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ResumoEsta tese insere-se no âmbito do estudo de dete
tores de Raios Cósmi
os e seussistemas de aquisição de dados.Os sistemas de aquisição de dados baseados na té
ni
a Single Photon Countingmere
eram espe
ial atenção. Os algoritmos de trigger da missão EUSO foram es-tudados e implementados na simulação geral. O desenvolvimento e teste de grandeparte do �rmware de GAW é da responsabilidade do LIP. Os trabalhos efe
tuadosneste domínio estão aqui reportados.O desenvolvimento de �rmware neste quadro requereu a instalação do LIP-eCRLab, equipado 
om equipamento de teste e medida de grande desempenho.Neste laboratório existirá também uma vertente ensino, nomeadamente em ele
-tróni
a digital avançada. Foram também desenvolvidos sitemas autónomos de aqui-sição de dados baseados na LIP-PAD e proje
tada a sua su
edânea - a LPV3.No âmbito do Observatório Pierre Auger foi estudado o desempenho dos seusteles
ópios de �uores
ên
ia utilizando a simulação desenvolvida no LIP. Neste estudoestimaram-se os parâmetros ópti
os do teles
ópio bem 
omo a sua e�
iên
ia. Oestudo da e�
iên
ia relativa ao longo da 
âmara abre a perspe
tiva para estudosaprofundados utilizando dados reais.

Palavras-
have: Raios Cósmi
os, Aquisição de Dados, GAW, ULTRA, EUSO,Auger
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Abstra
tThis thesis re�e
ts the work developed in Data A
quisition systems for Cosmi
 Raysdete
tors and performan
e studies of su
h dete
tors.Ele
troni
s �rmware was mainly developed in the 
ontext of Single PhotonCounting dete
tors. The EUSO mission triggering system algorithms and imple-mentation in simulation, 
omplying with the ele
troni
s 
onstraints of the missionare reported. The EUSO dete
tor 
on
ept is being applied in GAW, a gamma-rayexperiment. The �rmware of great part of GAW ele
troni
s is being developed atLIP and already some interfa
e boards were produ
ed and tests performed.The requirements of su
h developments led to the 
reation of the e-CRLab, adigital ele
troni
s laboratory equipped with state of the art test and measurementequipment. Tea
hing a
tivities in digital ele
troni
s and FPGAs are also plannedfor the e-CRLab. A new generation of LIP-PAD, su

essfully used in ULTRA andTRC, is being designed.In the Pierre Auger Observatory the �uores
en
e teles
opes performan
e wasstudied using a new simulation developed at LIP and integrated in the Auger sim-ulation framework. This study led to the estimation of opti
al parameters of theteles
ope and its e�
ien
y. Studies on relative e�
ien
ies throughout the wholefo
al surfa
e open a window to explore data.

Key-words: Cosmi
 Rays, Data A
quisition, GAW, ULTRA, EUSO, Auger
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Chapter 1
Introdu
tion
The history of 
osmi
 ray physi
s is almost one 
entury long. It started in 1912 whena �ux of 
harged parti
les 
oming from above was dete
ted using ele
tros
opes. Inthe 1930s 
loud 
hambers with magneti
 �elds were used to study 
osmi
 rays.The observation of tra
ks similar to those of ele
trons but bending in the oppositedire
tion led to the dis
overy of the positron - experimental parti
le physi
s wasborn. In its early years experimental parti
le physi
s developed through 
osmi
 raystudies, with the dis
overy of several elementary parti
les. In the 1950s, with the�rst parti
le a

elerators, a 
ontrolled, high-luminosity, beam of parti
les be
ameavailable and the two �elds of resear
h took di�erent paths. However, in the lasttwenty years, perhaps the most important result in parti
le physi
s 
ame from anon-a

elerator experiment - Super Kamiokande - with the dis
overy of neutrinoos
illations. In fa
t, in the last de
ades, the 
ommunities of parti
le physi
s, 
osmi
rays and astrophysi
s have be
ome in
reasingly aware of their similarities in terms ofmethods, tools, language and goals, and of the 
omplementary nature of their probesto the frontiers of our knowledge of the Universe. This opened the �eld known asastroparti
le physi
s, and has led to a new generation of 
osmi
 ray experiments,whi
h nowadays in
orporate the 
omplexity of intera
tion models, simulation tools,large 
ollaborations and dete
tors typi
al of a

elerator environments.Histori
ally, the great steps forward in 
osmi
 ray physi
s were always linkedto the evolution of dete
tors, progressively be
oming more sensitive, pre
ise andautonomous. This was the 
ase in the dis
overy of Extensive Air Showers (EAS),made possible by fast timing 
oin
iden
e units with a resolution better than �vemi
rose
onds. The dis
overy of air showers was in fa
t 
ru
ial in terms of makingsense of the observations: parti
les often 
ame in bun
hes originating from a sin-gle parti
le hitting the top of the atmosphere, and what rea
hed ground, a
tually1



CHAPTER 1. INTRODUCTIONse
ondaries, depended on the original energy. We were no longer simply 
ountingparti
les a
tually 
reated in the atmosphere, but now had the 
on
ept of a primaryparti
le 
oming from somewhere in the 
osmos, and more and more rare as it be-
ame more energeti
. The ground observations of EAS be
ame the way of indire
tlyextra
ting information about these primary parti
les, in an attempt to understandtheir properties and origin.Large aperture EAS dete
tors on the ground were for de
ades the only way todete
t high energy 
osmi
 rays hitting the top of the atmosphere. These dete
tors,
omposed by parti
le dete
tors disposed in arrays, be
ame steadily larger and moresophisti
ated. The in
rease in the aperture 
ompensated the power law redu
tionof the 
osmi
 ray energy spe
trum, allowing the study of ever higher energy 
osmi
rays. New te
hniques exploiting the light 
omponent of the showers appeared morere
ently: �uores
en
e teles
opes, dete
ting the light produ
ed by the de-ex
itationof the nitrogen mole
ules in the air ex
ited by the shower parti
les, and Cherenkovteles
opes, dete
ting the Cherenkov light produ
ed by energeti
 shower parti
lestravelling faster than the speed of light in air. In both 
ases, the dete
tors area
tually UV teles
opes, with opti
al systems 
onsisting typi
ally of large mirrorsand segmented 
ameras.In 1981 Fly's Eye be
ame the �rst 
osmi
 ray experiment employing the �uores-
en
e te
hnique. As the faint and isotropi
 �uores
en
e light is only intense enoughfor very energeti
 showers, and be
ause it allows the observation of a large volumeof atmosphere, this te
hnique is parti
ularly well suited for the low �ux, high en-ergy, end of the spe
trum, where it has the advantage of providing a pi
ture of thelongitudinal development of the shower and a relatively more dire
t measurement ofthe energy with respe
t to ground dete
tors. While new sour
es of systemati
 errorsarise in this method, the 
omplementarity between the two te
hniques is in fa
t oneof the keys to pre
ise, well 
ontrol and reliable results. It is also one of the greatstrengths of the Pierre Auger Observatory, a giant hybrid observatory 
ombiningthe two te
hniques. The southern site of the Auger Observatory has re
ently been
ompleted. The striking �rst results have already been made publi
, �rmly estab-lishing the existen
e of the GZK 
uto� and the anisotropy of the highest energy
osmi
 rays, as well as raising very interesting puzzles 
on
erning their nature andtheir intera
tions in the atmosphere.Imaging Atmospheri
 Cherenkov Teles
opes (IACT), on the other hand, dete
t-ing the rather 
ollimated light 
one along the shower axis, are well suited for anintermediate energy range, with larger �uxes, and in parti
ular for the dete
tion ofthe purely ele
tromagneti
 showers produ
ed by TeV photons. Cherenkov teles
opes2



are today living a golden age, with the dis
overy of a large number of new pointsour
es in only a few years and interesting results 
on
erning the di�use 
omponent.R&D in this domain is of the uttermost importan
e to allow for a future generationof dete
tors that is not only bigger but also better. One of the limitations of thepresent Cherenkov teles
opes is the very small �eld of view, and the GAW - GammaAir Wat
h - proje
t addresses this issue by testing an innovative opti
al and lightdete
tion system.While dealing with di�erent primary parti
les and energies ranges, extreme en-ergy 
osmi
 ray dete
tors and Cherenkov teles
opes have in 
ommon the goal ofunderstanding the origin of very high energy parti
les in the Universe. Also, aslight dete
tors, they share a number of dete
tion te
hniques and 
hara
teristi
s. Fi-nally, with the great su

ess of the Auger observatory and the very interesting dataexpe
ted in the years to 
ome, and with the outstanding gamma results and thepreparation of the next generation, both �elds are today in a very ex
iting period.The boom in astroparti
le physi
s, and in parti
ular the interest in extreme en-ergy 
osmi
 rays and gamma rays, grew in Portugal only in the late 1990s. The birthof this thesis is intimately related to this event. In 2000 LIP be
ame involved inthe EUSO spa
e mission, an ESA mission to be installed in the International Spa
eStation with the goal of dete
ting extreme energy air showers from above, with anextremely large �eld of view. This was the staring point for establishing a frameworkfor high energy 
osmi
 ray resear
h in Portugal. A few years later, the parti
ipationin the EUSO trigger system design, as well as in supporting experiments for EUSO,was the starting point of this thesis. EUSO su

essfully 
ompleted, from both thete
hni
al and the s
ienti�
 point of view, the Phase A study. The mission was never-theless put on hold due to �nan
ial and programmati
 issues related to the ColumbiaSpa
e Shuttle a

ident. LIP joined the Pierre Auger Observatory in 2006. As a nat-ural follow up of its experien
e in EUSO, the LIP group 
on
entrated e�orts in the�uores
en
e dete
tors. In this 
ontext detailed studies of the Auger �uores
en
eteles
opes were performed, namely through pre
ise Geant4-based simulation toolsdeveloped in Lisbon. LIP also be
ame involved in GAW, an R&D proje
t in whi
hsome of the solutions studied for EUSO, namely the Fresnel lens opti
al system, thehighly-segmented fo
al surfa
e and the use of the single photon 
ounting te
hniqueare being studied for the next generation of Cherenkov teles
opes, in order to builda highly sensitive, large �eld of view dete
tor. LIP has 
onsiderable responsibilitiesin the development of �rmware for the GAW trigger and data a
quisition systems.This path from EUSO to Auger and GAW was, in addition, 
rossed by smaller R&Dproje
ts mainly for edu
ation and publi
 outrea
h, but also support a
tivities for3



CHAPTER 1. INTRODUCTIONthe main experiments. These a
tivities relate basi
ally to the development of dataa
quisition systems for 
osmi
 ray dete
tors and were an important part of thiswork.While the path in this thesis is not a straight one, its key subje
ts remain 
lear,and are twofold: the development and dete
tion of air showers, in parti
ular of theirlight 
omponent; and the development of dete
tors, in parti
ular of trigger and dataa
quisition �rmware. The key proje
ts are, 
hronologi
ally, EUSO, the Auger Ob-servatory and GAW, together with supporting a
tivities both to the main proje
tsand to edu
ation and outrea
h a
tivities developed at LIP. This thesis is organisedas follows: a brief introdu
tion to 
osmi
 ray physi
s, with emphasis on air showerdevelopment and in
luding simulation studies of EAS properties, is presented in
hapter 2. An overview of the several relevant proje
ts, EUSO, the Pierre AugerObservatory and GAW, is given in 
hapter 3. Chapters 4 and 5 relate to the LIP
osmi
 ray ele
troni
s laboratory. While 
hapter 4 des
ribes the installation andthe a
tivities of the laboratory, 
hapter 5 des
ribes in more detail the design of thedata a
quisition board LIP-PAD, used both in the ULTRA supporting experimentfor EUSO and in the TRC edu
ational proje
t and, in general, well suited for small
osmi
 ray proje
ts. Chapter 6 and 
hapter 7 
on
entrate on the work developedspe
i�
ally for the main proje
ts. The work developed on trigger design for systemsusing the single photon 
ounting te
hnique, in the 
ontext of EUSO and parti
u-larly GAW, is reported in 
hapter 6. The studies on the performan
e of the Auger�uores
en
e teles
opes are presented in 
hapter 7. In 
hapter 8 some 
on
lusionsare drawn.

4



Chapter 2A Brief Overview of Some Cosmi
Ray Measurements

Figure 2.1: Balloon �ights of Vi
tor Hess.�The results of my observations are best explained by the assumptionthat a radiation of very great penetrating power enters our atmospherefrom above� Vi
tor Hess, Physikalis
he Zeits
hrift, November 1912
5



CHAPTER 2. A BRIEF OVERVIEW OF SOME COSMIC RAYMEASUREMENTSThe history of 
osmi
 rays started with a very simple instrument - the ele
tro-s
ope. By the end of the 19th 
entury it was known that ele
tros
opes dis
hargedspontaneously due to the ionization of the air, and the rate of dis
harge of the in-strument allowed to quantify this e�e
t. The 
ause of air ionization was believedto be the natural radioa
tivity of the Earth. It should therefore de
rease with thedistan
e to ground. Several meaurements were 
ondu
ted to determine the rate ofdis
harge with altitude, the most famous being the one performed by Thomas Wulfin 1910, in whi
h he took an ele
tros
ope to the top of the Ei�el tower. The resultsshowed that the rate of dis
harge did not de
rease as fast as it was expe
ted. In1912 Vi
tor Hess �ew this kind of instrument in hot air balloons to measure the rateof air ionization with altitude. Hess was able to �y and perform measurements upto an altitude of 5 km. The results showed that the ionization rate de
reased fromground level to ∼ 1 km and then in
reased with altitude. Su
h a de
rease provedthat in fa
t a part of the air ionization e�e
t was due to the natural radioa
tivity ofthe Earth. The subsequent in
rease in the rate, and thus in the air ionization e�e
t,was attributed by Hess to some kind of radiation arriving to Earth from Spa
e. Thequest to measure su
h radiation went further with the development of automati
data a
quisition systems for the ele
tros
opes. The devi
es were then used in un-manned balloon �ights that 
ould rea
h higher altitudes. Su
h �ights would 
on�rmHess results and, eventually, in 1926, Robert Millikan 
oined the term �Cosmi
 Rays�to des
ribe these phenomena.More sophisti
ated instruments for the dete
tion of radiation be
ame availableand started to be used in the 
osmi
 ray �eld. Su
h instruments, like the 
loud
hamber and photographi
 emulsions, allowed parti
le tra
ks to be re
orded and, bythe use of magneti
 �elds, to extra
t parti
le parameters like their mass and 
harge.In this 
ontext parti
le physi
s was born, with the dis
overy of new parti
les: thepositron in 1932, the muon in 1937, the pion in 1947 followed by the dis
overy of�strange� parti
les.By the mid 1930s, 
ounters in 
oin
iden
e were being used in the study of 
osmi
rays. At this point an ex
ess in the 
oin
iden
e rate suggested that parti
les arrivedin bun
hes. Later, with the the development of 
oin
iden
e units with better timingresolution (around 5 mi
rose
onds), Pierre Auger was able to 
ondu
t systemati
studies and establish the o

urren
e of air showers. The dis
overy of ExtensiveAir Showers (EAS) was a breakthrough as it allowed a 
orrelation between theparti
les dete
ted at ground and high energy 
osmi
 parti
les rea
hing the top ofthe atmosphere to be established, and to go higher in energy by building ever largersampling dete
tors. The path to the study of highly energeti
 
osmi
 rays was6



2.1. COSMIC RAYS FLUXopened. Still today, sampling dete
tors are widely used to dete
t 
osmi
 rays withan energy up to ∼ 1020 eV with very large sampling arrays. The largest one, thePierre Auger Observatory, has an area of ∼ 3000 km2.An alternative te
hnique to dete
t EAS - the �uores
en
e te
hnique - was mean-while developed. The �rst studies to dete
t �uores
en
e in the atmosphere wereperformed in the early 1960s in the Los Alamos National Laboratory for militarypurposes related with nu
lear explosions. The idea to use the te
hnique to dete
t
osmi
 rays was �rst proposed by the Cornell Cosmi
 Ray Observatory in the mid1960s but was unsu

essful as it was not able to dete
t light from EAS. The �rstsu

essful observation of �uores
en
e light from EAS would 
ome in 1976 with theinstallation of prototype teles
opes in Vol
ano Ran
h by physi
ist from the UtahUniversity. In 1981 Fly's Eye be
omes the �rst 
osmi
 ray experiment employing the�uores
en
e te
hnique, whi
h is a well-established te
hnique nowadays. The PierreAuger Observatory uses this te
hnique together with the sampling te
hnique. Thehybrid dete
tion 
apabilities are one of the strengths of the Observatory, allowingthe 
ross-
alibration of the two methods and redu
ing the systemati
 errors.High energy γ-rays have energies in the GeV - TeV range and originate pureele
tromagneti
 showers. Su
h showers develop high in the atmosphere, making thedete
tion of the front of parti
les at ground impossible. Also, the �uores
en
e lightemitted by su
h low energy showers falls below the sensitivity of �uores
en
e dete
-tors. However, the shower development produ
es Cherenkov light that a

umulatesand propagates along the shower dire
tion, produ
ing a signal dete
table at ground.In the late 1960s the programme to study the Cherenkov light emitted by EASstarted with the Whipple observatory. The idea was to re
ord this light by mean ofteles
opes. The ba
kground from 
harged 
osmi
 rays was however enormous. Themethod be
ame more e�
ient with the introdu
tion of imaging te
hniques (Hillas,1985), in whi
h segmented fo
al surfa
es and shower shape variables allowed to dis-tinguish showers initiated by energeti
 gamma rays. In re
ent years, larger teles
opesand teles
ope arrays were built, allowing the dis
overy of an impressive number of
γ-ray sour
es in the sky. Most of the re
ent results have been provided by HESS,installed in Namibia, and the MAGIC teles
ope, in the Canary islands.2.1 Cosmi
 rays �uxThe energy spe
trum of 
osmi
 rays 
overs a very wide range both in energy and�ux. In �gure 2.2 the di�erential �ux multiplied by E2 as a fun
tion of the energy7
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Figure 2.2: Energy spe
trum of Cosmi
 Rays. The di�erential �ux multiplied by E2is plotted against the energy [1℄.is shown, in a 
ompilation of data from several experiments by Gaisser [1℄. Thisspe
trum is quite steep, with the 
osmi
 ray �ux falling from one parti
le per squaremeter per se
ond for energies of the order of 100 GeV to one parti
le per squarekilometer per 
entury for energies of the order of 1020 eV. It follows pra
ti
ally apower law of the form E−α, where α is usually referred as the spe
tral index and isof the order of 3. The spe
trum has slight 
hanges in the spe
tral index, steepeningaround 3×1015 eV and �attening at 3×1018 eV. These features in the spe
trum areusually referred to as the �knee� and the �ankle�, respe
tively and were �rst inferredby Khristiansen et al. (1956) and Linsley (1963), respe
tively. At the far end of thespe
trum (E > 1019 eV) the available statisti
 is low, and this has been for a while a
ontroversial region. The far end of the spe
trum and its features will be dis
ussedin further detail below. The in
rease in the number of events in this region and the
ross-
alibration between di�erent dete
tion te
hniques is a major purpose of thePierre Auger Observatory.2.1.1 The GZK e�e
tThe GZK e�e
t has been predi
ted by Greisen [2℄ and, independently, by Zatsepinand Kuzmin [3℄. The e�e
t 
onsists in the degradation of the energy of 
osmi
8



2.2. γ RAYSrays above a 
ertain energy threshold through their intera
tion with the Cosmi
Mi
rowave Ba
kground (CMB) photons. The CMB radiation presents a bla
k bodyspe
trum with an average temperature of 2.73 K and is present throughout thewhole Universe with an isotropi
 distribution. High energy nu
lei intera
t withthis radiation and lose energy. The main pro
ess for high energy protons is thephotopion produ
tion. Protons intera
t with the CMB photons and give a protonplus a pion. The 
ross se
tion of the rea
tion rises as the rea
tion is mediatedthrough the produ
tion of a ∆ resonan
e. This e�e
t has an energy threshold of
E ∼ 5 ·1019 eV, and imposes a limit on the mean free path of the protons. In 
ase ofheavy nu
lei a similar s
heme applies but the dominant pro
ess for energy loss is thephotodisintegration with an energy threshold of the order of E ∼ 5·1018eV/nucleon.A GZK horizon 
an be de�ned as the maximum distan
e from whi
h 90% of theparti
les with a given energy greater than the threshold energy 
an 
ome.Photons arriving to the Earth su�er an equivalent e�e
t, but the dominant pro-
ess is pair produ
tion in the intera
tion with CMB photons, making the sky opaquefor photons with an energy greater than 1014 eV. However, the 
ross-se
tion for thispro
ess will de
rease with the in
rease of the photon energy and the universe willbe
ome transparent again for mu
h higher energies.Figure 2.3, from [4℄, shows the mean free path for both photons and protons asa fun
tion of the energy. As dis
ussed, it 
an be seen that the mean free path ofphotons drops for energies of ∼ 1014 eV, starting to rise afterwards. For protonsthe mean free path drops at an energy of ∼ 1020 eV rea
hing a value of 10 Mpc forenergies greater than 5 · 1021 eV.2.2 γ raysThe spe
trum of di�use extragala
ti
 photon radiation [5℄ is presented in �gure 2.4 .The energies in the plot range from 10−8eV (radio) to 1020eV. The �ux is dominatedby the CMB in the mi
rowave region and falls quite rapidly afterwards. For energiesabove the GeV limits are shown for the γ-ray 
omponent. The 
osmi
 ray �ux isplotted with open 
ir
les for referen
e.At su
h energies the γ-ray di�use �ux is very low and γ-rays are studied bylooking at point sour
es, opening the �eld of γ-ray astronomy. The �rst sour
e tobe dis
overed was the Crab nebula. Crab is still the brightest steady emitter forVery High Energy (VHE) γ-rays and is used as a 
alibration 
andle. Its spe
trum[6℄, shown in �gure 2.5 , extends to several tens of TeV. 9
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Figure 2.3: Mean free path, λ, of photons and protons as a fun
tion of the energy[4℄. Photons below 1014 eV intera
t with the Infra-Red and Opti
al ba
kground.Curves a, b and 
 represent di�erent models of su
h ba
kground radiation; Between
1014 − 1019 eV photons intera
t with the Mi
rowave Ba
kground Radiation. Forhigher energies the photons intera
t with radio and the di�erent 
urves in the plotrepresent λ under several radio ba
kground estimations.

10



2.2. γ RAYS

Figure 2.4: The spe
trum of di�use extragala
ti
 photons[5℄. For Above GeV ener-gies limits are shown for the γ-ray 
omponent. The 
osmi
 ray �ux is plotted withopen 
ir
les for referen
e.

Figure 2.5: The 
rab γ ray spe
trum. 11



CHAPTER 2. A BRIEF OVERVIEW OF SOME COSMIC RAYMEASUREMENTS2.3 Extensive Air ShowersIt has been known for quite some time that most primary 
osmi
 rays are protonsor heavier nu
lei. When these high energy parti
les enter the Earth's atmospherethey intera
t with the nu
lei of atmospheri
 gases and new parti
les are 
reatedfrom this intera
tion. These se
ondary parti
les will in turn intera
t and produ
ea new generation of parti
les. In this way the primary parti
le gives birth to aparti
le 
as
ade. Su
h 
as
ades develop in the atmosphere as a front of parti
lespropagating at nearly the speed of light and are 
ommonly known as Extensive AirShowers (EAS) [7, 8℄ .As the primary parti
le enters the atmosphere and the �rst intera
tion o

urs,pions are produ
ed (and also, in lower number, kaons and baryons). Neutral pionsreadily de
ay into a photon pair. Ea
h photon will then disintegrate through pairprodu
tion. The positrons and ele
trons 
reated will in turn produ
e photons andthe pro
ess will go on until there is not enough energy for the produ
tion of newparti
les. This 
hain rea
tion is known as an ele
tromagneti
 
as
ade. Charged pionshave a greater mean lifetime and 
an intera
t with nu
lei before de
aying. Thereare also other parti
les 
reated in the 
as
ade that 
an originate nu
lear intera
tionswith the nu
lei of atmospheri
 gases. These nu
lear intera
tions originate the hadron
omponent of the EAS. Charged pions 
an also de
ay into muons and neutrinos. Themuons 
reated have su
h energy that in most 
ases they will neither intera
t with theatmosphere nor de
ay while traversing it. They 
onstitute the muoni
 
omponentof the shower that 
an be dete
ted at sea level.Although it is known that the primary 
osmi
 rays are nu
lei, their exa
t natureis still a point of 
ontroversy. For low energy (E . 100 TeV) parti
les the dete
tion
an be performed dire
tly and the 
omposition of 
osmi
 rays is well known. Forhigher energies (E & 100 TeV) the dete
tion relies in indire
t methods where theestimation of the primary properties requires the use of intera
tion models andMonte Carlo (MC) simulations.2.3.1 EAS simulationThe analyti
al treatment of the development of air showers is a 
omplex task, viablein pra
ti
al terms only with many approximations and simpli�
ations. Monte Carlosimulations are in pra
ti
e the standard method to 
al
ulate the properties of EAS.These MC 
odes start with the primary parti
le and simulate the intera
tions ofsubsequent parti
les along the shower development in the atmosphere. Two of the12



2.3. EXTENSIVE AIR SHOWERSmain simulation 
odes are CORSIKA and AIRES. These 
odes simulate the inter-a
tions using di�erent intera
tion models and follow the parti
les traje
tories in 3D.Su
h 
omputations for high energies are extremely time 
onsuming, even with stateof the art 
omputers. One of the methods for redu
ing the 
omputing time at highprimary energies is the so 
alled thinning method. In this method, below a 
ertainenergy only a small fra
tion of the parti
les are fully tra
ked, and they are given aweight to represent the remaining parti
les. Other simulation 
odes like CONEXand SENECA take a di�erent approa
h. In these 
odes, the parti
les above an en-ergy threshold are followed expli
itly. The numeri
al des
ription of sub-
as
ades,initiated by lower energeti
 parti
les, is performed using the the solution of 
as
adeequations, redu
ing the required 
omputation time. [9, 10℄
2.3.2 Longitudinal pro�leDuring EAS development parti
les are 
reated and destroyed. Ea
h parti
le intera
tsor de
ays, giving birth to other parti
les, ea
h with a fra
tion of its energy. In thisway the number of parti
les in
reases. However, low energy parti
les are easilyabsorbed in the medium. The number of parti
les in ea
h step of the 
as
ade willthus be a balan
e between the 
reation and annihilation of parti
les.Greisen introdu
ed in [11℄ a parametrization for the total number of ele
tronsin a pure ele
tromagneti
 shower initiated by a photon. The shower longitudinaldevelopment 
an be written as a fun
tion of the atmospheri
 depth X as

Ne =
0.31√

β0

· eX/λ(1−3/2 ln s)where β0 = E0/ε0, E0 is the primary energy, ε0 the 
riti
al energy and λ is a 
har-a
teristi
 length parameter (∼ 60 − 70 g · cm−2). The shower age s 
an be writtenas:
s =

3X

X + 2Xmaxwhere Xmax is the depth of the shower maximum - the atmospheri
 depth at whi
hthe shower 
ontains the maximum number of parti
les. The shower age parameteris 0 for the �rst intera
tion point and is 1 at the shower maximum. At s = 2 theshower has already died, with Ne evaluating to less than 1.Gaisser and Hillas presented in [12℄ (see also [8℄) a parametrization of the averagenumber of parti
les, N , for hadroni
 showers with a primary energy E0. It 
an be13



CHAPTER 2. A BRIEF OVERVIEW OF SOME COSMIC RAYMEASUREMENTSwritten as
N = S0

E0

ǫ
· etm

(

t

tm

)tm

e−twhere S0 = 0.045, ǫ = 0.074 GeV, t = X/λ, λ is a 
hara
teristi
 length parameter
(∼ 60 − 70 g · cm−2) and tm is the depth of shower maximum in units of radiationlength. tm is expressed as

tm =
Xm

λ
=

X
′

0

λ
ln

(

E0

Aǫ

)

− 1where A is the atomi
 number of the nu
lei that initiated the shower and X
′

0 =

36 g · cm−2. The number of parti
les at the shower maximum is thus proportionalto the primary energy and given by:
Nm = S0

E0

ǫ
.From the previous formulae it 
an also be seen that the depth of the shower maxi-mum in
reases with the logarithm of the energy and, for the same energy, it de
reaseslogarithmi
ally with the nu
leus mass A.A slightly modi�ed parametrization known as Gaisser-Hillas fun
tion is 
urrentlyused to des
ribe and �t the shower longitudinal pro�le:

N (X) = Nmax ·
(

X − X0

Xmax − X0

)

Xmax−X0

λ

· e Xmax−X
λwhere Nmax is the number of parti
les at the shower maximum (X = Xmax). Theparameter X0 is sometimes referred to as the �rst intera
tion point although the�t results for this parameter 
orrelate poorly with the a
tual depth of the �rstintera
tion. Figure 2.6 shows the longitudinal pro�les for simulated showers witha primary energy of 1019eV. The pro�les for iron-initiated (dashed) and proton-initiated (solid) showers are shown. It 
an be seen from the �gure that while Nmaxis similar in the two 
ases, iron-initiated showers have, on average, a lower Xmax.This earlier development of iron showers is a natural 
onsequen
e of the fa
t thatthe primary energy is 
arried by the 56 nu
leons. Furthermore, it is evident that the�u
tuations on Xmax are 
onsiderable lower for iron-initiated showers. This is dueto the fa
t that ea
h nu
leon will intera
t and produ
e a sub-shower, redu
ing theoverall �u
tuations in the shower. Nevertheless, shower to shower �u
tuations arelarge and make it hard to distinguish, on an event by event basis, a proton showerfrom an iron shower.14



2.3. EXTENSIVE AIR SHOWERS

Figure 2.6: Longitudinal pro�les for iron and proton initiated showers of energy
E = 1019 eV.2.3.3 Lateral pro�leIn the previous se
tion the longitudinal development of EAS was addressed. Let usnow 
onsider the lateral spread of the shower parti
les. Parti
les are spread due tomultiple Coulomb intera
tions with the atmospheri
 nu
lei. The 
umulative e�e
t ofvarious small-angle s
attering intera
tions builds up the shower transverse stru
ture.The shower 
an be seen at ea
h instant as a disk, with 
ylindri
al symmetry, whi
hparti
le density is greater at the 
enter and falls with the disk radius.The lateral or transverse parti
le density pro�le 
an be parametrised using theNishimura-Kamata-Greisen fun
tion (NKG) [13, 14℄ that applies to ele
tromagneti
showers:

ρ (r) = c (s)
Ne

r2
0

(

r

r0

)s−2(

1 +
r

r0

)s−4.5with
c (s) = 0.366 · s2 (2.07 − s)1.25where s is the shower age parameter and Ne the total number of shower parti
les.The parameter r0 is the Molière radius whi
h is de�ned as r0 = λEs/Ec where λ isthe radiation length, Es ∼ 21 MeV and Ec is the 
riti
al energy. In ele
tromagneti
showers, in average, only 10% of the energy lies outside the 
ylinder with radius R0.The lateral distribution fun
tion for hadroni
 showers 
an be parametrised havingas a base the NKG formula. Greisen [13℄ presents su
h a parametrization, where a15
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E Nb. events Thin Wlim

105 GeV 100 0 104

106 GeV 10 10−6 10
107 GeV 10 10−6 102

108 GeV 10 10−6 103Table 2.1: Chara
teristi
s of the produ
ed simulation samples. For ea
h energytwo samples were generated with di�erent primaries (proton and iron) using theQGSJET hadroni
 intera
tion model.
orre
tion fa
tor appears:
ρ (r) =

C1 (s)Ne

2πr2
1

(

r

r1

)s−2(

1 +
r

r1

)s−4.5
(

1 + C2

(

r

r1

)δ
)

The dependen
e of the transverse distribution with the primary 
omposition andenergy was studied with MC simulations in the 
ontext of the possibility to use a�uores
en
e dete
tor with high angular resolution. This study was 
arried on toinvestigate the possibility to use su
h a dete
tor to measure the lateral pro�le andthus estimate the primary 
omposition.The transverse momentum distributions of the se
ondaries produ
ed in an iron-air 
ollision and in a proton-air 
ollision are not substantially di�erent. However,if the primary has the same energy, the average energy per nu
leon is, in the 
aseof an iron 
ollision mu
h smaller (∼ 1/56) than in the 
ase of a proton 
ollision.This fa
t should translate into smaller opening angles of the se
ondaries for protoninitiated air showers and thus into narrower transverse distributions, mainly in the
entral region of the showers, where the hadroni
 
omponent is stronger. Statisti
al�u
tuations on the properties of the se
ondaries from the �rst rea
tion are small, asthe multipli
ity in high energy proton-air 
ollisions is of the order of several tens ofparti
les. However, the magnitude of this e�e
t will depend on the boost and thuson the shower energy.The CORSIKA [15℄ simulation pa
kage, whi
h is the referen
e in the �eld, wasused to produ
e samples of EAS initiated by protons and by iron nu
lei with en-ergies ranging from 1014 to 1017 eV. The QGSJET hadroni
 intera
tion model was
hosen. For energies above 1015eV the thinning option was used setting the thinningparameter εth = 10−6 and applying a weight limit Wlim = Eprim · εth, where Eprim isthe primary energy in GeV. These 
hoi
es ensure that the �u
tuations introdu
edon the e+e− lateral distributions by the thinning are of the order of just a few % fordistan
es to the shower axis below 1000m. Table 2.1 summarises the 
hara
teristi
s16



2.3. EXTENSIVE AIR SHOWERSObservation level Depth (g/cm2)1 1002 2003 3004 4005 5006 6007 7008 8009 90010 1000Table 2.2: Depths of the 
hosen observation levels.of the generated samples. The output of ea
h generated event 
ontains informationon its longitudinal pro�le as well as on several transverse pro�les at 
hosen obser-vation levels pla
ed along the shower axis. Table 2.2 summarises the depths of the
hosen observation levels.The lateral pro�les near the shower maximum for a proton (solid) and an iron(dashed) event with energy E = 1015 eV are shown in �gure 2.7 . This plot 
on�rmsthat the proton lateral distributions are, in the 
entral region, sharper than the
orresponding distributions for iron. In �gure 2.8 and 2.9 the longitudinal pro�leof one proton and one iron event, respe
tively, with an energy E = 1015 eV areshown as an example. In the same �gures the 
ontributions for the longitudinalpro�le from the parti
les with a transverse distan
e to the shower axis below andabove Rcut = 50 m are also shown. It is striking that the ratio between these two
ontributions is well above 1 in the 
ase of the proton-initiated EAS while it is ofthe order of 1 in the 
ase of iron-initiated EAS. In order to quantify this e�e
t the
Rat variable is de�ned as

Rat = Ncentral/Ntotalwith
Ncentral =

∫ Xmax+δ

Xmax−δ

∫ Rcut

0

ρ (r, t) drdt

Ntotal =

∫ Xmax+δ

Xmax−δ

∫

∞

0

ρ (r, t) drdtwhere δ = 100 g · cm−2 and ρ (r, t) is the parti
le density at a given distan
e r17
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Figure 2.7: Comparison of lateral pro�les for a proton (solid blue line) and aniron (dashed red line) event with energy E = 1015 eV near the shower maximum.The lateral pro�les were taken from the observation level nearest to the showermaximum. In this 
ase the 
hosen observation levels had a depth of 400 g/cm2 foriron and 500 g/cm2 for proton.
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Figure 2.8: Longitudinal pro�le of a proton event with energy E = 1015eV. The totalshower pro�le is shown, together with the separate 
ontributions of the parti
les ata distan
e above and below 50 m from the shower axis.18
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Figure 2.9: Longitudinal pro�le of an iron event with energy E = 1015 eV. The totalshower pro�le is shown, together with the separate 
ontributions of the parti
les ata distan
e above and below 50 m from the shower axis.from the shower axis for a given depth t. Figure 2.10 and �gure 2.11 show thedistributions of Ratproton (solid) and Ratiron (dashed) for energies of E = 1014 eVand E = 1017 eV, respe
tively. These Rat distributions were 
omputed for twogenerated samples of proton and iron EAS, with Rcut = 50 m. Figure 2.10 showsa 
lear separation between the Rat distributions for proton and iron initiated EAS.For higher energies the �u
tuations in Rat tend to de
rease, de
reasing the width ofthe distribution, as 
an be seen in �gure 2.11. It 
an also be seen that the di�eren
ebetween the proton and iron distributions tend to vanish with the in
rease of theenergy.In fa
t, it has been shown in [16℄ that at high energies (∼ 1019 eV) an universal
urve 
an be used for the des
ription of the lateral pro�le. In this referen
e COR-SIKA simulations were used to study the �uores
en
e emission through the energydeposited in the atmosphere by the 
as
ade. They 
on
lude that the energy densitydepends only on the distan
e to the shower axis and on the shower age parame-ter. It is independent from the primary energy, 
omposition and zenith angle. Aparametrization of the form:
F

(

r

rM

)

= 1 −
(

1 + a (s)
r

rM

)

−b(s)is presented, where a and b depend only on the age parameter s. The parameters19
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Figure 2.10: Distributions of the Rat variable, de�ned in the text, for proton (solid)and iron (dashed) EAS generated with an energy of E = 1014 eV. For ea
h showerthe distribution of parti
les results from the average of the data between the twoobservation levels nearest to the shower maximum.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

10

20

30

40

50

60

Figure 2.11: Rat distributions for proton (solid) and iron (dashed) EAS generatedwith an energy of E = 1017 eV. For ea
h shower the distribution of parti
les resultsfrom the average of the data between the two observation levels nearest to the showermaximum.
20



2.4. DETECTION TECHNIQUESwere �tted to the simulation results with polynomials:
a (s) = 5.151s4 − 28.925s3 + 60.056s2 − 56.718s + 22.331.This fun
tion is now 
ommonly used in the Auger proje
t to simulate and �t thelateral pro�le of showers in the �uores
en
e dete
tor.2.4 Dete
tion te
hniquesCosmi
 rays 
an be dire
tly dete
ted at the top of the atmosphere in experiments
arried out in balloons or satellites. However the limited aperture of su
h exper-iments 
ombined with the rapid de
rease of the 
osmi
 ray �ux with the energymakes this te
hnique only possible for energies below 1014 eV. At higher energies
osmi
 rays must be studied through the dete
tion of EAS. For this purpose two ba-si
 types of dete
tors are 
urrently used: the ground arrays, based on the samplingte
hnique, and the �uores
en
e teles
opes.In γ-ray astronomy the �uxes are very mu
h lower than the 
harged 
osmi
 ray�ux. This means that the energy at whi
h ground-based experiments have to be re-pla
ed by spa
e-based ones is also lower. For energies up to tens of GeV the dete
tionis spa
e-based, and the most re
ent and promising experiment is the Gamma-rayLarge Area Spa
e Teles
ope (GLAST1) [17℄ whi
h was re
ently su

essfully laun
hed.For higher energies the dete
tion of γ-rays must rely on the dete
tion of EAS. How-ever at these energies the showers do not penetrate deeply in the atmosphere and themost e�e
tive instrument for their dete
tion is the Imaging Atmospheri
 CherenkovTeles
ope (IACT), whi
h relies on the dete
tion of the 
ollimated Cherenkov lightemitted mainly by the ele
trons and positrons of the shower in the atmosphere.2.4.1 Ground arraysThe prin
iple of ground arrays 
onsists of sampling at ground the parti
le densityof the EAS front in order to estimated the primary dire
tion and energy. Groundarrays are 
omposed by a grid of parti
le dete
tors. When the shower front 
rossesone of these dete
tors, a signal is re
orded. This signal is proportional to the lo
aldensity of parti
les in the shower front. Mainly two types of dete
tors are used:s
intillators, like in AGASA, and water tanks, like in the Pierre Auger Observatory.1NASA announ
ed on 26/08/08 that GLAST has been renamed the Fermi Gamma-ray Spa
eTeles
ope. 21



CHAPTER 2. A BRIEF OVERVIEW OF SOME COSMIC RAYMEASUREMENTSThe most widely used s
intillators are made of a plasti
 doped with a s
intillat-ing substan
e. Charged parti
les deposit energy by ionization and light is emittedby s
intillation with an intensity proportional to the deposited energy. Blo
ks ofs
intillator are pla
ed in a housing stru
ture along with PMTs. This stru
ture iso-lates the dete
tor from the outside and dire
ts the light produ
ed to the light sensor(PMT or similar) where it is dete
ted.In water tanks Cherenkov light is emitted by relativisti
 parti
les 
rossing thedete
tor. The emitted light, basi
ally proportional to the the tra
k length in thewater, is re�e
ted in the 
ontainer walls and re
orded using a PMT.The shower front rea
hing the dete
tors is mainly 
omposed by photons, muonsand ele
trons and positrons. Muons penetrate deeply, depositing mu
h less energyby ionization than ele
trons and positrons. On the other hand, muons 
ross thewater tanks 
ompletely, while ele
trons and positrons are qui
kly absorbed. Thismakes water Cherenkov dete
tors more sensitive to the muoni
 
omponent of theEAS and s
intillators more sensitive to the ele
tromagneti
 
omponent.In both types of dete
tors the muon �ux at the dete
tion level is used to 
alibratethe dete
tor. The single parti
le signal is extra
ted and later used to estimate thenumber of parti
les hitting the dete
tor.The shower front arrival time is re
orded at ea
h station with great pre
ision. As-suming that the shower front propagates at the speed of light, the primary dire
tion
an be estimated from the time delays in di�erent stations.The shower size is inferred assuming a lateral shower pro�le and using it to �tthe data from the di�erent stations with signal. The 
ore lo
ation is one of the �tparameters and is thus evaluated in the �t. The energy is usually estimated fromthe density at a �xed distan
e of the 
ore, extrapolated from the �t. Using extensiveMonte Carlo simulations the 
orrelation of this parameter with the primary energyis assessed. The distan
e at whi
h the density is taken depends on the dete
torproperties, namely the geometry, and is 
hosen, through MC, as the point where the�u
tuations are minimised. For instan
e AGASA used the density at 600m from the
ore, while in the Pierre Auger Observatory, where the dete
tors are farther away,the signal at 1000 m, S (1000), is used.2.4.2 Fluores
en
e teles
opesIn the �uores
en
e te
hnique Earth's atmosphere is used as a 
alorimeter to studythe primary 
osmi
 rays properties. EAS develop in the atmosphere ex
iting the airmole
ules. When the mole
ules, mainly nitrogen, return to their ground state they22



2.4. DETECTION TECHNIQUESemit �uores
en
e light in the UV, whi
h is dete
ted by means of UV teles
opes.Several opti
s design s
hemes 
an be used to build the teles
ope, but all rely onthe use of a large mirror to 
olle
t the light and fo
us it on a PMT 
amera. Mostteles
opes are designed to 
over a limited �eld of view and a greater area of the skyis observed by using more than one teles
ope.As the atmosphere is used as a 
alorimeter, a detailed knowledge of its 
on-ditions is essential, as the light produ
tion and attenuation is related dire
tly toatmospheri
 parameters. Several atmospheri
 sensing devi
es are installed on theAuger site. Weather stations and atmospheri
 balloons are used to measure di-re
tly the atmospheri
 temperature and pressure. The opti
al properties of theatmosphere are determined using LIDARs, that measure the s
attering in the at-mosphere of laser light. Although simple in prin
iple, the solution of the LIDARequation is not unique and several approximations and assumptions must be madeto extra
t the atmospheri
 parameters. The dete
tion by the �uores
en
e teles
opesthemselves of the light emitted by additional laser devi
es pla
ed at known distan
esand s
attered in the atmosphere is also used to infer the transmission properties ofthe atmosphere. Cloud 
ameras give information on the 
loud 
overage, extremelyvaluable for the shower analysis.Fluores
en
e teles
opes are 
alibrated using several light sour
es. Some of thesesour
es are internal and 
alibrate only the opti
s and the PMTs of the teles
opes. Forthe Pierre Auger Observatory, an end-to-end 
alibration devi
e has been spe
i�
allydeveloped, whi
h is pla
ed at the entran
e of the diaphragm providing uniform andisotropi
 illumination in the relevant wavelength band. Pulsed laser beams emittedin the �eld of view of the teles
opes are also used for 
alibration studies.At ea
h sampling time the EAS is a disk in spa
e, at a 
ertain distan
e, andilluminates basi
ally a few side-by-side pixels in the 
amera of the teles
ope. Theimage for all samples taken forms a narrow band of pixels with signal, 
orrespondingto the longitudinal development of the EAS. The re
onstru
tion of the shower 
an besplit into two steps: the geometri
al re
onstru
tion and the energy re
onstru
tion.An illustration of the geometry used for the re
onstru
tion of �uores
en
e eventsis shown in �gure 2.12. The line in the 
entre of the illuminated pixel band andthe dete
tor position de�ne the Shower Dete
tor Plane (SDP), the plane in spa
ewhi
h 
ontains the shower axis and the dete
tor. The timing information is usedto de�ne the shower 
ore 
oordinates and the shower dire
tion in the plane. Thesignal re
orded by all the pixels 
an then be used to re
onstru
t the primary energy.A longitudinal shower pro�le shape is assumed (usually a Gaisser-Hillas fun
tion)and �tted to the light pro�le, 
orre
ted for the atmospheri
 e�e
ts. The integral23
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Figure 2.12: Illustration of the geometry used for the re
onstru
tion of �uores
en
eevents.of the light 
urve gives an estimation of the energy. This estimation needs to be
orre
ted for the �missing energy� whi
h is the energy 
arried by parti
les that donot deposit it in the atmosphere, e.g. the energy 
arried by the neutrinos, and isusually estimated using Monte-Carlo simulations.2.4.3 Imaging Atmospheri
 Cherenkov Teles
opesIACTs are 
urrently the most widely used instruments in γ-astronomy. This te
h-nique relies on the dete
tion of the Cherenkov radiation emitted by relativisti
 EASparti
les on the atmosphere. Whereas the parti
le 
omponent does not rea
h theground and the �uores
en
e light is, at the relevant energies, too faint to be de-te
ted, the Cherenkov radiation 
omponent builds up 
oherently with the showerfront and rea
hes the ground, where it 
an be dete
ted.The dete
tion of 
osmi
 rays using this te
hnique relies on large UV teles
opesand arrays of teles
opes that are usually 
hara
terised by large mirrors and a small�eld of view (∼ 5◦).The teles
opes are usually pointed to a known or hypotheti
al γ-ray sour
e or tospe
i�
 sky positions as part of a sky survey. If the teles
ope is inside the Cherenkovpool of light the Cherenkov light is imaged as a �lled ellipse in the PMT 
ameraof the teles
ope. When several teles
opes are inside the pool several images arere
orded. By analysing the shape and intensity of the signal the parameters of theprimary parti
le are extra
ted.24
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Figure 2.13: The Auger 
osmi
 ray spe
trum.2.5 Re
ent results2.5.1 Pierre Auger Observatory resultsThe �rst results from the Pierre Auger Observatory in
lude the high energy 
osmi
ray spe
trum, the elongation rate, de�ned as the variation of the depth of the showermaximum with the logarithm of the energy (dXmax/d lnE), the photon �ux and the
osmi
 rays arrival dire
tions.Energy spe
trumThe 
osmi
 ray energy spe
trum measured by the Pierre Auger Observatory wasre
ently published in [18℄ and is shown in �gure 2.13. In the top panel the spe
trumis shown, in logarithmi
 s
ale, as 
ompiled from 20 000 events re
orded by the surfa
edete
tor. The bottom panel shows the spe
trum as the residual from an assumedspe
trum with a power law shape of the form E−2.69, making its features moreevident. These results show that above 4 · 1019 eV there is a 
lear 
hange in thespe
tral index, 
orresponding to a suppression of the �ux. In the �gure, data fromHiRes I are also presented, also showing a �ux suppression in this energy region.25
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Figure 2.14: The arrival dire
tions of the Auger highest energy events (
ir
les) areshown. The stars represent the positions of nearby AGNs.These results are 
ompatible with a GZK-like suppression. It is 
lear that Augerresults already represent a great improvement in the pre
ision of the measurementof the spe
trum at the highest energies with respe
t to previous data. Better resultsare to be expe
ted in the near future, with the in
rease in the statisti
s and a better
ontrol of the systemati
 un
ertainties. Meanwhile, the understanding of the massspe
trum at the highest energies remains 
ru
ial for a full 
hara
terisation of theGZK e�e
t.Arrival dire
tionsThe origin of the highest energy 
osmi
 rays remains an open question. In thepropagation from the sour
es to Earth 
osmi
 rays are de�e
ted by magneti
 �elds.This de�e
tion de
reases as the primary energy in
reases, and in
reases with theprimary 
harge. The highest energy 
osmi
 rays are expe
ted to point to theirsour
es.The Pierre Auger Observatory has re
ently [19℄ established the anisotropy of thehighest energy 
osmi
 rays arrival dire
tions. Figure 2.14 shows the dire
tion in thesky of the highest energy (E > 57EeV ) events with 
ir
les of 3.1 degrees radius.These parameters result from a s
an in the data 
olle
ted from 1 January 2004to 26 May 2006 that minimized the probability that the events re
orded resultedfrom an isotropi
 distribution. A pres
ription was then established and used toanalyse the full data set 
olle
ted in 3.5 years. The obtained value for the maximum26



2.5. RECENT RESULTSangular distan
e is 
ompatible with the expe
tations for the de�e
tions of protonsin the magneti
 �elds. The relative aperture of the dete
tor is indi
ated by theshading, with the darker zone 
orresponding to the higher exposure. The dashedline is super gala
ti
 plane. The red stars show the positions of nearby AGNs fromthe 12th Veron-Cetty and Veron 
atalog (d<75 Mp
, 472 AGNs) [20℄. Analyseshave been performed sear
hing for 
orrelations of the arrival dire
tion of the mostenergeti
 events with di�erent obje
ts, and in parti
ular with AGNs. The �gureshows 27 events, 20 of whi
h are 
orrelated with an AGN within 3 degrees. Thereis eviden
e for a 
orrelation with AGNs or with obje
ts with a similar distribution.The a

umulated statisti
s is however still relatively low.Finally, the pointing a

ura
y indi
ated by this 
orrelation seems to indi
atethat the primaries, at these energies, are mainly protons. Su
h fa
t might indeed
on�rm that the observed suppression of the energy spe
trum is due to the GZKe�e
t su�ered by protons travelling to Earth.Elongation rateThe shower development in the atmosphere is in�uen
ed by the primary 
omposi-tion. Proton primaries will produ
e longer showers while showers initiated by ironprimaries will develop more rapidly for the same primary energy. A method to inferthe 
osmi
 ray 
omposition is the study of the elongation rate, that is, the variationof the depth of the shower maximum with the energy (dXmax/d log E).In �gure 2.15, taken from [21℄, the results from the Pierre Auger Observatoryfor the average depth of the shower maximum, 〈Xmax〉, as a fun
tion of the primaryenergy are shown. The plot also shows the predi
tions of di�erent models for iron-initiated and proton-initiated showers. These results show that a single slope wouldnot be su�
ient to des
ribe the data, and that the rate of in
rease of Xmax withenergy above E ∼ 2× 1018 eV tends to be lower. This seems to indi
ate a 
hange tolighter primaries up to energies E ∼ 2 × 1018 eV and a 
hange to heavier primariesabove this energy. More data will however be ne
essary to establish �rmly the highenergy behaviour.This result seems thus in 
ontradi
tion with the anisotropy results, that indi
ateproton primaries, and may indi
ate that the pro
esses involved in the EAS devel-opment behave di�erently from expe
ted. The hadroni
 intera
tion models used tosimulate EAS are in fa
t extrapolated from a

elerator data to energies several or-ders of magnitude above, and mu
h is unknown. These results open very interestingparti
le physi
s possibilities. 27
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Figure 2.15: The depth of the shower maximum as a fun
tion of the energy asmeasured by Auger is shown and 
ompared with the expe
tations from di�erentmodels.Photon �uxPhoton-initiated showers rea
h the maximum development at mu
h greater depthsthan proton or iron initiated showers. Using the shower maximum re
orded by theAuger �uores
en
e dete
tor, photon-initiated showers would be distinguishable. Theparti
ular 
hara
teristi
s of the development of these shower would also in�uen
ethe signal re
orded by the surfa
e dete
tor of Auger. The shower front 
urvatureand thi
kness were also used to sear
h for photon shower in the full sample of data.The data from the Pierre Auger Observatory was sear
hed for photon initiatedEAS and no eviden
e for their observation was found. A limit 
ould then be imposedon the �ux of primary photons. These results, presented in [22℄, are shown in �gure2.16, where the limits on the fra
tion of photon initiated showers is plotted as afun
tion of the energy along with the predi
tions of some models. The results fromAuger are shown and 
ompared with those from previous experiments. These limits
an already ex
lude most of the top-down models for the 
reation of high energyphotons.The Pierre Auger Observatory is now fully operational and is expe
ted to 
olle
tin one year approximately the same amount of data that was available at the timeof the publi
ation of these results. The Pierre Auger results have thus opened anew window for astronomy, astrophysi
s and parti
le physi
s, and very interesting28
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Figure 2.16: Limits on the fra
tion of photon-initiated showers. The Auger SD(bla
k arrows) and FD limits are shown. For 
omparison, the predi
tions of severalmodels and the results from previous experiments are also shown (HP: HaverahPark, A and A2: AGASA, Y: Yakutsk).results are to be expe
ted soon.2.5.2 γ-ray astronomyIn re
ent years the high energy γ-ray �eld has evolved quite impressively. Theadvent of new satellite based teles
opes like EGRET and AGILE and ground basedIACT instruments like MAGIC and HESS allowed the dis
overy of a large numberof sour
es. A re
ent and 
omplete review on γ-ray astrophysi
s 
an be found in[23℄. More than 76 VHE sour
es have been dete
ted. Their positions are plotted in�gure 2.17 . The sour
es 
an be identi�ed with several di�erent types of astronomi
alobje
ts, like Supernova Remnants, Pulsar Wind nebulae and A
tive Gala
ti
 Nu
lei.Part of the dete
ted sour
es is still unidenti�ed. In the �gure it is evident that mostof the sour
es lie in the gala
ti
 plane. The number of known gala
ti
 sour
es hasin
reased by one order of magnitude in re
ent years. This 
omes mainly as a resultof a gala
ti
 
entre survey by the southern hemisphere experiment HESS (see �gure2.18) in the period 2004-2007. The sour
es a

essible from the northern hemispherewere also observed by MAGIC.The dis
overy and identi�
ation of more sour
es is to be expe
ted in the nearfuture. GLAST is in orbit sin
e June 2008 and will soon end its 
ommissioning29
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es [24℄.

Figure 2.18: γ-ray sour
es in the gala
ti
 plane from the survey performed byH.E.S.S. [25℄.
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2.5. RECENT RESULTSPhase, during whi
h some data were already 
olle
ted. Ground-based dete
torsshould 
onsiderably in
rease the number of identi�ed sour
e as the present dete
torsare upgraded. MAGIC will move to its phase 2 with the addition of a new teles
ope,in
reasing its sensitivity and angular resolution. HESS phase 2 will 
ount with avery large IACT (28 m) installed at the 
entre of the array and is expe
ted toinaugurate after 2009, redu
ing the energy threshold and in
reasing the sensitivityof the experiment.
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Chapter 3Some Proje
ts Designed to StudyHigh-Energy Cosmi
 Rays
3.1 EUSO: Extreme Universe Spa
e ObservatoryThe Extreme Universe Spa
e Observatory (EUSO)[26℄ was a spa
e mission devotedto the sear
h of Ultra High Energy Cosmi
 Rays. EUSO was proposed to ESAas a free-�yer mission in January 2000. However, due to an opportunity window,EUSO's installation was redire
ted to the ISS, on the Columbus Exposed PayloadFa
ility. By De
ember 2000 the study on a

ommodation of EUSO was �nishedsu

essfully and the proje
t pro
eeded to Phase A. Phase A was su

essfully 
on-
luded by mid-2004 and EUSO was 
onsidered te
hni
ally ready to pro
eed to PhaseB. However, due to �nan
ial and programmati
 issues related to the NASA Spa
eShuttle program, mu
h a�e
ted by the Columbia a

ident in 2003, EUSO was puton hold. Nowadays two EUSO inspired proje
ts are being 
onsidered: JEM-EUSO,a dete
tor similar to EUSO, developed in the 
ontext of the Japanese parti
ipationin the ISS and Super-EUSO, whi
h has been proposed to the Cosmi
 Vision programof ESA with a s
hedule beyond 2015.The main purpose of EUSO was to 
olle
t very large statisti
s of UHECR at
1020 eV, rea
hing the 1021 eV de
ade, allowing systemati
 studies on primary 
osmi
rays 
omposition and origin, while performing an inter-
alibration with the PierreAuger Observatory at energies of 5× 1019 eV. Sear
hes for highly energeti
 ele
tronand tau neutrinos 
ould also be performed with EUSO. A se
ondary obje
tive ofEUSO was to study the physi
al properties of the atmosphere, and related phenom-ena, in
luding meteors and ele
tri
al dis
harges.The prin
iple of EUSO, illustrated in �gure 3.1, was to observe from spa
e the33
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Figure 3.1: The EUSO 
on
ept�uores
en
e and Cherenkov light produ
ed by EASs in Earth's Atmosphere. Theinstrument 
onsisted of an UV Teles
ope to be pla
ed at∼ 400 km height (the ISSaltitude) , pointing to the nadir with a full �eld of view of 60◦. With su
h a design,EUSO would have had an observation area of approximately 200 000 km2. The ISS,and thus EUSO, have a 51◦ in
lined orbit with respe
t to the equator, allowingEUSO to observe both hemispheres dete
ting 
osmi
 rays from all dire
tions inthe sky. However, �uores
en
e teles
opes su
h as EUSO, operate ex
lusively onmoonless nights, whi
h redu
es their duty 
y
le to ∼ 10%.The estimation of the shower energy with EUSO relied on the 
alorimetri
 mea-surement of EAS in the atmosphere. This was a

omplished by integrating thedete
ted �uores
en
e light pro�le to estimate the energy of the shower. The dire
-tion of an EAS 
an be re
onstru
ted from the �uores
en
e light distribution on thefo
al plane and by the timing at whi
h the photons rea
h the dete
tor. However,being a mono
ular experiment, there is an ambiguity in the estimation of the heightof the EAS in the atmosphere. To solve this ambiguity EUSO relied not only on thedete
tion of the �uores
en
e light produ
ed by the EAS but also on the measure-ment of the Cherenkov 
omponent re�e
ted from Earth´s surfa
e. The 
olle
tion ofre�e
ted Cherenkov light would also allow for an improved estimation of the lo
ationof the EAS 
ore. Thus, the EUSO expe
ted signal, represented in �gure 3.2 would34
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Figure 3.2: Expe
ted signal seen by EUSOhave a �uores
en
e 
omponent followed by a peak of re�e
ted Cherenkov light.EUSO was designed to have a relative energy resolution of the order of 30%,an angular resolution better than 2◦ and a resolution of 35 g cm−2 in the depthof the shower maximum. Su
h goals, 
ombined with the limited resour
es of aspa
e mission installed in the ISS, led to the adoption of a highly pixelated fo
alsurfa
e(∼ 105 pixels), with a high a
quisition rate using the Single Photon Countingte
hnique ( see 
hapter 6.2).The EUSO Dete
torAn exploded view of EUSO is shown in �gure 3.3 . EUSO would be 
omposed byan opti
al system dire
ting the in
oming light to a fo
al surfa
e where it would be
olle
ted by photomultiplier tubes. Although the two fundamental systems in EUSOwere the opti
al system and the data a
quisition system, additional subsystemsasso
iated with a spa
e experiment 
ondu
ted aboard the ISS were also in
orporatedin the dete
tor, su
h as the interfa
e system to the ISS and the thermal 
onditioningsystem. EUSO would also be equipped with a LIDAR to perform measurements ofimportant atmospheri
 parameters.Although the de�nitive dete
tor 
hara
teristi
s were to be de�ned in the proje
tPhase B some of the important parameters of the design were already establishedin Phase A: the opti
al system was 
omposed by two double fa
ed Fresnel lenses.The 
olle
ting area of the instrument being de�ned by a �rst Fresnel lens with adiameter of 2.5 m, followed by a similar lens pla
ed 2 m away, and 1.5 m before the35
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Figure 3.3: The EUSO dete
tor

36
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al surfa
e. The opti
al system had to 
omply with the full �eld of view of 60◦while produ
ing a spot inferior to 5 mm, 
orresponding to 0.1◦. A bandwidth �lterwas deposited as a 
oating on the �rst lens to �lter light outside the 300 − 400 nmwavelength region to remove ba
kground.The fo
al surfa
e would be instrumented with MAPMTs providing a high densityof 
hannels and the DAQ of the system was based in the Single Photon Countingte
hnique to instrument su
h large number of 
hannels (∼ 104). This te
hniqueemploys very simple front-end ele
troni
s allowing the redu
tion of �nan
ial, powerand mass budgets, in 
omplian
e with the requirements of a spa
e experiment. InEUSO the pixel signals would be input to a fast dis
riminator whose output wouldfeed a 
ounter 
lo
k. This part of the system was designed to work with a peak-to-peak resolution of 10 ns. In ea
h Gate Time Unit (of the µs order) the valuefrom the 
ounter would be read and the 
ounter would be reset, 
orresponding tothe a
quisition of a number of dete
ted photons per pixel per GTU. The systemwould saturate in the of 
ase a bun
h of photons arriving within the resolving timeof the system: in fa
t all photons arriving within 10 ns would be 
ounted as a singlephoton. This saturation 
ould be over
ome by the digitalisation, through an ADC,of the last dynode signal of a whole PMT (
ontaining 64 pixels).3.2 The ULTRA experimentThe ULTRA experiment - Ultra violet Light Transmission and Re�e
tion in theAtmosphere - was a support experiment for the EUSO mission with the goal ofproviding quantitative measurements of the UV light produ
ed by EAS traversingthe atmosphere after re�e
tion on the Earth surfa
e. The ULTRA experiment isdes
ribed in [27℄ and its a
hievements are reported in [28℄.The main 
on
ept of ULTRA, illustrated in �gure 3.4, was the use an UV opti
aldete
tor, the UVS
ope, to 
olle
t the UV light generated by the EAS whose arrivaldire
tion, 
ore lo
ation and shower size are estimated using the data 
olle
ted with a
onventional ground array of s
intillators, the ETS
ope. The UVS
ope was typi
allypla
ed on a high lo
ation pointing downward so that its �eld of view 
entre 
oin
idedwith the ETS
ope 
entral station, and the UV light re�e
ted from the surfa
e uponshower front arrival rea
hed the UVS
ope where it 
ould be dete
ted. Two wide�eld of view Cherenkov dete
tors, �Belenos�, were pla
ed in the 
entre of the arraypointing to the zenith and the nadir in order to measure in 
oin
iden
e the dire
tand di�used Cherenkov light. 37
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Figure 3.4: The ULTRA operation prin
iple.
Figure 3.5: View of the ULTRA setup. The ETS
ope stations are indi
ated as ET1,ET2, ET3, ET4 and ET5. The station ET1 and the Belenos dete
tor are installedin the 
enter of the array in a raft. The UVS
ope is at a higher altitude pointingdownward. The photo was taken, approximately, from the UVS
ope position.The �rst engineering runs for 
alibration and optimisation took pla
e at Mont-Cenis and Grenoble, Fran
e, and are reported in [29℄. In May 2005 ULTRA wasinstalled in Capo Granitola, Si
ily, Italy, in a prote
ted small private harbour, pro-viding the 
onditions to study the re�e
tion of Cherenkov light from EAS on water.The 
entral station was pla
ed on a raft, along with �Belenos�, in the 
entre of theharbour. The other stations were pla
ed on shore near the 
oast line of the harbour.Figure 3.5 is a photograph, taken from the UVS
ope lo
ation, where the ETS
opestations and Belenos are indi
ated by 
ir
les. The lo
ation, in the lo
al 
oordinatesystem, of the several dete
tors of ULTRA is indi
ated in �gure 3.6The DAQ used in the su

essful run in Si
ily was based on an a
quisition boarddeveloped at LIP - the LIP-PAD board. This board, as well as its appli
ation in38
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Figure 3.6: The lo
ation of the dete
tors in ULTRA

Figure 3.7: S
hemati
 view of one ETS
ope stationULTRA, is the subje
t of 
hapter 5. Full simulations of the ETS
ope and of theUVS
ope were developed at LIP using the Geant4 simulation toolkit [30, 31℄.The ETS
ope dete
torThe ETS
ope was a ground array of s
intillators used to dete
t the ele
tromagneti

omponent of EAS. Ea
h ETS
ope station estimated the 
orresponding parti
ledensity as well as the shower front impa
t time. Figure 3.7 represents a s
hemati
view of one station whi
h 
onsisted of a plasti
 s
intillator, NUCLEAR NE 102Awith 80 × 80 cm2, 4 cm thi
k, en
losed in an aluminium pyramidal shaped boxinternally 
oated with a white di�using paint. For prote
tion from environmental
onditions, ea
h of these boxes was pla
ed inside a PVC 
ontainer. At the top of the39
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(a) (b)Figure 3.8: The UVS
ope dete
tor. Left: s
heme of ea
h mono
le. Right: Thebino
ular dete
tor at Capo Granitola.pyramidal box there were two 
o-lo
ated Photomultipliers PHILIPS PHOTONICSXP3462B 
olle
ting the light generated in the s
intillator by 
harged parti
les.In the presented 
on�guration ea
h PMT re
eived, at the same time, approxi-mately half of the light signal and thus the 
oin
iden
e between the two PMT sig-nals eliminated un
orrelated noise. In shower a
quisitions, a larger dynami
 rangeis needed, and one of the PMTs was set to a lower gain. The High Gain PMT wassensitive to low parti
le densities in the dete
tor. It had a better response in timeand was used to perform the trigger logi
 and to evaluate the di�eren
e in timingbetween the several stations. The Low Gain PMT was mainly used to estimate thenumber of parti
les in a station when the high gain PMT saturated. To enable their
ross-
alibration, the gain of the PMTs was set in su
h a way that their dynami
ranges overlapped.The UVS
ope dete
torThe UVS
ope dete
ted the UV light generated by an EAS and di�usely re�e
ted onground. The UVS
ope was a bino
ular instrument with two mono
les mounted sideby side overlooking the ETS
ope array. Ea
h mono
le, represented in �gure 3.8(a),
onsisted of a lens and a PMT en
losed inside a metalli
 
ylinder. The lens used wasa Fresnel lens made of UV transmitting a
ryli
 with a diameter of 457 mm and an40
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tive fo
al length of 441.97 mm at λ = 400 nm. The photo
athode of the PMThad a diameter of 68 mm and was pla
ed at the 
entre of the fo
al plane de�ned bythe lens. Considering the instrument geometry, its full �eld of view was estimatedto be ∼ 9◦. Figure 3.8(b) is a photograph of the UVS
ope mounted on a teles
opestru
ture in Capo Granitola.3.3 Gamma Air Wat
h - GAWGamma Air Wat
h [32, 33℄ � GAW � is a �path-�nder� experiment to test the fea-sibility of a new generation of Imaging Atmospheri
 Cherenkov teles
opes for thedete
tion and measurement of the Cherenkov light produ
ed by high-energy gammarays traversing the Earth atmosphere. Traditional Imaging Atmospheri
 CherenkovTeles
opes (IACT) use large re�e
tive opti
al systems asso
iated with a PMT 
am-era at the fo
al surfa
e. These teles
opes are designed to sear
h for in
oming γ-raysfrom a given sour
e and have a small �eld of view (few degrees). Ground based de-te
tors have high �eld of view and high duty 
y
le but low sensitivity. Su
h dete
torsneed a
quisitions of several months to dete
t the Crab Nebula.GAW adds high �ux sensitivity to a large �eld of view (24◦ × 24◦) 
apability.In traditional IACT designs the size of the 
amera ne
essary to have a large FOVwould produ
e a very large obs
uration on the mirror. To over
ome this problemGAW uses an innovative approa
h based on a refra
tive opti
al system and a highlypixelated fo
al surfa
e. In �gure 3.9 a s
hemati
 view of the GAW teles
opes ispresented. The refra
tive opti
al system is 
omposed by a 
ustom-made 2.13 mdiameter Fresnel lens with a fo
al length of 2.56 m. The lens is designed to havean uniform spatial resolution suitable to meet the Cherenkov imaging requirementsup to 12◦ o�-axis. The use of su
h a system makes it possible to over
ome theobs
uration problem as well as the opti
al aberration for large input angles.The fo
al surfa
e dete
tor of ea
h teles
ope 
onsists of a grid of 40 × 40 Multi-Anode Photomultipliers Tubes (MAPMT). Ea
h MAPMT has 64 anodes, arrangedin an 8 × 8 matrix. The fo
al surfa
e is operated in single photoele
tron 
ountingmode [34℄ instead of the 
harge integration method widely used in the IACT exper-iments. The total array of a
tive 
hannels, 102 400 for ea
h teles
ope, will re
ordthe Cherenkov image as a binary image with high granularity, whi
h is fundamen-tal in order to minimise the probability of photoele
trons pile-up within intervalsshorter than the sampling time of 10 ns. In su
h working mode, the e�e
ts ofele
troni
s noise and PMT gain di�eren
es are kept negligible, allowing the photo-41
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Figure 3.9: S
hemati
 view of one GAW teles
ope.ele
tron trigger threshold to be lowered and, as a result, a
hieving a low teles
opeenergy threshold in spite of the relatively small dimension of the GAW teles
opelight-
olle
tor.The GAW ele
troni
s has been designed to fully mat
h the spe
i�
 requirementsimposed by this new approa
h. GAW fo
al surfa
e and a
quisition system, in
ludingthe triggering system are des
ribed in more detail in se
tion 6.2.3.4 The Pierre Auger ObservatoryThe Pierre Auger Observatory is an instrument designed to measure Ultra HighEnergy Cosmi
 Rays providing high statisti
s at the far end of the CR spe
trum.The Pierre Auger Observatory is a hybrid dete
tor 
omposed by a surfa
e array andby a set of �uores
en
e dete
tors. A southern and a northern site are foreseen toattain full sky 
overage.The southern site is installed near Malargüe, a small town in the provin
e ofMendoza, Argentina. The site, 
overing ∼ 3 000 km2, was 
ompleted in 2008 and itis the biggest 
osmi
 ray dete
tor ever built. The northern site is 
urrently beingdesigned and the 
orresponding proposal is being �nalised. The site will be lo
atedin Colorado, USA, near the town of Lamar. It is 
urrently foreseen that the dete
torwill 
over ∼ 20 000 km2. The �rst lo
al a
tivity will be the installation of a smallsurfa
e array for R&D in 2009/2010.42
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Figure 3.10: The Pierre Auger southern site status in June 11 2008

(a) (b)Figure 3.11: S
heme and photograph of an Auger water tankThe status of the Auger South dete
tor in 11 June 2008 is shown in �gure 3.10where the water tank layout, ea
h marked by a dot, 
an be seen, as well as the four�uores
en
e eyes and the town of Malargüe. The surfa
e dete
tor is 
omposed by
∼ 1600 water tanks. A s
heme and a photograph of a surfa
e dete
tor water tankare presented in �gure 3.11 . Ea
h tank is a plasti
 
ontainer where an inner lineris installed and �lled with puri�ed water, in whi
h Cherenkov light is generated bythe relativisti
 shower parti
les. The liner is 
oated to di�usely re�e
t the lightwhi
h will arrive at the three Photomultipliers pla
ed on top and be pro
essed byan FADC. Data are re
orded and time-tagged with the help of a GPS. The datafrom ea
h tank is transmitted to the nearest FD site and then to the Auger 
entral
ampus installed in Malargüe. To minimise the bandwidth only information about43
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(a) (b)Figure 3.12: S
heme and photograph of an Auger �uores
en
e eyethe time of the trigger is transmitted in the �rst step. Using this information, a
entral trigger de
ides if there is an interesting event and the involved stations arethen requested to transmit the whole information re
orded for that event.The �uores
en
e dete
tor is 
omposed of four �uores
en
e eyes overlooking theSD array. Ea
h �uores
en
e eye, shown in �gure 3.12, is 
omposed of six teles
opeshaving a zenithal �eld of view of ∼ 30◦ and an azimuthal �eld of view of 180◦. Ea
hteles
ope, �gure 3.13, is 
omposed by an entran
e �lter, a 
orre
tor lens, a spheri
almirror and a PMT 
amera. A detailed des
ription of the �uores
en
e teles
opes ispresented in 
hapter 7.The atmospheri
 
onditions in�uen
e shower development, �uores
en
e light pro-du
tion and its propagation to the �uores
en
e teles
opes. Therefore, Auger has athorough program for atmospheri
 monitoring, the main atmospheri
 parametersbeing 
onstantly monitored by weather stations. Regular laun
hes of atmospheri
balloons are also performed to re
ord the dependen
e of the relevant atmospheri
parameters with altitude. Several other apparatus are installed on site to moni-tor the atmosphere using light: the three main devi
es are the 
loud 
ameras, theLIDARs and the Central Laser Fa
ility.The 
loud 
ameras are infrared 
ameras installed on top of the �uores
en
ebuildings enabling the veri�
ation of the 
loud 
overage for the �uores
en
e events.The 
louds emit more infrared radiation than the 
loudless sky, due to the relativetemperature di�eren
e, appearing white in the 
ameras. Ea
h 
amera is mountedon a steerable support and a
quires images of small parts of the sky, whi
h arejoined, at every 15 minutes, to form an image of the whole sky. The 
loud imagesare 
orrelated to the �eld of view of ea
h pixel in the �uores
en
e teles
opes and adatabase is �lled with 
loud 
overage information for ea
h parti
ular pixel.44
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Figure 3.13: The Auger �uores
en
e teles
opesAt the Auger southern site there are four LIDARs, one in ea
h FD site, and aRaman LIDAR installed near �Los Leones� �uores
en
e dete
tor. The LIDAR usesan UV laser to send short light pulses to the atmosphere whi
h are then s
attered.Part of this s
attered light rea
hes the LIDAR station where it is 
olle
ted using aparaboli
 mirror and fo
used into a PMT where it is re
orded as a fun
tion of time.The LIDAR is mounted on a steerable stru
ture to probe the whole sky. The data
olle
ted provide information on the Verti
al Atmospheri
 Depth, aerosol s
atteringand absorption and 
an help in the 
hara
terisation of the 
loud 
onditions of thesky. Namely, it 
an provide information on 
loud 
overage, height, depth and opa
ityof 
louds. The Raman LIDAR is based on inelasti
 s
attering of light and allowsmore detailed studies on the 
omposition of the atmosphere to be performed. Thiste
hnique requires a very intense light beam and is only used at twilight when theFD dete
tors are not operating.The CLF, Central Laser Fa
ility, is a laser emitter with an energy of 8mJ pla
edin the middle of the array, equidistant from three �uores
en
e eyes (�Los Leones�,Los Morados� and �Coihue
o�). The laser propagates in the atmosphere su�eringRayleigh and Mie s
attering. Some of the s
attered light rea
hes the �uores
en
eteles
opes. The laser energy is measured and it is set in su
h a way that the signalre
orded in a teles
ope is similar to the signal emitted by an EAS with an energy
∼ 1020 eV. The CLF main appli
ation is the measurement of the attenuation oflight in the atmosphere whi
h depends on the atmospheri
 
onditions. However,45
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e the CLF provides a 
ontrollable sour
e of light, the so-
alled laser data 
analso be used to perform studies of dete
tor performan
e.Two new dete
tors are 
urrently being developed in the Auger southern site.The Auger enhan
ements are AMIGA that stands for Auger Muons and In�ll forthe Ground Array and HEAT - High Elevation Auger Teles
opes. The AMIGAdete
tor 
onsists of a grid of water tanks - the in�ll - with half the separation usedin the standard array and also of muon dete
tors be buried 3 m deep. Due to thein�ll, AMIGA will enable the study of 
osmi
 rays of lower energy (∼ 1017 eV) andwill also allow to study in detail the muoni
 
omponent of the showers using theinformation from buried s
intillators. The HEAT enhan
ement will extend the �eldof view of the �uores
en
e dete
tor in one eye (�Coihue
o�) up to ∼ 60◦.
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Chapter 4The LIP e-CRLabThe a
tivities of LIP in the domain of 
osmi
 ray resear
h justi�ed the 
reation ofan ele
troni
s laboratory devoted to this �eld. A proposal to FCT (Fundação paraa Ciên
ia e Te
nologia) provided the ne
essary funds to equip the laboratory. I wasdeeply involved in this proposal and in the de�nition of the requirements of theequipment to be installed. The sele
tion and negotiation of the equipment to bebought and the installation of the laboratory were mainly my responsibility.The Laboratory is named e-CRLab that stands for �Ele
troni
s for Cosmi
 RaysLABoratory. In this se
tion its installation and a
tivities are presented.4.1 RequirementsCosmi
 rays rea
hing the Earth's atmosphere intera
t and produ
e Extensive AirShowers (EAS). EAS produ
e �uores
en
e and Cherenkov light that 
an be dete
tedby UV-Teles
opes. The shower front 
an be sampled at ground by using parti
ledete
tors. Most 
ommon parti
le dete
tors generate light through s
intillation orCherenkov e�e
ts whi
h is then 
olle
ted. Thus many modern 
osmi
 rays experi-ments rely on the dete
tion of light.The most 
ommonly used devi
e to dete
t light produ
ed by the EAS is thePMT. The PMT 
onverts light into photo-ele
trons that are multiplied to produ
ean analog output signal. This output signal is usually ampli�ed, �ltered and thendigitised. From this point onward all the ele
troni
s 
hain is digital. This ele
troni

hain in
ludes memory for the a
quired signal and trigger algorithms to reje
t thenoise and ba
kground. At some point the ele
troni
s must 
ommuni
ate with a
omputer where data is stored for o�-line analysis.Digital ele
troni
s plays thus an important role in data a
quisition systems.47



CHAPTER 4. THE LIP E-CRLABRe
ent te
hnologi
al developments allow the implementation of all-digital logi
 ina single ele
troni
 
hip. The FPGA (Field Programmable Gate Array) 
ontains ahigh number of programmable logi
 
omponents and programmable inter
onne
tionsbetween the logi
 
omponents. Su
h devi
es allow the implementation of 
omplexlogi
 operations using a Hardware Des
ription Language su
h as Verilog or VHDL.The �rmware of su
h 
hips 
an be downloaded to the FPGA using a 
omputer orit 
an reside in a memory that programmes the FPGA when a reset o

urs. TheFPGA 
an even be reprogrammed remotely at run time. Su
h versatility makes thesedevi
es ideal for the implementation of trigger, memory and other digital modulesof Data A
Quisition (DAQ) systems.A digital ele
troni
s laboratory is thus justi�ed by the importan
e that digitallogi
 has been a
quiring in DAQ systems. Su
h laboratories must provide fa
ilities toall development of �rmware and to test it in hardware for the 
orre
t operation andtimings of the devi
es. A digital ele
troni
s laboratory must also make it possible todevelop the tools ne
essary for the testing of the 
orre
t operation of digital systems.The e-CRLab was planned and designed so that the Cosmi
 Ray groups of LIP
ould a
quire 
ompeten
e in the digital ele
troni
s domain. The laboratory was alsothought to provide the ne
essary 
onditions for tea
hing and training a
tivities.Resear
hThe e-CRLab gives support to the LIP group that develops its a
tivities in 
osmi
rays experiments, namely in the Pierre Auger Observatory (PAO) and in the GammaAir Wat
h (GAW) proje
t. The a
tivities in this domain are now 
entred in thedevelopment of �rmware for the di�erent 
omponents of the DAQ systems and thetest, in hardware, of the �rmware developed. However, in spe
i�
 
ases, it is alsone
essary to develop PCB boards for, e.g., the interfa
e of testing equipment withthe DAQ boards.The DAQ systems being developed use fast digital devi
es with operating fre-quen
ies of the order of hundreds of MHz. Te
hnologi
al advan
es are pushing theoperational frequen
ies of devi
es even higher. It should be foreseen that, in thenear future, DAQ systems will be designed to work at GHz frequen
ies . Thus thelaboratory must be able to 
ope with the frequen
ies used nowadays but should,where and when possible, be designed for GHz operating frequen
ies.High-density PCB boards developed for high frequen
ies require 
omplex pro-du
tion equipment. It also requires 
ompeten
e on the most advan
ed te
hniques ofPCB produ
tion whi
h fall outside the s
ope of the laboratory. However the design48



4.1. REQUIREMENTSof su
h boards must be within the 
ompeten
e of the laboratory. Thus a require-ment was the availability of a CAD software able to deal with the design of highfrequen
y PCB boards and with the simulation of the 
ir
uits. The fabri
ation of
omplex boards will be outsour
ed but, when viable, the assembly will be performedin the laboratory. Thus, it is imperative to have equipment for manually assemblingand repairing su
h boards. The 
omplexity of these boards make it obligatory thatthe equipment is adequate for assembling 
omponents with a high density of pinsand small pit
h.In 
omplex digital systems the �rmware needs to be optimised and tested throughsimulation. These features must be present in the development software. The de-velopment software was required to be able to deal with high-density FPGA devi
esand allow for in
remental 
ompilation so that design blo
ks 
an be 
reated andoptimised independently while preserving the blo
ks already implemented. In 
om-plex designs it is also 
onvenient to be able to use o�-the-shelf IP 
ores. Moreoverthe software should have a timing analyser for the assuran
e of the di�erent timingsthrough the devi
e. It is also desirable to be able to have an embedded logi
 analyserand support for integration with external logi
 analysers.The test and measurement a
tivities performed in the e-CRLab require equip-ment both for fun
tional tests and for performan
e evaluation that is able to workin the hundreds of MHz (preferably in the GHz range). The main items 
onsideredwere: a logi
 analyser to deal with many digital 
hannels; a highly performant os-
illos
ope to 
hara
terise the analog signals a
quired by ADCs; a signal generatorfor testing the fun
tionality of the systems; a spe
trum analyser for the study ofthe 
omponents of signals and their behaviour on the various part of the ele
troni
ssystems.Digital development kits were also required as a test-ben
h for the developmentof �rmware. Being used to interfa
e some of the DAQ boards, these kits shouldbe highly performant. Preferably these kits should be able to deal with operatingfrequen
ies in the range de�ned previouslyEdu
ationThe laboratory was planned to give support both to 
osmi
 ray outrea
h proje
ts andto spe
i�
 laboratory 
ourses for students of the se
ond 
y
le of higher edu
ation,as de�ned in the Bologna pro
ess. Presently the Cosmi
 Ray Teles
ope (TRC)proje
t, an outrea
h proje
t, and the 
osmi
 ray laboratory, a 
ourse of IST, aresupported by the e-CRLab. In the se
ond semester of 2008/2009 and in the 
ontext49



CHAPTER 4. THE LIP E-CRLABof the Master degree in Physi
s Engineering from IST, a 
ourse in digital ele
troni
snamed �Proje
to e Controlo em Ele
tróni
a Digital� will be held at the e-CRLab.A
tivities for �rst 
y
le students were also foreseen within the resear
h integra-tion of university-level students program supported by FCT. Su
h a
tivities givethe students the opportunity to perform small proje
ts, embedded in a resear
henvironment and having an early 
onta
t with ele
troni
s and FPGA devi
es. Theele
troni
s proje
ts are usually developed in three phases: design; prototyping andtesting. Some a
tivities are 
entred in the development of �rmware modules.The design pro
ess of su
h proje
ts implies no spe
ial requirements sin
e opti-misation and simulation is not required at this level.The prototyping to test the adopted solutions 
an be a
hieved using bread-boardsin an early stage. However the laboratory was designed to have the 
apability ofprodu
ing PCB for the prototypes and �nal versions of the proje
ts. The availabilityof a CAD software and produ
tion ma
hinery was then set as a requirement.The laboratory needed also to assure the ne
essary 
onditions for testing andvalidating of the prototypes produ
ed. In the edu
ation environment emphasis isgiven to the fun
tionality of the systems developed rather than to the pre
ision anda

ura
y. The te
hni
al requirements for the test and measurement equipment usedin edu
ation environment were less stringent and a good value for money had to befound.The existen
e of a test ben
h for the development of �rmware was also set as arequirement so that su
h work 
ould be de
oupled from hardware development. Su
ha test ben
h should be 
omposed by 
ommer
ially available generi
 developmentboards. These boards must have a FPGA implemented and 
ontrol and displaydevi
es to allow the qui
k development of �rmware and fun
tional testing. It wasalso 
onsidered the need for the asso
iated software.4.2 Installation4.2.1 PremisesThe e-CRLab was physi
ally installed in a spa
e lo
ated in the basement of thebuilding where LIP-Lisbon is lo
ated. The spa
e is 
omposed by two rooms: onewith 18 m2 and the other with 15 m2. There is also a small storage room with
2m2. The adaptation of the spa
e required small 
ivil work. The works were mainly
on
entrated in painting and ele
tri
al and network installation. Spe
ial 
are wastaken with the power installation, namely with the grounding and insulation of50
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(a) (b)Figure 4.1: Photographs of the e-CRLab.the di�erent workstations. A separate ele
tri
al ground was installed to redu
e theele
tri
al noise present in the ele
tri
al network of the laboratory. Groups of powerso
kets were 
reated, one for ea
h workstation, prote
ted and isolated from ea
hother in the main swit
h board. The laboratory was installed with workben
hes andshelves.The �rst spa
e is dedi
ated to edu
ation a
tivities, �gure 4.2(a), where up tothree groups of two students 
an be installed. In this spa
e it is also installedthe PCB produ
tion equipment taking advantage of the existing water and sewerinstallation. The se
ond room is dedi
ated to resear
h a
tivities, �gure 4.2(b). Inthis room four workstations are available.4.2.2 EquipmentOne of the key points of the installation of the e-CRLab was the sele
tion of theequipment to be bought. The laboratory was installed from s
rat
h and a wholeset of equipment had to be a
quired. For more expensive equipment, a preliminarymarket resear
h was made followed by a budget submitted with the proje
t proposal.Afterwards the items were negotiated dire
tly with the manufa
turers. A 
ompro-mise between the performan
e and pri
e of the equipment had to be found. A totalbudget of 80 000 Euro was available. The equipment installed in the laboratory 
anbe grouped as generi
, mid-range equipment and state of the art equipment.The set of generi
 equipment is 
omposed by me
hani
al tools, power supplies,a digital workstation for bread board prototyping, a memory programmer, multi-meters, a signal generator and 100 MHz digital os
illos
opes. A system for PCBprodu
tion was installed and is 
omposed by an UV exposure unit, heated pro
ess-ing tanks and a spray et
hing station (Rota-Station from Mega ele
troni
s). The51



CHAPTER 4. THE LIP E-CRLABsuite Altium Designer was 
hosen as the PCB design software allowing to designthe s
hemati
 diagram, route the board, simulate and export to standard formatfor fabri
ation. This suite has also the 
apability for the development of FPGA�rmware whi
h is not 
urrently being exploited.Several digital development kits based on Altera FPGAs were bought. The DE2(Development and Edu
ation Board) from Terasi
 is a good development platformwith a huge set of devi
es atta
hed to the FPGA. This board will be the standardworkben
h for edu
ation a
tivities. Thus several of these kits were a
quired. Moreperformant and spe
i�
 development boards were bought: Digital Signal Pro
ess-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 
ores.The highest performan
e equipment is ex
lusively dedi
ated to resear
h a
tivi-ties and is 
omposed of a 300 MHz bandwidth os
illos
ope, an arbitrary fun
tiongenerator with a maximum frequen
y output of 240 MHz, a spe
trum analyser forfrequen
ies up to 3GHz with tra
king generator, a 64 
hannel logi
 analyser 
apa-ble of a
quiring state data at 235 MHz and has a timing resolution of 125 ps. Anos
illos
ope with 1GHz bandwidth and a sample rate of 5 GS/s.A probing system for 
ompa
t PCB boards is also available in the laboratory.The system is 
omposed of a 32× stereo mi
ros
ope and four probe heads. Theprobe heads are �xed to any surfa
e using va
uum and are suitable for probing padswith dimensions down to hundreds of mi
rometre.4.3 Resear
hThe resear
h a
tivities are 
entred on the development and test of �rmware forFPGAs. A new version of LIP-PAD is being developed, LPV3. The �rmware ofGAW data a
quisition boards is also being developed and tested in the laboratory4.3.1 LPV3The LPV3 is a multipurpose DAQ board with the 
apability of a
quiring six analogsignals and perform time syn
hronisation with an a

ura
y better than 10 ns. TheLIP-PAD and the LPV3 are des
ribed in detail in 
hapter 5. The LPV3 is 
urrentlyin the development phase. This new board is thought as a 
ompletely independenta
quisition system 
apable of a
quiring data by itself and send it via network. Manynew features had then to be introdu
ed in the board design. An upgrade of the DAQ52



4.3. RESEARCHpart of the board is being 
arried out to in
rease its performan
e. A preliminarydesign of the LPV3 board was done at the e-CRLab. The work in the e-CRLab was
entred in the s
hemati
 design of the board and the test of the solutions for thedi�erent fun
tionalities introdu
ed. The solutions adopted were tested in simula-tion and also some 
omponents of the system were tested in the development kitsavailable. It is a responsibility of the laboratory to implement the LPV3 �rmwareand to test the prototype board both for its fun
tionality and performan
e. Theperforman
e test of the DAQ and syn
hronisation parts of the board assumes 
riti
alimportan
e as the operation frequen
ies of su
h modules should rea
h 200 MHz.
4.3.2 GAW boardsCurrently one of the a
tivities at the e-CRLab is the development of �rmware forthe GAW experiment. Namely, the �rmware for the digital a
quisition board isbeing developed and tested. This board, named ProDA
q and the ele
troni
s ofGAW are des
ribed in detail in se
tion 6.2. For the interfa
e of ProDA
q with thetesting equipment it was ne
essary to develop a small interfa
e board (LIP-CTRIG)for reading and 
ontrol of the board. It was also ne
essary to develop an ex
itationsour
e and interfa
e (ProDA
q-Ex
ite) for testing the response of the board and�rmware to all the possible 
on�gurations of the digital data entering the ProDA
q.A �rst prototype of CTRIG was designed and produ
ed in the laboratory for fun
-tionality tests. However the �nal version of the interfa
e boards were designed atLIP, taking into a

ount the 
onstraints imposed by the high frequen
ies involved,and produ
ed elsewhere for in
reased performan
e. In �gure 4.2 a photograph ofthe prototype (left) and of the �nal versions (right) are shown.The LIP group has also taken the responsibility to design and test the �rmwarefor GAW triggering boards. The e-CRLab is prepared to start the test on the boardsas soon as they be
ame available.The laboratory will have a 
omplete a
quisition set, provided by IASF-Palermo,
omposed by a PMT, a FEBri
k, a ProDA
q and a trigger generation board. Thissystem will serve as a test ben
h for a 
omplete test of the a
quisition system ofGAW. An opti
al system to stimulate the PMT pixels and test the response of theele
troni
s to di�erent 
on�gurations of noise and signal is being studied. 53
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(a) (b)Figure 4.2: Photographs of the prototype of LIP-CTRIG (left) and �nal version ofLIP-CTRIG and ProDA
q-Ex
ite (right).4.4 Edu
ation4.4.1 Training programs in Digital Logi
Training programs on advan
ed digital ele
troni
s are being organised in the e-CRLabfor �rst 
y
le students within the FCT program to integrate students in resear
ha
tivities. These a
tivities allow the students to have 
onta
t with digital ele
troni
sand FPGAs in the �rst years of their higher formation. Most programs 
onsist onthe development of a small proje
t that in
orporates the use of an FPGA.One of the proje
ts that already started with a third year student 
onsists onthe development of a display of �uores
en
e events re
orded by the Pierre AugerFluores
en
e Dete
tors. The display 
onsists on a grid of 440 LEDs, emulatingthe FD 
amera pixels. Ea
h LED will be lit with an intensity proportional to thesignal re
orded by the 
orresponding pixel. The display will be able to show thedevelopment of the event in the 
amera in a time s
ale per
eptible to the humaneye. The LED matrix will be 
ontrolled using an FPGA development kit. Rawdata from sele
ted FD events will be pre-pro
essed to produ
e �lm strips. Ea
hframe will 
ontain the signal intensity of ea
h pixel in the matrix. This data willthen be loaded in a memory. The FPGA will be programmed to read data frommemory and light up the 
orresponding LEDs. The system should also have a modein whi
h is shown the integrated pixel signal for an event. One of the open questionsstill remaining is the emulation of the full geometry of the 
amera (hexagonal pixel,mer
edes, support, et
.) due to its 
omplex geometry.54



4.4. EDUCATIONAnother proje
t planned is to develop a PC-based digital os
illos
ope using anFPGA and an ADC. For this proje
t the DE2 development kit will be 
oupled to adata sampling module that will 
onsist on a signal 
onditioning stage followed by anADC. The FPGA will then have to be programmed to exe
ute the basi
 fun
tionsof an os
illos
ope (a
quire ADC data and perform trigger) and 
ommuni
ate thea
quired data to a PC. This proje
t will also introdu
e students to the te
hniquesused in data a
quisition systems, namely in the LIP-PAD, a PCI a
quisition boarddeveloped by LIP.4.4.2 Course in digital ele
troni
sIn the se
ond semester of 2008/2009 a 
ourse in digital ele
troni
s named �Proje
toe Controlo em Lógi
a Digital� will start in the e-CRLab. The 
ourse will be givento fourth and �fth year MEFT students from IST that have already a ba
kgroundon digital ele
troni
s.The 
ourse will 
over mainly digital systems design using FPGA devi
es. The
ourse will use the Verilog HDL for des
ribing and implementing logi
 designs. Stu-dents will get a
quainted with FPGAs and its programming languages. Logi
 designswill be developed and implemented in FPGAs and its implementation and perfor-man
e 
ompared to traditional implementations in bred-board. Students will alsoexplore advan
ed fun
tionalities of FPGAs and the te
hniques used for validationand performan
e tests of the solutions implemented. Namely students will learnhow to use simulations and internal and external logi
 analysers to validate theirdesigns.
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Chapter 5Design and implementation of anautonomous DAQ systemThe need to have a simple, low-
ost, stand-alone data a
quisition system for 
osmi
ray experiments led to the development of the LIP-PAD board. The DAQ sys-tem of ULTRA and TRC were implemented using su
h boards. A new generationof LIP-PAD, named LPV3, is being developed in order to in
rease the a
quisitionperforman
e and its autonomy. The LPV3 will have the 
apability to 
ontrol exter-nal hardware, to a
quire data by itself and 
ommuni
ate the data through networkproto
ols.5.1 LIP-PAD boardThe LIP-PAD board was developed at LIP as a joint e�ort between the groupsworking on the ULTRA experiment and on the TRC proje
t. The two main features
hara
terising this board are:- sampling, syn
hronously, analog signals 
oming from PMTs;- time tagging the a
quired data using an external syn
hronisation pulse (e.g.the pulse from a GPS unit).The board 
ommuni
ates with a PC through the PCI proto
ol. A brief des
rip-tion of the board and its appli
ation in the ULTRA experiment are given in thenext se
tions. A more detailed des
ription of the board and its fun
tionalities waspresented elsewhere [29℄.5.1.1 Board Des
riptionThe LIP-PAD board, shown in �gure 5.1, has two main fun
tional blo
ks: The57
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Figure 5.1: The LIP-PAD board (version 2).Analog A
quisition Sub-system (AAS) and the Time Measuring Sub-system (TMS).The main 
omponent of the board is a FPGA where most of the digital ele
troni

omponents are implemented.The AAS performs the digitisation of analog signals from PMTs. It is 
omposedof six 
hannels, ea
h having a shaper followed by a 10bit ADC running at 100MHz.The shaper stret
hes the PMT signal and inverts its polarity as required by theADC input. The outputs of the ADCs are dire
tly 
onne
ted to the FPGA. Thesesignals are routed internally to the trigger unit and to a bu�er memory. A fra
tionof a FIFO memory, that is 
onstantly written and read, is used used to bu�er thedata. When the triggering 
ondition is met the FIFO memory is �lled. In this waythe data a
quired will have a pre-trigger and a post-trigger 
omponent.The TMS measures the time between the trigger signal (internal or external) toan external syn
hronisation pulse. If this pulse is syn
hronised to the UTC (as is the
ase when GPS signals are used) it is possible to time-tag the trigger signal usingthe UTC time. The time measurement is done using a 
ounter and a 
lo
k runningat 50 MHz, implemented in the FPGA, and a TDC 
ontrolled by the FPGA.The board has a 
ontrol unit, responsible for the management of data and oper-ation, and a PCI 
lient, responsible for the interfa
e with the host 
omputer. Theboard is designed so that the FPGA 
an be programmed by a PROM that willload its 
ontents to the FPGA when the host PC boots. However the board 
analso be programmed using a 
able 
onne
ted to an external PC, making the boardextremely �exible sin
e it 
an be easily reprogrammed.58



5.1. LIP-PAD BOARD5.1.2 Performan
e in the ULTRA experimentThe LIP-PAD board was the main blo
k of the DAQ system used for the su

essfulrun of the ULTRA experiment at Capo Granitola, Si
ily, Italy. The run setup isdes
ribed in se
tion 3.2 and also in [27℄.DAQ 
on�gurationThe DAQ system was designed to a
quire data from di�erent types of dete
tors usedin the experiment. The signals 
an be grouped in four di�erent 
lasses: high gainETS
ope PMT signals, low gain ETS
ope PMT signals, UVS
ope PMT signals andBelenos PMT signals.Ea
h station of the ETS
ope is equipped with two PMTs that are operated withdi�erent gain settings thus extending the dynami
 range of the station. The High-Gain PMTs 
an re
ord the signal from low multipli
ity events (down to a m.i.p.signal) while the Low Gain PMTs are able to 
olle
t high multipli
ity events thatsaturate the High-Gain PMTs. The gain settings of the PMTs guarantee that thetwo dynami
 ranges overlap, allowing inter-
alibration of both PMTs. The lowerthreshold and faster response of the High-Gain PMTs makes them suitable to beused for triggering and for the estimation of the primary 
osmi
 ray dire
tion whi
his based on time di�eren
es. The syn
hronisation between the High-Gain PMTsignals is thus 
ru
ial. The signals from the UV s
ope are used to measure the UVlight rea
hing the dete
tors, s
attered from the water. The Belenos dete
tors are UVdete
tors pla
ed in the 
entre of the array to 
olle
t dire
tly the UV light arrivingwith the EAS.Figure 5.2 shows a s
heme of the ULTRA DAQ system. In �gure 5.3 photographsof the system on-site are shown. The DAQ system 
onsists of four LIP-PAD boards
on�gured in a Master - Slave s
heme installed in one PC. The signals from theETS
ope PMTs with high gain are 
onne
ted to one board that a
ts like the masterboard. These �ve signals, 
onne
ted to the same a
quisition board, are a
quiredsyn
hronously. Sin
e all the 
hannels on the board are sampled using the same
100MHz 
lo
k, time di�eren
es between them have a pre
ision of 10ns. The signalsfrom the ETS
ope PMTs with low gain are 
onne
ted to the board slave #1. Slave#2 a
quires signals from the two PMTs of UVS
ope while slave #3 a
quires datafrom the Belenos PMTs. The master board de�nes a trigger using the informationfrom all the �ve signals of the high gain ETS
ope PMTs and sends the trigger signalto the slave boards through a trigger bus. Ea
h slave board re
eive this signal thata
t as an external trigger to the board. Although the a
quisition is not syn
hronous59
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Figure 5.2: S
heme of the ULTRA data a
quisition setup. The ULTRA DAQ 
on-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 viewof the system. Signal 
ables arrive from the left and are 
onne
ted dire
tly to theLIP-PADs. Right: Detail of the four LIP-PADS installed in the a
quisition PC.
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5.1. LIP-PAD BOARD

Figure 5.4: View of the GUI of the a
quisition program from the Capo Granitolasetup. In the �gure it is shown the a
quisition 
ontrol menu of the GUIbetween the boards, the data are a
quired simultaneously within a laten
y of fewtens of ns. This time laten
y is su�
ient to ensure that the data re
orded by alldete
tors belong to the same event.Trigger systemThe Trigger system implemented in the master board FPGA has two levels. The�rst trigger level 
onsists of a digital threshold applied to the data a
quired by ea
hADC. The threshold for ea
h 
hannel is de�ned independently from ea
h other.The threshold 
hosen must take into a

ount the baseline value and the noise of the
orresponding 
hannel. The se
ond level trigger is an online logi
 trigger that 
anwork, basi
ally, in two modes: single event mode and shower mode. In the singleevent mode a �rst level trigger from any of the a
tive 
hannels 
auses the systemto issue a trigger signal. In the shower mode 
oin
iden
es between stations aresear
hed. A �rst level trigger in a 
hannel opens a time window de�ned by the user.During this time window ea
h �rst level trigger signal sets a lat
h. At the end ofthe window the number of positive lat
h outputs give the number of 
hannels withsignal above the threshold value during the time window. This number is 
omparedwith the required number of 
oin
iden
es and a se
ond level trigger is issued if the
ondition is met. At the end of this pro
ess the lat
hes are reset.DAQ softwareThe DAQ software was implemented in LabView using a PCI driver developed atCERN [35℄. The LabView GUI 
ommuni
ates with the LIP-PADs by reading andwriting its registers mapped to the PCI memory spa
e. Figure 5.4 illustrates themain s
reen of the GUI. The GUI allows the user to sele
t the board to be usedas master and the boards to be used as slaves, the threshold levels, the trigger61



CHAPTER 5. DESIGN AND IMPLEMENTATION OF AN AUTONOMOUSDAQ SYSTEMparameters, the �le to store data and the number of events to be a
quired. Whenthe user starts an a
quisition all the boards are programmed with the parameters
hosen prior to the start of the a
quisition. When the a
quisition starts the GUIstarts a pro
ess of polling to 
he
k if the master board has triggered. In this 
aseall the four boards are read and then reset. During the a
quisition the user has thepossibility to view, in a graphi
 window, the data a
quired by the system. A
quireddata is saved in a binary �le for o�ine analysis.Signal re
onstru
tionThe signal time and 
harge 
olle
ted are estimated from the data a
quired by theLIP-PAD whi
h 
onsists on a set of signal voltage samples taken in 10 ns intervals.The signal time and 
olle
ted 
harge 
an be estimated dire
tly from the data as,respe
tively, the time 
orresponding to the �rst sample that is above the thresholdand the sum of all samples. A more sophisti
ated approa
h involves �tting anempiri
al parametrisation to the data and use the �t result to estimate the signalparameters. The data 
an be des
ribed by an empiri
al parametrisation of the form
V (t) = C · e− 1

2
ω2 log2( t−t0

∆ )where C is the peak amplitude, ω is a shape fa
tor, t0 is the initial time of the signaland ∆ is the rise time of the signal. This formula is �tted to the data leaving theseparameters free. A �rst estimation of t0 and C is done re
urring to the time of the�rst sample above a threshold and the maximum value re
orded, respe
tively. Theparameters ω and ∆ are initialized to 
onstant values. The signal time is evaluatedusing a 
onstant fra
tion dis
rimination set at 20%. The time is then given as
t20% = t0 + ∆ · e−(2ω2

·log(5))
1/2The 
olle
ted 
harge is proportional to the integral of the signal and 
an be evaluatedas

Q ∝
∫

V (t) = C · ∆ · ω · e0.5ω2
√

2πA sample pulse a
quired by the LIP-PAD is represented in Figure 5.5. The plotrepresents the signal amplitude in ADC units versus the time in 10 ns units. Thebaseline of the 
hannel has been subtra
ted from the data. The solid line representthe �t result to the empiri
al formula.62
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Figure 5.5: A sample pulse from one DAQ 
hannel is showed. The plot represents thesignal amplitude in ADC units versus the time in 10 ns units. A �t is superimposedto the data. See text for details.
CalibrationThe 
alibration of ea
h s
intillator was performed by measuring the Verti
al Equiva-lent Muon (VEM) signal of ea
h s
intillator. First, the high voltage power supply ofthe low gain photomultipliers was raised so that the two PMTs of ea
h station havethe same gain. Data a
quired in this mode is represented in �gure 5.6 where theintegral of ea
h re
orded pulse for PMT2 of station 1 is plotted against the value forthe PMT1 of the same station. The distribution of the 
olle
ted 
harge in single a
-quisition mode for both PMTs of station 1 is shown in �gure 5.7 where the pedestalpeak in the lower part of the spe
trum followed by the single parti
le spe
tra is
learly seen. The pedestal, due to un
orrelated noise, was suppressed imposing a
oin
iden
e trigger between the two PMTs as shown in �gure 5.8. The value of theintegrated pulse 
orresponding to the most probable value for the deposited 
hargein a PMT, when a single parti
le 
rosses the s
intillator, was taken as the VEM
alibration 
onstant. This 
onstant allows the 
olle
ted 
harge to be 
onverted tothe equivalent number of parti
les 
rossing the dete
tor. 63
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Figure 5.6: Plot of the integral of re
orded pulses for PMT2 versus PMT1 in ADCunits. The HV was adjusted so that the gain of both PMTs is the same.

(a) SC 1, PMT 1 (b) SC 1, PMT 2Figure 5.7: Distribution of the integral of a
quired pulses in single a
quisition modefor both PMTs of station 1. The gain of the PMTs is set to be equal.
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(a) SC 1, PMT 1 (b) SC 1, PMT 2Figure 5.8: Distribution of the integral of a
quired pulses in 
oin
iden
e a
quisitionmode for both PMTs of station 1. The gain of the PMTs is set to be equal.Data runsThe data run lasted for seven months from spring to winter 2005. The setup workedfor ∼ 309 h and a total of 5682 events were a
quired. From these 216 have signalboth in the ETS
ope and in the UVS
ope. The data analysis of the 
olle
ted data isdes
ribed in [36℄. An example of a �golden� event is shown in �gure 5.9. Ea
h graphshows the signal amplitude re
orded by the DAQ system, in ADC units, versus thetime in 10 ns units. The top graph shows the signal for High Gain PMTs where thesaturation of most PMTs is visible. The middle graph shows the Low Gain PMTssignals where no saturation is visible. The bottom graph shows the data 
olle
tedfor the UVS
ope and Belenos. In every graph the expe
ted time of arrival of thelight at the UVS
ope is marked with a verti
al dashed line. It 
an be seen, in thebottom graph, the good agreement of the 
olle
ted signal by UVS
ope with theexpe
ted time of arrival.In previous runs of the experiment a similar system based on LIP-Pads hasbeen tested in 
omparison with a traditional one based on CAMAC and NIM [29℄reprodu
ing the results from the CAMAC system with the bene�t of lesser satura-tion. The experiment gained also the sampling of the signals in time whi
h was notpossible with the NIM-CAMAC system. This feature was essential to dis
riminateparti
le and di�used Cherenkov light signals in the UVS
ope. The system provedto be e�
ient and reliable 
ontributing de
isively to the su

ess of the experiment.65
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Figure 5.10: Map of the three s
hools and the 
entral station at IST that parti
ipatedin the run in 
oin
iden
e.5.1.3 Appli
ation in the TRCThe Lisbon Cosmi
 Ray Teles
ope (TRC) [37℄ is an outrea
h proje
t of 
osmi
 rayphysi
s aimed at high s
hool students. The proje
t 
onsists of a network of 
osmi
ray dete
tors installed in high s
hools. Ea
h high s
hool 
ounts with an autonomousdete
tor of 
osmi
 rays 
omposed by three s
intillator dete
tors, usually installedat the roof. The separation between the s
intillators is 
onstrained by the spa
eavailable at the rooftop and is usually of few tens of metres. The network 
ountsalso with a 
entral station installed at Instituto Superior Té
ni
o (IST). The distan
ebetween the di�erent 9 stations installed at Lisbon ranges from 2 to 10 km. Twoother stations are installed in the 
ity of Beja at a distan
e of ∼ 137 km from the
entral station at IST. The stations 
an also operate in 
oin
iden
e mode. In su
hmode data is a
quired simultaneously with a prede�ned setup and the data 
an bejoined. Using the re
orded time for ea
h event 
oin
iden
es in data 
an be sear
hed.Re
ently a test run in 
oin
iden
e mode was performed with three s
hools and the
entral station at IST. A map with the parti
ipating stations is presented in �gure5.10 .Ea
h TRC station has a DAQ and 
ontrol system, illustrated in �gure 5.11, that
onsists of a LIP-PAD installed in a PC. The system 
ontrols the HV power suppliesthrough an I2C link. The I2C proto
ol is emulated using the parallel port of thea
quisition PC. The GPS 
ommuni
ates with the PC by an RS232 link 
onne
tedto the serial port. The PPS signal from the re
eiver is 
onne
ted dire
tly to adigital input of LIP-PAD. Ea
h PMT signal is 
onne
ted to an analog input of theLIP-PAD.The dete
tor is usually pla
ed in the roof-top of the s
hool while the DAQ system67
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Figure 5.11: S
heme of the DAQ and 
ontrol system installed in ea
h station of theTRC proje
t.
is pla
ed in a room with restri
ted a

ess. Thus, the dete
tors have a large separationfrom the DAQ and 
ontrol system. The 
abling of one TRC station 
omprises 3signal 
ables, one for ea
h PMT, a PPS 
able, a RS232 
able, an I2C 
able and onefor 12V power supply. The distan
es involved in 
abling are quite large, of the orderof 100 m.The main problems that arose in the TRC DAQ and 
ontrol system are relatedwith the time-tagging and the operation system stability and robustness. The prob-lems in time-tagging derive from the performan
e of the DAQ PC that managesthe TMS and the GPS. The time-tagging system requires that the time informationstored in the LIP-PAD is 
ombined with the GPS information re
eived by RS232.The PC must also read and reset the timing registers of the board. Due to the highload of the DAQ polling pro
ess some times these operations are not performedwithin the ne
essary time 
ausing the time-tagging system to fail.Operation stability and system robustness of the TRC needs to be improved.Problems in the DAQ PC are 
ommon. Problems in 
abling are also an issue to beaddressed. The long distan
es involved 
ompli
ate the system debugging, namelyfor 
able testing68



5.2. LPV3 (LIP-PAD VERSION 3)5.2 LPV3 (Lip-Pad Version 3)A new DAQ board is being developed. This board is designed to be a 
ompleteDAQ and 
ontrol system, thus eliminating the need for a DAQ PC, for small 
osmi
ray experiments that use up to six photomultipliers. Although inspired by the LIP-PAD board it is designed from s
rat
h sin
e all the elements have 
hanged and somewere added. This is re�e
ted in the name LPV3 that derives from the a
ronym -LIP-PAD version 3.
5.2.1 RequirementsThe LPV3 has evolved from the LIP-PAD board. LPV3 is intended to improvethe performan
e of the LIP-PAD. Namely it has to meet two main requirements:operate in an autonomous way and improve the signal re
onstru
tion with respe
tto the previous version. It is also expe
ted that the new design will in
rease themaximum a
quisition rate of DAQ systems based in the LPV3.LPV3 is designed so that it 
an operate without being installed in a PC. In this
ase the 
ontrol and read-out are performed using a network 
onne
tion. In orderto be a full DAQ and 
ontrol system, the LPV3 must also 
ontrol other hardwaredevi
es. Typi
ally, 
osmi
 rays experiments use PMTs, high voltage power supplies,GPS systems for syn
hronisation and weather stations that need to be interfa
ed bythe LPV3. For this purpose standard proto
ols will be implemented (RS232, I2C).A general purpose Input - Output bank is foreseen so that other proto
ols 
an beimplemented.The 
ommuni
ation through network and the ability to 
ontrol other hardwareimplies that the LPV3 has pro
essing 
apability and storage. This will be a

om-plished with the use of an embedded pro
essor in the FPGA and an external memory.The se
ond main obje
tive is to improve the estimation of ea
h signal parameters:time and 
olle
ted 
harge. This issue is addressed in two ways: (i) the samplingfrequen
y and resolution of the ADC will be in
reased in LPV3 and (ii) the analoginput stage will be redesigned so that the output signal of this stage will havea prede�ned shape and duration in response to a fast PMT pulse. The shapingparameters result from a 
ompromise between having enough samples for the �ttingpro
edure and the loss in time a

ura
y. 69
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Figure 5.12: LPV3 blo
k diagram5.2.2 Design OptionsThe new LPV3 board will be implemented following the design requirements ex-pressed in the previous se
tion. Figure 5.12 shows the blo
k diagram of LPV3.The main blo
ks of LPV3 are: programming interfa
e; pro
essing; analog a
qui-sition; hardware 
ontrol; network interfa
e; PCI interfa
e. The implementation ofthese main blo
ks will be dis
ussed in the following paragraphs. The 
ore pie
e ofthe board will be the Altera Stratix FPGA[38℄ that provides su�
ient resour
es toimplement all the digital ele
troni
s of the board working at the required frequen
y.Programming interfa
eThe FPGA of the LPV3 will be able to be programmed using a 
able 
onne
tedto an external 
omputer or by a memory. When the memory is used, the data
ontained in the memory will be transferred to the FPGA when the board is reset.The memory is non-volatile and 
an be reprogrammed using the external 
able.This s
heme will give total �exibility to the board. A stable 
on�guration 
an beloaded in the memory, development �rmware 
an be tested by reprogramming usinga 
able and the updates to the board �rmware will then be performed by simplyreprogramming the internal memory.Pro
essingThe imposed requirements for
es the board to have pro
essing 
apability. This willbe a
hieved by implementing a NIOS pro
essor in the FPGA. The board must beable to run a
quisition software and to store the a
quired data before sending it70



5.2. LPV3 (LIP-PAD VERSION 3)through network. A �ash memory will be installed to store both the a
quisitionprogram and the a
quired data. Flash memory was 
hosen be
ause it is non-volatileand thus the a
quisition program will be saved even without power.Analog a
quisitionThe analog a
quisition blo
k is an essential part of the system and it is the one withmore pressing requirements. As it 
an be seen from the blo
k diagram (�gure 5.12)this blo
k is 
omposed by six analog a
quisition 
hannels. In ea
h 
hannel there isan analog input stage followed by an ADC. The design of the analog input stage isnot �nalised as some of the solutions need to be tested in hardware. A prototypeof LPV3 will be made with no signal 
onditioning stage. Instead the board willhave a 
onne
tor with the input, output and power lines. The signal 
onditioningstage will be then implemented in separate boards that will 
onne
t to the LPV3.In this way the di�erent solutions will be tested. It is still to de
ide if the signal
onditioning will be in
orporated in the �nal version of the board or if the 
onne
torwill be maintained. In this 
ase the boards 
an be 
ustomised with di�erent shapingand ampli�
ation 
ir
uits. However the 
onne
tor might introdu
e more noise inthe analog 
hannels than a standard solution and the �nal design requirements ispending on the good performan
e in the prototype tests.Hardware 
ontrolThe board will be able to 
ontrol several hardware. The LPV3 will have two RS232
onne
tions, one I2C bus and an input line for the syn
hronisation signal. The GPSunit will be 
ontrolled by RS232. Under study is the possibility to embed the GPSin the LPV3 using a mat
hing 
onne
tor to the Motorola m12+ family of GPS. Thefree pins of the FPGA will be used as general purpose I/O. These I/O lines will begrouped in a generi
 
onne
tor. Several proto
ols 
an be implemented afterwardsin the �rmware. A 
onne
tor box will allow to interfa
e the di�erent 
onne
tors ofthe proto
ols implemented.Communi
ations interfa
eThe LPV3 will 
ommuni
ate both by PCI and by ethernet. The implementation ofthe PCI will follow very 
losely the implementation of this proto
ol in the LIP-PADusing the standard 32 pin 33 MHz PCI. The ethernet 
ommuni
ation has alreadybeen tested in development kits from Altera that in
lude this proto
ol. In the kitsthe NIOS and a driver for the implemented hardware was used. The hardware71



CHAPTER 5. DESIGN AND IMPLEMENTATION OF AN AUTONOMOUSDAQ SYSTEMimplementation in the LPV3 will then be inspired in this design and will use thesame ethernet 
ontroller 
hip.
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Chapter 6Design and implementation of triggeralgorithms in single photon 
ountingsystemsIn this 
hapter the work 
arried out to develop Data A
quisition systems for dete
-tors using the Single Photon Counting Te
hnique with emphasis on the GAW proje
tis presented. More spe
i�
ally, the work on the trigger system and the developmentof �rmware for the GAW ele
troni
s is reported.6.1 Single photon 
ounting systemsSingle Photon Counting (SPC) is a well-established te
hnique for the dete
tion ofvery faint light levels [39℄. For faint light levels, photons arrive individually to thephoto
athode of the PMT. For ea
h photon a voltage pulse will be produ
ed by theampli�
ation 
hain of the PMT. Therefore, in the photon 
ounting mode, individualpulses 
an be dete
ted using a simple threshold. The number of dete
ted pulses isan estimator of the light arriving to the PMT.The front-end ele
troni
s based on the SPC te
hnique is very simple and usuallymakes use of ampli�ers and 
omparators to transform analog signal pulses intodigital pulses by setting a threshold. This te
hnique is very e�e
tive [40℄ in termsof stability, dete
tion e�
ien
y and signal to noise ratio, on the 
ondition thatpulses are properly resolved within the maximum frequen
y of the system. Unlikethe 
harge 
olle
tion te
hnique, in whi
h the analog signal is digitalised, there is noinformation about the amplitude of ea
h signal. Consequently if several signal pulsesarrive within the time resolution of the system they will pile-up and the system will73



CHAPTER 6. DESIGN AND IMPLEMENTATION OF TRIGGERALGORITHMS IN SINGLE PHOTON COUNTING SYSTEMSonly 
ount one photon. The phenomenon is usually named photon pile-up and isrelated to the saturation of the system.The SPC te
hnique is suitable for the instrumentation of the fo
al surfa
e of adete
tor if the signal will not produ
e pile-up. This 
an be a
hieved by lowering thepixel size, and thus in
reasing the number of pixels, and by in
reasing the a
quisitionfrequen
y. The use of su
h simple ele
troni
s allows the use of a very high numberof a
quisition 
hannels with very good time resolution.The triggering system of su
h dete
tors using the SPC te
hnique are usuallyimplemented with several levels. The �rst trigger level 
an be 
onsidered as thethreshold applied to the analog signal. Higher trigger levels in
lude the de�nitionof a minimum number of dete
ted photons at a given pixel, and algorithms thatanalyse the 
hara
teristi
s of the signal. The top level triggers analyse the patternprodu
ed in the pixels, the number of photons dete
ted, and its evolution in timeallowing the elimination of the random and un
orrelated ba
kground events.An analog a
quisition system, with the same performan
e, would in
rease the in-formation 
olle
ted and thus represent a better DAQ system. Su
h system 
ould beimplemented using an integration ADC with a small gate de�ned from a fast thresh-old, by a �ash ADC running at high frequen
y or by a peak-sensing ADC. Howeversu
h solutions represent an enormous in
rease in the pri
e and power 
onsumptionper 
hannel. The design of an a
quisition system will have to make a trade-o� be-tween the a
quired information per 
hannel and the number of a
quisition 
hannels.The performan
e of similar Imaging Atmospheri
 Cherenkov teles
ope layouts, usingdi�erent approa
hes for the front-end ele
troni
s, has been studied and 
omparedat the level of the trigger e�
ien
ies and energy thresholds in [34℄. The results ob-tained 
learly favours the option for a fo
al surfa
e with high pixelisation using theSingle Photon Counting te
hnique.The Single Photon Counting Te
hnique was adopted for the EUSO dete
tor.EUSO is basi
ally an UV teles
ope with a highly pixelated fo
al surfa
e and aimsto dete
t the �uores
en
e light from 
osmi
 rays showers in the Earth's atmosphere.The high number of 
hannels, the low light level produ
ed by 
osmi
 rays andthe 
onstraints imposed to spa
e based experiments in terms of power, weight andtelemetry led EUSO to adopt the Single Photon Counting Te
hnique for the instru-mentation of its fo
al surfa
e.In the fo
al surfa
e of EUSO an Extensive Air Shower is imaged as a spot whoseintensity and position evolves with time produ
ing a tra
k. High-energy showerevents are 
learly distinguishable from the ba
kground and a simple signal persis-ten
y trigger 
an be used. For lower energy events (< 1020 eV) the signal to noise74
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Figure 6.1: Simulated Shower in ESAF. Ea
h big square represents a MAPMTwhile the small pixels represent the pixels. A
tive pixels are presented in 
olourwhi
h represents the number of 
olle
ted photons.ratio is redu
ed and the dete
tion of the signal must rely on the identi�
ation ofits properties, namely the spa
e-time patterns, that di�er a lot between events andba
kground.The EUSO trigger has been designed to provide a good dis
rimination of showerevents from the ba
kground for energies as low as possible (∼ 5 · 1019 eV). An analogthreshold is used for the de�nition of the single photon pulses. The pulses are
ounted in a time window and a digital threshold is used to de�ne an a
tive pixel.The se
ond trigger level is a 
ontiguity trigger that identi�es the pattern of a 
osmi
ray in the fo
al surfa
e of EUSO. The trigger is performed online and sear
hes for a
ontinuity of a line in time. This is done by sear
hing if in 
onsequent time framesthere are adja
ent pixels with signal. Su
h a s
heme 
an be implemented using verysimple ele
troni
s. The triggering system is des
ribed in detail in [41℄.The triggering system simulation was �rstly studied using IDL at Palermo [41℄.It was implemented in the Euso Simulation and Analysis Framework (ESAF)[42, 43℄at Lisbon and a �rst validation of the simulation was performed and reported [44℄.Figure 6.1 represents a simulated shower using ESAF that met the trigger 
onditionas implemented in the simulation. In the 
ontext of the study of 
osmi
 ray spa
edete
tors, the performan
e of the dete
tor was assessed, using ESAF, in more detail75



CHAPTER 6. DESIGN AND IMPLEMENTATION OF TRIGGERALGORITHMS IN SINGLE PHOTON COUNTING SYSTEMSin [45℄.Unfortunately external 
onditions prevented EUSO to advan
e to the phase Bof the proje
t, although phase A was 
on
luded su

essfully. During phase B thedete
tor system was to be re�ned and the 
on
rete implementation of its ele
troni
ssystem designed. The triggering system was to be studied more in depth, its param-eters �ne tuned and its implementation designed taking into a

ount the 
onstraintsimposed by the ele
troni
s system foreseen.The same approa
h of EUSO was applied in the 
ontext of an Imaging Atmo-spheri
 Cherenkov Teles
ope with large Field of View 
apability - the Gamma AirWat
h (GAW) proje
t. The DAQ and triggering system of the teles
ope, where theLIP group has taken parti
ular responsibilities, will be dis
ussed in the followingse
tion.6.2 Data a
quisition and trigger in the GAW exper-imentGAW, des
ribed in se
tion 3.3, is a wide �eld of view Imaging Atmospheri
 CherenkovTeles
ope. GAW uses an innovative approa
h for the 
olle
tion of Cherenkov lightgenerated by EAS, in parti
ular the Single Photon Counting Te
hnique to a
quirelight signals.6.2.1 RequirementsThe GAW ele
troni
s has been designed to fully mat
h the spe
i�
 requirements im-posed by the new proposed approa
h. A large number of a
tive 
hannels 
onstitutethe fo
al surfa
e of the GAW teles
ope making it basi
ally a large UV sensitive dig-ital 
amera with high sensitivity and time resolution. The GAW ele
troni
s designis based on single photoele
tron 
ounting method [34℄(front-end) and free runningmethod (data taking and read-out)6.2.2 Ele
troni
s LayoutGAW Fo
al Surfa
e Dete
tor, represented in �gure 6.2, is formed by an array ofMulti-Anode Photo Multipliers (MAPMTs) 
oupled with the ele
troni
 instrumen-tation, UVIS
ope (Ultra Violet Imaging S
ope), 
apable of 
onditioning, a
quiringand pro
essing, at a high rate, a large number of high speed pulse signals.76
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Figure 6.2: Artist view of the GAW Fo
al surfa
eThe UVIS
ope is built as a modular system, the elementary unit being a Ma
ro-
ell. The Ma
ro
ell, represented in �gure 6.3, is 
omposed by four MAPMT, fourFEBri
k units, four ProDA
q and HV, LV and 
ontrol boards. At the bottom ofea
h Ma
ro
ell we 
an �nd a Trigger board. Ea
h Ma
ro
ell unit 
an operate in-dependently. A simpli�ed s
heme of a Ma
ro
ell unit is shown in �gure 6.3. Wheninserted in the UVIS
ope the Trigger boards 
ommuni
ate with the adja
ent onesand the 
ontrol boards 
ommuni
ate with an external 
ontrol board. The 
on�gura-tion, monitoring and read-out of the system will be performed through the external
ontrol board. The Ma
ro
ells will be mounted in a me
hani
al stru
ture 
oupled tothe Teles
ope body. In �gure 6.4 it is represented the fo
al surfa
e in its me
hani
alstru
ture for the phase I (a) and phase II (b) of the proje
t.In the Phase I, a redu
ed fo
al surfa
e, 
omposed by 8 × 8 MAPMTs, will beused, 
overing a FOV of 6◦ × 6◦. During this phase it is foreseen that the fo
alsurfa
e will be moved to di�erent positions in order to test the performan
e of theteles
ope at o�-axis angles up to 12◦.In the Phase II the whole fo
al surfa
e will be 
overed by 1600 PMTs, arrangedin a grid of 40 × 40, providing a �eld of view of 24◦ × 24◦. In order to minimisethe e�e
t of the opti
al aberrations the Ma
ro
ells height will be adjusted so thatthe MAPMT array will follow, as 
lose as possible, the 
urvature of the ideal fo
alsurfa
e, as 
an be seen in �gure 6.4(b).MAPMTThe MAPMT used for GAW Fo
al Surfa
e Dete
tor is the Hamamatsu mod. R7600-03-M64 with 64 anodes arranged in an 8× 8 matrix. The physi
al dimension of the77
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(a) with so
ket visible (b) with PMT installedFigure 6.5: Photographs of a FEBri
k unit.tube se
tion is 25.7×25.7mm2 (minimum true area is 18.1×18.1mm2), with lengthof approximately 33 mm and weight of 30 g. Ea
h pixel has a size of 2 × 2 mmseparated by a pit
h of 0.3 mm. The 
rosstalk between pixels is 2 % and the anodedark 
urrent is 0.2 nA. The Phototube has a transit time of 10.9 ns with a spread of
0.3ns. The output signal has a rise time of 1ns. The tube is equipped with a bialkaliphoto
athode and a 0.8mm thi
k UV-transmitting window, ensuring good quantume�
ien
y for wavelengths longer than 300 nm, with a peak of 20% at 420 nm. Thedevi
e has a Metal Channel Dynode stru
ture with 12 stages, providing a gain ofthe order of 3 · 105 for a 0.8 kV applied voltage.FEBri
kThe front-end ele
troni
s of GAW is realised in a modular way. The blo
ks that
ompose the Front-End are 
alled the Front-End Bri
k - FEBri
k (Figure 6.5 ). TheFEBri
k is designed for a single MAPMT, implementing the front-end ele
troni
sfor 64 anodi
 
hannels, working in single photon 
ounting mode, and the last dynodesignal that will be a
quired as a high speed integration 
hannel. The FEBri
k alsoprovides the HV power supply to the MAPMT and monitors the temperature.The FEBri
k develops on axis along the bottom of the MAPMT as an appendixof identi
al se
tion (25.7 × 25.7 mm2) with a length of ∼ 85mm, that allows pla
ingunits side by side. Ea
h FEBri
k unit is 
onne
ted, through a so
ket visible in �gure6.5(a), to the bottom of the MAPMT. In this way, the MAPMT is pla
ed in a 
lose
onta
t with the input of the ampli�
ation 
hannels in order to preserve the anodi
signals. 79
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Figure 6.6: A module of the FEBri
k showing the front-end s
heme for an anodi

hannel.A FEBri
k is 
omposed of 8 parallel boards, ea
h implementing the ele
troni
sfor a line of 8 pixels of the MAPMT. Figure 6.6 represents one of these boardsand the 
hain of the front-end ele
troni
s for ea
h anodi
 
hannel. Ea
h 
hannel is
omposed by a fast ampli�er and a 7 ns a

ura
y dis
riminator 
hannel for SinglePhoton Dete
tion. The ampli�
ation 
hannel is equipped with an ampli�er of 1GHzbandwidth, at unitary gain, and 5500 V/µs slew rate. The ampli�er gain is set to
G = 10 (obtaining a 320 MHz bandwidth) to in
rease sensitivity and dete
t verysmall signals. The dis
rimination is performed using a 
omparator with 100 MHzinput frequen
y and 4ns propagation delay. The referen
e voltage of the 
omparator,that a
ts like the dis
rimination level, is generated by a 12 bit DAC and ranges from
0 to +250 mV in ∼ 60 µV steps. The dis
rimination level for ea
h 
hannel is setindividually to make it possible to equalise input o�set voltage di�eren
es betweenthe dis
riminators and gain di�eren
es between the 64 anodes.On the lateral sides of the FEBri
k there are two boards in whi
h the HighVoltage Power Supply, the last dynode Front-End ele
troni
s and the Front-Endmanagement are implemented.The Front-End ele
troni
s for the dynodi
 
hannel, operating as 
harge inte-grator, is equipped with a FET ampli�er of 145 MHz bandwidth at unitary gain,
180 V/µs slew rate and 2 pA input bias 
urrent.The FEBri
k provides also the HV power supply to the MAPMT through a lowpower a
tive high voltage divider. Two separate high voltage lines are provided:80
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Figure 6.7: The ProDA
q Boardthe �rst line supplies dire
tly the last dynode and the se
ond one supply the otherdynodes through a low power a
tive divider.A temperature sensor dete
ts FEBri
k unit average temperature and outputs adire
t digital value to provide thermal 
onditioning management. The temperaturesensor 
an operate in the range of −35 to +85◦C with an a

ura
y of ±1◦C.The FEBri
k power 
onsumption is about 10 W. A side-by-side assembling ofmany FEBri
k units should need adequate thermal 
onditioning.All FEBri
k units, required for the whole fo
al surfa
e, are pla
ed together on thetop of a ba
kplane while on the bottom are pla
ed the ProDA
q units. Ba
kplaneis in 
harge to 
onne
t FEBri
k unit signals to the relevant ProDA
q units.ProDA
qThe ProDA
q (�gure 6.7) unit is internally managed by a reprogrammable FPGA.Figure 6.8 shows a simpli�ed s
heme of the ProDA
q, its operation and relation withthe other 
omponents of the system. The ProDA
q samples the digital informationfrom the 64 anodi
 
hannels with a frequen
y of 100MHz and 
al
ulates the numberof pixel-on. This information is then passed-on to the asso
iated Trigger Generationboard. Upon re
eiving a Trigger Strobe from the Trigger Generation board, theProDA
q saves the event information in a memory. Digital signals are re
ordedinside three memory banks for 192 Kword storage 
apa
ities.The ProDA
q is also responsible for the digitisation of the last dynode analogsignal through two ADCs that sample the signal, one with a sampling frequen
yof 80 MHz and a resolution of 14 bits, the other with a higher a
quisition rate of81
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210MSPS but a lower resolution of 12bits. In this way, the input analogue signal maybe sampled at high speed or with high a

ura
y, a

ording to the wiring 
ombinationof two ADC 
onverters.The ProDA
q units also sample an internal temperature sensor, signal alarm
onditions and allow a

ess to the event memory for the read-out of triggered events.The ProDA
q will also register the sky image seen by the PMT pixels, whi
h isre
orded as the number of 
ounts in ea
h se
ond for ea
h pixel.ProDA
q units are inserted on the bottom of the ba
kplane through whi
h thesignals of the relevant FEBri
k units are re
eived and are terminated on a Trig-ger Generation Board equipped with Trigger and Timing Syn
hronisation devi
es,instrumentation management, power supply and external host interfa
e.Trigger Generation BoardThe trigger generation board is responsible for the generation of lo
al trigger signals.The DAQ system of GAW has an array of these boards, ea
h 
onne
ted dire
tly tofour (2×2) ProDA
q boards and to their neighbours. Trigger generation boards are
omposed, basi
ally, by an FPGA that re
eives the number of a
tive pixels from fourProDA
qs, re
eives and sends data to their neighbours and evaluates if the trigger
onditions are met for the set of information available. If the 
ondition is met theboard will issue a trigger signal that, when validated, will 
ause the ProDA
q boardsto save the event information for later retrieval.82



6.2. DATA ACQUISITION AND TRIGGER IN THE GAW EXPERIMENT6.2.3 Trigger system 
on
eptThe main requirement of the GAW trigger system is to be able to have a goode�
ien
y at the lowest possible energy, keeping a high reje
tion power of the ba
k-ground, dominated by the Night Sky Ba
kground (NSB).The Cherenkov signal will produ
e an image in the 
amera that adds up to theba
kground. Sin
e the fo
al surfa
e is highly pixelated this ex
ess light is translateddire
tly into an ex
ess of the number of a
tivated pixels. The GAW triggering systemrelies on the dete
tion of an in
rease in the number of a
tivated pixels in a region ofthe fo
al surfa
e. More spe
i�
ally the system is a majority trigger that will sear
hfor, at least, a de�ned number of a
tivated pixels in a square of k × k pixels.The noise 
ounting rate, n, of ea
h teles
ope 
an be 
al
ulated knowing the aver-age value of the ba
kground and applying the opti
al and geometri
al 
hara
teristi
quantities of the teles
ope. For an individual pixel n is then 
al
ulated as
n = 〈B〉 · A · Ωpix · ∆t · εtotalwhere 〈B〉 is the average value of the Night Sky Ba
kground, A is the 
olle
tingarea of the teles
ope, Ωpix is the solid angle subtended by one pixel, ∆t is the timeinterval of a Gate Time Unit (GTU) and εtotal, the global e�
ien
y of the teles
ope.The option for a highly pixelized fo
al surfa
e running at a high a
quisition rate(100 MHz) makes the pixel solid angle and the Gate Time Unit (GTU) small, thusminimising the noise in ea
h pixel.The average value of the Night Sky Ba
kground was measured [46℄ at the CalarAlto Observatory and its rate is estimated by

〈B〉 = 2200 photons · m−2ns−1sr−1For GAW A = 3.5 m2, Ωpix = 2.3 × 10−6 sr, ∆t = 10 ns and εtotal = 0.06[46℄.With these parameters the mean noise 
ounting rate, per pixel, is estimated to be
n ∼ 0.01 photoelectrons/pixel/GTU. The number of photoele
trons in ea
h pixeland in ea
h GTU then �u
tuates a

ording to a Poissonian distribution with a meanvalue of 0.01.The Cherenkov signal is an intense and fast light pulse whi
h produ
es an in-
rease, during a short time (< 10 ns), in the number of pixels with signal in a smallregion of the fo
al surfa
e (0.5◦ × 1◦). The 
on
ept of the GAW trigger system is tosear
h, online, the whole fo
al surfa
e for an in
rease in the number of pixels-on inprede�ned regions large enough for the signal to be 
ontained inside. 83



CHAPTER 6. DESIGN AND IMPLEMENTATION OF TRIGGERALGORITHMS IN SINGLE PHOTON COUNTING SYSTEMS6.2.4 Trigger system designThe GAW trigger system is designed to work in three levels. The �rst trigger levelde�nes a pixel-on. The se
ond trigger level sear
hes the fo
al surfa
e for an in
reaseof pixels with signal. The third trigger level validates the se
ond level triggers andsignals the region of interest of the fo
al surfa
e to be read. Ea
h level is implementedin di�erent parts of the GAW DAQ ele
troni
s des
ribed previously.First Trigger LevelAt the �rst trigger level the signals from the PMT pixels are subje
ted to a simplethreshold and are transformed into digital signals. A pixel-on is de�ned here as apixel whi
h has a signal greater than the set threshold.The �rst trigger level is implemented on the front-end ele
troni
s (FEBri
k),namely as a fast dis
riminator. The spe
i�
 detail of the ele
troni
s of this triggeris des
ribed in 6.2.2.The thresholds are set independently for ea
h front-end 
hannel, taking intoa

ount di�eren
es in gain and ampli�
ation. The threshold is set below the singleele
tron response of the pixel and above the ele
troni
s noise of the ampli�
ation
hain, initially in the laboratory and are afterwards adjusted on site by means of a
alibration run of the teles
ope.After this �rst trigger level, the signal re
orded in ea
h of the 64 pixels of onePMT is transformed into 64 logi
 signals indi
ating the pixels that have signal. Thisinformation is passed dire
tly to the se
ond trigger level.Se
ond Trigger LevelThe se
ond trigger level, the 
ore of the trigger system, sear
hes for an ex
ess in thenumber of pixels-on. This trigger level s
ans the digital information re
eived fromthe �rst trigger level and sear
hes the fo
al surfa
e, online, for a given number ofpixel-on inside all possible trigger-
ells (squares of 2 × 2 PMTs). The se
ond leveltrigger is digital and as su
h 
an be implemented in FPGAs. Due to its 
omplexityand high number of 
hannels involved, it is implemented in the ProDA
q boardsand in the Trigger Generation boards.The FPGA in the ProDA
q board re
eives digital information about the indi-vidual state of the 64 anode 
hannels of the asso
iated MAPMT and 
al
ulates thetotal number of pixel-on whi
h is then passed to the Trigger Generation board towhi
h the ProDA
q is 
onne
ted to.84
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h Trigger Generation board re
eives the number of Pixel-on from four Pro-DA
qs and is 
onne
ted to their neighbour trigger generator board so that informa-tion essential for the generation of a lo
al Se
ond Level Trigger 
an be shared.The trigger algorithm, implemented in the FPGAs of the Trigger Generationboards, works online in a pipeline with three steps. On the �rst step, ea
h FPGAre
eives the number of Pixel-on from the four ProDA
q atta
hed to it. On the se
ondstep it transmits information about relevant PMTs to its neighbour FPGAs on theright and on the bottom, re
eiving data from the top and left neighbours. This
ommuni
ation s
heme allows for ea
h FPGA to have a

ess to the number of pixel-on for a set of 3× 3 PMTS. On the third step ea
h FPGA will sear
h for a numberof pixel-on greater than a programmable value in all possible trigger-
ells with theinformation available to that FPGA. If this 
ondition is met a se
ond level triggeris generated and passed to the third trigger level. With this s
heme implementedthe whole fo
al surfa
e 
an be sear
hed for the trigger-
ells that meet the trigger
ondition.The timing for the triggering system is 
riti
al. Sin
e the 
hain of operationsmust always take the same predetermined time so that the pipeline 
an work andthe triggering data 
an be re
overed from memory and saved.Figure 6.9 represents this trigger s
heme with an example of a fo
al surfa
e of
6 × 6 MAPMTs. This 
orresponds to having a grid of 3 × 3 Trigger GenerationBoards. The �rst step of the pipeline is represented in �gure 6.9(a). In the rightbottom 
orner is indi
ated the representation of a MAPMT and of a Trigger Gener-ation board FPGA. In ea
h FPGA Si,k represents the sum of pixels-on of the (i, k)MAPMT, i.e., the sum of the total number of pixels-on of the MAPMT lo
ated atthe row i and 
olumn k. It is seen that ea
h FPGA re
eives these values from thefour MAPMT underlying it. For instan
e, the 
entral FPGA re
eives, from the Pro-DA
qs, the values S3,3, S3,4, S4,3 and S4,4. In a se
ond step the FPGAs 
ommuni
atewith their neighbours. Taking again the 
entral FPGA, it re
eives from the top-leftneighbour the value S2,2, from the top neighbour the values S2,3 and S2,4 and fromthe left one the values S3,2 and S4,2. At the same time, this FPGA passes to theirright, bottom and bottom-right the values S3,4, S4,3 and S4,4. This pro
ess is repre-sented in �gure 6.9(b). In the end of this pro
ess the FPGA has information from agrid of 3× 3 MAPMTS. In the third step of this trigger algorithm, also representedin the �gure, the FPGA evaluates the total number of pixel-on for the four possiblegroups of 2 × 2 MAPMTs denoted by:

SA = S3,3 + S3,4 + S4,3 + S4,4 85
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ond and third step of the pipelineFigure 6.9: The se
ond level trigger s
heme.
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SB = S2,3 + S2,4 + S3,3 + S3,4

SC = S3,2 + S3,3 + S4,2 + S4,3

SD = S2,2 + S2,3 + S3,2 + S3,3If any of SA, SB, SC or SD is higher than the prede�ned threshold this FPGAissues a se
ond level trigger signal.The s
heme exempli�ed is easily extended, for the whole fo
al surfa
e, bearingin mind that the FPGAs in the edges do not 
ommuni
ate with some neighbours.Third Trigger LevelIn the third trigger level, the highest level in the GAW triggering system, the se
ondlevel triggers are validated and a region of interest of the fo
al surfa
e is de�ned tobe read by the Data A
quisition system.The third trigger level will be implemented on a FPGA that re
eives data fromthe se
ond level trigger, i.e. from all the Trigger Generation Boards. Several modes
an be implemented in this trigger level sin
e the FPGA 
an be reprogrammed atany time.In the basi
 mode a se
ond level trigger in a GTU 
auses the whole fo
al surfa
eto be read-out.In order to redu
e the bandwidth used, the third trigger level will have a modethat de�nes a Region Of Interest (ROI) to be read. The simplest algorithm is tode�ne the ROI as the trigger-
ells that produ
ed a trigger and its neighbours. Thenumber of neighbour trigger-
ells to be read will be 
hosen to ensure that all theinformation belonging to an event is read. More sophisti
ated algorithms, in
ludingthe reje
tion of spe
i�
 noise patterns, may be implemented at this level.In the �nal GAW 
on�guration with three teles
opes, a global event tag may berequired. For this purpose it is foreseen that one of the teles
opes 
an a
t as a 
entralunit, re
eiving the third level trigger information from the other two teles
opes. Atemporal 
oin
iden
e between the teles
ope triggers will be then performed and aglobal stamp will be issued and distributed. 87
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ted performan
eThe triggering system performan
e is 
hara
terised by the 
apability to reje
t ba
k-ground events and by the e�
ien
y for the sele
tion of real events. To evaluatethe trigger performan
e Monte Carlo simulations were developed at Palermo and atLisboa.At Palermo an IDL based simulation of the teles
opes was used mainly to de�nethe baseline design of the GAW teles
opes. Ba
kground events were generateddire
tly in IDL while gamma shower events were generated using CORSIKA [15℄ andthe ele
troni
s and trigger were simulated afterwards in IDL. The spe
i�
 details ofsu
h simulation are reported in [34℄. A more exhaustive study on GAW performan
e[47℄ was made using CORSIKA and a 
ustom program developed in Fortran thatparametrises the lens response and simulates the Fo
al Surfa
e and ele
troni
s.At Lisboa, a global simulation framework for the GAW proje
t was developed[48℄.This framework de�nes the �ow and the interfa
es of the various programs andmodules used to perform an end-to-end simulation of GAW. Figure 6.10 shows thestru
ture of this framework. To assess the trigger performan
e the ele
troni
s andtrigger simulation modules were implemented in the general framework using C++and the ROOT toolkit. These modules allowed detailed 
ross-
he
ks to be performedand provided an important tool for the study and development of trigger algorithms88



6.2. DATA ACQUISITION AND TRIGGER IN THE GAW EXPERIMENTand its implementation in the �rmware.Ele
troni
s simulation moduleThe ele
troni
s simulation module is a basi
 simulation of GAW ele
troni
s, in
lud-ing the noise generation due to the Night Sky Ba
kground and the simulation ofthe �rst trigger level. The fo
al surfa
e, in this module, is 
omposed of 80× 80 pix-els, 
orresponding to the fo
al surfa
e of the �rst phase of the GAW proje
t. Theinterfa
e with GAW framework is performed through the �le �Photons at pixels�generated by the Teles
ope Simulator whi
h 
ontains the information of ea
h pho-ton arriving at MAPMT the pixels. This information is read by the module and thena two-dimensional histogram is produ
ed. Ea
h bin of this histogram represents apixel. Ea
h photon is assigned to a bin, taking into a

ount the PMT e�
ien
y. Arandom number is uniformly generated between 0 and 1 and the photon is a

eptedif the value is lower than the e�
ien
y fa
tor. Thus ea
h bin hold the number of
olle
ted photons. In this module the Night Sky Ba
kground (NSB) is introdu
edby generating for ea
h pixel, and for ea
h event, a random number following a Pois-son distribution. The mean value of this distribution, 〈B〉, represents the averagenumber of photo-ele
trons 
olle
ted in that pixel due to the NSB and is 
hosen bythe user, having a default value of 0.008 p.e./pixel/GTU.For the purpose of this simulation it was assumed that the photomultiplier andthe ele
troni
s do not introdu
e noise above the threshold of the �rst trigger leveland that the �rst trigger level would operate with full e�
ien
y for the dete
tion ofsingle photo-ele
trons. Thus if the number of photo-ele
trons in a pixel is greaterthan or equal to one the pixel is 
onsidered as a pixel-on. The output of this module
onsists of a pixel-on image of the fo
al surfa
e.A more detailed implementation of the �rst trigger level 
an be performed as-signing a probability for the dete
tion of the single photo-ele
tron. Ele
troni
s noise,above the �rst trigger level threshold, 
an also be introdu
ed at this level using theoutlined s
heme. It is planned to implement a more detailed des
ription of the signalpro
essing 
hain to be in
luded in the general framework.Se
ond trigger level simulation moduleThe trigger module implements the simulation of the se
ond level trigger. As de-s
ribed in se
tion 6.2.2, this trigger level looks for an ex
ess of pixels-on in trigger
ells. These trigger 
ells are 
oded in the module, de�ning the pixels that 
onstitutethe 
ell. For ea
h pixel-on image, a loop is performed in the trigger 
ells and, for89
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Figure 6.11: Image of GAW fo
al surfa
e for a noise event. Ea
h bla
k squarerepresents a pixel-on. The event was generated with a ba
kground level of 〈B〉 =
0.008 pe/pixel/GTUea
h one, the total number of pixels-on is 
al
ulated. The module outputs the max-imum number of pixels-on in a trigger 
ell. A simple 
omparison with the se
ondtrigger level threshold 
an be performed afterwords to get a de
ision on the triggerof the simulated event.Using the framework, and the developed modules, the reje
tion power of ba
k-ground and the e�
ien
y for gamma events were studied and will be dis
ussed inthe following paragraphs.Fake trigger rate estimationNoise events were generated by simulating the pixel-on image formed in the Fo
alSurfa
e due to the Night Sky Ba
kground. Figure 6.11 shows an image of theFo
al Surfa
e produ
ed by a typi
al noise event produ
es for a ba
kground level of
〈B〉 = 0.008 pe/pixel/GTU. In the image, the pixels-on are represented by bla
ksquares. Ea
h event 
orresponds to the information present in the fo
al surfa
e atea
h GTU of 10 ns. The output of the trigger simulator was used to in
rement ave
tor of the number of triggered events for several se
ond trigger level thresholds.This ve
tor holds thus the number of triggered events for the se
ond trigger level90
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Figure 6.12: Fake trigger rate of a GAW teles
ope versus the se
ond trigger levelthreshold. The di�erent lines represent the fake trigger rate for several levels ofba
kground, 〈B〉 as indi
ated in the legend.for ea
h threshold level. The fake trigger rate at this level, η, is 
al
ulated as
η =

N. Triggered eventsN. generated events · 1

∆tGTUwhere ∆tGTU is the sampling period of the system.The errors of the fake trigger rate, εη, were 
omputed a

ording to [49℄ as
εη =

√

(k + 1) (k + 2)

(n + 2) (n + 3)
− (k + 1)2

(n + 2)2 · 1

∆tGTUwhere k is the number of events that meet the trigger 
ondition and n is the numberof generated events.The fake trigger rate as a fun
tion of the se
ond trigger level threshold is shownin �gure 6.12, for several levels of the ba
kground. The number of generated ba
k-ground events was 15 × 106. A referen
e value of 200 Hz of the fake trigger rate isindi
ated by an horizontal orange dashed line. This value is obtained in the GAWproposal [46℄ in the 
onditions of a ba
kground of 〈B〉 = 0.008 pe/pixel/GTU anda se
ond trigger level threshold of 14. 91
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Figure 6.13: Image of a 1 TeV gamma event at the GAW Fo
al Surfa
eIf the ba
kground level in
reases, e.g. in the presen
e of the moon in the sky, thefake trigger rate 
an be easily redu
ed by rede�ning the trigger threshold. From the�gure it is seen that setting the se
ond trigger level threshold at 22 a fake triggerrate lower than 200Hz 
an be obtained even with a ba
kground as high as twi
e thetypi
al one. Su
h ba
kground level 
an be found when a quarter moon is presentin the sky at low zenith angles. However if the ba
kground in
reases too mu
h theMAPMT looses its linearity and 
an even be damaged. An ele
troni
 prote
tion isin
luded in the front-end ele
troni
s to prevent damage to the PMT for very intenselight levels.Trigger e�
ien
y estimationThe simulation framework was also used to study the trigger e�
ien
y for di�erentse
ond trigger level thresholds. The CORSIKA program [15℄ version 6.617 was usedto simulate gamma air showers, followed by the Teles
ope Simulator, developed inGeant4 [30, 31℄, the Ele
troni
s simulator and trigger simulator des
ribed before.For this study, verti
al gamma events were generated with the 
ore of the airshower lo
ated at 100 m from the teles
ope, at �xed energies of 200, 300, 500, 700,
1000, 2000 and 3000 GeV. For ea
h energy 100 events were generated. As anexample, �gure 6.13 shows a snapshot of the fo
al surfa
e with a 1 TeV gamma92
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Figure 6.14: Trigger e�
ien
y versus the shower primary energy for di�erent triggerthresholds.event, with ea
h pixel-on indi
ated by a bla
k square. For ea
h event, the output ofthe trigger simulator was 
ompared to three di�erent thresholds of 11, 14 and 22.An e�
ien
y was then 
al
ulated for ea
h energy and ea
h threshold as
eff =

Nº triggered eventsNº generated eventswith an error given by
εeff =

√

(k + 1) (k + 2)

(n + 2) (n + 3)
− (k + 1)2

(n + 2)2where k is the number of events that meet the trigger 
ondition and n is the numberof generated events. Figure 6.14 shows the obtained trigger e�
ien
y as a fun
tionof the primary energy for ea
h threshold. At low energies, the trigger e�
ien
y isredu
ed with the in
rease on the trigger threshold, while energies above ∼ 1 TeVhave a very high trigger e�
ien
y regardless of the threshold set.The light signal rea
hing the teles
ope varies with the distan
e to the shower
ore. Thus the maximum distan
e at whi
h a shower 
an be dete
ted, and hen
ethe sensitivity of the teles
ope, varies with the energy and the trigger e�
ien
y. Anin
rease in the trigger threshold will redu
e the sensitivity of the teles
ope. Howeverthe teles
ope 
an work with higher ba
kground levels, with a

eptable sensitivity93
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 showers, thus in
reasing the total exposure.The estimation of the e�e
tive area with the energy and trigger threshold willrequire a large sample of showers at di�erent energies and distan
es6.2.6 System �rmwareThe system �rmware for a great part of the a
quisition ele
troni
s is a responsibilityof the LIP group. Namely, LIP is responsible for the development of the �rmwarefor ProDA
q boards and for the Trigger Generation boards.A test ben
h to test the ProDA
q is installed in the e-CRLab that 
onsists ona ProDA
q board, two interfa
e boards and test and measuring equipment. Aninterfa
e board, named ProDA
q-Ex
ite, allows the ProDA
q signal inputs to be
oupled to a signal generator or to an external FPGA. These external sour
es allowthe output from a FEBri
k unit to be emulated. The signal generators availableallow four independent input signals to be produ
ed. When 
oupled to a FPGAdevelopment kit it is possible to generate all the 64 input signals of the ProDA
q,allowing all possible 
on�guration of the input signals to be tested. However, theoutput of the FPGA is digital and the shape and timing of the signals 
annot be
ontrolled as well as with the signal generators. Another interfa
e board, namedLIP-CTRIG, is used for power supply, programming interfa
e and to 
onne
t thetrigger and 
ontrol bus to external equipment. The trigger information 
an be seenin a logi
 analyser or it 
an be 
oupled to a FPGA development kit whi
h is alsoused to input data in the 
ontrol and trigger bus. Although the use of an FPGA tointerfa
e the board adds extra �exibility, the performan
e tests need to be performedusing the logi
 analyser to assure 
orre
t time measurements. In parti
ular the logi
analyser available is 
apable of performing timing measurement with sub-nanose
onda

ura
y.Several �rmware modules for the ProDA
q have already been developed, mainlyfor fun
tional tests of the board. The ProDA
q board 
an operate in two distin
tmodes. The �rmware takes that into a

ount and the user 
an 
hoose at run timethe a
quisition mode. Additionally every parameter that the �rmware uses will alsobe programmable by the user.In the �rst mode, used mainly for testing, the ProDA
q 
ounts how many timesea
h pixel has been a
tivated. This 
ount is performed with a sampling period that
orresponds to the normal a
quisition frequen
y for a pre-determined time interval(of the order of se
onds). In this way the light �ux at ea
h pixel 
an be evaluated.This mode 
an be used to, e. g., estimate the ba
kground level or, if the teles
ope94



6.2. DATA ACQUISITION AND TRIGGER IN THE GAW EXPERIMENTis pointed to a star, to evaluate the opti
al spot produ
ed in the Fo
al Surfa
e.In the se
ond mode, the a
quisition mode, the ProDA
q re
eives data from theFEBri
k and saves it in a ring memory. At the same time it 
ounts the numberof pixels-on and outputs this value to the trigger bus. This algorithm is part ofthe pipeline s
heme of the trigger system and needs to be performed ea
h samplingperiod. Moreover the algorithm must always take the same time so that a referen
eto stored data is available. When a trigger strobe is re
eived from the TriggerGeneration boards, the ProDA
q saves the 
orresponding data that will be readthrough the 
ontrol bus. The board �rmware also 
omprises the implementation ofthe 
ontrol and read-out proto
ol that is yet to be de�ned.The �rmware of the Trigger Generation board implements the trigger algorithmdes
ribed before. In ea
h sampling period, the board re
eives the number of pixels-on from four ProDA
qs. In a following step the board will ex
hange data withits neighbours and then applies the majority trigger algorithm. When the trigger
ondition is met the trigger generation board issues a trigger strobe to the relevantProDA
qs. In the baseline design the ligh-guides are 
omposed by 64 segments, oneper pixel. Its fabri
ation and assembling showed to be a 
hallenge. Thus, otheroptions were studied, namely the option of redu
ing the number of segments by afa
tor 4. This fa
t has delayed the development of the Trigger Generation boards asthe pit
h between PMTs depends on the �nal design of the light-guides. The trigger�rmware tests will start as soon as these boards be
ome available.
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Chapter 7
Studies of the Auger ObservatoryFluores
en
e Teles
ope performan
e
The LIP group has developed a new simulation based on Geant4 where the 
ompletegeometry of the Auger �uores
en
e teles
ope is implemented. This new tool was usedto study in detail the performan
e of the teles
opes in terms of opti
al quality ande�
ien
y. The results obtained were 
ompared with the standard simulation andwith laser events.
7.1 Auger Fluores
en
e Teles
opesThe Auger Fluores
en
e Dete
tor (FD) is 
omposed of 24 Fluores
en
e Teles
opes.The teles
opes are disposed in four eyes overlooking the Surfa
e Dete
tor array.Ea
h eye has a Field Of View (FOV) of 28.6◦ × 180◦. Ea
h of the 24 Fluores
en
eTeles
opes is a modi�ed S
hmidt 
amera.The S
hmidt teles
ope design is based on the use of a spheri
al mirror with anaperture stop at the 
entre of 
urvature. This design produ
es uniform images ina spheri
al fo
al surfa
e, with its 
entre of 
urvature 
oin
ident with the one ofthe mirror. A 
orre
tor plate in the aperture is introdu
ed to 
orre
t the spheri
alaberration of the teles
ope. A more 
omplete des
ription of the S
hmidt 
amera
an be found in [50℄.The s
heme of the teles
opes and a pi
ture of one of them is shown in �gure 7.1where the �lter, the 
orre
tor ring, the mirror and the 
amera are visible.97
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Figure 7.1: The Auger Fluores
en
e teles
opes. Left: S
heme of the teles
opes.Right: Photograph of a teles
ope with its main 
omponents indi
ated.FilterThe �rst opti
al 
omponent of the Auger �uores
en
e teles
opes is an UV �lter.The �lter is pla
ed at the entran
e pupil of the teles
ope. The main fun
tion of the�lter is to sele
t the interesting wavelength range at the entran
e of the teles
ope.Besides its main fun
tion the �lter also prote
ts the teles
ope from exterior elementssu
h as wind, dust, rain, et
.The �lter is a glass plate made of S
hott M-UG6 glass. It is reinfor
ed, me
hani-
ally, by a metalli
 grid. This �lter presents a high transmittan
e in the UV-B regionand high absorption in the visible and infra-red regions. The detailed 
hara
teristi
sof M-UG6 
an be found in [51℄.Corre
tor RingIn teles
opes with this design, a 
orre
tor plate is used to pre-
orre
t the light rays,that will arrive to the mirror, in order to redu
e the spheri
al aberration introdu
edby the use of a spheri
al mirror. The spheri
al aberration in
reases as the light raysenter far from the opti
al axis. The requirements of the Auger FD of having a spotsize of 14/15 mm, that 
orresponds to an angular dimension of 0.5◦, avoids the useof this plate for a radius smaller than 0.85m. Sin
e the aperture of the teles
ope hasan outer radius of 1.1 m, a 
orre
tion was still ne
essary. For simpli
ity a 
ir
ularring was introdu
ed to 
orre
t light rays that enter with a radius 0.85 < R < 1.1 m.This lens is 
alled the �
orre
tor ring�.98
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Figure 7.2: The 
orre
tor ring pro�le: radial 
omponent of the normal to the lens
urved surfa
e as a fun
tion of the radius. Solid lines represent the bounds used forquality 
ontrol. The di�erent markers represents the measurements performed indi�erent samples.
The 
orre
tor ring is basi
ally a lens with one �at side. A sixth order polynomialis used to des
ribe the 
urved surfa
e of the 
orre
tor ring. This design allowsthe spheri
al aberration to be 
orre
ted and the produ
tion of a spot within therequirements for the Auger FD. However su
h 
urvature is di�
ult to realise withthe ne
essary opti
al quality. The pro�le of the lens has been optimised taking intoa

ount the produ
tion pro
ess and the fa
t that only a ring is used in the teles
ope.More details on the produ
tion of the 
orre
tor ring 
an be found in [52, 53℄. Theprodu
tion pro
ess 
ould not perfe
tly assure the form of the lens pro�le. However,the limits for the radial in
lination of the surfa
e were de�ned and used for quality
ontrol. Figure 7.2 shows the bounds for the radial 
omponent of the normal to thesurfa
e as well as measured pro�les for di�erent samples. It 
an be seen that themeasured pro�le respe
ts the bounds, ex
ept in the limit regions, i.e in the outerpart of the ring where it goes above the bound and in the inner part where it goesbelow the bound. The 
orre
tor ring pro�le will be dis
ussed in detail below in this
hapter.
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CHAPTER 7. STUDIES OF THE AUGER OBSERVATORY FLUORESCENCETELESCOPE PERFORMANCEMirrorThe modi�ed S
hmidt 
amera of the Auger �uores
en
e teles
ope uses a spheri
almirror. This mirror has a radius of 
urvature of R = 3.4 m. It has a square formatand measures 3.6 m×3.6m having a 
olle
tion area of about 13m2. Due to the largearea the mirrors were built as an array of segments. Two eyes are equipped withmirrors built in Germany, whi
h are made up by an array of re
tangular mirrors.The other two eyes have installed mirrors from the Cze
h Republi
 whi
h are madeof an array of hexagonal-shaped mirrors.CameraThe fo
al surfa
e of the �uores
en
e teles
opes is de�ned as a spheri
al surfa
e
on
entri
 with the mirror surfa
e. The fo
al surfa
e has a radius of 1.743 m, 
orre-sponding to the surfa
e where the dis
 of least 
onfusion is lo
ated for the di�erentin
ident angles.The �uores
en
e light from an EAS is fo
used onto the fo
al surfa
e where a PMT
amera [54℄ is installed. The 
amera, whi
h 
an be seen in �gure 7.1, is 
omposedby 440 hexagonal pixels distributed in an array with 22 rows and 20 
olumns. Thepixel has a side-to-side distan
e of 45.6mm that 
orresponds to an angular distan
eof 1.5◦. The pixels are spa
ed in equal steps of azimuthal angle and equal stepsof elevation angle. The FOV of the teles
ope is of 30◦ in azimuth and of 28.6◦ inelevation. The smaller FOV in elevation, even with a higher number of rows than
olumns, is due to the sta
king of the hexagonal pixels to produ
e a 
ontinuous fo
alsurfa
eThe PMTs used for the Auger �uores
en
e teles
opes have an hexagonal shape.A gap between adja
ent PMTs is needed for me
hani
al reasons. In addition, thePMTs are quite ine�
ient near the borders. To over
ome these problems, lightguides were introdu
ed. The light guides de�ne a pixel in the ideal fo
al surfa
eand dire
t the light, that would otherwise be lost, to the a
tive region of the PMTs,where it 
an be dete
ted.The light guide is realised with six re�e
ting pie
es 
alled Mer
edes. A s
hemeof the light guide and a photograph of a detail of the 
amera with Mer
edes starsare shown in �gure 7.3. Ea
h Mer
edes is a star with three arms separated by 120◦.The 
ross se
tion of ea
h arm is an isos
eles triangle with a base of 9.2 mm and aheight of 18 mm. The top of six Mer
edes de�ne a pixel in the ideal fo
al surfa
e.The PMTs are pla
e behind the light guides. The PMT used is a XP3062 fromPhotonis. The XP3062 is an 8-stage PMT with a hexagonal window and a standard100
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Figure 7.3: The Light Guides of the Auger Camera. Left: S
heme of six Mer
edesthat are joined to form a pixel light guide. Right: Photograph of a detail of the
amera with four PMTs and two Mer
edes stars installed.bi-alkaline photo
athode. Its quantum e�
ien
y is evaluated as 25% for wavelengthsof 250−400nm. The nominal gain for FD operation is set at 5×104. The ele
troni
sof the �uores
en
e teles
ope samples the signal 
olle
ted by the PMTs ea
h 100 ns.The 
amera body is approximately of square shape, measuring 93 cm in thehorizontal dimension and 86 cm in the verti
al one. The 
amera is held in pla
eusing a simple support of two legs. The legs of the 
amera are made of C-shapedsteel 5 cm wide. The 
amera, in
luding its body, ele
troni
s and support stru
turewill produ
e an obs
uration in the teles
ope mirror, redu
ing the light 
olle
tionarea.7.2 Simulation of the Teles
opes7.2.1 The simulation frameworkThe Pierre Auger Observatory has developed a general framework for the simulationof the dete
tor and for data re
onstru
tion and analysis - the O� line [55℄.This framework was mainly developed using the C++ programming languageand several toolkits and external libraries like ROOT, Geant4, BOOST, Xer
es, et
.The O� line is a modular software, ea
h module performing a spe
i�
 simulationor re
onstru
tion task. XML �les are used to 
on�gure the software. Ea
h moduleused has an asso
iated XML �le where the module parameters are 
on�gured. Thesequen
e of modules to be run is also 
on�gured with a XML �le. Data are ex
hangedbetween the di�erent modules through the use of a C++ 
lass that 
ontains the event101



CHAPTER 7. STUDIES OF THE AUGER OBSERVATORY FLUORESCENCETELESCOPE PERFORMANCEdata.The simulation of a �uores
en
e event 
onsists of several steps required to es-timate the signal re
orded by ea
h teles
ope when a shower develops in its FOV.First the longitudinal pro�le of the shower is generated. Then the amount of lightarriving at the teles
ope pupil is estimated. To do this the produ
tion of the �uo-res
en
e light is simulated as well as the propagation and attenuation of this lightin the atmosphere. Currently the �uores
en
e light arriving at the teles
ope pupil isdes
ribed in the following way. The arrival times are binned with a time 
onstant of
10 ns, whi
h is ten times lower than the time sampling of the teles
ope ele
troni
s,and arrays with the number of photons and the viewed dire
tion in ea
h time binare �lled. Using this information, photons are then generated at random positionsin the diaphragm of the teles
ope. For ea
h time bin, photons are given the di-re
tion of the bin, a random position in the diaphragm and a weight. The sum ofthe weights of all generated photons 
orresponds to the total number of photons forthat dire
tion. The simulation of the teles
ope will then propagate these photonsin the teles
ope and re
ord the signal (in photons) registered in the fo
al surfa
e.Noise is then added and the ele
troni
s and the trigger system are simulated. Thesetasks 
onstitute the 
ore of the simulation and are performed by di�erent modules.Other modules exe
ute more general tasks like the generation of the event stru
tureand the output of the result in several formats. Several modules 
an be 
hosenalternatively to exe
ute a spe
i�
 task simply by 
hanging the module sequen
e
on�guration �le. For example the shower longitudinal pro�le 
an be generated bya module that uses a parametrisation or by a module that reads data from an ex-ternal simulation program. This module, in turn, 
an be 
on�gured to read datafrom AIRES, CORSIKA or CONEX. The simulation of the �uores
en
e teles
ope
an now be performed using one of two modules: the Teles
opeSimulatorKG or theTeles
opeSimulatorLX, the new simulation developed at Lisboa using the Geant4toolkit.7.2.2 The Teles
opeSimulatorKGThe Teles
opeSimulatorKG is a 
ustom ray-tra
ing module developed by the Karl-sruhe Auger Group. Currently this module is used as the standard teles
ope simula-tion module in the O� line. A photon entering the diaphragm is passed, sequentially,by the several opti
al elements, always in the same order. This fa
t makes it possibleto develop a simple 
ustom ray-tra
ing 
ode that simulates, in sequen
e, the severalopti
al elements of the teles
ope.102



7.2. SIMULATION OF THE TELESCOPESA photon enters the teles
ope diaphragm with a 
ertain dire
tion, position andweight. This weight, w, allows one simulated photon to represent w photons thatare propagated like a bun
h. Su
h a photon is passed from the PhotonGeneratormodule to the Teles
opeSimulator module. Then the intera
tion with the �lter issimulated. The position and dire
tion of the photon is maintained but its weightis multiplied by the �lter transmittan
e. Next the 
orre
tor ring is simulated. Ifthe position of the photon has a radius, relative to the opti
al axis, greater thanthe inner radius of the 
orre
tor ring the photon su�ers two refra
tions in the twosurfa
es of the 
orre
tor ring. First the photon is refra
ted in the 
urved surfa
e ofthe 
orre
tor ring. Then the position of the photon in the �at surfa
e is 
al
ulatedwith the dire
tion of the photon after the �rst refra
tion. Finally the photon su�ersthe se
ond refra
tion in the �at surfa
e. The weight of the photon is on
e againaltered by taking into a

ount the transmittan
e of the 
orre
tor ring. Thus, the
orre
tor ring 
hanges the position, dire
tion and weight of the photon. Afterwardsthe position at whi
h the photon will hit the mirror is 
al
ulated. In this step it isveri�ed whether the photon will hit the ba
k of the 
amera, and thus be killed, aswell as whether the photon will pass outside the mirror area. If the photon hits themirror, it is re�e
ted taking into a

ount the mirror re�e
tivity in the photon weight.Next the position of the photon in the 
amera is 
al
ulated. If the photon hits alight guide, one or more re�e
tions are simulated until the photon hits a PMT. There�e
tivity of the light guides is taken into a

ount at ea
h re�e
tion. The fa
t thatthe photon 
an be re�e
ted in the PMT window before hitting the photo
athodeof the PMT is taken into a

ount. The quantum e�
ien
y of the PMT is alsointrodu
ed in the photon weight. When a photon hits a PMT photo
athode it isadded to the signal of that PMT with a weight (representing the number of dete
tedphotons) that re�e
ts the input weight (whi
h represents the number of photons atthe diaphragm) multiplied by the e�
ien
ies of the several opti
al elements of theteles
ope.The simulation is performed for a normalised wavelength of λnorm = 370 nm.The di�erent photon wavelengths are taken into a

ount by introdu
ing a relativee�
ien
y by whi
h the output weight is multiplied.7.2.3 The Teles
opeSimulatorLXOverviewThe Teles
opeSimulatorLX is an O� line module for the simulation of the Auger�uores
en
e teles
opes using the Geant4 toolkit [30, 31℄. This module was developed103



CHAPTER 7. STUDIES OF THE AUGER OBSERVATORY FLUORESCENCETELESCOPE PERFORMANCEin Lisboa with the aim of performing a 
ross-
he
k with the standard simulation andof performing detailed studies of the �uores
en
e teles
opes. Three persons fromLIP (Patrí
ia Gonçalves, Bernardo Tomé and me) were involved in the developmentof this 
ode representing a total e�ort of about 2 FTE (Full Time Equivalent).Patrí
ia and Bernardo were responsible for the implementation of the geometry andpro
esses in the Geant4 framework while I was responsible for its integration in theO� line framework and the development of the analysis tools. To allow for dire
t
omparisons with the previous 
ode, the Teles
opeSimulatorLX was integrated insidethe Teles
opeSimulatorKG that had to be altered to re
ord the properties of photonsat the di�erent lo
ations.Geant4 is a software toolkit developed in the C++ programming language. Itsimulates the passage of parti
les through matter. The user de�nes the geometryand 
omposition of the media, as well as a primary parti
le and its properties, andthen passes the 
ontrol of the simulation to the kernel of Geant4. The kernel willthen take 
are of the tra
king and intera
tions of the primary and se
ondary parti
lesthroughout the de�ned �world�, taking into a

ount the properties of the traversedmaterials. Whenever a parti
le (a photon in the present appli
ation) intera
ts witha �sensitive dete
tor�, the relevant information is saved. The kernel will return whenthere are no more parti
les to be tra
ked. Besides the a
tual sensitive dete
torsexisting in ea
h dete
tion system (the PMTs in the present 
ase), virtual sensitivedete
tors 
an be introdu
ed in any part of the system in order to save the parti
leinformation. This feature is used for testing purposes throughout this 
hapter.The Teles
opeSimulatorLX module was developed taking advantage of the 
apa-bility to de�ne arbitrarily 
omplex geometries in Geant4 and of its ability to tra
kopti
al photons and simulate the various opti
al pro
esses. In the Teles
opeSimula-torLX the geometry of the Auger �uores
en
e teles
opes is implemented with theirdetailed opti
al properties. The implementation of the several 
omponents will bedis
ussed in the following paragraphs.For ea
h photon generated by the PhotonGenerator module of the O� line aprimary opti
al photon, with the same 
hara
teristi
s (position, dire
tion and wave-length) is de�ned in Geant4. At this point the Geant4 kernel takes 
ontrol of thesimulation of that photon in the teles
ope. The photon intera
ts with the severalpie
es of the teles
ope. In this pro
ess the 
hara
teristi
s of the photon are 
hangedand the photon 
an even be killed. The photons are killed with a probability thatre�e
ts the several ine�
ien
ies of the opti
al system. Several sensitive dete
tors areimplemented so that detailed studies of the di�erent 
omponents of the teles
ope
an be performed. The properties of the photons that hit these sensitive dete
-104



7.2. SIMULATION OF THE TELESCOPEStors are re
orded in a separate ROOT �le for analysis. The PMTs are simulatedusing sensitive dete
tors. When a photon hits one of these dete
tors the signal isadded to the PMT tra
e, the photon is killed and Geant4 returns the 
ontrol to theTeles
opeSimulatorLX that will 
all Geant4 with the next photon.The implementation of the teles
ope geometry and material de�nition was thekey task in the development of the simulation using the Geant4 toolkit. For ea
hopti
al 
omponent of the teles
ope a solid in spa
e with the 
orre
t geometry mustbe de�ned, as well as the opti
al properties of the 
omponent material. The main
hallenges in this work were the detailed de�nition of a relatively 
omplex geometry,and the use of Geant4 for opti
al appli
ations, whi
h is not very 
ommon.FilterThe �lter of the Auger �uores
en
e teles
opes is implemented as a disk made ofM-UG6. The disk has a diameter of 2.2 m and a thi
kness of 3.25 mm. The �lteris positioned perpendi
ular to the opti
al axis of the teles
ope, 10 cm before the
orre
tor lens geometri
 
entre. Its 
entre 
oin
ides with the opti
al axis. The opti-
al properties (refra
tive index and transmittan
e) are des
ribed in the simulationfollowing the manufa
turer datasheet [51℄ for this type of material. The refra
tiveindex is des
ribed in the simulation as 1.526, independent of the photons wavelength.The bulk absorption in the material is implemented as a tabulated fun
tion of theabsorption length versus the photons wavelength. The absorption length is 
al
u-lated from the transmittan
e that assumes a nominal value of 0.83 at a wavelengthof 370 nm for a thi
kness of 3.25 mm.Corre
tor RingThe 
orre
tor ring is a fundamental pie
e of the teles
ope. It in�uen
es dire
tly thequality of the opti
al image produ
ed. The lens is implemented using the Geant4
lass G4Poly
one. This 
lass allows the implementation of a revolution solid byde�ning the se
tion of the solid and the angular limits for the revolution. The se
tionis de�ned through a series of points (r, z) that are joined by straight lines. Figure 7.4shows three visualisations of the 
orre
tor ring. In the �gures the 
urvature of the
orre
tor ring is exaggerated to be visible in the pi
ture. The �gure on the left showsa revolution of 3/2π. The �gure on the 
entre is a magni�
ation of the left one. The�gure on the right shows a 
orre
tor ring segment in whi
h the pro�le of the 
urvedsurfa
e was des
ribed using only four points, to make visible the dis
retisation ofthe 
urved surfa
e. The 
orre
tor lens pro�le 
an be 
hara
terised by the radial105
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Figure 7.4: The Auger FD 
orre
tor ring.
omponent of the normal to the 
urved surfa
e, nr, sin
e the other 
omponent
an be obtained from the normalisation 
ondition. In the Teles
opeSimulatorLXfour 
orre
tor lenses with di�erent pro�les are implemented. The �rst one 
alled�KG� 
orresponds to the pro�le implemented in the Teles
opeSimulatorKG and tothe theoreti
al pro�le des
ribed in [53℄. The radial 
omponent of the normal as afun
tion of the radius is des
ribed by
nrKG

(r) =
4

32 (n − 1) f 3
· r3 − 3R2

d

32 (n − 1) f 3
· r3where n = 1.5, f = 1.657m and Rd = 0.85m. The se
ond one is 
alled the �
ir
ular�pro�le and 
orresponds to a pro�le 
ut with a 
ir
ular disk of radius R displa
edfrom the 
entre by y. This pro�le is des
ribed by

nrCirc
(r) =

r − y
√

R2 − (r − y)2where R = 8.383 m and y = 0.79527 m. The third and fourth 
orre
tor lens pro�lesimplemented in the 
ode 
orrespond to the upper and lower limit for nr in the�gure 7.2. The upper and lower limit 
urves in the �gure were �t with third orderpolynomial fun
tions,
nr (r) = a1 · r + a2 · r2 + a3 · r3106



7.2. SIMULATION OF THE TELESCOPESyielding, for the upper limit 
urve, a1 = 5.906 × 10−3 m−1, a2 = 94.52 × 10−3 m−2,
a3 = −118.8 × 10−3 m−3 and a1 = −22.25 × 10−3 m−1, a2 = 85.2 × 10−3 m−2,
a3 = −87.52 × 10−3 m−3 for the lower limit pro�le 
urve. These four pro�les arerepresented in �gure 7.5(a) versus the radius of the lens. The 
orre
tor ring isimplemented in Geant4 by de�ning its physi
al dimensions, in parti
ular the height
z. Figure 7.6 illustrates the geometry of the lens surfa
e and the relation betweenthe normal ve
tor and the height. The height of the 
urved surfa
e 
an be de�nedfrom nr (r) by:

z (r) =

∫ r

r0

nr (r′)
√

1 − n2
r

dr′ ∼
∫ r

r0

nr (r′) dr′The four pro�les then take the form:
zKG (r) = z0 +

1

32 (n − 1) f 3
· r4 −

3/2 · R2
d

32 (n − 1) f 3
· r2

zCirc (r) = z0 −
√

R2 − (r − y)2

zLow (r) = z0 +
a1

2
· r2 +

a2

3
· r3 +

a3

4
· r4

zUp (r) = z0 +
a1

2
· r2 +

a2

3
· r3 +

a3

4
· r4or, numeri
ally,

zKG (r) = 0.00358557 + 0.0137377 · r4 − 0.0148882 · r2

zCirc (r) = 8.38282 −
√

70.2747 − (r − 0.79527)2

zLow (r) = −0.00201816 + 0.011125 · r2 − 0.0284 · r3 + 0.02188 · r4

zUp (r) = 0.00597899− 0.002953 · r2 − 0.0315067 · r3 + 0.0297 · r4 107
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Figure 7.6: Relation between the lens height z(r) and its normal ve
tor ~n. r isthe distan
e to the 
entre and nr and nz are, respe
tively, the radial and verti
al
omponents of the normal. Figure adapted from [53℄.where the integration 
onstant z0 is used to set all pro�les to zero at the radius
r = 0.85 m. These four pro�les are represented in �gure 7.5(b). In the Geant4simulation, the lens pro�le is de�ned by taking points a

ording to these formulae.Two extra points de�ne the the planar surfa
e of the lens. The points are set su
hthat the lens has a thi
kness of 5mm in the inner part of the lens. The segmentationof the 
orre
tor lens is also implemented in the simulation. The lens is segmentedin 24 petals, ea
h with an angular width of 14.735◦. The 
orre
tor lenses are madeof BK7 glass. The opti
al properties (refra
tive index and transmittan
e) of thismaterial are implemented in the Geant4 simulation as a tabulated fun
tion of thephoton wavelengths. Figure 7.7(a) des
ribes the refra
tive index of the materialwhile the transmittan
e for 1 cm of material is shown in �gure 7.7(b).MirrorsIn the Teles
opeSimulatorLX the Auger �uores
en
e teles
opes mirrors made ofhexagonal elements are implemented in full detail. The mirrors are 
omposed by 64mirror elements arranged in 8 rows. These elements are quasi-hexagonal spheri
almirrors, and their exa
t shape depends on the position they o

upy in the teles
opemirror. There are thus di�erent types of mirror elements. The implementation ofthe mirror elements exploits the Constru
tive Solid Geometry (CSG) fun
tionalitiesin Geant4, that allows to build 
omplex 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 interse
ted with a spheri
al shell.The inner radius of the spheri
al shell is the 
urvature of the mirror element. Figure7.8 shows a visualisation of a mirror element. In the left pi
ture the 5 trapezoids109
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Figure 7.8: A segment of the Auger FD mirror. Left: the 
omponents of the mirrorare arti�
ially misaligned to show the internal stru
ture. Right: the mirror segmentwith all segments properly aligned.were intentionally misaligned to show the internal stru
ture. Ea
h mirror elementis pla
ed a

ording to the verti
al and horizontal angles with the vertex, with thealignment point situated in the geometri
al 
entre of the 
orre
tor lens. The po-sitioning of the elements emulates the alignment pro
edure performed in the realteles
opes. Ea
h element is pla
ed in su
h way that the distan
e from the segmentto the alignment point is equal to the segment 
urvature radius. A visualisation ofthe 
omplete mirror implemented in the simulation is presented in �gure 7.9 . Theopti
al properties of the mirror are implemented by de�ning the re�e
tivity in theinterfa
e surfa
e between the air and the mirror. The value of re�e
tivity is 
onstantwith the wavelength. The 
urvature radius, positioning angles and re�e
tivity areread from an external �le 
ontaining all the values measured for ea
h segment. Anideal mirror 
omposed of a simple spheri
al shell is also available in the simulationfor testing purposes.CameraThe 
amera is 
omposed by the light guides, the photomultipliers and the sup-porting stru
ture. The light guides are Mer
edes stars pla
ed in the vertexes ofea
h photomultiplier. Ea
h Mer
edes star is made by the union of three triangularprisms, ea
h built using the Geant4 
lass G4Polyhedra. The surfa
e interfa
e is de-�ned has having a re�e
tivity of 0.9 for all wavelengths. A representation of severalMer
edes is shown in �gure 7.10. The Photomultipliers are hexagons. To simulatethe entran
e window of the photomultiplier a solid is implemented with a 
onstantrefra
tive index of 1.458. A sensitive dete
tor is pla
ed inside the PMT to simulate111
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Figure 7.9: Visualisation of the Auger FD mirror as implemented in Teles
opeSim-ulatorLX.

Figure 7.10: The Mer
edes stars of the Auger FD as implemented in the Teles
opeS-imulatorLX.
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7.2. SIMULATION OF THE TELESCOPES

Figure 7.11: The Auger FD 
amera as implemented in the Teles
opeSimulatorLX.Left: detail; Right: the full 
amera.the dete
tion of photons in the photo
athode. The quantum e�
ien
y is taken intoa

ount a posteriori by applying it to the re
orded signal at ea
h pixel. Both thePMTs and the light guides are pla
ed following the 
urvature of the 
amera. Figure7.11 shows a visualisation of the 
amera as implemented in the Teles
opeSimula-torLX. On the left, a detail of the 
amera is shown. On the right, the whole 
amerais represented, in
luding the 
amera support in the ba
k of the fo
al surfa
e. The
amera support and feet are implemented to simulate the shadow e�e
t produ
eddue to these elements. A simpli�ed version of the 
amera is also implemented andused for testing purposes. It 
onsists basi
ally of a spheri
al surfa
e for the dete
tionof photons pla
ed at the ideal fo
al surfa
e.The whole teles
ope is visualised in �gure 7.12. Several sensitive dete
tors areimplemented to allow the passage of photons through the di�erent 
omponents ofthe teles
ope to be re
orded. These sensitive dete
tors are implemented after the�lter, the 
orre
tor ring, the mirror and on the ideal fo
al surfa
e.A 
ompa
t version of the module Teles
opeSimulatorLX is distributed with theO� line. In order to 
omply with the O� line 
ode poli
y, this 
ompa
t version doesnot implement the output to a separate ROOT �le. The output of this version isthus limited to the hits re
orded in the PMTs. The other sensitive dete
tors arenot in
luded in this version. Also the visualisation routines are dis
onne
ted in thisversion. The 
omplete version of the module is available upon request. 113
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Figure 7.12: The full Auger FD geometry as implemented in the Geant4 simulationin Teles
opeSimulatorLX.7.3 Teles
ope Performan
e EvaluationThe simulation tools were used to evaluate the teles
ope performan
e. The opti
alspot and the teles
ope e�
ien
y were studied using the two available simulationtools.7.3.1 Simulation SetupThe in�uen
e of the opti
al 
omponents is evaluated by 
hara
terising the imageprodu
ed in the ideal fo
al surfa
e by parallel rays entering the teles
ope pupil.For this purpose four sets of 100 000 photons were generated with input angles of
θ = 0◦, 5◦, 10◦ and 15◦ and ϕ = 135◦. The simulations were performed using theTeles
opeSimulatorKG and the Teles
opeSimulatorLX 
odes. The zenithal angle,
θ, and the azimuthal angle, ϕ, are de�ned in the teles
ope 
oordinate system. Inthis 
oordinate system the z axis is aligned with the opti
al axis of the teles
ope,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 
oordinate system 
oin
ides with thegeometri
al 
entre of the teles
ope lens.The position in the 
amera is de�ned by the elevation angle, α = arcsin (x/RFS),and the azimuth angle, β = arcsin (−y/RFS) where RFS is the radius of 
urvatureof the Fo
al Surfa
e.114



7.3. TELESCOPE PERFORMANCE EVALUATIONFor ea
h generated photon its expe
ted position angles (αexpected, βexpected) in theideal fo
al surfa
e are 
al
ulated assuming an ideal opti
al system. For a givenphoton, the expe
ted position is 
al
ulated as the position that a photon, with thesame dire
tion, passing in the 
entre of 
urvature of the mirror would have in the
amera. Then a relative position, in angle, is 
al
ulated. The two new variablesare then de�ned as αrel = α − αexpected, βrel = β − βexpected. This de�nition has theadvantage of measuring the deviation of ea
h photon from the ideal situation.The angular distan
e (ζ), to the expe
ted position, of a photon in the Fo
alSurfa
e 
an be de�ned as
ζ = arcsin





√

(x − xexp)
2 + (y − yexp)

2

RFS



that 
an be approximated, for small angles, as
ζ =

√

α2
rel + β2

relThis new variable allows an absolute estimation of the deviation of ea
h photonto the expe
ted position to be obtained.The position of all photons, simulated using the Teles
opeSimulatorLX, in theideal fo
al surfa
e of the teles
ope is represented in �gure 7.13. In the �gure theposition of ea
h photon is marked with a dot in a graph of β versus α. The dif-ferent 
olour indi
ated in the �gure represent the di�erent in
ident angles θ. Fromthe �gure it 
an be seen that there are four spots a

ompanied by some s
atteredphotons.
7.3.2 The Opti
al Spot with no Obs
urationThe �uores
en
e teles
opes have a 
ompletely symmetri
al geometry with respe
t tothe opti
al axis, ex
ept for the 
amera obs
uration. In a �rst step its opti
al proper-ties were studied when there is no 
amera. For this study the 
amera implementedin the Geant4 simulation was repla
ed by a virtual Fo
al Surfa
e.The 
ontribution to the opti
al spot of the photons that pass through the 
or-re
tor ring and from the photons that pass through the hollow part of the lens wasstudied. 115
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Figure 7.13: Spots produ
ed in the ideal fo
al surfa
e for in
ident angles of 0◦, 5◦,
10◦ and 15◦. The photons were simulated with no 
amera obs
uration. Ea
h photonis represented by a small dot with a 
olour 
orresponding to the input dire
tion: 0◦-bla
k; 5◦ - red; 10◦- green; 15◦ - blue.
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Figure 7.14: Spots produ
ed in the ideal fo
al surfa
e for in
ident angles of 0◦, 5◦,
10◦ and 15◦. The photons were simulated with no 
amera obs
uration. For theseplots only the photons that do not pass through the 
orre
tor lens were sele
tedPhotons with Rin < .85 (with no 
orre
tor ring)The opti
al spot produ
ed in the Fo
al Surfa
e by the photons that do not pass inthe 
orre
tor ring is presented in �gure 7.14. In the �gures ea
h photon position,in terms of (αrel, βrel), is represented by a dot. The photons were sele
ted to have aposition in the lens plane with a radius R < 0.85 m. The input angles are indi
atedin the graphs.The spot is quite featureless, presenting a 
omplete 
ir
ular symmetry, expe
tedfrom the 
omplete 
ir
ular symmetry of the S
hmidt teles
ope (
amera ex
luded).Moreover the spots for the di�erent input angles are very similar, whi
h is alsoexplained by the geometri
 symmetry of the teles
opes.Photons with Rin > .85 (with 
orre
tor ring)The 
ontribution from photons that pass through the 
orre
tor lens ring is shownin �gure 7.15. For the photons with an input angle of θ = 0◦ the 
ir
ular symmetryis maintained. For larger angles the symmetry is lost and the spot is deformed inthe same dire
tion as the input dire
tion of the photons. The 
orre
tor ring shapedepends only on the radius R. However, for in
lined photons, the angle between the117
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Figure 7.15: Spots produ
ed in the ideal fo
al surfa
e for in
ident angles of 0◦, 5◦,
10◦ and 15◦. The photons were simulated with no 
amera obs
uration. For theseplots only the photons that pass through the 
orre
tor lens were sele
ted.input photon and the normal to the 
urved surfa
e has a dependen
e in ϕ, for thesame R. Thus the 
orre
tion to the photon angle introdu
ed by the lens will have adependen
e with ϕ, produ
ing the asymmetri
al spots seen in �gure 7.15.All PhotonsThe opti
al spot produ
ed by all the photons passing through the diaphragm at fourin
ident angles are represented in �gure 7.16.To have an insight of the dependen
e of the spot size with the input positionof the photons, in the diaphragm, is shown, in �gure 7.17, the deviation from theexpe
ted position in the fo
al surfa
e (ζ) versus the input radius of the photon.In the �gure it is indi
ated in grey the zone where the 
amera shadow will 
utthe photons and the zone where the input photons pass through the lens. In theregion of 0.4 < RDiaphragm < 0.85 m, where there is neither 
amera shadow norlens, the aberration has a minimum at RDiaphragm ∼ 0.75 m and a maximum at
RDiaphragm ∼ 0.45 m. The later one is translated in �gure 7.14 by the 
lear 
ut onthe spot edge. It is also seen that the aberration starts to rise quite rapidly fromthe minimum with the input radius having a value of ∼ 0.23◦ for an input radius118
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Figure 7.16: Spots produ
ed in the ideal fo
al surfa
e for in
ident angles of 0◦, 5◦,
10◦ and 15◦. The photons were simulated with no 
amera obs
uration.of RDiaphragm = 0.85 m. For a �uores
en
e teles
ope with no 
orre
tor ring and aradius of 0.85 m the maximum aberration would be then given by the maximum at
RDiaphragm ∼ 0.45 m. However, if the aperture radius were to be in
reased withoutthe introdu
tion of a 
orre
tor ring the aberration would 
ontinue to rise quiterapidly taking a value of ζ ∼ 1.375◦ for a radius of 1.1 m. This aberration value
orresponds to a spot with a radius of about 42 mm. The introdu
tion of the
orre
tor ring in
reases the pupil area of the teles
ope from 2.27m2 to 3.80m2 (67%in
rease) maintaining the aberration of the teles
ope. However, taking into a

ountthe redu
tion due to the 
amera shadow of about 0.8 m2, that is present in both
ases, the 
olle
tion area is doubled from 1.47 m2 to 3.00 m2.7.3.3 Obs
uration E�e
tsThe shadow of the 
amera plays an important role in the �uores
en
e teles
ope,redu
ing the 
olle
tion area by a fa
tor greater than 20%. Moreover the squareshape of the 
amera breakes the symmetry of the opti
al system. The 
amera, itsbody and support stru
ture are des
ribed in detail in the Teles
opeSimulatorLXmodule. Figure 7.18 presents the spot for di�erent input angles when the 
amerashadow is taken into a

ount in the simulation. The 
ontribution to the spot shape119
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ted position in the fo
al surfa
e in angle, ζ , asa fun
tion of the input radius, RDiaphragm. The 
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atedin grey. Photons were generated with in
ident angles of 0◦.
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Figure 7.18: Spots produ
ed in the ideal fo
al surfa
e for in
ident angles of 0◦, 5◦,
10◦ and 15◦. The 
amera obs
uration was simulated.from the photons that pass through the hollow part of the lens and from the photonsthat pass through the 
orre
tor ring are presented in �gure 7.19 and �gure 7.20,respe
tively. To better understand the 
amera shadow it is plotted in �gure 7.21the position of the photons in the mirror, in (αrel, βrel), for the four simulated inputangles. The shadow of the 
amera produ
es the white hole seen in the �gures. Thesquare part 
orresponds to the 
amera body while the two �thi
k lines� 
orrespondto the legs that support the 
amera in pla
e. The photons that pass through the lensare represented in red while the others are plotted in bla
k. For the input anglesof 0◦and 5◦ it is seen that the 
amera shadow only a�e
ts the photons that passthrough the hollow part of the lens. For 10◦and 15◦ some of the photons that passthrough the 
orre
tor ring are shadowed. However the per
entage of photons killedis smaller for these photons than for the ones that pass by the hole in the lens.From �gure 7.18 it is 
lear the asymmetry introdu
ed by the 
amera obs
urationre�e
ted in the spots shape. From the two plots where the 
ontribution to the spotis separated it is 
lear that most of the asymmetry arises from the photons that passthrough the hollow part of the Lens. It is also seen in �gure 7.19 that for higherinput angles there is a redu
tion of the photon density in a quarter to a half spot.This introdu
es a shift on the bary
entre of the spot. However this shift is verysmall sin
e the 
entre of the spot has a very high density of photons. 121
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Figure 7.19: Spots produ
ed in the ideal fo
al surfa
e for in
ident angles of 0◦, 5◦,
10◦ and 15◦. The photons were simulated with 
amera obs
uration. For these plotsonly the photons that do not pass through the 
orre
tor lens were sele
ted
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Figure 7.20: Spots produ
ed in the ideal fo
al surfa
e for in
ident angles of 0◦, 5◦,
10◦ and 15◦. The photons were simulated with 
amera obs
uration. For these plotsonly the photons that pass through the 
orre
tor lens were sele
ted.122
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Figure 7.21: Photons in the mirror for in
ident angles of 0◦, 5◦, 10◦ and 15◦. Thephotons were simulated with 
amera obs
uration. The photons that pass throughthe hollow part of the lens are plotted in bla
k while the photons that pass throughthe lens are plotted in red.7.3.4 Spot SizeThe simulations produ
ed were used to study the spot size at the fo
al surfa
e.The e�e
t of the lens on the spot size and its dependen
e with the lens pro�le andin
iden
e angle were evaluated.The E�e
t of the Corre
tor RingFigure 7.22 represents the distributions of ζ for the photons in the ideal fo
al sur-fa
e for photons simulated with the Teles
opeSimulatorLX (solid lines) and theTeles
opeSimulatorKG (dashed lines). For ea
h simulation the distribution of thephotons that pass through the hollow part of the lens is represented in red and forthe photons that pass through the lens in blue. The distribution for all dete
tedphotons is represented in bla
k. From the left plot it is evident that most of thephotons lie in the region of 0◦ < ζ < 0.25◦. However, for the Teles
opeSimulatorLX,there are a small fra
tion of photons that have higher ζ in the fo
al surfa
e up to
6.2◦. The photons with 0.25◦ < ζ < 6.2◦ represent a fra
tion of 0.34% of the totalnumber of photons. From the �gure it 
an also be seen that all of these photons passthrough the 
orre
tor ring. It was also seen from the simulation that these photongive hits in the �lter with a di�erent position than the one they were generated with.123
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Figure 7.22: Distribution of ζ for the photons in the ideal fo
al surfa
e. The rightplot is a zoom of the left one in the range 0◦ < ζ < 0.30◦This fa
ts suggest that these photons are re�e
ted in the lens, 
oming ba
k to the�lter and then re�e
ted again. In the right plot it was made a zoom to region of
0◦ < ζ < 0.30◦. In the �gure it 
an be seen that there is a good agreement in thesimulation of photons that pass through the hollow part of the lens. The agreementis not so good for the photons that do pass in the lens and this is re�e
ted in theoverall distribution. To better understand the spread of the photons in the fo
alsurfa
e, the 
umulative distribution of ζ is drawn in �gure 7.23. The 
urves followthe same 
olour s
heme of the previous image. In this �gure the 
umulative 
urvesfor all dete
ted photons are normalised to 1. The 
urves for individual 
ontributionsare normalised to one over the total number of dete
ted photons to represent therelative 
ontribution to the overall 
umulative 
urves. A horizontal dashed line isdrawn to indi
ate 0.9 of the 
umulative distribution, allowing the size of the spotthat 
ontains 90% of the photons to be easily estimated. In the �gure it 
an be seenthe good agreement between the two simulations for the photons that do not passthrough the lens. The two simulation show a di�eren
e for the photons that passthrough the lens whi
h is re�e
ted in the 
umulative 
urve for all dete
ted photonsup until ζ < 0.25◦. Although the two simulations present su
h di�eren
e the spotsize, that 
ontains 90% of photons, is in both simulations equal to 0.24◦.Dependen
e with the Corre
tor Ring Pro�leThe 
orre
tor ring plays an important role on the �uores
en
e teles
ope. The shapeof the lens in�uen
es dire
tly the spot shape and thus the performan
e of the tele-s
ope. To study the spot shape the Teles
opeSimulatorLX was used to simulate foursets of photons, ea
h with 100 000 photons, with an input angle θ = 0◦ and di�erentlens pro�les. The 
umulative 
urves for the di�erent pro�les are shown in �gure124
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Figure 7.23: Cumulative 
urves of ζ for the photons in the ideal fo
al surfa
esimulated with the Teles
opeSimulatorLX (solid) and the Teles
opeSimulatorKG(dashed). The 
ontributions of the photons that pass through the lens (red) and thephotons that pass through the hollow part of the lens (blue) are represented as theoverall (bla
k) 
umulative 
urve.7.24 . In a dashed bla
k line the 
umulative 
urve obtained using the Teles
opeS-imulatorKG simulation 
ode is represented. The solid lines were obtained using theTeles
opeSimulatorLX simulation 
ode. The pro�les used 
orrespond to the �KG�pro�le (in bla
k), the �
ir
ular� pro�le (in red), the �upper limit� (in blue) and �lowerlimit� (in green) pro�les. The �rst thing to note in the �gure is that the two sim-ulation 
odes are in agreement, provided that the Teles
opeSimulatorLX uses thepro�le implemented in the �KG� 
ode. The 
umulative 
urves have small variations,apart from the �upper limit� 
urve, showing values for the spot size, at 90%, inthe range 0.20◦ < ζ < 0.22◦. The 
urve for the �upper limit� shows a spot size of
ζ = 0.24◦. However at a ζ ∼ 0.25◦ the 
urves seem to 
onverge. This indi
ates thatif the spot size is de�ned to in
lude 99% of the photons there is very small variationof the spot size with the lens pro�le.The E�e
t of the Gaps in the Corre
tor RingDue to the large size of the 
orre
tor lenses (2.2 m outer diameter) they had tobe manufa
tured in pie
es. In the design [52℄ it is spe
i�ed that ea
h lens wasse
tioned in 24 segments of 15◦. However, in situ, it was observed that the gapsbetween the segments were not regular and 
ould, in the worst 
ase, amount to125
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urves of ζ for the photons in the ideal fo
al surfa
e sim-ulated with the Teles
opeSimulatorLX. Bla
k - �KG� pro�le; Red - Cir
ular pro�le;Blue - �Upper Limit� pro�le; Green - �Lower Limit� pro�le. A dashed bla
k 
urverepresents the 
umulative 
urve simulated with the Teles
opeSimulatorKG 
ode.several 
entimetres. The e�e
t of these gaps on the spot in the fo
al surfa
e wasstudied using the Teles
opeSimulatorLX 
ode. In fa
e of the la
k of measurementsof these gaps, the gaps were implemented by redu
ing, evenly, the 
overed angle ofea
h segment to 14.735◦ and equally spa
ing the 24 segments.The Spot produ
ed by an unse
tioned 
orre
tor ring is shown in the left image of�gure 7.25 while in the right image the spot produ
ed using the se
tioned 
orre
torring is shown. It is evident that a star-like e�e
t appears in the spot. Photons lyingin the �arms� of this star are photons that passed through the gaps of the 
orre
torlens and its dire
tion was thus not 
orre
ted by the lens. These photons have amaximum deviation from the expe
ted position of ∼ 1.5◦ whi
h 
orresponds to thespot size that would be obtained if the 
orre
tor ring was not used. However, thefra
tion of �un
orre
ted�photons is small and 
orresponds to the area of the gapsover the total pupil area that amounts to ∼ 0.7%.Dependen
e with In
iden
e AngleThe dependen
e of the spot size with the input angle, and di�erent simulations, isstudied by plotting the respe
tive 
umulative 
urves in �gure 7.26. In the �gurethe solid lines are obtained using the Teles
opeSimulatorLX 
ode while the dashed126
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Figure 7.25: Spots produ
ed in the ideal fo
al surfa
e. The left image was obtainedby simulating the 
orre
tor ring without gaps. In the right image the 
orre
tor ringwas se
tioned in 24 segments of 14.735◦.
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Figure 7.26: Cumulative 
urves of ζ of the photons in the fo
al surfa
e simulatedwith the Teles
opeSimulatorLX (solid) and Teles
opeSimulatorKG (dashed). Theinput photons have input angles of 0◦ (bla
k), 5◦ (red), 10◦ (blue) and 15◦ (green).
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CHAPTER 7. STUDIES OF THE AUGER OBSERVATORY FLUORESCENCETELESCOPE PERFORMANCElines are for the Teles
opeSimulatorKG 
ode. The 
urves for photons with inputangles, θ, of 0◦, 5◦, 10◦ and 15◦ are respe
tively represented in bla
k, red, blue andgreen. As expe
ted from the previous �gure there are small di�eren
es between the
umulative 
urves using the Teles
opeSimulatorLX and the Teles
opeSimulatorKG.Moreover the shape of the 
umulative 
urve, and thus the spot shape, varies withthe input angle. However the spot size, at 90%, does not vary with the input angleand simulation 
ode.7.3.5 Photon Distribution in the PMTsPhotons in the fo
al surfa
e propagate rea
hing the Photomultipliers pla
ed behind.The ine�
ien
y areas between the PMTs are over
ome by the use of the Mer
edesstars where the photon re�e
ts to a PMT. In �gure 7.27 the position of the photonsin the PMT are represented. In the top �gures, 7.27(a) and 7.27(b), ea
h photon isrepresented by a dot. Bla
k dots represent the photons that hit a PMT dire
tly whilethe blue dots represent photons that have at least one re�e
tion in the Mer
edesbefore hitting the PMT. Red dots represent the last re�e
tion in the Mer
edes forphotons that will rea
h a PMT while the green dots represent the same for photonsthat aren't 
olle
ted in a PMT after re�e
ting. A violet 
ir
le with a radius of 0.25◦is drawn as a referen
e to indi
ate the spot size in the fo
al surfa
e. In the bottom�gures, 7.27(
) and 7.27(d), are presented histograms where the photon density isrepresented in a logarithmi
 
olour s
ale with the same range. In all �gures solidblue lines are drawn to indi
ate the pixel boundaries and dashed ones to indi
ate theMer
edes boundaries. The �gures in the left were obtained by simulating photonswith an expe
ted position in the 
entre of a pixel. The input dire
tions were setwith θ = 0.866◦ and ϕ = 0◦. On the other hand the photons in the right plots weregenerated with θ = 0◦ in order to have an expe
ted position in the 
entre of the
amera and thus in the vertex of a Mer
edes star.The �rst fa
t to noti
e from the �gures is that the spot is larger in the PMT thanin the Fo
al Surfa
e. This is due to the fa
t that the photons rea
h the fo
al surfa
ewith large in
ident angles. This 
an be seen from �gure 7.28 where the distributionof the in
ident angles for the photons that hit the fo
al surfa
e is plotted. Thephotons in the �gure were generated with an input angle θ = 0◦. The gap in theplot at an in
ident angle of ∼ 29◦ is dire
tly related to the low photon density ina 
ir
ular zone in the mirror seen in �gure 7.21 whi
h, in turn, derives from theinternal border of the 
orre
tor lens. As the PMTs are re
essed by ∼ 18 mm, theheight of the Mer
edes light guides, a photon with an in
ident angle of 30◦ deviates,128
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ted to pixel 
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(d) Photons dire
ted to mer
edes 
enterFigure 7.27: The spot seen in the PMTs. Top �gures are s
atter plots of the positionof the photons. The photons that hit dire
tly the PMT are represented in bla
kwhile in blue are represented the photons that have at least one re�e
tion in theMer
edes before hitting a PMT. In red is represented the last hit in the Mer
edes.In green are represented the hits in the Mer
edes for photons that do not hit aPMT. A violet 
ir
le with a radius of 0.25◦ represents the size of the spot in thefo
al surfa
e. Bottom �gures are histograms of the photon density in the PMT. Thedensity is indi
ated by a logarithmi
 
olour s
ale. In all �gures blue lines are drawnto represent the pixel boundaries (solid) and the Mer
edes boundaries (dashed).
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Figure 7.28: Distribution of the in
ident angles for the photons that arrive to theideal fo
al surfa
e for photons generated with an input angle θ = 0◦.horizontally, approximately 10 mm from its position in the fo
al surfa
e.Despite this enlargement, the spot in the left images of �gure 7.27 is 
ontainedinside the pixel with few hits on the Mer
edes and 
onsequently few photons hittingthe PMT with a previous re�e
tion on the Mer
edes. From the bottom left histogramit 
an be seen that there is a high density region in the 
entre of the pixel.When the photons are dire
ted to the Mer
edes 
entre the three adja
ent PMTsare hit. It 
an be seen from �gure 7.27(b) that there is a dire
t 
omponent of hits inthe PMT that is enlarged as in the previous 
ase. However there is a large fra
tionof photons re�e
ted in the Mer
edes. These photons hit the PMT in very spe
i�
zones near the Mer
edes, seen in the �gure by the high density zones of blue dots.It 
an also be seen that the photons that do not rea
h a PMT are in the 
entralregion of the Mer
edes. The �gure 7.27(d) shows the density of photons in the PMTand is drawn using the same 
olour s
ale and range as the left one. It 
an be seenthat there is no region with su
h high density as the 
entral region in the bottomleft �gure. Also it 
an be noti
ed that there is some kind of a 
ir
le, 
entred in theMer
edes vertex, where there are no photon hits in the PMT. This is due to an e�e
tof shadowing of the Mer
edes star. The density of photons has a 
ir
ular symmetryaround the 
entre of the Mer
edes. The highest density of photons is lo
ated nearone of the vertexes of the hexagonal PMT.Regarding the e�
ien
y there are some di�eren
es between the two studied 
ases.130



7.3. TELESCOPE PERFORMANCE EVALUATIONWhen the photons are dire
ted to the pixel 
entre, 1.7% of the photons are lost afterre�e
ting in a Mer
edes. On the other hand, when the photons are dire
ted to theMer
edes vertex, this number rises to 4.4%. The overall e�
ien
y, de�ned as thenumber of photons dete
ted in a PMT over the number of photons in the fo
al surfa
eis of 94% and 88%, respe
tively. Part of this e�
ien
y redu
tion is explained by thede
rease of the number of photons arriving on the PMT window after re�e
tion in aMer
edes. The other part is probably due to re�e
tions in the PMT window beforehitting the photo
athode of the PMT. The re�e
tion probability depends on theimpinging angle and thus di�erent 
on�gurations 
an lead to di�erent e�
ien
ies.From the two 
ases studied it 
an be 
on
luded that the �illuminated� zones ofthe PMTs vary with the position of the spot 
entre. The 
olle
tion e�
ien
y of aPMT varies with the distan
e to its 
entre. Su
h dependen
y in�uen
es the overallteles
ope e�
ien
y with the spot 
entre position. If ne
essary, the e�e
t 
an beeasily taken into a

ount in the Teles
opeSimulatorLX simulation 
ode, if a modelof the PMT e�
ien
y dependen
e with the radius is provided.7.3.6 Teles
ope E�
ien
yThe opti
al e�
ien
y of the teles
ope results from the 
onvolution of the di�erente�
ien
ies of the opti
al 
omponents and relates the number of photons that areable to rea
h the fo
al surfa
e with the number of 
olle
ted photons. The e�
ien
ywas evaluated using the simulations des
ribed before. The e�
ien
y is then de�nedas the ratio between the photons that arrive to the fo
al surfa
e and the generatedphotons:
ε =

NFS

NgeneratedIn �gure 7.29 the opti
al e�
ien
y of the �uores
en
e teles
ope is presented as afun
tion of the input radius at the diaphragm (RDiaphragm) for photons with a dire
-tion perpendi
ular to the input pupil. The 
urves represent the e�
ien
y obtainedusing the Teles
opeSimulatorKG (red) and the Teles
opeSimulatorLX (blue) andthe e�
ien
y obtained if the requirement that the photons fall inside a 
ir
le su
hthat ζ < 0.27◦ for the Teles
opeSimulatorKG (orange) and for the Teles
opeSimula-torLX (violet). The red 
urve is not visible as it is overlapped by the orange one. Inthe region where 0 < RDiaphragm < 0.4m all the photons are killed by the shadowingof the 
amera. For higher input radius the e�
ien
y 
urve grows as the 
amera issquare shaped and the fra
tion of photons killed is redu
ing until the e�
ien
y of thesystem is given by the 
onvolution of the �lter transmittan
e and the mirror re�e
-131
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Figure 7.29: Teles
ope e�
ien
y versus the radius at the diaphragm of in
identphotons. The photons were generated with an in
ident angle θ = 0◦.tivity. For RDiaphragm > 0.85 m the photons pass through the 
orre
tor lens and itsine�
ien
y 
auses the global e�
ien
y to drop. It is probable that the 
amera stru
-ture has slight di�eren
es in its des
ription on the two simulation 
odes, produ
ingslightly di�erent obs
urations of the 
amera whi
h is translated in a di�eren
e one�
ien
y in the region where 0.4 < RDiaphragm < 0.7 m. The overall e�
ien
y forthe two simulation 
odes is estimated as 54.17% for the Teles
opeSimulatorKG and
53.11% for the Teles
opeSimulatorLX representing a di�eren
e of ∼ 1%. The spotsgenerated using the Teles
opeSimulatorLX 
ode have a small 
omponent of photonswith high ζ that will be 
onsidered as noise in the analysis of the events. Dis
ardingthe photons with a ζ > 0.27◦ redu
es the opti
al e�
ien
y to 52.22%, representinga redu
tion of ∼ 1%.Figure 7.30 is equivalent to the previous one but the photons have an inputangle of θ = 10◦ at the entran
e pupil. In this 
ase there are evident di�eren
esbetween the two simulation 
odes used in the regions where the photons start toenter the 
orre
tor ring of (RDiaphragm ∼ 0.85 m) and near the end of the diaphragm
(RDiaphragm ∼ 0.85 m). This di�eren
e is explained by the fa
t that in the Tele-s
opeSimulatorLX the �lter, a 
ir
le that de�nes the input pupil and has the samesize of the 
orre
tor ring, is pla
ed, following the spe
i�
ation design and 
on�rmedon site, 10cm before the 
orre
tor lens and thus 10cm before the 
entre of 
urvatureof the mirror. In the Teles
opeSimulatorKG the �lter is pla
ed in the plane of the132
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Figure 7.30: Teles
ope e�
ien
y versus the radius at the diaphragm of in
identphotons. The photons were generated with an in
ident angle θ = 10◦.lens. Thus, in the Teles
opeSimulatorLX, there is an e�e
t of a proje
tion of thepupil 
ir
le in the lens 
ir
le, redu
ing the 
olle
tion area for in
lined photons. Theoverall e�
ien
y for the two simulation 
odes is, in this 
ase, estimated as 53.83% forthe Teles
opeSimulatorKG and 51.63% for the Teles
opeSimulatorLX representinga 2.2% di�eren
e. Moreover if the 
ut at ζ < 0.27◦ is imposed, the e�
ien
y usingTeles
opeSimulatorLX would be of 50.28%, representing a redu
tion of ∼ 1.4%.A test was performed, pla
ing in the Teles
opeSimulatorLX the �lter near thelens. The resulting 
urves for the e�
ien
y are shown in �gure 7.31 . It is 
learthat the di�eren
es between the simulations are redu
ed. In this test the overalle�
ien
y, estimated with the Teles
opeSimulatorLX yields a value of 52.29%, if allphotons are 
onsidered, whi
h represents a redu
tion of ∼ 1.5%. If only photonswith ζ < 0.27◦ are 
onsidered an e�
ien
y of 50.89% is obtained whi
h represent aredu
tion of 1.4%.Two spots images are shown in �gure 7.32 where it is evident a 
omponent atlarge angles. One million photons were simulated with the Teles
opeSimulatorLXwith input angles of θ = 0◦ (left) and θ = 10◦ (right). The spot appears, in both
ases, in the expe
ted position with its star stru
ture due to the 
orre
tor ring gaps.In the �rst 
ase, θ = 0◦, the photons with ζ > 0.27◦ amount to 8898 and the oneswith ζ > 8◦ to 72 (of 106 generated photons). In the se
ond 
ase, θ = 10◦, the spotimage presents additional stru
tures besides the spot 
entred at (α, β) = (7◦, 7◦).133
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Figure 7.31: Teles
ope e�
ien
y versus the radius at the diaphragm of in
identphotons. The photon were generated with an in
ident angle θ = 10◦. The �lter waspla
ed 
lose to the 
orre
tor lens in the Teles
opeSimulatorLX
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Figure 7.32: Spots in the fo
al surfa
e simulated with the Teles
opeSimulatorLX.Photons were generated with an input dire
tion θ = 0◦(left) and θ = 10◦.
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Figure 7.33: E�
ien
y versus the horizontal position in the 
amera.Two 
ir
umferen
es, some lines and also a ghost spot at (α, β) ∼ (−7◦,−7◦) appear.The 
ir
les and lines are related to re�e
tions in the lens segments surfa
es. Theghost spot is the result of photons that get re�e
ted in the 
amera, travel ba
k tothe lens and/or �lter where they are re�e
ted and imaged again in the 
amera. Thephotons that are imaged with ζ > 0.27◦ amount to 13449 and the ones with ζ > 8◦to 7327 (of 106 generated photons).The e�
ien
y of the Mer
edes and PMT was evaluated by simulating photonswith random in
iden
e dire
tion in order to illuminate the whole 
amera. A thinstrip in the 
entre region was then sele
ted. The photons in this strip were usedto plot the e�
ien
y as a fun
tion of the horizontal position in the 
amera. Thisplot is seen in �gure 7.33. The zones of higher e�
ien
y 
orrespond to the photonsarriving dire
tly to the PMTs and the low e�
ien
y zones are due to the re�e
tionsin the Mer
edes before hitting the PMTs.7.4 Comparison Between Simulation and Data7.4.1 Comparison with Laboratory DataUsing Teles
opeSimulatorLX, the uniformity measurements des
ribed in [56℄ weresimulated. In this measurement, a small version of the 
amera with seven pixelswas used. In the absen
e of an opti
al system, the opti
al 
onditions of the Auger135
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MercedesFigure 7.34: Relative e�
ien
y along a verti
al line passing through Mer
edes ver-texes. The bla
k dots are the simulation results and the white 
ir
les are the mea-surements from [56℄.FD were approximately reprodu
ed by di�using the light from a Xenon �ash lampinside a 
ylinder made in su
h a way that the realisti
 angles of in
iden
e in the
amera were obtained (approximately between 10◦ and 30◦, due to the shadow of the
amera and the aperture of the diaphragm, respe
tively). Sin
e the FD opti
s is fullysimulated with Geant4, this setup is easily simulated using Teles
opeSimulatorLXby fully illuminating the diaphragm with parallel light rays with in
ident dire
tionssu
h that a s
an of the seven 
entral pixels was performed.As in [56℄, two s
ans, one passing over the Mer
edes arms and one passing overthe Mer
edes vertexes, were performed. The position of the photons in the 
amerais de�ned here by the elevation angle, α = arcsin (x/RFS), and the azimuth angle,
β = arcsin (−y/RFS) where RFS is the radius of 
urvature of the fo
al surfa
e. Thee�
ien
y is de�ned as the ratio between the number of photons that arrive at thePMTs and the number of generated photons. The e�
ien
ies are normalised tothe e�
ien
y value in the 
entre of the 
entral pixel. The results are shown in�gures 7.34 and 7.35, where the measurements in [56℄ are shown for 
omparison.Good agreement is found in both 
ases, and the e�
ien
y variations are of theorder of 15% over the 
amera surfa
e. The result of 0.85 for the lowest value of thee�
ien
y obtained in the measurements is thus reprodu
ed by the simulation. Thesteep fall in the extremes of the s
an in the laboratory data is due to the fa
t that136
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Figure 7.35: Relative e�
ien
y along a horizontal line passing through pixel 
entres.The bla
k dots are the simulation results and the white 
ir
les are the measurementsfrom [56℄.in the laboratory setup only 7 pixels were present.7.4.2 Comparison with Laser EventsThe Central Laser Fa
ility (CLF)[57℄, pla
ed within the array at a position equidis-tant from the Los Leones, Los Morados and Coihue
o FDs, �res 355 nm verti
al orin
lined laser pulses with an energy of 8 mJ. The light from the laser beam is dif-fused in the atmosphere and dete
ted by the FDs. As the light from the laser beamtravels upwards in the atmosphere it is isotropi
ally di�used. Some of this di�uselight is emitted towards the Fluores
en
e Teles
opes. The light propagates throughthe atmosphere for around 30 km su�ering attenuation until it rea
hes the dete
tor.At ea
h moment in time the CLF 
an be 
onsidered as a point sour
e, produ
ing aspot in the fo
al surfa
e dominated by the opti
al properties of the teles
ope.In �gure 7.36 the tra
k of a verti
al laser shot in the FD 
amera is shown in
(α, β) 
oordinates along with a zoom of the region of interest. The 
orrespondingmeasured light pro�le (number of photons as a fun
tion of time) is shown in 7.37 .This typi
al pro�le is the 
onvolution of the attenuation and s
attering of the up-going laser beam with the attenuation of the light from the laser to the �uores
en
eteles
ope and the non-uniformities of the FD 
amera. Here we are interested inisolating this last e�e
t. In this study, the lower part of the shower tra
k was137



CHAPTER 7. STUDIES OF THE AUGER OBSERVATORY FLUORESCENCETELESCOPE PERFORMANCE

Figure 7.36: Tra
k of a verti
al laser shot. A zoom is presented in the image on theright.

Figure 7.37: The laser light pro�le.
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7.4. COMPARISON BETWEEN SIMULATION AND DATAdis
arded to avoid the region in whi
h Mie s
attering 
annot be negle
ted. In thesame way, the upper part of the shower tra
k was dis
arded to avoid the timeslotswith low statisti
s.The expe
ted number of photons arriving at the teles
ope diaphragm, N lens
γ , witha dire
tion falling within a given (α, β) bin 
an be parametrised as:

N lens
γ = I0 × exp

(

−d1

d0

)

× dir(h) × ∆Ω(h) × exp

(

−d2

d0

)where I0 is the laser intensity, the �rst exponential term des
ribes the attenuation ofthe upgoing laser beam in terms of the atmosphere traversed d1, the fun
tion dir(h)des
ribes the beam s
attering at the height h, ∆Ω(h) is the solid angle subtendedby the teles
ope aperture at a given point of the laser beam and the se
ond expo-nential term des
ribes the attenuation of s
attered photons when they traverse anatmospheri
 depth of d2 in its propagation from the s
attering point in the beam tothe eye. In fa
t, dir(h) des
ribes the dire
tion dependen
e of Rayleigh s
attering (inother words its di�erential 
ross-se
tion) and is well des
ribed by a se
ond degreepolynomial:
dir(h) = a0 + a1cosθz + a2cosθ

2
zwhere θz is the photon s
attering dire
tion with respe
t to the dire
tion of the upgoing laser beam.The number of photons expe
ted in the 
amera, N camera

γ , in the same (α, β) binis given by
N camera

γ = N lens
γ · εtelescopewhere εtelescope is the teles
ope e�
ien
y and 
an be expressed as

εtelescope = εmean · εrelativewhere εmean is the average e�
ien
y of the teles
ope and εrelative 
ontains the ef-�
ien
y variations along the 
amera. This relative e�
ien
y is thus given by theratio between the number of dete
ted photons, Nγ , and the average expe
ted signal,
N camera

γ = N lens
γ · εmean.Taking into a

ount that the 
onstant terms like Io and εmean 
an be absorbedby the free parameters, that there is a one-to-one transformation between the laser
urve 
amera 
oordinates (α, β) and the time slot and assuming that the atmospheri
density varies with the height h as ρ (h) ∝ e−h/L, the average number of photons in139
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Figure 7.38: Relative di�eren
es of the �tted and measured number of photons. Theaverage over one month of laser data is shown.ea
h time bin 
an be expressed as
N camera

γ (t) =
2c2t2

c4t4 + l4
·
(

P3

t2
+ P2 · t + P1

)

×

exp

{[

−1

L

(

c2t2 − l2

2ct
−
(

c2t2 − l2

2ct

)2

+

(

c2t2 − l2

2ct

)3
)]

1

2(c2t2 − l2)

}where c is the speed of light, l is the distan
e from the laser to the �uores
en
eteles
ope and P1, P2, P3 and L are free parameters. These free parameters are �xed�tting this formula to the laser light pro�le.The relative di�eren
es between the �tted value and the measured number ofphotons (Nγ), given by
Nγ − N camera

γ

N camera
γare shown in �gure 7.38. In the �gure the data result from the average of the laserdata available in one month. The distribution of the values in the �gure have amean value of 0.03. The same analysis for other months shows that the mean valueis stable and varies between 0.03 and 0.04. The non-existen
e of a trend in thesedata indi
ate that the method used to extra
t the relative e�
ien
ies is reliable andstable.In �gure 7.39 the relative e�
ien
ies εrelative = Nγ

Ncamera
γ

for 18 months of laser data140
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Figure 7.39: Relative e�
ien
y a
ross the FD 
amera for 18 months of CLF lasershots.are shown. The values obtained were res
aled setting the maximum to 1. In this�gure the redu
tion in the e�
ien
y due to the Mer
edes is 
learly visible. It is also
lear that the relative e�
ien
y is quite stable over this 18 month period. It 
an alsobe seen that there are variations in the maximum and minimum e�
ien
ies frompixel to pixel whi
h is unexpe
ted if all the pixels were equivalent.In �gure 7.40 the relative e�
ien
y estimated with laser data is 
ompared to theone obtained with the O� line standard laser simulation. While the overall shapesagree, there are some di�eren
es between the simulation and the data. In parti
ular,the data show deeper valleys than the simulation and do not reprodu
e some featuresthat seem to be related to individual pixels.The variations from pixel to pixel 
an be smoothed out by folding the laser datainto a virtual pixel. In this virtual pixel a verti
al laser shot a
tually s
ans twodi�erent regions of the pixel in β. The virtual pixel with the positions s
anned bythe laser tra
k is shown in �gure 7.41. To better evaluate the e�
ien
y drop betweenthe 
entral region of the pixel and the peripheral region, six regions were de�nedin the virtual pixel, as shown in �gure 7.42. Regions 1 and 2 are de�ned near the
entre of the pixel and should be the areas of the pixel with higher e�
ien
y, whileregions 3, 4, 5 and 6 are de�ned in the Mer
edes area and should present a redu
ede�
ien
y, due to the Mer
edes ine�
ien
y. The e�
ien
y for all the points that fallinside ea
h region was averaged and the results are shown in �gure 7.43. The ratio141
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Figure 7.40: The relative e�
ien
y a
ross the FD 
amera measured from CLF lasershots (solid bla
k line) and obtained with the standard O� line simulation (dashedred line).

Figure 7.41: The virtual pixel with the folded laser tra
k represented.142
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Figure 7.42: The six regions de�ned on the virtual pixel for the 
al
ulation of the Rparameter.
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Figure 7.43: Relative e�
ien
y for the six zones de�ned in the virtual pixel.
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2007 2008Figure 7.44: Evolution of the R parameter, obtained from laser data, with time.
R between the average e�
ien
y in the peripheral regions and the average e�
ien
yin the 
entral regions measures the e�
ien
y drop due to the Mer
edes and amountsto R = 0.858± 0.008. In �gure 7.44 the evolution of the R parameter with time foran 18 month period is shown. It 
an be seen that this parameter is, within errors,stable over time.The R parameter was also evaluated using the Teles
opeSimulatorLX, and thevalue obtained, R = 0.937 ± 0002, is not 
ompatible with the result obtained fromlaser data. This di�eren
e may be related to a bad des
ription of the opti
al spotand/or to the Mer
edes e�
ien
y in the simulation. A �rst study of the in�uen
eof the Mer
edes re�e
tivity and of the spot size was performed using the Geant4simulation. Two di�erent 
on�gurations were tested and s
ans were performed inthe 
entral pixel of the laser tra
k.In the �rst 
on�guration the Mer
edes surfa
e re�e
tivity in the simulation wasredu
ed from the nominal value of 0.90 to 0.85 and to the limit value of 0. In �gure7.45 the relative e�
ien
y is shown versus the angle α in the 
entral region of the
amera for the laser data and for the Geant4 simulation with a Mer
edes re�e
tivityof 0.85 and 0. In the right image the data have been res
aled setting the maximumto 1. If the spot was very small, a redu
tion on the Mer
edes e�
ien
y should onlya�e
t the region of the s
an on top of the Mer
edes (around α ∼ 0.7◦). Namely,when the re�e
tivity was set to 0 the e�
ien
y in this region should also drop to
0 as no photons would be re�e
ted. However, from the left �gure it is 
lear that144
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Figure 7.45: Pro�les of the relative e�
ien
y versus the angle α in the 
entral regionof the 
amera. Data is represented in bla
k. In green and red are represented thesimulations with a Mer
edes re�e
tivity of 0.85 and 0, respe
tively. The data on theright image has been res
aled setting the maximum to 1.the e�
ien
y drop is lower than expe
ted. Moreover the redu
tion in the Mer
edese�
ien
y a�e
ts also the 
entral region. This indi
ates that the spot, along thein
ident dire
tions, is su
h that there is a re�e
ted 
omponent when photons aredire
ted to the pixel 
entre and that there exists a dire
t 
omponent when thephotons are dire
ted to the Mer
edes. Thus, 
hanging the Mer
edes re�e
tivity thesimulation 
an reprodu
e the deeper valleys seen in the data but a�e
ts also thewhole pro�le shape making a smoother transition.To test the in�uen
e of the spot size in the relative e�
ien
y, the �exibility ofthe Teles
opeSimulatorLX was used to redu
e, in an e�e
tive way, the opti
al spotsize. This redu
tion was a
hieved by res
aling the positions and in
iden
e anglesof the photons in the fo
al surfa
e. Two s
ans were performed with s
ale fa
tors of
100% and 10%, representing two limit 
ases, and two s
ans with intermediate s
anfa
tors of 70% and 50%. The relative e�
ien
ies for the four s
ans are shown in�gure 7.46 . The s
an with a 10% s
aling fa
tor puts in eviden
e the redu
tion inthe e�
ien
y in the Mer
edes areas, due to the redu
tion of the dire
t 
omponent,and the in
rease of the relative e�
ien
y in the 
entral regions as the 
omponentre�e
ted in the Mer
edes is redu
ed. It 
an also be seen that the pro�les get steeperwith the redu
tion of the spot size.Neither of these e�e
ts 
an, by itself, 
orre
t the disagreement between data andsimulation. A more systemati
 study will be therefore needed. This study shouldin
lude laser data from the several �uores
en
e eyes and, if possible, shower eventsdata.
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Figure 7.46: Pro�les of the relative e�
ien
y versus the angle α in the 
entral regionof the 
amera for several spot sizes. The four pro�les were made with s
aling fa
torsof 100%, 70%, 50% and 10% are represented with di�erent 
olours that are indi
atedin the legend.
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Chapter 8Con
lusionsThe work in this thesis was developed in the framework of astroparti
le experiments,namely in the 
ontext of EUSO, the Pierre Auger Observatory and GAW. The mainfo
us is in the development of hardware and �rmware for data a
quisition and triggersystems and detailed studies of the dete
tors.In this thesis was presented the �rst general purpose data a
quisition board for
osmi
 rays developed at LIP - The LIP-PAD. This board was the building blo
kof the DAQ system of ULTRA - a support a
tivity for the EUSO mission, and wasable to 
ope with all the experiment requirements. This board was also applied inthe TRC - a publi
 edu
ation and outrea
h proje
t installing 
osmi
 ray dete
torsin high s
hools. In the 
ourse of the proje
t it was observed that a greater degree ofautonomization of the DAQ system was important. This fa
t triggered the devel-opment of a new generation of the board, giving birth to the LPV3, in
orporatingperforman
e upgrades (200 MHz sampling with 12 bits in resolution) and stand-alone operation (ethernet 
ommuni
ation and pro
essing 
apability). The board is
urrently in the prototyping phase. The �nal version will allow a 
ompletely au-tonomous DAQ system in the TRC proje
t and will also provide a simple, yet highperforman
e, data a
quisition system for small experiments.An important a
hievement was the installation, at Lisbon, of the LIP e-CRLab,an ele
troni
s laboratory dedi
ated to 
osmi
 ray physi
s. This laboratory has stateof the art equipment that will allow LIP to parti
ipate in the development of so-phisti
ated instrumentation for 
osmi
 ray dete
tors. The laboratory is 
entred onthe development and test of �rmware for FPGA based DAQ systems. Nevertheless,the laboratory has also the tools to produ
e ele
troni
s boards and prototypes tointerfa
e DAQ system and to test the adopted solutions. Some prototype boardshave already been produ
ed 
ompletely in the laboratory and �nal versions have147



CHAPTER 8. CONCLUSIONSbeen designed and assembled in the laboratory. One other bene�t of the laboratoryis related with edu
ation. From September 2008 onwards, periods of training for�rst 
y
le students were organised. The �rst 
ourse in digital ele
troni
s, for se
ond
y
le students, will begin in the spring semester of 2008-2009. This will give stu-dents the opportunity to be
ame familiar with the state of the art te
hniques andinstruments used in digital ele
troni
s.The design and implementation of trigger systems in the 
ontext of the sin-gle photon 
ounting te
hnique was also pursued. The �rmware development andimplementation be
ame possible with the installation of the e-CRLab. First, thealgorithms are implemented in �rmware. Afterwards hardware tests are performed.LIP has taken the responsibility not only for the trigger system but of a major partof GAW DAQ �rmware development. The di�erent �rmware 
omponents needed tobe tested separately whi
h implied the produ
tion of interfa
e boards. Fun
tionaltests of the ProDa
q were performed using a prototype interfa
e board designedand produ
ed in e-CRLab. Performan
e tests will require the board to be oper-ated at maximum frequen
y (hundreds of MHz). Thus, the interfa
e boards wereredesigned for su
h frequen
ies and its produ
tion outsour
ed. The �rst tests havealready started. The assessment of the trigger performan
e passed through end-to-end simulations for the study of the trigger e�
ien
y and reje
tion parameters.A detailed performan
e study of the �uores
en
e teles
opes of the Pierre AugerObservatory was also one of the main subje
ts addressed in this thesis.The 
omplete geometry of the teles
ope was implemented in the Auger O� linesimulation framework, using the Geant4 toolkit. The 
omparison with the existingsimulation 
ode showed an overall agreement. However the new 
ode 
an produ
emore detailed simulations in
luding some spe
i�
 features of the teles
ope opti
s.Di�eren
es on the opti
al e�
ien
y of the teles
ope at the level of 1 to 2% were found.The simulation developed 
onstitutes now a tool for detailed simulations of thedete
tor available to the Collaboration. This tool is already being used by the Genoagroup to simulate the expe
ted signals indu
ed by muons 
rossing the dete
tor.The Geant4 simulation is a very versatile tool and allows easy implementation ofdi�erent geometries of the dete
tor whi
h may be quite important for the designand optimisation of the �uores
en
e teles
opes for the northern site of the PierreAuger Observatory.In this thesis detailed performan
e studies on the light 
olle
tion e�
ien
y ofthe FD 
amera were performed. The light 
olle
tion e�
ien
y and uniformity are
ru
ial properties of the FD 
amera. The light 
olle
tion e�
ien
y of the FD 
amera148



pixels has been studied and mapped using simulated data and laser events. For ea
h
ase, pixel maps of relative e�
ien
y as a fun
tion of the position within the pixelhave been produ
ed. Using laser events, the sensitivity of the e�
ien
y modulationwithin a pixel to the physi
al spot size was exploited.In re
ent years 
osmi
 ray experiments have in
reased their sensitivity and ex-posure dramati
ally. Furthermore these new-generation experiments are taking ex-treme 
are with the systemati
 un
ertainties and have gone to a higher level ofdetail in the 
omprehension of both the dete
tor itself and of the physi
s pro
essesinvolved. This path will be followed by forth
oming experiments that will posestringent requirements in the design of new dete
tors and will in
orporate new te
h-nologies. The improvement in the dete
tors performan
e will for sure allow to furtherenhan
e knowledge in 
osmi
 ray physi
s

149



CHAPTER 8. CONCLUSIONS

150



BIBLIOGRAPHY
Bibliography[1℄ A. M. Hillas, Cosmi
 Rays: Re
ent Progress and some Current Questions,ArXiv Astrophysi
s e-prints, July 2006, astro-ph/0607109[2℄ K. Greisen, End to the Cosmi
-Ray Spe
trum?, Phys. Rev. Lett., 16(17):pp.748�750, Apr 1966, doi:10.1103/PhysRevLett.16.748[3℄ G. T. Zatsepin and V. A. Kuz'min, Upper Limit of the Spe
trum of Cosmi
Rays, Soviet Journal of Experimental and Theoreti
al Physi
s Letters, 4:p. 78,Aug. 1966[4℄ P. Coppi and F. A. Aharonian, Constraints on the Very High Energy Emissivityof the Universe from the Di�use GeV Gamma-Ray Ba
kground, Astrophys. J.L., 487:pp. L9�L12, 1997, doi:10.1086/310883[5℄ M. T. Ressell and M. S. Turner, The Grand Uni�ed Photon Spe
trum: A Co-herent View of the Di�use Extragala
ti
 Ba
kground Radiation, Comm. on As-trophys., 14:p. 323, 1990[6℄ J. Albert et al., VHE γ-Ray Observation of the Crab Nebula and its Pulsar withthe MAGIC Teles
ope, Astrophysi
al Journal, 674(2):pp. 1037�1055, 2008, doi:10.1086/525270[7℄ B. Rossi, Cosmi
 Rays, M
Graw-Hill, 1964[8℄ M. V. S. Rao and B. V. Sreekantan, Extensive Air Showers, World S
ienti�
,1999[9℄ T. Bergmann et al., One-dimensional hybrid approa
h to extensive air showersimulation, Astroparti
le Physi
s, 26(6):pp. 420�432, 2007[10℄ H.-J. Dres
her and G. R. Farrar, Air shower simulations in a hybrid approa
husing 
as
ade equations, Phys. Rev. D, 67(11):p. 116001, Jun 2003, doi:10.1103/PhysRevD.67.116001 151

astro-ph/0607109


BIBLIOGRAPHY[11℄ K. Greisen, The Extensive Air Showers, Progress in Cosmi
 Ray Physi
s, 3:p. 1,1952[12℄ T. K. Gaisser and A. M. Hillas, Reliability of the method of 
onstant inten-sity 
uts for re
onstru
tion of the average development of verti
al showers, inPro
eedings of the 15th Int. Cosmi
 Ray Conf., vol. 8, p. 353, Plovdiv, 1977[13℄ K. Greisen, Cosmi
 Ray Showers, Annual Review of Nu
lear S
ien
e, 10:pp.63�108, 1960, doi:doi:10.1146/annurev.ns.10.120160.000431[14℄ K. Kamata and J. Nishimura, The Lateral and the Angular Stru
ture Fun
tionsof Ele
tron Showers, Progress of Theoreti
al Physi
s Supplement, 6:pp. 93�155,1958[15℄ D. He
k, J. Knapp, J. Capdevielle, G. S
hatz and T. Thouw, CORSIKA: AMonte Carlo Code to Simulate Extensive Air Showers, Te
h. Rep. FZKA 6019,Fors
hungszentrum Karlsruhe, 1998[16℄ D. Góra et al., Universality of the lateral distribution of energy deposit in ex-tensive air showers, in Pro
eedings of the 29th Int. Cosmi
 Ray Conf., vol. 7,pp. 191�194, 2005[17℄ O�
ial NASA GLAST website at http://glast.gsf
.nasa.gov/[18℄ J. Abraham et al. (Pierre Auger 
ollaboration), Observation of the suppres-sion of the �ux of 
osmi
 rays above 4 × 1019eV, Physi
al Review Letters,101(6):061101, 2008, doi:10.1103/PhysRevLett.101.061101[19℄ J. Abraham et al. (Pierre Auger 
ollaboration), Correlation of theHighest-Energy Cosmi
 Rays with Nearby Extragala
ti
 Obje
ts, S
ien
e,318(5852):pp. 938�943, November 2007, doi:10.1126/s
ien
e.1151124[20℄ M.-P. Véron-Cetty and P. Véron, A 
atalogue of quasars and a
tive nu
lei:12th edition, Astronomy and Astrophysi
s, 455:pp. 773�777, Aug. 2006, doi:10.1051/0004-6361:20065177[21℄ M. Unger (Pierre Auger 
ollaboration), Study of the Cosmi
 Ray Com-position above 0.4 EeV using the Longitudinal Pro�les of Showers ob-served at the Pierre Auger Observatory, Jun 2007, 0706.1495, URLhttp://arxiv.org/abs/0706.1495152

0706.1495
http://arxiv.org/abs/0706.1495


BIBLIOGRAPHY[22℄ J. Abraham et al. (Pierre Auger 
ollaboration), Upper limit on the 
osmi
-ray photon �ux above 1019 eV using the surfa
e dete
tor of the Pierre AugerObservatory, Astroparti
le Physi
s, 29(4):pp. 243�256, May 2008, doi:10.1016/j.astropartphys.2008.01.003[23℄ A. De Angelis, O. Mansutti and M. Persi
, Very-High Energy Gamma Astro-physi
s, Jul 2008, 0712.0315, URL http://arxiv.org/abs/0712.0315[24℄ http://www.mppmu.mpg.de/�rwagner/sour
es/, 2008[25℄ S. Hoppe et al. (H.E.S.S. 
ollaboration), The H.E.S.S. sur-vey of the inner Gala
ti
 plane, O
t 2007, 0710.3528, URLhttp://arxiv.org/abs/0710.3528[26℄ L. S
arsi, The extreme universe of 
osmi
 rays : Observations from spa
e, NuovoCim., 24C:pp. 471�482, 2001[27℄ G. Agnetta et al. (ULTRA 
ollaboration), Extensive air showers and di�usedCherenkov light dete
tion: The ULTRA experiment, Nu
l. Instrum. Meth.,A570:pp. 22�35, 2007[28℄ M. C. Ma

arone (The Ultra Collaboration), Dete
tion of the Cherenkov lightdi�used by Sea Water with the ULTRA experiment., in Pro
eedings of the 30thInternational Cosmi
 Ray Conferen
e, 2007[29℄ P. Assis, The Setup and Engineering Run of the ULTRA Experiment, Master'sthesis, Instituto Superior Té
ni
o, 2003[30℄ J. Allison et al., Geant4 developments and appli
ations, IEEE Transa
tions onNu
lear S
ien
e, 53(1):pp. 270�278, 2006[31℄ S. Agostinelli et al., GEANT4-a simulation toolkit, Nu
lear Instruments &Methods in Physi
s Resear
h Se
tion A-A

elerators Spe
trometers Dete
torsand Asso
iated Equipment, 506(3):pp. 250�303, 2003[32℄ M. C. Ma

arone et al. (GAW 
ollaboration), Expe
ted Performan
e of theGAW Cherenkov Teles
opes Array - Simulation and Analysis, in Pro
eedings ofthe 30th International Cosmi
 Ray Conferen
e, Jul. 2007[33℄ G. Cusumano et al. (GAW 
ollaboration), GAW - An Imaging Atmospheri
Cherenkov Teles
ope with Large Field of View, in Pro
eedings of the 30th Inter-national Cosmi
 Ray Conferen
e, Jul. 2007 153

0712.0315
http://arxiv.org/abs/0712.0315
0710.3528
http://arxiv.org/abs/0710.3528


BIBLIOGRAPHY[34℄ O. Catalano, M. C. Ma

arone and B. Sa

o, Single photon 
ounting approa
hfor imaging atmospheri
 Cherenkov teles
opes, Astroparti
le Physi
s, 29(2):pp.104�116, 2008, doi:10.1016/j.astropartphys.2007.11.011[35℄ E. Cano, PCI probe: simple labview VIs for PCI debugging, 2002, URLhttp://
ano.web.
ern.
h/
ano/p
iprobe/[36℄ O. Catalano and M. C. Ma

arone, ULTRA Experiment - Report on the "CapoGranitola" Campaign 2005, Te
h. Rep. 002/2005, IASF-PA / INAF, 2005[37℄ L. Moniz, Sear
h for extended air showers with TRC, in Pro
eedings of the SixthInternational Workshop on New Worlds in Astroparti
le Physi
s, 2007[38℄ Altera Corporation, Stratix II Devi
e Handbook, 2007, URLhttp://www.altera.
om/literature/hb/stx2/stratix2_handbook.pdf[39℄ G. F. Knoll, Radiation Dete
tion and Measurement, John Wiley and Sons, In
.,2000[40℄ Photon Counting using Photomultilier Tubes, Te
h. rep., Hamamatsu, 2005[41℄ O. Catalano, EUSO Trigger - Method and Operational Criteria, Te
h. Rep.EUSO-TEO-REP-002, EUSO, 2003[42℄ M. Pallavi
ini and A. Thea, ESAF user guide, Te
h. Rep. EUSO-SDA-REP-014-1, EUSO, 2004[43℄ A. Thea et al., The EUSO Simulation and Analysis Framework, in Pro
eedingsof the 29th International Cosmi
 Ray Conferen
e Pune, vol. 8, pp. 133�136,2005[44℄ P. Assis, How to sele
t UHECR in EUSO: The trigger system, in New worldsin astroparti
le physi
s - Pro
eedings of the �fth international workshop, pp.120�123, World S
ienti�
, 2005[45℄ A. Thea, Osservazione di radiazione 
osmi
a di altissima energia dallo spazio,Ph.D. thesis, Università degli studi di Genova, 2006, (in English)[46℄ GAW 
ollaboration, Gamma Air Wat
h (GAW) - Con
ept Design and S
ien
eCase, De
ember 2005[47℄ M. C. Ma

arone, Study of the GAW Expe
ted Performan
e. Part 1: Analysisat Trigger Level., Te
h. Rep. GAW_EVE_0004_061127, IASF-Pa/INAF, 2006154

http://cano.web.cern.ch/cano/pciprobe/
http://www.altera.com/literature/hb/stx2/stratix2_handbook.pdf


BIBLIOGRAPHY[48℄ M. Pimenta, A. Pina and B. Tomé, GAW Simulation Framework, Te
h. Rep.GAW_SIM_0008, GAW, 2007[49℄ T. Ullri
h and Z. Xu, Treatment of Errors in E�
ien
y Cal
ulations,arXiv:physi
s/0701199v1, 2007[50℄ M. Born and E. Wolf, Prin
iples of Opti
s, Cambridge Univ. Press, 1999[51℄ Spe
ial Filter Glasses for sun beds, Ad-van
ed Materials, SCHOTT, Mar
h 2006, URLhttp://www.us.s
hott.
om/spe
ial_appli
ations/english/download/solarien_mar
h_06us.pdf[52℄ M. de Oliveira, V. de Souza, H. Reis and R. Sato, Manufa
turing the S
hmidt
orre
tor lens for the Pierre Auger Observatory, Nu
lear Instruments & Meth-ods in Physi
s Resear
h Se
tion A-A

elerators Spe
trometers Dete
tors and As-so
iated Equipment, 522:pp. 360�370, 2004, doi:doi:10.1016/j.nima.2003.11.409[53℄ R. Sato, Desenvolvimento e produção das lentes dos teles
ópios do ObservatorioAuger, Ph.D. thesis, Universidade Estadual de Campinas. Instituto de Físi
a'Gleg Wataghin', 2005[54℄ C. Aramo et al., The Camera of the AUGER Fluores
en
e Dete
tor, Te
h. Rep.GAP-99-027, Pierre Auger Observatory, 1999[55℄ S. Argirò et al., The o�ine software framework of the Pierre Auger Observatory,Nu
l. Instrum. Meth. A, 580:pp. 1485�1496, 2007, doi:http://dx.doi.org/10.1016/j.nima.2007.07.010[56℄ P. Fa
al San-Luis and P. Privitera, Measurement of the FD 
amera light 
olle
-tion e�
ien
y and uniformity, Te
h. Rep. GAP-2000-010, Pierre Auger Obser-vatory, 2000[57℄ B. Fi
k et al., The First Central Laser Fa
ility, Te
h. Rep. GAP-2004-003,Pierre Auger Observatory, 2003

155

http://www.us.schott.com/special_applications/english/download/solarien_march_06us.pdf


BIBLIOGRAPHY

156



AbbreviationsAAS Analog A
quisition Sub-systemADC Analog to Digital ConverterBelenos a dete
tor of ULTRACAD Computer Aided DesignCAMAC Computer Automated Measurement And ControlCLF Central Laser Fa
ilityCNR Consiglio Nazionale delle Ri
er
he, ItalyCORSIKA COsmi
 Ray SImulations for KAs
adeCTRIG Control and TRIGger; an interfa
e board for GAWDAC Digital to Analog ConverterDAQ Data A
quisitionDE2 Development and Edu
ation BoardDSP Digital Signal Pro
essore.g. exempli gratia (for example)EAS Extensive Air Showere-CRLab Ele
troni
s for Cosmi
 Rays LaboratoryESAF EUSO Simulation and Analysis FrameworkETS
ope Ele
tromagneti
 Teles
ope - a dete
tor of ULTRAEUSO Extreme Universe Spa
e Observatory157



AbbreviationsFCT Fundação para a Ciên
ia e Te
nologia (Foundation for S
ien
e andTe
hnology)FD Fluores
en
e Dete
torFEBri
k Front End Bri
kFermi Fermi Gamma-ray Spa
e Teles
ope, formerly GLASTFET Field E�e
t TransistorFIFO First-In First-OutFOV Field Of ViewFPGA Field Programmable Gate ArrayFTE Full Time EquivalentGAW Gamma Air Wat
hGeant4 GEometry ANd Tra
king version 4GLAST Gamma-Ray Large-Area Spa
e Teles
ope - NASA announ
ed on26/08/08 that GLAST has been renamed the Fermi Gamma-ray Spa
e Teles
ope.GPS Global Positioning SystemGS/s Giga Sample per se
ondGTU Gate Time UnitGUI Graphi
al User Interfa
eHDL Hardware Des
ription LanguageHV High VoltageI2C Inter-Integrated Cir
uit (Serial 
ommuni
ations proto
ol)IASF Istituto di Astro�si
a Spaziale e Fisi
a Cosmi
a CNR, ItalyIASF-Palermo IASF-CNR at Palermo, Italy (formerly IFCAI)IDL Intera
tive Data Language158



IP Intelle
tual PropertyIST Instituto Superior Té
ni
oLIP Laboratório de Instrumentação e Físi
a Experimental de Partí
ulas, PortugalLIP-PAD LIP - Pla
a de Aquisição de Dados (LIP - data a
quisition board)LPV3 LIP-PAD Version 3LV Low VoltageMAPMT Multi Anode Photo Multiplier TubeMEFT Mestrado em Engenharia Físi
a Te
nológi
a (Master in Physi
sEngineering)m.i.p. minimum ionizing parti
leNIM Nu
lear Instrumentation ModuleNSB Night Sky Ba
kgroundPAO Pierre Auger Observatory (as ACRO)PC Personal ComputerPCB Printed Cir
uit BoardPCI Peripheral Component Inter
onne
tPMT Photo Multiplier TubeProDA
q Programmable Data A
quisitionPROM Programmable Read-Only MemoryROI Region Of InterestROOT An Obje
t-Oriented Data Analysis Framework developed at CERNRS232 Re
ommended Standard RS-232; A standard for serial binary data signalsSD Surfa
e Dete
torSPC Single Photon Counting 159



AbbreviationsTDC Time to Digital ConverterTMS Time Measuring Sub-systemTRC Teles
ópio de Raios Cósmi
os (Lisbon Cosmi
 Ray Teles
ope)ULTRA UV Light Transmission and Re�e
tion in AtmosphereUTC Universal Time CoordinatedUV Ultra VioletUVIS
ope UV Imaging Teles
opeUVS
ope UV Teles
opeVHDL VHSIC Hardware Des
ription Language

160


	Resumo
	Abstract
	Acknowledgments
	Table of Contents
	List of Figures
	Introduction
	A Brief Overview of Some Cosmic Ray Measurements
	Cosmic rays flux
	The GZK effect

	 rays
	Extensive Air Showers
	EAS simulation
	Longitudinal profile
	Lateral profile

	Detection techniques
	Ground arrays
	Fluorescence telescopes
	Imaging Atmospheric Cherenkov Telescopes

	Recent results
	Pierre Auger Observatory results
	-ray astronomy


	Some Projects Designed to Study High-Energy Cosmic Rays
	EUSO: Extreme Universe Space Observatory
	The ULTRA experiment
	Gamma Air Watch - GAW
	The Pierre Auger Observatory

	The LIP e-CRLab
	Requirements 
	Installation
	Premises
	Equipment

	Research 
	LPV3
	GAW boards

	Education
	Training programs in Digital Logic
	Course in digital electronics


	Design and implementation of an autonomous DAQ system
	LIP-PAD board
	Board Description
	Performance in the ULTRA experiment
	Application in the TRC

	LPV3 (Lip-Pad Version 3)
	Requirements
	Design Options


	Design and implementation of trigger algorithms in single photon counting systems
	Single photon counting systems
	Data acquisition and trigger in the GAW experiment
	Requirements
	Electronics Layout
	Trigger system concept
	Trigger system design
	Trigger expected performance
	System firmware


	Studies of the Auger Observatory Fluorescence Telescope performance
	Auger Fluorescence Telescopes
	Simulation of the Telescopes
	The simulation framework
	The TelescopeSimulatorKG
	The TelescopeSimulatorLX

	Telescope Performance Evaluation 
	Simulation Setup
	The Optical Spot with no Obscuration
	Obscuration Effects
	Spot Size
	Photon Distribution in the PMTs
	Telescope Efficiency

	Comparison Between Simulation and Data
	Comparison with Laboratory Data
	Comparison with Laser Events


	Conclusions
	Bibliography
	Abbreviations

