in the PMTs. The other sensitive detectors are
not included in this version. Also the visualisation routines are disconnected in this

version. The complete version of the module is available upon request.

7.3 Telescope Performance Evaluation

The simulation tools were used to evaluate the telescope performance. The optical
spot and the telescope efficiency were studied using the two available simulation

tools.

7.3.1 Simulation Setup

The influence of the optical components is evaluated by characterising the image
produced in the ideal focal surface by parallel rays entering the telescope pupil.
For this purpose four sets of 100000 photons were generated with input angles of
6 = 0°, 5°, 10° and 15° and ¢ = 135°. The simulations were performed using the
TelescopeSimulatorKG and the TelescopeSimulatorLX codes. The zenithal angle,
0, and the azimuthal angle, o, are defined in the telescope coordinate system. In
this coordinate system the z axis is aligned with the optical axis of the telescope,
pointing outwards, the y axis is horizontal and the x axis is orthogonal to the y and
z axis, pointing downwards. The origin of this coordinate system coincides with the
geometrical centre of the telescope lens.

The position in the camera is defined by the elevation angle, o = arcsin (z/Rpg),
and the azimuth angle, § = arcsin (—y/Rps) where Rpgg is the radius of curvature
of the Focal Surface.

To put in evidence the characteristics of the spots for the different input angles, a
relative position to the expected one is used. For each generated photon its expected
position angles (Qexpected, Fexpected) int the ideal focal surface are calculated assuming
an ideal optical system. Then a relative position, in angle, is calculated. The two

new variables are then defined as e = @ — Qexpecteds Brel = B — Bexpected- Lhis
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Figure 7.13: Spots produced in the ideal focal surface for incident angles of 0°, 5°,
10° and 15°. The photons were simulated with no camera obscuration.

definition has the advantage of measuring the deviation of each photon from the
ideal situation.
The angular distance (), to the expected position, of a photon in the Focal

Surface can be defined as

\/(ZE - xexp)z + (y - yexp)Q)

= arcsin
¢ ( Rps

that can be approximated, for small angles, as

C - V a?el + Brzel

This new variable allows to get an absolute estimation of the deviation of each
photon to the expected position.

The position of all photons, simulated using the TelescopeSimulatorLX, in the
ideal focal surface of the telescope is represented in figure In the figure the
position of each photon is marked with a dot in a graph of 3 versus a. The dif-

ferent colour indicated in the figure represent the different incident angles 6. From
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Figure 7.14: Spots produced in the ideal focal surface for incident angles of 0°, 5°,
10° and 15°. The photons were simulated with no camera obscuration. For these
plots only the photons that don’t pass through the corrector lens were selected

the figure it can be seen that there are four spots accompanied by some scattered

photons.

7.3.2 The Optical Spot with no Obscuration

The fluorescence telescopes have a completely symmetrical geometry with respect to
the optical axis, except for the camera obscuration. In a first step its optical proper-
ties were studied when there is no camera. For this study the camera implemented
in the Geant4 simulation was replaced by a virtual Focal Surface.

The contribution to the optical spot of the photons that pass through the cor-
rector ring and from the photons that pass through the hollow part of the lens was
studied.

Photons with R;, < .85 (with no corrector ring)

The optical spot produced in the Focal Surface by the photons that do not pass in
the corrector ring is presented in figure In the figures each photon position,
in terms of (ayer, Bre), is represented by a dot. The photons were selected to have a

position in the lens plane with a radius R < 0.85m. The input angles are indicated
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Figure 7.15: Spots produced in the ideal focal surface for incident angles of 0°, 5°,
10° and 15°. The photons were simulated with no camera obscuration. For these
plots only the photons that pass through the corrector lens were selected.

in the graphs.

The spot is quite featureless, presenting a complete circular symmetry, expected
from the complete circular symmetry of the Schmidt telescope (camera excluded).
Moreover the spots for the different input angles are very similar, which is also

explained by the geometric symmetry of the telescopes.

Photons with R;, > .85 (with corrector ring)

The contribution from photons that pass through the lens ring is shown in figure
For the photons with an input angle of § = 0° the circular symmetry is
maintained. For larger angles the symmetry is lost and the spot is deformed in
the same direction as the input direction of the photons. The corrector ring shape
depends only on the radius R. However, for inclined photons, the angle between the
input photon and the normal to the curved surface has a dependence in ¢, for the
same R. Thus the correction to the photon angle introduced by the lens will have a

dependence with ¢, producing the asymmetrical spots seen in figure [7.15]
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Figure 7.16: Spots produced in the ideal focal surface for incident angles of 0°, 5°,
10° and 15°. The photons were simulated with no camera obscuration.

All Photons

The optical spot produced by all the photons passing through the diaphragm at four
incident angles are represented in figure [7.16

To have an insight of the dependence of the spot size with the input position
of the photons, in the diaphragm, it is drawn, in figure the deviation from
the expected position in the focal surface (¢) versus the input radius of the photon.
In the figure it is indicated in grey the zone where the camera shadow will cut
the photons and the zone where the input photons pass through the lens. In the
region of 0.4 < Rpiaphragm < 0.85 m, where there is neither camera shadow nor
lens, the aberration has a minimum at Rpiaphragm ~ 0.75 m and a maximum at
Rpiaphragm ~ 0.45 m. The later one is translated in figure by the clear cut on
the spot edge. It is also seen that the aberration starts to rise quite rapidly from
the minimum with the input radius having a value of ~ 0.23° for an input radius
of Rpiaphragm = 0.85 m. For a fluorescence telescope with no corrector ring and a
radius of 0.85 m the maximum aberration would be then given by the maximum at
Rpiaphragm ~ 0.45m. However, if the aperture radius were to be increased without the
introduction of a corrector ring the aberration would continue to rise quite rapidly

taking a value of ¢ ~ 1.375° for a radius of 1.1 m. This aberration value corresponds
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Figure 7.17: Deviation from the expected position in the focal surface in angle, (,
as a function of the input radius, Rpiaphragm- The camera and lens zone are indicated
in grey. Photons were generated with incident angles of 0°.
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Figure 7.18: Spots produced in the ideal focal surface for incident angles of 0°, 5°,
10° and 15°. The camera obscuration was simulated.

to a spot with a radius of about 42 mm. The introduction of the corrector ring
allows to increase the pupil area of the telescope from 2.27 m? to 3.80 m? (67%
increase) maintaining the aberration of the telescope. However, taking into account
the reduction due to the camera shadow of about 0.8 m?, that is present in both

cases, the collection area is doubled from 1.47 m? to 3.00 m?.

7.3.3 Obscuration Effects

The shadow of the camera plays an important role in the fluorescence telescope,
reducing the collection area by a factor greater than 20%. Moreover the square
shape of the camera breakes the symmetry of the optical system. The camera, its
body and support structure are described in detail in the TelescopeSimulatorLX
module. Figure presents the spot for different input angles when the camera
shadow is taken into account in the simulation. The contribution to the spot shape
from the photons that pass through the hollow part of the lens and from the photons
that pass through the corrector ring are presented in figure [7.19] and figure
respectively. To better understand the camera shadow it is plotted in figure
the position of the photons in the mirror, in (e, Grel), for the four simulated input

angles. The shadow of the camera produces the white hole seen in the figures. The
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Figure 7.19: Spots produced in the ideal focal surface for incident angles of 0°, 5°,
10° and 15°. The photons were simulated with camera obscuration. For these plots
only the photons that don’t pass through the corrector lens were selected
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Figure 7.20: Spots produced in the ideal focal surface for incident angles of 0°, 5°,
10° and 15°. The photons were simulated with camera obscuration. For these plots
only the photons that pass through the corrector lens were selected.
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Figure 7.21: Photons in the mirror for incident angles of 0°, 5°, 10° and 15°. The
photons were simulated with camera obscuration. The photons that pass through
the hollow part of the lens are plotted in black while the photons that pass through
the lens are plotted in red.

square part corresponds to the camera body while the two “thick lines” correspond
to the legs that support the camera in place. The photons that pass through the lens
are represented in red while the others are plotted in black. For the input angles
of 0°and 5° it is seen that the camera shadow only affects the photons that pass
through the hollow part of the lens. For 10°and 15° some of the photons that pass
through the corrector ring are shadowed. However the percentage of photons killed
is smaller for these photons than for the ones that pass by the hole in the lens.
From figure [7.18]it is clear the asymmetry introduced by the camera obscuration
reflected in the spots shape. From the two plots where the contribution to the spot
is separated it is clear that most of the asymmetry arises from the photons that pass
through the hollow part of the Lens. It is also seen in figure that for higher
input angles there is a reduction of the photon density in a quarter to a half spot.
This introduces a shift on the barycentre of the spot. However this shift is very

small since the centre of the spot has a very high density of photons.

7.3.4 Spot Size

The simulations produced were used to study the spot size at the focal surface.

The effect of the lens in the spot size and its dependence with the lens profile and
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Figure 7.22: Distribution of ( for the photons in the ideal focal surface. The right
plot is a zoom of the left one in the range 0° < ¢ < 0.30°

incidence angle were evaluated.

The Effect of the Corrector Ring

Figure represents the distributions of  for the photons in the ideal focal sur-
face for photons simulated with the TelescopeSimulatorLX (solid lines) and the
TelescopeSimulatorKG (dashed lines). For each simulation it is represented the dis-
tribution of the photons that pass through the hollow part of the lens in red and
for the photons that pass through the lens in blue. The distribution for all detected
photons is represented in black. From the left plot it is visible that most of the
photons lie in the region of 0° < ¢ < 0.25°. However, for the TelescopeSimulatorLX,
there are a small fraction of photons that have higher ( in the focal surface up to
6.2°. These photons represent a fraction of 0.34% of the total number of photons.
From the figure it can also be seen that all of these photons pass through the correc-
tor ring. It was also seen from the simulation that these photon give hits in the filter
with a different position than the one they were generated with. This facts suggest
that these photons are reflected in the lens, coming back to the filter and then re-
flected again. In the right plot it was made a zoom to region of 0° < ¢ < 0.30°. In
the figure it can be seen that there is a good agreement in the simulation of photons
that pass through the hollow part of the lens. The agreement is not so good for
the photons that do pass in the lens and this is reflected in the overall distribution.
To better understand the spread of the photons in the focal surface, the cumulative
distribution of ¢ is drawn in figure[7.23] The curves follow the same colour scheme of
the previous image. In this figure the cumulative curves for all detected photons are
normalised to 1. The curves for individual contributions are normalised to one over

the total number of detected photons to represent the relative contribution to the
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Figure 7.23: Cumulative curves of ¢ for the photons in the ideal focal surface
simulated with the TelescopeSimulatorLX (solid) and the TelescopeSimulatorKG
(dashed). The contributions of the photons that pass through the lens (red) and the
photons that pass through the hollow part of the lens (blue) are represented as the
overall (black) cumulative curve.

overall cumulative curves. A horizontal dashed line is drawn to indicate 0.9 of the
cumulative distribution, allowing to easily estimate the size of the spot that contains
90% of the photons. In the figure it can be seen the good agreement between the two
simulations for the photons that don’t pass through the lens. The two simulation
show a difference for the photons that pass through the lens which is reflected in
the cumulative curve for all detected photons up until ¢ < 0.25°. Although the two
simulations present such difference the spot size, that contains 90% of photons, is

comparable between both simulations and equal to 0.24°.

Dependence with the Corrector Ring Profile

The corrector ring plays an important role on the fluorescence telescope. The shape
of the lens influences directly the spot shape and thus the performance of the tele-
scope. To study the spot shape the TelescopeSimulatorLX was used to simulate
four sets of photons, each with 100000 photons, with an input angle # = 0° and
different lens profiles. The cumulative curves for the different profiles are shown in
figure . In a dashed black line it is represented the cumulative curve obtained
using the TelescopeSimulatorKG simulation code. The solid lines were obtained us-

ing the TelescopeSimulatorLX simulation code. The profiles used correspond to the
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Figure 7.24: Cumulative curves of ( for the photons in the ideal focal surface sim-
ulated with the TelescopeSimulatorLX. Black - “KG” profile; Red - Circular profile;
Blue - “Upper Limit” profile; Green - “Lower Limit” profile. A dashed black curve
represents the cumulative curve simulated with the TelescopeSimulatorKG code.

“KG” profile (in black), the “circular” profile (in red), the “upper limit” (in blue) and
“lower limit” (in green) profiles. The first thing to note in the figure is that the two
simulation codes are in agreement, provided that the TelescopeSimulatorLX uses
the profile implemented in the “KG” code. The cumulative curves have small varia-
tions, apart from the “upper limit” curve, showing values for the spot size, at 90%,
in the range 0.20° < ¢ < 0.22°. The curve for the “upper limit” shows a spot size of
¢ = 0.24°. However at a ( ~ 0.25° the curves seem to converge. This indicates that
if the spot size is defined to include 99% of the photons there is very small variation

of the spot size with the lens profile.

Dependence with Incidence Angle

The dependence of the spot size with the input angle, and different simulations, is
studied by plotting the respective cumulative curves in figure In the figure
the solid lines are obtained using the TelescopeSimulatorLX code while the dashed
lines are for the TelescopeSimulatorKG code. The curves for photons with input
angles, 6, of 0°, 5°, 10° and 15° are respectively represented in black, red, blue and
green. As expected from the previous figure there are small differences between the

cumulative curves using the TelescopeSimulatorLX and the TelescopeSimulatorKG.
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Figure 7.25: Cumulative curves of ¢ of the photons in the focal surface simulated
with the TelescopeSimulatorLX (solid) and TelescopeSimulatorKG (dashed). The
input photons have input angles of 0° (black), 5° (red), 10° (blue) and 15° (green).

Moreover the shape of the cumulative curve, and thus the spot shape, varies with
the input angle. However the spot size, at 90%, doesn’t vary with the input angle

and simulation code.

7.3.5 Photon Distribution in the PMTs

Photons in the focal surface propagate reaching the Photomultipliers placed behind.
The inefficiency areas between the PMTs are overcome by the use of the mercedes
stars where the photon reflects to a PMT. In figure the position of the photons
in the PMT are represented. In the top figures, [7.26(a)| and [7.26(b)| each photon
is represented by a dot. Black dots represent the photons that hit a PMT directly

while the blue dots represent photons that have at least one reflection in the mercedes
before hitting the PMT. Red dots represent the last reflection in the mercedes for
photons that will reach a PMT while the green dots represent the same for photons
that aren’t collected in a PMT after reflecting. A violet circle with a radius of 0.25°

is drawn as a reference to indicate the spot size in the focal surface. In the bottom

figures, [7.26(c)| and [7.26(d)| are presented histograms where the photon density is

represented in a logarithmic colour scale with the same range. In all figures solid
blue lines are drawn to indicate the pixel boundaries and dashed ones to indicate the

mercedes boundaries. The figures in the left were obtained by simulating photons
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Figure 7.26: The spot seen in the PMTs. Top figures are scatter plots of the position
of the photons. The photons that hit directly the PMT are represented in black while
in blue are represented the photons that have at least one reflection in the mercedes
before hitting a PMT. In red is represented the last hit in the mercedes. In green are
represented the hits in the mercedes for photons that don’t hit a PMT. A violet circle
with a radius of 0.25° represents the size of the spot in the focal surface. Bottom
figures are histograms of the photon density in the PMT. The density is indicated
by a logarithmic colour scale. In all figures blue lines are drawn to represent the
pixel boundaries (solid) and the mercedes boundaries (dashed).
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Figure 7.27: Distribution of the incident angles for the photons that arrive to the
ideal focal surface for photons generated with an input angle 8 = 0°.

with an expected position in the centre of a pixel. Its input directions were set with
f = 0.866° and ¢ = 0°. On the other hand the photons in the right plots were
generated with # = 0° in order to have an expected position in the centre of the

camera and thus in the vertex of a mercedes star.

The first fact to notice from the figures is that the spot is larger in the PMT than
in the Focal Surface. This is due to the fact that the photons reach the focal surface
with large incident angles. This can be seen from figure where the distribution
of the incident angles for the photons that hit the focal surface is plotted. The
photons in the figure were generated with an input angle § = 0°. The gap in the
plot at an incident angle of ~ 29° is directly related to the low photon density in
a circular zone in the mirror seen in figure which, in turn, derives from the
internal border of the corrector lens. As the PMTs are recessed by ~ 18 mm, the
height of the mercedes light guides, a photon with an incident angle of 30° deviates,
horizontally, approximately 10 mm from its position in the focal surface.

Despite this enlargement the spot in the left images of figure is contained
inside the pixel with few hits on the mercedes and consequently few photons hitting
the PMT with a previous reflection on the mercedes. From the bottom left histogram

it can be seen that there is a high density region in the centre of the pixel.

When the photons are directed to the mercedes centre the three adjacent PMTs
are hit. It can be seen from figure [7.26(b)| that there is a direct component of hits in
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the PMT that is enlarged as in the previous case. However there is a large fraction
of photons reflected in the mercedes. These photons hit the PMT in very specific
zones near the mercedes, seen in the figure by the high density zones of blue dots. Tt
can also be seen that the photons that do not reach a PMT are in the central region
of the mercedes. The figure shows the density of photons in the PMT and
is drawn using the same colour scale and range as the left one. It can be seen that
there isn’t any region with such high density as the central region in the bottom
left figure. Also it can be noticed that there is some kind of a circle, centred in the
mercedes vertex, where there aren’t photon hits in the PMT. This is due to an effect
of shadowing of the mercedes star. The density of photons has a circular symmetry
around the centre of the mercedes. The highest density of photons is located near

one of the vertexes of the hexagonal PMT.

Regarding the efficiency there are some differences between the two studied cases.
When the photons are directed to the pixel centre, 1.7% of the photons are lost after
reflecting in a mercedes. On the other hand, when the photons are directed to the
mercedes vertex, this number rises to 4.4%. The overall efficiency, defined as the
number of photons detected in a PMT over the number of photons in the focal surface
is of 94% and 88%, respectively. Part of this efficiency reduction is explained by the
decrease of the number of photons arriving on the PMT window after reflection in a
mercedes. The other part is probably due to reflections in the PMT window before
hitting the photocathode of the PMT. The reflection probability depends on the

impinging angle and thus different configurations can lead to different efficiencies.

From the two cases studied it can be concluded that the “illuminated” zones of
the PMTs vary with the position of the spot centre. The collection efficiency of a
PMT varies with the distance to its centre. Such dependency influences the overall
telescope efficiency with the spot centre position. If necessary, the effect can be
easily taken into account in the TelescopeSimulatorLX simulation code, if a model

of the PMT efficiency dependence with the radius is provided.

7.3.6 Telescope Efficiency

The optical efficiency of the telescope results from the convolution of the different
optical components efficiency and relates the number of photons that are able to
reach the focal surface with the number of collected photons. The efficiency was
evaluated using the simulations described before. The efficiency is then defined as

the ratio between the photons that arrive to the focal surface and the generated
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Figure 7.28: Telescope efficiency versus the radius at the diaphragm of incident
photons. The photon were generated with an incident angle 8 = 0°.
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In figure it is presented the optical efficiency of the fluorescence telescope
as a function of the input radius at the diaphragm.

In the region where 0 < Rpiaphragm < 0.4 m all the photons are killed by the
shadowing of the camera. For higher input radius the efficiency curve grows as
the camera is square shaped and the fraction of photons killed is reducing until the
efficiency of the system is given by the convolution of the filter transmittance and the
mirror reflectivity. For Rpiaphragm > 0.85 m the photons pass through the corrector
lens and its inefficiency causes the global efficiency to drop. Both simulations agree
quite well apart from the region where 0.4 < Rpjaphragm < 0.7m. It is probable that
the camera structure has slight differences in its description on the two simulation
codes, producing slightly different obscurations of the camera. This figure was done
using photons generated with a direction perpendicular to the input pupil. Figure
7.29| represents the same variable but when the photons have an input angle of
6 = 10°. In this case there are evident differences between the two simulation codes
used in the regions of Rpiaphragm ~ 0.85 m, where the photons start to enter the
corrector ring, and near the end of the diaphragm. This difference is explained by
the fact that in the TelescopeSimulatorLX the filter, a circle that defines the input

pupil and has the same size of the corrector ring, is placed, following the specification
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Figure 7.29: Telescope efficiency versus the radius at the diaphragm of incident
photons. The photon were generated with an incident angle 6 = 10°.

design and confirmed on site, 10 cm before the corrector lens and thus 10 cm before
the centre of curvature of the mirror. In the TelescopeSimulatorKG the filter is
placed in the plane of the lens. Thus, in the TelescopeSimulatorLX, there is an
effect of a projection of the pupil circle in the lens circle, reducing the collection
area for inclined photons.

Figure is the equivalent to figure when the filter is placed close to the
lens in the TelescopeSimulatorLX. In this case the differences vanish and the two
simulations agree quite well.

The efficiency of the mercedes and PMT was evaluated by simulating photons
with random incidence direction in order to illuminate the whole camera. A thin
strip in the centre region was then selected. The photons in this strip were used
to plot the efficiency as a function of the horizontal position in the camera. This
plot is seen in figure [7.31} The zones of higher efficiency correspond to the photons
arriving directly to the PM'Ts and the low efficiency zones are due to the reflections
in the mercedes before hitting the PMTs.
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Figure 7.30: Telescope efficiency versus the radius at the diaphragm of incident
photons. The photon were generated with an incident angle § = 10°. The filter was
placed close to the corrector lens in the TelescopeSimulatorLX
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Figure 7.31: Efficiency versus the horizontal position in the camera.
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7.4 Comparison Between Simulation and Data

7.4.1 Comparison with Laboratory Data

Using TelescopeSimulatorLX, the uniformity measurements described in [40] were
simulated. In this measurement, a small version of the camera with seven pixels
was used. In the absence of an optical system, the optical conditions of the Auger
FD were approximately reproduced by diffusing the light from a Xenon flash lamp
inside a cylinder made in such a way that the realistic angles of incidence in the
camera were obtained (approximately between 10° and 30°, due to the shadow of the
camera and the aperture of the diaphragm, respectively). Since the FD optics is fully
simulated with Geant4, this setup is easily simulated using TelescopeSimulator.X
by fully illuminating the diaphragm with parallel light rays with incident directions
such that a scan of the seven central pixels was performed.

As in [40], two scans, one passing over the mercedes arms and one passing over
the mercedes vertexes, were performed. The position of the photons in the camera
is here defined by the elevation angle, o = arcsin (z/Rps), and the azimuth angle,
B = arcsin (—y/Rps) where Rps is the radius of curvature of the Focal Surface.
The efficiency is defined as the ratio between the number of photons that arrive to
the PMTs and the number of generated photons. The efficiencies are normalised

to the efficiency value in the centre of the central pixel. The results are shown in

figures |7.32| and [7.33] where the measurements in [40] are shown for comparison.

A good agreement is found in both cases, and the efficiency variations are of the
order of 15% over the camera surface. The result of 0.85 for the lowest value of the
efficiency obtained in the measurements is thus reproduced by the simulation. The
steep fall in the extremes of the scan in the laboratory data is due to the fact that

in the laboratory setup only 7 pixels were present.

7.4.2 Comparison with Laser Events

The Central Laser Facility (CLF), placed within the array in position equidistant
from the Los Leones, Los Morados and Coihueco FDs, fires 255 nm vertical or
inclined laser pulses. The light from the laser beam is diffused in the atmosphere
and detected by the FDs. As the light from the laser beam travels upwards in
the atmosphere it is isotropically diffused. Some of this diffused light is emitted
towards the Fluorescence Telescopes. The light propagates through the atmosphere
for around 30km suffering attenuation until it reaches the detector. At each moment

in time the CLF can be considered as a point source, producing a spot in the focal
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Figure 7.32: Relative efficiency along a vertical line passing through mercedes ver-
texes. The black dots are the simulation results and the white circles are the mea-
surements from [40].
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Figure 7.33: Relative efficiency along a horizontal line passing through pixel centres.
The black dots are the simulation results and the white circles are the measurements
from [40).
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Figure 7.34: Left: track of a vertical laser shot; Right: The laser light profile.

surface dominated by the optical properties of the telescope.

In figure the track of a vertical laser shot in the I'D camera is shown in
(o, B) coordinates, together with the corresponding measured light profile (number
of photons as a function of time). This typical profile is the convolution of the
attenuation and scattering of the up going laser beam with the attenuation of the
light from the laser to the fluorescence telescope and the non-uniformities of the FD
camera. Here we are interested in isolating this last effect. In this study, the lower
part of the shower track was discarded in order to avoid the region in which Mie
scattering cannot be neglected. In the same way, the upper part of the shower track

was discarded to avoid the low statistics timeslots.

The expected number of photons arriving at the telescope diaphragm, N;ens, with

a direction falling within a given («, 3) bin can be parametrised as:

Niens = Iy X exp (—dl> x dir(h) x AQ(h) x exp (—d2>
do do

where [j is the laser intensity, the first exponential term describes the attenuation of
the upgoing laser beam in terms of the atmosphere traversed d;, the function dir(h)
describes the beam scattering at the height h, AQ(h) is the solid angle subtended
by the telescope aperture at a given point of the laser beam and the second expo-
nential term describes the attenuation of scattered photons when they traverse an
atmospheric depth of ds in its propagation from the scattering point in the beam to
the eye. In fact, dir(h) describes the direction dependence of Rayleigh scattering (in
other words its differential cross-section) and is well described by a second degree
polynomial:

dir(h) = ag + aicosh, + ascosh?

where 6, is the photon scattering direction with respect to the direction of the up

going laser beam.
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The number of photons expected in the camera, N$*"¢* in the same (a, 3) bin
is given by

camera __ lens
N»y - ny * Etelescope

where €ielescope 15 the telescope efficiency and can be expressed as

Etelescope — Emean * Erelative

where €,0.n is the average efficiency of the telescope and e,gative contains the ef-
ficiency variations along the camera. This relative efficiency is thus given by the
ratio between the number of detected photons, N,, and the average expected signal,

Neamera — Nlems .o

Taking into account that the constant terms like I, and €6, can be absorbed by
the free parameters, that there is a bijective transformation between the laser curve
camera coordinates («, ) and the time slot and assuming that the atmospheric
density varies with the height & as p (h) oc e/%, the average number of photons in

each time bin can be expressed as

S 2c°12 P
N?W%Q—CT-(3+Pyt+H>x

oAt 2
exp {

—1 (At =12 A2 — 12\ ° A2 — 12\ ° 1
L 2t ( 2ct ) * < 2ct ) 2(c2t2 — 12)

where ¢ is the speed of light, [ is the distance from the laser to the fluorescence

telescope and Py, P, P; and L are free parameters. These free parameters are fixed

fitting this formula to the laser light profile.

The relative differences between the fitted value and the measured number of
photons (NN,), given by
N,

— camera
Y NW

7\ camera
N’Y

are shown in figure In the figure the data results from the average of the
laser data available in one month. The distribution of the values in the figure have
a mean value of 0.03. The same analysis for other months shows that the mean
value is stable and oscillates between 0.03 and 0.04. The nonexistence of a trend in
this data indicate that the method to extract the relative efficiencies is reliable and
stable.

In figure [7.36|it is shown the relative efficiencies e elative = 2 for 18 months

N camera

of laser data. The obtained values were rescaled setting the maximum to 1. In this
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Figure 7.35: Relative differences of the fitted and measured number of photons. The
average over one month of laser data is shown.
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Figure 7.36: Relative efficiency across the FD camera for 18 months of CLF laser
shots.
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Figure 7.37: The relative efficiency across the FD camera measured from CLF laser
shots (solid black line) and obtained with the standard Off line simulation (dashed
red line).

figure it is clearly visible the reduction in the efficiency due to the mercedes. It is
also clear that the relative efficiency is quite stable over this 18 month period. It
can also be seen that there are variations on the maximum and minimum efficiencies

from pixel to pixel which is unexpected if all the pixels were equivalent.

In figure the relative efficiency estimated with laser data is compared to the
one obtained with the Off line standard laser simulation. While the overall shapes
agree, there are some differences between the simulation and the data. In particular,
the data show deeper valleys than the simulation and do not reproduce some features

that seem to be related to individual pixels.

The variations from pixel to pixel can be smoothed out by folding the laser data
into a virtual pixel. In this virtual pixel a vertical laser shot actually scans two
different regions of the pixel in 3. The virtual pixel with the positions scanned by
the laser track is shown in figure[7.38] To better evaluate the efficiency drop between
the central region of the pixel and the peripheral region, six regions were defined
in the virtual pixel, as shown in figure [7.39] Regions 1 and 2 are defined near the
centre of the pixel and should be the areas of the pixel with higher efficiency, while
regions 3, 4, 5 and 6 are defined in the mercedes area and should present a reduced
efficiency, due to the mercedes inefficiency. The efficiency for all the points that fall
inside each region was averaged and the results are shown in figure The ratio
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Figure 7.38: The virtual pixel with the folded laser track represented.

08
0.6
0.4
0.2

-0.2
-0.4
-0.6
-0.8

b‘lllllllllII|III|III|III|III|III|III|III

-0.4

-0.2

-0

0.2

0.4

0.6

Figure 7.39: The six regions defined on the virtual pixel for the calculation of the R

parameter.
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Figure 7.40: Relative efficiency for the six zones defined in the virtual pixel.

R between the average efficiency in the peripheral regions and the average efficiency
in the central regions measures the efficiency drop due to the mercedes and amounts
to R = 0.858 +0.008. In figure the evolution of the R parameter with time for
an 18 month period is shown. It can be seen that this parameter is, within errors,

stable over time.

The R parameter was also evaluated using the TelescopeSimulatorLX, and the
obtained value, R = 0.937 + 0002, is not compatible with the result obtained from
laser data. This difference may be related to a bad description of the optical spot
and/or to the mercedes efficiency in the simulation. A first study of the influence
of the mercedes reflectivity and of the spot size was performed using the Geant4
simulation. Two different configurations were tested and scans were performed in

the central pixel of the laser track.

In the first configuration the mercedes surface reflectivity in the simulation was
reduced from the nominal value of 0.90 to 0.85 and to the limit value of 0. In figure
it is shown the relative efficiency versus the angle « in the central region of the
camera for the laser data and for the Geant4 simulation with a mercedes reflectivity
of 0.85 and 0. In the right image the data has been rescaled setting the maximum
to 1. If the spot was very small, a reduction on the mercedes efficiency should only
affect the region of the scan on top of the mercedes (around a ~ 0.7°). Namely,
when the reflectivity was set to 0 the efficiency in this region should also drop to

0 as no photons would be reflected. However, from the left figure it is clear that
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Figure 7.41: Evolution of the R parameter, obtained from laser data, with time.
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Figure 7.42: Profiles of the relative efficiency versus the angle o in the central region
of the camera. Data is represented in black. In green and red are represented the
simulations with a mercedes reflectivity of 0.85 and 0, respectively. The data on the
right image has been rescaled setting the maximum to 1.
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Figure 7.43: Profiles of the relative efficiency versus the angle o in the central region
of the camera for several spot sizes. The four profiles were made with scaling factors
of 100%, 70%, 50% and 10% are represented with different colours that are indicated
in the legend.

the efficiency drop is lower than expected. Moreover the reduction in the mercedes
efficiency affects also the central region. This indicates that the spot, along the
incident directions, is such that there is a reflected component when photons are
directed to the pixel centre and that there exists a direct component when the
photons are directed to the mercedes. Thus, changing the mercedes reflectivity the
simulation can reproduce the deeper valleys seen in the data but affects also the
whole profile shape making a smoother transition.

To test the influence of the spot size in the relative efficiency, the flexibility of
the TelescopeSimulatorLLX was used to reduce, in an effective way, the optical spot
size. 'This reduction was achieved by rescaling the positions and incidence angles
of the photons in the focal surface. Two scans were performed with scale factors of
100% and 10%, representing two limit cases, and two scans with intermediate scan
factors of 70% and 50%. The relative efficiencies for the four scans are shown in
figure . The scan with a 10% scaling factor puts in evidence the reduction in
the efficiency in the mercedes areas, due to the reduction of the direct component,
and the increase of the relative efficiency in the central regions as the component
reflected in the mercedes is reduced. It can also be seen that the profiles get steeper
with the reduction of the spot size.

Neither of these effects can, by itself, correct the disagreement between data and
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simulation. A more systematic study will be therefore needed. This study should
include laser data from the several fluorescence eyes and, if possible, shower events
data.
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Chapter 8
Conclusions

The work in this thesis was developed in the framework of astroparticle experiments,
namely in the context of EUSO, the Pierre Auger Observatory and GAW. The main
focus is in the development of hardware and firmware for data acquisition and trigger

systems and detailed studies of the detectors.

In this thesis was presented the first general purpose data acquisition board for
cosmic rays developed at LIP - The LIP-PAD. This board was the building block
of the DAQ system of ULTRA - a support activity for the EUSO mission, and was
able to cope with all the experiment requirements. This board was also applied in
the TRC - a public education and outreach project installing cosmic ray detectors
in high schools. In the course of the project it was observed that a greater degree of
autonomization of the DAQ system was important. This fact triggered the devel-
opment of a new generation of the board, giving birth to the LPV3, incorporating
performance upgrades (200 MHz sampling with 12 bits in resolution) and stand-
alone operation (ethernet communication and processing capability). The board is
currently in the prototyping phase. The final version will allow to have a completely
autonomous DAQ system in the TRC project and will also provide a simple, yet

highly performant, data acquisition system for small experiments.

An important achievement was the installation, at Lisbon, of the LIP e-CRLab,
an electronics laboratory dedicated to cosmic ray physics. This laboratory has state
of the art equipment that will allow LIP to participate in the development of sophis-
ticated instrumentation for cosmic ray detectors. The laboratory is centred on the
development and test of firmware for FPGA based DAQ systems. Nevertheless, the
laboratory has also the tools to produce electronics boards and prototypes in order
to interface DAQ system and to test the adopted solutions. Some prototype boards

have already been produced completely in the laboratory and final versions have
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been designed and assembled in the laboratory. One other valence of the laboratory
is related with education. From September 2008 onwards, periods of training for
first cycle students were organised. The first course in digital electronics, for second
cycle students, will begin in the spring semester of 2008-2009. This will give stu-
dents the opportunity to became familiar with the state of the art techniques and

instruments used in digital electronics.

The design and implementation of trigger systems in the context of the sin-
gle photon counting technique was also pursued. The firmware development and
implementation became possible with the installation of the e-CRLab. First, the
algorithms are implemented in firmware. Afterwords hardware tests are performed.
LIP has taken the responsibility not only for the trigger system but of a major part
of GAW DAQ firmware development. The different firmware components needed to
be tested separately, which implied the production of interface boards. Functional
tests of the ProDacq were performed using a prototype interface board designed
and produced in e-CRLab. Performance tests will require the board to be oper-
ated at maximum frequency (hundreds of MHz). Thus, the interface boards were
redesigned for such frequencies and its production outsourced. The first tests have
already started. The assessment of the trigger performance passed through end-to-

end simulations for the study of the trigger efficiency and rejection parameters.

A detailed performance study of the fluorescence telescopes of the Pierre Auger
Observatory was also one of the main subjects addressed in this thesis.

The complete geometry of the telescope was implemented in the Auger Off line
simulation framework, using the Geant4 toolkit. The comparison with the existing
simulation code showed an overall agreement. However the new code can produce
more detailed simulations showing some specific features of the telescope optics.
The simulation developed constitutes now a tool for detailed simulations of the
detector, available to the Collaboration. This tool is already being used by the Genoa
group to simulate the expected signals induced by muons crossing the detector. The
Geant4 simulation is a very versatile tool and allows for the easy implementation
of different geometries of the detector which may be quite important for the design
and optimisation of the fluorescence telescopes for the Pierre Auger Observatory
northern site.

In this thesis detailed performance studies on the light collection efficiency of
the FD camera were performed. The light collection efficiency and uniformity are
crucial properties of the FD camera. The light collection efficiency of the FD camera

pixels has been studied and mapped using simulated data and laser events. For each
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case, pixel maps of relative efficiency as a function of the position within the pixel
have been produced. Using laser events, the sensitivity of the efficiency modulation

within a pixel to the physical spot size was exploited.

In the last years cosmic ray experiments have increased dramatically their sen-
sitivity and exposure. Furthermore these new generation experiments are taking
extreme care with the systematic uncertainties and have gone into a higher level
of detail in the comprehension of both the detector itself and of the physics pro-
cesses involved. This path will be followed by forthcoming experiments that will
pose stringent requirements in the design of new detectors and will incorporate new
technologies. The improvement in the detectors performance will for sure allow to

further enhance the knowledge in Cosmic Ray Physics
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Acronyms

AAS Analog Acquisition Sub-system

AC Alternate Current COUPLING *** REVIEW ***
ADC Analog to Digital Converter

Belenos a detector of ULTRA

CAD Computer Aided Design

CAMAC Computer Automated Measurement And Control
CLF Central Laser Facility

CNR Consiglio Nazionale delle Ricerche, Italy

CORSIKA COsmic Ray SImulations for KAscade

CTRIG Control and TRIGger; an interface board for GAW
DAC Digital to Analog Converter

DAQ Data Acquisition

DC Direct Current Coupling and DC motor*** REVIEW ***

DE2 Development and Education Board

DSP Digital Signal Processor

e.g. exempli gratia (for example)

EAS Extensive Air Shower

e-CRLab Electronics for Cosmic Rays Laboratory

ESAF EUSO Simulation and Analysis Framework
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Acronyms

ETScope Electromagnetic Telescope - a detector of ULTRA
EUSO Extreme Universe Space Observatory

FCT Fundagao para a Ciéncia e Tecnologia (Foundation for Science and

Technology)
FD Fluorescence Detector
FEBrick Front End Brick
FET Field Effect Transistor
FIFO First-In First-Out
FOV Field Of View
FPGA Field Programmable Gate Array
GAW Gamma Air Watch
Geant4 GEometry ANd Tracking version 4
GPS Global Positioning System
GS/s Giga Sample per second
GTU Gate Time Unit
HDL Hardware Description Language
HV High Voltage
12C Inter-Integrated Circuit (Serial communications protocol)
IASF Istituto di Astrofisica Spaziale e Fisica Cosmica CNR, Italy
IASF-Palermo IASF-CNR at Palermo, Italy (formerly IFCAI)
IDL Interactive Data Language
IP Intellectual Property
IST Instituto Superior Técnico

LIP Laboratério de Instrumentagao e Fisica Experimental de Particulas, Portugal
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LIP-PAD LIP - Placa de Aquisi¢ao de Dados (LIP - data acquisition board)
LPV3 LIP-PAD Version 3

LV Low Voltage

MAPMT Multi Anode Photo Multiplier Tube

MEFT Mestrado em Engenharia Fisica Tecnologica (Master in Physics

Engineering)
NIM Nuclear Instrumentation Module
NSB Night Sky Background
PAO Pierre Auger Observatory (as ACRO)
PC Personal Computer
PCB Printed Circuit Board
PCI Peripheral Component Interconnect
PMT Photo Multiplier Tube
ProDAcq Programmable Data Acquisition
PROM Programmable Read-Only Memory
ROI Region Of Interest
ROOT An Object-Oriented Data Analysis Framework developed at CERN

RS232 Recommended Standard RS-232; A standard for serial binary data signals

SD Surface Detector

SPC Single Photon Counting

TDC Time to Digital Converter

TMS Time Measuring Sub-system

TRC Telescopio de Raios Cosmicos (Lisbon Cosmic Ray Telescope)

ULTRA UV Light Transmission and Reflection in Atmosphere
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Acronyms

UTC Universal Time Coordinated
UV Ultra Violet

UVIScope UV Imaging Telescope
UVScope UV Telescope

VHDL VHSIC Hardware Description Language
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