One of the key open questions in the field of astroparticle physics / high-energy astrophysics concerns the origin of the so-called UHECRs. They consist of protons and nuclei traveling through the universe with macroscopic energies, reaching 10 20 eV and beyond, which makes them by far the most energetic particles known in the universe. However, their sources and acceleration mechanism(s) are still to be identified. A major challenge is the very low UHECR flux, namely about 1 particle per km 2 per millennium at the highest energies! For this reason, detectors with a huge field of view must be developed to study UHECRs with reasonable statistics.

The JEM-EUSO international space mission is designed to observe UHECRs by detecting the UV fluorescence light emitted by the so-called EAS which develop when UHECRs interact with the Earth's atmosphere. The showers consist of tens of billions or more secondary particles crossing the atmosphere at nearly the speed of light, which excite nitrogen molecules which then emit light in the UV range. While this so-called "fluorescence technique" is routinely used from the ground, by operating from space, JEM-EUSO will, for the first time, provide high-statistics on these events. Operating from space, with a large Field-of-View of ±30 • , allows JEM-EUSO to observe a much larger volume of atmosphere, than possible from the ground, collecting an unprecedented number of UHECR events at the highest energies.

Four important pathfinder experiments have been developed within the JEM-EUSO collaboration in the last few years:

• One is a project to demonstrate the capability of the instrument to detect air showers with the EUSO telescope (EUSO-TA) on the ground. EUSO-TA has been installed at the Telescope Array site in Utah, USA, since 2014.

• Another is meant to observe the fluorescence background from the edge of the atmosphere on board a stratospheric balloon (EUSO-Balloon). In August 2014, it had a successful flight over Timmins (Canada), with ∼8 hours of operation. For testing purposes UHECR events were simulated by using a UV laser to induce atmosphere fluorescence events. For the balloon experiments this involved flying under the detector with a helicopter mounted UV laser system.

• Furthermore we are preparing the balloon hardware for the EUSO-SPB, a long duration balloon mission to be launched by NASA in April 2017 from Wanaka, New Zealand. The EUSO-SPB should detect the fluorescence light of real cosmic-ray showers for the first time.

For this series of pathfinder experiments, we have been developing a common set of electronics, in particular the central data acquisition system, capable of operating from the ground, high altitude balloons, and space.

These pathfinder experiments all use a detector consisting of one PDMs, identical to the 137 that will be present on the JEM-EUSO focal surface. UV light generated by high-energy particle air showers passes the UV filter and impacts the MAPMTs. Here UV photons are converted into electrons, which are multiplied by the MAPMTs and fed into EC-ASICs boards, which perform the photon counting and charge estimation. The PDM control board interfaces with these ASIC boards, providing power and configuration parameters, collecting data and performing the level 1 trigger.

I was in charge of designing, developing, integrating, and testing the PDM control board for the EUSO-TA and EUSO-Balloon missions as well as the autonomous trigger algorithm testing and I also performed some analysis of the EUSO-Balloon flight data and data from the EUSO-TA October 2015 run.

In this thesis, I will give a short overview of high-energy cosmic rays, including their detection technique and the leading experiments (Chapter 1), describe JEM-EUSO and its pathfinders including a description of each instrument (Chapter 2), present the details of the design and the fabrication of the PDM (Chapter 3) and PDM control board (Chapter 4), as well as the EUSO-TA and EUSO-Balloon integration tests (Chapter 5). I will report on the EUSO-Balloon campaign (Chapter 6) and results (Chapter 7), including a specific analysis developed to search for global variations of the ground UV emissivity, and apply a similar analysis to data collected at the site of Telescope Array (Chapter 8). Finally, I will present the implementation and testing of the first-level trigger (L1) within the FPGA of the PDM control board (Chapter 9). A short summary of the thesis will be given in Chapter 10.

Résumé

L'une des principales questions ouvertes dans le domaine de la physique des astroparticules et de l'astrophysique des hautes énergies concerne l'origine des rayons cosmiques dits d'ultra-haute énergie (UHECR). Ils se composent de protons et de noyaux qui se propagent dans l'univers avec des énergies macroscopiques, atteignant 10 20 electron-volts et au-delà, ce qui en fait de loin les particules les plus énergétiques connues. En effet, leurs sources et leur(s) mécanisme(s) d'accélération ne sont pas encore identifiés. Le principal défi est que leur flux est très faible, à savoir environ 1 particule par km 2 par millénaire aux énergies les plus élevées ! Pour cette raison, des détecteurs possédant un grand champ de vue doivent être développés afin d'étudier les UHECR avec une statistique suffisantes.

L'expérience JEM-EUSO (traduction de Observatoire spatial de l'univers extrême à bord du module d'expériences japonais) est conçu pour observer les UHECR en détectant la lumière de fluorescence ultraviolette (UV) émise par la gerbe qui se développe lorsque les UHECR interagissent avec l'atmosphère terrestre. Les gerbes atmosphériques sont constituées de dizaines de milliards de particules secondaires ou plus traversant l'atmosphère quasiment à la vitesse de la lumière, excitant les molécules d'azote qui émettent ensuite de la lumière dans la gamme UV. Alors que cette "technique de fluorescence" est habituellement utilisée au sol, en opérant ainsi à partir de l'espace JEM-EUSO fournira pour la première fois une statistique élevée sur ces événements. Avec un large champ de vue de ±30 • , JEM-EUSO pourra observer depuis l'espace un volume d'atmosphère beaucoup plus grand que ce qui est possible depuis le sol, en collectant un nombre sans précédent d'événements UHECR aux plus hautes énergies.

Quatre expériences importantes ont été développées dans le cadre de la collaboration JEM-EUSO au cours des dernières années :

• L'une est un projet pour démontrer la capacité de l'instrument à détecter les gerbes atmosphériques avec le télescope EUSO-TA au sol. EUSO-TA a été installé sur le site de l'expérience "Telescope Array" (TA) dans l'Utah aux Etats-Unis, à partir de 2014.

• Une autre, destinée à observer l'émissivité UV de la Terre depuis le haut de l'atmosphère à bord d'un ballon stratosphèrique (EUSO-Balloon), a volé une nuit avec succès en août 2014 au départ de Timmins au Canada. Des événements UHECR ont été simulés au moyen d'un laser UV opér'e depuis un hélicoptère volant sous le ballon, dans le champ de vue du détecteur. La diffusion de la lumière de l'impulsion laser tir'ee horizontalement a une structure spatio-temporelle similaire à celle des gerbes atmosph'eriques.

• En outre, nous préparons un second vol ballon nommé l'EUSO-SPB, une mission sous ballon stratosphérique pressurisé de longue durée, lancée par la NASA en avril 2017 depuis Wanaka, en Nouvelle-Zélande. La mission EUSO-SPB devrait détecter la lumière de fluorescence de rayons cosmiques pour la première fois depuis par le dessus.

• Le dernier pathfinder (projet éclaireur) est un démonstrateur nommé mini-EUSO, développé pour être piloté à l'intérieur de l'ISS, à travers une fenêtre transparente UV, sur le module Zvezda russe d'ici l'été 2017.

Pour cette série d'expériences prototypes, nous développons un ensemble de systèmes électroniques communs, avec en particulier le système central d'acquisition de données, capable de fonctionner à partir du sol, de ballons à haute altitude, et de l'espace.

Ces expériences utilisent toutes un détecteur composé d'un module de photodétection (PDM) identique aux 137 qui seront présents sur la surface focale de la future mission JEM-EUSO. La lumière UV générée par les gerbes atmosphériques à haute énergie traverse le filtre UV et frappe les tubes photomultiplicateurs à multi-anodes (MAPMT). Les photons UV sont alors transformés en électrons, qui sont multipliés au sein du MAPMT, et le courant correspindant est amplifié par des cartes ASIC en circuit intégré (EC-ASIC), qui effectuent également le comptage des photons et l'estimation de la charge. Une carte FPGA nommée PDM board établit l'interface avec ces cartes ASIC, leur fournissant des paramètres d'alimentation et de configuration, tout en collectant les données et en exécutant le trigger de niveau 1.

Dans le cadre de ces travaux, je me suis occupée de la conception, du développement, de l'intégration et des tests de la carte FPGA "PDM board" dans son ensemble pour les missions EUSO-TA et EUSO-Balloon, ainsi que des tests de l'algorithme de trigger autonome. J'ai également analysé les données du vol d'EUSO-Balloon en développant une procédure originale recherchant des fluctuations signatives du fonds d'émission UV sur l'ensemble de la surface focale, ou sur une sous-partie. J'ai enfin appliqué cette méthode aux données récoltées lors de la campagne au sol avec l'instrument EUSO-TA en octobre 2015.

Dans cette thèse, je donnerai un bref aperçu des rayons cosmiques de haute énergie, y compris de leur technique de détection et des principales expériences pour les détecter (chapitre 1), je décrirai JEM-EUSO et ses pathfinders (chapitre 2), je présenterai les détails de la conception et de la fabrication du PDM (chapitre 3) et de la carte FPGA PDM board (chapitre 4), ainsi que des tests d'intégration d' . Je ferai un rapport sur la campagne de vole d'EUSO-Balloon de 2014 (chapitre 6) et sur ses résultats (chapitre 7), y compris ceux de l'analyse spécifique développée pour rechercher des variations globales de l'émissivité UV au sol, et j'appliquerai une analyse similaire aux données collectées sur le site de Telescope Array (Chapitre 8). Enfin, je présenterai la mise en oeuvre et le test du trigger de premier niveau (L1) dans la carte de contrôle FPGA (chapitre 9). Un bref résumé de la thèse sera donné au chapitre 10. 
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General introduction

Although my work during this PhD has been mainly instrumental, it is part of a global experimental and theoretical effort to understand the universal phenomenon of cosmic rays. In this introductory chapter, I thus give some general indications about the scientific context and the strategy developed to increase our knowledge in this important field of research, at the heart of high-energy astrophysics and astroparticle physics. This introduction is however not intended to be exhaustive, and the interested reader is referred to recent reviews for more detail about cosmic-ray data, theory and phenomenology (e.g. refs.).

Overview

Here is the general plan of my thesis:

Chapter 1 I briefly describe the context of high-energy cosmic ray studies, cosmic ray detectors, extensive air showers, as well as past, current and future experiments.

Chapter 2 I describe the JEM-EUSO and its pathfinders including a description of each instrument.

Chapter 3 I provide a general description of the photo-detection module (PDM) hardware.

Chapter 4 I describe the hardware and software design, development and manufacturing of the PDM control board.

Chapter 5 I describe a standalone test of the PDM control board and the integration testing with other systems.

Chapter 6 I report on the EUSO-Balloon campaign.

Chapter 7 I present preliminary results of the EUSO-Balloon campaign, including my work on the search for "non track events".

Chapter 8 I apply the same analysis to the data collected during the October 2015 run at the TA site.

Chapter 9 I describe the L1 trigger algorithm and report on the implementation and successful testing of the electronics chain up to the first-level trigger.

Chapter 10 This is the conclusion of my thesis.

Appendix I reported the channel mapping of PDM for final version. I also describe the connections between the PDM control board and each sub-systems, the PROM data sheet and circuit diagram, the command list and user guide to use the PDM control board.

Glossary At the end of this thesis, a glossary of acronyms and other technical terms can be found, in alphabetical order, along with their definitions.

Bibliography A list of all of the references mentioned in this thesis is provided.

Cosmic rays

CRs are now known to be energetic nuclei propagating throughout the Galaxy and in the intergalactic space, with a very wide range of energies, from thermal energies up to 10 20 eV and beyond. This simple fact, however, was not easy to establish. The discovery of cosmic rays is generally attributed to Victor Hess, who received the Nobel price for establishing in 1912 that the enigmatic source of radiation that was intriguing the scientists since the beginning of the 20th century was actually located outside the Earth atmosphere, in the cosmos. This was shown through a series of balloon flights, during which Victor Hess measured the ionization rate as a function of altitude above sea level, using high-precision electroscopes, up to an altitude of 5300 m.

It then took many years to determine the nature of this radiation. Robert Millikan defended the idea that the "Hess rays" were in fact gamma-rays coming from the cosmos, and coined the term cosmic rays, which has remained since then. However, experiments performed with Geiger counters between 1928 and 1929 seemed to indicate that the cosmic rays were not photons, but charged particles. This was also confirmed by the observation of the tracks left by cosmic rays when passing through the first cloud chambers developed during this period, as a result of the deflection of their trajectory by a magnetic field. However, the particles observed on the ground may not be the same as the cosmic rays arriving from the cosmos -and indeed they are not! -, so the question still remained whether the incident cosmic rays were charged particles or not. The decisive answer to this question came from the study of the so-called latitude effect, i.e. the observation that the flux of ionizing particles is larger at higher latitude (close to the poles) than at low latitudes (close to the equator). This effect results from the interaction of cosmic rays with the Earth's magnetic field, before they interact with the atmosphere. The latitude effect was first observed by Clay in 1928, and then confirmed and firmly establish by a series of expeditions around the world led by Compton in 1930. It then took another decade until it was established that cosmic rays are mostly positively-charged particles, through the East-West asymmetry.

Since cosmic-rays were (and still are!) the most energetic particles known, they played a central role in the development of particle physics. For instance, it is thanks to the cosmic rays interactions that antimatter was discovered by Anderson in 1932. The same is true for many other particles, of which muons and pions are the most common. Eventually, around 1953, man-made particle accelerators became efficient enough for the particle physicists to be able to make significant progress without relying on cosmic rays. However, interest for cosmic rays remained high, as the source and exact nature of these particles were still unknown. A second line of research thus developed around cosmic rays, in the field of astrophysics rather than particle physics.

The development of space capabilities has been crucial in the history of cosmic rays, because it allowed to detect the primary particles with detectors operating directly in space, before any interaction with the Earth's atmosphere. Thanks to space-based detectors, it became possible to measure the spectrum of cosmic rays in the interplanetary medium, as well as to determine their composition and angular distribution.

In parallel, the development of astrophysics led to the understanding that cosmic rays play a major role in many important phenomena at work in the Galaxy, among which the heating and ionization of the interstellar medium, the creation and amplification of turbulent magnetic field, the regulation of star formation, the control of some astrochemical reactions, and the nucleosynthesis of the light elements, Li, Be and B. This is why cosmic rays are being studied so intensively. Unfortunately, because they are charged particles, they are deflected by the interstellar magnetic fields so efficiently that their flux appears essentially isotropic to an observer on Earth. For this reason, it has been impossible to identify any source of cosmic rays in the Galaxy, as can so easily be done for photons, which simply propagate in straight line. Thus, more than one century after their discovery, the origin of cosmic rays is still unknown, or at least not firmly established, and remains one of the major open question in high-energy astrophysics.

Here, we shall not attempt to summarize the knowledge acquired about cosmic rays over many decades of observations, but simply give some indications about the cosmic rays which are the main target of the experiments developed within JEM-EUSO collaboration, and to which I participated, namely the ultra-high-energy cosmic rays. For more information about cosmic rays in general, we refer the reader to the books by [START_REF] Longair | High Energy Astrophysics[END_REF][START_REF] Dogiel | Astrophysics of Cosmic Rays[END_REF]] and references therein.

Ultra-high-energy cosmic rays (UHECRs)

As briefly mentioned above, space-based detectors have allowed to measure the flux and composition of cosmic rays before they enter the Earth's atmosphere. However, a striking property of the cosmic rays is the fact that their flux is a steeply decreasing function of energy, which may be approximated by a power-law with logarithmic index 2.7 or so. For this reason, direct detection of cosmic rays in space is only possible up to an energy of 10 15 eV or so, and we would have no knowledge of the existence of cosmic rays with an even higher energy if it were not for the use of a very different detection technique, related to the so-called extensive air showers (EAS).

The discovery of CR-induced air showers goes back to 1938, and is due to the French physicist Pierre Auger, who noticed that particle detectors spatially separated from one another were activated in coincidence at a much larger rate than expected by simple random coincidence. After a series of clever experiments, he was able to understand that this was due to the development of a particle shower, following the interaction of a very high energy cosmic ray in the upper atmosphere. Several secondary particles could be produced by the first interaction between the incident (primary) cosmic ray and an atom in the air, each of which would still have enough energy to produce several more particles, and so on, until the initial energy is distributed among a very large number of secondary particles, propagating through the atmosphere to the ground, where they could be detected in coincidence over a large area. This idea proved very fruitful, and is at the basis of all the experiments attempting to detect very high energy cosmic rays until now.

In addition to discovering the extensive air showers induced by cosmic rays in the atmosphere, Pierre Auger was also able to evaluate their energy. By estimating the density of particles of a given energy reaching the ground, and the size of the shower "foot print" on the ground, he was able to show that there existed cosmic rays with primary energies larger than 10 15 eV, which was a considerable surprise at the time, in 1938! Even today, the largest accelerator on Earth cannot accelerate particles up to such large energies.

With the development of technology allowing to operate several detectors in coincidence, the study of high-energy cosmic ray showers became an important field of research, associated with many important astrophysical questions. What were these particles? What were their sources? How had they been accelerated to such high energies? And were there any limit in the energy that these particles could reach? To start answering these questions, physicists developed larger and larger detectors, in order to detect extensive air showers corresponding to particles with higher and higher energies, i.e. with lower and lower fluxes.

In 1962, an air shower created by a primary particle with an energy of about 10 20 eV was detected at Volcano Ranch, in New Mexico (USA). This amounts to several joules, namely a macroscopic energy! Surely the name "ultra-high-energy cosmic rays" for such particles is well deserved! But their flux is so low that it was not possible to determine whether particles with even higher energies existed.

In 1965, a major announcement was done: the discovery of the cosmological microwave background (CMB). Very soon after, in 1966, Kenneth Greisen, Georgiy Zatsepin, and Vadim Kuzmin understood that the existence of this homogenous background of photons in the universe should set a limit to the energy of a cosmic-ray to be detected on Earth. Indeed, in the rest frame of a proton propagating in the intergalactic space, the energy of a CMB photon appears boosted by the Lorentz factor of the proton. If the resulting energy is larger than the energy needed to produce a electron-positron pair (2 × 511 keV), or even a pion (∼ 150 MeV), the creation of these secondary particles will be at the expense of the energy of the cosmic ray, which will thus lose energy along the way. Greisen, Zatsepin and Kuzmin (later referred to as "GZK") calculated that protons with energies larger than 6 10 19 -10 20 eV should lose most of their energy in only a few tens of Mpc, thereby reducing dramatically the number of sources able to contribute to the cosmic-ray flux observed on Earth at these energies, compared to the sources contributing at lower energies. In other words, GZK predicted a cut-off, or at least a sharp turnover of the cosmic ray spectrum around 10 20 eV or so. They also applied the reasoning to energetic nuclei (instead of protons), for which a similar limit should result from photodissociation processes induced by the same CMB photons.

This sharp decrease of the flux in now referred to as the "GZK cutoff", or more accurately "GZK feature". Since its prediction follows from simple physical reasonable, based on well-known physics (with photon interactions below 1 GeV in the "center-ofmass frame") and solid observation of the CMB photon density, it is bound to be very solid. As a consequence, the highest energy particle detected at that time, namely the 10 20 eV event from Volcano Ranch, should be around the maximum that can be ever observed. But again, the flux of such ultra-high-energy cosmic rays (UHECRs) is so low that it was not possible to confirm this.

How low? Of the order of one particle per km 2 per century! This is why detectors covering hundreds or even thousands of km 2 are needed. On which principles such large detectors can be built is the subject of Sect. 1.5.

Interest of ultra-high-energy cosmic rays

To summarize, cosmic rays have been identified as a very important component of the universe, with a remarkably continuous energy spectrum from sub-GeV energies to beyond 10 20 eV, amounting to an overall energy density of the order of 1 eV/cm -3 in our Galaxy, similar to that of magnetic fields, thermal energy or stellar light. Since the cosmic-ray flux is steeply decreasing with energy, with a spectrum that may be approximated locally as a power-law with spectral indices between 2.7 and 3.3 (see [START_REF] Gaisser | The cosmic-ray spectrum: From the knee to the ankle[END_REF] for a recent review), the energy density is dominated by GeV cosmic rays. They are thus the most relevant for many Galactic processes. However, ultra-high-energy cosmic rays, which are the main target of the experimental efforts described below, are very interesting for highenergy astrophysics and particle physics, despite their very low fluxes and overall energy density.

First, they represent a challenge for particle acceleration models in astrophysical environments. The most popular, most studied and best understood acceleration mechanism is the so-called diffusive shock acceleration model, in which particles gain energy by repeatedly crossing the front of a shock wave propagating in the interstellar medium, as they are diffused back and forth by inhomogeneous magnetic fields on both sides of the shock. Such shock fronts are notably produced by the explosion of supernovae, which have been proposed as the main source of the Galactic cosmic rays. However, the maximum energy which can be reached in such shock waves is of the order of 10 13 -10 14 eV for protons, possibly up to 10 15 eV or even 10 16 eV in some specific environments or in the early stages of the supernova shock evolution. To reach higher energies, other types of accelerators must be considered, such as superbubbles, fast rotating pulsar, magnetars, active Galactic nuclei (AGNs), relativistic jets, termination shocks of AGNs, gamma-ray bursts (GRBs), Galactic accretion shocks, etc. No consensus has been reach so far, and we shall not discuss particle acceleration here (more information can be found, e.g. in refs. [START_REF] Protheroe | Effect of energy losses and interactions during diffusive shock acceleration: applications to SNR, AGN and UHE cosmic rays[END_REF][START_REF] Ptitsyna | PHYSICS OF OUR DAYS Physical conditions in potential accelerators of ultra-high-energy cosmic rays: updated Hillas plot and radiationloss constraints[END_REF]). However, it is widely recognized that the acceleration of particles up to 10 20 eV or more is extremely challenging for astrophysical scenarios, which make the quest for the UHECR sources all the more interesting and important.

An other reason why the UHECRs attract so much attention is that they may be able to deliver crucial information about the most powerful sources in the universe, which is complementary to the information obtained from the observations in the framework of multi-wavelength photonic astronomy (radio, infrared, visible, ultra-violet, X-ray and gamma-ray, up to TeV energies). The study of UHECRs is indeed part of a global effort to develop multi-messenger astronomy, which aims at gathering knowledge from the cosmos using not only photons as messengers, but also cosmic rays, neutrinos and gravitational waves.

In this respect as well, UHECRs are particularly interesting, because they are likely to reveal their sources by pointing at them. As indicated above, low energy cosmic rays are completely isotropised by the magnetic fields in the Galaxy. However, the magnetic rigidity of the particles is inversely proportional to their energy. The gyroradius of a relativistic particle of charge q = Ze and energy E = E 15 × 10 15 eV in a magnetic field B = B µG µG is: r g = E/qBc 1 pcZ -1 E 15 B -1 µG . Thus, while PeV protons are easily confined (and isotropised) in the Galaxy, where the magnetic field is of the order of a few µG, protons with an energy of 10 18 eV have gyroradii comparable to the size of the Galactic disk, and thus leak out more or less freely out of the Galaxy. For this reason, cosmic ray protons above 10 18 eV are almost certainly extragalactic. The transition from Galactic cosmic rays to extragalactic cosmic rays, which also depends on the particle charge, is the subject of intense research, but will not be discussed here (see e.g. refs. [START_REF] Allard | UHE nuclei propagation and the interpretation of the ankle in the cosmic-ray spectrum[END_REF][START_REF] Berezinsky | On astrophysical solution to ultrahigh energy cosmic rays[END_REF][START_REF] Globus | A complete model of the cosmic ray spectrum and composition across the Galactic to extragalactic transition[END_REF]). Now cosmic rays with even larger energies have even larger gyroradii, especially in the extragalactic space, where the magnetic field is much weaker, at most a few nG, and possibly even orders of magnitudes less. Therefore, UHECRs propagating in the universe are expected not to be deflected significantly, especially the light ones, namely proton. For this reason, UHECRs have been hoped to allow (approximate) pointing astronomy, even though they are charge particles. The detection of an accumulation of UHECR events in a certain region of the sky would be extremely important, as it would reveal not only the existence of an individual source, but also possibly its position, and eventually allow its identification. Anisotropy studies are thus one of the major activities in experimental UHECR research. So far, unfortunately, no clear anisotropy could be reported, that would help identifying the UHECR sources. However, some first indications of statistically significant flux excesses in specific directions or correlations with known classes of sources have been tentatively given, by the Pierre Auger Observatory and Telescope Array collaborations (see below).

We shall not review these observations here, and refer the reader to refs. [START_REF] Deligny | Cosmic-Ray Anisotropies: A Review[END_REF] for more detail. We simply note that there is a large consensus on the interest of searching for anisotropies in the arrival directions of UHECRs at the highest energies, as a way to obtain crucial information about their sources. Current experiments have shown that significant progress in this direction requires larger statistics. It is the central goal of the JEM-EUSO collaboration to develop a space-based instrument that will reach a much larger exposure than accumulated so far with ground-based experiments.

It is worth noting that important information about the UHECR sources can be obtained even without being able to identify their positions in the sky. The very existence of these particles is in itself a clear evidence that some sources are able to accelerate protons and/or nuclei up to macroscopic energies, and their measured flux provides constraints about their overall power. Other constraints can be derived from the shape of the spectrum, from the level or absence of anisotropy, and from the comparison with other extragalactic backgrounds, notably neutrinos and gamma-ray photons. Any modelling of high-energy astrophysical sources, such as GRBs or AGNs, which are considered as important targets for multi-messenger astronomy, must be compatible with the general results on UHECRs, and in particular not violate the flux limits. UHECR studies should thus be considered as a complementary way to gather information about high energy processes in the universe. Finally, another series of constraints can be derived from composition measurements, which will be briefly reviewed in Sect.1.6. The abundance of various nuclei among UHECRs, and its evolution as a function of energy, provides extremely useful information about the sources and their phenomenology, even without any identification of an actual source position in the sky. This is a specific feature of UHECR science, compared to photon astronomy, which only deals with one type of particles: photons. In principle, UHECR spectra could be measured for each type of nuclei. Unfortunately, as indicated below, the determination of the nature of individual UHECRs is a challenge that seems beyond reach of even the next generation detectors. Only statistical analyses based on the detailed study of UHECR-induced extensive air showers can be exploited. It should however be noted that the expected upgrade of the Pierre Auger Observatory, called "Auger Prime" (ref. [The Pierre Auger Collaboration et al., 2016]), should be able to make significant progress in the direction of discriminating between heavy nuclei and light nuclei.

Finally, the fact that UHECRs are the most energetic particles known in the universe also makes them very interesting for particle physics and fundamental physics in general. Many studies have been devoted to possible signatures of a violation of the standard laws of Relativity (notably Lorentz symmetry) in the propagation of UHECRs, whose Lorentz factors reach 10 10 or 10 11 , millions of times larger than ever tested in physical experiments. However, deriving clear information about possible quantum space-time effects in this way still seem extremely challenging, until we know more about the UHECRs, and notably their sources, spectrum and composition.

Nevertheless, the interaction of ultra-high-energy particles in the Earth's atmosphere do imply center-of-mass energies larger than those accessible in man-made accelerators. Therefore, the study of cosmic-ray air showers can give access to new constraints on hadronic physics, and even potentially to physical processes beyond the standard model. The data of the Pierre Auger Observatory are very interesting in this respect, as they seem to indicate an excess of muons in the showers, compared to what is expected based on the current high-energy hadronic models (see [START_REF] Aab | Testing Hadronic Interactions at Ultrahigh Energies with Air Showers Measured by the Pierre Auger Observatory[END_REF]).

In conclusion, UHECRs appear to be very interesting particles to study indeed, both for high-energy astrophysics and particle physics. They are at the heart of the field of "astroparticle physics", which aims at increasing our knowledge of fundamental physics by studying the processes at work in specific (extreme) environments in the universe, and uses techniques traditionally applied to particle physics to detect high-energy radiation and other types of messengers from the cosmos. The fact that so little is known to date about UHECRs and their source is certainly not due to a lack of interest of a very large community worldwide, but mostly to the scarcity of these particles, and the extreme observational challenge that they pose.

A brief overview of the way this challenge has been and may be further tackled is given in the next section.

Detection of ultra-high-energy cosmic rays 1.5.1 Detection techniques

As briefly mentioned above, the flux of cosmic rays is a steeply decreasing function of their energy. Above the PeV range, the probability to detect a cosmic ray passing directly through a detector of square-meter size becomes very low, even after months of observations. The only way to study these particles and measure their flux and energy spectrum is to use an indirect detection method, where the primary detector is actually the Earth's atmosphere itself. In this approach, the idea is to measure, as well as possible, the characteristics of the extensive air showers induced by the interaction of the incoming cosmic ray with the atmosphere (see above).

The secondary particles produced in the cascade of interactions are more and more numerous as the shower develops deeper and deeper in the atmosphere, up to a point where, schematically, the initial energy has been distributed into so many particles that their individual energies become too small for the production of additional particles. At this point, the energy losses and/or decays suffered by the shower particles dominate over the high-energy interaction producing new particles, and the number of particles in the shower starts to decrease. This point is referred to as the shower maximum. The depth in the atmosphere at which the maximum is reached is traditionally called X max , or "X-max", where the shower depth X, also called grammage, is measured in g/cm 2 . It is simply the integral of the density (in g/cm 3 ) over the distance along the axis of the shower (in cm). The value of X max is a very important parameter, as it gives some indication on the mass of the incoming nucleon (see below). Then, after the shower maximum, the number of energetic particles in the shower decreases, due to both decay and energy losses.

The overall longitudinal development of the shower can be described approximately with a simple functional, usually assumed to be a so-called Gaisser-Hillas function, giving the number of particles as a function of shower depth, X:

N (X) = N max X -X 0 X max -X 0 (Xmax-X 0 )/λ exp X -X 0 λ , (1.1)
where X 0 , λ and X max depend on the particle's energy and mass.

In addition to this longitudinal profile, the showers develop in the transverse direction, with particles extending and diffusing further and further away from the shower axis. The density of particles as a function of distance to the shower axis is referred to as the lateral distribution function (or LDF). It is well approximated by a power-law in r -α , where α is typically around 3, with a dependence in X max and the zenith angle. The normalization of this LDF is directly related to the energy of the incoming cosmic ray, and thus allows to estimate it.

The principle of the detection of high-energy cosmic rays comes down to the reconstruction of the shower parameters, through the measurement of the lateral and/or longitudinal profiles. Since the showers involve a very large number of secondary particles (several billions, up to hundreds of billions for the most energetic cosmic rays), the details of their development are not crucial, and a few average quantities provide most of the information that can be extracted.

There are two basic ways to access the relevant shower parameters, associated with either the lateral profile or the longitudinal profile. In the first case, the main goal is to reconstruct the distribution of particles around the axis. Fortunately, since this distribution is relatively smooth (due to the averaging over large numbers of particles), there is no need to detect all the particles in the shower. It is possible to reconstruct the lateral distribution function by sampling them with a small number of particle detectors distributed over a large area on the ground. This is the so-called surface detector technique, or SD, which uses of array of independent detectors recording the crossing of shower particles. The distance between the detectors necessary to characterize the LDF sufficiently well depends on the energy range that is the target of the observatory. Higher energy showers will spread over a larger area and may be reconstructed with an array with larger distances between individual detectors. Essentially, the array of detectors cuts a slice in the shower, and samples the particle density at specific points of this slice. By comparing the measured density profile with the simulated lateral distribution function, one can then reconstruct the energy of the primary cosmic ray (and the position of the shower foot). As for the arrival direction, it is obtained by triangulation from the time sequence recorded by the individual detectors. Obviously, the most upstream detector (along the shower path) will be triggered first, and the most downstream will be triggered last.

The second way to characterize the shower is related to the measurement of its longitudinal profile. This is an even more indirect method, but it turns out to be quite efficient. It uses the fact that the particles of the shower, when they propagate through the atmosphere, excite the molecules of air, which then de-excited by emitting a fluorescence radiation. This radiation is emitted isotropically (in the rest frame of the molecule) and can thus be detected from a distance whatever the direction of the shower with respect to the observer. This is referred to as the fluorescence detector technique, or FD.

For this technique, one uses telescopes imaging the atmosphere in UV, because this is the frequency range where one finds most fluorescence lines (mostly from N 2 molecules, between 290 and 430 nm), with moderate background light, at least during dark moonless nights. The development of the shower can then be followed in space and time, and direction of the incoming cosmic is deduced from the geometric determination of the axis of the shower. Most importantly, the FD technique allows a calorimetric measurement of the energy of the cosmic ray, because the UV intensity of the shower is essentially proportional to this energy. An important ingredient of this measurement is the determination of the so-called fluorescence yield, which characterizes the proportionality factor between the amount of fluorescence light emitted and the amount of energy lost by the shower electrons (and positrons) in the atmosphere. The fluorescence intensity (once corrected for absorption and diffusion in the atmosphere) is thus proportional to the number of electrons in the shower. Its longitudinal profile is thus similar to the Gaisser-Hillas function given above (Eq. (1.1)). Therefore, by measuring the fluorescence light from a shower, once can reconstruct the arrival direction of the cosmic ray, its energy, and also the depth of the shower maximum, X max , which is currently the best way to constrain its mass (at least on average).

In summary, high-energy cosmic rays have a too low flux to be able to be detected directly. Their detection is thus indirect: one does not detect the cosmic rays, but the showers that they produce in the atmosphere. The surface detector technique allows a direct measurement of the particles in the shower. As for the fluorescence detector technique, it is itself an indirect detection technique of the showers, since it only detects the fluorescence light emitted by the molecules excited by the particle in the shower. Although this may seem to introduce an even larger uncertainty, it turns out that the FD measurement of the particle energy is actually more precise than the SD measurement. The reason is that, as indicated above, it is essentially a calorimetric measurement, which does not depend much on the current uncertainties regarding hadronic physics, which is important in the development of the showers. The fluorescence light is directly related to the electromagnetic part of the shower, which relies on well-known physical processes (involving electrons, positrons and gamma-rays). On the contrary, the surface detector technique is based on the measurement of the particles in the shower, which includes the hadronic part of the shower. Its development is more uncertain, because some aspects of hadronic physics remains uncertain, especially at very high energy, where the accelerator data must be extrapolated.

Another reason why the FD technique is so interesting, despite its higher level of indirectness, is that it gives direct access to X max , which is a very important quantity.

However, the FD technique suffers from a basic problem: it can only be used when the fluorescence light of the shower is more intense than the background light of the sky. This means that it cannot be used during the day, of course, but even moonlight makes the detection of cosmic ray showers impossible. As a consequence, its duty cycle is typically limited to 15% or so. By contrast, the SD technique does not suffer from any background, and has a duty cycle of essentially 100%.

For this reason, it has been decided to develop so-called hybrid detectors, which can operate in both modes, SD and FD, separately, but which can also operate together, when the FD technique is possible. By comparing the measurement of the same showers detected by FD and SD (referred to hybrid events), it is then possible to calibrate the energy reconstruction of the SD on the less uncertain energy reconstruction of the FD, and then use the full power of the SD technique in terms of duty cycle, with the full power of the FD regarding energy. In principle, it is also possible to correlate some observables of the SD technique on the X max measurement of the FD, using the hybrid events, and then provide some estimates of X max with purely SD events, i.e. with the full duty cycle. This is the strategy used at the Pierre Auger Observatory and at the Telescope Array, which are briefly mentioned below.

Another option to use the FD technique, despite its limited duty cycle, it to increase by a very large amount the aperture of the fluorescence telescope(s). This is the strategy followed by the JEM-EUSO collaboration, which will be further commented below.

Finally, we note that another detection technique has been developed in the last decade or so: the radio detection technique, or RD. It relies on the measurement of the radio emission associated with the charged particles in the shower. Considerable progress has been made in this respect in the recent years. However, it is not yet applied on a large scale for UHECR detection, and I will not discuss it here.

In the following section, I briefly mention the main observatories devoted to the measurement of UHECRs, referring the reader to the review by [START_REF] Kampert | Extensive air showers and ultra high-energy cosmic rays: a historical review[END_REF] and references therein for more detail in [START_REF] Kampert | Extensive air showers and ultra high-energy cosmic rays: a historical review[END_REF].

UHECR observatories

The first experiments focusing on the detection of extensive air showers have been using the SD technique, involving an array of detectors distributed over large areas. The first arrays used mainly scintillators, and covered surfaces of typically 1 km 2 , giving access to cosmic rays between 10 14 to 10 17 eV. Many of them have been built around the world. In the 1980s, the need for a more systematic study, with larger statistics, led to the development of a new generation of ground detectors, notably with EAS-TOP (in Italy), KASCADE and later KASCADE-Grande (in Germany).

To reach higher energies, larger experiments are needed, covering larger areas (because the corresponding fluxes are lower), but with arrays that did not need to be as dense (because the showers are wider).

The Volcano Ranch experiment, in New Mexico (USA), was the first of the giant shower arrays used to measure ultra-high energy cosmic rays. It was operated by members of the MIT group under the leadership of John Linsley and Livio Scarsi. The array consisted of 19 plastic scintillators, each viewed with a 5-inch PMT. In 1963, the Volcano Ranch collaboration presented the first detection of a cosmic ray air shower with a measured energy of 10 20 eV. This was reported before the discovery of the CMB radiation. This event remains one of the most energetic cosmic rays ever detected.

In the UK, the Haverah Park experiment (1964-1987), covering 12 km 2 , has been the first to use water-filled tanks as the elementary detectors in the array, instead of scintillators. This technique, measuring the Cherenkov signal produced by the particles of the shower crossing the water tanks has then been used to a much larger scale in the Pierre Auger Observatory (Auger, see below). There were ∼ 200 Cherenkov water tanks of 2.25 m 2 × 1.2 m, each viewed by a 5-inch diameter PMT.

The SUGAR was developed in Australia in the 1970s, with a totally novel concept for the detection of extensive air showers with an ground detector array. Before this experiment, the detectors within an array were linked with cables to a common point where coincident triggers between them could be determined and the signals recorded. In SUGAR, each station was being operated autonomously with solar power, and radio signals were used to communicate the information that one individual detector in the array had recorded a sufficiently large number of particles to issue a trigger, to be examined by neighboring detectors. This concept was then used also in Auger. SUGAR consisted of 47 stations, each of which was made of a pair of large liquid scintillator tanks buried 2 meters below ground, in pairs 50 m apart. Each scintillator tank had an effective area of 6 m 2 and was viewed by a 7-inch diameter PMT. The total array covered 70 km 2 . The SUGAR array measured the shower directions and was the first in the Southern Hemisphere to measure cosmic rays at energies above 10 18 eV.

The fluorescence detector technique was developed later, and started to be important for the study of UHECRs with the pioneering Fly's Eye experiment, which started taking data in 1982. It consisted of 67 front aluminized spherical section mirrors, each with a diameter of 1.5 m. Each mirror had 12 to 14 PMTs located at the focus and each PMT viewed a solid angle of 5 • in diameter on the sky. A second array of fluorescence detectors, Fly's Eye II, was then installed in 1986, to provide a stereo measurement of the showers, and improve the reconstruction accuracy. Fly's Eye has been very successful in demonstrating the feasibility of the FD technique, and as it turns out, it detected in 1991 the UHECR event with the highest energy ever claimed, E = 3.2 ± 0.9 10 20 eV, which amounts to 50 joules! (This event, unfortunately, was in the field of view of Fly's Eye I only, and was thus not seen in stereo).

The total aperture of Fly's Eye was however still to was too small to allow a, actual measurement of the cosmic-ray spectrum in the GZK energy range. A significant progress in the use of the FD technique for such measurements was then made by the successor experiment, HiRes, for High-Resolution Fly's Eye. It used larger mirrors (4 m 2 effective area), smaller PMT pixels (1 • ) and more sophisticated electronics as compared with the original Fly's Eye. The FOV was from 3 • to 73 • in elevation on the sky. It was able to increase the aperture by a factor of 10 compared to Fly's Eye. It also allowed stereo measurements and had an advanced electronics, better time and space resolution. The two sites, now separated by a distance of 12.6 km, were completed in 1997 (HiRes I), and in 1999 (HiRes II).

In the mean time, a new experiment pushed the SD technique an important step further, with the AGASA, covering 100 km 2 at Akeno in Japan. It consisted of 111 plastic scintillators each 2.2 m 2 in diameter with a spacing of 1 km. Muon detectors with different areas were between 2.4 and 10 m 2 were also installed at 27 of the 111 stations. The results of AGASA have triggered intense discussions about UHECRs, notably because of the apparently very high flux of cosmic-rays above 10 20 eV reported by the collaboration. This flux appeared to be in excess of the theoretical expectations of a sharp decrease above 6 10 19 eV or so. This was referred to as a GZK-cutoff violation. However, the experimental status was not totally clear, because at the same time the HiRes data indicated evidence for a cut-off in the expected energy range.

These puzzling results and the resulting interrogations about the phenomenology of UHECRs triggered a lot of theoretical works around the turn of the century, including about fundamental physics, to understand how such a straightforward phenomenon (in principle) as the GZK-cutoff could be circumvented. It also gave even more importance to the leading project for UHECR detection, which was developing at that time: the Pierre Auger Observatory (or Auger).

Auger is a very ambitious project. In 1992, at an international workshop in Paris, Jim. W. Cronin and Alan A. Watson suggested to build a giant air shower array with an effective area much greater than previous experiments, of several thousands of km 2 . Initially named the Giant Air shower Project (GAP), it was later renamed Pierre Auger Observatory to honor of Pierre Auger's work to discover extensive air showers.

In addition to its large aperture, the Pierre Auger Observatory innovated in using both the SD and the FD detection techniques, making it a so-called hybrid detector. It consists of an array of 1600 water-Cherenkov tanks on a triangular 1.5 km grid and four clusters of fluorescence telescopes. It is located in Argentina, in the province of Mendoza. Both types of detectors cover a 3,000 km 2 area [Collaboration]. As mentioned above, a hybrid detector not only increases the precision of the shower reconstruction for those events which are detected by both detectors in parallel, but also allows to cross calibrate the two types of detectors, so that the precision of the FD technique can be used for the SD-only events as well, extending the duty cycle to nearly 100%.

To date, Auger is the largest UHECR experiment (and also the largest observatory in the world). Some of its main results will be summarized in the next section.

However, because of its location in the Southern hemisphere, Auger has no access to the Northern sky far above the celestial equatorial plane. While a similar observatory was initially planned to be constructed in the Northern hemisphere (in Colorado), it finally could not be funded. Fortunately, after the end of the operation of HiRes, the Northern sky did not remain totally unobserved, thanks to the Japanese-American collaboration called Telescope Array, built on the previous experience of HiRes and AGASA.

The Telescope Array is also a hybrid detector, with 507 surface detectors in a square array with a side of 1.2 km and 3 fluorescence detector stations, both covering a total area of about 730 km 2 [Collaborator]. The main results of TA are mentioned below. It is important to note that there seems to be some tension between the findings of TA and those of Auger, notably concerning the flux and spectrum at the highest energies. The status of this tension is not yet clear, for two main reasons: first, the two experiments use different detectors, in somewhat different conditions, and the systematic uncertainties associated with the UHECR measurements are thus different ; second, most of the respective data sets of Auger and TA come from different region of the sky (Northern sky for Auger, Southern sky for TA), so the two experiments may not be measuring the same signal, even though there is no clear indication of an anisotropy in each hemisphere, which would suggest such a large difference.

Obviously, this situation must be clarified. This is one of the goals of the JEM-EUSO collaboration. By putting an instrument in space observing the UHECR showers through their fluorescence light, it will be possible to measure the UHECR flux and properties over the entire sky with one single instrument, suffering from the same systematic uncertainties in both hemispheres. The concept of JEM-EUSO and its pathfinders is described in the next chapter.

In the mean time, both Auger and Telescope Array are working to enhance their detectors. Auger will build the so-called Auger Prime, adding separate muon detectors to the Cherenkov water tanks, with the main goal of disentangling the muon component and the electromagnetic component of the showers. This should help better characterising the nature of the incoming cosmic-ray on a shower by shower basis, and in particular allow to select the light nuclei (protons) to draw a sky map with particles which are less deflected by the Galactic (and extragalactic) magnetic fields than the heavier ones. This should help detecting significant anisotropies at ultra-high energy, and thus provide important information about the sources.

In the same time, in the Northern hemisphere, TA has been approved and funded to build an extension of the existing observatory, which will increase its total aperture by a factor of 4, bringing it to a value similar to Auger. This is the TA×4 project, currently under development.

Before closing this brief overview of the past and current UHECR experiments, I only mention the on-going experimental work devoted to the development of a new technique to measure the giant air showers produced by cosmic rays, namely the radio technique. It has been know for a long time that UHECR showers should be accompanied by a radio signal, associated with the charges present in the shower. The exact origin and shape of the signal has long been debated, but recent progress in this field has allowed to clarify the situation, and several prototype arrays of antennas (notably in Germany and France, and at the Auger site) have been able to measure and characterize the radio emission of the atmospheric showers, in good agreement with numerical simulations and theoretical understanding. This produced encouraging results. However, there is no current project to build a radio detector array for UHECRs of the same size as Auger and TA×4, not to mention JEM-EUSO, and I will not discuss this further here (see ref. for a recent review: [START_REF] Huege | Radio detection of extensive air showers[END_REF][START_REF] Revenu | The radio signal from extensive air showers[END_REF]). 

Summary of current observations

In this Section, I briefly summarize the main elements of the current knowledge regarding UHECRs, relevant to the science case of JEM-EUSO.

There are three complementary aspects of the phenomenology of UHECRs: i) energy spectrum and flux, ii) distribution of arrival directions, iii) nuclear composition.

Concerning the energy spectrum, the existence of a sharp decrease in the flux above 6 × 10 19 eV is now well established, with large statistical significance. The left panel of Fig. 1.1 shows the spectrum measured by the Auger collaboration, while the right panel shows a comparison between the Auger and TA spectra. Although the low energy part of the two spectra have slightly different normalization, the shapes are the same, and the two measurements can be easily reconciled by shifting the energy of one or the other by ∼8-12 %, which is well within the systematic uncertainty on the absolute energy scale. However, at higher energy, say above 4 × 10 19 eV, the TA spectrum appears to show a significant excess, compared to the Auger spectrum. Whether this excess is real, or whether it should be attributed to an energy-dependent error in the measurement is a very important question, which should be clarified by future measurements. Since Auger and TA measure the UHECR flux in two different regions of the sky, it is in principle possible that they do not see the same spectrum. However, the level of anisotropy reported in both hemispheres seems to be too low to fully explain such a large difference (see below). In this respect, the possibility to make a measurement of the UHECR spectrum in all regions of the sky with one single instrument is particularly important, as it would have the same (or at least similar) systematic uncertainties in all directions. This cannot be done from the ground, and this is why a space-based instrument like JEM-EUSO is so appealing in this context.

The second aspect of UHECR phenomenology is the anisotropy of the cosmic ray arrival directions. As mentioned above, it had been expected that at the highest energies, where the particle deflections by intervening magnetic fields should be reduced, the particle distribution over the sky would show significant anisotropies, reflecting the distribution of the UHECR sources in the nearby universe. However, the current measurements do not reveal high levels of anisotropy. At the highest energies, Auger finds a slight excess of UHECRs from a direction slightly above the position of Centaurus A (see on the left of Fig 1 .2). However, the significance of this excess remains low (at the level of 1% chance probability, assuming an underlying isotropic distribution), and did not increase with time, as larger data sets became available. In the other hemisphere, the • radius windows for particles with an energy larger than 54 EeV, as measured by Auger (in galactic coordinates). Also indicated are the Super-Galactic Plane (dashed line) and Centaurus A (white star). Right: map of the significances of excesses of UHECR events in 20 • radius, as measured by TA (in equatorial coordinates). These figures taken from [START_REF] Deligny | Cosmic-Ray Anisotropies: A Review[END_REF].

TA collaboration reported a hotspot centered around right ascension RA = 146.7 • and declination DEC = 43.2 • (see on the right of Fig 1 .2). Its Li-Ma significance of this spot is 5.1σ. Given the absence of significant anisotropy in the Auger sky, this observation by TA came as a surprise, given the much smaller statistics of TA compared to Auger. However, since the region of the so-called "TA hotspot" is not covered by the Auger detector, it remains possible that a very strong and localized excess is present in this particular direction of the sky.

Putting together the two above remarks, that i) there appears to be an excess of flux at the highest energies in the TA energy spectrum, and ii) there appears to be a strong hotspot in the TA sky, one may be tempted to explain both together. Indeed, a strong source only visible in the Northern sky could lead to both a significant anisotropy in this direction, and an excess of high-energy events coming directly from this source. However, a more detailed analysis of the anisotropy patterns (notably the angular size of the hotspot) and of the number of events required to account for the flux excess shows that such a possibility would require very specific conditions, and is not very likely a priori. This question has been addressed extensively in [START_REF] Globus | Can We Reconcile the TA Excess and Hotspot with Auger Observations[END_REF].

However that may be, this situation further shows the interest of a full-sky coverage experiment, such as JEM-EUSO, to disentangle possible systematic uncertainties and provide a more homogeneous view of the distribution of the UHECRs in both energy and angular spaces.

From the theoretical point of view, the absence of significant anisotropies measured by Auger at the highest energies raises important questions. A first possibility could be that the UHECR sources are in fact very numerous, and most of them provide only one event at most (for the current exposure). In this case, one should not expect significant lowscale anisotropies, caused by multiplets of events observed from the same source in nearby directions. However, even so, one may expect to see the anisotropy in the distribution of the sources themselves, on larger angular scales, which does not seem to be the case either. In addition, a large source density would be challenging for astrophysics, as very few sources are considered reliable candidates to accelerate particles up to 10 20 eV and above.

Another possibility could be that the UHECRs experience much larger deflections than initially anticipated, which in turn could be due to large magnetic fields, or large electric charges. The distribution of the magnetic field in the universe is not well known. However, the current ideas and knowledge suggest that the largest deflections should be due to the Galactic magnetic field. For protons, typical deflections on the order of a few degrees only are expected, which is not enough to explain an almost isotropic flux, [START_REF] Berat | The Pierre Auger Observatory status and latest results[END_REF]).

especially if multiplets (i.e. several events from the same source) are already present in the data, as expected for the main potential source scenarios with moderate source density. However if the highest energy cosmic rays have larger charges, larger deflections occur, which may indeed explain why no small-angular scale multiplets have been observed so far. For instance, an Fe nucleus should typically be deflected 26 times more than a proton. Heavier nuclei from distinct sources may thus overlap much more easily, leading to an overall angular distribution of the UHECRs compatible with the current absence of anisotropy.

It thus appears important to know the composition of the UHECRs, to be able to study their phenomenology globally, in energy space, angular space and mass space.

As mentioned above, the composition of UHECRs can be accessed indirectly through the measurement of the depth of the maximum shower development, X max . Although this does not provide individual identification of the incoming nucleus on a shower-byshower basis, the distribution of the values of X max can be used to derived averages and tendencies. The results are shown in Fig. 1.3 for the Auger data, which are currently the most precise one and provide the strongest constraints. On the left panel, the evolution with energy of the average of X max is shown, together with the expectations for a pure proton (red) or pure iron (blue) composition. For a given nucleus, the depth of the shower maximum is clearly seen to increase with energy, which simply translates the fact that a shower with larger energy can develop for a longer time, and thus deeper in the atmosphere, before the cascade becomes dominated by energy losses. On the other hand, for a given energy, the showers induced by heavier particles develop quicker (due to the larger number of nucleons), and thus reach lower values of X max on average. The difference between protons and Fe nuclei is of the order of 100 g/cm 2 .

The change of slope in the evolution of X max with energy around 10 18.5 eV is striking, and strongly suggests that the UHECR composition becomes heavier and heavier above this energy. For the last points (highest energies), X max remains roughly the same, despite the increase of energy. This can be easily understood if the mass also increases.

Such an interpretation is further supported by the study of the width of the X max distribution at a given energy. The right panel of Fig. 1.3 shows the RMS of this distribution as a function of energy, together with the expectations in the case of pure proton (red) and pure Fe nuclei (blue) compositions, for three different choices of the hadronic model adopted for the shower simulations. For all models, the expectation is clearly that the showers induced by heavy nuclei have a narrower distribution of X max than the showers induced by protons. This is simply due to the larger number of nucleons, which can be thought of as developing their own showers in parallel, each of which subject to their intrinsic fluctuations, with a resulting superposition which fluctuates much less. Typically, the expectations are RMS values of the X max fluctuations around 60 g/cm 2 for protons (with some weak dependence in energy, see Fig. 1.3) and 20 g/cm 2 for Fe nuclei. The Auger data clearly show a change in the evolution of σ(X max ) around 10 18.5 eV, similar to the change of slope observed in the left panel of the figure. This strongly suggests that the UHECR composition becomes heavier at the highest energies.

A simple explanation for such a behavior is proposed within the so-called low proton-E max scenarios, in which the UHECR sources can only accelerate protons up to a maximum energy E max (p) of a few 10 18 eV (see e.g. [START_REF] Decerprit | Implications of the cosmic ray spectrum for the mass composition at the highest energies[END_REF]), while heavier nuclei are accelerated to higher energies, for instance scaling as their charge, Z, as in the simplest approach where the acceleration process only depends on the particle's magnetic rigidity.

It should be noted that the TA Collaboration has also reported some results regarding the UHECR composition, in which they claim that the data may be compatible with a pure proton composition. However, their discrimination power is much weaker than that of Auger with their current statistics, and they acknowledged that their composition is also compatible with that of Auger. In an effort to disentangle the situation between the Auger and TA measurements, a joint working group was set up with members of both collaborations, addressing this specific issue. It concluded that there is no conflict between the different measurements. Therefore, given the strength of the current Auger data in this respect, it appears reasonable to assume that the UHECRs show indeed a transition for a light composition to a heavier and heavier composition above a few 10 18 eV.

However, because precise measurements of X max can only be provided by the fluorescence detectors, which have a duty cycle of the order of 10% in Auger, no data are currently available above 10 19.5 eV. This is all the more unfortunate that it is the energy range of the GZK feature, where the horizon distance is the smallest, thus where the number of sources is the most limited, and where the arrival directions of the UHECRs may be indicating the first interesting anisotropies. For this reason, it would be very important to develop an experiment allowing to collect very large statistics with fluorescence data, even with limited precision on individual showers, such as JEM-EUSO.

Future goals

As briefly recalled above, the most recent data obtained with the largest detectors (Auger in the Southern hemisphere, TA in the Northern one) have provided very important information regarding the phenomenology of UHECRs, notably confirming the existence of the GZK feature at the highest energies, revealing a composition change around 10 19 eV, and measuring an unexpectedly uniform angular distribution, although possibly hinting at the first anisotropies in the GZK energy range.

However, in addition to the fact that the UHECR sources are still unknown, and the associated acceleration mechanisms remain to be understood, these data also raised new questions, which must now be addressed by a new (or improved) generation of detectors. An upgrade of both leading ground detectors is underway. Auger is going to develop "Auger Prime", to better characterize the mass of UHECRs individually, and thus possibly increase the power of detecting anisotropies by analyzing light nuclei separately. On the other hand, TA is going to build TA×4, to reach a large instantaneous aperture (comparable to that of Auger) in the Northern hemisphere. This will increase the precision of the energy spectrum measurement, and allow to either confirm or reject the existence of a hotspot in the Northern sky.

Three main objectives will however not be treated by these developments on the ground. As discussed above, the fact that Auger and TA measure two different parts of the sky with different instruments and thus different systematic uncertainties remains a persistent problem, which does not allow to fully exploit the currently available data. As was mentioned, the energy spectra measured by Auger and TA show very significant differences above ∼ 4 10 19 eV. If real, these differences will be extremely precious to analyze, and will provide important information regarding the UHECR sources, their distribution, spatial density, individual power, maximum energy and composition.

It is also clear that the energy spectra and the anisotropies are not independent from one another: a different spectrum in two separate regions of the sky implies different fluxes in some energy range, and vice versa. But again, the possibility to firmly assess such differences crucially depends on the ability to control systematic uncertainties, or at least "relative systematic uncertainties" (of one instrument relative to the other). This is precisely what a space-based instrument would make possible, by giving access to the entire sky with a single instrument and observation technique.

The second objective that should be pursued is the very basic need for much larger statistics. As a matter of fact, the current data sets are not large enough to show significant anisotropies that would be needed to discover the UHECR sources. The size of the detectors that can be practicably developed on the ground appears limited (unless new techniques become available): Auger is already covering 3000 km 2 , with 1600 individual detectors, and increasing this significantly would be extremely challenging for both deployment and maintenance, not mentioning the difficulty to find an appropriate site. On the other hand, a space-based instrument can in principle reach much larger apertures, at least one order-of-magnitude larger, with one single (albeit more complex) instrument to be developed. This need for larger statistics is indeed a strong driving force for the JEM-EUSO Collaboration.

Finally, the Auger results on composition have revealed the importance of this observable to understand the phenomenology of UHECRs, and the direct impact it can have on astrophysical source scenarios. However, as mentioned in the previous section, the statistics available for such measured is currently limited by the low duty cycle of the fluorescence detectors. By developing a space-based instrument with very large aperture, as hoped in the case of JEM-EUSO, it should be possible to add a few data points on the left panel of Fig. 1.3, at the highest energies. Indeed, even though the X max resolution from space should be weaker than on the ground, an instrument with ∼ 10 times larger aperture than Auger will actually have ∼ 100 times larger aperture in FD (assuming a ∼ 10% duty cycle for the Auger FD), and thus collect annually ×100 times more showers from which to derive an average maximum shower depth. Thus, even if the precision on X max is reduced, with respect to Auger, the uncertainty on its average will be considerably reduced (essentially by the square root of the number of showers detected).

However, to be able to develop an operative and reliable space-based instrument, a number of intermediate steps need to be taken, both to characterize the performance and functionalities of the detector itself, and to understand the conditions in which it can operate. This is the rationale underlying the development of a series of pathfinders, which I discuss in the next chapter.

Chapter 2

JEM-EUSO experiments

Cosmic rays were discovered about a hundred years ago, as noted in chapter 1. While we have studied many attributes of cosmic rays, we still don't know very much about UHECRs. Studying the origin, acceleration mechanism, and so on, of these highest energy events is frustrated by their low event rates. Currently the biggest experiments for UHECR in the world are the ground based Auger and TA projects. However even with these projects the UHECR event statistics are still too low to understand their original sources and acceleration mechanisms. To measure UHECRs, we need a detector much larger than even the Auger and TA cosmic ray detectors. Therefore the JEM-EUSO is designed to use the atmosphere as a giant detector while looking at the earth from space. In preparation for JEM-EUSO, we have been developing a series of pathfinder experiments operating from the ground, high altitude balloons, and space, all sharing the same electronics, in particular the central data acquisition system.

This chapter gives an overview of JEM-EUSO itself and its pathfinder experiments including a description of each instrument.

JEM-EUSO mission

JEM-EUSO [Collaboration, 2010;Takahashi and the JEM-EUSO Collaboration, 2009;[START_REF] Ebisuzaki | The JEM-EUSO Project: Observing Extremely High Energy Cosmic Rays and Neutrinos from the International Space Station[END_REF]Kajino and JEM-EUSO Collaboration, 2010] is a space mission to observe UHECRs by looking down at Earth's atmosphere and observing the fluorescence caused by the incoming particles. JEM-EUSO is intended as an external payload on the ISS. By observing the arrival directions and energies of energetic extraterrestrial particles we aim to better understand the origin and propagation of events exceeding the GZK limit. This is a new type of observatory that will utilize an extremely large volume of the Earth's atmosphere as a detector and thus overcome the scarcity of such high energy events. JEM-EUSO provides an unprecedented ±30 • FOV, recording EAS with a time resolution of 2.5 µs1 or less. Given an extremely rare UHECR event rate of 1 particle per square kilometer per century the extremely large effective detector area of JEM-EUSO, ∼1.5 × 10 11 m 2 , will allow us to detect such an event roughly every 5 to 6 hours. Furthermore the JEM-EUSO annual exposure for the full sample of data is expected to be ∼9 times larger than that of the Auger experiment with the corresponding annual exposure of ∼7000 km 2 sr year at 10 20 eV energies [Adams et al., 2013a].

Four pathfinder experiments have been developed in the last few years, as shown in Fig. 2.1. These pathfinders are test versions of the structure, functionality, electronics, etc. that will later be used on JEM-EUSO and allow for end-to-end testing of an actual telescope system. The details these pathfinder experiments are described in the following section (section 2.3). 

JEM-EUSO instrumentation

The JEM-EUSO mission will detect UV photons emitted when a high energy cosmic ray enters the atmosphere. High energy cosmic rays generate extensive air showers which emit UV light. These UV photons are captured by the optics and, after passing through 3 lenses, are directed to the focal surface detector, as shown in Fig. This JEM-EUSO telescope is an extremely-fast, highly-pixelized, large-aperture detector with an unprecedentedly wide FOV (±30 • ) 2 , observing the 300-400 nm wavelength range with single photon counting capability.

Gate Time Unit (GTU)).

2 corresponds to an observational area on the ground larger than 1.9 × 10 5 km 2

The key technological issues of JEM-EUSO are mainly the implementation of the new lens material, an improved optical design, detectors with higher quantum efficiency compared with earlier designs3 , an improved algorithm4 for event triggering and implementation on an FPGA, running a high voltage system at very low pressures, integrating readout ASICs and low power electronics.

The JEM-EUSO telescope consists of three curved Fresnel lenses with a 2.5 m diameter. The optics focuses the incident UV light onto the front lens (lens 1) for a large field of view. The diffractive lens (lens 2) corrects for a chromatic aberration of light emitted from the light source. The rear lens (lens 3) is for focusing. Details of the optics are described in Kajino et al.;[START_REF] Takizawa | The TA-EUSO and EUSO-Balloon optics designs[END_REF]Catalano 2016. Figure 2.3 shows an overview diagram of the JEM-EUSO readout (blue), trigger (red) and control (green) architecture. Extensive air showers generate UV photons, which pass though the optics and UV filter and impact on the MAPMTs. This generates an analog signal which is discriminated and then digitized via a SPACIROC ASIC [START_REF] Ahmad | SPACIROC: A rad-hard front-end readout chip for the JEM-EUSO telescope[END_REF] and then passed on to the PDM control board for real time processing on an FPGA. Each PDM control board controls 36 ASICs, each ASIC handles a signal 8 by 8 pixel MAPMT.

Every GTU, the FPGA processes the data with the L1 trigger algorithm [START_REF] Bertaina | The First Level Trigger of JEM-EUSO: Concept and tests[END_REF]. When an L1 trigger occurs a data packet of 128 GTUs of activity is sent to the CCB [START_REF] Bayer | The Cluster Control Board of the JEM-EUSO mission[END_REF]] in the DP. The CPU manages a disk for on-board data storage and the housekeeping data collection [START_REF] Medina-Tanco | The Housekeeping subsystem of the JEM-EUSO instrument[END_REF]. In principle, when a PDM sends a trigger to the CCB, the CCB will then send a signal to the 8 adjacent PDMs causing them to also transfer the 128 GTUs of data kept in their memories to the CCB through a customized SPI protocol. Each PDM is independent, and there is no communication between the PDMs.

The PDM is located on the focal surface of the optics. The PDM is capable of detecting the extensive air showers by observing the fluorescence light produced during the extensive air shower development and the Cherenkov light emitted in the direction of the particles. It determines the position of the arriving photons as a function of time and follows the space-time development of the extensive air shower. The PDM has a singlephoton sensitivity in the 290-430 nm wavelength range allowing it to detect extensive air shower as faint as possible and a fast response (well below 0.1 µs) to follow the space-time development of the shower. The PDM covers the optical focal surface with a sensitive area as large as possible by reducing dead or inefficient areas. The PDM must be compatible with the requirements imposed by space, balloon and ground missions.

The main parameters for JEM-EUSO and its pathfinders are summarised in Table 2.1. Briefly, the JEM-EUSO pathfinders consist of a 2 optical lens system focusing the image of an EAS on the focal surface of the UV camera. This UV camera is made of an array of photodetectors and is called the PDM. The JEM-EUSO optics consists of a 3 optical lens system with 137 PDMs.

JEM-EUSO pathfinders

In the last few years, several JEM-EUSO pathfinders were designed and built to test elements of the JEM-EUSO concept and hardware. One is a project to demonstrate the capability of the instrument to detect air showers with the EUSO telescope (EUSO-TA) on the ground. EUSO-TA [START_REF] Haungs | Status of jem-euso and its test experiments euso-balloon and ta-euso[END_REF][START_REF] Casolino | Calibration and testing of a prototype of the jem-euso telescope on telescope array site[END_REF] has been installed at the TA [Abu-Zayyad et al. 2012] site in Utah, USA, since 2014. Another is meant to observe the fluorescence background from the edge of the atmosphere on board a stratospheric balloon (EUSO-Balloon) [START_REF] Haungs | Status of jem-euso and its test experiments euso-balloon and ta-euso[END_REF][START_REF] Ballmoos | A balloon-borne prototype for demonstrating the concept of JEM-EUSO[END_REF][START_REF] Von Ballmoos | The EUSO-BALLOON mission. International Cosmic Ray Conference 2015[END_REF][START_REF] Adams | Ground-based tests of JEM-EUSO components at the Telescope Array site, "EUSO-TA[END_REF]]. In August 2014, it had a successful flight over Timmins (Canada), with ∼8 hours of operation. For testing purposes UHECR events were simulated by using a UV laser to induce atmosphere fluorescence events which, for the balloon experiments, was accomplished by flying under the detector with a helicopter mounted UV laser system [START_REF] Eser | EUSO-Balloon: Observation and Measurement of Tracks from a Laser in a Helicopter[END_REF][START_REF] Adams | The Calibration of EUSO Balloon using airborne light sources mounted to a Helicopter[END_REF]]. Furthermore we are preparing the balloon hardware for the EUSO-SPB, a long duration balloon mission to be launched by NASA in April 2017 from Wanaka, New Zealand. EUSO-SPB should detect the fluorescence light of real cosmic-ray showers for the first time. The last pathfinder is a sub-scale demonstrator, appropriately named MINI-EUSO, to be flown internally, looking out of a UV transparent window, on the ISS's Russian Zvezda module by Summer 2017.

Each successive stage allows us to further refine our instrument design and electronics performance as well as obtain some ancillary scientific observations. As pathfinders to the main mission to come, the EUSO-Balloon and EUSO-TA instruments include all the key hardware sub-systems of JEM-EUSO. However, due to limited resources on the FPGA used inside these prototype PDM control boards, the autonomous trigger algorithm was not included. Instead we performed independent trigger algorithm testing several times. A detailed description of trigger algorithm testing is described in chapter 9.

I was in charge of designing, developing, integrating, and testing the PDM control board for the EUSO-TA and EUSO-Balloon missions as well as the autonomous trigger algorithm testing and I also performed analysis of the EUSO-Balloon flight and EUSO-TA October 2015 run data.

A detailed description of each pathfinder experiment is given in the subsections below.

EUSO-TA

EUSO-TA is a ground-based telescope in Utah, operated in partnership with the US/Japan Telescope Array collaboration and located in front of the fluorescence detector of the TA experiment as shown in Fig. 2.4. Like all the EUSO pathfinders, EUSO-TA is formed by one PDM and two Fresnel lenses. We started installing the instrument, at the TA site in Utah, USA, in 2014 [START_REF] Adams | Ground-based tests of JEM-EUSO components at the Telescope Array site, "EUSO-TA[END_REF][START_REF] Piotrowski | On-line and off-line data analysis for the EUSO-TA experiment[END_REF]. At night the detector measures 290-430 nm UV light in the atmosphere across a ±5.5 • FOV from the detector centerline axis and, to maximize the available atmosphere, is oriented to observe the sky just above the horizon. EUSO-TA observed artificial light (laser induced) and cosmic ray events simultaneously with the TA experiment. Its also allows for tests of the technology as well as calibration and reduction of the systematic uncertainties of the measurements. In October 2015, we used EUSO-TA to collect a raw data sample from which we can test our internal trigger algorithm and also characterize the UV background. The details of our trigger test results at the TA site are described in section 9.4.3 and the details of the UV background characteristics are described in chapter 8.

EUSO-Balloon

EUSO-Balloon is a balloon-borne experiment, which flew in its first flight configuration in August 2014. EUSO-Balloon also used one PDM and two Fresnel lenses to measure the UV background with a field of view of ±5.5 • . It flew at an altitude of ∼38 km during a moonless night. The EUSO-Balloon mission was funded by the French National space agency, CNES, with contributions from the international JEM-EUSO collaboration, especially the 3 French laboratories IRAP, APC, and LAL which hosted the PI, project manager and system manager respectively.

On the night of the 24-25th August 2014, EUSO-Balloon took data over a varying landscape and with variable cloud coverages using a variety of different data taking modes. The main goal of the EUSO-Balloon experiment was to validate the conceptual design and the technologies foreseen in the JEM-EUSO UHECR space-based observatory. In addition, the mission was set up to demonstrate the capability of the instrument to measure the UV background from near space under various conditions in order to better estimate the performance of JEM-EUSO (see von [START_REF] Ballmoos | A balloon-borne prototype for demonstrating the concept of JEM-EUSO[END_REF][START_REF] Adams | Ground-based tests of JEM-EUSO components at the Telescope Array site, "EUSO-TA[END_REF]. Given the short flying time and EUSO-Balloon's energy threshold for cosmic-ray shower detection of approximately 10 18 eV, no actual cosmic-ray detections were expected. To remedy the absence of such interesting physical events, a helicopter was flown under the balloon for a period of ∼2 hours, flashing intense light sources and shooting horizontal laser beams whose Rayleigh-scattered light was susceptible to detection by the EUSO-Balloon telescope (see Eser 2016 for details). The details of the EUSO-Balloon campaign and its results are described in chapters 6 and 7 respectively.

EUSO-SPB

EUSO-SPB is a stratospheric super-pressure balloon mission aimed at first observation of UHECRs. It is operated by NASA and is scheduled for a flight of several weeks duration beginning in April 2017 and launching from Wanaka New Zealand. This mission is devised with the intention of raising the TRL of the future space-based observatory JEM-EUSO mission. The key component of the instrument, a single-photon detection capability during a 2.5 µs period, will also allow for the possible observation of various phenomena in the stratosphere, such as meteoroids, transient luminous atmospheric events and so on.

The main instrument is an updated version of the EUSO-TA and EUSO-Balloon instruments. The optical system of EUSO-SPB is composed of two Fresnel lenses with a side length of 1 meter covering a field of view of ±5.5 • with a focal surface covered by photomultipliers and electronics. It includes the autonomous L1 trigger algorithm on all 9 ECs to catch high energy cosmic ray events on the PDM control board. The left of Fig. 2.5 shows the EUSO-SPB telescope with solar-cell panels during the final "hang test" at CSBF in Palestine, Texas. Finally, EUSO-SPB will be able to demonstrate the performance of the complete detection chain in-flight, and should detect the fluorescence light of real cosmic-ray showers for the first time from above, paving the way for the future JEM-EUSO mission [START_REF] Wiencke | EUSO-Balloon mission to record extensive air showers from near space[END_REF].

MINI-EUSO

MINI-EUSO is a small telescope project for remote monitoring of the Earth, to be flown internally on the ISS's Russian Zvezda module by Summer 2017. This project aims to perform observations of the UV light emission from night side of the Earth in the UV band (290-430 nm). Mini-EUSO has been approved by the Russian Space Agency Roscosmos with a Russian "Stage program of scientific and applied research and experiments" classification. It has also been funded by the Italian space agency, ASI, with contributions from the international JEM-EUSO collaboration. The MINI-EUSO instrument will be equipped with two 25 cm diameter Fresnel lenses for increasing light collection and will observe though a UV transparent window in the Zvezda module. An evolved version of the trigger algorithm will allow MINI-EUSO to trigger on UHECRs in space. The right of Fig. 2.5 shows the engineering model of the MINI-EUSO telescope including the two 25 cm diameter lenses, mechanical structure, and key electronics.

JEM-EUSO pathfinder instrumentation

The pathfinder instruments are mainly composed of two Fresnel lenses, a single PDM, and a DAQ system (DP) fixed to a complex mechanical structure. Besides the main instrument for EUSO-Balloon, a stand-alone and waterproof IR detector build by the Spanish team was on board to analyze the atmospheric properties along the EUSO-Balloon flight path. Figure 2.6 shows the EUSO-Balloon telescope overview including the IR camera, instrument, and optics parts. A detailed description of the design and results of the IR camera is given in Rodriguez [START_REF] Frias | The Spanish Infrared Camera onboard the EUSO-Balloon (CNES) flight on August 24, 2014[END_REF] In this section, I describe mostly the optics and electronics for the EUSO-TA and EUSO-Balloon experiments.

Optics

The EUSO-TA and EUSO-Balloon optics consist of only two 1 m square flat front (lens 1) and rear (lens 3) Fresnel lenses. The EUSO optics are designed to provide a large-aperture, super wide FOV, with high UV light transmittance and low mass. The material of the lens is PMMA which has high UV transparency from 330 nm to 400 nm. A diffractive optics technology gives chromatic aberration reduction. Due to a manufacturing error the EUSO-Balloon instrument was unable to be used with the diffractive lens installed. EUSO-SPB also doesn't use the diffractive lens because the lens ended up having a lower than desired transparency5 .

The EUSO-Balloon and EUSO-TA optics have been designed to resemble the JEM-EUSO optics and are sized to produce background rates per pixel comparable to the one anticipated for JEM-EUSO (i.e. roughly ∼1 to ∼1.5 photoelectrons per pixel in a 2.5 µs GTU). A ray schematic diagram of the optical bench is shown in Fig. 2.7: front and rear lenses have focal lengths of 258.56 cm and 60.02 cm respectively6 . The position of the front lens can be adjusted along the optical (Z) axis within the optical bench, the focal distance of the PDM is adjusted by a translation stage in the instrument part. Together with the 16.7 × 16.7 cm 2 focal plane detector PDM (see Fig. 2.6 on the left bottom) the optics provides a FOV of ±5.5 • . A detailed description of the design and manufacturing of the balloon optics is described in Takizawa; Catalano 2016.

Electronics

The instrument electronics are divided into two main parts. One is the DP which controls and monitors all sub-devices and manages the data storage. The other is the PDM which converts the incoming light into an electrical signal using MAPMTs and discriminates the output to perform photon-counting by SPACIROC ASICs. The PDMs are independent UV camera building blocks of single photosensitive detectors associated with their analog and digital electronics. A single PDM is sized by the mechanical structure at 167 × 167 × 160 mm and has a mass of about 3.6 kg (see the bottom left of Fig. 2.6).

Figure 2.8 shows the complex electrical architecture of EUSO-Balloon. Most subsystems use LVDS due to its low noise characteristics and fast data transfer. Each sub-system uses a single point GND. Each single point GND is connected on the mechanical structure.

Data Processor (DP)

The DP system includes most of the digital electronics of the instrument [START_REF] Scotti | The data processor of the euso-balloon experiment[END_REF]. The functions of the DP systems are:

• control of the front-end electronics,

• second-level trigger algorithm operation,7 

• tag events with arrival time and payload position,

• management of the data storage,

• measurement of live and dead times of the instrument,

• production of the signals used for time synchronization of the event,

• housekeeping & monitoring,

• control of the HV power supply,

• interfaces to the Tele-Commands and Telemetry system

The main items of the DP are listed below (see Fig. 2.6 on the right bottom): • GPSR

• CLKB

• CCB [START_REF] Bayer | The Cluster Control Board of the JEM-EUSO mission[END_REF] • CPU

• DST

• DP-LVPS and PDM-LVPS

• HK system [START_REF] Medina-Tanco | The Housekeeping subsystem of the JEM-EUSO instrument[END_REF] The GPSR provides telescope geolocation information and UTC information. The CCB is implemented around a Xilinx Virtex-4 FX-60 FPGA. It collects the data from the PDM control board and performs a second-level trigger. The CLKB hosts the interface with the GPSR which is used to tag the events. It also provides clock signals to all sub-systems for time synchronization of the event. As mentioned earlier, since the EUSO-Balloon and EUSO-TA did not implement an internal trigger algorithm, the CLKB and CPU generated a "fake trigger signal", enabling the acquisition of events. Most of the functions of the CLKB are implemented in a Xilinx Virtex-5 XC5VLX50T FPGA. The CPU, based on Atom N270 1.6 GHz processor, collects data from the CCB and CLKB through two (200 Mbits/sec) SpaceWire interfaces. It also manages the data storage and handles the interface with the telecommand and telemetry data to control remote systems from the ground. The data storage is composed of two SSDs. Each SSD has a storage capacity of 512 GB in a fault-tolerant mode RAID 1 disks. The HK system collects data for monitoring voltages and currents of the sub-systems. The HK is implemented around an off-the-shelf micro-controller board (Arduino Mega 2560). The power is provided from the DP-LVPS to DP sub-systems and from the PDM-LVPS to PDM sub-systems. A detailed description of the DP is given in [START_REF] Scotti | The data processor of the euso-balloon experiment[END_REF][START_REF] Adams | Ground-based tests of JEM-EUSO components at the Telescope Array site, "EUSO-TA[END_REF].

Photo-detection Module (PDM)

The two PDMs, used in EUSO-Balloon and EUSO-TA respectively are identical to the 137 PDMs designed to be present on the JEM-EUSO focal surface. The PDM consists of UV filters with a wavelength range of approximately 290 to 430 nm, MAPMTs, and set of electronic boards used for high speed signal processing, including a dedicated readout ASIC board (EC-ASIC), the PDM control board which uses FPGA based real time processing, and the high voltage power supply board. UV light generated by a high-energy particle air shower passes through the UV filter and impacts the MAPMTs. Generally, the UV photons cause electrons to be dislodged from metal by the photoelectric effect, these electrons are multiplied in the MAPMTs by repeatedly using a voltage differential to accelerate the electrons in a vacuum and then impact the electrons on the metal causing yet more electrons to become dislodged. This results in a detectable signal which is initially amplified, discriminated, and then digitized in an ASIC.The PDM control board then processes the digital signals and (once the L1 trigger is implemented as it will be in the EUSO-SPB instrument) executes the trigger L1 algorithm. The main items of the PDM are listed below (Fig. 2.6 on the left bottom):

• UV filter [START_REF] Schott | Data sheet bg3 filter[END_REF] • MAPMTs [START_REF] Hamamatsu | Position sensitive photomultiplier tubes r8900-00-c12, r8900u-00-c12[END_REF] • EC-ASIC boards [START_REF] Ahmad | The readout electronic of EUSO-Balloon experiment[END_REF] • PDM control board [START_REF] Jung | Design and implementation of the photo-detector module electronics for the euso-balloon, prototype of the jem-euso telescope[END_REF] • HVPS board [START_REF] Blaksley | Photodetection Aspects of JEM-EUSO and Studies of the Ultra-High Energy Cosmic Ray Sky[END_REF] The details of PDM will be described in the following chapter.

Chapter 3

Photo-Detection Module (PDM)

The PDM hardware was historically derived from the UBAT telescope which is the X-ray telescope of the UFFO pathfinder for the detection and location of GRBs. The UBAT used Yttrium Oxyorthosilicate (YSO) scintillating crystals with a standard coded mask instead of a UV filter. The remainder of the electronics are very similar. A detailed description of the UFFO pathfinder project is given in [START_REF] Park | and for the UFFO[END_REF].

As mentioned in the previous chapter, extensive air showers generate UV photons, then this UV light is collected by the telescope, passed through the optics, and is focused onto the PDM. Each PDM consists of 36 MAPMTs (8 × 8 pixels) covered with UV filters, associated front-end electronics (EC-ASIC boards) with 36 SPACIROC1 ASICs, a HVPS board, and a PDM control board containing a FPGA chip which performs the L1 trigger logic (see Fig. 3.1). The main characteristics of this UV camera are its spatial resolution of a few hundred meters on the ground, its time resolution of 2.5 µs, a MAPMT quantum efficiency of up to ∼35% (making it possible to detect single photons), and its dynamic range 1 or 2 orders of magnitude. Its full range can be switched to extend over 6 orders of magnitude. While the focal plane of JEM-EUSO will consist of 137 PDMs, the camera of EUSO-balloon and EUSO-TA have each a single PDM. This compact array of 36 (6×6) MAPMTs covers a detection surface of ∼17×17 cm2 [START_REF] Adams | Ground-based tests of JEM-EUSO components at the Telescope Array site, "EUSO-TA[END_REF]. For the various tasks of photo-detection, analog processing, and digital processing, the PDM consists of several main components detailed in this chapter.

General description of the PDM

PDM Objectives

The PDM, which is part of the focal surface, captures the photons coming from an extensive air shower, converts them in its photocathode into photoelectrons and induces charged pulses on their anodes. These charges are readout by the ASIC whose role is to discriminate the analog signal, count the number of photo-electrons, and provide a digital output. This readout transforms the charges into digital numbers which can be processed in the next stages by the PDM control board. The ASIC input range has to deal with a wide range of photon sources, each source having large differences in their dynamic amplitude and time structure. The main physical sources of interest are the UV Fluorescence and Cherenkov Photons from the extensive air showers induced by cosmic rays entering the Earth atmosphere. This air shower UV Fluorescence signal persists for several microseconds while the Cherenkov signal has a photon pulse duration of only a few hundred nanoseconds. Other sources are related to other scientific domains such as the earth, spatial, or astronomic domains, for example strange Transient Luminous phenomena (sprites, elves and blue jets) occurring in the upper atmosphere (from the stratosphere to the thermosphere). Usually those signals have a duration ranging from a few milliseconds to seconds (refer to Table 9.1). In addition, the detector can measure background photons which may come from the permanent sky background of the airglow (photo-dissociation of molecular oxygen into oxygen nuclei in the 100 km altitude layer), the transient background which may come from a parasitic source (anthropologic light sources, stars and zodiacal light, moon, etc.). Moreover, human made sources of light include city lights, artificial light sources and so on. The ASIC must be sensitive to single photons as well as to bunches of indistinguishable photons, given the above mentioned signal and background sources. In other words, if the goal is to study different light sources, one being faint photons from cosmic ray air showers and another being plentiful photons, the ASIC must operate in the two working modes just mentioned. Then these digitized values go to the PDM control board. The PDM control board performs the L1 trigger algorithm every GTU 

PDM requirements

This section summarizes the PDM requirements for science & observation, and instrument characteristics such as dimensions, weight, thermal limits, and power requirements.

Science and observation requirements

The PDM shall manage to detect the fluorescence and Cherenkov light produced by EASs in the atmosphere. The PDM will be able to determine the position of the incoming photons as a function of time and to follow space-time patterns generated by the EAS. The PDM will have to have a sensitivity sufficient to detect single-photons in the 290-400 nm wavelength range within a 2.5 µs4 time interval. The PDM pixel size shall correspond to an angular resolution on Earth no greater than ∆α = 0.1

• [Collaboration 2010].

Instrument requirements

The PDMs are independent UV camera modules including a UV filter & MAPMTs, EC-ASIC boards, HVPS, and PDM control board, as shown in Fig. 3.35 . The present section will describe the physical dimensions, weight, thermal limits, power requirements, and PMT overload precautions for the PDM.

Physical dimensions and material

The PDM mechanical structure must be able to be installed within the telescope envelope thus it should fit with its ∼ 167 × 167 × 200 mm dimensional allowance. The spacing between the PMTs was minimized dead zones between pixels. The PDM mechanical structure is machined from a single aluminum alloy piece with mass reduction cutouts6 .

Thermal The PDM shall be designed so that the temperature of operation is between -20 • C and 50 • C, operating in a vacuum, for the space and balloon experiments while maintaining the safety of the electronics.

Power For JEM-EUSO, power consumption per PDM allocated for HVPS is 1 W, for EC-ASIC 1.5 W and for PDM control board 1 W, so 3.5 W is allocated in total per PDM [Collaboration 2010]. The pathfinder missions don't have critical power limits. However for EUSO-Balloon and EUSO-TA, the power consumption was ∼20 W in total; for HVPS ∼1 W, for EC-ASIC ∼10 W and for PDM control board ∼10 W. A detailed description of the power measurements for the EC-ASICs boards and the PDM control board is described in the section 4.3.5.

Precaution When the PMT is exposed to bright light7 , high interdynode currents are generated within a photomultiplier. The electron bombardment of the dynode surfaces releases ions and, if sufficient in number, breakdown will occur causing the photomultiplier to glow. Even after removing the bright light this leaves the photomultiplier with an ion-damaged photocathode and filled with gas. So we need a protection circuit for the photomultiplier to ensure it does not exceed its current limit 8 . A detailed description of the protection of the photomultiplier system is described in the section 3.3.4 and 4.4.8.

Design and building of the PDM

The design and building of the PDM is rooted from the scientific objectives and the requirements described in the previous section. Figure 3.4 shows the PDM power, grounding and signal architecture. The PDM control board is connected to the PDM-LVPS, CCB, HK, 6EC-ASIC and HVPS boards. Most of the subsystem communications use LVDS for its low noise characteristics and fast data transfer. However, we didn't use an LVDS interface between the EC-ASIC boards and the PDM control board because there is a limit on the number of I/O pins on the FPGA. Each sub-system uses an isolated GND connected to the mechanical structure.

For the EUSO-TA and EUSO-Balloon pathfinders, the size of a single PDM is given by the mechanical structure at 167 × 167 × 160 mm (without including the HVPS) and its weight is around 3.6 kg including the HVPS (see Fig. 3.3).

Sub-systems of the PDM

This section describes the sub-systems of the PDM including the UV filter, MAPMTs, EC units, EC-ASIC boards, HVPS, and PDM control board.

MAPMT & UV filter

The UHECRs induce a very fast and faint light signal so we need a fast response detector with a high photon detection efficiency, therefore we use PMTs. Recently Hamamatsu has produced the new R11265-103-M64 MAPMTs. It is similar to the previous 64 channel model (R7600-03-M64) but has an improved sensitive area. As shown in Table 3.1, R11265-103-M64 is a 64-channel (8 x 8 pixel) device with an active area of 23 × 23 mm 2 and a pixel size of approximately 2.9 × 2.9 mm 2 . It is able to detect single photons. The main characteristics of these PMTs are their spectral response range of 185-650 8 our current design allows the PMTs to briefly draw up to ∼200 µA Table 3.1: Characteristics of the JEM-EUSO Hamamatsu R11265-103-M64 PMTs (data sheet from [START_REF] Hamamatsu | Position sensitive photomultiplier tubes r8900-00-c12, r8900u-00-c12[END_REF]). . By comparison it has a 40% bigger effective area then the previous R7600-03-M64 model. The PMT requires a supply of 14 different high voltages, the highest potential being delivered to the photocathode and the others to the 12 dynodes. During the EUSO-TA and EUSO-Balloon operation the photocathode voltage was set to 950-1000 V which corresponds to a gain of ∼1×10 6 . As mentioned above, the R11265-103-M64 PMT has an ultra bialkali photocathode with a quantum efficiency (dotted line) of 35-45% for light in the 290 to 430 nm wavelength range, marked by the red box in Fig. 3.5.

As given in Table 3.1, the R11265-103-M64 PMT is sensitive to light from the ultraviolet region to around 700 nanometers. The air-fluorescence spectrum is from ∼300 to ∼440 nm in wavelength, mostly due to N 2 molecules. Therefore a bandpass filter is used to block the visible wavelength range in order to reduce the "background" light competing with the signal from the EAS. The filter (SCHOTT BG3 with an anti-reflection coating) transmits UV light in a band between 290 and 430 nm, as shown in Fig 3.6 (violet). The real reason for 290-430 nm is that this range corresponds to the max quantum efficiency region of the MAPMTs. The SCHOTT BG3 filter blocks most green and red light while transmitting in the near infrared and UV. The MAPMT optical window itself blocks almost all near infrared light.

Elementary Cell (EC) unit

As said earlier, the PDM is composed of 9 EC units. Each EC Unit consists of 4 MAPMTs, grouped in a 2 × 2 matrix backed by 3 layers of circuit boards which are the EC-dynode, the EC-anode and the EC-HV, as shown in Fig 3.7. Firstly, the EC-dynode board provides the 14 types of high-voltage to the 4 MAPMTs. Secondly, the EC-anode boards covers one MAPMTs but has its dimensions reduced allowing a FPCB to exit the EC Unit assembly. The FPCB is used to collect the signal from the anodes and send them to the ASICs. Lastly, the EC-HV board covers one MAPMTs. It interfaces with the HVPS and supplies HV to the EC-dynode board which transmits it to the 4 MAPMTs. Each EC Unit is fixed individually to the PDM mechanical frame and connected to the EC-ASIC and HVPS boards.

The EC-ASIC boards

The purpose of the EC-ASIC boards (see figure 3.8) is to collect the analog signals from the MAPMTs of the EC units and perform the photon counting and total charge estimation.

The photoelectron signals from the MAPMTs are discriminated and converted into digital signals using a SPACIROC ASIC, which has been designed by the OMEGA group9 , and are sampled at the GTU interval10 . The total charges from the MAPMTs are summed for each photon event, which is proportional to the number of photoelectrons converted to a pulse duration time (Q-to-T conversion) by the process called "KI". The signals from the MAPMT anodes are fed into the ASIC preamplifiers for signal processing, with an adjustable gain control to compensate for the gain non-uniformity of the MAPMTs. Figure 3.9 shows the general architecture of the SPACIROC 1 ASIC (see [START_REF] Ahmad | SPACIROC: A rad-hard front-end readout chip for the JEM-EUSO telescope[END_REF]). The key function of the SPACIROC ASICs is to count the detected photons received by the MAPMTs. The ASIC input signal, from the 64 anodes of each MAPMT, goes into various shapes and discriminators. The lists of discriminators is given below:

• Trig PA: This signal comes from the preamps, directly.

• Trig FSU: This signal comes from FSU.

• Trig VFS: This signal comes from VFS.

The default mode is FSU for all pathfinder experiments. The outputs of the 64 discriminators are available for the digital counters. Then these signals go to the PDM control board. For the KI, two different kinds of input are used. One comes from the preamplifier where 8 successive ASIC channels are summed together (KI 0: ASIC ch 0-7, The EUSO-Balloon and EUSO-TA used SPACIROC 1 ASICs while EUSO-SPB and MINI-EUSO use SPACIROC 3 ASICs. For EUSO-TA and EUSO-Balloon, the two signal edge-separation was set at ∼30 ns. For EUSO-SPB and MINI-EUSO, the two signal edge-separation was reduced to ∼5 ns11 .

Originally the SPACIROC ASICs used 3 V power for both the analog and digital processing and 1.5 V for data transfer. For EUSO-TA and EUSO-Balloon, the ASICs operate at 3.3 V for analog and digital processing and 1.5 V for data transfer. This change was implemented due to having 3.3 V power available directly from the DC/DC.

One EC-ASIC board has 6 ASICs which we labeled A, B, C, D, E and F. A, C, E are located on one side of the EC-ASIC board and B, D, F are on the other side, as shown in Fig. 3.8. Each MAPMT has a designated ASIC however since there are 4 MAPMTs per EC and 6 MAPMTs per EC-ASIC board there is no specific correspondence between ECs and EC-ASIC boards. The orientation of the EC-ASIC boards is zigzagged inside mechanical structure. This was because one side of the EC-ASIC board has the connectors, ASICs, and some other components, while the other side has only the other ASICs. Thus we can't install all the EC-ASIC boards in the same direction. The PDM control board was designed to accept this zigzagged orientation for the connectors of the EC-ASIC boards. This channel mapping is extremely complex and was arranged by Julio Arturo Rabanal Reina and Pierre Barrillon, who are JEM-EUSO collaborators. A detailed description of the final version of PDM channel mapping is given in appendix A. There are 898 bits per ASIC for controlling the SPACIROC configuration parameters, which we called the slow control or parameter command. Furthermore, there are 265 bits per ASIC for an analog signal monitoring system. The slow control and analog monitoring parameters are daisy-chains in which multiple devices are wired together in sequence. The EC-ASIC board for EUSO-TA and EUSO-Balloon ordered F, D, B, A, C, E ASICs (these are not in consecutive order, see Fig. 3.8).

High-Voltage Power Supply (HVPS) board

Each EC is powered by an individual High Voltage Power Supply. The HVPS provides high voltages to the MAPMTs of an EC Unit, which operate at ∼950 V12 for EUSO-Balloon and ∼1000 V for EUSO-TA. At a given high voltage, each MAPMT can be characterized by the average single photoelectron counting with high gain mode across pixels, the standard deviation of the gain, and the minimum and maximum gain within the MAPMT.

The HVPS uses a miniaturized CW generator (see [START_REF] Bacholle | A Cockcroft-Walton High-Voltage Power Supply for the EUSO Instruments[END_REF][START_REF] Blaksley | Photodetection Aspects of JEM-EUSO and Studies of the Ultra-High Energy Cosmic Ray Sky[END_REF]]) which delivers the 14 different voltages required by the MAPMTs.

The Cockcroft-Walton circuit diagram is so called for J. Cockcroft, and E. Walton, who used this circuit to power the accelerator on which they performed their experiments with atomic disintegration. The Cockcroft-Walton circuit generates a higher voltage from an alternating current or pulsed direct current input voltage using a ladder of capacitors and diodes [START_REF] Cockcroft | Experiments with high velocity positive ions. iv. the production of induced radioactivity by high velocity protons and diplons[END_REF]] (See Fig. 3.10). The design of the CW-HVPS for JEM-EUSO and pathfinders have been created by J. Szabelski, who is within the JEM-EUSO collaboration. The characteristics and testing of the HVPS are described in [START_REF] Blaksley | Photodetection Aspects of JEM-EUSO and Studies of the Ultra-High Energy Cosmic Ray Sky[END_REF].

CW-HVPSs are most ideal for applications which require a low current and have the additional advantage of effectively creating a separate power supply for each PMT dynode. Each EC has a designated HVPS which outputs 14 voltages, three HVPSs are collocated on each HVPS board along with a HV switch board, and there are 3 HVPS boards in each PDM. An ECU in the PDM control board is used to adjust (or select) the high voltages. The details of the ECU and other logic blocks are described in subsection 4.4.1.

PDM control board

There is only one PDM control board per PDM. Briefly, its role is to:

• manage the 36 ASICs,

• interface with the HVPS, HK, PDM-LVPS, and CCB,

• calculate and decide the L1 trigger.

The hardware of the PDM control board electronics includes the FPGA chip, which performs the trigger algorithm, and the interface with the EC-ASIC boards. The trigger proceeds as follows: when an UHECR is calculated and detected by the L1 trigger algorithm, a trigger flag is generated, saved, and transferred to the CCB along with 128 GTUs of data. Housekeeping and other operation-related functions are also controlled by the FPGA chip. All these interfaces are currently implemented inside the Xilinx FPGA, except the L1 trigger algorithm.

Neither the EUSO-Balloon or EUSO-TA instruments have implemented a functioning real-time internal L1 trigger algorithm due to some limitations in the FPGA chosen. In October 2015 we used EUSO-TA to collect a raw data sample from which we could test our internal trigger algorithm. The first results from field testing are described in detail in chapter 9 and includes our testing at APC (Paris, France) and Turlab (Torino, Italy).

The PDM control board is discussed in detail in next chapter.

Chapter 4

Photo-Detection Module (PDM) control board

In the previous chapter, we have seen that the PDM control board has a central place in the electronic chain of the EUSO pathfinders. In this chapter, a general description of this cornerstone element is given (section 4.1), followed by its requirements (section 4.2). Then, section 4.3 exposes a detailed discussion of the hardware design explaining the choices made and the preliminary measurements. Finally section 4.4 gives a description of the complete software structure where all the blocks are discussed [START_REF] Jung | Design and implementation of the photo-detector module electronics for the euso-balloon, prototype of the jem-euso telescope[END_REF]].

General consideration and description of the PDM control board

As mentioned in the previous chapters, the role of the PDM control board is to: (1) manage and control the data from 36 ASICs, (2) interface with the HVPS, housekeeping, PDM-LVPS, and CCB systems, and (3) to calculate and decide the L1 trigger. The most important function of the PDM control board is to perform the L1 trigger. The L1 trigger algorithm and its test results are described in chapter 9.

The PDM control board contains two system clocks running at 40 MHz and 400 kHz (GTU clock1 ) and the distribution mechanism is provided by the CLKB from the DP. These system clocks are passed to the EC-ASIC boards for configuration of the ASICs and run control including overall data transfer.

The hardware of the PDM control board includes an FPGA chip for real-time processing and interfaces to the ASICs and CCB which require a large number of connector pins all connecting the PDM in a size smaller than ∼16 cm by ∼16 cm. The PDM control board is located behind the PDM detector formed by the 36 MAPMTs and 6 EC-ASIC boards. Another main prerequisite of the PDM control board design comes from its power consumption limit which is about 1 Watt per PDM control board for JEM-EUSO. Therefore, the selection of FPGA chips is a non-trivial issue because power consumption, number of I/O pins, space qualification, and number of logic cells must all be taken into account together. The details of power consumption is given in subsection 4.2.1, the FPGA selection criteria are described in subsection 4.3.2, and the PDM-ASIC and PDM-CCB interfaces are described in subsections 4.4.3 and 4.4.4 respectively.

Requirements

This section describes both the hardware and software aspects that impacted the design of the PDM control board. 

Power consumption

In principle, as mentioned earlier, power consumption cannot exceed ∼1 W per PDM control board for JEM-EUSO. However, for the EUSO-TA and EUSO-Balloon missions there is no hard limit for power consumption. The FPGA is the most power consuming device on the PDM control board, therefore I used a Xilinx FPGA chip for the EUSO-TA and EUSO-Balloon experiments. A detailed comparison of the FPGAs offered by various companies and a description of why I chose the Xilinx FPGA for EUSO-TA and EUSO-Balloon is give in subsection 4.3.2.

Clocks

The main system clocks, 40 MHz and 400 kHz (GTU clock), are received from the CLKB through the CCB and distributed to the ASICs as well. The 400 kHz clock is the GTU clock and is necessary for data transfers among the ASICs, PDM control boards, and the CCB. The 40 MHz clock is used as an internal main system clock for various calculations and data handling within the PDM control board.

Physical dimensions of the PDM control board

The PDM control board is located under 6 EC-ASIC boards and 36 MAPMTs, as shown in 4.1. The physical dimension of MAPMTs array is 167 mm × 167 mm, as shown in Fig. 4.1 on the right. In order to be compliant with the JEM-EUSO design, where the PDMs will be assembled to meet each other, the PDM control board should fit inside the PDM mechanical structure. Therefore, it should be ∼16 × 16 cm max.

Thermal

The temperature requirements for the operation of the PDM control board are between -20 • C and 50 • C for the space and balloon experiments, so the associated electronic parts should operate throughout this temperature range while in a vacuum. The PDM control board might be turned off by the HK system, should the temperature go out of this range, in order to protect itself against any possible damages.

Data rate

The data size saved from the 36 MAPMTs during the 128 GTUs for each L1 trigger corresponds to more than 341 kBytes (see Fig. 4.21) per event. The 36 SPACIROC ASICs send digitized data to the PDM control board at around 8.3 Gbps (64bits × (8photoncount + 1KI) × 36M AP M T s/2.5µs). The PDM control board has to be specifically designed to implement data transfers at these high speeds. The PDM control board then executes the first data reduction by lowering the data rate down to 7 L1 triggers per second, or 2.4 MBytes per second per PDM, and this data is then outputted to the CCB.

Hardware design

The SPACIROC ASIC readout system is in charge of the PDM control board, and is also the most challenging component of the PDM. The PDM control board is a compact, highly integrated PCB using an FPGA for real-time processing. The PDM control board controls 36 ASICs, each ASIC handles the signal from one 8 × 8 pixel MAPMT. This board is thus designed for high speed data transfer and fast L1 trigger decision, within 2.5 µs (1 GTU). Figure 4.2 shows the PDM control board design concept (left) and the actual production unit (right). It is 135 mm × 160 mm in size. The PDM control board has a side where the connectors to the other boards2 are located, as well as the FPGA. The other side houses several types of components3 used within the PDM control board.

The 6 EC-ASIC boards are connected to the PDM control board with FPCB cables. When the PDM control board was originally designed, 5 screw holes were used to provide mechanical fixation to the board. But the current version of the PDM control board uses only 4 support holes for attaching to the PDM support structure because the PDM control board doesn't have much space. Figure 4.3 shows the PCB artwork of the PDM control board with its 10 layer PCB board designed for high speed signals and the size of the PDM control board is labeled.

I have specifically designed the hardware to conduct data transfers at these high speeds and to control the SPACIROC ASICs using an FPGA. I then tested, soldered, and modified (except for artwork) the hardware. I use a Virtex 6 XC6VLX-240T FPGA from Xilinx, which has 240,000 logic cells with ∼14 Mbits of RAM blocks. This section describes the hardware design and building of the PDM control board. A detailed description of the PDM control board software design and building is given in section 4.4.

Interfaces

The nature of the interfaces between the PDM control board and the other PDM subsystems will be described in this section. The type of connectors used will be given as well.

Interface between the PDM control board and the EC-ASIC boards A PDM consists of 6 EC-ASIC boards.As described earlier, 6 cables in total connect the PDM control board with the 6 EC-ASIC boards. These cables receive data from the 6 ASICs on each EC-ASIC board and transmit commands (slow control) and power to the ASICs. EC-ASIC boards require 1.5 V of power for data transfer and 3.3 V for the digital and analog elements of the ASICs. Two types of data are sent from the ASICs to the PDM control board: one is photon counting data and the other is KI data (the summed charge information of 8 channels). The interface protocol between the EC-ASIC board and the PDM control board is given in the list of I/O protocols and consists of signaling when data is ready for transfer from the ASICs to the PDM. There is also a monitoring signal that each ASIC provides describing its prompt trigger status such as analog, error, and OR KI sum. The details of pin I/O between the EC-ASIC and PDM control board is described in appendix A.1.

Interface between the PDM control board and the CCB board

The interface between the PDM control board and the CCB is similar to the connection between the EC-ASIC boards and PDM control board, mainly the data transfer aspect. In principle, 8 PDMs are connected to a single CCB for JEM-EUSO. When any of the 8 PDM control boards fires an L1 trigger, the PDM control board notifies the CCB which subsequently requests a data transfer from all 8 PDMs connected to that CCB (which should be physically neighboring each other). For the EUSO-TA and EUSO-Balloon projects only a single PDM and CCB are used. Still the interface is the same, with an exchange of commands and data. The details of pin I/O between the CCB and PDM control board is described in appendix A.1.

Interface between the PDM control board and the HK board

The PDM control board sends its internal temperature value and voltage values to the housekeeping board using a customized SPI interface. In case of an abnormal temperature or voltage the PDM control board sends an "alarm" signal and then the HK sends a "reset" signal. The SPI communication is established through a LVDS interface at 2 Mbps. The exact information the HK board receives from the PDM control board is listed below; 1. Temperature: 16bits 2. 3.3 V for EC-ASIC board (called ADDA) : 16 bits4 The PDM control board uses 2 types of ADC. One is the FPGA ADC inside the FPGA. Another is a standard ADC chip. The 3.3 V for the PDM FPGA core voltage uses the FPGA ADC. For EUSO-TA and EUSO-Balloon this circuit diagram was designed incorrectly and thus the FPGA core voltage monitoring didn't work. The other voltages are measured using ADC chips and this is working. However the ADDA and DVDD grounding is not connected on the PDM control board. This grounding is in theory connected by the PDM support structure. If this grounding is not proper, the voltages measured by the ADC chips are off by a large amount. The details of pin I/O between the HK and PDM control board are described in appendix A.1.

Interface between PDM control board and HVPS board

Due to the extreme light sensitivity of the PMTs they can be easily damaged by applying excessive light to the photocathode and thus exceeding the maximum output current6 . Therefore, if there is lot of light, the PDM control board must change the voltage supplied to the MAPMTs, through remote control of the HVPS, using the KI value within 2.5µs. In the FPGA, I implemented a real-time monitoring of the light level and the associated logic to sent the remote control command to change the high voltage switch as needed. However the KI value measurement didn't work as expected, therefore we didn't use it for EUSO-TA and EUSO-Balloon. Instead we manually commanded a fixed set of MAPMT voltages. The details of pin I/O between the HVPS and PDM control board is described in appendix A.1 and the its interface is described in subsection 4.4.8 with the test results.

Interface between the PDM control board and the LVPS board

There are two types of power supplied by the PDM-LVPS board. One is 5.5 V for the 6 EC-ASIC boards and another is a separate 5.5 V supply for the FPGA on the PDM control board. Each subsystem has independent grounds. A detailed description of the PDM control board grounding and power can be found in section 4.3.4. The details of pin I/O between the LVPS and PDM control board is described in appendix A.1.

External trigger

An external trigger is important when trying to synchronize data acquisition with interesting events. When the pulse will repeat at a fast rate, the use of an external trigger offers a more robust implementation than the use of an internal L1 trigger to start the data acquisition. In the case of EUSO-TA, the external trigger signal comes from the Telescope Array. Figure 4.4 shows the FPGA input and output voltage levels and the recommended voltage level for the external trigger signal. The external trigger signal is a positive signal from 0 to 2.8 V. At least 10 ms are needed between each external trigger signal to allow for the data transfer to the CCB and the FIFO memory reset time in the FPGA. 

Summary of connectors

Table 4.1 shows a summary of each connector used by the PDM control board to interact with the subsystems. We need lots of I/O pins for the interfacing the PDM control board with the 6 EC-ASIC boards. So we used Hirose company connectors. The interface from the PDM control board to the CCB, HK, HVPS and LVPS used micro d-sub connectors which are half the size of d-sub connectors. A micro d-sub connector is a well know connector for space experiments for several reasons: (1) saving weight and space on wiring, (2) excellent resistance to shock and vibration, (3) standard size, and ( 4) low contact resistance and high current capacity.

FPGA

The choice of the FPGA to be used in the PDM control board is important because several parameters must be considered and analyzed to find the best compromise in view of the scientific objectives and various goals.

Figure 4.5 shows the implementation spectrum in re-configurable computing [START_REF] David | Architecture reconfigurable dynamiquement pour applications mobiles[END_REF]]. The spectrum is bounded by three axes symbolizing performance, flexibility, and cost. The figure shows that the ASIC gives high performance at the cost of inflexibility, the processor is very flexible but not tuned to the application, and the FPGA is a nice compromise between performance, flexibility and cost. The details of the ASIC building blocks of the FPGA are given in [Benazzouz].

The FPGA is the most power consuming device on the PDM control board. One of the most famous FPGA companies for space mission applications is ACTEL (now Microsemi) and thus ACTEL FPGAs have been considered as the baseline option for JEM-EUSO. The power for 137 PDM control boards is allocated at 137 W in total. So, one PDM control board should thus use no more than 1 W of power in the final JEM-EUSO design. However, ACTEL FPGA's have a smaller memory than is needed to save 128 GTUs of data per ASIC. In the future, I hope that ACTEL company will make an FPGA with a larger internal memory capacity. As mentioned earlier, we used Xilinx FPGAs for EUSO-Balloon and EUSO-TA. I will explain why I chose this FPGA over the ACTEL and Altera alternatives below.

Selection of FPGA chips

The selection of the FPGA chips for JEM-EUSO and its pathfinders needed to be made carefully by taking into account the following factors: Figure 4.5: Implementation spectrum in re-configurable computing (see original from [START_REF] David | Architecture reconfigurable dynamiquement pour applications mobiles[END_REF]).

• Number of I/O pins: the interface to the ASICs requires a large number of I/O pins, ∼500.

• Space qualification: at least three years of operation in space requires devices to be radiation tolerant. Unfortunately, space grade devices consume more power in general, about twice as much as their industrial grade equivalents.

• Power: JEM-EUSO has only about 1 W of power available for each PDM control board (the majority of the PDM power allocation is consumed by the FPGA). Fortunately this requirement does not apply to the pathfinder experiments.

• Number of logic cells: the implementation of a complex trigger algorithm and the interfaces with the other boards requires a large number of logic cells which again draws more power.

• Cost: the PDM control board electronics system needs at least 150 FPGAs including a 10% of contingency for the final JEM-EUSO mission.

Space grade FPGA chips are up to 100 times more expensive than their industrial equivalents. The most famous FPGAs are from Xilinx, Altera and ACTEL. As a leading company, Xilinx provides a variety of FPGA chip families with many Intellectual Properties (IPs), which allows one to make an application rather handily. However, Xilinx consumes more power than the others, and is relatively expensive. ACTEL was dedicated to aerospace applications, but does not have as many IPs and has a rather limited internal memory. Altera has a wide and deep portfolio of programmable logic. This company is halfway between Xilinx and ACTEL. EUSO-TA and EUSO-Balloon didn't have a power limit, so it is suitable to use Xilinx FPGAs in the design of their PDM control board architecture. However JEM-EUSO may seriously consider using ACTEL FPGAs because of their long space heritage and smaller power consumption. The limitation in memory size of ACTEL might be overcome with an external memory, or the memory size of AC-TEL FPGAs may advance sufficiently by the time we need to select the JEM-EUSO flight hardware.

Table 4.2 shows the comparison between the Xilinx Virtex series and the ACTEL ProASIC3L FPGA in terms of I/O, power, cost, memory, etc.

Based on these characteristics, and according to various calculations of the resources required for the data handing and other operation-related functions required, the Virtex 6 FPGA chip, containing about 240,000 logic cells with about 14 Mbits of RAM blocks, was chosen for EUSO-TA and EUSO-Balloon. Unfortunately, this FPGA did not have enough resources to implement the trigger algorithm for 9 ECs. So we implemented a trigger algorithm for one EC in this FPGA, and tested it in this configuration. A detailed description of the trigger algorithm and its test results are given in chapter 9.

Joint Test Action Group (Jtag) for downloading and debugging

The Jtag name is associated with the IEEE 1149 standard entitled "Standard Test Access Port and Boundary-Scan Architecture" [Wikipedia]. Jtag is used for downloading software files on FPGAs and is also useful as a mechanism for debugging embedded systems using the ChipScope tool. The ChipScope tools integrates a key logic analyzer to see digital signals and other test and measurement hardware components with the target board inside the FPGA. A Jtag interface is a special four/five pin interface. The connector pins are:

• TDI (Test Data In)

• TDO (Test Data Out)

• TCK (Test Clock) • TMS (Test Mode Select)

• TRST (Test Reset) -optional Figure 4.6 shows the artwork file image and the PDM control board circuit diagram of the Jtag connector. Due to the complexity of the PDM control board, it was mandatory to implement such an interface. The Jtag for the PDM control board uses a four pin interface; TDI, TDO, TCK and TMS.

Other components

The PDM control board uses other components like LVDS chips for the HK interface, a PROM chip for downloading software, a crystal oscillator clock for stand alone testing, several voltage level shift chips, ADC chips, and a temperature sensor for providing HK information, as shown in Fig. 4.7, and as follows:

• LVDS: LVDS Drivers-Receiver used "PROGRAM B" and "DONE" signal to communicate with the housekeeping board.

• PROM: A PROM is used for programmed the FPGA on startup and for debugging.

• Crystal osillator: The master clock is generated by the CLKB. The PDM control board receives the 40 MHz clock and 400 kHz clock (GTU clock) signal from the CLKB through the CCB board. It is necessary for standalone testing of the PDM control board to provide a 40 MHz clock signal and this is generated by a crystal oscillator mounted on the PDM control board.

• Level shift: The FPGA IO uses a LVDS signal and LVCMOS25 signal. The control signal for the EC-ASIC board is a LVCMOS25 signal with 2.5 V. The EC-ASIC board needs a 3.3 V signal for control inputs and output however the FPGA only uses 2.5 V. The level shift is a component that converts the digital signals between the 2.5 V and 3.3 V used by these different systems.

• ADC: The ADC is a system that converts an analog signal to digital, such as voltages and temperature. • Temperature sensor: A temperature sensor measures the temperature of PDM control board.

Power

This section describes the components and grounding of the power system on the PDM control board.

Ground schemes and power components

Generally, lots of system level EMI problems can be avoided by paying careful attention to the grounding scheme used. The PDM control board uses a single-point grounding scheme which operates better with fewer EMI problems. This single-point ground position is near the CCB connector hole. Figure 4.8 shows the power distribution and grounding scheme of the PDM control board 7 . The LVPS-PDM connector provides two 5.5 V supplies, one for the 6 EC-ASIC boards and another for the FPGA on the PDM control board. Each subsystem has independent grounds. There are 5 types of ground as described below:

1. GND of 5 V for EC-ASIC board: DC/DC input on the PDM control board The grounding for the analog and digital 3.3 V supply for the EC-ASIC boards doesn't directly connect to the FPGA grounding on the PDM control board. It is instead connected via the PDM support structure.

The PDM control board used a Belinix isolated DC/DC converter. If the PDM control board has high currents or frequencies riding around some parts of a circuit the DC/DC converter will isolate and protect another part of the circuit. Figure 4.9 shows the different characteristics of Bellnix DC/DC converters. Those suitable for the PDM control board are highlighted in a red box. All the models can receive input voltages from 4.5 V to 9 V which is compatible with the 5.5 V provided by the PDM-LVPS to the PDM control board. PDM-LVPS supples ∼5.5V for the PDM control board.

Figure 4.9 (top) shows the features of the Bellnix BTD05-03S250X DC/DC converter used for the FPGA power supply on the PDM control board. The output voltage is 3.3 V and the maximum output current is 2.5 A. Another BTD05-03S250X DC/DC also supplies power for the data transfer between the EC-ASIC board and the PDM control board. The output voltage is 3.3 V but is then regulated down to the 1.5 V used for data transfer. [Bellnix, 2007b], Middle: Maximum power rating for BTC05-03S120X (data sheet from [Bellnix, 2007a], Bottom: Maximum power rating for BTB05-03S80X (data sheet from [START_REF] Bellnix | Bellnix 3watt btc series[END_REF].)

Measurements

Different input voltages on the PDM control board Table 4.3 shows measurement results of Bellnix DC/DC converter on the PDM control board with respect to various input voltage from 4.5 V to 9 V.

The Bellnix DC/DC converter can receive up to 9 V and has roughly the same power consumption for each tested input voltage. Due to this fact, the measured output current is the lowest when the DC/DC converter is supplied with 9 V. As the DC/DC converter has the same maximum output current for 4.5-9 V, it would have been better to power this DC/DC converter at 9 V. But the PDM-LVPS designed was already done and a maximum of 5.5 V was available. This would allow a higher output current margin in case the PDM control board FPGA requires more power than the expected value.

Each initial voltage measurements Voltage measurements were performed in several locations of the PDM control board (see Fig. 4.8):

• position (1) is the output of the 3.3 V DC/DC used to provide 1.5 V

• position (2) is the output of the 1.5 V regulator for data transfer between EC-ASIC board and PDM control board

• position ( 3) is the output of 3.3 V for analog DC/DC

• position ( 4) is the output of 3.3 V for digital DC/DC

• position (5) is the output of 3.3 V DC/DC to provide 2.5 V, 1.8 V and 1.5 V

• position ( 6) is the output of 2.5 V regulator for FPGA

• position ( 7) is the output of 1.8 V regulator for FPGA

• position (8) is the output of 1.5 V regulator for FPGA • position ( 9) is the output of 3.3 V DC/DC to provide 1 V

• position (10) is the output of 1 V regulator for FPGA core voltage Figure 4.10 shows the measurement at each position described above. The x-axis corresponds to time and the y-axis shows the measured voltage. The yellow signal is the input on the lab power supply using ∼5 V. The green signal is the output at each position. As we can see in the results, there are no critical signals. It takes 1 to 820 ms to achieve a stable voltage, as summarized in Table 4.4. It has been used well in EUSO-Balloon without any problems, and it is well used in EUSO-TA until now.

Peak current If there is an extremely large peak current8 the power supply might fail to activate because it doesn't support such a high current. The maximum current of the DC/DCs is ∼2.5 A for the FPGA and the 6 EC-ASIC boards. As shown in Fig. 4.11, by using a 0.05 Ω resistor and an oscilloscope to measure the voltage using a lab power supply, we can calculate the peak current. • the peak current is ∼3.6 A for the 6 EC-ASIC boards

• the peak duration with the 6 EC-ASIC boards is ∼ 1 ms

• the voltage stable duration with the 6 EC-ASIC boards is ∼ 3 s

The results of the single PDM control board are summarized as follows:

• the peak current with the single PDM control board is ∼1.8 A

• the peak duration with the single PDM control board is ∼1 or ∼5 ms

• the voltage stable duration with the single PDM control board is ∼2 s

The peak current corresponding to powering the 6 EC-ASIC boards exceeds the maximum current (2.5 A). We investigated this problem step by step; (1) measured analog peak current, (2) measured analog + digital peak current, and (3) measured analog + digital + vh9 peak current. In the three cases the measurements were from 0 (no EC-ASIC board) to 6 EC-ASIC boards connected to the PDM control board.

Figure 4.13 shows the peak current on the analog side with a different number of EC-ASIC boards (from 0 to 6 connected).

The results of the 6 EC-ASIC boards are summarized about (1) measured analog peak current as shown in Table 4.5.

The peak currents and duration times are ∼0.8 A during 1 ms with no EC-ASIC boards, 1.1 A during 1 ms with 1 EC-ASIC board, 1.3 A during 2 ms with 2 EC-ASIC boards, 1.5 A during 2 ms with 3 EC-ASIC boards, 1.8 A during 3 ms with 4 EC-ASIC boards, 1.9 A during 4 ms with 5 EC-ASIC boards, and 2 A during 5 ms with 6 EC-ASIC boards. The total analog peak current with 6 EC-ASIC boards is 2 A. This value already exceeds the maximum current limit of 1.2 A.

Figure 4.14 shows the peak current on both the analog and digital side a with different number of EC-ASIC boards from 0 to 6 EC-ASIC boards.

The results of the 6 EC-ASIC boards are summarized about (2) measured analog + digital peak current as shown in Table 4.6:

The peak currents and duration times are ∼1.1 A during 2 ms with no EC-ASIC boards, 1.1 A during 2 ms with 1 EC-ASIC board, 1.2 A during 3 ms with 2 EC-ASIC boards, 1.6 A during 3 ms with 3 EC-ASIC boards, 2 A during 5 ms with 4 EC-ASIC boards, 2.4 A during 5 ms with 5 EC-ASIC boards, and 2.9 A during 9 ms with 6 EC-ASIC boards. The total analog+digital peak current with 6 EC-ASIC boards is 2.9 A. The digital peak current with 6 EC-ASIC boards is 0.9 A. This value also already exceeds the maximum digital current limit of 0.8 A. Figure 4.15 shows the peak current for the analog, digital and VH (data transfer) systems with a different number of EC-ASIC boards from 0 to 6 EC-ASIC boards.

The results of the 6 EC-ASIC boards are summarized about (3) measured analog + digital + vh peak current as shown in Table 4.7:

The peak currents and duration times are ∼0.9 A during 2 ms with no EC-ASIC boards, 1.1 A during 6 ms with 1 EC-ASIC board, 1.2 A during 6 ms with 2 EC-ASIC boards, 1.6 A during 8 ms with 3 EC-ASIC boards, 2 A during 10 ms with 4 EC-ASIC boards, 2.5 A during 10 ms with 5 EC-ASIC boards, and 2.9 A during 12 ms with 6 EC-ASIC boards. The total peak current with 6 EC-ASIC boards is 2.9 A. Thus the VH peak current, even with all 6 EC-ASIC boards, is very small ∼0 A. Only this (∼0 A) peak current is inside its limit of 2.5 A. Also the total (analog, digital, and VH) peak current of 2.9 A is very near the 3 A maximum current limit of the LVPS. So we tried to reduce the peak current. Finally, we used the PDM support structure for good grounding. It means that the digital ground on the EC-ASIC board (we called "GND D") is connected to the mechanical ground. The result is shown in Fig. 4.16, the peak current is ∼ 2.4 A with 6 EC-ASIC boards. As expected, when we used improper grounding the current was high. All the grounds now meet at one point and this point is the mechanical structure. We also optimized all ASIC parameters to minimize power usage.

Power measurements Figure 4.17 shows the resulting power usage as a function of the number of EC-ASIC boards connected, both for the EC-ASIC and the PDM control board contribution (with the FPGA using ∼43 % of its resources). The power usage of the PDM control board doesn't change significantly while the EC-ASIC power usage is directly proportional to the number of EC-ASIC boards connected because the EC-ASIC board and PDM control board have separate power circuits even though the EC-ASIC power supply is routed through the PDM control board.

As the FPGA resource usage increases the power used by the FPGA also increases. When we added the trigger algorithm to the FPGA, the DC/DC didn't supply enough power. Moreover implementing the L1 trigger algorithm for all 9 ECs on the complete PDM required more resources than the FPGA had in total. Therefore, we decided to run EUSO-TA and EUSO-Balloon without the L1 trigger implemented in the default configuration. After EUSO-Balloon flight, we still performed additional tests in order to better understand the power consumption, prepare the next pathfinders, and test the trigger algorithm. We thus removed the DC/DC powering the PDM control board, and used a lab power supply instead, as shown in Fig. 4.18, when we tested the trigger algorithm. Due to the FPGA resource limitation, we also tested the trigger algorithm on only one EC. A detailed description of trigger algorithm and its testing are described in chapter 9.

Figure 4.19 shows FPGA power usage at different resource levels and the power usage of the EC-ASIC board with analog power, digital power, and data transfer power separated. The y-axis shows the measured power as a function of the FPGA resource usage (left) and with different numbers of EC-ASIC boards connected (right). When we measured it, the input voltages are ∼ 3.3 V for each. Then regulators make the different voltages such as 1 V for the FPGA core, 1.5 V for the FPGA others and VH, 1.8 V, and 2.5 V for the FPGA others. The PDM control board has two types of power sources. One is the FPGA core, which is 1 V. Another is 1.5 V, 1.8 V and 2.5 V for FPGA IO, PROM, voltage shift and HK devices respectively. Mainly, these voltages are used for the FPGA IO bank and PROM to download software to the FPGA. If an FPGA uses 100% resource, the total power for the FPGA core needs ∼ 12 W. It means the DC/DC or regulator has to support over ∼ 4 A for the FPGA core. The current DC/DC can support up to ∼ 2.5 A. So we need to change the DC/DC for the FPGA core on future pathfinder projects.

As the FPGA resource usage increases the FPGA core (1 V) power use also increases but the power usage of the other FPGA elements (1.5 V, 1.8 V and 2.5 V) doesn't increase much. As the EC-ASIC board count increases, analog (3.3 V) and digital (3.3 V) power usage also increases but VH (1.5 V) doesn't increase much, as shown in Fig. 4.19. These results should serve as an initial guide for future pathfinder projects. 

Number of EC-ASIC board

Software design

This section describes the different functional blocks of the PDM control board, and their roles and behaviors.

Description of the functional blocks

All logic for the PDM control board is developed on the FPGA chip (Xillinx Vertex6) using the VHDL 10 hardware language. VHDL is used in FPGA programing to describe digital systems. The main functional logic blocks are arranged as shown in Fig. 4.20.

The main functional blocks have the names and functions listed below:

• SCU: controls the operations of the PDM system, including managing the data acquisition and housekeeping data.

• ERCU: interface between the EC-ASIC board and the PDM control board by customized SPI communication.

• CIU: interfaces between the PDM control board and the CCB board by customized SPI communication.

• HKU: interfaces between the PDM control board and the HK board.

• TPU: determines the best trigger between simultaneous trigger signals.

• MCU: controls the processing of the PDM control board data.

• ECU: controls the interface between the PDM control board and the HVPS board.

• RSU: controls the creation of the run summary.

• PIU: interfaces to a PC for standalone tests. 

System Control Unit (SCU)

The SCU controls and manages the operations of the PDM system. It functions as the brain of the PDM control board and is in charge of all types of control including the data acquisition and housekeeping data. The SCU's control of other PDM systems is enabled by issuing a set of commands and the SCU is itself managed by receiving commands from the CCB.

Command and Data

Command The command interface is a set of 32 bits interpreted by the PDM control board. The CCB will send one command via the CPU to the PDM control board. The PDM control board executes the received commands one by one. The command string structure is shown below:

• 31 (1bit): list or check. 1=command list, 0=responding what kind of parameter was used in PDM control board (read back)

• 30-29 (2bits): 11=PDM control board status, 00=command

• 28-24(5bits): applicable system, ex) 00000=PDM control board, 00001=EC-ASIC board analog part, 00010=EC-ASIC board digital part, 00011=EC-ASIC gain, 00100=CCB, 00101=Trigger

• 23-22(2bits): run type11 . EUSO-TA and EUSO-Balloon only use the science run type. • 21-16(6bits): command contents

• 15-10(6bits): sub contents

• 9-0(10bits): values

The list of individual commands used is detailed in appendix A.3.

Data The PDM data structure (see Fig. 4.21) consists of an event header (36 bytes of all 0 dummy data to allow for potential future functionality), an event summary (288 bytes -or 8 lines) including a 2 byte CRC checksum and 34 bytes of frame header, a data substructure comprising the photon counting data (2304 bytes/frame), and KI data (324 bytes/frame) including a last dynode value for 128 GTUs including each frame header (34 bytes again of all 0 dummy data) and another 2 byte CRC checksum. Each MAPMT pixel photon count value (from 0 to 255) is stored as a single byte, as is each KI data value12 . The MAPMT data is read out into the data structure in parallel with 36 bytes grouped together as one line (as shown in Fig. 4.22).

In other words, each row contains the flux value of a specific pixel (i.e. the top left pixel) for all 36 MAPMTs, with the next row containing the flux values of the next pixel (i.e. the top second from left pixel) of all the MAPMTs, and so on until all 64 pixels of all the MAPMTs have been read out. The next line of the data structure contains the last dynode value of the 36 MAPMTs13 . Next are 8 lines of KI data values, again stored in parallel (i.e. the KI values from each MAPMT are stored together in one line). Since each KI value is derived from a single row of each 8 × 8 channel of the ASIC, there are only 8 KI values for each ASIC. This, followed by a 1 row 36 byte frame header (including a 2 byte CRC checksum), comprises the data substructure for each GTU of data. Thus for each L1 trigger a data structure comprising 128 GTUs of data is created. First is an event header, then an event summery, then 128 data substructures (one for each of the 128 GTUs of data recorded).

The total data size per PDM trigger to be transferred to the CCB is about 2.7 Mbits. The data is transferred one byte at a time over an 8 line connection at 40 MHz, thus each 2.7 Mbits data structure takes about 8.53 ms to transfer as shown in Fig. 4.23. During this time the PDM L1 trigger is not operating. The data is transferred again from the CCB to the CPU in about 17.05 ms via a 5 ns spacewire interface. The total data transfer time from the PDM control board to the CPU is 25.58 ms, excepting handshaking time. When implemented, the L2 trigger will be preformed by the CCB and the data will only be passed to the CPU when the L2 triggering criteria are met. During this time the PDM L1 trigger is operating.

EC-ASIC Readout and Control Unit (ERCU)

The main function of the EC-ASIC boards are photon counting and total charge estimation (we call the latter "KI").

Figure 4.24 shows an example of the PC and KI data concept. The PC triggers on the rising edge of the input signal. So there is no energy in the signal information but there is position information. Since the UHECR fluorescence signal is characteristic of a weak single emitter, we don't need to know the signal energy. The photon count has 64 channels corresponding to the 64 MAPMT pixels. In the example shown (Fig. 4.24), there are 2 photoelectron signals (gray box), one is a 400 ns width signal in pixel number 18 and a 50 ns width signal in pixel number 20. The PC data shows 1 at channel number 18 and 1 at channel number 20, while the KI reads the signal widths. The KI is however only a summation of the data across 8 channels, from which we get the information of the signal charge but not the position. In the example, the KI data is 18 (400 ns / 25 ns + 50 ns / 25 ns) but we don't know the KI position information. The 40 MHz and 400 kHz (GTU clock) system clocks are disseminated by the PDM control board to the EC-ASIC boards and then the EC-ASIC board operates collecting PC and KI data using these clocks. Figure 4.25 shows the protocol of the data interface between the EC-ASIC boards and the PDM control board. A designated "Transmit on" wire is used to signal that a data transfer is in progress, a digital high signal is sent along this wire while the 66 bits of data are transfered. Each data packet sent from the ASICs includes a start bit, parity bit 14 , and 64 bits of grey code data.

Figure 4.26 shows the test results of the PC and KI data interface. The signals represented are: "1. GTU clock", "2. 40MHz clock", "3. KI data", "4. Transmit on" and "8-15. Photon Count" data from 0 to 7. ASIC channel number 1 has value 2, ASIC channel number 2 has value 1, ASIC channel number 64 has value 5, as can be seen on the right panel of Fig 4.26. At the beginning, when the instrument is powered ON, the ASICs will be configured via a number of configuration control lines by the PDM control board. Figure 4.27 shows the protocol for the control interface between the EC-ASIC boards and the PDM control board and Fig. 4.28 shows the control interface protocol test results. There are "sr ck", "probe sc", "sr in", "select din", "load sc", "sr rst", "rst" signals from the PDM control board to the EC-ASIC board. "dout" is the EC-ASIC board output to the PDM control board. There are 3 steps to send a control parameter to the EC-ASIC board:

1. sending control parameters ("sr in"), using 2.5MHz "sr ck" clock 14 which is a bit added to a string of binary code to ensure that the total number of 1-bits in the string is even or odd 2. setting parameters inside the ASIC using "probe sc" and "load sc" signals 3. reading parameters (which is "dout") back using "sr ck" When the configuration control parameters are the same the "dout", configuration control parameters are right. If the parameters are different, the PDM control board notifies the CPU through the CCB and then the CPU asks the PDM control board to send the configuration control parameters again.

Figure 4.29 shows a zoomed in region of Fig. 4.28 labeled as 1. The PDM control board sends control parameters using the falling edge of the 400 ns clock. The ASIC receives it using the rising edge. Figure 4.30 shows a zoomed in region of Fig. 4.28 labeled as 2. 620 ns after the PDM control board finishes sending the control parameters the "load sc" signal goes to down for 800 ns. Then, after 2 µs, the "select din" signal goes to down for 400 ns, meanwhile the PDM control board sends one clock signal to the EC-ASIC board. Figure 4.31 shows a zoomed in region of Fig. 4.28 labeled as 3. After 1.38 µs the PDM control board sends clock signals to the EC-ASIC board which then sends the read back parameter to the PDM control board.

Each SPACIROC ASIC is controlled by a 898 bit control packet. The allow for the configuration of the ASICs. Configurations such as the photon-count threshold can be adjusted, channels can be marked, and the signal shape adjusted. For example, Fig. 4.32 shows the effect of the width adjust parameter of the KI. It represents the MAPMT KI analog output (red), gate time unit clock (green), and supply voltage (blue). Changing the ASIC parameters yields significantly different KI analog output waveform shapes as shown in the difference between the two outputs shown in Fig. 4.32. All the tests performed showed that the 36 ASICs could be configured properly with the PDM control board.

CCB Interface Unit (CIU)

When an L1 trigger in the PDM control board occurs, or is simulated by the DP, a data packet of 128 GTUs of activity is sent to the CCB in the DP. The protocol between the PDM control board and the CCB board is a customized interface based on the SPI bus, as shown in Fig. 4.33.

The input and output signals between the CCB board and PDM control board are as follows: The PDM control board receives "PDM CLK" (40 MHz clock), "GTU CLK" (400 kHz clock or GTU clock), "Broadcasting" (CPU trigger), "SPI SSEL", "SPI SCLK" and "SPI MOSI" settings from the CCB. It sends "PAR CLK", "PAR DATA", "Trigger" and "SPI MISO" values back to the CCB. When the "Trigger" is high, if the CCB is ready to receive data, the PDM control board sends data ("PAR DATA", 8bits) using "PAR CLK". The "SPI SSEL", "SPI SCLK", "SPI MOSI" and "SPI MISO" signals are used for handshaking between the PDM control board and the CCB.

Figure 4.34 shows the command protocol interface (SPI) between the PDM control board and the CCB board where the signal "SPI SSEL" notices the availability of 64 bits commands (32 bits + 32 bits) for handshaking. In the SPI interface, the PDM control board is falling edge-triggered, it becomes active when its clock signal goes from high to low, and it ignores the low to high transition, however the CCB is rising edge-triggered15 .

Figure 4.35 shows the command transfer test results between the PDM control board and the CCB. For example, the input command is "0001 0010 0011 0100 0101 0110 0111 1000" ("12345678" in hexadecimal numbering). There are 4 parts:

• part (1) values are "0001 0010 0011 0100" ("1234" in hexadecimal numbering) from CCB to PDM control board

• part (2) values are "0101 0110 0111 1000"("5678" in hexadecimal numbering) from CCB to PDM control board

• part (3) values are "0001 0010 0011 0100" ("1234" in hexadecimal numbering) from PDM control board to CCB

• part (4) values are "0101 0110 0111 1000"("5678" in hexadecimal numbering) from PDM control board to CCB Figure 4.36 shows the data transfer protocol interface from the PDM control board to the CCB board. When a "trigger" (L1) in the PDM control board occurs a data packet of 128 GTUs of activity is sent to the CCB using a handshaking interface and a data transfer which is "PAR DATA" (8 bits) and "PAR CLK".

The trigger signal can be generated externally for debugging purpose. This external trigger signal command to generate a trigger is "0000 0000 0000 0000 0000 0000 0000 0001" ("00000001" in hexadecimal). In order to request data, a "DATA REQUEST" command could be used. For example, here the binary command "0000 0000 0000 0000 0000 0000 0000 0010" ("00000002" in hexadecimal) corresponds to "DATA REQUEST". The following steps are for data transmission. These steps are included in the externally generated trigger for testing purposes.

• Step (i) trigger signal16 sent from the CCB board to the PDM control board → Trigger signal is high.

• Step (ii) data request command17 sent from the CCB to the PDM → sending PAR DATA (0 to 7) and PAR CLK from PDM control board to CCB board. The data transfer time is ∼8.5 ms, the details of data transfer timing are described in the preceding subsections.

All the test results show that the interface between PDM control board and CCB could be performed properly for 128 GTUs's data transfer and command interface.

Housekeeping Interface Unit (HKU)

Figure 4.38 shows the timing diagram between the PDM control board and the HK board, each parameter is 32 bits (16 for request and 16 for the response), then the total number of bits is 192 bits (32 bits × 6).

The HK information sent from the PDM control board is as follows:

1. Temperature: 16 bits 2. 3.3 V for EC-ASIC board (We called this ADDA): 16 bits (Not a meaningful value because of a different GND) The input and output signals between the HK board and PDM control board are as follows:

1. SPI interface • CS: enable input for the receiving command • clock: clock input for the command clock • MOSI: command input for the PDM control parameters • MISO: command output for the PDM control parameters 2. "ALARM" and "RESET"

• ALARM: enable output for a dangerous situation on the PDM control board • RESET: reset input for the software reset of PDM control board

"DONE" and "PROGRAM B"

• DONE: enable output for a dangerous situation on the PDM control board • PROGRAM B: reset input for the hardware reset of PDM control board The HK philosophy for the "ALARM", "RESET", "DONE" and "PROGRAM BIT" lines, is as shown in Fig. 4.39; If the HK detects a high level in the "ALARM" line then the HK requests the PDM control board to set an alarm register indicating that there is a problem. Then the HK notifies the CPU of the problem and then the CPU manages the problem. The CPU sends a "RESET" (high pulse) to the PDM control board and then the HK in order to clear the PDM's alarm register and clear the PDM's "ALARM" line.

If the HK detects a low level in the "DONE" line, as shown in Fig. 4.40, it sends a "PROGRAM BIT" (low pulse) in order to reprogram the FPGA and wait for its reconfiguration, if the "DONE" line returns to high level all is OK otherwise, after an excessive time interval of the "DONE" line at a low level, the HK notifies the CPU of the problem.

Figure 4.41 shows the test setup for the HK-PDM control board interface testing and Fig. 4.42 shows the results of the PDM control board and HK interface: 1. temperature value is around 30 • C and its CRC 2. analog voltage for EC-ASIC value is 0 and its CRC18 3. digital voltage for the EC-ASIC value is 3.3 V and its CRC 4. voltage for data transfer value is 0 and its CRC19 5. voltage for PDM FPGA side value is 3.3 V and its CRC 6. voltage for PDM FPGA core value is wrong and its CRC and so on Almost all the HK information on the PDM control board was working except the "FPGA core voltage" because the circuit diagram was wrong on PDM control board.

Trigger Processing Unit (TPU)

The details of the trigger algorithm and its test results are described in chapter 9.

Memory Control Unit (MCU)

The MCU is the Memory Control Unit using FIFO IP. FIFO is a method that relates to the organization and manipulation of data according to time and prioritization. In essence, the queue processing technique is done as per a first-come, first-served behavior. Each item is stored in a column data structure. The first data which is added to the column will be the first data to be removed. Processing continues to proceed sequentially in this same order. The details of FIFO are described in [electronics]. The PDM control board uses an asynchronous FIFO which uses separate clocks for reading and writing. The rate of the reading clock is 900 ns and the rate of the writing clock is 25 ns.

The MCU is used to convert the 36 channel simultaneous input (one channel from each ASIC) into a single channel data output which is fed into the CCB. 

Efficiency Control Unit (ECU)

PMTs are used for very sensitive measurement of low intensity light. If there is a lot of light, the PMTs will be permanently damaged. According to the manufacturer (Hamamatsu), our PMT is damaged when it draws a current over ∼100 µA. We have 2 types of protection method. One is a protective function circuit on the HVPS board. If there is a lot of current drawn (i.e. exceeding a threshold value) the HVPS board will shut down all power output and then gradually increase the output voltage until it reaches the operating voltage or the current again exceeds the threshold triggering another shutdown. The other protection method is the ECU in the FPGA. The principle is to use the KI data to estimate the light level. If the KI value is high, the PDM control board can change the HV switch automatically to reduce the MAPMT voltage.

There are 3 different switches for the HV output: named switch 1, 2 and 3. The input and output signals between the HVPS board and PDM control board are as follows:

• switch 1 (0 V): output for the 0 V switch • switch 2 (700 or 750 V): output for the 700 or 750 V switch

• switch 3 (900 V or 1000 V): output for the 900 V switch20 Switch 3 is just a switch name and the operating voltage is typically about 1000 V when the 900 V switch used. The ECU light level estimation is calculated for a fast switching decision, within 2.5 µs (1 GTU) using KI data.

The baseline for the ECU is a KI value of 8521 . In other words, if the KI value is larger than 85 at 950 V, the HV is going to switch 2. Then if the KI value is still larger than 85 at 750 V, the HV is going to switch 1. Then if the KI value is under 85 for 5 seconds, the HV switch number will increase, as shown in Fig. 4.43. The blue is light, the yellow is KI data and the red is HV as a function of time.

Figure 4.44 shows the ECU test set up and Fig. 4.45 shows the test results. As noted above, ECU light level estimation is calculated for high voltage switching every GTU using KI data. During testing we set the photon count threshold to an excessively high value of 800 in order to effectively set the photon count value to 0. We sent the KI threshold in the 300-400 range so as to be outside of the KI pedestal value while using charge injection for the ECU algorithm test. We created a pulse signal for charge injection, with a period of 1µs, a pulse width of 300 ns and a voltage value of -5 V.

On the left of Fig 4 .45, there are 4 types of signals. From the top down they are: GTU CLK, HV 0 V (switch 1), HV 750 V (switch 2), and HV 900 V (switch 3). The first and second panel of Fig 4.45 show that if the KI value is under the 85 during 5 sec at 0 V, the HV is going up, from switch 1 to switch 2. The next panels (second and third) show that if the KI value is under the 85 during 5 sec at 700 V (or 750 V), the HV is going up again, from switch 2 to switch 3.

When the HV switch is to be changed, the logic channel for that particular HV switch sends a pulse with a ∼1 µs width at least five times at the beginning before sending a 2.5 µs width (1 GTU) signal, punctuated with a 100 ns down period, continuously (see the fourth and fifth panels of Fig 4.45).

The bottom of Fig 4.45 shows that if the KI value is over 85 during one GTU then the HV is going down, from switch 3 to switch 2 to switch 1. The multiple switching stages is a limitation of the HV switch which can only switch between adjacent outputs.

Unfortunately, we didn't use KI data for the EUSO-TA and EUSO-Balloon experiments, because when we tested KI, the KI value was not meaningful. So we didn't use the automatic switching mode. We just used a manual mode (i.e. the voltage was set by the user) and the default mode was switch 3 (900 V or 1000 V). We decide to set the baseline for the ECU at a KI value of 85. So, if the KI value is larger than 85 at 950 V, the HV is going to switch 2. Then if the KI value is still larger than 85 at 750 V, the HV is going to switch 1. Then if the KI value is under 85 for 5 seconds, the HV is going to switch 2. If the KI value is under 85 for another 5 seconds the HV will switch to 3. The blue line is light, the yellow line is KI data and the red line is HV. All are plotted as a function of time. (1) first and second panels: if the KI value is under the 85 during 5 sec at 0 V, the HV is going up, from switch 1 to switch 2, (2) second and third panels: if the KI value is under the 85 during 5 sec at 700 V (or 750 V), the HV is going up again, from switch 2 to switch 3, and (3) fourth and fifth panels: when the HV switch is to be changed, the logic channel for that particular HV switch sends a pulse with a ∼1 µs width at least five times at the beginning before sending a 2.5 µs width (1 GTU) signal, punctuated with a 100 ns down period. 

Run Summary Unit (RSU)

Originally, the RSU was intended to include various pieces of configuration information (such as trigger mode, high voltage mode, run mode, etc.) and run parameter settings (such as run and event numbers, time information, flags, trigger information, HV switch, and so on) in the event summary (252 bytes in each packet, see section 4.4.2). Neither the EUSO-TA or EUSO-Balloon instruments contained a RSU and the event summary information was all filled with 0 values. When we tested our internal first-level trigger algorithm, we used a functioning RSU. It worked properly and was helpful for understanding the trigger algorithm's operation.

Personal Computer Interface Unit (PIU)

The PIU is dedicated to the use of a PC for standalone testing which is done without the DP system. The protocol between the PDM control board and a PC is a customized bus based on the SPI bus, as shown in Fig. 4.46.

The input and output signals between a PC and PDM control board are as follows:

1. Enable for data and command The USB-8451(NI) [Instruments] device was used for the control and data transfer via PC. Figure 4.47 shows the test results for command transfer from the PC to the PDM control board through the USB-8451 device. The signal "NI COM" notices the availability of 32 bits for command. When the "NI CS" has low activity then the "DIN" value goes to the PDM control board with "NI clock 2M" clock.

Figure 4.48 shows the test results for data transfer from the PDM control board to a PC through the USB-8451 device. As can be seen in the right panel of Fig. 4.48, the USB-8451 device is grouped by 8 bits, serially. The signal "NI MIN" notices the availability for data. When the "NI CS" has low activity then the "Data out" value goes to a PC with "NI clock 2M" clock. It was working properly and helpful when testing without the DP to debug the PDM control board. 

Conclusion

I designed and built this PDM control board for the EUSO-TA and EUSO-Balloon experiments. It has been a long process, both from the hardware and the software point of views, to reach the requirements of these two experiments while keeping in mind the ones bonded to JEM-EUSO. In this chapter, in addition to the complete description of the hardware elements and software blocks, we went through the numerous tests performed to verify each functionality. Part of them were only PDM control board dependent, the others were dedicated to interfaces. In the next chapter, we will describe the PDM control board stand alone testing and integration testing with the rest of the electronic chain; namely the EC units, the EC-ASIC boards, the HVPS, the LVPS and the DP system.

Chapter 5

Lab and environment tests

In the last few years, we have designed and built two pathfinder experiments to test elements of the JEM-EUSO concept and hardware. All sub-systems are complementary. Sometimes it is advantageous to focus on standalone testing of individual assemblies and other times it is useful and mandatory to test the entire system. The main difference is that some of the tests look at things from each sub-system's perspective, whereas others test the total integrated system.

This chapter describes the definition of a unit, unit integration and system integration testing, and its test results including thermal and pressure tests. The focus is strongly put on the tests involving the PDM control board integrated in EUSO-Balloon and EUSO-TA detectors.

Integration testing

As mentioned in section 2.2, the electronics of the JEM-EUSO instrument are divided into two main parts, the DP and the PDM. All the elements were tested individually. This section will list and describe the main tests.

For EUSO-TA and EUSO-Balloon, there is a generally accepted sequence of testing: first unit testing, then integration testing of the individual units, and then system integration testing. These steps can be described as follows:

1. Unit testing: A series of tests that exercise each unit, individually. 2. Unit integration testing: Unit integration testing show that the PDM and DP systems are each working well.

• 

Unit testing for the EC, HVPS and EC-ASIC board

The EC unit tests were performed to check the gain and efficiency performances of the EC units one by one. The charge spectrum was recorded for the 64 channels of each MAPMT with a QDC system and a LED associated with an integrating sphere at 30 cm was used to uniformly illuminate the full EC Unit. The EC-ASIC board was tested by a dedicated test board at LAL, as shown in Fig. 5.1. This test board can handle only one EC-ASIC board.

We used a CW circuit to effectively create a separate power supply for each dynode, regrouping identical dynodes at the same high voltage power supply. The HVPS was produced, cabled and tested without an MAPMT attached, with a NI device as shown in Fig. 5.2. A detailed description of the HVPS and its test results are given in [START_REF] Blaksley | Photodetection Aspects of JEM-EUSO and Studies of the Ultra-High Energy Cosmic Ray Sky[END_REF][START_REF] Moretto | Étude du fonctionnement d'un télescope de lumière de fluorescence dans le cadre du projet EUSO-Balloon[END_REF]. 

Unit testing of the PDM control board

The PDM control board is built and tested mainly for interfacing to the EC-ASIC boards, CCB, HVPS and HK. The test setup is shown in Fig. 5.5 (left), where a USB-8451(NI) device is used for the control and data transfer via a PC.

PDM control board assembly for unit testing

The detail assembly step shows how all components are assembled and setup details, in appendix A.4.

The FPGA configuration and programming

We needed to program and reprogram the PROM in order to change the FPGA programming. For this we connect the PDM control board to a PC using the Jtag with IEEE 1149.A detailed description of the Jtag on the PDM control board is given in section 4.3.2.

Labview program and auxiliary connector

The data acquisition from the PDM control board uses an NI device (USB-8451) and an auxiliary board to test the temporary PC interface.

Testing data inside the PDM control board FPGA When developing logic on an FPGA, if we have data with known patterns the logic development is easy. The PDM control board has test data for checking logic developments. It is a simulator for 6 EC-ASIC boards. This data patten is shown in Fig. 5.3. When I developed the logic inside the FPGA, this pattern is already known, so if the logic is wrong, we can not see this test data pattern. If the logic is right, we can see this test data pattern. Each graph shows that the row from top to bottom is "A1" to "A6" and the column from left to right is "A" ASIC to "F" ASIC.

Figure 5.4: Binary EC-ASIC board numbering on the PDM control board as marked on red circle, from top to bottom A5, A3, A2, A1, A4 and A6 (these are not in consecutive order); "A1" is 000, "A2" is 001 ..., "A6" is 101.

Unit integration testing

The purpose of unit integration testing is to verify function, performance, and reliability requirements placed separately for the PDM and the DP. In this section, I described the test results with a single EC-ASIC board using electronics pedestal and charge injection.

Interface test results with a single EC-ASIC board

After unit tests, the PDM control board was tested together with a single EC-ASIC board as shown in Fig. 5.5 (left). The purpose of this test was to check the interface between these two boards. Each of the 6 different EC-ASIC connectors (A1 to A6, see Fig. 5.4) were individually tested with a single EC-ASIC connected. The testing consisted of seting photon count threshold in the ASIC pedestal range (DAC 70-80) while recording data. It is important to note that the pedestal position can be different from one ASIC to another [START_REF] Ahmad | Développement et réalisation d'un circuit de microélectronique pour le détecteur spatial de rayons cosmiques JEM-EUSO[END_REF]]. The right part of Fig. 5.5 gives pixel maps representing the number of counts. It can be divided in 6 rows corresponding to the 6 connectors, toward EC-ASIC boards and 6 columns corresponding to the 6 ASICs of each EC-ASIC board from A to F. From left to right, and top to bottom, the map is given in the cases of the EC-ASIC board plugged into the connectors A1, A2, A4 and A6 respectively. During these measurements the photon count threshold was set to DAC 70 and 40 GTUs1 of data were recorded. We can see that whichever connector was used, the ASIC A, B, D and F have a lot of counts for most of the pixels, while the ASIC C and E have none or just a few pixels. This is due to the different ASICs having different pedestal positions 2 . These tests showed that the PDM control board was able to properly configure the ASICs and collect meaningful data.

The photon count threshold is the numerical value that can be assigned for each A bad connection between the digital and FPGA GNDs caused a noise pattern to be seen in each ASIC -see the red pixels, as shown in Fig. 5.6. In this figure, the photon count threshold is set to 70, 80, 90, 100, 110 and 120 for ASIC's A, B, C, D, E and F respectively. In this test, we see that the parameters are set differently for each ASIC connected to the PDM control board and we can individually control the parameters for each ASIC.

Test results with a single EC-ASIC board using charge injection

In order to mimick an MAPMT charge, we injected charges into the EC-ASIC board, and readout the EC-ASIC board using the PDM control board. A small amount of charge3 can be injected into an ASIC. We can easily control the amount of charge injected with a function generator and the user can select the pixel into which the change is injected by hand. Figure 5.7 shows the test setup using charge injection (left) and the test results show the expected pixel with the injected charge and its value (right).

In this figure, charge injection information is listed below:

• left top: 1 photon count per GTU at pixel number 40 and A ASIC during ∼ 30 GTUs

• right top: 1 photon count per GTU at pixel number 57 and C ASIC during ∼24 GTUs Each graph also shows the row from top to bottom "A1" to "A6" and the column from left to right "A" ASIC to "F" ASIC.

• left bottom: 1 photon count per GTU at pixel number 60 and F ASIC during ∼ 24 GTUs

• right bottom: 1 photon count per GTU at pixel number 28 and D ASIC during ∼24 GTUs (right bottom)

In this test we used a value of 85 for the photon counting threshold, because this value is outside of the ASIC electronics pedestal region. The value was created using a known charge injection, and this value was received by the PDM control board. That is, the ASIC readout was successfully performed by the PDM control board.

System integration testing

The purpose of system integration testing is to verify functional, performance, and reliability requirements placed on the completed electronic chain with the PDM and the DP. We tested the electronics integration from the EC-ASIC boards to the DP-CPU through the PDM control board and the CCB board at RIKEN in Japan, and at LAL, APC, and IRAP in France.

The key system integration was tested in 4 different ways, as described in the following section. In addition to being listed here, several people have done their best in each and every test. I thank all of them. 1st integration testing: Dec. 10th-22nd, 2012 at LAL, France This test took place at the end of the prototype phase (phase B) of EUSO-Balloon project. The goal was to test the complete available chain of prototype electronics from the CPU to the EC-ASIC boards. At that time, the EC Unit was not included (at it was busy undergoing low pressure testing at APC) and the CRC between the PDM control board and the CCB was not present. At that time, all electronic systems had been successfully connected and tested for data and command transfers between the CPU and the EC-ASIC board. These transfers occur through the CCB and PDM control board. For this testing we used only 2 MAPMTs with the CRC enabled on the PDM control board CCB board interface. This testing was done at RIKEN, Japan, with the EUSO-TA project hardware.

We used a single EC-ASIC board connected via the "A5" connector on the PDM control board. Consequently, when we took data at the pedestal level (DAC 70), only the 6 ASICs corresponding to this connector showed non 0 data (see the left panel of Fig. 5.9 which represents the photon count data for the complete PDM). This figure shows photon count per pixel over the entire PDM in 1 GTU and the color range from 0 (white) to ∼ 60 (red). We used charge injection testing by sending the equivalent of 2 photon counts per GTU to pixel number 63 on C ASIC during 1 GTUs, as marked by the red circle in the right panel on Fig. 5.9. The photon counting threshold was set to a value of 500 4 . This test result is shown in the right panel of Fig. 5.9 and this figure shows photon count per pixel over the entire PDM in 1 GTU and the color range from 0 (white) to ∼ 2 (red).

During the same period, we added to this system a double Fresnel lens and tested it with a PDM, 2 MAPMTs, and a DP (see the left panel of Fig. 5.10) on the roof of the RIKEN institute in Japan. Our system observed UV laser signals moving through the field of view as shown in middle and right panel of Fig. 5.10. This figure shows photon count per pixel over the entire PDM in 1 GTU and the color range from 0 (blue) to ∼ 50 (red). We clearly see that light is detected when the laser was shot in the 2 MAPMTs field of view (see middle and right panels of Fig. 5.10). From the functional point of view this was the first and successful test of the system operating together from the detector to the data storage in the CPU. In this test, we didn't have the L1 trigger operating and thus we used a random CPU trigger.

3rd integration test: Nov. 2013 at APC, France

During the integration of the EUSO-Balloon instrument, we tested the functionality and performance of the complete electronics system including 36 MAPMTs installed at APC, France 5 . Figure 5.9: Second integration test results for the data and command interface between the CPU and the EC-ASIC board, through the CCB and PDM control board, at RIKEN, Japan. Left: we used a single EC-ASIC board connected via the "A5" connector on the PDM control board. The color range shows from 0 (white) to 60 (red). The threshold of photon counting was set to 70 which is in the ASIC electronics pedestal region. Only a single EC-ASIC board was used. Right: we used charge injection testing for the ASIC parameters and data. The color range shows from 0 (white) to 2 (red). We injected 2 photon counts per GTU at pixel number 63. Each graph shows the rows 'A1" to "A6" from top to bottom and the columns "A" ASIC to "F" ASIC from left to right. We assembled all 36 MAPMTs and took pedestal data using a dark box, as shown in Fig. 5.11. This result is shown in the right panel on Fig. 5.11. The photon count per pixel is shown over the entire PDM during ∼40 GTUs and the color range from 0 (blue) to 4080 (red). The 8 pixels of ASIC didn't work very well and caused a noise signal to be seen in the red pixels. When we changed the position of the EC-ASIC boards, the red pixels appeared on the same ASIC of the changed EC-ASIC board thus deminstrating that the ASIC has some problem. Unfortunately, we don't know why and when it was broken.

4th integration testing: May 2013 at IRAP, France Fourth, we tested the functionality and performance of the electronics together with the lens at IRAP, France.

In other to perform the end to end test, a Newtonian telescope was used to produce parallel light, from a point source, sent toward the instrument optics. Figure 5.12 shows the Newtonian telescope. The focal plane (the PDM), receives light from the whole primary mirror (parabolic mirror) and secondary mirror (plane mirror). A LED provides a point light source which is generated in pulses by sending power via a pulse generator. This pulse generator is synchronized with the helicopter GPS clock, as shown in Fig. 5.12. All systems were integrated and triggered externally by the GPSR at a rate of 1 pps (pulse per second) and the instrument successfully captured the flashes from the LED that was triggered independently by the helicopter GPS clock. [START_REF] Catalano | Performance of the EUSO-BALLOON optics[END_REF]) and the PDM photon count map with the LED (right, as marked in red).

Thermal and pressure tests

Preliminary thermal testing

The balloon thermal environment is more difficult to control than the ground environment. The environmental conditions of the specific launching site, suitable changes of the instrument covering can be found to adjust the temperature range in order to guarantee safe operation. The system wide requirement is that the subsystems inside the electronic bench must work from 0 • C to +50 • C. We tested the PDM control board and a single EC-ASIC board during thermal testing at LLR, France. In addition to this part of the electronics, the set-up included a thermal chamber, a computer to control its temperature, and a laptop to take data with the USB-8451 (NI) interface. The PDM control board and a single EC-ASIC board were inside the chamber. We measured system performance in the thermal chamber between 20 • C to 40 • C. Figure 5.13 shows the test setup inside the thermal chamber. We tested the PDM control board and a single EC-ASIC board while measuring with several pt100 temperature sensors6 .

We had 6 thermal sensors. Three for the ASICs ("B", "C" and "F"), one for the PDM FPGA chip, the PDM core power DC/DC, and the PDM's other power DC/DC. Figure 5.14 represents the temperature measured at the 6 different locations as a function of the temperature set in the chamber. No abnormal behavior was observed. Moreover, we took pedestal data from the EC-ASIC board, all along the temperature range ramp up. The data were as expected. So from 20 • C to 40 • C, the PDM control board and a single EC-ASIC board were working correctly.

Pressure tests

Concerning the pressure, the strict requirement came from EUSO-Balloon. Since the expected altitude of flight was expected to be around 40 km, the subsystems inside the electronic bench had to work at pressures ranging from 1 atmosphere down to 3 mbar. [START_REF] Barrillon | Performance of the EUSO-Balloon electronics[END_REF]).

We tested the complete electronic chain at low pressure, in March 2014, using the SIMEON cuve from CNES facility in Toulouse, France (see Fig. 5.15). The temperature was monitored from 0 • C to 50 • C. All functionalities from the MAPMTs to the CPU were checked at 3 mbar pressure during temperature cycles. These tests were successfully performed for each interface with all systems. However there were several problems. The test results with associated problems are described below:

1. The LVPS-HK could not start at low temperature.

2. The PDM control board goes into safe mode at ∼50 • C.

3. The HVPS board couldn't turn on at 3 mbar for the nominal operating voltage.

Their solutions are described below:

1. We changed the LVPS-HK board made by the Mexican team and modified the faulty components (resistor).

2. We improved the thermal braids and plate on the PDM control board.

3. We improved the isolation of the EC unit and changed the operating high voltage to 950 V instead of 1100 V.

The details of the pressure testing are described in [START_REF] Barrillon | Performance of the EUSO-Balloon electronics[END_REF].

Conclusion

The Assembly and Integration phases of EUSO-Balloon and EUSO-TA lasted for several months. They involved many people from the different institutes in charge of the subsystems of the electronic chain mainly. All the tests performed were mandatory to assess perfectly the PDM and DP systems. They allowed the collaboration to identify many issues that were fixed as they were spotted with a reasonable delay to both project. Finally, we used these instruments for both missions. It was a successful test as well as a first and important step towards demonstrating the technologies and methods foreseen for the larger JEM-EUSO mission in space. The chapters 6, 7 and 8 will respectively present the EUSO-Balloon campaign, the main results from this project and the the EUSO-TA results.

Chapter 6

The EUSO-Balloon flight campaign

In chapter 2, we introduced the concept of EUSO-Balloon as a pathfinder of JEM-EUSO.

In this chapter, we will look at EUSO-Balloon in more detail, remind its goals and requirements, and briefly describe the campaign that took place at the Timmins launch site, culminating in the flight of August 24 th , 2014.

The goals of EUSO-Balloon

EUSO-Balloon stratospheric balloon borne mission selected by the French space agency, CNES. It has been conceived as a pathfinder for the JEM-EUSO mission. As such, its most important goal was to validate the main subsystems of JEM-EUSO and the general architecture of the mission, as well as to assess the in-flight behavior of the instrument. It was thus designed to perform a full scale end-to-end test of all the key technologies and instrumentation of the JEM-EUSO detectors, hardware (optics, photodetectors, electronics...) and software (data processing, communication...) Another goal of the EUSO-Balloon mission was to gather information about the Earth's night time UV emission, to better understand and characterize what would be the background for the detection of cosmic-ray showers from above. As a matter of fact, the energy threshold of the future JEM-EUSO depends on this background light. Since this UV emission is likely to depend on the type of terrain overflown, it was also hoped that EUSO-Balloon could make measurements over several types of grounds (lakes, forests, soil, rocks...), and with different types of cloud coverage.

Finally, since the ultimate goal of the JEM-EUSO is to detect and reconstruct atmospheric showers, the ideal situation would be if EUSO-Balloon could also detect such a shower. However, given the short duration of the mission (one night at best), it was clear from the beginning that the detection of a real cosmic-ray shower would be unlikely1 . Therefore, it was decided to generate "artificial events" using light flashers and laser pulses shot horizontally from a helicopter in the field of view of the instrument, as schematically shown in Fig 6 .1. The UV light scattered by the air along the path of the laser pulse would then produce a track with general properties similar to that of a cosmic-ray shower, which should then be detectable by the instrument, and reconstructed by a standard reconstruction procedure making use of the space and time pattern of the recorded light.

The mission requirements

In order for EUSO-Balloon to fulfill its mission, a number of requirements had been identified, among which the following: 1. the payload should be representative of the basic JEM-EUSO detection and acquisition modules (PDM and DP) and include an optical system made of Fresnel lenses.

2. EUSO-Balloon must be able to detect a cosmic ray shower from a distance of ∼ 38 km, if one such shower occurs during the recording time.

3. EUSO-Balloon must be able to detect artificial events produced by a laser shot from a helicopter in the field-of-view.

4. EUSO-Balloon must be able to measure the UV emissivity of the ground and both its space and time variability.

From the point of view of operation, additional requirements were identified regarding the payload:

1. the EUSO-Balloon instrument must be able to operate under different conditions of UV background.

2. the EUSO-Balloon instrument should be able to self protect in the presence of intense illumination by artificial background (high voltage switches, see chapters 4 and 3).

3. EUSO-Balloon must be able to operate at least 2 hours without moon during the night.

Finally, general operational requirements were identified, regarding the data transfer rate.

First, it appeared necessary to transfer a "contingency sample" of data to the ground, both to check the behavior of the instrument during the flight and to ensure the realization of the main objectives of the mission even in the case where the payload could not be properly recovered and the hard disk on which the data would be recorded could not be accessible. The raw data rate of EUSO-Balloon is of the order of 7.7 Gbits/sec, reducing to roughly 18 Mbits/sec for the on-board selected event rate for ∼ 6 "events" per second with ∼ 324 kbytes/event. Thus, roughly 64 Gbit per hour of flight need to be recorded on redundant hard disks. On the other hand, to be able to transfer the equivalent of triggered events at 0.5 Hz to the ground in real time, a downlink rate of 1.3 Mbits/s is required.

Concerning the uplink, the requirements for the mission involve the possibility to send a set of telecommands to the various subsystems, including to set the data acquisition mode and adjust or tune the trigger levels. This was designed to require less than 50 kbits/s.

Both requirements (downlink rate of 1.3 Mbits/s and uplink rate at most 50 kbits/s) were verified to be compatible with the SIREN/NOSYCA system provided by CNES.

Preflight development of the EUSO-Balloon mission

To be compliant with the overall JEM-EUSO objectives and the programmatics constraints of both the JEM-EUSO Collaboration and CNES, the EUSO-Balloon project had to be developed on a very tight schedule (3 years and a half from design to launch). Nevertheless, it went through the usual phases of space or balloon missions:

• Phase 0 (or pre-phase A): Mission analysis and identification The majority of the phase 0 studies were conducted internally. Generally, we studied the key criteria such as mass, power consumption, science goal, safety, and ability to support the mission. During phase A, which started right after the official kick-off meeting on 14th September, 2011, we mainly performed feasibility studies especially for the EC units and EC-ASIC board and production of a large quantity of documents requested by CNES from October 2011 to February 2012. After phase A, phase B was dedicated to the production of the prototypes of all the electronics boards and their standalone tests from February 2012 to December 2012. From January 2013 to July 2014, we were in phases C and D. At first, all the flight model electronics, optics and mechanics were produced and tested individually including spares models. The PDM and DP were integrated and tested at APC under ambient temperature and pressure. Once validated, the electronics chain (PDM + DP) was tested in the so-called "SiMEON chamber" (which is the dedicated CNES facility in Toulouse) at 3 mbar and from 0 • C to 40 • C, to reproduce flight conditions. Lastly all the components which are the optics, electronics, flight communication hardware, and batteries, were assembled in a clean room hangar at IRAP, in Toulouse.

The main flight readiness review was held on the 4th of June 2014, to validate the functioning of all the components, subsystems and operational schemes. During this flight review, a few issues were identified, which could be critical to the mission, but for which there was reasonable hope that a working solution could be applied on a short time scale. The decision was thus postponed and a complementary review took place on the 11th of July. By then, the instrument had indeed proven to be satisfactory, so it was declared ready for shipment to Timmins, in Ontario, Canada.

The flight campaign in Timmins

The flight campaign started in Timmins on August 12 th , 2014, with the collection of the various boxes in the container delivered by boat. I took part to all the operations, including the assembly, the tests and the launch itself, on August 24th, 2014.

Figure 6.2 shows the Timmins stratospheric balloon launch base, operated by CNES and the Canadian space agency, CSA. It is located at the Timmins airport. One can see the main building, with operation offices, the assembly hall, where we reassembled the instrument, the containers area, where our instrument was delivered, and the commodity equipments, including meeting rooms. The balloon launch place itself is just outside of the picture (see the arrow), as part of the airport runway.

I now give an overview of the main activities in preparation of the flight, on a day-byday basis.

Tuesday 12th August 2014: All the elements shipped from Toulouse were found in good conditions, on visual inspection. The DP and PDM were removed from their boxes and checked visually. The gondola with the optics was removed from its box without any problem. All the boxes were emptied of their elements and the equipment put in order. The DP and PDM systems were powered on and their main functionalities were successfully checked. A standard s-curve calibration run on the pedestal showed expected results, comparable with the last measurements at APC, as shown in Fig. 6.3. This figure shows the photon count per pixel over the entire PDM in 1 GTU2 and the color range from 0 (blue) to 2 (red) at DAC 250. The left figure was measured at APC with high voltage and without light. The right figure was measured in Timmins without light.

Wednesday 13th August 2014: Over the following days, we worked in parallel on the integration and testing of the electronics, the assembly of the mechanical structure, the updates and upgrades, etc. We tested the PDM and DP through the hatch before integration. The DP, PDM and SIREN3 were interfaced with the ground and payload, and the power pack box was fitted to the radiator mechanical structure. Figure 6.4 shows the EUSO-Balloon instrument at different phases of integration in the assembly hall.

Thursday 14th August 2014: The electronics and structure were put under a black tent with a NIST photo-sensor to estimate the light level in order to perform the first measurements at nominal high voltage with and without light. The PDM and DP were tested successfully under the black tent which showed that the HVPS was working and that we could see light from the LED. The PDM and DP were also tested with a flight model battery powering the system instead of a lab power supply for the other tests.

Friday 15th August 2014: The interface between DP and SIREN was adjusted to reach a stable functionality. The housekeeping thermocouples were fixed on different locations and their cables routed properly. The DP, PDM and SIREN cable routing was improved.

Saturday 16th August 2014: The electronics and structure were put under the tent to perform light tests with the American group in charge of the laser helicopter set-up. The GPS synchronization went well as well as the ones with radio transmitter next to the electronics.

Sunday 17th August 2014: Figure 6.5 shows the baffle for PDM to block a spill light. The baffle was installed and fixed around the PDM. It was cleaned together with the focal surface of the PDM. The last tests of communication PDM and DP were performed without the HV and the noise level was found to have improved. A last check of the electronics cabling was performed before giving the green light for final integration. Finally, after some last things to be fixed on the mechanics, the electronics structure was lifted and fixed to the gondola. The total mass was 462 kg. At this stage, the instrument was declared ready to fly. The first flight opportunity was then set to Saturday, the 23rd of August. But the CNES and CSA advised us that EUSO-Balloon finally would not be able to be launched on that day, due to operational reasons. the floating pieces were successful in isolating the instrument from water, and we were able to recover the instrument undamaged, with its electronics perfectly dry.

The instrument was then brought back to the base and 83 GB of raw data were collected in total.

Conclusion

Despite a number of problems to be solved during the last phases of the project, EUSO-Balloon ended up being a success and recording an important set of data giving access to the UV background as well as light flashes and laser tracks events. The collaboration started the analysis right after (September 2014), leading to a series of results that were presented at the International Cosmic Ray Conference on the following summer.

In the next chapter, we will briefly review the main results obtained regarding the UV background, and spend more time describing the results we obtained with our own analysis method, searching for "non track" events in the EUSO-Balloon data.

Chapter 7

EUSO-Balloon Results

EUSO-Balloon was successfully launched on 24 August 2014 from the Timmins balloon launch base in Canada. In this chapter, I mention briefly the main results of the EUSO-Balloon flight, and discuss in more detail the analysis that I have conducted on the collected data, searching for significant variations in the UV background both across the field-of-view and as a function of time. I have restricted the study to coherent increases in the light received over the whole focal surface or a part of it. The method is presented in section 7.2, and the results in section 7.3. In this chapter, I write with reference to the 2015 ICRC proceeding which I published as [START_REF] Jung | Implementation of the first level trigger for ultra-high-energy cosmic ray (uhecr) detection from space with jem-euso: Initial test results[END_REF]. I am also first author of a journal paper on this subject, which is currently undergoing internal review within the JEM-EUSO Collaboration.

General results of the EUSO-Balloon flight

Apart from the numerous technical, instrumental, and operational teachings that came as an outcome of the EUSO-Balloon flight campaign, the main scientific results of the mission concern the measurement of the UV emissivity of the Earth at night (which is likely to depend on the varying ground and cloud conditions below the instrument), and the detection of "artificial events" induced by the light system onboard our helicopter (see above).

The UV light measured in normal conditions (with no particular "event" to be detected in the field of view) considered as a background for the measurement of cosmic ray atmospheric showers. However, it had never been characterized before with an imaging instrument, and especially not with such good space and time resolution.

Figure 7.1 shows a UV map (top) and IR map (bottom) of the EUSO-balloon flight track (see the dashed line box in Fig 6 .8). Here, we have combined the UV and IR images to study the upward UV radiance from the ground and the atmosphere. The color bar on the top of Fig. 7.1 shows the UV intensity; the yellow color indicates a high UV background intensity such as mines, an airport, and the dark blue indicates a low UV background intensity. The color bar on the bottom of Fig. 7.1 shows the IR radiance; purple or blue regions correspond to the lowest temperatures, while red corresponds to the highest. In practice, during the flight of EUSO-Balloon, the lowest temperatures have been observed from the top of the clouds, at an altitude of several kilometers above the ground. In areas without clouds, the ground (mostly forests in this area) was observed directly by the IR camera, with a higher temperature: this is shown as a yellow colour. Finally, the orange color corresponds to areas with lakes and rivers, with a water temperature higher than the night time ground temperature.

One can observe a clear anti-correlation between the UV and IR radiation. A qualitative interpretation of the anti-correlation is that clouds with a higher optical depth have a higher albedo, which increases the overall intensity of the UV background. Furthermore, UV radiation is absorbed in the atmosphere and higher altitude clouds can thus have a [START_REF] Mackovjak | Night time measurement of the UV background by EUSO-Balloon[END_REF][START_REF] Bertaina | Preliminary results from the first EUSO-Balloon flight[END_REF]).

higher effective albedo (even with a cloud of equal optical depth). Higher clouds are also colder and thus produce lower IR emissions [START_REF] Mackovjak | Night time measurement of the UV background by EUSO-Balloon[END_REF][START_REF] Bertaina | Preliminary results from the first EUSO-Balloon flight[END_REF]].

I will not describe these results further here, and refer the reader to the paper submitted by the JEM-EUSO collaboration to the Astroparticle Physics journal: [Collaboration, 2016 submitted to collaboration]. It contains detailed information about the EUSO-Balloon UV background data analysis and results, taking into account the post-flight calibration of the PDM. This also includes a modelling of the EUSO-Balloon instrument response using a GEANT4-based ray tracing simulation.

The second important result is the detection and reconstruction of laser events emitted from the underflying helicopter. These events allowed us to validate the performance of the instrument and its components (optics, electronics, etc.) and also provided a useful flight data set for checking the performance of the L1 trigger. While the L1 trigger was not running on the EUSO-Balloon flight we were able to apply it to the saved EUSO-Balloon flight data and detected ∼300 laser event tracks. The details of the L1 trigger performance using the EUSO-Balloon flight data are given in [START_REF] Suino | Tests of JEM-EUSO 1st level trigger using EUSO-Balloon data[END_REF].

The geometric reconstruction of the laser events has been done using a technique identical to that which would be applied to a real cosmic-ray shower. The track of pixels receiving light on the focal surface of the detector defines the so-called "shower detector plane" (SDP), in which the laser pulse propagates. Then the orientation of the laser track within this plane, and the closest distance of approach (noted R p on Fig. 7.2) is obtained from the timing information, given that the laser pulse propagates at the speed of light in the atmosphere. An example of a time fit is shown in Fig. 7.3 (left panel), with the reconstructed value of the zenith angle of the laser track, Ψ 0 91 • , and R p 35 km, which is indeed compatible with the expected values (roughly horizontal laser, and difference of altitude between the balloon and the helicopter).

I will not give more information about the laser track reconstruction procedure here. It is explained in the paper devoted to this aspect of the EUSO-Balloon results: [START_REF] Eser | EUSO-Balloon: Observation and Measurement of Tracks from a Laser in a Helicopter[END_REF]. The main result can be seen in Fig. 7.3 (right panel), which shows a histogram of the reconstructed zenith angle of the laser tracks. The very large and narrow peak shows that the error in the reconstructed geometry is small. The peak is around 92 • , which is slightly larger than a perfectly horizontal track. This turns out to be exactly what is expected from the fact that the helicopter was not horizontal during the flight, but tilted towards the center of the field of view of EUSO-Balloon. This is because it was flying in circles, turning towards the inside to always remain under the instrument. The predicted direction due to this tilting angle is shown on Fig. 7.3 with a dashed blue line. The agreement is quite remarkable, and gives good confidence in the precision of the reconstruction procedure and the potential performance of the EUSO instruments.

Although the average of the reconstructed angles appears to be too low (86 • ), this is clearly due to the outliers seen to the left of the peak on the figure. These outliers are essentially due to incomplete information, in the cases when the laser track passed through areas of the focal surface with defective pixels, or when it was partly absorbed by clouds. Note that, in the histogram of Fig. 7.3, not quality cut was applied to the data. Further work is still needed to define appropriate, objective cuts, after which a proper angular resolution can be determined. The real shower data expected from the flight of EUSO-SPB will also be very useful to better characterise the expected performances of the EUSO detectors.

I will not discuss further these general EUSO-Balloon results here. In the next section, I will present my own work on the data recorded during the flight.

Searching for "non-track event" in the EUSO-Balloon flight data

I was in charge of analysing the EUSO-Balloon flight data to search for potential events of a different type, non involving light tracks, as produced by the laser shots (or cosmic-ray Here we see the EUSO-balloon instrument observe a synthetic air shower induced by a laser pulse from the underlying helicopter. First the linear path of the air shower across the detector defines a plane with distance from the detector as a free parameter. Then the distance variable is solved since the intrinsic laser propagation speed (i.e. the speed of light) is known. The same method can also be applied to UHECR shower reconstruction since the incoming primary cosmic ray particle is traveling at extreme relativistic velocities and can be assumed to also be traveling at the speed of light. (original from [START_REF] Eser | EUSO-Balloon: Observation and Measurement of Tracks from a Laser in a Helicopter[END_REF]). [START_REF] Eser | EUSO-Balloon: Observation and Measurement of Tracks from a Laser in a Helicopter[END_REF][START_REF] Bertaina | Preliminary results from the first EUSO-Balloon flight[END_REF]).

showers, if there were some). Such events may be referred to as "non track events".

Rationale

EUSO-Balloon has been the first instrument to observe in the nadir direction in the near-UV wavelength band with a very high sensitivity (single photon detection) and unprecedented high angular and time resolutions, with a GTU 1 of 2.5 µs. Prior knowledge of possible space and time variations of the near-UV emissivity of the Earth was thus essentially inexistent. Since the EUSO-Balloon instrument was in principle capable of detecting such variations, it appeared interesting to search for this possibility in the flight data, even though the data taking strategy had not been designed for this, and the data format was not optimised to search for such "non track events", especially on timescales longer than the duration of a "data packet", i.e. 128 × 2.5µs, i.e. 320 µs (see below).

Obvious classes of potential UV signals include meteors and lightning discharges as well as artificial lights. Most of these signals are not expected to show strong variations over sub millisecond timescales. Various types of so-called transient luminous events are also known to originate from the upper atmosphere (UV flashes, elves, sprites, blue jets, etc.). Although they would not be observed directly by EUSO-balloon, since they are produced at higher altitudes, some of the signals emitted in the ionosphere might in principle be observed as reflected light, especially above clouds, which have a higher UV albedo.

Data analysis procedure

The EUSO-Balloon data collected during the flight are organized in a number of separate files, containing so-called packets of data, each of which contains the photon count registered for each of the 2304 pixels in the focal surface during 128 consecutive time bins. Each time bin is called a GTU. GTUs have a constant duration of 2.5 µs. Therefore, 1 packet corresponds to a period of 0.32 ms. The focal surface will be referred to as the PDM. It is subdivided into 9 so-called ECs, each consisting 2 × 2 matrices of MAPMT.

Figure 7.4 shows an example of the photon count per GTU for one packet, obtained by summing the photon counts of all pixels in each of the 36 MAPMTs (left panel) and in each of the 9 ECs (right panel). As can be seen, the total count rate is quite different on average for different ECs. This is because of some defective PMTs and electronics failures (as can also be seen on the left panel).

In the present study, we are interested in significant variations of the photon count over the whole PDM (i.e. the entire focal surface) or over individual ECs. The left panel of Fig. 7.5 shows the evolution of the total PDM signal during one data packet (128 GTUs), for the same packet as in Fig. 7.4. A significant signal can be seen between GTU numbers 40 and 60. To perform a systematic study of such signals, we proceed as follows.

First, we divide the time interval into 3 parts, containing respectively 43, 43 and 42 GTUs. We determine the average photon count per GTU during each of these periods, as well as its RMS, σ. We keep the smallest average value as indicative of the average UV background during the whole period, and the corresponding RMS is used to determine the significance of the photon count fluctuations. We then produce a normalized photon count evolution by plotting the so-called significance signal, defined for GTU number i in packet number p, as:

Σ i = S i -A p σ p , (7.1) 
where S i is the original signal (photon count) in the PDM at GTU number i, and A p and σ p are the average and RMS adopted for the packet under consideration. The right panel of Fig. 7.5 shows the significance signal for the same period as in the left panel. As expected by construction, the new average signal is 0, and the new RMS is 1. In this way, we can treat in a consistent way all the signals in all the data packets, and we can compare the signals recorded by different ECs, even though they do not have the same photon detection efficiencies (see above). In Fig. 7.6, we display through a color map the significance of the signal in each EC as a function of time. The horizontal axis is the time in GTUs, while the 9 ECs are displayed vertically on top of one another. EC 1 (bottom line) corresponds to the bottom-left EC in the PDM. EC2 and EC3 are the middle-left and upper-left, respectively. ECs number 4, 5 and 6 are the bottom, middle and upper-centre ECs, and ECs number 7, 8 and 9 are the bottom, middle and upper-right ECs. The colors correspond to values spread between -4 (i.e. 4σ downward fluctuation, in purple) and 10 (i.e. 10σ upward fluctuation, in red). In this example, a significant signal can be observed over several consecutive GTUs on ECs number 4, 5, 6 and 7 (middle part and right bottom of the PDM), around GTU 45, corresponding to the total signal observed in Fig. 7.5.

In the next step, we search the whole data set in a systematic way. We look for significant upward fluctuations of the signal by requiring at least N = 3 consecutive GTUs with a photon count more than T sigmas away from the average, i.e. with a signal significance Σ i ≥ T . We call a sequence of signals satisfying this criterion an "event". In the following, we use T = 3 as the default value for the significance threshold, but we also explored other combinations of N and T values to search for potentially fainter, but still significant signals. With the choice N = T = 3, we can estimate the probability of a "fake event" (i.e. obtained from a random fluctuation of the background). Assuming the total photon counts over the entire PDM follow a Gaussian distribution (apart from when "events" are recorded), the probability for the significance signal, Σ, in one GTU to be larger than 3 is P(Σ ≥ 3) 1.35 10 -3 ≡ P 0 . Therefore, the probability of a fake event (beginning at any given time) is P 3 0 2.46 10 -9 . The number of packets recorded during the EUSO-Balloon flight (with the nominal configuration) is 123,800. With 128 GTUs each, this amounts to a total of ∼ 1.6 10 7 GTUs. The probability of finding a fake event in the whole data set is smaller than 4%. Figure 7.7 shows the histogram of the significance values, Σ, of the total EC photon count per GTU, for each EC (left) and the whole PDM (right). In this histogram, all the ECs are considered separately, and the data are restricted to the periods which served as a reference for the calculation of the average and RMS in the above-described procedure (1/3 or the total data). As a first approximation, one may consider that these periods are free from significant signals (over the considered timescale), and only show statistical fluctuations of the background count. As can be seen, the distribution is almost perfectly Gaussian (with an average of 0 and an RMS of 1, as expected by construction), which supports the assumption that the signal detected in these periods is essentially random background light, and thus gives weight to the above estimate of the fake event rate. 

Results of the analysis

Figure 7.8 shows one example of an event identified through the above procedure. The left panel shows the significance Σ as a function of time, where a clear peak around GTU 60 can be seen. In the right panel, we show the integrated photon count in each pixel of the focal surface during the event, i.e. the sum of the photon counts recorded between GTU 51 to GTU 62. A track can easily be seen, crossing the focal surface from bottom to top. It does correspond to a laser shot, starting at the position of the helicopter inside the field-of-view.

In total, around 400 events were detected. Most of these events have also been identified by the offline trigger algorithm specifically designed to detect cosmic-ray tracks in the focal surface. They unambiguously correspond to laser tracks crossing the field-of-view of the EUSO-Balloon telescope, and confirm both the ability of the instrument to detect cosmic-ray-like events and the effectiveness of the algorithm. These events, their detection and their analysis are discussed in the papers already mentioned above [START_REF] Eser | EUSO-Balloon: Observation and Measurement of Tracks from a Laser in a Helicopter[END_REF][START_REF] Suino | Tests of JEM-EUSO 1st level trigger using EUSO-Balloon data[END_REF].

In addition to these expected, well-identified events, whose print can be followed on the focal surface over several GTUs, a few additional events could be observed in the data. Finding them was the purpose of our study.

Unresolved laser track events

The first and largest set of such additional events have been recorded during a relatively short period of time, while the helicopter was flying under the balloon. Even though these events were not recognised as actual tracks by the standard offline trigger algorithm, there are good reasons to believe that they are nevertheless related to the laser shots. It seems indeed likely that the laser shots simply propagated through an optically thick region, leading to a global increase of the photon count in the corresponding area, without definite source location. Several arguments go in favour of this interpretation.

First, the time period of these events (around 4:17 a.m. UTC time, i.e. 0:17 a.m. local time) corresponds to a period when the infrared camera indicates the presence of clouds in the field-of-view [START_REF] Frias | The Spanish Infrared Camera onboard the EUSO-Balloon (CNES) flight on August 24, 2014[END_REF], at an altitude higher than that of the helicopter. Second, the largest signal significance, responsible for the qualification of the photon count sequence as an "event", appears to be always located in the same region of the focal surface, namely in ECs number 7, 8 and 9. This part of the field-of-view is the same as where better-defined laser tracks could be spotted about 1 minute after these events, i.e. when the helicopter was still roughly at the same position and shooting in a similar direction (the global pendular movement of the balloon, around and across the vertical axis, was also not very significant at the considered scale at this moment of the flight). This can be seen on Fig. 7.9, which shows the evolution of the significance signal in a few data packets where these events were detected. The top two are unidentified events, while the following five are (somewhat diffused but) convincing laser track events following the previous ones by ∼ 30 seconds. A packet without any signal is also shown for comparison.

Finally, the timescale of the signal appears compatible with the crossing time of the EC at the speed of light, with some margin associated with the azimuth with respect to the square EC (up to √ 2 for a track along the diagonal) and a small tilt angle of the laser direction with respect to the horizontal. In Fig. 7.10, we show the histogram of the durations, in GTU, of the events detected at the PDM level by the above method for three different values of the threshold T , namely 3, 5 and 7. In other words, one count in the histogram at x-axis value equal to 10 refers to one event for which the significance of the excess photon count over the entire PDM was Σ ≥ T for exactly 10 consecutive GTUs. In the left panel, the histogram was built with the data taken during the helicopter flight, i.e. when laser shots could occur. The right panel corresponds to the complementary period, with no laser shots.

A bump in the distribution of the times over threshold can easily be seen above 5 GTUs, in the left panel. As expected, the largest signals (larger values of T ) are generally shorter than the lower ones, and the typical duration is between ∼ 6 and ∼ 14 GTUs. This corresponds to ∼ 15-35 µs, to be compared with the crossing time of the field-of-view at the speed of light: ∆t = d/c 24 µs along one side, and ∼ 34 µs along a diagonal (NB: the laser pulse itself is much shorter than a GTU, of the order of 7-10 ns). On the right panel, no such signals can be seen, which confirms their relation with the laser shots.

"Stray light" events

Another type of unexpected signals was also seen in the data, at the PDM and individual EC levels. A particularly clear example is shown in Figs. 7.11,7.12 and 7.13. It is observed in a data packet with an identified laser track, crossing the field-of-view from top middle to bottom right (EC 6 to EC 7).

Figure 7.11 shows the photon count per pixel, summed over the first 11 GTUs of the packet (left panel), and over GTUs 40 to 50 (right panel). The latter corresponds to the time crossing of the laser, whose track is materialised by the overlaid arrow on the figure. Unfortunately, only a fraction of the pixels were properly working with good and reliable sensitivity. Notably, the top-left and bottom-middle ECs cannot be used. Nevertheless, the track is clearly visible in the right panel, while higher average signals can also be seen in the bottom-left (EC #1) and top-right (EC #9) ECs. This is confirmed by the photon counts summed over each EC, as shown on the left panel of Fig. 7.12, which gives the significance signal as a function of time.

In addition to the expected (and very significant) laser signal in ECs 4, 5, 6 and 7, a clear signal is seen in all other ECs as well (except 1, which was out of order). This is puzzling at first sight, because of the time coincidence. It is extremely improbable that an independent, unidentified event, which would be responsible for a fluctuation in the UV light level, occur in the field-of-view of the instrument at the very moment when the laser is shot, in a few µs window. Thus, this signal must somehow be related to the laser itself. However, ECs number 1 and 9, for instance, look at regions of the atmosphere under the balloon which are distant by several kilometres from the path of the laser pulse, so that any diffused light from the laser coming from these directions should be detected with a time delay of several GTUs, just as the signal in EC 7 is delayed compared to EC 5 and even more to EC 6. This can be seen on Fig. 7.13, where we show a zoom on the significance signals (per EC, left, and per PMT, right) during the time window of the laser signal. On the left panel (EC level) the main signal is clearly seen to move down in time, with a peak first in EC 6, then 5, 4, and finally 7. This is confirmed by the signal time display at the PMT level (right panel). However, the signal in EC 1, 2, 8 and 9 do start in coincidence with the first signal in EC 6 (although with different relative levels), and spread over the whole duration of the signal, until its end on EC 7. Thus, the most probable explanation is that the photons recorded by the ECs that do not see the track are photons coming directly from the track, but which were not properly focused by the optical system towards the part of the focal surface that is conjugate of the corresponding direction in the field-of-view. We refer to these photons as "stray light" in the instrument.

To check the above interpretation, some simulations of the lens system were performed. Photons arriving on the entrance pupil were followed as they pass through the lenses and a fraction of them is refracted and reflected by the sharp edges cut in the lens material to produce the Fresnel structure. Results are shown in Fig. 7.14, where one can see the "image" of a parallel beam directed towards the lens at various angles with respect to the optical axis, from θ = 0 • to 15 • . Each point on the figures represent the arrival position on the focal surface of one of the individual photons simulated.

In addition to the expected focal point, an annular structure can easily be identified, spreading over a large area on the focal surface, even when the incoming light beam is outside of the nominal field-of-view (θ ≥ 5.5 • ), i.e. when the focal point is outside the PDM. While these "stray photons" represent only a small fraction of the total number of incoming photons,they may indeed account for a significant increase in the photon count in ECs that are not directly in view of the light source under study.

Note that the simulations whose results are shown in Fig. 7.14 assume a "perfect" optical system, i.e. with a perfect Fresnel structure and surface roughness. In this respect, the photons recorded outside of the focal point, notably those distributed along the more intense ring, are not really "stray" photons. The observed structure is expected from the design of the lenses. In addition to that, we should expect more diffuse light, due to imperfections in the manufacturing of the lenses, which should result in additional "stray photons" distributed over the whole focal surface. These may add to the parasite signal recorded by the ECs which do not directly see the laser track.

Further studies would be needed to investigate this effect quantitatively on the actual lens system of EUSO-Balloon, and some attention will be devoted to this feature inherent to the Fresnel lenses for the future missions. However, we note that the above-mentioned unfocused photons do not appear to be numerous enough to interfere with the detection and reconstruction of a real cosmic-ray shower, and should simply be taken into account as "lost photons", slightly reducing the effective throughput of the optics.

Presumed artificial light events

Two additional interesting events belonging to a different class have been detected by the above-mentioned method. They appear to be associated with human activity. The left and right panels of Fig. 7.15 show the time sequence of the significance signal at the level of individual ECs, corresponding to these two signals. As can be seen, the signal is very strong and distinct, and concentrated in one single EC: number 8 for the first one, and number 3 for the second one. The time sequence of the signal in these individual ECs is shown in Fig. 7.16. The structure of the photon counts on the focal surface look very similar in both cases. The signal has a total duration of ∼ 15-20 GTUs, i.e. ∼ 40-50 µs, with a sharp rise and high peak, which apparently saturates the dominant pixels, followed by a slower decay, possibly associated with a second peak about 5 GTUs after the first one.

Now, the key external information here is that the events occurred at a very special place in the field-of-view of the instrument, where a mine is known to be present. The UV light that it emits could be followed over a long period of time, with slow variations of its position across several data packets, following the linear velocity and pendular oscillations of the balloon. Such a coincidence is very unlikely to have occurred by chance, given that these events are the only two with this type of signature to have been discovered in the data. It is thus very likely that these signals are related to human activity, and we call them here "mine events" number 1 and 2. In Fig. 7.17, we show a sequence of images taken by the PDM during the first mine event, at 6 different times indicated by the GTU number. The same is done for the second mine event in Fig. 7.18, at the level of EC number 3.

These 2 mine events location is shown in Fig. 7.19. I have marked the EUSO-Balloon location in red. During the mine events we are overflying 4 mining sites.

Although the origin of these events is not known with certainty, standard lights seem to be excluded, given the extremely short timescale. In the case of a reflected signal brought serendipitously into the direction of the balloon by the rotation of a reflecting surface, the angular rotation speed would have to be of the order of 16 turns per second Figure 7.15: Significance signal, Σ, for the total photon count of the 9 ECs (one per panel) as a function of time, in GTUs. The 9 panels on the left correspond to "mine event" number 1 (see text), and the 9 panels on the right to the "mine event" number 2. The ordinate axis goes from Σ = -5 to 30 for the first event, and from -5 to 70 for the second one. to be compatible with a 40 µs signal, which seems not very likely. To account for such a short pulse, a more attractive hypothesis is that of a capacitor discharge, such as used in the Xenon flasher flown in the helicopter, and sometimes found on industrial facilities. In Fig. 7.20, we show as a comparison an example of the signal recorded from the Xenon flasher, which is part of the light system onboard the helicopter (see [START_REF] Adams | The Calibration of EUSO Balloon using airborne light sources mounted to a Helicopter[END_REF][START_REF] Eser | EUSO-Balloon: Observation and Measurement of Tracks from a Laser in a Helicopter[END_REF]). This signal was recorded about 1h30 after the above two events, at a time when there were no clouds in the field-of-view. The figure shows the signal significance of the total photon count over all pixels of EC number 8, in the field-of-view of which the helicopter was at that time. In this sequence, the signal from the LED flash can first be seen around GTU number 20. Then the laser shot is seen as the large peak on GTU 49. This signal is then moving towards EC number 6, not represented here. And finally, the Xenon flash is detected from GTU 51 on. As can be seen, its light curve is characterised by a first peak with a duration of ∼ 20 µs, followed by a second, lower peak, with ∼ 20% of the main pulse intensity (as can be estimated from the actual photon counts), with a delay of ∼ 30 µs. Such a time structure is somewhat reminiscent of that observed for the two mine events. .17: Photon count in each pixel of the entire PDM corresponding to the mine event number 1 (see Figs. 7.15 and 7.16,left), at 6 different times indicated by the GTU number within the recorded sequence. The persistent lights are associated with identified mines. The transient event appears at the middle right edge of the field-of-view, where a mine is also located.

As an additional exploration, we can estimate the total energy emitted during the mine events. For this, we first estimate the number of photons received on the focal surface of the instrument. Unfortunately, both mine events occurred in the region of the focal surface which had defective photodetectors, with an efficiency which is both low and uncertain (NB: they are not used for the standard EUSO-Balloon data analysis). For this reason, precise estimation is not be possible, and we thus use only an estimate of the average efficiency, η EC , in the area where the signal was recorded (i.e. EC 8 for event number 1, and EC 3 for event number 2). According to the measurements reported in [START_REF] Moretto | Étude du fonctionnement d'un télescope de lumière de fluorescence dans le cadre du projet EUSO-Balloon[END_REF], these efficiencies are of the order of η 1 5% and η 2 1%. As for the efficiency of the optical system, it has been measured to be of the order of ξ opt 40%, after integration over the whole point spread function.

Let C i be the photon count during GTU number i, in the EC where the event was recorded. Let B be the baseline (background) count in that EC during the duration of the event, i.e. the baseline photon count of the corresponding data packet. Then the total number of signal photons arriving on the pupil of the instrument, integrated over time, is simply given by:

N pupil = i (C i -B) η EC ξ opt . (7.2)
Assuming that the source emits photons roughly isotropically over a solid angle Ω = 2π (since any light to be seen from above, e.g. by a plane, would not emit towards the ground), the ratio of the number of photons received on the pupil to the number of photons emitted by the source is given by: (2 × 8) pixels vertically), corresponding to the mine event number 2 (see Figs. 7.15 and 7.16,right), at 6 different times indicated by the GTU number within the recorded sequence. (7.3) where S pupil 1 m 2 is the surface of the pupil, and H 38 km is the distance from the source to the instrument. We thus estimate the total number of photons emitted by the source during the event as:

N pupil N emitted = S pupil 2πH 2 ,
N emitted = 2πH 2 η EC ξ opt S pupil × i (C i -B). (7.4)
Finally, assuming an average photon wavelength from the source in the BG3 filter of λ 0 350 nm, i.e. an individual photon energy of E 0 = hc/λ 0 3.5 eV 5.6 10 -19 J, we find an estimate of the total energy emitted by the source in the BG3 band as:

E tot N emitted × E 0 .
(7.5)

In the case of mine event number 1, we have B 470 and i (C i -B) 5100 (see Fig. 7.16,left). Thus, assuming η EC = 0.05, we obtain a total energy of E tot 1.3 mJ.

In the case of the second mine event, B 50 and i (C i -B) 4800 (cf. Fig. 7.16, right). Thus, with η EC 0.01, we obtain a total energy of E tot 0.6 mJ.

This energy should only be considered as a very rough estimate of the UV energy of the flashing source. At the level of precision of this estimate, both values may be compatible with each other. Note also that the central pixels in the focal spot of the light source were probably saturated at the peak of the light curve, which implies additional uncertainties. This would make the above estimate a lower limit on the actual energy. On the other hand, a more focused emission within a small solid angle would make the estimate an upper limit on the actual energy. Overall, despite all these uncertainties, an energy of the order of 1 mJ appears as a reasonable estimate for the two mine events detected by EUSO-Balloon. This also seems compatible with the energy of light source devices available on the market.

As a comparison, we estimate the total photon energy in the helicopter Xe flasher event shown in Fig. 7.20. The average efficiency of the PMT corresponding to the focal spot from the location of the helicopter can be estimated as 15% [START_REF] Moretto | Étude du fonctionnement d'un télescope de lumière de fluorescence dans le cadre du projet EUSO-Balloon[END_REF]]. The baseline photon count per GTU is B 70, and the total signal photon count is i (C i -B) 1600. We thus obtain a total energy (in UV photons in the BG3 band) of E tot 0.14 mJ for that particular event.

Unidentified event

Finally, we report on an interesting, yet unidentified event, which was recorded in the EUSO-Balloon data during the flight of the helicopter, but which does not seem to be associated with our light system, nor with an artificial light such as described in the previous section.

This event is shown in Fig. 7.21, where we plot the significance signal for each individual EC as a function of time (left panel), as well as at the level of the whole PDM (right panel). A very clear excess in the photon count rate can be seen around the middle of the data packet, with a significance of ∼6σ at the PDM level. The signal duration is about 4 GTUs, i.e. ∼10 µs. The fact that it can be visible at least in the 6 top ECs suggests on the one hand that the signal is not a statistical fluctuation of the data count rate (especially since the significance reaches a level of almost 6σ), and on the other hand that it is indeed not associated with a localised light source in the field-of-view of the instrument. When looking at individual PMTs, it also appear that most of them show an excess in the photon count during that time, which further suggests a diffuse origin.

A zoom on the 10 GTUs around the signal occurrence time is shown in Fig. 7.22, where a possible shift in time could tentatively be recognised between the first row of ECs and the second row of ECs. This might suggest an underlying dynamical process. An excess of light over a large fraction of the focal surface could in principle be due to an event within the instrument itself, for instance associated with the interaction of a cosmic ray in the lenses or other parts of the detector. However, the time scale for such an event would be much shorter. The dimensions of the instrument are on the meter scale, which implies light crossing times of a few nanoseconds, much shorter than 1 GTU. Therefore, the event under consideration is most probably related to an actual excess of incoming light into the optical system. Further comments about this event can only be speculation at this stage. As a thought exercise, we may for instance imagine a very short and bright light source located outside the field-of-view of the instrument, e.g. originating from an airplane, whose light could be reflected on the ground. It would then produce a diffuse light over a large area, with an ordering in time due to the different time delays associated with the different path lengths. Such a scheme may be tentatively explored by roughly estimating the time delay and intensity differences over the balloon field-of-view. For this, we assume the geometry depicted in Fig. 7.23 (left). The detector, D, is located at an altitude H, with the center of the field-of-view in the nadir direction. Its projection on the assumed horizontal ground is noted O. The light source, S, is at altitude of h, a distance L from O along the direction of a side of the square field-of-view, whose side length is 2a. In the case of the balloon, H 38 km and a 3.6 km, while an airplane would typically fly at an altitude h 10 km. Using simple 2D geometry, we obtain the time delay between the first light illuminating the balloon field-of-view at the near edge, N, and the light reflected in the center, O, as: (7.6) where c is the speed of light.

∆t = 1 c (SO + OD -SN + ND) = 1 c √ h 2 + L 2 + H -h 2 + (L -a) 2 - √ H 2 + a 2 ,
The result is shown as a function of L in the right panel of Fig. 7.23. From the signal evolution ploted in Fig. 7.22, we may infer a time delay of the order of 1 or 2 GTUs between the first row of ECs and the second row. As can be seen on Fig. 7.23, such a time delay between the light at N and the light at O implies a projected distance on the ground, L, of the order of 4 to 7 km. Taking into account the 3D geometry, we should also expect some spread in the photon arrival times across individual ECs, and between ECs of the same row. The timescale of this spreading should be of the same order, namely 1 or 2 GTUs, which is compatible with the time structure of the signal, provided that the source signal itself is very short, typically shorter than a GTU. Overall, the global structure of the signal may appear to be roughly compatible with a light source located outside, but very close to the field-of-view, within a few kilometres at most (unless the source is much higher in altitude).

It is then possible to estimate also the ratio of the intensity of the light reaching the ground at O and at N, which goes as 1/r 2 . One finds a ratio of the order of 0.7-0.8. As for the ratio between the far edge (F) and the near edge (N), it is of the order of 0.5-0.6. Of course, variations in the albedo of the ground in the field-of-view will also modulate the reflected intensity, adding unpredictable patterns to the ground emissivity.

Finally, we may estimate the intensity (or energy) of the light source in the same way as in the previous section. In the case of this unidentified event, we find a total of ∼ 500 photons detected on the focal surface (in excess of the background), which is about 1/10 th of the number of photons recorded in the two "mine events" discussed above. In order to evaluate the number of photons emitted at the source, N emitted , we need to modify Eq. (7.4) to take into account the average albedo, A, in the field-of-view, and the "dilution" of the photons over a larger area than that covered by the field-of-view. The average photon density on the ground (integrated over time) around position O is ∼ N emitted /4π(h 2 + L 2 ), assuming isotropic emission, and the number of reemitted photons in the field-of-view of EUSO-Balloon is thus roughly N reemitted ∼ N emitted × A × a 2 /π(h 2 + L 2 ). To estimate the number of photons emitted by the source, one thus needs to add a factor π(h 2 + L 2 )/Aa 2 in the right-hand side of Eq. (7.4). With the above parameters, this factor is of the order of 30/A. Therefore, assuming an albedo of about 10%, the primary source intensity in the wavelength band of the UV filter would typically need to be ∼ 30 times larger than that of the mine events.

To sum up, the above estimates show that the recorded signal might be compatible with the reflection on the ground of a possible light flash originating at the altitude of an airplane slightly outside of the field-of-view of the instrument, with a very short duration and a total UV power typically one or two orders of magnitude larger than that of the sources responsible for the events reported in the previous section. Chapter 8

EUSO-TA results

As already mentioned, EUSO-TA and EUSO-Balloon did not implement a real time trigger algorithm. So in October 2015, we visited the US state of Utah and conducted trigger algorithm testing. The description of our trigger algorithm testing is given in the next chapter. This testing was conducted useing our EUSO laser system. In this case, we know that the laser signal will appear in the three central ECs of the PDM. If a signal in coincidence with the laser shots appears in other ECs, then it must be due to (unfocused) stray light reaching the focal surface, as presumably observed in the EUSO-Balloon data (see previous chapter). In this chapter, I report on the results obtained with the data collected during the trigger test campaign in Utah. 

General description of the EUSO-TA operations

The method for data analysis

The data used for this analysis was collected by EUSO-TA during ∼2 weeks of moonless night observations.

The EUSO-TA instrument collects data only in response to an event trigger. Each trigger generates the recording of a data packet (128 GTUs3 long) across the entire detector (all 36 MAPMTs). The purpose of this was to test the L1 trigger algorithm. Therefore, we used the EUSO laser system with which we were already familiar. We have five trigger types, and no matter what trigger we use, we already know that the laser signal will pass through ECs 4, 5 and 6 of the PDM. Here I review the different trigger types especially the L1, TA External, and GPS clock triggering systems.

The L1 trigger is our current implementation of internal event triggering (based on real time data processing in the PDM control board FPGA). We also trigger on events externally detected by the TA FD. Finally we also trigger on a GPS clock which is synchronized with another GPS clock used to time the UV laser pulses by our Colorado School of Mines team. Each of these trigger types has a different characteristic delay between the packet start and the signal causing the signal positions within the packet to systematically differ. Signals are typically positioned at ∼20 GTUs by the external GPS trigger, ∼55 GTUs by the L1 trigger and ∼70 GTUs by the external TA trigger. Out of approximately two hundred thousand events we select only about ninety thousand (∼ 40%) with the maximum signal (across an individual EC of 4 MAPMTs) located between 10 to 30 GTUs, for external GPS triggers, or from 50 to 80 GTUs, for the L1 and external TA triggers and detected across at least 4 ECs. In the present study, we already know that the laser signal will pass through ECs 4, 5 and 6 of the PDM, thus it will be visible in at least 3 ECs. Therefore we are interested is looking for a signal detected, at the same time, in at least 4 ECs.

Figure 8.1 shows the distribution of data packets containing events detected across a number of consecutive GTUs and the sigma of the detected event for signal position of external GPS, L1 and external TA triggers.

In the next step, we look for significant upward fluctuations in the signal by requiring at least N = 2 consecutive GTUs with a photon count more than 2 sigma above the average in at least 4 ECs. We used different values for the EUSO-Balloon data analysis because the conditions are different 4 .

The photons causing the signal seen by the additional EC(s) would then correspond to stray light in the optical system (see the previous chapter for more comments on possible stray light).

We found "stray light events" as well as two other event types. These will be discussed in the following section.

Results

We found 4 types of events in the October 2015 run.

1. more than half ECs had a long duration signal (>∼60GTUs), the so-called "airplane" events 2. almost all ECs had a short signal (<3GTUs), the so-called "high voltage switch" events 3. a signal very similar to the high voltage switch events but one we believe is a muon Cherenkov event, the so-called "Cherenkov event"

4. a signal where no signal is expected, the so-called "stray light" events

Airplane events

A typical airplane event manifests as an unusually long duration signal of more than ∼60 GTUs as show in Fig. 8.2. These events are characterized by a rapid rise in the photon count across ∼6 ECs followed by a more gradual decline. This increase and decrease is shown in the light curve. Probably it is a rotating light on an airplane. Figure 8.3 shows a composite image of the photon counts of each pixel in the PDM, obtained by summing the values in the data packet every 16 GTUs. In fact, airplane light often causes spurious TA FD event triggers during the night in Delta Utah. Approximately 1% of all our data contains some airplane contamination.

High voltage switch events

An example of a high voltage switch event is shown in Fig. 8.4. These events are characterized by a rapid rise in the photon count across almost all the ECs followed by a rapid decline. A shallow dip below the background level at ∼60 GTUs then follows these events. Due to bright light sensitivity, the PMT can easily be damaged by applying excessive light to the photocathode. If the PMT divider current is less than ∼200 µA the dynode currents will be limited to below this value and the photomultiplier system is likely to survive. If the divider current exceeds ∼200 µA the HV board will shut down all of the ECs and then the system is recovered automatically by the housekeeping and HV boards.

Cherenkov event

The TA observatory is a hybrid detector system consisting of both an array of scintillation SD which measures the distribution of charged particles at the Earth's surface, and three FDs which observe the night sky above the SD array, in the Utah, USA desert. EUSO-TA is collocated with the Black Rock Mesa FD. The elevation angle of the EUSO-TA instrument can be changed manually. In this instance, as shown in Fig. 8.5, an elevation angle of ∼15 • was used (as marked in the red box). The azimuthal angles are virtually the same between EUSO-TA and the TA FD as shown in Fig. 8.5. This figure shows all the data taken by the TA experiment. Each circle has its own data, and the colors in the 

Stray light events

The last event is shown in the yellow region of Fig. 8.7 and is enlarged in Fig. 8.8 such that the yellow region now spans the entire time shown in the plot. A Fresnel lens consists of a characteristic flat shaping parallel to the optical path which reduces the total thickness of the lens. If however some light enters the lens through these flat sections it should (in theory) appear as a ring pattern. We have simulated this pattern in Fig. 7.14, as observed in the EUSO-Balloon flight data. The signal is apparent in ECs 1 through 6, however ECs 7 through 9 are so noisy that the stray light events are not clearly seen. We already knew that the laser signal would be apparent in the middle ECs (ECs 4 through 6), but the left ECs (ECs 1 through 3) also had a ring pattern related to the laser signal.

In conclusion, we found 4 types of events in the October 2015 run. The first are airplane light signals, the second are the high voltage switch signals and third are muon Cherenkov light events, and last are the Fresnel lens stray light signals. Through this analysis, we were able to know the operation of the EUSO-TA instrument, and we will continue to collect signals and do more analysis.

The most important thing at this time was the trigger algorithm testing in Utah, USA. A detailed description of the trigger algorithm and its test results are given in the next chapter (Chapter 9). Chapter 9

Validation of the first-level (L1) trigger results

In the previous chapters, we went through the description of JEM-EUSO experiment and pathfinders electronics design and test. We explained that EUSO-Balloon couldn't run the L1 trigger algorithm inside the PDM control board for reasons given in the Chapter 4. Nevertheless, in order to prepare the next pathfinders (EUSO-SPB mainly) and the future main project, we needed to validate it in different conditions and configurations.

In this chapter, I write with reference to the 2016 IEEE proceeding I published as [JUNG, A. et al. 2016 submitted]. Here, I give a general description of the trigger algorithm used in the JEM-EUSO mission and its requirements. I also report on the implementation and successful testing of the electronics chain up to the L1 trigger, through a test campaign at the Turlab facility (Torino, Italy) [START_REF] Bertaina | EUSO@TurLab: An experimental replica of ISS orbits[END_REF], and detection of laser-induced light tracks in the atmosphere during a test campaign at the TA site (Utah, USA) in October 2015.

General consideration and description of the JEM-EUSO trigger

In the first chapter, we explained the rarity of the scientific events JEM-EUSO aims to detect. It is mandatory to record all the interesting events in order to reach a significant statistic in a reasonable period of time. The role of the triggers is to select the events and reduce the data flow.

We have both L1 and L2 triggers for JEM-EUSO. The L1 trigger selects events with fast signal variations and the L2 trigger select the subset of those events with a spacetime structure compatible with cosmic-ray shower like "tracks" developing at the speed of light. In JEM-EUSO, physical data down-selection is made first at the PDM control board with the L1 trigger. Input rate from EC-ASIC boards is expected to be 400 kHz, while output to the CCB is 7 Hz, so reduction factor of ∼6 × 10 4 is required from the trigger system electronics of the PDM control board. The L2 trigger is carried out by the CCB. So the two levels of triggers are optimized around the requirement of an effective reduction from the raw data rate down to the data transfer rate from space to the ground of ∼300 kbps.

The L1 trigger latency within the PDM is expected to be only 1 GTU, 2.5 µsec, which implies the trigger decision can be made every GTU. The UHECR trigger will be issued typically around the shower's maximum position, and thus the PDM control board needs a data memory of 128 GTUs per ASIC (or MAPMT). The L1 trigger testing is described in section 9.4 and a detailed description of the L2 trigger is given in [START_REF] Bayer | The Cluster Control Board of the JEM-EUSO mission[END_REF]. As seen in Fig. 9.1, the optics system characteristics require a different threshold for each PDM. The right panel of Fig. 9.1 shows 49 PDMs where the central PDMs are more sensitive than the edge PDMs due to vignetting. Vignetting is a common optical effect caused by a lower effective aperture size for off-axis incident light yielding a lower sensitivity at than edge of optics.1 Thus the backgrounds are different for different regions of the PDM. The sensitivity also varies between the different PDMs. Therefore, thresholds for triggering should be set differently depending on the location on each PDM. These thresholds might be re-calibrated and reset in space by uploading relevant parameters from the ground. The L1 trigger algorithm calculates the background threshold automatically every 128 GTUs based on the associated background change. A detailed description of the L1 trigger is given in section 9.3.

Trigger modes

The trigger of UHECRs against a variety of backgrounds mainly originating from atmospheric or astronomical phenomena is important. But JEM-EUSO will also allow for study of other luminous phenomena in the atmosphere like TLEs, meteors, aurora, etc (see Table 9.1). Therefore, the trigger system should be designed with as much flexibly as possible so that we are able to select or define the priority, rate, mixing ratio, masking of triggers, etc. from the ground. Human-made lights are usually faint (or bright) and take a long time to change so it is relatively easy to reject them from the trigger point of view. The trigger mode here is defined as a physics oriented categorization such as UHECR, TLE, LIDAR, calibration, and others, while the trigger type could be a combination of trigger modes given by a predefined list. The L1 trigger parameters will adjust themselves such that the false trigger rate is lower than 1 per second per EC [START_REF] Bertaina | The First Level Trigger of JEM-EUSO: Concept and tests[END_REF][START_REF] Suino | Development and testing of the first trigger level of the spatial project jem-euso[END_REF]. 

Trigger algorithm

As mentioned earlier, the goal of JEM-EUSO is to measure UHECR and several phenomena in the atmosphere. Thus, JEM-EUSO has two distinct trigger modes.

• Standard UHECR mode

• Slow mode2 

Currently, we have implemented the standard UHECR mode, therefore this section will focus on it. Cosmic ray event duration is 50-150 µs, as shown in Table 9.1. The other events, meteors, lighting TLEs, clouds and aurorae are a few ms to a second. The L1 trigger [START_REF] Bertaina | The First Level Trigger of JEM-EUSO: Concept and tests[END_REF][START_REF] Suino | Development and testing of the first trigger level of the spatial project jem-euso[END_REF]] goals are to trigger on cosmic-ray showers but not on other atmospheric phenomena and the L1 trigger parameters will adjust themselves such that the false trigger rate is lower than 1 per second. As mentioned earlier, JEM-EUSO has 2 levels of trigger, one is L1, another is L2. L1 selects events with fast signal variations. L2 selects events with a space-time structure compatible with a cosmic-ray shower which is a "track" developing at the speed of light.

The L1 trigger [START_REF] Bertaina | The First Level Trigger of JEM-EUSO: Concept and tests[END_REF]] is meant to select spatially and temporally correlated signals on the focal surface, which could potentially correspond to a UHECR event, and to reject most of the background fluctuations. Basically, it requires a locally persistent signal above the average background, lasting for a few GTUs. Pixels are grouped in 3×3 pixel boxes called "cells". Cells must be contained within one single MAPMT, i.e. pixels cannot be shared between neighboring MAPMTs. Thus, there are 36 different cells per PMT, with inner pixels belonging to several cells. A L1 trigger is issued whenever, for a certain number, P (persistency), of consecutive GTUs, there is at least one pixel in a cell with an activity larger or equal to a preset threshold of N photoelectrons, and the total number of photoelectrons in the cell, summed over a time period of P GTUs, should be higher than a preset "sum" threshold value, S. Essentially the signal has to be stronger than N for longer than P GTUs and the overall number of counts is higher than S. There is, however, a subtlety in the counting of photo-electrons attributed to a potential signal. When comparing the total signal over P GTUs to the global threshold S, one only counts the photo-electrons in excess N -1 in each pixel. In other words, if a pixel count n photo-electrons during a given GTU, the actual "signal" is considered to be n -N + 1 photo-electrons. In this way, if N = 3 for instance, all pixels with photo-electron counts lower than or equal to 2 count for 0, and pixels with 3 (resp. 4, 5, n) photo-electrons count for 1 (resp. 2, 3, n -N + 1 = n -2) photo-electron.

Figure 9.2 shows an example of the application of the trigger algorithm to a sequence of photon counts inside one particular cell, for which the L1 trigger is activated at GTU number 5. The trigger parameters have been chosen so that N = 3, P = 5 and S = 39. On the top left panel, the photo-electron counts in each pixel of the cell are the numbers appearing in the C1 frame, namely 6, 3, 4, on the first row of the cell, and so on. On the C2 frame, the numbers correspond to the "signal photo-electron counts" (in the same pixels), i.e. the number of photo-electrons in excess of N -1 (here equal to 2), as explained above. Then, the sum of these signal counts inside the cell, here equal to 14, is stored in the boxed called "Adder" (A).

The top right panel corresponds to the second GTU in the sequence. The C1 frame has another set of values for the photo-electron counts in each pixel of the cell, and the same procedure is applied to determine the number of signal photo-electrons in each pixel, i.e. the number of photo-electrons in excess of 2. These are added incrementally to the signal photo-electron counts appearing in the C2 frame. The persistency counter (in frame C3) is raised by one unit, and the new total of signal photo-electrons is computed by the adder A. It is now equal to 26 in the example.

The same procedure is applied to GTU 3, providing a total of 34 signal photo-electrons, and to GTU 4, providing a total of 42. This number is already larger than the global threshold value, S = 39. However, the persistency is only of 4 GTUs so far, so the trigger is not activated. In the bottom panel, a fifth GTU is represented, with again at least one pixel in the cell with photo-electron count larger than or equal to 3. This ensures a persistency (at least) equal to the preset value P = 5, so the trigger is finally issued on GTU 5.

The PDM control board allows us to operate the L1 trigger algorithm in two different modes, selected on command by the user. The manual mode gives the user control over the three parameters, N , P and S. The automatic mode sets N and S automatically, depending on the instantaneous (measured) background level, to keep the trigger rate on fake events at ∼1 Hz per EC. The last parameter, P , is set to 1, 2 or 5 by the user, as an optimized value for the specific conditions of observation with the EUSO-TA, EUSO-Balloon or JEM-EUSO instruments, respectively. In practice, the background level can fluctuate depending on the background conditions of the sky, the presence of the moon, light from luminous stars and planets reflected off the ground, and also surface lights when the instrument flies over urbanized regions. The parameters N and S then vary in order to satisfy the intended L1 trigger rate.

We also have different trigger types which operate in various modes. These are listed below.

1. CPU trigger: the CPU sends a trigger through the CCB 2. External trigger: the trigger signal comes from the TA experiment or at exact predetermined times via the GPS system clock 3. User trigger: triggering is commanded by the user 4. L1 trigger: trigger initiated by the trigger algorithm inside the FPGA 5. External trigger OR L1 trigger: a combination mode used for operations at the TA site I coded these trigger options using VHDL, to let the user select the trigger type by command. When we want a random trigger, we use the CPU or User triggers. If you want to see the same event with EUSO-TA and the TA experiment, we used the External trigger. When we want to test our L1 trigger, we used L1 the trigger. When we want to know the trigger efficiency, we used the External OR L1 trigger. A detailed description of trigger efficiency is described in section 9.4.3.

The details of L1 test results is described in the following section.

Results of trigger testing

The EUSO-Balloon mission was launched on August 24th, 2014, in Timmins, Ontario (Canada). For this first flight of the instrument, the detector did not include a functioning internal real-time trigger algorithm. Likewise, the operation of the EUSO-TA instrument in Utah (USA) started in 2014, without an internal trigger implemented. The L1 trigger described in the previous section has since been implemented in one EC and tested in 3 different ways, as we now describe. First, we tested the internal trigger functionality using a dark box with an LED light in Paris, France. Then, the L1 trigger was tested with several different kinds of emulated light sources at the Turlab facility in Torino, Italy. Finally, the PDM control board containing the implementation of the L1 trigger was brought to the TA site and adapted to the EUSO-TA instrument, where it was further tested to detect light tracks induced by a laser shot in the field of view of the telescope. The diffused laser light propagating through the atmosphere was used to mimic the development of a cosmic-ray air shower. This represented the first field test of our internal L1 trigger.

Since all these tests proved successful, the L1 trigger has now been implemented in the EUSO-SPB instrument, consisting of an improved version of the EUSO-Balloon PDM, to be flown under a SPB operated by theNASA, for a long duration flight scheduled for March 2017 [START_REF] Wiencke | EUSO-Balloon mission to record extensive air showers from near space[END_REF]]. 9.4.1 First trigger testing at APC Figure 9.3 shows the setup for testing the internal L1 trigger in the dark box of the APC laboratory in Paris. It uses an LED emitting light at a wavelength of ∼378 nm (here mounted in an integrating sphere). The light reaches the EUSO-Balloon PDM on the bottom-right EC in which the L1 trigger was implemented. The distance between the PDM and the LED is ∼30 cm. We created a pulse signal using the LED, with a period of 5 s and a pulse width of 25 µs (corresponding to 10 GTUs). For this test, the L1 trigger persistency parameter was set to P = 1, while the N and S parameters were set automatically (see section 9.3). The triggering EC was the one on the bottom right of the PDM (cf. Fig. 9.3).

The resulting photo-electron counts are shown in Fig. 9.4 at the pixel level for the whole PDM during 1 GTU (left panel) and at the PMT level for the 4 bottom-right MAPMTs (right panel), as a function of time, during 128 consecutive GTUs. The light pulse is clearly visible around GTU number 53. As expected, the L1 trigger was activated by the algorithm at the proper time. 

Second trigger testing at Turlab

The second trigger test was done at the Turlab facility, which is used for oceanic and atmospheric physics experiments in the Physics department of the University of Torino (Italy) [START_REF] Bertaina | EUSO@TurLab: An experimental replica of ISS orbits[END_REF], shown in Fig. 9.5. TurLab is located 15 m underground, allowing us to work in extremely dark conditions and to control the light to be detected by the instrument.

The purpose of the L1 trigger test campaign at TurLab was to verify the functionality of the instrument's electronics in light conditions as close as possible as those which the future cosmic-ray detector will experience in flight. As the JEM-EUSO instrument will be installed in space, it will fly over regions with different UV emissivities, and will be looking at luminous astronomical and atmospherical events on various time-scales, as well artificial lights. As JEM-EUSO will orbit the Earth on the ISS, even static lights will be moving in the field of view of the instrument. We used the rotating tank of Turlab to reproduce such a relative movement. The PDM, equiped with a small optical system to focus light on the focal surface, was fixed on the ceiling of the room, looking downwards, while light sources of different types were attached to the tank below, in such a way that they pass through the PDM field-of-view as the tank rotates, with a relative velocity similar to that which JEM-EUSO will experience (see Fig. 9.5).

In this way, the TurLab setup allowed us to change both the background light conditions and the light sources, in order to emulate various situations realistically. In particular, we used: (i) the light of an oscilloscope in Lissajous mode to mimic the light induced by meteors ; (ii) the light from a set of LEDs driven by an Arduino platform to create space-time patterns by turning on and off the LEDs in a predefined way, thereby mimicking cosmic-ray showers developing in chosen directions (with temporal variations on the GTU scale); (iii) permanent LEDs reproducing the pattern of a city (in this case, Torino city), to mimic city light with different intensities over a large part of the field-of-view; and (iv) different materials (sand, glass, moss and brick) reproducing different types of ground with different albedos, reflecting the ambient UV light in different ways, to produce various levels of background in the detector. These light sources and reflectors are shown in Fig. 9.6.

As intended by design, an L1 trigger was successfully issued by the PDM control board electronics in the case of the cosmic-ray-like events emulated by the Arduino-controlled LEDs, but not in the case of the slower events representing a meteor track (simulated with the oscilloscope), nor on the permanent "city" lights.

Another important result was the confirmation that the presence of a city or another artificial light source in some part of the telescope's FOV does not prevent the instrument from detecting cosmic-ray showers in a different part of the FOV, as shown in Fig. 9.7. This was tested with a cosmic-ray-like event just beside the replica of the Torino city lights. The L1 trigger was issued nominally, demonstrating the independence of the MAPMTs, even within the same EC. The ability to detect a cosmic-ray event even in the presence of intense light nearby is crucial to maximize the duty cycle and acceptance of the JEM-EUSO instrument.

Third trigger testing at EUSO-TA

Finally, the implementation of the trigger in the central EC of the EUSO PDM control board was tested using the EUSO-TA instrument. An artificial light track with space and time dynamics similar to a cosmic-ray air shower was obtained by shooting a short laser pulse vertically (with a typical energy of ∼3.2 mJ). As its light is scattered by the air in all directions, the detector can detect a signal from a localized region crossing the field of view at the speed of light, reminiscent of the fluorescence light emitted by the cosmic-ray shower. We used two different lasers: (i) the laser from the so-called CLF of the Telescope Array Observatory, located 20.8 km away from the detector, and (ii) a mobile laser system operated either 24 km or ∼34 km away from the detector [START_REF] Hunt | The JEM-EUSO global light system laser station prototype[END_REF], as shown in Fig. 9.8.

For these tests, the L1 trigger algorithm was implemented only on the central EC of the EUSO-TA PDM. An example of a triggered laser track is shown in Fig. 9.9, corresponding to a laser shot from the CLF, with an energy of 3.2 mJ. The photon counts in the pixels of the 3 middle ECs are shown with a linear-scale color code at 8 consecutive time units, from GTU #50 (left) to GTU #57 (right). The laser signal can easily be seen to cross the field-of-view vertically. On the rightmost panel, the corresponding total photon count per EC is shown for the three middle ECs as a function of time (in GTUs). For this test, the L1 trigger parameter P was set equal to 1, and the automatic mode was activated to set the values of the parameters N and S automatically. The trigger was correctly issued at GTU #53, when both a single pixel and a 3×3-pixel cell counted more photo-electrons than N and S in the central EC, where the trigger was implemented.

In this example, the signal was very large compared to the background, as can be seen in Fig. 9.9. However, it is important to assess not only the trigger logics, but also the trigger efficiency as a function of the signal intensity. For this, we used a mobile laser (see Fig. 9.8) with an adjustable intensity.

In principle the FPGA can host the L1 trigger on all 9 ECs of a PDM. However, as a first step we used only one EC for the L1 trigger algorithm.

When performing the trigger efficiency test, the EUSO laser system fired the laser vertically from a location about 34 km from the EUSO telescope. At this time, we chose the "External OR L1" trigger mode. First, the L1 trigger determines the trigger, and if it is not triggered, the event is triggered by the signal from the GPS clock synchronized with the EUSO laser. In other words, even if L1 can not trigger, the acquisition is triggered by GPS. From this we can calculate the trigger efficiency, simply as the ratio between the number of events recorded with the L1 trigger to the total number of laser shots recorded (with either L1 or external triggers).

So, we have measured trigger efficiency as shown in Fig. 9.10. In comparison between the offline L1 trigger (dotted line) and the real time implementation of the L1 trigger in the FPGA (solid line), the big difference is in the low energy trigger efficiency. Although not identical, the results from both real time measurement and offline analysis were similar in the high energy (greater than 12 mJ) trigger efficiency. 

Conclusion

It has been shown that the trigger efficiency decreases as the energy decreases, as expected, with good quantitative agreement in the case of the EUSO-Balloon trigger mode. This is the first evidence that the L1 trigger is indeed able to work autonomously in the overall EUSO system. Our results here have thus served as an initial guide for the following developments.

Chapter 10

Summary and perspective

In the first chapter of this manuscript, we have seen that cosmic rays are energetic particles filling the whole Galaxy and even intergalactic space. They have a very wide range of energies (from 10 1 3 up to 10 2 0 eV) with a flux decreasing steeply when going to ultra high energies. For instance, at macroscopic energies such as 10 20 eV we expect 1 particle per km 2 per millennium. The study of these so-called UHECR is very important, for several reasons. They are the highest energy particles known in the universe, and they represent a challenge for astrophysics, since their sources and their acceleration mechanism are unknown. They are also interesting because at such high energies, one expects that they are not strongly deflected by the Galactic and extragalactic magnetic fields, so that they should point roughly towards their sources. However their flux is so low that huge detectors are needed as well as long duration experiments. The largest detector on Earth of such a kind is the Pierre Auger Observatory (Auger), which covers 3,000 km 2 . Still, we should gain at least one order of magnitude in detection power with respect to Auger, in order to reach a significant number of UHECR observed. In this context, the plan of the JEM-EUSO international collaboration is to develop an original concept which consists of going to space (namely the ISS) not to look directly at the cosmos, but to look down to the Earth atmosphere, where the ultra-high-energy cosmic rays interact. It is well known that the UHECRs produce extensive air showers in the atmosphere, composed of up to hundreds of billions of secondary particles. These secondary particles excite the air molecules, mostly N 2 nitrogen molecules, which then de-excite by emitting isotropically a fluorescence radiation mostly in the UV range. The particles in the shower also produce Cherenkov radiation along the direction of the incoming cosmic ray, and this light can also be seen, after reflecting off the ground or the tops of clouds. By observing the light produced by the cosmic-ray shower, one can determine its energy and its arrival direction. This is the aim of the JEM-EUSO telescope. In its original design, it consists of a Fresnel optics with 2.5 meter diameter lenses, to obtain an opening angle of ±30 • and covering a surface of roughly 200,000 km 2 on the ground. Its focal surface is comprised of MAPMTs assembled hierarchically first into so-called ECs containing a 2 × 2 array of MAPMTs, then into PDM units consisting of a 3 × 3 array of ECs, and finally into Cluster Groups of 8 PDMs without a fixed geometric layout. In total around 140 PDMs are planned to be arranged to form the JEM-EUSO focal surface.

To prepare this mission, the JEM-EUSO collaboration has developed a series of pathfinders, with the same technical principles and subsystems, but with a smaller size, namely with a single PDM focal surface. Over the last few years, four pathfinder experiments have been developed. One, called EUSO-TA, was a project mainly to demonstrate the capability of the instrument to detect air showers with a EUSO-like telescope on the ground. EUSO-TA has been installed at the TA site in Utah, USA, since 2014. Another, called EUSO-Balloon, was meant to observe the fluorescence background from the edge of the atmosphere on board a stratospheric balloon. In August 2014, it had a successful flight over Timmins (Canada), with ∼8 hours of operation. Furthermore, a second balloon experiment, called EUSO-SPB, is at its final stage ready to be launched by NASA from Wanaka in New Zealand; in spring 2017. The last is a sub-scale demonstrator, appropriately named MINI-EUSO, to be flown internally, looking out of a UV transparent window, on the ISS Russian Zvezda module by the end of 2017. These two last experiments have been designed taking into account the conclusions from the first two pathfinders and with the aim to detect the first UHECR.

All JEM-EUSO pathfinder projects are built around a single PDM including 36 MAPMTs. We have seen in the chapters 2 and 3 that extensive air showers generate UV photons, which pass through the optics including a UV filter and impact on the MAPMTs. This generates an analog electronic signal which is discriminated and digitized via the SPACIROC ASIC and then passed to the PDM control board for real-time processing on an FPGA. The PDM control board is a major element of the electronic chain and of this document since I have been in charge of its development both for EUSO-TA and EUSO-Balloon. The chapter 4 describes in detail its design, the choices made and the mandatory tests performed. Its core element is a Xilinx FPGA chip contains 240 thousand logic cells with 14 Mega bits of RAM blocks. The FPGA is mainly to interface with many other pieces of the electronic chain such as the 36 ASICs, CCB, HK and HVPS. It is also in charge of performing the L1 trigger algorithm every 2.5 µs. When a first-level trigger occurs a data packet of 128 GTUs of activity is sent to the DP.

For various reasons (time, resources available in the FPGA, power consumption), the L1 trigger algorithm was not implemented for EUSO-TA and EUSO-Balloon. Nevertheless these two projects have allowed to thoroughly assess the electronic chain and in particular the PDM control board, while collecting significant and useful data. The principle (nonblocking) issues concerning the electronic chain have been addressed when designing the new PDM. In particular, a new Xilinx FPGA with more resources has been used for EUSO-SPB, the way of powering the PDM control board has been improved as well as the electrical ground scheme in order to reduce the electrical noise. A special care has also been taken also to strengthen the connections, mainly for MINI-EUSO. This has lead to an important improvement of the PDM performances which should impact positively the results of the upcoming pathfinders. In addition to these electronic upgrades and following the tests presented in the chapter 9 that validated the L1 trigger algorithm in various conditions (and sites) and with different equipments, this algorithm has been successfully implemented in EUSO-SPB PDM control board. In October 2016, the field tests of this experiment, which took place at the Telescope Array site, has shown that laser tracks could be detected and recorded thanks to the L1 trigger. This was the final check before the expected detection of UHECR air showers during EUSO-SPB long duration flight.

The data that will be collected by EUSO-SPB and MINI-EUSO will be a new field to experiment the method developed (see chapter 7) to systematically search for unspecified signals appearing as significant upward fluctuations in the UV light over timescales ranging from a few µs to ∼ 100 µs. Although the flight of EUSO-Balloon spanned several hours, the in-flight tests and data taking strategy was conceived in such a way that only ∼ 1.5 minutes of actual data were recorded (which was more than enough to measure the UV background and accomplish the objectives of the mission). In such a short observational time, no cosmic-ray showers were expected to occur within the FOV, and only relatively frequent events could have a chance of being detected serendipitously. Apart from the expected laser track events, the search did not lead to the detection of well identified signals. In particular, no meteorological or astronomical events can be reported. Three significant signals nevertheless draw our attention and were studied in the chapter 7, which we referred to as stray light events (probably due to the design of the Fresnel optics and/or imperfection of the lenses), mine events (probably associated with artificial lights on mine industrial sites), and a singular event that was detected without a clear origin and with no counterpart identified. If this event is associated with some atmospherical or astronomical phenomenon, then it is likely to be quite common, given the overall small amount of data collected (less than 2 minutes). The EUSO-SPB data should thus be able to reveal many more similar signals, which would then be able to be analyzed and hopefully identified and understood.

A similar analysis was applied to the data collected with EUSO-TA during the October 2015 run, at the site of Telescope Array in Utah, USA. We found 3 types of events, correspond to i) light from airplanes, ii) stray light from the optics system, iii) high intensity light, leading to the activation of the high-voltage switch, to reduce the gain of the MAPMTs on a very short timescale. The latter may be cause by the bright Cherenkov photons from a shower developing in a direction close to the axis of detector or other possible intense light sources. The observation of these "switch events" confirmed that the protections for the MAPMTs are functionning properly, and that very bright events may be observed with the EUSO instruments (e.g. meteorites, lightening, etc.).

From the general point of view, the results presented in this manuscript should be able to serve as initial guides for future studies of cosmic ray events and more detailed characterization of the EUSO observational technique, through the next pathinders and up to the main mission, which we still hope to develop in space in the near future.

The current stage of understanding and the current status of the JEM-EUSO instrumentation are the result of years of development, integration, tests and data analysis, notably thanks to the building and operation of the two JEM-EUSO pathfinders which I have discussed in this manuscript: EUSO-Balloon and EUSO-TA. The lessons drawn from them have lead to the design of the upcoming EUSO-SPB and mini-EUSO missions. These experiments will allow continuous data taking over several weeks or months. In particular, EUSO-SPB will be able to demonstrate the performance of the complete detection chain in-flight, including the autonomous trigger, and should detect the fluorescence light of real cosmic-ray showers for the first time from above, paving the way for the future JEM-EUSO mission. We will also continue looking for other type of events, causing global background variations or other type of space-time variability patterns. EUSO-SPB and mini-EUSO should provide data across various conditions of illumination (notably from different moon phases) and cloud coverage, as well as above different types of ground (mostly over the ocean, whose UV albedo is relatively large). This will allow many more studies, and the examination of possible interesting events with larger statistics, allowing us to disentangle signals of human origin from meteorological or astronomical events.

At the time of finishing this manuscript, the EUSO-SPB instrument is still waiting for favorable weather conditions to be launched by NASA from the super pressure balloon launch base in Wanaka, New-Zealand. In parallel, the flight model of mini-EUSO is in the final stage of integration, to be launched to the International Space Station by the end of the year (2017). This is an exciting time for our field or research, which shows intense activity to try and conquer the space road to ultra-high-energy cosmic ray studies. I am very grateful to have been associated with these developments and to have been able to contribute to some level to this endeavor. I hope that JEM-EUSO will be successful, and that the cosmic-ray story, which started more than 100 years ago, will continue and bring new surprises and discoveries that will be helpful for the understanding of our universe. Test ADC 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 13 Mode PDM board 900bit parameter setting 900bits parameter setting for every ASIC set 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 14 Mode PDM board analog probe setting analog probe setting for every ASIC set 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 15 Mode CCB Data request 1 0 0 0 0 1 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 1 1 0 1 0 0 0 0 16 Mode CCB Data ackn 1 0 0 0 0 1 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 1 1 0 1 1 0 1 0 17 Mode CCB Data non ackn 1 0 0 0 0 1 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 1 1 0 1 1 1 1 Test ADC 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 37 Mode PDM board 900bit parameter setting 900bits parameter setting for every ASIC set 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 38 Mode PDM board analog probe setting analog probe setting for every ASIC set 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 39 Mode CCB Data request 1 0 0 0 0 1 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 1 1 0 1 0 0 0 0 40 Mode CCB Data ackn 1 0 0 0 0 1 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 1 1 0 1 1 0 1 0 41 Mode CCB Data non ackn 1 0 0 0 0 1 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 1 1 0 1 1 1 1 0 1 Parameter PDM board HV gain HV gain 0 to set the 0V set parameter 1 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 2 Parameter PDM board HV gain sw 3 to set the 0V set parameter 1 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 1 1 1 0 0 0 0 0 0 0 0 R_THR_EXT value 1 0 0 0 0 1 0 1 0 0 1 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 Readback PDM board 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 2 Reply PDM board 0 0 1 0 0 0 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 * Table B.1 shows the clock mode and ADC mode. For example, if you measure 2.5 V on the "clock mode" line, it means the PDM clock. If you measure 0 V on the "ADC mode" line, it means the real ADC from EC-ASIC. 
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Figure 1

 1 Figure 1.1: Left: UHECR energy spectrum (multiplied by E 3 ) measured by Auger, with the number of events in each bin indicated. Right: UHECR energy spectra measured by Auger (black dots) and TA (red dots) (original from [Scholarpedia]).

Figure 1

 1 Figure1.2: Left: Map of the Li-Ma significances of excesses of UHECR events in 12 • radius windows for particles with an energy larger than 54 EeV, as measured by Auger (in galactic coordinates). Also indicated are the Super-Galactic Plane (dashed line) and Centaurus A (white star). Right: map of the significances of excesses of UHECR events in 20 • radius, as measured by TA (in equatorial coordinates). These figures taken from[START_REF] Deligny | Cosmic-Ray Anisotropies: A Review[END_REF].

Figure 1 . 3 :

 13 Figure 1.3: Depth of shower maximum (left) and its RMS fluctuations (right) as a function of energy, as measured by Auger. Expectations for pure protons and pure iron nuclei are also shown (in red and blue, respectively) for various choices of the hadronic model used to simulate the corresponding UHECR showers (original from[START_REF] Berat | The Pierre Auger Observatory status and latest results[END_REF]).

Figure 2

 2 Figure 2.1: The JEM-EUSO pathfinders and observational approach.

  2.2. The focal surface of JEM-EUSO is a spherical slightly curved surface with an area of 4.5 m 2 (about 2.35 m in diameter) and is covered with about 5,000 Hamamatsu MAPMTs. The focal surface detector consists of 137 PDMs, each of which consists of 9 ECs. Each EC contains 4 MAPMTs and each MAPMT is an 8 by 8 pixel array. Therefore, about 1,233 ECs, i.e. 137 PDMs, are arranged on the whole focal surface for a total of about 315,648 pixels, as shown in Fig. 2.2 (right).

Figure 2

 2 Figure 2.2: JEM-EUSO observation concepts (left) and JEM-EUSO focal surface (right).

Figure 2 . 3 :

 23 Figure 2.3: Overview of JEM-EUSO readout, trigger, and control architecture (see original from [Park et al.].

Figure 2 . 4 :

 24 Figure 2.4: EUSO-TA is a ground based detector located at the Telescope Array site in Utah, USA.

Figure 2

 2 Figure 2.5: The EUSO-SPB telescope with solar-cell panels (left) and the engineering model of MINI-EUSO telescope (right, see original from [JEM-EUSO]).

Figure 2

 2 Figure 2.6: The EUSO-Balloon telescope with the optical and instrument parts (upper panel), instrument part with the PDM and DP (lower panel).

Figure 2

 2 Figure 2.7: Left: A ray schematic diagram for the EUSO-Balloon optics with the Fresnel Lenses front lens (lens 1) and rear lens (lens 3), and the FS; the incident rays are at off-axis angles ranging from 0 • (blue) to 1 • (green), 2 • (red) 3 • (yellow) and 4 • (purple); right: the Fresnel lenses lens 1 and lens 3 (1 × 1 m 2 ) mounted onto their fiberglass frames and spiders, and held at a distance of 1.11 m by an optical "sled" (original figure from Catalano 2016).

Figure 2

 2 Figure 2.8: The EUSO-Balloon electrical architecture.

  2 

  Figure 3.2 shows a ESAF simulation result of the JEM-EUSO

Figure 3 .

 3 Figure 3.1: View of a PDM and its elements. It shows the data flow from UV photons to DP.

  3 . When a L1 trigger occurs a data packet of 128 GTUs of activity is sent to the DP [Collaboration 2010].

Figure 3

 3 Figure 3.2: Simulation result of the photon signal at the entrance aperture for a standard EAS with E = 10 20 eV and θ = 60 • as simulated by ESAF (see original from[Adams et al., 2013a]).

Figure 3 . 3 :

 33 Figure 3.3: PDM consists of UV filter & MAPMT, EC-ASIC boards, HVPS and PDM control board.

Figure 3 . 4 :

 34 Figure 3.4: The PDM power, grounding and signal architecture.

Figure 3 .

 3 Figure 3.5: The quantum efficiencies (dotted line) of Hamamatsu (original data sheet from[START_REF] Hamamatsu | Multianode photomultiplier tube assembly h12428 series[END_REF]).

Figure 3

 3 Figure 3.6: Optical transmission of BG3 filter at 1 mm thickness (data sheet from [Schott 2014]).

Figure 3 .

 3 Figure 3.7: EC Units: illustration (left) and actual production unit (right) with 3 types of boards;(1) EC-dynode board, (2) EC-anode board and (3) EC-HV board.

Figure 3 .

 3 Figure 3.8: Top (left) and bottom (middle) side of the EC-ASIC board and numbering of ASICs (right).

Figure 3 .

 3 Figure 3.9: SPACIROC 1 ASIC general architecture (see original figure from[START_REF] Ahmad | SPACIROC: A rad-hard front-end readout chip for the JEM-EUSO telescope[END_REF]).

  KI 1: ASIC ch 8-15, ..., KI 7: ASIC ch 56-63). Thus the KI has only 8 channels instead of 64 channels for photon counting. Another channel is dedicated to the last dynode of the MAPMT and functions as a total charge estimation. The KI part sends the 9 variable values (8 KI + last dynode) to the PDM control board.

Figure 3 .

 3 Figure 3.10: Cockroft-Walton scheme.

Figure 4 .

 4 Figure 4.1: PDM illustration (left and middle) and actual production unit (right).

Figure 4 .

 4 Figure 4.2: Design concept of the PDM control board (left) and actual production PDM control board (right).

Figure 4 . 3 :

 43 Figure 4.3: PDM control board artwork with its 10 layers.

Figure 4 . 4 :

 44 Figure 4.4: Select I/O DC input and output voltage level for the FPGA. The upper table is the manufacturers original specifications from [XILINX, a]). The lower diagram is the recommended voltage levels for the external trigger signal.

Figure 4 .

 4 Figure 4.6: Jtag connection in artwork (upper) and circuit diagram (lower).

  2. GND of 5 V for PDM control board (FPGA): DC/DC input on the PDM control board 3. GND of 3.3 V for EC-ASIC board and FPGA: DC/DC output on the PDM control board 4. GND of 3.3 V for analog on EC-ASIC board: DC/DC output on the PDM control board 5. GND of 3.3 V for digital on EC-ASIC board: DC/DC output on the PDM control board 7 for real regulators and DC/DCs locations on the PDM control board corresponding to each voltage, see Fig. 4.2

Figure 4 . 7 :

 47 Figure 4.7: The ancillary components of the PDM control board; LVDS chips, a PROM, a crystal oscillator, voltage level shift chips, ADCs, and a temperature sensor. A zoomed image of the PROM is given in appendix A.2.

Figure 4 .

 4 Figure 4.8: Power distribution and GND scheme of PDM control board. The numbers in brackets correspond to positions of measurements.

  Figure 4.9 (middle) shows the features of the Bellnix BTC05-03S120X DC/DC converter used for the analog supply to the EC-ASIC board. The output voltage is 3.3 V and maximum output current is 1.2 A.

  Figure 4.9 (bottom) shows the features of the Bellnix BTB05-03S80X DC/DC converter used for the digital supply to the EC-ASIC board. The output voltage is 3.3 V and the maximum output current is 0.8 A. The currents supplied to the EC-ASIC board are 2.5 A, 1.2 A, and 0.8 A on three different circuits. Initially the EC-ASIC board drew more then the allocated 1.2 A and 0.8 A on those circuits. This problem was solved by adjusting the EC-ASIC board parameters and improving the EC-ASIC board's grounding with the metallic structure. A detailed description of these current tests are described in section 4.3.5.

Figure 4 .

 4 Figure 4.9: Top: Maximum power rating for BTD05-03S250X (data sheet from[Bellnix, 2007b], Middle: Maximum power rating for BTC05-03S120X (data sheet from[Bellnix, 2007a], Bottom: Maximum power rating for BTB05-03S80X (data sheet from[START_REF] Bellnix | Bellnix 3watt btc series[END_REF].)

Figure 4 .

 4 Figure 4.10: Oscilloscope measurements of position (1) to (10) (see text), as marked in Fig 4.8. Each graph represents the voltage as a function of time.

Figure 4 .

 4 Figure 4.11: Measurement concept to measure peak current; for 6 EC-ASIC boards (upper) and the single PDM control board (lower).

Figure 4 .

 4 Figure 4.12: Peak current measurement of 6 EC-ASIC boards(left) and single PDM control board (right). Each of graph of y-axis is voltage as a function of time.

Figure 4 .

 4 Figure 4.12 shows the peak current of the 6 EC-ASIC boards (left) and the single PDM control board (right), as marked and written in blue. The y-axis is voltage as a function of time. The results of the 6 EC-ASIC boards are summarized as follows:

Figure 4 .

 4 Figure 4.13: Peak analog current on the EC-ASIC power supply circuit with a different number of EC-ASIC boards. Each graph is voltage as a function of time.

Figure 4 .

 4 Figure 4.14: Peak analog and digital current on the EC-ASIC power supply circuit with a different number of EC-ASIC boards connected. Each graph is voltage as a function of time.

Figure 4 .

 4 Figure 4.15: Peak analog, digital, and VH (data transfer) current on the EC-ASIC power supply circuit with a different number of EC-ASIC boards connected. Each graph is voltage as a function of time.

Figure 4 .

 4 Figure 4.16: Digital ground on EC-ASIC board (GND D) connected to PDM support structure ground. The y-axis is voltage as a function of time.

Figure 4 .

 4 Figure 4.17: Power measurement with a different number of EC-ASIC boards and the power measurement with the single PDM control board with the FPGA using ∼43% of its resources.

Figure 4 .Figure 4 .

 44 Figure 4.18: Power measurement with a different number of EC-ASIC boards (We removed the DC/DC on the PDM control board when we tested the trigger algorithm).

Figure 4 .

 4 Figure 4.20: Functional blocks of the FPGA on the PDM control board.

Figure 4 .

 4 Figure 4.21: Data structure of the PDM control board.

Figure 4 .

 4 Figure 4.22: The details of the PDM control board data structure (left) and the ASIC channel mapping (right).

Figure 4 .

 4 Figure 4.23: Data transfer time from the PDM control board to the CPU.

Figure 4 .

 4 Figure 4.24: Description of PC (photon count) and KI data concept (see text).

Figure 4 .

 4 Figure 4.25: Interface diagram between EC-ASIC board and PDM control board showing the PC and KI data (see text).

  2. Slow control or control command • sr ck: clock output for the command clock • probe sc: enable output for the monitoring analog signals • sr in: command output for the ASIC control parameters • select din: enable output for the slow control cell • load sc: enable output for the slow control cell • sr rst: reset output for the slow control parameters • RST: reset output for the digital part on the ASIC • dout: command input for the ASIC control parameters

Figure 4 .

 4 Figure 4.26: Interface diagram between the EC-ASIC board and the PDM control board showing the PC and KI data test results (see text). The y-axis is the measured logic level as a function of time, on the left panel.

Figure 4 .

 4 Figure 4.27: Interface diagram between EC-ASIC board and PDM control board for configuration control (see text).

Figure 4 .

 4 Figure 4.28: Interface diagram between EC-ASIC board and PDM control board for the configuration control whole timing result. The y-axis is the measured logic level as a function of time.

Figure 4 .

 4 Figure 4.29: A zoomed in region of Fig. 4.28 labeled as 1. The y-axis is the measured logic level as a function of time.

Figure 4 .

 4 Figure 4.30: A zoomed in region of Fig. 4.28 labeled as 2. Each of the y-axis shows the measured logic level as a function of time.

Figure 4 .

 4 Figure 4.31: A zoomed in region of Fig. 4.28 labeled as 3. The y-axis is the measured logic level as a function of time.

Figure 4 .

 4 Figure 4.32: Measurement of the KI analog signal shows that alterations to the ASIC parameters yield significantly different output waveform shapes. The y-axis is the measured voltage as a function of time.

Figure 4 .

 4 Figure 4.33: Schematic diagram of the interface between the PDM control board and the CCB board (see text).

Figure 4 .

 4 Figure 4.34: Command timing diagram between PDM control board and CCB board.

Figure 4 .

 4 Figure 4.35: Logic analyzer capture image. Each of the y-axes shows the measured logic level as a function of time.

Figure 4 .

 4 Figure 4.36: Data transfer timing diagram from the PDM control board to the CCB board.

Figure 4 .

 4 Figure 4.37: Logic analyzer capture image of data transfer from the PDM control board to the CCB. Each of the y-axes shows the measured logic level as a function of time.

Figure 4 .

 4 Figure 4.38: Interface between the PDM control board and the HK timing diagram.

Figure 4 .

 4 Figure 4.37 shows the data transfer test results between the PDM control board and the CCB. The upper figure in Fig. 4.37 shows step (i), the lower figure shows step (ii).The data transfer time is ∼8.5 ms, the details of data transfer timing are described in the preceding subsections.All the test results show that the interface between PDM control board and CCB could be performed properly for 128 GTUs's data transfer and command interface.

Figure 4 .

 4 Figure 4.39: "ALARM" and "RESET" lines between PDM control board and HK board.

3. 3 . 3 V

 33 for EC-ASIC board (We called this DVDD): 16 bits (Not a meaningful value because of a different GND) 4. 3.3 V for EC-ASIC board (We called this VH): 16bits 5. 3.3 V for PDM FPGA: 16 bits 6. 3.3 V for PDM FPGA core voltage: 16 bits (Not working) 7. Total bits: 192 bits (16 bits × 6 × 2)

Figure 4 .

 4 Figure 4.40: "DONE" and "PROGRAM BIT" lines between the PDM control board and the HK board.

Figure 4 .

 4 Figure 4.41: Setup for the HK board and the PDM control board.

Figure 4 .

 4 Figure 4.42: PDM control board HK information test results.

Figure 4 .

 4 Figure 4.43: HV algorithm concept;We decide to set the baseline for the ECU at a KI value of 85. So, if the KI value is larger than 85 at 950 V, the HV is going to switch 2. Then if the KI value is still larger than 85 at 750 V, the HV is going to switch 1. Then if the KI value is under 85 for 5 seconds, the HV is going to switch 2. If the KI value is under 85 for another 5 seconds the HV will switch to 3. The blue line is light, the yellow line is KI data and the red line is HV. All are plotted as a function of time.

Figure 4 .

 4 Figure 4.44: Efficiency Control Unit test setup using the dark box.

Figure 4 .

 4 Figure 4.45: Efficiency Control Unit test results and there are 4 types of signals from top to down for each panel: GTU CLK, HV 0 V (switch 1), HV 750 V (switch 2) and HV 900 V (switch 3).(1) first and second panels: if the KI value is under the 85 during 5 sec at 0 V, the HV is going up, from switch 1 to switch 2, (2) second and third panels: if the KI value is under the 85 during 5 sec at 700 V (or 750 V), the HV is going up again, from switch 2 to switch 3, and (3) fourth and fifth panels: when the HV switch is to be changed, the logic channel for that particular HV switch sends a pulse with a ∼1 µs width at least five times at the beginning before sending a 2.5 µs width (1 GTU) signal, punctuated with a 100 ns down period.

Figure 4 .

 4 Figure 4.46: Schematic diagram of the interface between PDM control board and a PC.

Figure 4 .

 4 Figure 4.47: Test results of the command interface from a PC to the PDM control board. The y-axis is the measured logic level as a function of time.

Figure 4 .

 4 Figure 4.48: Test results of data transfer from the PDM control board to a PC. Left: zoom out, right: zoom in. Each of the y-axis is the measured logic level as a function of time.

•

  PDM system (a) Elementary Cell (EC) units (b) EC-ASIC boards unit (c) Flexible Printed Circuit Board (FPCB) cables between EC-ASIC and PDM control board unit (d) High Voltage Power Supply (HVPS) board unit (e) PDM control board unit (f) PDM Power Supply (PDM-LVPS) unit • DP system (a) Data Storage (DST) unit (b) Control Cluster Board (CCB) unit (c) Clock Board (CLKB) unit (d) GPS receiver (GPSR) unit (e) Housekeeping (HK) system unit (f) Data Processor Power Supply (DP-LVPS) unit

Figure 5

 5 Figure 5.1: The EC-ASIC board connected to a dedicated test board in LAL, France. (Original figure from[Adams et al., 2013b]).

  PDM system (a) PDM control board + EC-ASIC board (b) PDM control board + EC-ASIC board + EC unit • DP system (a) HK + DP-LVPS (b) HK + DP-LVPS + CPU (c) HK + DP-LVPS + CPU + GPSR + CLKB (d) HK + DP-LVPS + CPU + GPSR + CLKB + CCB 3. System integration testing: An integration test showing that the DP and PDM systems work well together.

Figure 5

 5 Figure 5.2: The HVPS set up with a function generator and the NI device.

Figure 5 . 3 :

 53 Figure 5.3: The test data pattern for checking logic developments inside the FPGA. This figure shows a photon count map. There are 36 MAPMTs in total, 6 MAPMTs in a horizontal line and 6 MAPMTs in a vertical line. Each MAPMT has 8 by 8 pixels. That is, there are 48 (6 × 8) pixels horizontally and 48 (6 × 8) pixels vertically.Each graph shows that the row from top to bottom is "A1" to "A6" and the column from left to right is "A" ASIC to "F" ASIC.

Figure 5

 5 Figure5.5: PDM control board and EC-ASIC board interface test setup (left) and results (right); photon count per pixel over the entire PDM during ∼40 GTUs and the color range from 0 (blue) to ∼1100 (red). These figures show a photon count map. There are 36 MAPMTs in total, 6 MAPMTs in a horizontal line and 6 MAPMTs in a vertical line. Each MAPMT has 8 by 8 pixels. That is, there are 48 (6 × 8) pixels horizontally and 48 (6 × 8) pixels vertically. Each graph shows "A1" to "A6" as the row from top to bottom and "A" ASIC to "F" ASIC as the column from left to right.

Figure 5 . 6 :

 56 Figure5.6: Test results for setting each parameter of the ASIC on the EC-ASIC board connected at "A1" on the PDM control board (left top), "A2" (middle top), "A3" (right top), "A4" (left bottom), "A5" (middle bottom) and "A6" (right bottom). These figures show a photon count map. There are 36 MAPMTs in total, 6 MAPMTs in a horizontal line and 6 MAPMTs in a vertical line. Each MAPMT has 8 by 8 pixels. That is, there are 48 (6 × 8) pixels horizontally and 48 (6 × 8) pixels vertically. Each graph shows "A1" to "A6" as the row from top to bottom and "A" ASIC to "F" ASIC as the column from left to right. Each ASIC has a different threshold, so only the A ASIC has some pedestal data. All tests were successful, proving that communications performed as expected.

Figure 5

 5 Figure 5.7: Test setup (left) and results (right). On the right, these figures show a photon count map. There are 36 MAPMTs in total, 6 MAPMTs in a horizontal line and 6 MAPMTs in a vertical line. Each MAPMT has 8 by 8 pixels.That is, there are 48 (6 × 8) pixels horizontally and 48 (6 × 8) pixels vertically. Each graph also shows the row from top to bottom "A1" to "A6" and the column from left to right "A" ASIC to "F" ASIC.

Figure 5 . 8 :

 58 Figure 5.8: First integration testing at LAL, France

Figure 5 .

 5 Figure 5.10: 2 MAPMTs connected to the PDM with a lens. Left: test setup with 2 fresnel lens and electronics (PDM + DP), Middle: PDM map with laser signal, Right: PDM map without laser signal. In the middle and right panels, these figures show a photon count map. There are 36 MAPMTs in total, 6 MAPMTs in a horizontal line and 6 MAPMTs in a vertical line. Each MAPMT has 8 by 8 pixels. That is, there are 48 (6 × 8) pixels horizontally and 48 (6 × 8) pixels vertically. The color range shows from 0 (blue) to ∼50 (red).

Figure 5 .

 5 Figure 5.11: Third integration test setup with the PDM inside the dark box with 36 MAPMTs and DP (left) and the PDM photon count map with pedestal data of 36 MAPMTs (right). A detailed view of the PDM with 36 MAPMT is given on the left bottom pannel of Fig. 2.6.

Figure 5 .

 5 Figure5.12: This diagram illustrates the Newtonian telescope optical components with the pulse generator and helicopter GPS (left top), picture of the real setup (left bottom, original from[START_REF] Catalano | Performance of the EUSO-BALLOON optics[END_REF]) and the PDM photon count map with the LED (right, as marked in red).

Figure 5 .

 5 Figure 5.13: The test setup (left); thermal chamber, laptop for data taking and computer for controling the temperature. Inside the thermal chamber (middle and right); we used a single EC-ASIC board with the PDM control board.

Figure 5 .

 5 Figure 5.14: Increasing temperature results from 20 • C to 40 • C. The y-axis shows the measured temperature as a function of the operating temperature.

Figure 5 .

 5 Figure 5.15: Picture of the SiMEON chamber used for the pressure and thermal tests at CNES facility, in Toulouse, France (left). The instrument parts were fixed on the mechanical structure (right) (see original from[START_REF] Barrillon | Performance of the EUSO-Balloon electronics[END_REF]).

Figure 6

 6 Figure 6.1: The EUSO-Balloon (marked by the dashed the blue circle) pathfinder of the JEM-EUSO telescope flies suspended from a helium-filled stratospheric balloon. During the first two hours, a helicopter flew in circles under the balloon emitting UV LED pulses and 9 ns horizontal laser pulses. The LED pulses can be directly observed by the EUSO-Balloon instrument while the laser pulses emit UV light through Rayleigh scattering which simulates an EAS in the EUSO-Balloon FOV. A description of the EUSO-Balloon instrument itself is shown in Fig. 2.6.

•

  Phase A: Feasibility and requirements study • Phase B: Preliminary full design study including interfaces and prototypes • Phase C: Qualification and production • Phase D: Assembly and integration test of the flight models

Figure 6 . 2 :

 62 Figure 6.2: Timmins stratospheric balloon launch base near the Timmins airport.

Figure 6 . 3 :

 63 Figure 6.3: Left: Photon count map measurement at APC, in Paris without light, Right: Photon count map measurement in Timmins. These pictures show a photon count map. There are 36 MAPMTs in total, 6 MAPMTs in a horizontal line and 6 MAPMTs in a vertical line. Each MAPMT has 8 by 8 pixels. That is, there are 48 (6 × 8) pixels horizontally and 48 (6 × 8) pixels vertically. The photon count threshold was set to DAC 250. The ASIC pedestal range is DAC 70-80, therefore we chose 250 as the threshold value outside the pedestal range.

Figure 6 . 4 :

 64 Figure 6.4: The instrument was kept in the hall until the launch window opens for assembling, electronics testing, performance testing and so on.

Figure 6

 6 Figure 6.5: The PDM was blocked from a spill light using the baffle. Left is side view and right is top view.

  Sunday 24th August 2014 (evening): The EUSO-Balloon launch took place on the 24th of August, as shown in Fig 6.6 (left and middle). Figures 6.7 and 6.8 show the EUSO-Balloon (yellow) and helicopter (red) trajectory during the flight. The flight started from the Timmins airport and ended in a lake near Timmins (see the right side of Fig. 6.6).The helicopter flew below the EUSO-Balloon experiment for ∼2 hours with a calibrated light source system consisting of a pulsed UV laser, Xe flasher and LED.

Figure 6 . 6 :

 66 Figure 6.6: Launch of EUSO-Balloon (left and middle) and landing site in the middle of a lake (right).

Figure 6

 6 Figure 6.7: The trajectory of EUSO-Ballon during the flight on August 25th, 2014 (as marked in yellow) at 38 km altitude. The helicopter with laser and flashers followed the EUSO-balloon for 2 hours at an altitude of 3000 m (as marked in red). (This figure is originally from Camille Catalano's PhD thesis [Catalano 2015]).

Figure 6

 6 Figure 6.8: The EUSO-Balloon flight trajectory (the position of the balloon gondola center) plotted in geographical coordinates. The triangle marks the launch position, and the square marks the landing position. The circles mark the position at the start of each hour with labels in UTC. The this blue line shows the flight trajectory over which we analized the data and the dash line box shows the approximate ground area that was analized. The color bar scale represents the Visible band Digital Number from the 2013 Defense Meteorological Satellite Program data [Collaboration, 2016 submitted to collaboration].

Figure 7

 7 Figure 7.1: Top: relative intensity map of the UV background in logarithmic-scale from 03:08:52 to 05:48:00 UTC time. The brightly colored (yellow) areas with high intensities are lights such as Timmins city, mines and airport lights. The dark color (dark blue) areas have low UV background intensities. Bottom: intensity map of IR data from 03:43:32 to 05:47:58 UTC time. Blue means higher clouds and lower temperatures (original form[START_REF] Mackovjak | Night time measurement of the UV background by EUSO-Balloon[END_REF][START_REF] Bertaina | Preliminary results from the first EUSO-Balloon flight[END_REF]).

Figure

  Figure 7.2: EUSO-balloon track reconstruction diagram. Here we see the EUSO-balloon instrument observe a synthetic air shower induced by a laser pulse from the underlying helicopter.First the linear path of the air shower across the detector defines a plane with distance from the detector as a free parameter. Then the distance variable is solved since the intrinsic laser propagation speed (i.e. the speed of light) is known. The same method can also be applied to UHECR shower reconstruction since the incoming primary cosmic ray particle is traveling at extreme relativistic velocities and can be assumed to also be traveling at the speed of light. (original from[START_REF] Eser | EUSO-Balloon: Observation and Measurement of Tracks from a Laser in a Helicopter[END_REF]).

Figure 7 . 3 :

 73 Figure 7.3: Left: time profile of a laser event with constant timing error of 0.5 GTUs, Right: Zenith angle reconstruction of the helicopter laser shots (original form[START_REF] Eser | EUSO-Balloon: Observation and Measurement of Tracks from a Laser in a Helicopter[END_REF][START_REF] Bertaina | Preliminary results from the first EUSO-Balloon flight[END_REF]).
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 74 Figure 7.4: Total photon count in each of the MAPMTs (left) and each of the ECs (right) of the focal surface of EUSO-Balloon, as a function of time, for one data packet. The x-axis is in GTUs (2.5 µs unit). The y-axis range is from -5 to 300 for PMT signals, and from -5 to 700 for EC signals.
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 76 Figure 7.5: Total photon count of the entire PDM (left) and corresponding signal significance (right), as a function of time (in GTUs), for the same data packet as in Fig. 7.4.

  Figure 7.7: Histogram of the significance of the photon counts in each EC (left) and the entire PDM (right), for all the periods considered without signal (see text). A Gaussian fit of the distributions is also shown, for comparison.

  Figure 7.8: Examples of laser track events: photon counts summed over the entire PDM, as a function of time (in GTUs). Left: Signal significance as a function of time. Right: 2d map of summed values from 51 GTU to 62 GTU. This picture shows a photon count map. There are 36 MAPMTs in total, 6 MAPMTs in a horizontal line and 6 MAPMTs in a vertical line. Each MAPMT has 8 by 8 pixels. That is, there are 48 (6 × 8) pixels horizontally and 48 (6 × 8) pixels vertically.

Figure 7 Figure 7 Figure 7

 777 Figure 7.9: Color display of the significance signal in the 9 individual from Σ = -2 (blue) to Σ = 4 (red). The top two packets correspond to unidentified events (probably related to laser shots, see text). The following five are identified laser tracks. The bottom one is an example of a packet without any event.

Figure 7 .

 7 Figure 7.12: Total photon count of each ECs (left) and each PMTs (right) for signal significance, as a function of time (in GTUs) same data packet as in Fig. 7.4, Fig. 7.5, Fig. 7.6 and Fig. 7.11. The y-axis range is from -5 to 30 for EC signals and from -5 to 15 for PMT signals for signal significance; Stray events.

Figure 7 .

 7 Figure 7.13: Zoom about Fig. 7.12 from 40 to 50 GTUs and the y-axis range is from -5 to 30 for EC signals and from -5 to 25 for PMT signals.

Figure 7 .

 7 Figure 7.14: Simulation of the position of the photons on the focal surface, in the case of a parallel beam arriving uniformly over the pupil of the optical system, with an angle θ with respect to the optical axis, for 16 values of θ from 0 • to 15 • . The colour scale is proportional to the photon count in different pixels (simulation by Kenji Shinozaki, who is JEM-EUSO collaborator).

Figure 7

 7 Figure7.16: Photon count integrated over EC 8 during the first "mine event" (left) and over EC 3 during the second "mine event" (right), as a function of time (in GTU).

  Figure7.17: Photon count in each pixel of the entire PDM corresponding to the mine event number 1 (seeFigs. 7.15 and 7.16, left), at 6 different times indicated by the GTU number within the recorded sequence. The persistent lights are associated with identified mines. The transient event appears at the middle right edge of the field-of-view, where a mine is also located.

Figure 7

 7 Figure 7.18: Photon count in each pixel of EC number 3 (16 (2 × 8) pixels horizontally and 16(2 × 8) pixels vertically), corresponding to the mine event number 2 (seeFigs. 7.15 and 7.16, right), at 6 different times indicated by the GTU number within the recorded sequence.
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 7 Figure 7.19: 4 Mining sites (yellow) and EUSO-Balloon location (red).

Figure 7

 7 Figure 7.20: Time sequence showing the photon count in EC number 8 as a function of time (in GTUs) during the operation of the light system flown onboard the helicopter under EUSO-Balloon. The light signal corresponding to the LED, the laser and the Xe flasher are indicated.

Figure 7 .

 7 Figure 7.21: Time sequence showing the photon count significance signal as a function of time (in GTU) in each individual EC (left) and in the whole PDM (right), for the packet in which an unidentified event was recorded (see text).

Figure 7 .

 7 Figure 7.23: Left: schematic drawing in 2D of the balloon field-of-view, with a light source, S, located at altitude h and distance L from the vertical projection, O, of the detector D on the ground. N and F represent the near and far edge of the field-of-view. Right: time delay in GTUs between the first light (at N) and the central light (at O) as a function of the source position, L.

  So far, the EUSO-TA instrument has been intensively used during six main campaigns: 1. February/March 2015: Detector installation, focusing and initial calibration, initial CLF 1 and GLS 2 observations 2. May 2015: Cosmic ray, CLF, and GLS observations 3. September 2015: Cosmic ray, CLF, and GLS observations 4. October 2015: Cosmic ray, CLF, and GLS observations, L1 trigger algorithm tests 5. November 2015: Cosmic ray, CLF, and GLS observations 6. September/October 2016: refurbishment of focal surface, joint tests with EUSO-SPBIn October 2015 we used EUSO-TA to collect a raw data sample with which we can test our internal trigger algorithm and also characterize the UV background. I only analyzed the October 2015 run.

Figure 8

 8 Figure 8.1: Number of data packets containing detected events vs. the consecutive number of GTUs over which the event was detected and the total S/N ratio of the event (combined 10 to 30 GTUs and 50 to 80 GTUs).
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 82 Figure 8.2: Total photon count signal significance of each EC as a function of time (in GTUs) for one data packet. The y-axis range is from -5 to 50 for EC signal significance; we think this signal is caused by an airplane.

Figure 8 . 3 :

 83 Figure 8.3: The image of the photon counts of each pixel in the PDM (48 (6 × 8) pixels horizontally and 48 (6 × 8) pixels vertically), obtained by summing the data packet values every 16 GTUs (NB: the persistent dark purple box is due to a defective MAPMT.).

Figure 8 . 4 :

 84 Figure 8.4: Total photon count signal significance of each EC as a function of time (in GTUs)for one data packet. The y-axis range is from -5 to 250 (left) and from -5 to 100 (right) for EC signal significance; we think this is from the HV switch effect.

Figure 8

 8 Figure 8.5: A comparison of TA and EUSO-TA FOVs. This plot shows the same data as the right panel of Fig. 8.6. The FOV of the TA FD is marked in the yellow box and the FOV of EUSO-TA telescope is marked in the red box. The circle size shows signal intensity and the circle color indicates time. The largest circle is the data observed by the Cherenkov signal (blue).
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 86 Figure8.6: Left and middle: total photon count signal significance of each EC as a function of time (in GTUs) for one data packet. The y-axis range is from -5 to 30 (left) and from -2.5 to 13 (middle) for EC signal significance, and from -200 to 33000 scale for TA FD data (right, this data is from Heungsu Shin, who is TA collaborator). We think this event is muon. Right: data from the TA black rock mesa fluorescence detector for a corsponding data taking time.

Figure 8

 8 Figure 8.7: The total photon count signal significance of each EC as a function of time (in GTUs) for one data packet of a stray light event. The y-axis range is from -5 to 30 for signal significance.

Figure 8 . 8 :

 88 Figure 8.8: Zoomed in region of Fig. 8.7 highlighted by the yellow box. The y-axis range is from -5 to 30 for signal significance.
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 91 Figure 9.1: Background average of photo-electron count per GTU on the focal surface (left)and number of photo-electron distributions for individual PDMs due to vignetting (right) (see original figure from Collaboration 2010.)

Figure 9 . 2 :

 92 Figure 9.2: Example of L1 trigger algorithm of 5 consecutive GTUs; see text for details.
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 93 Figure 9.3: Test setup of the L1 trigger for the EUSO instruments using an LED light source in a dark box at APC (Paris).
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 94 Figure 9.4: Left: map of the photo-electron counts in GTU 53 in the 48 ×48 pixels of the EUSO-Balloon PDM, receiving light from the LED. White pixels have 0 photo-electrons. Blue and red pixels counted respectively 1 and 5 photo-electron in this GTU. Right: evolution as a function of time (during 128 GTUs) of the photo-electron counts summed over the 64 pixels of each of the 4 MAPMTs in the bottom-right EC.
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 95 Figure 9.5: Picture of the Turlab test configuration. The blue tank is cylindrical with a diameter of 5 metres, rotating around its axis with adjustable angular velocity. The detector, fixed on the ceiling of the room, is made of one PDM at the focal plane of a lens, focusing the light emitted from or reflected by different sources and materials fixed on the top of the tank.

Figure 9 . 6 :

 96 Figure 9.6: Light sources and materials installed inside the Turlab tank to mimic different types of events and grounds. Top left: oscilloscope Lissajous track representing a meteor. Top right: series of LEDs activited by an Arduino system representing a cosmic-ray shower. Bottom left: LEDs mimicking the city of Torino. Bottom right: materials with different albedos.
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 97 Figure 9.7: Map of the photon counts (with colour coding) in the 48×48 pixel array of the PDM installed at the Turlab facility. The image shows the strong light of permanent LEDs representing a city (in the bottom right EC), and a fainter spot of 4 pixels beside them, corresponding to a light signal representing a cosmic-ray shower.
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 98 Figure 9.8: Schematic representation of the EUSO-TA trigger test configuration, showing the mobile laser shot vertically, at a distance of 34 km from the detector.

Figure 9 . 9 :

 99 Figure 9.9: Photon count maps of the 3 middle ECs of the EUSO-TA PDM, at 8 consecutive Gate Time Units (1 GTU = 2.5 µs). The color code goes from 0 to 10 photo-electrons per GTU. The propagation of the scattered light from a 355 nm laser pulse shot 20.8 km away is visible. Rightmost panel: total photo-electron counts per EC as a function of time in GTUs, for the same 3 ECs. The y-axis goes from 0 to 450. (NB: the persistent blue box is due to a defective MAPMT.)
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 9 Figure 9.10: Trigger efficiency as a function of laser intensity to mimic a cosmic-ray shower.

Figure

  Figure A.1: Final PDM channel mapping from 0 to 2303 pixels by Julio Arturo Rabanal Reina and Pierre Barrillon, who are JEM-EUSO collaborators.

Figure

  Figure B.2: EC-ASIC board connection in PDM control board circuit diagram (bottom) and actually used connector (top)

Figure B. 3 :

 3 Figure B.3: CCB connection in PDM control board circuit diagram (top) and actually used connector (bottom)

Figure B. 4 :

 4 Figure B.4: HK connection in PDM control board circuit diagram (top) and the actually used connector (bottom)

Figure

  Figure B.5: HVPS connection in PDM control board circuit diagram (top) and actually used connector (bottom)

Figure

  Figure B.7: The physical dimensions (data sheet from [XILINX b]).

Figure

  Figure B.9 shows the typical application of the PROM.

Figure

  Figure B.8: The typical application (data sheet from [XILINX b]).

Figure

  Figure B.9 shows the PDM control board circuit diagram.

Figure

  Figure B.9: The PDM control board circuit diagram.

Figure

  Figure B.10: Command list page 1 for PDM control board.

Figure

  Figure B.11 shows the command list for page 2.

Figure

  Figure B.11: Command list page 2 for PDM control board.

FigureFigure

  Figure B.12 shows the command list for page 3.

FigureFigure

  Figure B.13 shows the command list for page 4.

FigureFigure

  Figure B.14 shows the command list for page 5.

Figure

  Figure B.15 shows the command list for page 6.

  Figure B.15: Command list page 6 for PDM control board.

Figure

  Figure B.18: Assembled PCB support structure for the PDM control board.

Figure

  Figure B.19: Connect a PC interface auxiliary board with the PDM control board.

Figure B. 20 :

 20 Figure B.20: Put a PC interface connector from NI.

Figure

  Figure B.21: Assembled PDM control board.

Figure B. 22 :

 22 Figure B.22: Put a Jtag.

Figure

  Figure B.23: Connect a CCB cable.

Figure

  Figure B.26: Auxiliary connector.

  

  

  

  

  

  

  

  

  1.1 Left: UHECR energy spectrum (multiplied by E 3 ) measured by Auger, with the number of events in each bin indicated. Right: UHECR energy spectra measured by Auger (black dots) and TA (red dots) (original from [Scholarpedia]). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.2 Left: Map of the Li-Ma significances of excesses of UHECR events in 12 • radius windows for particles with an energy larger than 54 EeV, as measured by

  7.8 Examples of laser track events: photon counts summed over the entire PDM, as a function of time (in GTUs). Left: Signal significance as a function of time. Right: 2d map of summed values from 51 GTU to 62 GTU. This picture shows a photon count map. There are 36 MAPMTs in total, 6 MAPMTs in a horizontal line and 6 MAPMTs in a vertical line. Each MAPMT has 8 by 8 pixels. That is, there are 48 (6 × 8) pixels horizontally and 48 (6 × 8) pixels vertically. . . . . . . . . . . . . . . . . . 7.9 Color display of the significance signal in the 9 individual from Σ = -2 (blue) to Σ = 4 (red). The top two packets correspond to unidentified events (probably related to laser shots, see text). The following five are identified laser tracks. The bottom one is an example of a packet without any event. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7.10 Histogram of the event durations, defined as the number of consecutive GTUs above a given threshold in significance, Σ, for T = 3, 5 or 7, in black, red and blue respectively (see text). Left: events recorded during the laser shooting period. Right: event candidates outside the laser shooting period. 7.11 These pictures show photon count maps. There are 36 MAPMTs in total, 6 MAPMTs in a horizontal line and 6 MAPMTs in a vertical line. Each MAPMT has 8 by 8 pixels. That is, there are 48 (6 × 8) pixels horizontally and 48 (6 × 8) pixels vertically. Color display of the raw data in the same data packet as shown in

Table 2 .

 2 1: Summary of pathfiders characteristic parameters compared to JEM-EUSO.

		EUSO-TA	EUSO-	EUSO-	Mini-	JEM-
			Balloon	SPB	EUSO	EUSO
	Altitude (km)	ground	38		33.5	430	430
	Telescope	2 Fresnel	2	Fresnel	2 Fresnel	2 Fresnel	3 Fresnel
		lenses	lenses	lenses	lenses	lenses
	Lens diameter (m)	1	1		1	0.25	2.5
	Lens shape	Square	Square	Square	Circular	Circular
	FoV/pix (deg)	0.33	0.25		0.25	0.8	0.08
	Pixel@ground (km)		0.16		0.15	6	0.6
	FoV/PDM (deg)	±5.5	±5.5		±5.5	±19	3.8
	PDM@ground (km)		7.7		7.2	288	28.8
	E thr (eV)		1.5-3×10 18 3 × 10 18		3 × 10 19
	Number of PDM	1	1		1	1	137

Table 4 .

 4 1: Summary of connectors on the PDM control board.

		Model Name	Number of Pins Connector Name	Connector type
	EC-ASIC board	FX2-120P-1.27DS	120	Hirose connector	male(=header)
	EC-ASIC cable	FX2-120S-1.27DS	120	Hirose connector female(=receptacle)
	PDM cable	FX2-120P-1.27DS	120	Hirose connector	male(=header)
	PDM control board FX2-120S-1.27SV	120	Hirose connector female(=receptacle)
	CCB board	MDM-51S	51	Micro Dsub	Female(=Socket)
	CCB cable	MDM-51P	51	Micro Dsub	Male(=Pin)
	PDM cable	MDM-51P	51	Micro Dsub	Male(=Pin)
	PDM control board	MDM-51SCBR	51	Micro Dsub	Female(=Socket)
	HK board	DSUB 25POS	25	Dsub	Female(=Socket)
	HK cable	DSUB 25POS	25	Dsub	Male(=Pin)
	PDM cable	MDM-25P	25	Micro Dsub	Male(=Pin)
	PDM control board	MDM-25SCBR	25	Micro Dsub	Female(=Socket)
	HVPS board	MDM-9S	9	Micro Dsub	Female(=Socket)
	HVPS cable	MDM-9P	9	Micro Dsub	Male(=Pin)
	PDM cable	MDM-9P	9	Micro Dsub	Male(=Pin)
	PDM control board	MDM-9SCBR	9	Micro Dsub	Female(=Socket)
	LVPS board	DSUB 9POS	9	Dsub	Female(=Socket)
	LVPS cable	DSUB 9POS	9	Dsub	Male(=Pin)
	PDM cable	MDM-9P	9	Micro Dsub	Male(=Pin)
	PDM control board	MDM-9SCBR	9	Micro Dsub	Female(=Socket)

Table 4 .

 4 2: Comparison between Xilinx and ACTEL FPGA (see original from[XILINX, b; Microsemi; Collaboration, 2010]).

	Xilinx	Actel

Table 4 .

 4 3: Bellnix DC-DC converters measurements to generate 1V, 1.5V 1.8V and 2.5V on PDM control board.

	Power (W) Voltage (V) Current (A)		Expect voltage (V)
				1V	1.5V	1.8V	2.5V
	3.164	4.52	0.7		Not working
	7.25	5	1.45	0.9872 1.5138 1.8165 2.3269
	7.095	5.5	1.29	0.9875 1.5137 1.8165 2.3269
	6.96	6	1.16	0.9753 1.5137 1.8163 2.327
	7.085	6.5	1.09	0.9797 1.5137 1.8163 2.327
	6.93	7	0.99	0.9672 1.5137 1.8163 2.327
	7.125	7.5	0.95	0.9669 1.5136 1.8162 2.3269
	7.12	8	0.89	0.9668 1.5136 1.8162 2.3269
	7.225	8.5	0.85	0.9669 1.5136 1.8161 2.3267
	7.29	9	0.81	0.967 1.5137 1.8161 2.3266

Table 4 .

 4 4: Summary of stable state time for output voltage (The position is as shown in Fig. 4.8).

	Position Input for lab power supply (V) Output at each position (V) Steady state time (ms)
	(1)	5	3.3	∼4.2
	(2)	5	1.5	∼800
	(3)	5	3.3	∼1
	(4)	5	3.3	∼2.2
	(5)	5	3.3	∼5.2
	(6)	5	2.5	∼620
	(7)	5	1.8	∼820
	(8)	5	1.5	∼800
	(9)	5	3.3	∼7.2
	(10)	5	1	∼5

Table 4 .

 4 5: Summary of analog peak currents

	Number of EC-ASIC boards Peak current (A) Duration (ms)
	0	0.8
	1	1.1
	2	1.3
	3	1.5
	4	1.8
	5	1.9
	6	2
	Table 4.6: Summary of analog + digital peak currents
	Number of EC-ASIC boards Peak current (A) Duration (ms)
	0	1.1
	1	1.1
	2	1.2
	3	1.6
	4	2
	5	2.4
	6	2.9

Table 4 .

 4 7: Summary of analog + digital + vh peak currents

	Number of EC-ASIC boards Peak current (A) Duration (ms)
	0	0.9	2
	1	1.1	6
	2	1.2	6
	3	1.6	8
	4	2	10
	5	2.5	10
	6	2.9	12

Control Board(CCB) Control HouseKeeping Board(HK) High Voltage Power Board(HVPS)

  

	Data	Photo Detector Module (PDM)	Hardware
				SCU
		MAPMT		(System Control Unit)	Software (Logic)
		(48x48ch)		
				RSU
				(Run Summary Unit)
	EC-ASIC board		
				HKU
	Simulator	mux	Real ADC	(Housekeeping Unit)
		ERCU		GCU
	(EC Readout & Control Unit)	(High Voltage Gain Control Unit)
		MCU		TPU
	(Memory Control Unit)	(Trigger Processing Unit)
	IMP (Internal Memory	
		Proc.)		CIU
				(CCB Interface Unit) include
				CRC
		Internal Memory	PIU (PC Interface Unit)
				PC
	10 Very High Speed Integrated Circuit Hardware Description Language

Trigger

Cluster

Table 9 .

 9 1: Summary of each event (modified from Collaboration 2010)

		Event		Event	Event size Event du-	Light	Event
		region	Fre-			ration	Spectrum	Energy
				quency			
	Meteors	Atmosphere 5 -100	0.5 -2 m	0.5 -3 s	Violet to	variable
				or more				red
				/hour			
	Lightning Troposphere 3/min	Some km	0.1 s	Violet to	10 12 W
								red
	Sprites	Mesosphere unknown	Some km	Some ms	red	10 7 W
	Jets	Stratosphere	unknown	Tens of km 0.4 s	blue	10 4 W
		Tropo-				
		sphere				
	Elves	Mesosphere unknown	200 km		< 1ms	red
	Noctilucent	Mesosphere variable	Some tens	hours	solar
	clouds				of km		
	Aurorae	Mesosphere	variable	Some hun-	From min-	Violet to	10 10 W
		to	atmo-		dreds	of	utes	to	red
		sphere		km		hours
		limit					
	Space de-	Atmosphere 5/day	0.5 -2 m	0.5 -3 s	Violet to	variable
	bris							red
	Cosmic			variable			50 -150 µs UV	variable
	ray						

Table B .

 B 1: Clock mode and ADC mode.

		0 (0V)	1 (2.5V)
	Clock mode	CCB clock	PDM clock
	ADC mode Real ADC from EC-ASIC board Test ADC

Given the speed of light is 3 × 10 8 m/s, at an altitude of approximately 430 km from ground to the ISS, and angular resolution of 0.1 • the light will stay in one pixel for

2.5 µs ((tan0.1 • × 430km)/(3 × 10 8 m/s), so called

we are currently using Hamamatsu R11265-1030M64 MAPMTs with a quantum efficiency of ∼35 %[START_REF] Hamamatsu | Position sensitive photomultiplier tubes r8900-00-c12, r8900u-00-c12[END_REF]. Our previous MAPMT model were Hamamatsu R8900-03-M36 with a quantum efficiency of ∼25 %[START_REF] Hamamatsu | Position sensitive photomultiplier tubes r8900-00-c12, r8900u-00-c12[END_REF].

 4 We had 3 types of trigger algorithm for JEM-EUSO: 1) first-level trigger made by Mario Bertaina, 2) simplified persistent track trigger by Osvaldo Catalano (It is the current trigger algorithm.) and 3) more simplified persistent track trigger by Ilhung Park. Here is summary of each algorithm's pros and cons. 1) really good trigger efficiency under the 10 18.5 eV but it is hard to implement in the FPGA. 2) not so good trigger efficiency under the 10 18.5 eV but a little bit easier to implement in the FPGA but we need a large amount of FPGA resources for it. 3) a little bit bad trigger efficiency under the 10 18.5 eV but really easy to implement in the FPGA and we don't need to worry about FPGA resources. Finally, we choose number 2) trigger algorithm for the JEM-EUSO.

The default design for the EUSO-TA and MINI-EUSO experiments was a two lens system

focal lengths are reference values only, single lenses do not produce stigmatic images

select events with space-time structure compatible with a cosmic-ray shower ("tracks" developing at the speed of light)

Spatial Photomultiplier Array Counting and Integrating Readout Chip

We measured the Cherenkov light caused by muons, electrons, and positrons of cosmic rays particle showers. The signal duration is around 400 ns. Details of these Cherenkov events are described in subsection 8.3.3. 

Each GTU is 2.5 µs.

(tan0.1 • × 430 km)/c

The PDM control board can be interfaced with a PC through the NI device without the DP system. A detailed description of the NI and a PC interface is described in the section 4.4.10.

For EUSO-SPB and MINI-EUSO the PDM mechanical structure was made of plastic to avoid a grounding issue.

It depends on the PMT model but our PMTs are damaged when they draw a current over ∼100 µA (according to Hamamatsu, the PMT manufacturer).

a microelectronics design center in the southwest suburb of Paris, France

1 GTU = 2.5 µs

In parallel to the 64 photoelectron counting channels, a signal integration per GTU, we called "last dynode" value which is increasing the counting rate accessible without saturation, and thus the dynamic range. EUSO-TA and EUSO-Balloon had the KI and last dynode in the ASIC, however for EUSO-SPB and MINI-EUSO, we removed this function from the ASIC because two of the KI parts didn't work as expected.

Unfortunately, we could not operate at 1000 V at 3 mbar.

Each GTU is 

2.5 µs.

EC-ASIC boards, CCB, HK, LVPSand HVPS

DC/DC converters, regulators, etc 

Not a meaningful value because different GND is used

Not a meaningful value because different GND is used

According to the manufacturer(Hamamatsu), our PMT is damaged when it draws a current over ∼100 µA.

it depends on the power supply, in our case, if it is 2.5 A

for data transfer between EC-ASIC board and PDM control board

00 is science run, 01 is calibration run and so on.

except that KI data values only range from 0 to 127 so one bit of the KI data value byte is unused

there is only one last dynode value per MAPMT

it becomes active when its clock signal goes from low to high, and ignores the high to low transition

in this test "0000 0000 0000 0000 0000 0000 0000 0001", for EUSO-TA and EUSO-Balloon, we used single ended signal

in this test "0000 0000 0000 0000 0000 0000 0000 0010"

I didn't use the mechanical structure for grounding, so the analog GND was open.

When I tested it, I connected the FPGA GND and the EC-ASIC digital GND instead of the FPGA GND and the VH GND.

While called the 900 V switch, it actually switches to the maximum operating high voltage set by the user and stored in the ECU, which is usually about 1000 V.

This baseline can change by command.

Each GTU is 

2.5 µs. 2 Similar tests were performed at different photon count thresholds and showed that all the ASICs were counting in their own pedestal regions.

with a period of 2.5µs, a pulse width of 10 ns and a voltage value of 100 mV

Since the noise is too large, we set the photon count threshold to a high value.

for this testing, we didn't install the lens

Pt100 is a platinum resistance thermometer a wide temperature range from -200 to +850 • C. "Pt" is the symbol for platinum, "100" for the resistance in ohms at 0 • .

Typically 0.1-0.2 events with energy above

2×10 18 eV were expected during a 5 hour flight.

Each GTU is 2.5 µs.

Systéme d'Interface du REseau NOSYCA or Network interface system

developed by TA team.

developed by Colorado School of Mines team.

Each GTU is 2.5 µs.

The laser signal took 3 to

GTUs to pass through the PDM FOV for EUSO-TA and 10 to 20 GTUs to pass through the PDM FOV for EUSO-Balloon.

Generally, each MAPMT has a different sensitivity but here we simulated only the optical effects without any differences between the MAPMTs

It will be activated by telecommand from user. The details of the Slow mode need still to be defined.

• The last pathfinder is a sub-

However, we stress that this simple exercise is by no means a proposed interpretation of the recorded signal. At this stage, with only one such event recorded and no clear characterisation of its nature, origin, or even space and time structure (also due to the strong non uniformity of the detector), no conclusion can be drawn. We should also recall that the actual data taking time during the flight has been only of the order of 1.5 minutes. Therefore, if this signal can be related to a real event, it is likely to be quite common, unless its recording has been particularly "lucky", which clearly does not favour the kind of situation investigated here. Now, if such events are indeed common, the flight of the EUSO-SPB mission in 2017, which is expected to last for several weeks, should allow to detect many such events, provided that an appropriate trigger be implemented.

In conclusion, apart from the expected laser tracks produced by the light system of the helicopter underflying EUSO-Balloon, the search did not lead to the detection of any well identified signals with a possible meteorological or astronomical origin. Nevertheless, a few significant event types have drawn our attention, with different signatures: i) stray light events, ii) Mine events, and iii) Unidentified event.

The first event type is an artifact caused by light entering the Fresnel lens parallel to the optical path. Probably the second event type is associated with human activity, since they are coincident with the position of a mining site as they passed through the EUSO-Balloon field of view. The observed events may have been due to flashers installed at these facilities. The last event type is that a singular event that was detected without a clear origin and with no counterpart identified.

The same data analysis method was used to analyze the October 2015 run at the TA site. More on this in the next chapter.

Appendices

Appendix A

Photo-Detection Module (PDM) channel mapping

The channel mapping of PDM is an extremely complex and its arranged by Julio Arturo Rabanal Reina and Pierre Barrillon, who are JEM-EUSO collaborator (see Fig. 

Appendix B

Photo-Detection Module (PDM) control board A.1 Connectors

The pin assignment for each connector which is using by the PDM control board to interact with the subsystems will be described in this section. 

A.1.1 External trigger